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The precise measurement of the cross section for thep(e €b *)n reaction at cer-
tain kinematics, allows one to separate the cross section into quantities at a given
four-momentum transfer Q2, which carry the information about the nucleon structure.
Since the data at low Q? are not known with an intended precision, a new measure-
ment of the p(e € *)n reaction was performed at Q2 = 0.078 (GeV/c)? and at an
invariant mass of W = 1094 MeV - approximately 15 MeV above the reaction thresh-
old. The experimental work was accomplished by the A1l collaboration at the Institute
for Nuclear Physics at the Johannes Gutenberg University of Mainz, Germany. The
high quality electron beam was provided by the MAMI B accelerator with the energy
range from 180 to 855 MeV. The produced charged pion was detected in the short-orbit
spectrometer (SOS), which was constructed for a detection of the low-energy pions.
The scattered electron was detected in the standard spectrometer A. For the rst time,
the complete analysis of the p(e €p * )n reaction data measured with the SOS was per-
formed. New SOS-speci ¢ correction methods were developed to ensure a consistent
data analysis. Some of the most important methods are the procedure of pion decay
correction, the simulation for the determination of the muon contamination in the SOS
data. The measurement was done and the analysis was carried out for ve different
kinematical settings. The relative total errors of the obtained p(e b *)n cross sections
were between 3.1% and 3.7%. Three cross sections were measured in a parallel kine-
matics at the virtual photon polarizations e = 0.897, 0.591 and 0.306. In case of the
parallel kinematics only the transverse and the longitudinal terms appear in the mea-
sured cross section. These terms were separated using the Rosenbluth method. For
the highest e = 0.897 value two measurements were performed with the SOS offsets



at+18.7 and 18.7 (in the centre-of-mass frame), or in other words to the left and to
the right from the parallel kinematics direction of the pion. In this way it was possible

to determine the transversal-longitudinal interference term of the cross section. The
relative total errors of the transverse, the longitudinal and the interference term were
6.7%, 14.7% and 10.5%, respectively. The results for the cross section terms, which con-
tain the information about the nucleon structure, were compared with predictions of
the selected theoretical models.
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Mijerenje reakcije p (e, €® *)n spektrometrom kratke
orbite naQ % = 0.079 GeV/c)?
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Precizno mjerenje udarnog presjeka reakcije p(e, €p * )n na pa ljivo biranim kine-
matikama, omogucava nam, da ha danom prijenosu cetveroimpulsa Q?Z, udarni presjek
Mo emo separirati na velicine, koje u sebi nose informacije o strukturi nukleona. Kako
na niskim vrijednostima Q2 nema podataka zadovoljavajuce preciznosti, napravljeno
je novo mjerenje p(e €p *)n reakcije na Q% = 0.078 (GeV/c)? i na invarijantnoj masi
W = 1094 MeV - otprilike 15 MeV iznad praga reakcije. Eksperiment je proveden u
okviru Al kolaboracije na Institutu za nuklearnu ziku Johannes Gutenberg Sveuci-
lisSta u Mainzu, Njemacka. Visoko kvalitetni snop elektrona davao je MAMI B akcele-
rator koji omogucava energije u rasponu od 180 do 855 MeV. Producirani nabijeni
pion detektiran je u spektrometru kratke orbite (SOS), koji je specijaliziran za detekciju
niskoenergijskih piona. Rasprseni elektron detektiran je u standardnom spektrometru
A. Po prvi puta napravljena je kompletna analiza podataka mjerenja p(e €b*)n reak-
cije koji su dobiveni koristeti SOS. Kako bi analiza bila valjana, razvijene su nove
korekcijske metode specicne za SOS. Neke od najva nijih metoda su postupak za
odredivanje korekcije zbog raspada piona, simulacija za odre divanje mionske kon-
taminacije u SOS-ovim podacima itd. Analiza je provedena za pet razlicitih kine-
matika. Relativne ukupne greske dobivenih udarnih presjeka p(e €b*)n reakcije bile
su izmedu 3.1% i 3.7%. Tri udarna presjeka mjerena su u paralelnoj kinematici za
iznose polarizacije virtualnog fotona e = 0.897, 0.591 i 0.306. U slucaju paralelne kine-
matike u mjerenom udarnom presjeku pojavljuju se samo transverzalni i longitudi-
nalni clanovi. Njih smo izdvojili pomocu Rosenbluth-ove metode. Za najveCu e =
0.897 vrijednost napravljena su dva mjerenja za pomake SOS-a od+ 18.7 i 18.7 (u



sustav centra mase), ili drugim rijecima lijevo i desno u odnosu na smjer piona u para-
lelnoj kinematici. Na taj je nacin bilo moguce odrediti transverzalno-longitudinalni
interferencijski clan udarnog presjeka. Relativhe ukupne greSke transverzalnog, lon-
gitudinalnog i interferencijskog clana iznosile su redom 6.7%, 14.7% i 10.5%. Sami
clanovi udarnog presjeka sadr e informaciju o strukturi nukleona, stoga su dobiveni
rezultati uspore deni sa predvi danjima odabranih teorijskih modela.
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Introduction

During the last several decades a great progress has been made in understanding of the
structure of the nucleon, but some quantities, essential to describe the structure of the
nucleon, are still not known with an intended precision. The nucleon is an extended
object and has a composite structure. Most of the high precision data about the nucleon
size and its structure was obtained from the electron scattering experiments. At the
low four-momentum transfer Q?Z, the interaction of the electron and the target nucleon
can be approximated with an exchange of one virtual photon. Since this interaction
is purely electromagnetic, it is simple and very well-known in terms of the quantum
electrodynamics (QED). The energy and the momentum of the virtual photon can be
varied independently and they are well-de ned by the energy and momentum of the
incident and scattered electron. For a xed energy and only varying the momentum
of the virtual photon it is possible to map out the so-called form factors. In the Breit
frame, xed by the zero-energy transfer to the nucleon, the form factors (at low Q3?) can
be interpreted as the three-dimensional Fourier transform of the charge, current and
transition densities. The inverse Fourier transforms of the form factors then give the
spatial distributions of those densities inside a nucleon [1,/2].

In a precise measurement of the cross section for the charged pion electroproduc-
tion on protons ( p(e €b *)n) near threshold one part of the nucleon structure is get-
ting accessible. Since the state of the initial nucleon is changed by an emission of the
charged pion, this process is sensitive to the weak axial vector part of the nucleon
structure and corresponding form factors: the axial form factor and the induced pseu-
doscalar form factor [3]. The axial form factor is related to the spin-isospin distribution
of the nucleon [4] and the induced pseudoscalar form factor is related to the pion pole.

The virtual photon carries both a transversal e and a longitudinal e?L polarization.
That results in an appearance of the transversal T, longitudinal L and different interfer-
ence terms (TL and TT) in a cross section which describes the interaction of the virtual




photons with the target proton. In case of an unpolarized electron beam and target this
cross section can be factorized asl[5, 6]:

dstT

Wy

4 dstw
+  2e/(1+ G)W cosf, + e

ds, _ dst » dsi

= — 1t 7 cos X p (1.2)
dWZ AW hdwg

where f = fs is the angle between the plane de ned by momenta of the incom-
ing and the outgoing electron and the plane de ned by the virtual photon and pion
momenta, "?" denotes quantities evaluated in the centre-of-mass frame. The most im-
portant terms related to the nucleon structure are the T and the L terms. The T term is
only sensitive to the axial form factor and the L term contains the induced pseudoscalar
form factor as one of the contributions.

The T and the L cross section terms can be experimentally separated. The mea-
surement has to be performed in the so-called parallel kinematics, in which the pro-
duced pion is detected in a direction of the virtual photon (the pion production angle
Op = qg = 0). Since the interference terms have an explicit dependence in form of
dst.  sing, and dstt sinzqg, they vanish in the parallel kinematics and the cross
section now contains only the T and the L terms [5]/6]. The idea is to repeat the cross
section measurement for the xed values of the invariant mass W and four-momentum
transfer Q2, and only vary the virtual photon polarization e (e?L), which can be accu-
rately controlled by means of the electron kinematics. The T and the L terms now act
as coef cients in the equation of a straight line, which can be easily determined via
straight-line t. This procedure is also known as the Rosenbluth separation [7].

It is also relatively easy to experimentally separate the TL interference term. Two
measurements of the cross section at xed values of W, Q2 and e are needed. One
measurement has to be performed at qg 8 Oandfp = 0, and the other measurement
for the same qg angle, but f , = 180 (the plane de ned by the virtual photon and the
pion momenta is ipped upside-down), or it is custom to say that measurements have
to be performed to the left and to the right for the same pion angle with respect to the
virtual photon direction [6].! In those two kinematical situationsthe T, L and TT terms
have same values, which cancel out when subtracting the measured left and right cross
section and the TL term can be extracted from this difference.

Knowing the precise values of the experimental T, L and TL cross section terms at
given W and Q2 allows one to test theoretical predictions of these quantities, which are
based on various models of the nucleon structure.

First measurements of the charged pion electroproduction near threshold and the
separation of the T and L cross section terms in a subsequent data analysis started dur-
ing the seventies of the last century in Frascati, Saclay, Hamburg (DESY), Daresbury,
Kharkov (see [5] and related references). The obtained data was used to extract the ax-
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ial form factor from the QZ2-dependence of the T term (the procedure will be described
in the next chapter). The problem with these results was that they were accompanied
by large statistical and systematic errors.

A series of recent experiments have been carried out in the framework of Al col-
laboration, using the Mainz Microtron (MAMI) electron accelerator, at the Institute
for Nuclear Physics at the Johannes Gutenberg University of Mainz, Germany. Mea-
surements of the cross section for the positive pion-on-proton electroproduction were
performed at the invariant mass of W = 1125 MeV, which is approximately 46 MeV
above the threshold for the production of charged pions, at the four-momentum trans-
fer of Q% = 0.117 (GeV/c)? [8, 9], Q%2 = 0.195 (GeV/c)?, and Q? = 0.273 (GeV/c)?
[10,[11]. Statistical uncertainties of the measured cross section in thep(e b *)n re-
action were between 0.7% and 2.3%, the corresponding systematic uncertainties were
between 1.6% and 3.7%[[11]. The Rosenbluth separation was done for eactQ?-point,
thus allowing the extraction of the axial form factor. The measurement at Q2 = 0.058
(GeV/c) %2 was later performed [12], with an aim of studying the behavior of the T and
L cross section terms at the lower four-momentum transfer.

Since a measurement closer to thep(e €b*)n reaction threshold (W = 1079.14
MeV) would allow an access to even lower four-momentum transfers, in this thesis we
present the measurement and the analysis of the p(e, b *)n coincidence experiment
only ' 15 MeV above the threshold. The experiment was performed by the A1 Collab-
oration using the continuous electron beam provided by MAMI at the Institute for Nu-
clear Physics, University of Mainz. The scattered electron was detected in spectrometer
A, while the produced pion was detected in the short-orbit spectrometer (SOS). The in-
variant mass W was xed at 1094 MeV and the virtual photon four-momentum transfer
Q? at 0.078 (GeV/c)?. In total, measurement of ve different kinematical settings was
performed. Three of them, with the virtual photon polarization values of e = 0.897,
0.591 and 0.306, were measured in the parallel kinematics in order to separate theT
and the L cross section terms via Rosenbluth separation. In the last two measurements
ate = 0.897, the pion was detected at 18.7 and + 18.7 (in the centre-of-mass frame)
offset from the parallel kinematics. In this way it was possible to determine the TL
interference term of the cross section.

Detecting the low-energy pions is an experimental challenge. Pions are unstable
particles decaying dominantly to a muon and a muon neutrino, with a lifetime of
26.033 ns[[13]. The lengths of particle trajectories in each of three standard spectrome-
ters of Al collaboration are in the order of 10 m and approaching the reaction thresh-
old, due to the pion decay, the number of pions passing through the detector package
is reduced and to obtain an acceptable statistical error the measurement time has to
be increased. At the same time, a fraction of muons, which are created in direction of




pions is increased. Such muons will be also detected and they can not be distinguished
from the pions, causing an increase of the systematic error of the measurement. The
muon contamination has to be determined via simulation. The SOS was built to over-
come these problems, providing the particle ight path of approximately 1.6 m from
the target to the detector package. The design, assembling and calibration of the SOS
detector system was done in the framework of the diploma and doctoral thesis of Dag-
mar Baumann [12,[14] and Matthias Ding [15] 16]. Taking into account the new value
of the ight path the fraction of the detected pions is greatly increased, while the muon
contamination is signi cantly reduced.

Prior to this thesis, the analysis of the data obtained from the measurement of the
p(e €b*)n reaction with SOS was never performed. Therefore, a big effort was in-
vested to develop different correction methods needed for a consistent data analysis,
such as the determination of the SOS drift chamber ef ciencies, calculation of the pion
decay correction and the development of the Monte Carlo simulation for the estima-
tion of a muon contamination in the SOS data. Using the new-developed correction
methods the p(e € *)n cross section was determined for all ve kinematical settings,
subsequently the physical goal of this thesis was ful lled by extracting the values of
the T, L and TL cross section terms atW = 1094 MeV and Q2 = 0.078 (GeV/c)?.

The thesis is divided into 7 chapters. In chapter 2|the underlying theoretical for-
malism of the charged pion electroproduction will be brie y explained. The de nition
of the differential cross section, electromagnetic and weak form factors will be given,
as well as methods for extracting of these quantities from the experimental data. In
chapter[3 the electron accelerator MAMI and the standard three spectrometer setup of
the Al collaboration will be described. The SOS will be described in a separate chap-
ter @ This spectrometer is not part of the standard setup — it was build especially for
the detection of the low-energy pions. The performed experiment and the selected
kinematical settings will be presented in chapter 5. All steps of the analysis will be
discussed in detail in chapter 6| The thesis ends with chapter [7} where the experimen-
tal results are presented and compared with predictions of the selected models, and
nally at the end an outlook for the further research and data analysis improvements
is given.




Theoretical Background

In the following chapter an introduction into the theory of the unpolarized electron
scattering on nucleon will be presented. Particular emphasis will be given to charged
pion production and to kinematic conditions under which particular quantities of the
nucleon weak interaction can be experimentally accessed.

2.1 Pion electroproduction kinematics

The kinematical variables of the charged pion electroproduction on nucleons are pre-
sented on Fig.[2.1. The motion of each particle in a reaction is completely described by
a four-momentum (energy E, momentum %). The reaction of the charged pion electro-

Figure 2.1 — Reaction of the charged pion electroproduction on nucleon in the plane-wave
Born approximation of one photon exchange.




production on nucleon can be written as:

ek)+ N(P) ! ki) + NAPr)+ p (ko) (2.1)

where B = (g, ﬁi) and P; = (Ey, ﬁf) are four-momenta of the initial and of the
nal nucleon, ki = (g, kj) and ki = (ef, k¢) of the incident and of the scattered
electron, and ky = (wp, kp) is the four-momentum of the produced charged pion.
The electron-nucleon interaction is purely electromagnetic. The coupling constant ( a =
€/ (4p) 1/137)is small, allowing the description of the process in the so-called one
photon exchange approximation (Fig. 2.1). In this approximation, the four-momentum
of exchanged photon q = (w, ’a) is well de ned by four-momenta of the incident and
of the scattered electronq = ki k;. Therefore, the pion electroproduction can be
further simpli ed to:

g (A+ N(R)! NYP)+ p(kp) (22)
where g refers to a virtual photon. Having o < O for the virtual photon ( ¢? = 0 for
real photon), it is common to introduce a positive scalar Q2= ¢’

The above statements are valid for charged pion electroproduction both on pro-
tons and on neutrons, but experimentally it is more convenient to measure positively
charged pion electroproduction on proton (free neutron is unstable), i. e. from now on
we consider the p(e €b*)n reaction or in terms of one photon exchange p(g ,p*)n.
In the laboratory frame, scattering occurs on a stationary proton and the proton four-
momentum is B = (myp, %), where m, = 938.27 MeV/c? is the proton mass. The
four-momentum of the produced neutron Ps is not detected, but can be derived from
the energy and momentum conservation laws. The threshold energy for this reaction
equals to the masses' sum of reaction products: m,c® + mpc2 = 1079.14 MeV. The
Mandelstam variables are de ned as [17]:

5= W2=(R+a)®=(Pr+ k)
t=(aq kp)*=(R+Pp)? (2.3)
u=(Pr @*=(R k)

and they ful Il

2

s+ t+u=of+mj

+ma+ms = 2mi+ md QP (2.4)

Neglecting the electron mass, the total energy in the centre-of-mass frame of the pion
neutron system W and four-momentum transfer Q2 are:

W2=(R+g?=m5 Q%+ 2myw

2 0e

) ) _ (2.5)
Q= (J = 4ge¢sin >




Fig. illustrates used spatial coordinate systems. The scattering plain is de ned
by momenta vectors of the incident and of the scattered electron, k; and k respec-
tively. The pion momentum vector ﬁp and the virtual photon momentum vector 6
de ne the reaction plane.

Figure 2.2 — De nition of spatial variables used for describing the p(e €b*)n reaction.

By varying quantities in the laboratory frame: electron scattering angle g, incident
electron energy e and scattered electron energy es; it is possible to set W and Q? to
a wanted combination. The exchanged virtual photon can be polarized transversally
as well as longitudinally. The transversal polarization is described by polarization
parameter e:

Jﬁj

e= tan? (2.6)

2

e can be set by choosing appropriate electron scattering angle ge.. The range of e val-
ues lies between O for backscattering and 1 for forward-scattering. The longitudinal
polarization parameter eE can be also expressed as:

2
e = L. (2.7)

2.2 Cross section

The differential cross section of exclusive p * -electroproduction in one photon exchange,
with phase space expressed in the laboratory frame, can be written as [6]:

ds =

3 3 3
e memime d°Kf 1 d®k, m¢ d°P; 44
—e e — 20)*d¥(P+q k, P
tie B e (20)32wy (20)0 B o) P) TT(RATA o P g
jh Pt koj "JPi q 2hKk¢j jmjkiij 2




As mentioned above, the interaction of the electron-nucleon system is purely elec-
tromagnetic and the structure of this process can be described by the electron current j,
and the current of the hadronic system J" The square of the transition matrix elements
can be represented as a product of the leptonic tensor hymnand the hadronic tensor W,
which are both second order Lorentz-tensors:

jhPr ko MR 0 2 hkej jmikii] 2 = Winch™" (2.9)
The leptonic tensor describes the electron vertex and it can be written as:

hmn=" & (U(K¢, s¢)egmui(ki, s)) (UK, s¢)egmii(ki, )

St

(2.10)
& 1, 1 : aub
= E(ZKmKn*' éq Omn égmgn"' ihemnaf"K®)
whereby K = %(ki+ ki), h= § F(i = 1listhe helicity of an incident electron, gmnis the

metric tensor and emnapis the totally antisymmetric tensor ( eg123 = 1). The de nition
of the hadronic tensor is:

wmn:(%lw)szj Injciihcj hjcii (2.12)

where jcii and jc¢i are nucleon spinors in the initial and the nal states. J"= (r, #f])
is a transition current operator between the hadronic initial and the nal states. Using

CGLN (Chew, Goldberger, Low, Nambu) amplitudes F(i = 1,...,8 and substitutions
e = & (§ g)gand R, = ﬁp (kp @)g, components of the transition current

operator can be written as [6]:

5= 2NGer+ (€ k) aR+ ¥ aR

+iR (€ kpR+igE gr+iaE k)R (2.12)
PG k)R + i aR) = i 5

W

The structure functions F; _ sdescribe the transversal current, where Fs and Fs describe
the longitudinal current. Because of the gauge invariance the charge can be replaced
with the longitudinal current and vice versa [6].! The coincidence cross section can be

expressed via six structure functions, which describe the transition current. The last

two structural functions can be written as:

iGirs= wr,  j8jR=wr (2.13)

To evaluate the differential cross section [2.8, an average over the unobserved spin




degrees of freedom of the initial state and a sum over the nal states need to be done.
According to [5] the triple differential cross section can then be written as:

ds dsn

dW; derdWg ~ Colv\/lg

(2.14)

Gis the virtual photon ux and it is determined only by quantities in the laboratory

frame ("?" denotes quantities evaluated in the centre-of-mass frame):
a € kg 1
G= ———=S—— 2.15
2p 2 € Q2 1 e ( )

kg = (W2 mi2)/2 m; is the so-called "photon equivalent energy”. This is an energy in
the laboratory frame, which a real photon needs to have, in order to excite the hadronic
system to the centre-of-mass energyW.

Using the transition current operator Z.12fand the hadronic tensor the virtual
photon cross section ds,/ dWE can be written as:

# _
dsp _jkpj Wix+ Wy 95
I (2.16)
q — P ——
+h 26/(1 e Im(Wy)+ h 1 e2Im(Wyy)

WXX Wyy

k§M = (mi/ W)kg is the photon equivalent energy in the hadronic centre-of-mass
frame. By setting the z-axis of the coordinate system to be in direction of the mo-
mentum transfer, it is possible to relate individual terms of the hadronic tensor with
the longitudinal and the transversal components of the nucleon current. If the depen-
dency on the angle between the reaction and the scattering planef , = f g is expressed
explicitly, it is possible to de ne six response functions, which are functions of three
independent variables Q% w/ and g7 [6]:

1
RT = E(WXX + Wyy) RL = WZZ COSf p RTL = ReWXZ
1 (2.17)
With the help of the virtual photon cross section can be expressed as:
ds jﬁ | 9 ——
d\/\% = gc_KA Rr+ e/R_+ 2e7(1+ e)Ry_cosf, + eRyrcosd p+
! (2.18)

q___ o
+ h 26{(1 e) RTLOSinf p +h 1 ezRTTO




Itis possible to experimentally separate particular response functions and interpret
them as a reaction cross section for the particular combination of the polarization of
the virtual photon e, the helicity of the electron h, and the angle f , [5,[6]:

ds, _ dst » dsi 9 ——— d
awg Cawg T egwg b 2l ) ot dV\/’ y cosfp + ey cosTpt 219
q p dSTTO '
+h 2e7(1 e) smf pth 1 €

awg

The rst two terms from the left in 2[19 dre the transversal T and the longitudinal
L cross sections. It is possible to decompose them into a multipole series of cosqg and
they do not depend on the angle f,. The third and the fth terms are the transversal-
longitudinal interference cross sections (TL and TLY. They depend on cosf p and
sinf p, and therefore they must have an explicit factor sin qg, I. e. they vanish along
the direction of the virtual photon transfer. The same applies to the fourth term, the
transverse-transverse interference cross sectionT T, because of the sirf qg proportion-
ality.

In case of an unpolarized electron beam and an unpolarized target, only the rst
four terms in (T, L, TL and TT) contribute to the virtual photon cross section
dsp/ dWE,’. The contribution of the fth term ( TLY arises only if the incident electron
beam is polarized and the last term (TT9 appears for the simultaneously polarized
target and the electron beam or in the case of a measurement of the recoil polarization.

The experiment which will be presented in this thesis was performed with the un-
polarized electron beam and the unpolarized target. Hence, the fth and the sixth term
in can be neglected. For the rst set of kinematical settings the pion was detected
in a direction of the virtual photon transfer (so-called "parallel kinematics" qg = 0).
All terms in 2.19]which are proportional to sin qg vanish, so in the end only two terms
remain:

#
dsn

Y = (RT + eLRL)
: - CM

WG go=0 k (2.20)

dST e? ds.

awg * ey

The transversal T and the longitudinal L cross sections can be separated by measuring
the virtual photon cross section for various values of the photon polarization e (and
thereby eE) at xed values of the four-momentum transfer Q2 and the centre-of-mass
energy W. Using a linear regression on a given data, according to the equation .20, the
slope can be identi ed as the longitudinal L and the y-axis intercept as the transversal
T cross section. The stated procedure is called the Rosenbluth separation.
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The used experimental setup, which will be described in detail in subsequent sec-
tions, also allows a separation of the transversal-longitudinal interference term TL. The
idea is to make two cross section measurements atf , = 0 and f , = 180 (or in other
words "to the left" and "to the right” from the virtual photon direction ﬁ). For those
measurements values ofe, Q2 and W should be xed. In order to save a measurement
time, the measurements should be performed for a large value of the e (at the same
time the cross section is also larger).

Because of the cosine dependence of thel L term, the "left" and the "right" TL terms
will differ in a sign, but other terms (T and L) will stay the same:

dsn dsn
dstL _ dWf f,=0  dW} f,=180 (2.21)
= g .
dWg 2 267(1+ e)

There is also another way to determine the TL term. Due to a high angular resolution
of the spectrometers, it is possible to measure the virtual photon cross sections as a
function of the polar angle g, and then the TL term can be extracted using a t on the
cross section's sine dependence. Thee, the Q2 and the W should be xed.

The TT interference term can be determined in an "out-of-plane” measurement,
thatis f, & 0,180 . At present, it is not possible to perform the out-of-plane mea-
surements with the SOS, this will be explained in chapter 4

2.2.1 Partial wave analysis

For a near-threshold electroproduction of charged pions (in this experiment pions are
produced around 15 MeV above the threshold) contributions of inelastic channels are
negligible. This makes it one of those situations, where it is convenient to apply the
Fermi-Watson theorem: for each multipole the electroproduction amplitude is a com-
plex quantity whose phase is equal to the corresponding pion-nucleon phase shift [5]:
Using this theorem it is possible to write each partial wave component (- a) of the struc-
ture functions F,i = 1,...,8 as a product of a real function of the kinematic variables
R® and a phase shift for the elastic pion-nucleon scattering d, = da(wg) of the channel
a, de ned by the orbital angular momentum | = 0,1,2,..., the total spinJ=jl 1/2],
and the total isospin 1 (1/2 or 3/2) of the pion-nucleon system [6]:

e = d%R? (2.22)

The angular momentum decomposition has to be done in the initial as well as in the
nal state. In the initial state the virtual photon is described by wave functions carrying
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the spin 1 and having the orbital momentum £relative to the target nucleon. Using the
vector spherical harmonics the photon wave functions can be written as:

Yoy = & C(1 ,njLM)§ Yy, (7) (2.23)
n
the transverse polarizations | = 1 are leading to the electric and the magnetic mul-
tipole transitions, the longitudinal polarization | = 0 leads to the longitudinal or the

Coulomb transitions [6].

On the other hand, the nal state is characterized by the pion orbital momentum |
relative to the recoiling nucleon. Along with the intrinsic parity of the pion, the parity
of the nal stateis ( 1)'*1. The nal and the initial states have the same total spin J

.1 1
J= |l éj—jL Ej (2.24)

The parity arguments lead to:

( D+ jL =1
( DL L=

coulombelectric: (1)t

2.25
magnetic.  ( 1)t*1 (2.25)

Table 2.1 — Pion electroproduction amplitudes [€]! The notation is explained in the text.

gN-system p N-system
L | Multipol J | I | Multipol
0 Co 1/2 |1 L,
1/2 | 0| Eo+/ Lo+
1 El/Cl 32 |2 E /Ly
M1 1/2 | 1| M,
3/2 | 1] Myy
3/2 | 1| Eq4/ Loy
5 E2/C2 52 | 3| E3 /L3
M2 32 | 2| M»
52 | 2| Mys

Table[2.] contains the lowest electromagnetic excitation modes and the correspond-
ing pion-nucleon states. The rst two columns of the table 2/T Henote well-known
electromagnetic multipoles, the third and the fourth columns contain the spin and the
orbital momentum of the pion-nucleon system. The last column contains the pion pro-
duction multipole in which the rstindex is the orbital momentum, the sign represent
the orientation of the spin and the nucleon orbital momentum (sign "+" means that
they are parallel J= | + 1/2).
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The CGLN-amplitudes, which were introduced in subsection 2.3, can be decom-
posed into a multipole series [5] of derivatives of the Legendre polynomials BR;:

n 0
=4 (M +E)PY +[(1+ )M +F PP,

R
R=4& (+1)My+IM; P
F3

=8 (B+ M)PR+(E + M )P

. o (2.26)
R=a M+ B+ M B B

The multipoles depend on the energy W and the momentum transfer Q2, and the Leg-
endre polynomials are functions of the polar angle of the pion in the centre-of-mass
frame g3 [6].

The multipole decomposition of the CGLN amplitudes can be used to express re-
sponse functions via multipoles. The decomposition of the response functions up to
| = 1 follows:
Rr = jEotj?+ 0.52Mys + My j2+ 0.53E;. Mgy + Mg j2
+ 2cosq; Re Epy (3Ei+ + M1y My )
+ COqug J3E1+ + M1+ M1 j2 0.52M 1+ + M j2
0.53E+ My + My j?
RL= jLo+j®+ 4jL1+j> 4Re Ly, Ly + 2cosg, Re Lo, (4lys + Ly ) (2.27)
+12codq) jLisj?+ Re Ly, Ly
RrL= sin qp? Re Loi(3Ez+ My + Mg ) (2L, Ly )Eos

+6cosqy Ly, (Eie  Myw + My )+ Ly Egy

. 3. : . .
Rrr =3sin’qy SjEsj® 08Mwj? Re Ep(Mie My )+ My Mg

In vicinity of the threshold only S partial waves remain, so that the E. o multipole
contributes only to the T cross section term and the L. o multipole to the L cross section

term: # #
dST _ Jkpj .2 dSL _ Jkp] -2
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2.2.2 Electromagnetic vector form factors

By respecting the charge conservation, the Lorentz invariance and spatial symmetries
the most general vector current matrix element of a nucleon is given by equation
It gives a full description of the transition probability for the elastic electron scattering
on nucleon from the initial state jN(P)i to the nal state jN(Ps)i:

n i (0]
PN(P)j J0) iN(R)i = (P eR(Q)g™+ L R(Q)s™ u(R)  (2:29)

where M is the nucleon mass, J'(x) is the electromagnetic current operator, F is the
helicity-non- ip Dirac form factor and F, is the helicity- ip Pauli form factor, u(P) is
the nucleon Dirac spinor. g™= ( g° g, g2, g%) are Dirac g matrices,s™= i/2 [g™ g"] =
i/2 (gMg" g"g™M is the antisymmetric traceless combination of g-sandg™= (P° P)™
is the four-momentum of the virtual photon [16, 18, 19].

In the one photon approximation, the elastic differential cross section in the lab-
oratory frame for the unpolarized electron scattering on a nucleon with the internal
structure is:

ds _ ds EON

ds _ds F 2 %°
dW Lab dW mott E 2

FAQ) + tF3(Q) + 2t F(Q)+ R(Q?) “tan (2.30)
where t = Q% (4M?) is the dimensionless quantity, ¢ is the electron scattering angle,
E is the incident and ECis the nal electron energy. The Mott cross section describes
scattering of a spin 1/2 particle on a point-like target. In order to avoid the mixed form

factor term in it is convenient to use the so-called electric Gg and the magnetic

Gm Sachs form factors:

Gu = R+ R, Ge=F th (2.31)

In the Breit frame, de ned by g™ = (0, ’a), the energy of the virtual photon vanishes
and the Sachs form factors become functions of;a. Now the Gg and the Gy can be in-
terpreted as a 3-dimensional Fourier transform of the spatial distribution of the electric
charge and the magnetization densities, respectively [20].

In terms of the Sachs form factors, the differential cross section is now:

on GZ 2y 4+ tGZ 2 0]

TW L= OW wot E T+t (2.32)

NIl©o

The Sachs form factors can be extracted from the measured cross section using the
Rosenbluth method. For xed Q2 the measured cross section should behave as a linear
function of tan 2 3. Now 2t Gf,, (Q2) can be interpreted as a slope of this linear function,
while Gg can be determined by extrapolatingto t = 0 [20].
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2.2.3 Weak axial-vector form factors

The use of the Lorentz, the parity and the isospin invariance, and the Dirac equation
permits one to write the most general axial vector current matrix element of a nucleon,
in the absence of second-class currents, as:

qng5°t a

n
PN(Pp)j A™3(0) [N(R)i = (Py) Ga(QD)g"ds + Gp(QD) B0 =

u(R)  (2.33)

here AM?(x) is the axial vector current operator, adenotes the isospin component, gs =
i00919293 is the important traceless product of g matrices, t @ are Pauli matrices in
the isospin space, Ga(Q?) is the axial-vector form factor, and Gp(Q?) is the induced
pseudoscalar form factor.

The hadron vertex in the charged pion electroproduction near the threshold in the
one photon exchange approximation can be split, as shown on Fig. .3, into a sum of
individual processes. Only none-resonant Born terms are shown here, since the contri-
butions from resonant Born terms and vector-meson exchange terms can be neglected
near the threshold. It is also indicated, which form factor is associated with the partic-
ular Born term. If a kinematical setting is chosen appropriately, the contribution of the
particular Born term to the overall cross section can be enhanced, and the correspond-
ing form factor can be extracted from those data.

Figure 2.3 — Decomposition of the charged pion electroproduction hadron vertex into non-
resonant Born terms: a) s-channel term, b) u-channel term, c) t-channel or pion pole term, d)
contact or seagull term. Contribution of the resonant Born terms and vector-meson exchange
terms near threshold can be neglected. The full circles represent corresponding form factors
[10,/12/16].

In the rst two Born terms a photon is directly coupled to the nucleon, a) via s
channel to the proton or b) via u-channel to the neutron, represented as the direct and
the crossed nucleon pole. The form factors associated with those terms are the electric
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Ge and the magnetic Gy Sachs form factors of a) proton and b) neutron. They can be
determined in the elastic electron scattering experiments.

The third term is the t-channel term or the pion pole term where the pion form
factor R, and the induced pseudoscalar form factor Gp play a signi cant role. The
pion form factor F, is of a monopole type 1/ (1+ Q2 L3) with L,  0.735 GeV [9].
For the pion electroproduction near the threshold most important is the fourth contact
term (also called the seagull or the Kroll-Rundemann term) closely related to the axial
form factor Ga, which is of a dipole type, parameterized as:

Ga(0)
2
1+ &7

A

Ga(Q%) = (2.34)

The GaA(0) = ga = 1.2701[13] is the axial coupling constant. M, is the axial mass,
which is directly connected to a mean square of the axial radius hii 12 = 7 12/ M.

If one assumes the pion pole dominance of the induced pseudoscalar coupling, Ga
and Gp are related by [6]:

2
Gr(Q) = — M GA(Q) (2.35)

m3 + Q
In the pion pole term the virtual photon is coupled to the pion emitted from the nu-
cleon, and because of this, theGp is particularly sensitive to the pion cloud [21].

Inthe limit Q! 0 and by using the partially conserved axial-vector current (PCAC)
hypothesis, which states that the axial current is only conserved in the chiral limit
(mp ! 0) and without the presence of the electromagnetic eld, it is possible to obtain
the so-called Goldberger Treiman relation [22]. The importance of this relation is in
providing the simple connection between the pion-nucleon coupling constant g,y of
the strong interaction with the pion decay constant f, and the axial coupling constant

ga of the weak interaction:
OpN _ Oa
=== == 2.36
TR (2.36)
where M = 938.9 MeV is the nucleon mass,gpon = 14.11 [23],f, = 92.21 MeV [13].
Using the and the Goldberger Treiman relation it is possible to relate the pseu-

doscalar form factor Gp with gyn and fp:

m3 + Q2

Gp(Q?%) " (2.37)

Within the framework of the quantum chromodynamics (QCD) coupled to external
elds, starting from the most general effective chiral Lagrangian up to and including
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O(q?) in the baryonic sector (so-called Lorentz-invariant or relativistic formulation of
chiral perturbation theory - RChPT) the results for the Gp and the Gp are [24]:

1, 5.
Ga(Q%) = ga 1+ FhAiQ? (2.38)
foOoN 1 1 .
2y _ 2 'pYp <+ 2
where
b17m2
ga = Ga(0)= ga + ﬁ% (2.40)
PTp
2

ALT GA(0) dQ% =0 gad4p o2
b7 in and bz in are low energy constants from the tree-level approximation.
The constant b7 provides correction to the axial coupling constant in the chiral limit
ga, and byz is related to the axial radius hii , which makes this term very important,
since it is responsible for the Q2 dependence of the axial form factor Ga [17].

2.2.4 Extraction of the axial form factor G, from experimental data

The axial form factor G, and the axial mass M 5 are experimentally accessible in two
different types of reactions: the quasi-elastic scattering of (anti-)neutrinos on various
targets and the near threshold positive pion-on-proton electroproduction.

In experiments based on the quasi-elastic (anti-)neutrino scattering the axial form
factor is extracted from the Q? dependence of the quasi-elastic (anti-)neutrino-nucleon
Cross section: " #

dsym) u_ (s u)?
A B+ 2.42

where s and u are Mandelstam variables, M is the mass of the nucleon and most
important A, B and C are bilinear forms of the electromagnetic nucleon form fac-
tors and the axial nucleon form factor. The exact expressions for the A, B and C
can be found in [B]. Since the electromagnetic form factors are known, the only un-
known which can be extracted from the cross section is the axial form factor together
with the axial mass. Older experiments (summarized on left Fig. 7.4), affected by
the relatively large statistical and systematic uncertainties, provide the weight aver-
aged axial massM = 1.026 0.017 GeV, or the scaled-error [13] averaged axial mass
Ma = 1.026 0.021 GeV[11].

Contrary to that, almost all recent high statistics experiments (except the NOMAD
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experiment) report even larger axial mass values, table 2.2. There are different ideas on
the cause of this discrepancy [25,26]. One of the possible explanations is usage of light
nuclei as targets in the recent experiments, while in the older experiments the deu-
terium was predominantly used as the target. Therefore, it is not possible to exclude
the in uence of the nuclear medium on the axial mass [26] But the real cause of this
discrepancy still remains an open question.

Argonne (1969) [4]

Argonne (1973) [2] |———e—1—

CERN (1977) [7] |—a——1——

Argenne (1977) 2] |———

CERN (1979) [8] | —o—

BNL (1980) [1]
BNL (1981) [2]

——
Argonne (1982) (21 | ﬂ'f
Fermilab (1983) [2] i :

BNL (1986) (11 | J‘v—°—*'

BNL (1987) (11 | l —a

BNL (1990) (21 | FH

Average i I—«i*— |

09 1 1.1

M, [GeVl

Frascati (1970) [13]

G =0

Frascati (1972) 131
DESY (1973) [13]
Daresbury (1975) [131 SP
LR

FPV

BNR

Daresbury (1976) [131 SP
DR

BNR

DESY (1976) [14]
Kharkov (1978) [111
Olsson (1978) 1121
Saclay (1993) [151
Average excl. MAM| (1999)
MAMI (1999)

Figure 2.4 — Compilation of the axial mass data: the left gure refers to older neutrino scatter-
ing experiments, the right gure refers to data obtained in the pion electroproduction experi-
ments. Figures and references indicated on them are from [11].

Table 2.2 — M » values from recent experiments. Table from [25].

Experiment | Target | Cutin Q2 (GeVi/c) 2 M, (GeV)

K2K oxygen Q%>0.2 1.20 0.12[27]
carbon Q?>0.2 1.14 0.11[28]

MINOS iron no cut 1.19 0.17 [29]
iron Q?>0.2 1.26 0.17 [29]

MiniBooNE | carbon no cut 1.35 0.17 [30]
carbon Q?>0.2 1.27 0.14[30]
| NOMAD | carbon no cut 1.07 0.14[31]|

For the charged pion electroproduction near the threshold, the T and the L cross
section terms are well-described only with the s-wave multipoles In the case of
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the p(e € *)n reaction this are E(+ o) and Li 0) multipoles. Nambu, Lurié and Shrauner

calculated the electric dipole amplitude Efr 0) for the virtual photons at the threshold in

the limit of massless pions:

r ! #
(Vi = 02 = ¢ eGa(0) > o >
£l (mp = 0,6P) a7 spr, ST gz gpCu(@  (@43)
This equation can be expanded to the ¢? order:
’ 2 2 #
e Jmp = 0= S 1y T T v by o) (2.44)

8p fo 6 "~ 4m 2

ky is the anomalous magnetic moment of the nucleon. The equations and[2.44 are
valid for the massless pion with the zero three-momentum and they have to be extrap-
olated to the physical region with the nite pion mass and the nite pion momentum.
There are several model-dependent procedures to do this and the model-independent
procedure based on the chiral perturbation theory ( PT), an overview of this topic can
be found in [L0]. Now it is possible to extract the axial radius , r 5 from the ¢?-slope of

q
the T cross section term and determine the axial massMp = 12/ hii :

The results for the axial mass M 5 determined in electroproduction experiments are
summarized on the right Fig. The weighted scaled-error average of the axial mass
from many earlier experiments amountsto M = 1.069 0.016 GeV [11]. In the most
recent experiment, carried out in the framework of the Al collaboration at MAMI, the
extracted axial mass was determined to be 1.077 0.039 GeV [11].

The axial mass discrepancy between the old (anti-)neutrino and the pion electro-
production experiments can be explained in the framework of  PT [4], but this does
not hold for the new (anti-)neutrino experiments.

When using the pion electroproduction to determine the Ma (or rp) from the of-

dependence of the T cross section term, one also obtains theg?-dependence of the L

cross section term (or of the LEr 0) multipole 2.28), from which it is possible to extract the

induced pseudoscalar form factor Gp. The extraction procedure is more complicated,

since the Lfr o) multipole also contains contributions from the pion form factor F, and

the pion-nucleon form factor Gpn. The full expression for the LEr o) multipole can be
found in [%], the expression evaluated in framework of the  PT can be found in [4].
The L cross section term has to be determined for pions with kinetic energy less than
35 MeV [12] to ensure the domination of the s-wave multipoles in the L term. The T
term is well-described by the s-wave multipole even for higher pion kinetic energies.
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Experimental Facility

In this chapter, the description of the MAMI electron accelerator and the standard three
spectrometer setup of the Al collaboration together with their main components will
be given. Since the SOS is a nonstandard spectrometer, its description will be given in
the following chapter.

3.1 Mainz Microtron - MAMI

The Mainz Microtron (MAMI) is a so-called continuous wave electron accelerator. The
beam is divided into electron bunches with a repetition frequency of 2.45 GHz. Be-
cause of the high frequency, the detectors used by the experimentalists groups can not
register each bunch separately, therefore it seems as if the beam was continuous. The
machine can deliver beam currents from 10 pA up to 100 A and energies between
180 MeV and 1.6 GeV. Due to the synchrotron radiation, the root mean square energy
spread of the beam is 30 keV at 855 MeV and 110 keV at 1.5 GeV. At present, there
are ve successive stages: a linear injector accelerator, three consecutive race-track mi-
crotrons (RTM) and a harmonic double-sided microtron (HDSM) [32, 33]. A oor plan
with schematics is shown on Fig. B.1}

The RTMs consist of a linear accelerator placed between two high precision dipole
magnets, which bend the beam path for 180 and enable the beam recirculation. The
HDSM consists of two anti-parallel linear accelerators. One of the linear accelerators
is operated on a double frequency to suppress beam instabilities. The beam is recircu-
lated by four magnets, each bending the beam for 90 .

The accelerator can provide two types of the electron beam: unpolarized and polar-
ized. For the unpolarized beam a thermionic source is used. A beam current up to 100
A can be reached with this source. Polarized electrons are produced by a photoelec-
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tric effect of a polarized laser light on the GaAscrystals. The polarization of the beam
is around 80%. The 100 A beam current can be also achieved [33], but in order to pre-
vent the damage and prolong the lifetime of the GaAscrystals the maximum current
of the polarized beam is usually limited to 20  A.

Figure 3.1 — Floor plan of MAMI accelerator and experimental halls. Figure form [32].

After the source, the beam is accelerated to 3.5 MeV by the linac accelerator and
injected into the rst RTM. Here, the beam is recirculated 18 times, thereby increasing
the beam energy to 14.9 MeV. The second RTM is known as MAMI-A. After the 51
turns the beam energy is raised to 180 MeV, which is the minimal energy for which the
MAMI accelerator provides a stable beam. At this point the rest of the MAMI stages
can be bypassed and the beam can be directed to different experimental halls. The third
RTM, called MAMI-B, accelerates the beam after 90 turns up to 855 MeV. This stage is
equipped with a kicker magnet and by selecting appropriate recirculation path, it can
extract beam energies in 15 MeV steps. The nal HDSM stage, called MAMI-C, gives
in 43 turns the maximum beam energy of 1.6 GeV [33].
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3.2 Target system

The target system is placed inside the vacuum scattering chamber, which is located
in the centre of the spectrometers rotation axis. A target ladder can be equipped with
several solid state materials of various thickness, such as polyethylene, graphite, tanta-
lum, copper etc. For each experiment the ladder holds a luminescent screen (chromium
doped Al,0O3 plate with a cross hair printed on), which is used for the beam position
calibration. The desired material is selected by moving the ladder in a vertical direc-
tion. This is controlled remotely and can be done during the beam-time.

There are two different upper lids for the scattering chamber, one for a high-pressure
gas target (helium) and the other for the cryogenic liquid target (hydrogen or deu-
terium).

The cryogenic liquid target system consists of two cooling loops. In the outer loop
the hydrogen is lique ed at the Philips compressor and then transported via transfer
pipe to a heat exchanger inside the scattering chamber. The liquid hydrogen is cooling
the heat exchanger and the warmed up gas then returns to the Philips compressor,
closing the outer loop.

Figure 3.2 — Scattering chamber and hydrogen cryo target inner loop. The + sign in the
zoomed image represents the central point of the electron beam. Figure form [L0O].

The heat exchanger is also coupled to the inner loop Fig. (called Basel-loop),
which contains the target gas. Before the beginning of each experiment the target gas is
lique ed. The inner loop can be equipped with two target cells: the cylindrical cell with
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a diameter of 2 cm made of the 50 m thick Havar foil and the cigar-like cell with the
length of 4.95 cm, the width of 1.15 cm and the height of 1 cm made of the 10 m thick
Havar foil. The target liquid is under-cooled and recirculated by a ventilator, in order
to prevent a local overheating by the electron beam and a creation of gas bubbles in the
target cell. For higher beam currents the effective heat deposition by the electron beam
has to be further reduced. Therefore, the beam is additionally rastered in transverse
directions at a frequency of several kHz and an amplitude of few mm. The temperature
and the pressure inside the inner loop are monitored during the experiment, enabling
the determination of the liquid target density. The stable density of the liquid target is
essential for a precise calculation of the luminosity.

3.3 The three spectrometer facility

The main experimental setup of the Al-collaboration at the Institute for Nuclear Physics
in Mainz, consists of three high resolution magnetic spectrometers, which are labelled
A, B and C. The spectrometers can be operated in a single, double or triple coinci-
dence mode. All three spectrometers can be rotated around the target in the centre for
the detection of charged particles at different scattering angles. Using the de ection
of the particles in the magnetic eld and the trajectory measurement in vertical drift
chambers it is possible to determine the particle momenta. The information from the
scintillator planes and the Cerenkov detectors enables the particle identi cation. The
Al experimental hall with the spectrometers is shown on the Fig. In the follow-
ing text a summary of their optical properties and a brief description of the detector
packages will be given. The detailed description of the facility can be found in [34].

3.3.1 Optical properties of spectrometers

The magnets of spectrometers A and C are arranged in a quadrupole-sextupole-dipole-
dipole (QSDD) con guration. Magnetic eld of the quadrupole magnet simultane-
ously in uences the particles in two ways. By focusing the particles in a non-dispersive
direction, the quadrupole magnet consequently enlarges the scattering angle accep-
tance and by defocusing in a dispersive direction, it increases the intrinsic momentum
resolution of the spectrometer. The role of the sextupole magnet is to correct second-
order imaging errors, or the so-called spherical aberration. The two dipole magnets are
bending the particle trajectories towards the detector packages. Such magnet con gu-
ration enables the high resolution measurement of the particle angle and momentum
at a relatively large acceptance (28 msr). Spectrometer C is a down-scaled version of
spectrometer A, the scaling factor is 11/14.
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Figure 3.3 — The experimental hall of A1 collaboration. The name of the spectrometers, from
left to the right, are A (red), B (blue) and C (green). In the middle of the photo is the SOS, placed
in front of the target. The electron beam pipe is coming from the right side.

Figure 3.4 — Arrangement of the magnets and the dimensions of spectrometers A (left) and B
(right). Figure from [34].
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Spectrometer B has only one dipole magnet in a clamshell con guration. Because
of this, spectrometer B is of a slimmer design in comparison with other two spectrom-
eters, and can reach scattering angles down to 7. The inclination of the pole shoes in
the clamshell con guration creates a double focusing inhomogeneous eld, thus en-
abling the point-to-point focusing in the dispersive as well as in the non-dispersive
plane [34]. The spatial resolution is therefore higher, but the acceptance is smaller (5.6
msr). This spectrometer can also be tilted up to 10 for the out-of-plane measurements.
The main properties of the spectrometers are summarized in table and the lay-outs
of spectrometer A and B are shown on Fig. @

Table 3.1 — Properties of the spectrometers. All information are design values for A, B and
C from [34] and for SOS from [14]. The SOS dispersion and the SOS angular resolution at the
target, were measured for the SOS at 54 cm distance from the target [16]. Missing entries could
not be determined. About the con guration: * Clamshell magnet, ** Browne-Buechner magnet,

(k! ) =Parallel to Pointimaging, ( ! ) =Pointto Pointimaging [35].

Spectrometer A B C SOS
Con guration QSDD D* QSDD D**
Imaging mode

Dispersive plane ! ! ! -

Non dispersive plane k! ! K! -
Maximum momentum [MeV/c] 735 870 551 147
Reference trajectory momentum [MeV/c] 630 810 459 —
Central trajectory momentum [MeVic] 660 810 490 —
Momentum acceptance [%] 20 15 25 21
Angle acceptances

Dispersive plane [mrad] 70 70 70 80

Non dispersive plane [mrad] 100 20 100 14.8

) Solid angle [msr] 28 5.6 28 4.8
Scattering angle range [] 18-160| 7-62 | 18-160| 15-62
Angle of focal plane [ ] 45 47 45 53
Length of the central trajectory [m] 10.75 | 12.03 8.53 1.54
Dispersion (central trajectory) [cm/%] 5.77 8.22 4.52 ' 1.0
Magni cation (central trajectory) 0.53 0.85 0.51 -
Dispersion/Magni cation [cm/%)] 10.83 9.64 8.81 -
Momentum resolving power 10 4 10 4 10 4| 1.310 3
Angular resolution at the target  [mrad] 3 3 3 5.3(q)

33.7(f)

Spatial resolution at the target [mm] 3-5 1 3-5 -

The spectrometers central magnetic eld and thereby the central momentum, is de-
termined and monitored with Hall and NMR probes. The Hall probes measure rough
values of the magnetic eld, and the NMR probes give very precise values for the ne
adjustment of the central momentum.
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3.3.2 Detector systems

The standard detector packages of all three spectrometers are similar. They consist of
four vertical drift chambers, two scintillator planes and a gas Cerenkov detector, see
Fig. [3.5. The VDCs are used for reconstruction of particle trajectories, the scintillator
planes for triggering, and both planes can be used for differentiating between protons
and lighter particles (charged pions, electrons and positrons). The scintillator planes
are not suitable for discrimination between electrons (positrons) and charged pions,
for this purpose the gas Cerenkov detector is used. Additionally, the gas Cerenkov
detector in spectrometer A can be replaced with a proton polarimeter.

Figure 3.5 — lllustration of the standard detector package of the spectrometers. The incoming
particles rst pass through the vertical drift chambers (blue), two scintillator planes (red) and a
gas Cerenkov detector (green). This version of the gure is from [36].) the original in black and
white is from [34].

3.3.2.1 \Vertical drift chambers

After passing the magnets, particles are going through two pairs of vertical drift cham-
bers (VDC). Each pair consists of two individual VDC planes called x- and s-plane, see
Fig. [3.§. X-wires of the rst VDC plane are perpendicular to the dispersive plane and
they measure particle trajectory in the dispersive direction. In the second VDC plane,
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s-wires are rotated for 40 with respect to x-wires and they measure particle trajec-

tory in the non-dispersive direction. The rst x-plane is always placed inside the focal
plane.

Figure 3.6 — Schematics of a VDC. The s-wires are rotated for 40 relative to the x-wires [34].

Each VDC wire plane consists of alternating signal and potential wires, placed be-
tween cathode foils, Fig. [3.7. The distance between the wires is 2.5 mm and the dis-
tance between wire plane and cathode foils is 12 mm. The potential wires are grounded
directly and the signal wires are held on 0 V via preampli er. The foils are set at a nega-
tive potential of 5600 6500 V. The volume of the VDC is lled with a mixture of argon
and isobutane gas with a 1.5% admixture of the pure ethanol to minimize aging.

Figure 3.7 — Longitudinal section of the VDC: illustration of the VDC operational principle
(left) and illustration of the electric eld distribution (right). Figure from [34].
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A charged patrticle passing through the gas will produce electron-ion-pairs along
its trajectory. The ions will drift towards the cathode foils, while the primary and the
secondary electrons will drift with a known velocity towards the wires. All signal
wires work in a common stop mode: a signal from a wire starts the time measurement
and the delayed signal from the scintillators is a common stop. The time measure-
ment for each wire is translated into the distance from the patrticle trajectory to the
wire. The information from at least three wires is needed for good particle trajectory
reconstruction. The distance between the VDC pairs is 20 cm, which allows achieving
a spatial resolution 200 m inthe dispersive and 400 m in the non-dispersive di-
rection. The VDCs measure the particles' focal-plane coordinates: dispersive (Xp, Ot p)
and non-dispersive (Y, f p). Additional details about the VDCs can be found in [37].

3.3.2.2 Scintillators

In each spectrometer two layers of segmented plastic scintillator planes are used as
trigger detectors, Fig. @ The scintillator planes in spectrometer A and C are made
of 15 paddles and in spectrometer B of 14 paddles. The paddles in A and C are 45 cm
long and read out is performed in coincidence from both sides. The length of paddles
in spectrometer B is only 14 cm, and read out is made from one side. The segmentation
increases the rate capacity of the entire detector package, improves the time resolution
due to shorter propagation time of the light, and gives a rough position of the particle
trajectory.

Figure 3.8 — Two segmented plastic scintillator planes of spectrometer A. The ToF layer mea-
sures the time of ight and the dE layer is used to differentiate protons from minimum ionizing
particles. Figure from [34].

The bottom plane (dE-plane) is 3 mm thick and the upper plane (ToF-plane) is 10
mm thick. The scintillator material and the corresponding photomultiplier tubes of
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dE-plane are selected to have better energy resolution, and of ToF plane to have better
time resolution [34]. Normally, the dE-plane gives the energy loss information of the
passing particle and only in case of slow patrticles, such as protons or deuterons, also
provides the timing. For all other situations, ToF-plane de nes the timing. This signal

is used for coincidence determination between spectrometers as well as the common
stop signal for the VDCs. The energy loss information from both plans can be used to
differentiate heavier (protons, deuterons) from minimum ionizing particles (charged
pions, electrons or positrons).

3.3.2.3 Cerenkov detector

The volume of the Cerenkov detector, Fig. , is lled by C4F g gas with refraction in-
dex of 1.0013. Passing through electrons or positrons with energies larger than 10 MeV
will produce Cerenkov light in this media. A system of mirrors re ects the Cerenkov
photons towards the array of photomultiplier tubes. Only pions with energies larger
than 2.7 GeV will create the Cerenkov light. Since it is not possible to produce such pi-
ons even with maximum electron beam energy of 1.6 GeV, the Cerenkov detector can
differentiate between electrons or positrons and heavier particles.

3.3.2.4 Trigger electronics and data acquisition

All three spectrometers are equipped with independent electronics. The purpose of
those electronics is signal ampli cation and analog-to-digital conversion, as well as
generation of the trigger signal for data acquisition. The minimum condition for gen-
eration of the trigger signal is ful lled, if a hit in the scintillator paddle crates a signal,
which is larger than a certain threshold. This minimum trigger condition can be also
extended to have signal in: dE and ToF plane (coincidence condition), dE or ToF plane,
only dE plane, only ToF plane. The scintillator signals can be also put in coincidence
or anti-coincidence with the Cerenkov detector. During the beam time this conditions
can be selected via programmable logic unit (PLU) [34].

The PLU signals from all three spectrometers are sent to a universal logic module
(ULM) equipped with a eld programmable gate array (FPGA). It is possible to change
the width of incoming signals, delay them and scale down their rate via prescalers de-
pending on the kinematical con guration and the measured physical reaction. During
the beam time FPGA can be set to following logical conditions: singles A, singles B,
singles C, coincidence AB, coincidence BC and coincidence ABC[38]. When the ULM
accepts an event it distributes the gate signals back to electronics of spectrometers to
start the analog-to-digital conversion of the time and energy information from differ-
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ent scintillators. At the same time an interrupt signal is sent to front-end computers
to read out all the data. During the analog-to-digital conversion and data read-out, a
busy signal is generated by a micro busy module to prevent further data taking. The
time at which the system can accept events and the total measurement time is later
used for the dead time determination. Each spectrometer is read-out asynchronously
and an event-builder module is used for synchronization of multi-arm events. This
module assigns an unique number to each event and enables merging of single-arm
events. A more detailed description of the trigger system can be found in [38]:
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Short-Orbit Spectrometer (SOS)

In this chapter an advantage of the short-orbit spectrometer over the Al standard spec-
trometers in detection of the low-energy pions will be explained. Optical properties of
the magnet and the choice of collimators associated with those properties will be dis-
cussed, as well as the choice of the detector package.

4.1 Need for another spectrometer

The goal of the experiment is to measure the charged pion electroproduction as near
the reaction threshold as possible. Major dif culty in detecting charged pions arises
from the fact that pions are unstable particles, with t, = 26.033 ns lifetime in the pion
rest frame. The decay is described by the simple decay law:

Np(S)= Nop € » = Nop € 5% = Nop € mip 4.1)

where |y is the pion decay length or the average path length traversed by the pion of
the momentum pp before decaying.

The trajectory length from the target to the detector package in a standard Al spec-
trometer is in order of 10 m. In case of the pions with the momentum of 113 MeV/c,
only 20.6% will survive this path. Charged pions dominantly decay into muons and
neutrinos (99.9877% [13]). Due to their longer life 2.197 s most of the muons will
reach the detector package before they decay. Most muons will have different trajec-
tories with respect to pions and their reconstructed momentum will differ very much
from that of the decayed pion. But for a certain fraction of muons, which are created
near the detector package or in direction of the decayed pion, the reconstructed mo-
mentum will be very similar to that of the pion and such muon will contaminate the
data. This fraction has to be determined via simulation.
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In past experiments [L0-12] muon contamination was one of major contributions
to the systematic error. This contribution can be decreased by reducing the pion path
from the target to the detector package. Therefore, a new spectrometer was designed
with a central trajectory length of about 1.6 m, and because of that it has been called
short-orbit spectrometer (SOS), see Fig[ 4.]L. In SOS 77.6% of pions with momentum of
113 MeV/c will survive the path length of 1.6 m.

Furthermore, in every tracking detector a certain probability of multiple scatter-
ing exists, which worsens the detector resolution. As the particle kinetic energy de-
creases the probability of the multiple scattering increases. The effective thickness of
the SOS tracking detector was optimized to minimize energy loss and multiple scatter-
ing, hence it is smaller than in case of the standard spectrometers. This was achieved
by choice of a volume type drift chamber as a tracking detector, which has less number
of foils and no air between the chambers [15].

Figure 4.1 — Photo of a short-orbit spectrometer (inside a red ellipse) mounted in front spec-
trometer B (blue) on its support.

When SOS is used in an experiment, it is mounted in front of spectrometer B on
its support, see Fig. [4.1. The current support is not designed for out-of-plane lifting
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of the SOS [14]. Two options are available: 54 or 66 cm from the SOS magnet yoke to
the target centre. For a given kinematic setting, when using the Rosenbluth method,
it is important to cover a largest possible range of variation of the variable e. To reach
the large value of e, the relative angle between SOS and spectrometer A has to be as
small as possible. And to measure the small value of the e, SOS has to be placed on
the smallest possible forward angle. This range was maximized by milling off the
SOS magnet yoke. At the distance of 66 cm from SOS to the target centre the smallest
relative angle between SOS and spectrometers A and C is 55 and the smallest forward
angle is 15.4 . The distance of 54 cm limits the forward angle to 22 , but allows larger
solid angle acceptance.

4.2 Magnet

The magnet of the SOS spectrometer is an Browne-Buechner type dipole magnet [39].
The pole pieces have a circular form with uniform magnetic eld radius of 350 mm.
Maximal possible central momentum is 147 MeV/c for a magnetic eld of 1.4 T. The
momentum acceptance is interval from  13% to 16% [16].

Figure 4.2 — Browne-Buechner type dipole magnet of the SOS. Figure from [40].

Altogether SOS has three focal planes. Two of them can be used for the particles
which trajectories are de ected for +90 or 90 and which momenta do not exceed
150 MeV/c. One of these focal planes is located above, and the other one is located
under the pole shoes. These two focal planes allow simultaneous detection of both
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positive and negative charged particles. The third focal plane can be used for particles
with momenta from 150 up to 300 MeV/c, which are then de ected with smaller angle.
This focal plane is located in the rear lower part of the spectrometer. At the present only
the upper focal plane is equipped with detectors.

The shape of the magnet yoke is shown on g The front side of the yoke was
narrowed in order to minimize the angle relative to spectrometers A and C. The side
recesses were made in height of the beam dump in order to access smaller forward
angle. The impact of the milling of the yoke on the homogeneity of the magnetic eld
was rst checked with a simulation. The maps of the magnetic eld were measured
after the milling, for several strengths of the eld [12].

Figure 4.3 — Lateral pro le of the SOS. The upper part of the gure shows the detector system
inside a shielding house. The focal plane (red) of the dipole magnet (down, blue) is located
under the detector system, it is tilted by about 50 with respect to the vertical. Figure from [16]!
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4.3 Detector system

The detector system of the SOS consists of two horizontal drift chambers and ve lay-
ers of scintillators, Fig. .3, The drift chambers were designed, assembled and tested
within the diploma and doctoral thesis of Matthias Ding [15, 16],/and the scintillator
range telescope was developed within the diploma work of Dagmar Baumann [14],
assembled and tested as part of her doctoral thesis [12]. The detector system is placed
inside a shielding house of borated polyethylene to block neutrons and lead to block
other radiation.

4.3.1 Drift chambers

Contrary to the drift chambers of the spectrometers A, B and C, the drift chambers
(Fig. and table[4.1) of the SOS were developed for the trajectory determination of
low-energy pions. As one of the SOS collimator do not exclude particles hitting the
magnet walls, spatial and angular resolutions have to be as good as possible in order
to be able to discriminate those particles. Such particles are excluded with the cut on
reconstructed target coordinates.

Figure 4.4 — The SOS drift chambers in a build-in position. The bottom chamber is used for re-
construction of non-dispersive coordinates, and the upper chamber for dispersive coordinates.
Positions of the signal wires are marked with white points. Edge rays were determined with
help of RAYTRACE simulation. Figure from [16].
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Whenever a heavy charged particle passes through a material, it will lose energy
and it can be de ected from its incident direction. For low-energy pions the energy
loss is dominantly caused by inelastic collisions with atomic electrons and elastic scat-
tering from nuclei, other effects (nuclear reactions, bremsstrahlung) can be neglected
[41]. The small angle de ection is mostly caused by Coulomb scattering from nuclei.
Since this process happens many times it is called multiple Coulomb scattering and
it worsens the spatial and angular resolutions. For the pions with kinetic energy less
than 30 MeV, the standard deviation of scattering angle s can be written as:

r

E X X
= : —— —T11+0. —
Sq 13.6MeV 02 Xof 1+ 0.038 Inxog
[ V= for Ein  mp (4.2)

where E is the energy and p is the momentum of the pion, xio is the thickness of the
scattering material in radiation length [13,/16]. The standard deviation of scattering
angle increases with loss of kinetic energy as the pion passes through material. There-
fore, to achieve the best possible spatial and angular resolutions, the energy loss has to
be minimized with the selection of a gas and a chamber foil material with appropriate
radiation length. It is known that materials with small atomic number  Z have large
radiation lengths. Hence, helium was chosen as a counting gas because of smallZ and
ethane as a quencher because of its better performance than methane at necessary high
voltage. Due to almost constant value of the drift velocity (4 cm/ s for broad range
around the working electric eld value 3 kV/cm), mixture with ratio 1 : 1 is used
in measurement [16]. Before entering the chamber, gas mixture is enriched with the
ethanol, in order to prevent the aging effects of the wires.

Table 4.1 — Properties of the SOS drift chambers. Adapted from [16].

Outer dimensions of the double chamber 410 x 210 x 156 mn3
Active surface 294.4 x 73.6 mnt
Drift cell length x width 18.4 x 5.08 mn*t
Horizontal offset of the signal wires 100 m
Number of signal wires in X-/Y-chamber 64/16
Number of potential wires in X-/Y-chamber 355/103

Signal wires: 15 m Au-coated Tungsten-Rhenium
Potential wires: 80 m Ag-coated Aluminium
Gas: 50% Helium + 50% Ethan

Due to SOS compact design, the focal plane [4.8) of the SOS magnet lies inside the
in uence of the magnetic fringe elds. Because of that, a drift chamber can not be
placed in the focal plane as it was done for x1 wire layer in spectrometers A, B and C
[9]. Under these circumstances decision was made to use a volume drift chamber. As
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Figure 4.5 — Lateral pro le of the SOS drift cell. Black pro les represent potential wires and
the red ones represent signal wires, which are alternating shifted left and right. In order to
make the signal wire shifts visible on this gure, they are exaggerated. Figure form [16].

shown in a Fig. 1.5, the particle trajectory is determined in a drift cell, which consists
of eight vertically arranged signal wires. Potential wires are placed between signal
wires and they also de ne the boundaries of the drift cell forming the shape of the
electric eld inside the cell. The signal wires are not placed on a straight line above
each other, they are alternating shifted left and right for 100 m in order to distinguish,
if the particle has passed the signal wire on the left or on the right side. Each of the two
drift chambers measures only one spatial coordinate and one angle. The rst cham-
ber from the magnet is the Y-chamber and it measures the non-dispersive coordinate
Ych and the non-dispersive angle f .. The Y-chamber consists of 2 drift cells. The sec-
ond chamber is the X-chamber. It has 8 drift cells, which are perpendicular to the 2
cells of the Y-chamber. The X-chamber measures the dispersive coordinatex., and the
dispersive angle q.,. These two chambers are separated only with a grounded foll,
thus preventing mixing of electric elds at the junction of the two chambers. Due to
multiple scattering, the resolution of the X-chamber will be lower in comparison with
the Y-chamber. Since a good vertex resolution is important to discriminate particles
scattered at the magnet edges and to estimate energy loss when using round target,
priority was given to Y-chamber.

4.3.2 Scintillator range telescope

A range telescope consists of ve layers of plastic scintillators (type Bicron BC 408).
The width and the length of each layer are 80 mm and 300 mm, respectively. How-
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ever, layers differ in thickness, so that in direction of particles passage thickness of
the layer is respectively 3, 10, 20, 20 and 10 mm, see Fig[ 4]6. In data acquisition and
analysis programs the layers are labelled as 0, 1, 2, 3, and 4 respectively. Read-out of
the scintillators is performed in coincidence of both lateral sides, in order to suppress
background signals. To minimize loss of light, PMTs with window area similar to the
area of the scintillator readout surface were chosen. For the thinnest bottom layer only
one PMT Philips XP 2910 is used, and for the four upper layers Philips XP 2262B PMTs
are used.

Figure 4.6 — lllustration of the particle identi cation in the scintillator range telescope. Protons
are stopped in the bottom scintillator, positrons pass through all layers, pions are stopped in
a certain layer depending one their momentum. In order to enter the second scintillator the
pions need to have momenta larger than 50 MeV/c and so on [12].

Light from the scintillators is directed to the PMTs through a light guide made out
of Plexiglas. The light guide is made out of individual strips which were glued together
after the bending (so-called "twisted-strip"). In this case it is important that all strips
have same length, to ensure that light from every single strip arrives to the PMT at the
same time. But, because of lack of space and in order not to cross the critical bending
radius, the lengths of the strips differ less than 2 cm in length. That is still acceptable.
The light guides are glued to the scintillators with optical cement Bicron BC-600 and to
the PMTs with silicon glue Wackler Elastosil in order to easily replace a defect PMT. The
PMTs were mounted on aluminium holding frame and protected from the in uence of
magnetic eld with mmetal shield.

Foils of the chambers are not completely helium leak-proof. Little amount of helium
gas will always diffuse into volume of the shielding house, and from there it can also
diffuse into PMTs. In order to protect the PMTs from the helium contamination the
volume of the shielding house is separated with plastic plates in the chamber part and
in the scintillator part. The chamber part and the upper rear wall of the shielding
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house are connected with an exhaust tube, and a ventilator at the end of the exhaust
tube under-pressurizes the chamber part, preventing the diffusion of the helium gas
into the scintillator part of the shielding house.

The role of the range telescope is to provide timing signals (the trigger signal and
the common stop signal for the SOS drift chambers) and to measure the range and
energy loss of the through going particle. This way it makes it possible to differentiate
between the pion signal and the proton and positron background, see Fig.

4.4 Collimators

The collimators of a spectrometer have multiple tasks. The size of the aperture de nes
the magnitude of the solid angle acceptance. Furthermore, it allows only these particles
to enter the spectrometer, which will not be scattered by internal components of the
spectrometer.

In the case of the point target and a given collimator, the reduction of the the dis-
tance between the spectrometer and the target will cause an increase of the solid angle
acceptance. However, for an extended target, in the same situation, another effect in-
creases too: not only particles from electroproduction enter spectrometers, but also
particles which were scattered inside the extended target. Therefore, the size of aper-
ture and the distance to the target has to be optimized to maximize the solid angle
acceptance and to minimize the amount of internal scattered particles.

One collimator was designed to be used when SOS is mounted at 66 cm from the
target centre. In the development of this collimator special attention was given to the
fact that when using a target cell with diameter of 2 cm, all particle trajectories will
undisturbed pass throughout the magnet. The solid angle of this collimator is 1.8 msr
[12].

For some kinematic settings it is not essential to reach the smallest possible forward
angle and the smallest relative angle between the spectrometers. Therefore, SOS can
be placed closer to the target. Two bene ts arise from this fact. Firstly, the particle tra-
jectory length is shorter, leading to smaller muon contamination. And additionally, the
solid angle is larger, thus more particles will enter the spectrometer and measurement
time can be reduced. Distance of 54 cm from the SOS and the target centre was con-
sidered to be an optimal solution. But the development of the appropriate collimator,
which would exclude particles hitting the magnet poles, was not possible and this has
to be taken into account during the analysis. The solid angle of the collimator aperture
is 7 msr, but the magnet allows approximately 4 msr [12].

41




The third collimator is a sieve collimator, which is used for a (inverse) transfer ma-
trix determination. It consist of a metal plate with an irregular array of holes. The full
coverage of the aperture edges of the two above mentioned collimators is achieved by
placing the sieve collimator at two different positions. In those two positions none of
the holes cover each other, so that the number of coordinates used in determination of
the transfer matrix is doubled. In the target coordinate system (the z-axis points to the
spectrometer, the x-axis points to the oor) positions of the holes are de ned by the
dispersive angle o and the non-dispersive angle f . Additionally, in the dispersive
xz-plane we also have the difference from the central momentum dpg = Dp/ p and in
the non-dispersive yz-plane we have the vertex coordinate yq in direction of the beam.
By using the drift chamber measurements, the position of each hole can be determined
and mapped in terms of the chamber coordinates (Qch, Xch, f che Yen). NOw it is possi-
ble to write the dispersive target coordinates ¢ and dpg as functions of the dispersive
chamber coordinates (q.n, Xcn) @and the non-dispersive target coordinates f g and yg as
functions of (f ., Ycn). The coef cients of these functions form the transfer matrix.

Each collimator is made of tungsten-cooper alloy ("Densimet 18" by Plansee). The
sieve collimator is 5 mm thick and the other two collimators are 45 mm thick.

4.5 Trigger electronics and data acquisition

The SOS uses similar electronics and has a similar trigger logic system as the standard
magnetic spectrometers of Al collaboration. The trigger signal is generated if a signal
in a scintillator layer is larger than a speci ed threshold. The individual trigger signals
can be put in a different logical condition. When the SOS is used in a coincidence
experiment with another spectrometer, it replaces the spectrometer B in the universal
logic module.
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The Experiment

The experiment took place from April, 19 to May, 2 2011, and was performed on the
basis of the proposal A1 1/98 [40]. This proposal planned a measurement of the
p(e €b *)nreaction at Q2 = 0.035, 0.078 and 0.156 (GeV/dand W = 1084 MeV, which
is only about 5 MeV above the threshold for charged pion electroproduction. The re-
quested time for this experiment was only enough to measure one four-momentum
transfer value. A decision was made to measure at Q2 = 0.078 (GeV/c)?. Contrary
to the proposal A1  1/98, the invariant mass in this experiment was chosen to be
W = 1094 MeV, because the SOS was a relatively new spectrometer at this time and
no complete analysis of the pion electroproduction data had been done before. For
theseW and Q? values, the momentum of the pion in the parallel kinematics was 113
MeV/c. In order to perform a good longitudinal-transverse separation via the Rosen-
bluth method, it is important to have a lever arm in e as large as possible. The bound-
ary e values are limited by angles accessible to the spectrometers. In this experiment
the upper e value was 0.897 and the lower e = 0.306. The third e = 0.591 was in
between these boundaries. For the determination of the longitudinal-transversal inter-
ference term, two measurements were performed for e = 0.897 at 18.7 offset with
respect to the virtual photon direction. Before the end of the beam time, the highest e
setting in parallel kinematics was measured again to have a reference point between
the start and the end of the experiment. The short control measurements of the elastic
electron scattering from liquid hydrogen target were performed with the spectrometer

A to monitor its performance during the experiment.

The kinematical settings listed in table §.1]are taken in the following order: axi-
alFF_987, axialFF_306, axialFF_591, axialFF_987L, axialFF_987R and axialFF_987a. Af-
ter each of the rst three kinematics two elastic electron scattering settings were mea-
sured in the order as listed in table
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Table 5.1 — Summarized details of the kinematical settings: starting with name of the setting,
E is the energy of the beam, ECis the energy of the scattered electron, ge is the angle of scattered
electron, eis the transversal polarization of the virtual photon, p, is the momentum of the pion,
qf, is the pion production angle in the centre-of-mass frame and ¢, is the pion production angle
in the laboratory frame.

[ Seting [EMeV) [E°(MeV) [ae()] e [po MeVic) [ ()] ()]

axialFF_987 855 644.8 22.5 | 0.8970 42.94
axialFF_306 345 134.8 80.7 | 0.3065 113 0 22.40
axialFF_591 450 239.8 50.3 | 0.5913 31.79
axialFF_987a| 855 644.8 22.5 | 0.8970 42.94
axialFF_987L +18.7| 32.8
axialFF_987R 855 644.8 22.5 | 0.8970 110 187 531

Table 5.2 — Summarized details of the kinematical settings for elastic electron scattering mea-
sured with spectrometer A: starting with the name of the setting, E is the beam energy, E%is the
energy of the scattered electron and ¢ is the angle of the scattered electron.

| Setting | E(MeV) [ E°(MeV) | ge() |
e B s ouaos S

S T ==y
clasti 450 0 3g1 | %03

Figure 5.1 — The number of wires histogram for the SOS X-chamber (left) and the Y-chamber
(right). The data of the axialFF_987 setting is shaded grey and the data belonging to the axi-
alFF_987a setting is shaded red. In both chambers for the axialFF_987 setting noisy wires can
be observed.
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During the data analysis, which will be described in detail in the following chap-

ter, a big mismatch between the axialFF_987 and the axialFF_987a cross section was
obtained. After an inspection of the relevant histograms, some discrepancies in his-
tograms of the SOS chambers were found. The Fig.[5.1 shows the "Number of wires"
histograms for both chambers. Each bin of these histograms corresponds to a particu-
lar signal wire of the SOS drift chambers. The axialFF_987 data, shaded grey, contain
noisy wires (40, 42, and 48 for the X-chamber and the wire 9 for the Y-chamber) in
comparison with the data belonging to the axialFF_987a setting, shaded red. The un-
explained data in noisy bins causes a loss of events, which can easily be seen on the

Fig.[5.2.

Figure 5.2 — The SOSf o target coordinate histogram, raw events. The data of the axialFF_987a
setting is shaded red and the data belonging to the axialFF_987 setting is shaded grey. The
missing events in the axialFF_987a data are due to the malfunctioning TDC module.

A big effort was invested, to solve this problem somehow. Similar to spectrom-
eter A VDCs, a possibility to exclude a chamber wire from the analysis was added
also to the SOS chamber system. But the exclusion of noisy wires from the analysis
did not help. After the detailed checking of the logbook, we found that at the end
of the axialFF_987 setting two TDC 2001 modules were replaced by properly working
ones. The replaced TDC modules were part of the SOS drift chamber electronics. After
the replacement, no more issues referring to the SOS TDC modules were reported in
the logbook and the raw histograms of the SOS chambers no longer showed anoma-
lies. It seems that, the problematic modules were not working properly during the
measurement of the axialFF_987 setting, causing the loss of some data. Therefore, the
axialFF_987 setting was thrown out from the further analysis.
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Data Analysis

In this chapter we present the analysis of the data for the p(e € *)n reaction, mea-
sured at Q% = 0.078 (GeV/c)? and W = 1094 MeV. We will start the chapter with
the de nition of the experimental cross section. Then we will continue with an intro-
duction of methods for a separation of the relevant data from the background events,
which were also registered during the measurement. The relevant data have to be
corrected for the total ef ciency of the setup and for the pion decay. Some of the back-
ground (muon contamination) cannot be removed with the experimentally obtained
guantities, it needs to be determined via simulation instead. The total error of the mea-
surement is dominated by the total systematic error, which has many contributions.
Each contribution will be determined separately. At the end of the chapter we will
brie y present the results of the elastic control measurements with spectrometer A.

6.1 The p(e &b *)n cross section

The experimental cross section for the p(e, € * )n reaction is de ned with:

ds - Nmm (fw Npack
de L F

Kdecay Kmuon €otal (6.1)

Nmm is the number of events in the missing mass peak, Nyackis the number of events in
the corresponding background spectrum, fyy is the weight factor for the background
subtraction (this is a ratio of the coincidence time cut width and the width of the ran-
dom background cut in the coincidence time histogram). The numerator in 6[1 fepre-
sents the number of determined true events. L is the integrated luminosity corrected
for a dead time, F is the accepted phase spaceKgecayiS the pion decay correction fac-
tor, Kmuon IS the muon contamination correction factor and et iS the total ef ciency
correction factor. Mentioned quantities will be de ned and explained in the text below.
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6.1.1 Coincidence time

The difference between times of ight of a particle in one spectrometer and a parti-
cle in the other spectrometer, which originate from the same reaction, can be used for
separating the true coincidence events from the random coincidences (background).
The time difference is measured by the coincidence TDC. The event in the scintilla-
tor ToF plane of the spectrometer A gives a start signal and the event in SOS second
scintillator gives a stop signal to the TDC module. The principle is the following: if
the scattered electron and the produced pion belong to the same p(e € *)n reaction
their time of ight difference should have a constant value. For all other uncorrelated
events the values of the time of ight differences should be equally distributed inside
the width of the TDC's coincidence gate. The raw coincidence time histogram from the
coincidence TDC module can be seen on Fig[6.1.

Figure 6.1 — The raw coincidence time TDC histogram for the axialFF_591 kinematics. The
channel width is 100 ps. The width of the distribution corresponds to the width of the coinci-
dence gate, which is around 100 ns. The FWHM of the raw coincidence peak is 14.4 ns.

The width of the raw coincidence time peak is very large and the true events are
only inside the coincidence time peak which is lying on a background of random coin-
cidences. A better time resolution would allow a narrower cut on the coincidence time
peak and consequently less random coincidence events would be taken into the further
analysis. The time resolution can be improved by following software corrections.

Since the spectrometers accept particles within a certain momentum and angular
range, the trajectory length and the velocity of those particles will differ and conse-
quently their time of ights will differ too. These time differences are causing a broad-
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ening of the raw coincidence time peak. For example, in spectrometer A the trajectory
length differences with respect to the central trajectory can be in the range of 1.5 m.
Using the drift chamber data the trajectory and the momentum of the particle can be
reconstructed. Using this information it is possible to calculate the time of ight and
correct the raw coincidence time spectrum with the time difference relative to the cen-
tral trajectory. The same procedure can also be done for the SOS.

Figure 6.2 — The ToF scintillator paddles vs. time difference dE ToF in spectrometer A,
without the time offset correction (left) and with the time offset correction (right). After the
correction, signals in the dE paddles and the corresponding ToF paddles "seem" as if they are
produced at the same time, since the time differences are centred at bin 0.

The scintillator planes in spectrometer A are segmented. The scintillator segments
are equipped with PMTs which have somewhat different cable lengths. This fact can be
counteracted by implementing different time offsets for each scintillator bar, as shown

on Fig. [6.2.
After corrections, the time resolution of the coincidence peak is now reduced to
only 2.8 ns (FWHM), Fig. 6.3} This is the intrinsic time resolution of the setup, which

includes the cumulative contributions from the statistical processes in the scintillators,
the PMTs and the effects in detector electronics.

The improvement of the coincidence time resolution is essential to keep the ratio
between the true and the random coincidences as high as possible. With a better time
resolution, this ratio is higher and a better separation between the true and the ran-
dom coincidences can be achieved. This is especially important in a measurement of a
reaction with a small cross section. If this would not be ful lled, the desired reaction
could not be reliably isolated from the background events. As we shall see, the nar-
row cut on the coincidence peak enables us to make an accurate separation between
the true and the random coincidences. Of course, the random coincidence evens which
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Figure 6.3 — The corrected coincidence time spectrum, the axialFF_591 setting. The FWHM of
the coincidence peak is 2.8 ns.

are located below the coincidence peak can not be separated by a simple cut in the time
histogram. It is assumed, that the random coincidences are uniformly distributed in
the coincidence time histogram. Therefore, they can be subtracted.

6.1.2 Missing mass

Another way to identify the true coincidences is a missing mass spectrum. In reac-
tions such as p(e €b *)n, four-momenta of the scattered electron €®and the produced
charged pion p* are measured, but the four-momentum of the produced neutron nis
not measured. Hence, the term "missing" refers to the observables of the particle which
is not detected. Following the naming convention from the chapter 2, the momentum
and the energy conservation laws for the p(e €b *)n reaction can be written as:

ﬁi"‘ ﬁi: ﬁf"‘ ﬁp"' %miss

(6.2)
€&+ E = e+ Wp + Eniss

If we assume the case of the stationary target %i = 0, the missing momentum Emiss
and the missing energy EnissCan be written as:

# # # #
Poss= ki ki ko= K

(6.3)
Emiss= &+ mMp € Wp=w+mp wp
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The four-momentum of the missing patrticle, or in this case of the neutron, is now
completely determined by the observables of the measured particles (°and p *):

#
Pmiss = ( Emiss gmiss) =(w+ Mp Wp, ﬁ kp) (6.4)
Finally, the missing mass my,jssiS now:
q
Mmiss = (Erzniss E%ﬂss) (6.5)

To conclude, if we measure the scattered electron €® and the charged pion p* which
originate from the same reaction, the mass of the missing particle, which is calculated
from these data, should be the mass of a neutron.

Figure 6.4 — The missing mass spectrum for the axialFF_591 setting, no cut on the coincidence
time.

If we calculate missing masses for all events which were registered as coincidences,
we will obtain the so-called missing mass spectrum. Additionally, the neutron mass
is subtracted for each event and the neutron peak is then centred around the bin O.
From now on, wherever the missing mass spectrum will be mentioned, one refers to
the spectrum from which the neutron mass was subtracted. This has practical reasons,
because it is easier to detect a possible position shift of the missing mass peak with
respect to the bin 0, than with respect to the bin corresponding to the neutron mass
(939.565 MeV/c?). Fig. shows the missing mass spectrum of the axialFF_591 kine-
matics without the cut on the coincidence time. The signal to background ratio is about
13: 4.
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Figure 6.5— The axialFF_591 corrected coincidence time histogram. The cut on the coincidence
peak ( 2.0ns Ta sos 2.5n9 isshaded blue. The cut on the random background ( 50.0
ns Ta sos 10nsg) and (7.0ns Ta sos 18.0n9g is shaded grey.

Figure 6.6 — The missing mass spectrum for the axialFF_591 setting with the cut on the co-
incidence peak. The left gure shows the full data range. The right gure shows the same
spectrum, but zoomed.

If a cut on the coincidence peak is applied, Fig. 6.5, this ratio is improved signif-
icantly. The background under the missing mass peak is reduced approximately by
the factor 10, see Fig.[6.5. The goal of the analysis at this point is a further reduc-
tion of the residual background (random coincidences) by imposing cuts on different
observables. But it is important that those cuts do not remove the true events. The
background which remains after this procedure should nally be subtracted.
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Earlier in the text we have assumed that the events outside of the coincidence time
peak do not contain any true events. This can be veri ed by producing a missing mass
histogram only out of random coincidence events. Fig. ¢.7|shows the missing mass
distribution of two random coincidence intervals: 50.0ns Ta sos 10 ns and
7.0ns Ta sos 18.0ns (see Fig[ 6]5). Since the missing mass peak does not show
up in the obtained missing mass distribution, it is clear that both random coincidence
intervals do not have any true events.

Figure 6.7 — The missing mass spectrum for the axialFF_591 setting with the timing cut on the
random background.

6.1.3 Background subtraction

As mentioned before, not all of the random coincidence background can be excluded

with applied cuts. One part of random event pairs has such combinations of observable

values, that their calculated missing mass is placed lower than the left edge of the
missing mass peak. And this part of the random coincidences can be removed by the
cut on the left side of the missing mass peak. But some combinations of observable
values will produce missing masses, whose values will be placed beneath the missing
mass peak of the true events.

The amount of random coincidence events beneath the missing mass peak can be
determined by a cut on the uniform part of the coincidence time spectrum, Fig. 6[5.]
The random coincidence events from both sides of the coincidence time peak are used
to produce a background missing mass histogram. For all kinematical settings the total
width of the cut on random coincidences was 51 ns. The missing mass peak consist-
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ing of the true events and of the residual background is obtained from the 4.5 ns wide
cut on the coincidence time peak. The widths of the cuts differ and the corresponding
missing mass histograms contain different amounts of the background (random coin-
cidence) events. Hence, the background missing mass histogram has to be normalized
with the fyy, = 4.5/51 weight factor. The resulting histogram can then be subtracted
from the coincidence missing mass histogram.

Figure 6.8 — The missing mass distributions for the timing cut (black) and the correspond-
ing normalized background (red) are shown on the left side and the result of the background
subtraction is shown on the right side for a given value of the virtual photon polarization e.

The missing mass histograms with the cut on the coincidence time peak (black),
the corresponding normalized backgrounds (red) and the results of the background
subtraction for the axialFF_306, axialFF_591 and axialFF_897a setting are presented on
the Fig. and[6.9. For a particular kinematical setting the black and the red missing
mass distributions have the same width. The width of the distributions increases with
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increasing of the virtual photon polarization e. The corresponding histograms for the
axialFF_897R and axialFF_897L setting are not shown since they are very similar to the
histograms of the axialFF_897a setting.

Figure 6.9 — The missing mass distributions for the timing cut (black) and corresponding nor-
malized background (red) are shown on the left side and the result of the background subtrac-
tion is shown on the right side a given value of the virtual photon polarization e.

6.1.4 Radiation loss corrections

As can be seen, the missing mass spectrum has an asymmetric form with a gauss-like
left edge and a slow falling right edge. The right edge is called radiative tail, due to
radiation losses. There are two processes involved in these losses: the external and the
internal bremsstrahlung.

The internal bremsstrahlung or the Schwinger radiation is a process in which the
electrons radiate real or virtual photons in the vicinity of the target proton/protons. In
case ofp(e &b *)n reaction, this process gives the largest contribution to the radiation
losses. The external bremsstrahlung includes all processes in which charged particles
emit photons either before or after reaction in the eld of other nuclei. The probability
that the bremsstrahlung will occur is inversely proportional to the square of the particle
mass. In case of charged pions this effect is negligible and it only needs to be taken into
account for electrons. Since the bremsstrahlung photons are not directly measured
the individual data events can not be corrected for the radiation losses. Instead, the
radiative processes are modelled via computer simulation to obtain a good agreement
with the measurement. The procedure is in detail explained in [10]lappendix D.
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6.1.5 Energy loss corrections

Without energy loss corrections the actual missing mass peak would be displaced to
the positive values, instead of being centred around the bin 0. This occurs because
of the energy loss of the reaction products when they travel through the target mate-
rial, target walls, snow on the target walls, air between the scattering chamber and the
spectrometer entrance, different foils and drift chamber gas. Consequently, the recon-
structed particle energy is lower than the particle energy at the site of their production.
All energy loss corrections are done via software, and most of them are done automat-
ically, except the correction due of the snow on the target walls. Although the target
chamber is held under a high vacuum at all times, the snow made out of residual at-
mosphere gases (nitrogen, oxygen, carbon dioxide, and water) will be formed on the
target walls, due to low temperature of the cryogenic target and the walls (around 22
K). The thickness of the snow may vary with the time and the amount of the energy
loss correction due to snow has to be accordingly adjusted. This will be demonstrated
in section[6.1.8.2.

6.1.6 Luminosity

The integrated luminosity L is de ned as a product of two quantities; the surface den-
sity of the target nuclei Nt and the number of electrons Ne which are hitting the target
during the time T:

L= NtNe (6.6)

The N can be calculated from the beam current measurement in the following way:

1271
Ne= = I(t)dt 6.7)
e o

where e is the unite charge, T is the duration of the measurement, [(t) is the beam
current. In this experiment the beam current 1(t) was measured with a Forster probe
( uxgate magnetometer), which is made out of two toroidal coils. The beam passes
through the coils and its current creates a magnetic ux in their ferrite cores. This
causes an offset to their hysteresis curve which is measured by an AC current signal
running through the coils. The magnitude of the signal is proportional to the beam
current. The probe is installed inside the acceleration section of the third RTM and
all recirculations of the beam will contribute to the induced signal. Therefore, if one
measurement of the current above 10 A has an uncertainty of 0.3 A, with n recir-
culations the uncertainty of the probe will be 0.3/ n A. The probe also has a second
measurement range for smaller currents, but the switching has to be done by hand.
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The surface density of the target nuclei Nt can be calculated from:

I'X_NA
M

Nt = (6.8)
where r is the density of the target material, X is the average target length, N, is Avo-
gadro constant and M is the molar mass of the hydrogen atom. In some literature M
denotes the molar mass of the hydrogen molecule H». In this case, the above formula
has to be multiplied by a factor 2.

A part of the "Cola" package [42], dedicated to the calculation of the integrated
luminosity is called Lumi++. This program also uses information from the data stream
to calculate the dead time. Namely, during the analog-to-digital conversion and the
data read-out electronics can not accept new events. This time is called the dead time.
The time during which the system can accept events is called live time in SOS and real
time in spectrometer A. These times have to be used for calculation of the Ng factor.
Taking into account the recorded beam current, the calculated dead time, the target
material and the target density the Lumi++ calculates the integrated luminosity for
each run.

6.1.7 Phase space

The reaction phase space is de ned by the geometrical acceptance of the spectrometers
and by various experimental conditions at which the selected reaction was measured.
It cannot be calculated analytically, but it can be determined via Monte Carlo simula-
tion with the computer program Simul++ [42]./This program can simulate the accepted
phase space or can generate events according to a given model or cross section data. In
a simulation of the phase space the reaction products are generated isotropically in the
solid angle for a speci ed range of four-momentum transfer and centre-of-mass angle
for a given kinematics (type of reaction, beam energy, spectrometer angles, central mo-
menta of the spectrometers, collimators). The above speci ed ranges are larger than
the nominal spectrometer acceptances, to ensure a good behaviour of the simulated
data at edges. In the simulation of a two arm experiment, each particle of the pair has
to pass through the corresponding collimator and the particle momentum has to be
inside the range accepted by the corresponding spectrometer. If these conditions are
ful lled, the event is recorded and the missing mass can be calculated too.

To ensure the consistency of the simulated and the experimental data the histogram
binning and the parameters of the different cuts used in the simulation have to match
exactly the ones used in the analysis of the experimental data.
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6.1.8 Correction factors and parameters

The correction factors and parameters are describing various experimental conditions.
Some of those conditions are chaining during the beam time, some of them are kine-
matic dependent and some remain constant during the time.

6.1.8.1 Liquid target density

The value of the liquid target density depends on the pressure and the temperature
inside the inner target loop. The changing of the density during the beam time was
investigated in 2004. It was observed that the density can not be considered as constant,
and that the changes of the density when turning the beam on and off, or increasing
and decreasing the beam current were signi cant [12]. It is also important to note that
for every experiment the target cell is in a different condition, which can change during
the cooling and especially when changing the beam current.

The dedicated computer program called Mezzo is used to create log les which
contain all detector and setup adjustments, as well as records of several sensors, among
which are the temperature and the pressure sensors inside the inner loop of the target
cell. The calculation of the target density is not performed automatically. It has to be
done during the analysis using the data from the Mezzo log les.

Figure 6.10 — Records of the beam current and the target temperature sensors for last 640
minutes of 24th of April 2011. The in uence of the beam current on the target temperature can
be observed.

The accuracy of the calculated target density depends on the accuracy of the mea-
sured pressure and temperature. The pressure sensor is calibrated and screened from
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the radiation, and therefore it is reliable. The temperature is monitored by two sensors:
the sensor A before and the sensor B after the target cell. For all conditions the sensor
A shows a little bit smaller value of the temperature than the sensor B. When the beam
is on, the target material is heated and as expected the sensor B measures a higher tem-
perature. But the temperature difference is also present when the beam was off. This
implies an existence of a little offset in one of the sensors. Since only the sensor A is
calibrated, its measurements were used in the analysis.

Atypical behaviour of the liquid target temperature, when turning the beam on and
off, can be observed on Fig.[6.10. When the beam is turned on a part of the liquid target
Is heated, the temperature of the target rises very fast, and after some time saturates to
a stable value. If the beam is switched off, the temperature inside the target cell drops
rapidly to the old value.

In this analysis the target density is recalculated each time the temperature changes
more than 0.03 K, the pressure more than 2 mbar, smaller uctuations were averaged.
This was done with the computer program "liquidDensity", which gives a density of
the liquid hydrogen for a given temperature and pressure according to [43].

6.1.8.2 Snow on the target

Due to a non-perfect vacuum inside the scattering chamber, the snow of residual gases
(nitrogen, oxygen, carbon dioxide, and water) will form on the cold surface of the
target cell. The snow does not affect the incoming beam, because the beam produces
enough heat to prevent formation of the snow at the beam entering spot. The same
applies to the beam exit spot. But the rest of the target cell surface will be covered with
the snow and reaction particles exiting the cell will suffer an additional energy loss,
which has to be corrected in the analysis [44].

The snow thickness can change with the time and for each kinematics it has to be
determined separately. It affects the position, the width and the shape of the experi-
mental and the simulated missing mass peak. The thickness is determined by varying
its value, until the shape and the position of the experimental and the simulated miss-
ing mass peak match as best as possible. The broadening of the experimental peak is
mainly a result of the vertex position dependence. For the simulated peak the broad-
ening is a result of the assumed energy loss and the assumed small angle scattering of
the reaction products [12].

The Fig. demonstrates the effect of the snow thickness on the missing mass dis-
tribution of the axialFF_897a setting. The left gure shows the background subtracted
result of the analysis with the assumed 0.2 mm thick snow layer and the 1.5 mm thick
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Figure 6.11 — The in uence of the snow thickness correction on the missing mass distribution
for the axialFF_897a setting. The left gure is an example of a good snow thickness estimate,
and the right gure shows a shifting of the missing mass peak left from the 0 MeV/c 2 bin in
case of an overestimation of the snow thickness.

layer on the right gure, where it is evident that the snow thickness was overestimated
since the peak of the missing mass distribution is not centred at the bin 0, instead it is
shifted towards the negative values of the missing mass.

6.1.8.3 Position of the target cell

Before each experiment the target cell is mounted in the centre of the scattering cham-
ber at room temperature. During the cooling, due to the temperature stress, the cell
can be displaced from the central position. The amount of the displacement can not
be determined, because each spectrometer gives the target position which depends on
the spectrometer angle. There is also a possibility that the target cell centre and the ro-
tation centre of the spectrometers do not overlap. This can be corrected by the Z-offset
of the target.

The Fig. . shows the reconstructed vertex along the beam line (Z-coordinate) for
all particles in spectrometer A. The diameter of the target cell is 20 mm and ideally, the
Z-coordinate of the reconstructed vertex should be between 10 and 10 mm to ensure
occurrence of the reaction inside the target material. But due to the nite spectrometer
spatial resolution, even events with the reconstructed Z-coordinate outside the target
cell's physical limits may have been produced inside the target material (right zoomed
Fig.[6.12). This has to be taken into account, when applying cuts on the reaction vertex.
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Figure 6.12— The reconstructed Z-coordinate of the reaction vertex for all events in spectrom-
eter A. Figures in the second row are zoomed parts of the above distribution.

6.1.8.4 Resolution of the spectrometers

The large change in the spectrometer central momentum causes the suf cient change
in the resolution to alter the width of the experimental missing mass peak. This fact
has to be taken into account in simulations by adjusting parameters representing the
angular and the momentum resolutions of spectrometers. The measured SOS reso-
lutions [16] were available and they were held xed for each kinematical setting. The
spectrometer A parameters were altered until the shape and the width of the simulated
peak corresponded to those of the experimental missing mass peak. The used values
do not necessarily correspond to the actual values of spectrometer A resolutions. The
parameters are summarized in table 6.1,
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Table 6.1 — Summarized resolution parameters used in the phase space simulation.

Spectrometer A, resolution SOS, resolution

Setting momentum angular momentum | angular

(GeVlc) (mrad) (GeVlc) (mrad)
axialFF_306 0.0011 22.0
axialFF_591 0.0015 8.5
axialFF_897a 0.0013 11.0
axialFF_897L| 0.00015 5.8
axialFF_897R

6.1.8.5 Total ef ciency

The total ef ciency correction factor is a product of several individual ef ciencies. At
the top level is a coincidence ef ciency. It is a probability that two correlated events
will be recognized as such and it quanti es the event-builder ability to synchronize
and combine the data from two spectrometers into a single data stream. The coinci-
dence ef ciency for a two arm experiment can be determined by measuring the elastic
electron scattering cross section as a single arm experimentH (e €’ p and as a double
arm coincidence experiment H(e €%p). For the same kinematical setting, the cross sec-
tions in both experiments should be equal and the coincidence ef ciency is a ratio of
those two cross sections. The value ofeyi, = 0.996 was determined in [8].

At the spectrometer level we talk about the overall ef ciency of a particular spec-
trometer, which is on the other hand a product of ef ciencies of individual detectors.

For spectrometer A:

a) The ef ciencies of scintillators planes in spectrometer A were systematically in-
vestigated in [8]. The three-detector method was used. In this method the ef-
ciency of the middle detector is being determined and two outer detectors are
used in coincidence, acting as reference or normalization detectors. In the case of
the dE plane ef ciency determination, the VDCs and the ToF plane acted as the
reference detectors, and in the case of the ToF plane ef ciency, the dE plane and
the Cerenkov detector were the reference detectors. The results for spectrometer
A are summarized in table The small scintillator ef ciency deterioration is
caused by small voids at junctions of the scintillator paddles [8,/12]. The 100%
ef ciency could be achieved by using a scintillator plane with overlapping pad-
dles, but then the particle identi cation by the energy loss method would not be
reliable enough. For this experiment the most important was the ef ciency of the
ToF plane. It was rechecked and was determined to be 98.04 0.03%.
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b)

Table 6.2 — Ef ciencies of the scintillator planes in spectrometer A [8]

| dE plane (%) | ToF plane (%) | Total (%) |
’ 99.75 0.01\ 99.78 0.06 ‘99.53 0.07‘

For the Cerenkov detector we have to differentiate between two types of ef cien-
cies. When the electron (or positron) identi cation is required, the ef ciency is
simply the ratio of the number of detected electrons Ngetand the number of elec-
trons with momenta high enough to produce a Cerenkov light Nitq. In the case
the Cerenkov detector is used as a veto detector, the ef ciencyis 1 Nged Nnosig
where Npgsig is the number of particles which could not produce the Cerenkov
light, and Nget is the number of particles which were detected. The Cerenkov
detector ef ciencies were studied in [45] using the three-detector method. The
results are presented in table[6.3.

Table 6.3 — Ef ciencies of the Cerenkov detector in spectrometer A [45].

| Particles | Electrons (%) | Pions (veto mode) (%) |
| [ 9998 | 100 |

For the analysis of this experiment, the Cerenkov detector was not used for the
electron identi cation, because the acceptance of the Cerenkov detector is not
known precisely enough. Therefore, the ef ciency of the Cerenkov detector was
not important in this particular case.

Performance of the VDC package is de ned by two types of ef ciencies: the
single wire ef ciency and the overall ef ciency. The VDC package accept par-
ticles inside a certain angle interval and depending on the angle a particle will
y beside a corresponding number of signal wires. This number is not equal
for each particle and the three-detector method can not be used to determine the
ef ciency. Instead, the data from the VDC is used by considering each signal wire
as an independent detector. For a particle, which has triggered a certain number
of signals in a VDC layer, the two outer wires with largest drift times are used as
reference wires. All wires in between are marked as "tagged", corresponding bins
in a "tagged wires" histogram are lled and the tagged wires are checked if they
have produced a signal. If an answer is positive, a corresponding bin in a "num-
ber of wire" histogram is lled. After accumulating enough events, the "number
of wire" histogram is divided by the "tagged wires" histogram and the single wire
ef ciency histogram is obtained. A typical single wire ef ciency histogram of the
x1 VDC layer is shown on Fig. .13 The averaged single wire ef ciency was
around 99.26%.
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Figure 6.13 — Single wire ef ciency of the x1 VDC layer in spectrometer A. The hole around
bin 31 corresponds to wire without any signals.

The overall ef ciency of the VDC package is de ned as a ratio of the number
of particles for which a trajectory was successfully reconstructed and the total
number of particles passing through the drift chamber package. The VDC layers
(x- and s-layers) do not work as independent detectors. For example, the trajec-
tory in x-coordinate is successfully reconstructed if at least three wires in x-layers
(x1 and/or x2) have produced signals. The same holds also for s-layers. There-
fore, the overall ef ciency will always be higher than the single wire ef ciency.
Even in case of a non-working or an inef cient wire, it is likely that the neigh-
bouring wire will provide the needed information. Because of the high single
wire ef ciency, during the entire beam time, the overall ef ciency of the VDC
package was considered to be 100%.

For SOS:

a) Contrary to the scintillator layers in spectrometer A, the scintillators in SOS are

not segmented and therefore there is no loss of ef ciency in the junction of pad-
dles as in the case of spectrometer A. The ef ciency of scintillators was inves-
tigated in the framework of [12]] During this experiment, the ef ciency of the
scintillators was not rechecked again, but it was possible to verify the ef ciency
of the scintillator 2 in the data analysis. Two cross section determinations were
performed: using the data from the scintillator 2 and without these data. The
difference between these two cross sections should re ect the ef ciency of the
scintillator 2. Since the difference was only 0.1% and the statistical errors were
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about 10 times larger, the ef ciency of the scintillator 2 was approximated to be
100%. This procedure could not be applied to scintillator 1 because it is used
in the trigger. However, since scintillators 1 and 2 are of identical material and
geometry, the same ef ciency was also assumed for scintillator 1.

b) Because of the speci c signal wire grouping in SOS's drift cells, it is not possi-
ble to use the same method to determine a single wire ef ciency, as used for the
spectrometer A VDCs. The following approach has been used: rst, all wires
which have produced a signal are marked and corresponding bins of the "Num-
ber of wire" histogram are incremented by one. In order to enable some sort of
a normalization, the response of the signal wires is linked in wire pairs. In each
eight-wire-cell, signal wires are numbered from 0 to 7. If a wire w produces a
signal, its neighbouring wire will be marked as "tagged": for even w a neigh-
bouring wire is w + 1, for odd w a neighbouring wire is w 1. Corresponding
bin of the "tagged wires" histogram receives an entry. If the tagged wire itself has
produced a signal a bin in the "eff.tmp" histogram gets an entry too. The single
wire ef ciency histogram is obtained by dividing the "eff.tmp" histogram with
the "tagged wires" histogram [16].

Figure 6.14 — Single wire ef ciency of the SOS X-chamber. The two edge wires of the eight-
wire-cell are less ef cient than the middle six wires due to ef ciency determination procedure.

This procedure suffers from the fact, that it is possible to have a particle which
crosses two eight-wire-cells, but triggers only one signal in one of the cells. Usu-
ally this holds for a top or bottom wire. Therefore, the single wire ef ciency of
edge wires will be arti cially reduced [16]. [This effect is more pronounced in the
X-chamber (Fig.[6.14) than in the Y-chamber (Fig.[6.1F). The averaged single wire
ef ciency for the X-chamber was 89.89% and 97.26% for the Y-chamber.
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Figure 6.15— Single wire ef ciency of the SOS Y-chamber.

Even due to the high values of averaged single wire ef ciencies of both chambers
the overall ef ciency of the SOS drift chamber package can not be considered to
be 100%, as it was in the case of the spectrometer A VDCs. One reason is that
the trajectory reconstruction algorithm accepts only events which have triggered
at least four and maximum ten signal wires. The lower limit insures a reliable
left-right decision and the upper limit rejects double events. The other reason is,
that the same area is monitored by two drift cells in the Y-chamber and by eight
drift cells in the X-chamber. Every drift chamber has a certain dead time, and the
eight cells of the X-chamber can handle higher particle rates than the two drift
cells of the Y-chamber. Therefore, the Y-chamber will be less ef cient than the
X-chamber.

To enable the calculation of the SOS chamber ef ciency, the "pdcD.cc" le contain-
ing the trajectory reconstruction algorithm was modi ed. A possibility to distin-
guish if a trajectory reconstruction in a particular drift chamber was successful or
not was added to it. If the trajectory reconstruction was successful for an event
in the X-chamber, the bin "42" in the "x-pattern” histogram was incremented by
one. For the successful trajectory reconstruction in the Y-chamber the same bin
"42" was incremented by one in the "y-pattern” histogram. If for the same event
the reconstruction was successful in both chambers, an entry was added to the
bin "1" in the "pcdOK" histogram. The ef ciencies of individual drift chambers
can now be easily calculated. When calculating ef ciency of the X-chamber, the
Y-chamber is used as a reference detector and vice versa. The overall ef ciency is
product of the X- and Y-chamber individual ef ciencies.

For each kinematical setting the SOS was placed at a different angle, the beam
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current was also changed several times during the same setting and therefore the
chambers were exposed to different particle rates. Because of that, the averaged
individual and overall ef ciencies were calculated for each setting and the results
are summarized in table 6.4l

Table 6.4 — Summarized individual and overall ef ciencies for each kinematical setting.

| Setting | X-chamber eff. (%) | Y-chamber eff. (%) | overall eff. (%) |
axialFF_306 89.50 90.63 81.11
axialFF_591 92.40 89.99 83.15
axialFF_897a 95.89 89.46 85.78
axialFF_897L 93.96 86.13 80.92
axialFF_897R 95.18 88.82 84.53

6.1.8.6 Pion decay correction

The positive charged pions p* are unstable particles with a lifetime of t, = 26.0331s.
On their ight path through the spectrometer they can decay to amuon m" and a muon
neutrino ny,. The probability for this decay channel is 99.9877%. The pion decay can be
described by [10]:

Ndet 1
L= Ibh=_—_ (6.9)
Npg Kdecay

where Nge‘ is the number of detected pions, N,Sg is the number of created pions at the
target, KqecaylS the pion decay correction factor, sis the length of the pion ight path
and |, is the pion decay length, which can be calculated in the following way:
! !
E p

I, = tpbpe —P— = tpc —— 6.10

p = DG PC pc (6.10)
After applying all necessary cuts, the decay correction factor Kyecayis calculated for
each valid event. The determination of the pion decay length |, is straightforward by
using 6.10, since the particle momentum p, is measured by the spectrometer.

Calculation of the pion ight path length  sis little more complicated and it is re-
alized in several steps. The assumption was made, that outside of the SOS dipole
magnet a particle travels on a straight line and inside the dipole magnet it travels on
a circular orbit of the radius R. The distance from the target centre and the SOS was
measured before the beginning of the experiment. The dimensions of the SOSs magnet
yoke interior and the detector package interior are very well documented.

The distance from the particle vertex to the edge of the magnet entrance and coor-
dinates of entering point into the magnet eld are calculated rst. The starting point
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and the direction of the particle are de ned by the reconstructed target coordinates
(dpo, 90, Yo, f 0). This is followed by a calculation of the distance from the particle exit
point out of the magnetic eld to the top plane of the scintillator telescope. The co-
ordinates of the particle exit point are calculated too. The information is provided by
the SOSs drift chamber coordinates (Xch, Gehs Yeh f crn). The values of x., and y.p, corre-
spond to projections of the particle trajectory on the top plane of the magnet yoke. The
nal step is a calculation of the circular orbit length for the particle inside the magnetic
eld. The coordinates of the entrance and the exit points are provided from the previ-
ous steps. The radius of the circular orbit is determined by the measured momentum
and by the value of the magnetic eld. The sum of those three lengths is the pion ight
path length s. All formulas used in the above described steps are given in Appendix B.]

A typical histogram of the particle lengths s is shown on Fig. (axialFF_591
setting, all necessary cuts applied). The length of the particle trajectories inside the
SOS ranges from 1704 to 1991 mm.

Figure 6.16 — Distribution of the particle trajectory lengths in SOS. Data from axialFF_591
setting, all cuts applied.

When applying the decay correction to the valid events, one has to keep in mind
the following fact. Even with best cuts it is not possible to totally reduce the random
coincidence background to zero and every averaged KgecayWill be contaminated with
random coincidences data. The cuts are keeping this contamination small, and at the
same time they insure that even random coincidence particles behave "well" (they have
vertex inside the target, their momenta are inside the acceptance of the spectrometer
etc.).

In past experiments involving the p(e €b*)n reaction, the total number of valid
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coincidences was corrected with a single averaged Kgecay As can be seen on Fig.,
the Kgecay(axialFF_591 setting) ranges from 1.279 to 1.387 with a certain distribution.
Therefore, different approaches of averaging were tested. In rst approach the full
momentum acceptance of SOS (from 13% to 16%) was divided into 1 MeV/c wide
intervals, 29 in total. For each interval three histograms were created. Coincidence
missing mass histogram and Kgecayhistogram were produced with cut on coincidence
peak, plus all other cuts. The background missing mass histogram contains data of the
timing background cut, plus all other cuts. The averaged KgecayiS calculated from the
data contained in a corresponding interval. The background missing mass histogram
is subtracted from the coincidence histogram and remaining number of coincidence
evens are corrected with averaged Kyecay In the end, contributions from every interval
have to be summed. Another averaging approach was to divide the particle length s
histogram into 10 mm wide intervals and to follow the same procedure as described
above.

Figure 6.17 — Distribution of the decay correction factors. Data from axialFF_591 setting, all
cuts applied.

6.1.8.7 Muon contamination

The pion decay correction is valid if no muon contamination is present in the data.
Some muons can have momenta very close to that of a decayed pion. Those muons
cannot be distinguished from pions, by means of applying different cuts. In a proce-
dure of the decay correction, the muon contamination is also multiplied with a calcu-
lated correction factor. To prevent an overcorrection, the muon contamination has to
be determined by a Monte Carlo simulation.
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Figure 6.18 — De nition of target coordinate system (left) and the chamber coordinate system
(right), from [35].

For his diploma thesis [46], Miha Mihovilovic has developed a software for a sim-
ulation of the particle decay inside spectrometers A and B as the standalone program
SimDeacy and as a part of the standard Al simulation program Simul++ [42]. Both
programs track the particles from the target through the spectrometers to the focal
plane and have an ability to distinguish between pions and in decay produced muons
(neutrinos are neglected).

In framework of this thesis the functionality of the simulation software (both SimDe-
cay and Simul++) was extended to include also the SOS. Only drawback of the new
software is that the simulated magnet eld does not include the fringe elds. The SOS
has a circular dipole magnet with the 350 mm radius. Between the circular pole shoes
the magnetic eld is uniform and has only one component. In the target coordinate
system, see Fig., this means that only the componentBy is non-zero. But, at the
edges of pole shoes componentsBx and B, are not zero any more. These so-called
fringe elds have a focusing effect on particles with positive values of the ¢, angle and
a defocusing effect on particles with the negative ¢ in the y-direction. Because of that,
the SOS collimator has a shape of a trapezoid. The fringe elds were not included in
the simulation and a little discrepancy between the experimental and simulated data
can be expected.

Using the updated simulation software, a Monte Carlo simulation for the pion de-
cay in SOS was performed for each kinematical setting. The particles were traced
through the SOS, from the target to the read-out plane just above the third scintilla-
tor. The output of the read-out plane simulates the output of the drift chambers. It
gives four coordinates (x%, o2, %, f &). When projected to the plane at the top plane
of the magnet yoke, they correspond to the chamber coordinates (X¢h, Ochy Yehs T ch)» US-
ing the transfer matrix the target coordinates and subsequent the missing mass can be
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reconstructed. The obtained missing mass histogram of the axialFF_591 setting for the
pion decay simulation is shown on the Fig. The red distribution represents the
pions and the blue distribution, under the red one, represents the muons. It can be
clearly seen that there is a certain amount of muons whose reconstructed missing mass
distribution is partially overlapping the pion distribution. Exactly these muons can not

be excluded from the true events. Furthermore, the amount of the muon contamina-
tion also depends on the cut on the radiative tail of the missing mass distribution and
the muon correction factor has to be calculated for each missing mass cut separately.

Figure 6.19— Monte Carlo simulation of the pion decay for the axialFF_591 kinematical setting.
Together with true events (red histogram), the missing mass spectrum contains also contami-
nation (blue histogram) produced by the misidenti ed muons. The left gure shows full range
of the distribution and the right gure shows the zoomed part of the missing mass distribution.

The amounts of the muon contamination and the corresponding correction factors
for the missing mass interval from 3 to 11 MeV/c 2 are shown in table @ From the
averaging of the pion decay correction factors on Fig. 5.17, a value of 1.333 is obtained.
This means that about 25% of the total number of the pions produced at the target
will be decayed into the muons and the neutrinos. According to results in table 65, |
approximately 30% of those muons will be misidenti ed as the pions. All other muons
(approximately 70% of them) will either not be inside the missing mass interval, or
their trajectories will miss the second and the third scintillator and will not be detected.

In order to check the reliability of those results, the code with decay has been com-
pared to the code without decay by using the phase space simulation of the same kine-
matical setting. The rst simulation was performed with the decay turned off: this
means that the code checks only if the particle has passed through the collimator and
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Table 6.5 — Muon contamination percentage obtained with the Monte Carlo simulation of the
pion decay for each kinematical setting and the corresponding correction factor for the missing
mass cut from 3to 11 MeV/c 2.

| Setting | Muon contamination (%) | Correction factor |
axialFF_306 7.674 0.92326
axialFF_591 7.276 0.92724
axialFF_897a 7.783 0.92217
axialFF_897L 7.663 0.92337
axialFF_897R 7.372 0.92628

has an appropriate momentum. The second phase space simulation was done with
the decay turned on, but the pion lifetime was intentionally changed to a high value
(>> tp) to prevent the decay of the pion inside of SOS. In an ideal case the results
should be equal or at least differ very little. For all settings the rst simulation has
always given about 3.6% higher values of the phase space. There can be several rea-
sons for this discrepancy. One of them is the fact that compared to the rst simulation,
the second one tracks the particles even after the collimator, throughout the magnet to
the detector package. On this path all little imperfections sum up and produce the nal
discrepancy. The value of the discrepancy is acceptably small and the decay simulation
is reliable enough to be used for the determination of the muon contamination.

6.1.9 Cuts

One of the biggest parts of the analysis consists of nding out on what quantities cuts
can be imposed and where exactly to place them. General purpose of the cuts is to
accept the true events and to reduce all kinds of background events. Some cuts cannot
be used in the simulation: either the variable is not simulated (detector signals) or the
variable is not described reliably by the simulation. These cuts have to be without the
loss of true events. Hence, a missing mass histogram is produced out of excluded data.
If a peak appears in this missing mass histogram around the bin 0, this means that the
cut was too "aggressive". The value of the cut has to be changed until the peak in the
missing mass histogram of the excluded data disappears. Small loss of true events is
only acceptable for cuts on spectrometer acceptances, since the same cuts are also used
in simulations. Finally, a missing mass histogram is produced out of data surviving all
determined cuts. The cut on this histogram de nes the quantities used in calculation
of the cross section.

The following cuts were used in the analysis (some of them have been already in-
troduced):

a) Cut on the coincidence time peak, Fig. [6.5. For this cut it is most important to be
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as narrow as possible. Since it removes the biggest amount of the background.
The cut accepts only events inside an interval from 2.0 to 2.5 ns around the
coincidence time peak, which is centred around the zero channel and it is not

perfectly symmetric. This cut is the same for all kinematical settings.

Figure 6.20 — Electron momenta in spectrometer A vs. missing mass spectrum, setting axi-
all_855a, only the cut on the coincidence time peak was applied.

b) Cut on the random background in the coincidence time histogram, Fig. §.5.] The

events inside the intervals from 50.0 to 10.0 ns and from 7.0 to 18.0 ns are
used to remove the random coincidence background, which is present under the
coincidence time peak. The procedure of the random background subtraction
was in detail explained and demonstrated in section

c) Cut on the momentum of spectrometer A. Fig. 6.20]shows a 2D histogram of elec-

d)

tron momenta in spectrometer A vs. missing mass spectrum of the axiall_855a
kinematics with the coincidence timing cut. It can be observed that the electron
momenta corresponding to the missing mass peak are concentrated inside a cer-
tain interval, and they are not distributed inside a full range of the spectrometer
momentum acceptance. This small momenta interval was separated for each set-
ting and appropriate cuts were imposed on the momentum of spectrometer A.

Cut on the Z-coordinate of the reconstructed vertex in spectrometer A. Some of
the electrons can be scattered in the different foils and in the air between the scat-
tering chamber and the spectrometer entrance. The trajectory of such electron
can be changed and the reconstructed vertex can be outside the cryo target, see
Fig.[6.12. The background caused by such electrons can be reduced by cutting on
the Z-coordinate of the vertex. Accepted events have to be inside of the interval

73




Figure 6.21 — SOS target coordinatesdpg vs. ¢p. Cuts on SOS acceptance are represented by
red lines.

50 mm < Z, < 50 mm. This interval is wider than the target cell diameter.
Since the spatial resolution of the spectrometer is nite, the vertex of a reaction
occurring near the target walls could be reconstructed outside of the target. Cut-
ting on the physical dimension of the target would exclude these events.

e) Cutonthe acceptance of SOS. This is the most complicated cut. The 2D histogram

f)

of the SOS target coordinatesdpg vs. ¢ was obtained only with cuts a), ¢) and
d), see Fig.[6.2]. A trapezoid shape, with truncated edges, can be observed. The
simulation of the pion decay indicated that the detector package should cause
this effect. Because of the complicated shape of the SOS acceptance, the imposed
cuts were in a form of linear functions: gy = a dpg+ b. The cuts are chosen
to include as much of the acceptance as possible. This means, if a certain cut
would be changed to decrease the acceptance, the nal cross section will not be
signi cantly changed, because the same amount of the true events and the cor-
responding phase space have been excluded. But, if a certain cut would increase
the acceptance, no new true events are included, but the corresponding phase
space is bigger and the nal cross section would be signi cantly smaller. The
cuts which satisfy this requests are shown on Fig. as red lines.

Cut on SOS drift chamber coordinates. Matthias Ding reported in his thesis [16],
that in case of particles passing very nearly the signal wires, the left-right decision
can turn out wrong. Instead of the real trajectory, a mirrored ghost trajectory
with the wrong angle sign is reconstructed. The same effect can also be observed
in this experiment on the histogram Xc, vs. qcp, see Fig. [6.2R. The correction
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Figure 6.22 — 2D histogram Xcn VS. Qch Of the SOS. The left gure shows the data without
the left-right correction: the stripes of missing data on the right side of central distribution
are due to the wrong left-right decision; the sign of the angle is reconstructed wrongly, and
the corresponding stripes of data appear in the lower right corner of the histogram. The right
gure shows the data including the left-right correction: compared to the left gure holes in
the central distribution are now lled with the data.

g)

was implemented in the trajectory reconstruction program "pdcD.cc". The lower
right stripes were isolated and the decision regarding their angle sign was done
intentionally. After the correction the isolated stripes lled the vacancies in the
top right part of the left xcn vs. gcn histogram, see Fig.[6.22. And, most important
of all, the data in the selected stripes contained the true events.

On the left side of the distribution the effect of the wrong left-right decision can
not be seen clearly, as it can be on the right side, Fig.[6.22. One explanation is that
particles reaching the left side of the chamber do not have trajectories for which
the angle sign is easily reconstructed wrongly. And the pessimistic explanation
is, that the wrong reconstructed trajectories are hidden in a shaded area on the
left side and thus can not be observed.

Cut on SOS scintillators. The scintillator telescope of the SOS was designed to be
used as anDE  E telescope for the particle identi cation. The Fig. .23 shows a
2D histogram of energy deposition in scintillator layers dE2 vs. dE3. The bottom
left corner of the left histogram contains the minimal ionizing particles. In both
histograms, the left rising slope represents particles which have passed through
the last scintillator layer and the right falling slope contains particles which were
stopped in the last layer. The minimal ionizing particles were excluded with the
cuts on ADC channels dE1 > 260 anddE2 > 280.
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Figure 6.23 — 2D histogram of energy deposition in SOS scintillators dE2 vs. dE3. Left his-
togram includes minimal ionizing particles and the right histogram is with the cut which re-
moves the minimal ionizing particles.

h) Cut on the missing mass peak. For the calculation of the cross section the inte-

gration of the events in the experimental and simulated missing mass peak has
to be performed for the same interval. Therefore, the experimental and the simu-
lated missing mass peaks have to overlap in the shape and the position as well as
possible. First the experimental peak was centred around bin O by small changes
of the speci ed central momentum of spectrometer A and by the snow thickness
adjustment. The central momentum is de ned by central magnetic elds. The
magnetic eld of each dipole magnet is monitored by four NMR probes and by
one Hall probe. The NMR probes are located approximately 60 mm from the
spectrometer magnetic midplane [1L0]. The magnetic eld values measured by
the NMR probes can differ from the values encountered by particles and this can
result in a little shift of the missing mass peak with respect to the bin 0. In simula-
tions, those two parameters were held xed and only the resolutions (momentum
and angular) of the spectrometers were varied until the best possible matching of
those two peaks was obtained. In order to make the compassion of the histogram
shapes possible, the phase space missing mass distribution has to be normalized
with respect to the background subtracted missing mass distribution. The nor-
malization factor was de ned as a ratio of the highest bins in both distributions.

In such approach the highest bins of both distributions will match perfectly [12].

The result of these procedures is shown on Fig. for the axialFF_591 setting.
Similarly as reported in [1.2], the matching of the two missing mass distributions
is good but not perfect and the discrepancies can especially be seen in the radia-
tion tail region of the distributions and near the beginning of the peak’s left edge.
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Figure 6.24 — The missing mass distributions of the background subtracted data (black) and
corresponding phase space simulation (red) for the axialFF_591 setting. The phase space dis-
tribution was normalized with respect to the highest bin of the experimental distribution. The

left gure shows the full height of the distribution and the right a zoomed detail.

These can be caused either by inaccurate simulation of the radiation tail or by
some kind of background which was not removed by the subtraction and was
not included in the simulation, candidates for this background are muons [12].

Figure 6.25 — The missing mass distributions of the background subtracted data (black) and
of the muons form the pion decay simulation (blue) for the axialFF_591 setting. The total sim-
ulated distribution (pion + muon) was normalized with respect to the highest bin of the exper-
imental distribution. The left and the right gure show same distributions, they only differ in
ranges which are shown.

By using the Monte Carlo simulation of the pion decay introduced in section
6.1.8.7, it was possible to verify that the discrepancies are to some extent caused
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by the muons. In similar normalization procedure as described above, the muon
missing mass distribution was prepared for comparison with the background
corrected data, see Fig[6.25. Now we can see, that the muons cause the "foot" at
the beginning of the left edge of the data peak and also contribute a little to the
height of the radiation tail.

The muon missing mass distribution can also be subtracted from the experimen-
tal missing mass distribution. Together with the corresponding phase space dis-
tribution, the result is shown on Fig. The "foot" in front of the left edge

has now fully disappeared (this is even a little too much corrected, since negative
values appear) and the discrepancy between the simulated and the experimental
radiation tail is now smaller, compared with Fig. 6[24. |

Figure 6.26 — The missing mass distributions of the background and the muon subtracted
data (black) and corresponding phase space simulation (red) for the axialFF_591 setting. The
left gure shows the full range of the distributions and the right gure a zoomed part.

The integration interval begins at 3 MeV/c 2, which was estimated to be a start-
ing point of the left edge of the missing mass peak for all kinematical settings.
Three interval end points were chosen: 11 MeV for the Rosenbluth separation, 6
and 16 MeV for estimations of systematic errors.

6.1.10 Experimental and simulated target coordinates

The effects of the cuts on the experimental data and the phase simulation were veri ed
by comparison of target coordinate histograms. To make the experimental and the
phase space histograms comparable, the phase space histogram bins were, for each
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target coordinate, normalized with ratio of the highest bins in the experimental and
the phase space histogram. When using this normalization method the height of the
distributions will not match exactly. One reason are statistical uctuations both in data
and simulation. The other reason is the fact that the phase space simulation is not
weighted with any model, which would affect the height of particular bins, especially
the ones at the distribution edges.

Figure 6.27 — Dispersive target coordinates (dpg, ¢p) of the experimental (black) and corre-
sponding phase space simulation (red) data for the axialFF_591 setting in SOS and spectrome-
ter A.

For the dispersive coordinates (dpo, ¢p) it is important that their distribution inter-
vals match, since these coordinates are used in the calculation of the missing mass. Fig.
shows background correcteddpy and gy experimental and phase space simulation
histograms for the axialFF_591 setting in SOS and spectrometer A. As expected, the
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distributions of dpp and gp match in interval ranges for both spectrometers.

Figure 6.28 — Non-dispersive target coordinates (f o,yo) of the experimental (black) and the
corresponding phase space simulation (red) data for the axialFF_591 setting in SOS and spec-
trometer A.

Fig. shows, for same kinematical setting, the comparison of the experimental
and the simulated non-dispersive coordinates (f g, yo) in SOS and spectrometer A. For
both spectrometers the simulated and the experimental yy coordinate do not match
in the distribution range, since the simulation software does not have an option for
adjusting the resolution of this coordinate. In the case of SOS the ranges of the f
coordinate distributions do not match, due to transfer matrix effects. The decision
was made to perform the analysis with the SOS transfer matrix which reconstructs
the momentum with the best possible resolution, as this also affects the resolution of
the reconstructed missing mass. But this matrix is not optimal for the reconstruction
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of the non-dispersive coordinates. Therefore no cuts are made on the non-dispersive
coordinates of both spectrometers. The only thing in the analysis which is affected by
the non-dispersive coordinates is the calculation of the particle trajectory length in SOS
for the pion decay correction. In the non-dispersive direction the space for the passage
of particles in SOS is very slim. Therefore, a possible error in the length calculation
is very small and it is taken into account in a systematic error estimation for the pion
decay correction factor.

6.1.11 Estimation of the total systematic error

The total systematic error has several contributions. The value of each contribution was
determined separately and the method used for the value estimation will be described
in the following text.

a) Uncertainty of the luminosity DL. The procedure for calculation of the lumi-

b)

nosity is described in the section 6.1.6. When calculating the uncertainty of the
luminosity DL, the beam current uncertainty DI, the target material density un-
certainty Dr and the average target length uncertainty Dx have to be taken into
account. For the beam current uncertainty DI = 0.3/n A formula can be used,
where n is the number of recirculations in the third RTM of MAMI accelerator.
The uncertainty of the target density Dr comes mostly from the uctuations of
the target temperature. The uctuations of the target pressure have only a minor
in uence on the uncertainty of the target density Dr. The lowest and the highest
values of the temperature and the pressure uctuations were used to estimate the
uncertainty of the density Dr by using the program "liquidDensity". The relative
uncertainty of the average target length Dx™' was taken to be 0.5% as in [10]. All
other inputs for luminosity determination were considered to be precise enough
to neglect their uncertainties.

E o o o’
pL=" DI+ oDr o+ (DX (6.11)

Using the equations de ned in section §.1.6]the uncertainty of the luminosity DL
follows (the relative error was calculated to be between 0.58% and 0.59%):

T Np 29

DL
e M

(r X D2+(1 X Dr)2+(1 r DX)2 (6.12)

Uncertainty of the pion decay correction DKgecay Here, the uncertainty comes
from the pion momentum and the trajectory length reconstruction errors. The
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Figure 6.29 — 2D histogram y.j, vs. f ¢, of the SOS. Two stripes of data coming from the central
distribution are due to the wrong left-right reconstruction.

momentum error Dpp value was estimated in a measurement of the quasielastic
reaction 12C(e €%)11B to be as high as 1.3 MeV/c [16]. The value of the length
determination error Ds was not experimentally determined, a safe estimation of
2 cm was chosen instead. There are two reasons for such high value. The rst
reason is the fact that some dimensions of the detector package are known with
limited precision. The second reason is the omitting of the left-right correction
for the Y-chamber, because the data with the wrong angle sign are not clearly
separated from the rest, as it can be seen on Fig.[ 6.29. The uncertainty of the
decay correction factor DKgecaycan be calculated by the following formula:

E K ™ 2
— decay, decay,
DK = Ds +
decay s ﬂpp Pp
E - (6.13)
m S
= K I D 2 4+ - D
decay; ty Pp (Ds) Po Pp
or if a relative uncertainty is used:
Vv .
p -
rel = 0, L 2 4+ i
DK{acay= 100(%] P (Ds) o Dpp (6.14)

Fig. [6.30 shows a distribution of DK€ _ for the axialFF_987a setting. Depending

decay
on the momentum p, and the pion path length s the relative uncertainty of the
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decay correction factor DKgﬂcaytakes different values. For the calculation of the
total systematic error a 0.54% value was used, as it represents the highest limit

for the DK'®!

decay

Figure 6.30 — Distribution of the relative uncertainty of the decay correction factor Kgecayfor
the axialFF_987a setting.

¢) Uncertainties of the muon contamination correction Dy, and of the phase space

d)

simulation Dpp_sp. The uncertainty of this correction factor was determined from
statistical uctuations in simulations of the muon contamination with a differ-

ent number of simulated events. The simulation with the 10 & events served as a
reference. The upper and the lower event values were 1.1 108 and 0.9 10° re-
spectively. A relative error for the muon contamination correction factor of 0.23%
was obtained for all settings. With the same procedure the phase space relative
error of 0.12% was estimated too.

Uncertainty of SOS drift chamber coordinates D¢y The true events for which the
left-right decision was done intentionally make up 2.04% of the true events. This
correction only includes three drift cells of the X-chamber, for other ve drift cells
this correction could not be done. Either the wrong reconstructed events lie in-
side the shaded area (see Fig[ 6.22), or the effect is too small (or even non-existent)
to observe it on the left side of the shaded area. The 0.68% is the average number
of the true events per drift cell for which the left-right decision was performed

on purpose and this value is used as the estimate for a relative systematic uncer-
tainty for this effect.

e) Uncertainty of the cut on missing mass Dym. When calculating the cross section

for the p(e € *)n reaction, the width of the cut on experimental and phase space
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missing mass peak has to be equal. The value of the obtained cross section should
not be dependent on the mass cut-off along the radiative tail, because for a given
cut the number of included true events should correspond to the amount of the
included phase space. As reported in [11] and [12], but also seen in this experi-
ment, expanding the width of the cut increases the value of the cross section, see
Fig. [6.31. What actually causes the mismatch is not yet fully understood. A rea-
son for such behaviour can be a non-perfect matching of the experimental and
the phase space radiation tails, caused by not precise enough determination of
different energy loss corrections. It is also important to notice, that high cut-off
values take into account bins which suffer from the high statistical errors, since
they contain a small number of the experimental and the simulated events.

Figure 6.31 — Dependence of the p(g, € *)n cross section on the missing mass cut. Although
the cross section should not depend on the value of the missing mass cut, the increase of the
cut-off value causes a small rise of the cross section.

f)

For all kinematical settings a 11 MeV/c 2 cut-off mass was used for the Rosenbluth
separation and the TL term determination. For each setting the cross section
was also calculated for the 6 and 16 MeV/c 2 boundary cut-offs. The estimated
systematic error for the missing mass cut was determined by a standard deviation
method. Depending on the setting, the errors were between 2.4% and 3.2%.

Uncertainty of the snow correction Dsnow. Even with ne variations of the snow
thickness no perfect matching between the experimental and the simulated miss-
ing mass peak could be accomplished. The analysis was repeated with two
boundary values for the snow thickness: 0.2 mm and + 0.2 mm from the op-
timal value. The calculated standard deviation was used as the estimate of the
systematic error of 0.09%.
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The total systematic error is calculated as a square root of the sum of the squared
individual contributions:

q
Dtotal = (DL)2 + ( DKdecau)2 + ( Dm)2 + ( Dph_sp)2 + ( Dch)2 + ( Dmm)2 + ( Dsnow)2
(6.15)

6.2 Elastic measurements

Results of the elastic electron scattering on protons p(eg, € are given in this section. The
cross section for this process is very well known, and a comparison of the experimental
data with the theoretical prediction serves only as a veri cation of spectrometer A
performance. Six different kinematical settings, listed in table §.2|were measured.

The missing mass peak now appears at a place of the proton mass. The dead time
corrected luminosity L is determined with Lumi++ and the phase space F covered
by spectrometer A is calculated with Simul++. All ef ciencies of spectrometer A are
known and the evaluation of the elastic cross section is straightforward:

dse| - Ntrue o
dWe —L = total

(6.16)

The theoretical cross section is given by equation[2.32. The spline parameterization
of the electric and the magnetic form factors was used from [36]. The cross section of
the elastic electron scattering is plotted as a function of the electron scattering angle Ge.
The theoretical cross section is plotted with a red line and the measured cross section
is represented by blue points with error bars. Only statistical errors of the simulated
phase space and of the measured data were used for the calculation of the error bars.

Comparisons of the experimental data and the theory are shown on Fig. In
the middle of the spectrometer acceptance the agreement of the experimental data and
the theory is very good. Only at the edges there are bigger discrepancies because the
spectrometer acceptance for these angles no longer covers the full phase space. The
best agreement between the theory and the experiment was obtained for settings with
the highest beam energy. With a decreasing of the beam energy the agreement becomes
slightly worse. Due to high particle rate, the elastic measurement has to be performed
with low beam current (around 1 A). This worsens the precision of the beam current
measurement by the Forster probe, which deteriorates even more with the decreasing
of the beam energy and the corresponding number of recirculations in the third RTM.
Therefore, for low beam energy settings (elastic_345a/b and elastic_450a/b) the lumi-
nosity is determined less precisely, causing the small discrepancy between the theory
and the experiment. But general, the spectrometer A performed very well.
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Figure 6.32 — The elastic cross sectionsp(e € as a function of the electron scattering angle Ge.
The experimental data is labeled by blue points, theoretical model is shown by the red line.
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Results and Outlook

In this chapter results of the analysis of the p(e € *)n data will be presented. Starting
in 7.7 with a discussion of the nal missing mass spectra obtained in the data analysis
for each kinematical setting and corresponding cross section. Results of the Rosenbluth
separation and the extracted TL term of the cross section are presented in section
and compared with selected models in section .3 Finally, the conclusion and the
outlook for further research are given in section

7.1 Experimental results

For a decent Rosenbluth separation and an acceptable statistical error at least 5000 true
events per kinematical setting have to be measured. This condition was veri ed for
each kinematical setting by integrating only the background corrected missing mass
histogram over the analysis interval from 3 to 11 MeV/c 2 (the data obey all other
cuts, but no corrections were applied). Table shows that the "5000" goal was suc-
cessfully ful lled for each kinematical setting. The time needed to achieve this goal
was different for each setting and was mainly in uenced by the pion production rate

at a particular angle at which SOS was placed, by the value of the beam current (lim-
ited by the cooling power of the Philips machine) or by the maximum particle rate
which the detector packages of spectrometers can accept. The measurement time, the
average beam current, the dead time corrected luminosity and the phase space covered
by spectrometers in 3 to 11 MeV/c 2 interval are also presented in table |7:1| for each
kinematical setting.

After repeating the data analysis and phase space simulation with the nal, above
mentioned, cuts and adjustments, as well as applying all necessary corrections, the
cross section of the p(e €b *)n reaction was determined for each kinematical setting.
Here it is important to mention that from the procedures for determining the pion de-
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cay correction factor described in section [6.1.8.6, the cross section values in tabl¢ 7]2
were calculated using the averaging over 1 MeV/c wide pion momentum intervals,
since the averaging over 10 mm wide particle length intervals gives only 0.08% differ-
ent values. The results are presented in table[7.2, together with the total, the statistical
and the systematic errors. In all kinematical settings the systematic error is about 3
times larger than the statistical error. The biggest contribution to the total system-
atic error comes from the missing mass cut on the radiation tail. Depending on the
kinematical setting, the relative missing mass cut error alone amounts to the interval
between 2.4% and 3.2%. The reason for such big error is the non-perfect overlapping
of the experimental and the simulated radiation tails (Fig. 6.26) caused either by sim-
ulation parameters and/or by low statistics in the radiation tail of the experimental
data.

Table 7.1 — Nyyn is the number of runs or in other words the number of data les recorded for

a particular setting, N¢orr is the number of the true events after background subtraction for the
missing mass cut from 3 to 11 MeV/c 2, Deadis the averaged dead time percentage, T is the
total time of data taking for the particular setting, | is the averaged beam current, L¢o is the
dead time corrected integrated luminosity and F is the phase space accepted by the apparatus
for the missing mass cut from 3 to 11 MeV/c 2.

Nrun | Neorr | Dead T | Lcorr F
(%) (h:min:s) ( A | (Lpb) | (10 Osp)

axialFF_306 | 221 | 7046 | 7.8 | 104:02:57 17.708| 3126545 7.00198
axialFF_591 84 | 9860 | 6.5 | 40:54:43| 20.968| 1470661| 17.4821
axialFF_897a| 29 | 8179 | 54 | 13:08:58| 7.961 | 181920 | 94.5037
axialFF_897L| 41 | 10235| 7.7 | 19:35:44|10.860| 361032 | 80.5353
axialFF_897R| 34 | 13379| 6.5 | 16:44:32| 9.917 | 285110 | 80.5124

Setting

Table 7.2 — The results of the p(g € *)n cross section measurement atQ? = 0.078 (GeV/c)2.

. ds/ dW? total error stat. error | syst. error

Setting P
( b/sr) ( bfsr) ( bfsr) ( bfsr)

axialFF_306 491 0.15(3.1%) | 0.06 (1.2%)| 0.14 (2.9%)
axialFF_591 5.73 0.21 (3.7%) | 0.06 (1.1%)| 0.20 (3.5%)
axialFF_897a| 6.83 0.24 (3.5%) | 0.08 (1.2%)| 0.23 (3.4%)
axialFF_897L| 5.37 0.18 (3.4%) | 0.05 (0.9%)| 0.17 (3.1%)
axialFF_897R| 8.53 0.27 (3.2%) | 0.07 (0.8%)| 0.26 (3.1%)
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7.2 Determination ofthe L, T and TL terms

For the extraction of the L and T terms from the total cross section ds/ dWS of the
charged pion electroproduction at Q% = 0.078 (GeV/c)2and W = 1094 MeV the Rosen-
bluth method was used. The values of the cross section in parallel kinematics were
plotted as a function of the transverse virtual photon polarization e, see Fig.. As
expected from the equation data points lie on the straight line.

Figure 7.1 — Rosenbluth separation.

Table 7.3—The T, L and TL terms of the p(e €b *)n cross section atQ? = 0.078 (GeV/c)? and
W = 1094 MeV.

Cross section| value total error | stat. error | syst. error
term ( bfsr) ( blsr) ( blsr) ( blsr)
dst 3.91 0.26 (6.7%) | 0.10 (2.6%)| 0.24 (6.1%)
ds, 3.20 0.47 (14.7%)| 0.16 (5.0%)| 0.44 (13.8%)
ds.T -0.86 0.09 (10.5%)| 0.02 (2.3%)| 0.08 (9.3%)

Using the linear regression the total cross section ds/ dWS was separated into the L
and T terms, the linear regression was performed three times to include the in uence
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of the total, the statistical and the systematic error separately, see table[7.3. If no errors
are included for the ds/ dWE,’ data, the linear regression gives relative errors of 3.4% for
the T term and 6.3% for the L term.

Models in next section de ne the factorization of the total cross section into cross
section terms slightly different from those stated in equations 1.1 and The models
use only e in the factorization. e'-L’ is not used [47]! Hence, the TL term, presented in
table[7.3, was calculated by using:

ds_ dsg
dst. _ dWj Fp=0 g=187 dW} F,=180 3= 187 (7.1)
dwWj 2 2e(1+ e) '

7.3 Comparison of experimental results and model pre-
dictions

The results for the L, T and TL terms of the total cross section were compared with
results of three theoretical models, which can be accessed via web interface [47].

The rst model is the Dubna-Mainz-Taipei model or simply DMT2001. The cal-
culations are done within a meson-exchange dynamical model describing most of the
existing pion electromagnetic production data up to the second resonance region. The
model uses potentials derived from an effective chiral Lagrangian [48]! Further details
about the model can be read in [48-50].

The second model is based on the partial-wave analysis with a Mainz unitary isobar
model MAID. The model is constructed with nucleon resonances and a non-resonant
background. From the rst version in year 1998, the unitary isobar model has been
improved several times. Hence, the version MAID2007 [51] includes a full set of total
13 nucleon resonances for energies below 2 GeV with transverse electric, transverse
magnetic and Coulomb couplings. The resonances are described by appropriately uni-
tarized Breit-Wigner forms. The non-resonant background is described by the pion
electroproduction potential containing contributions from the Born terms described by
an energy-dependent mixing of pseudovector and pseudoscalar p NN coupling and a
t-channel vector meson exchange. TheQ? dependence of the s- and u-channel nucleon
pole terms of the background is described by the form factors from [52]/ At electromag-
netic vertex of the pion-pole a monopole form for the pion form factor was applied, at
the vertex of the seagull term a dipole form for the axial form factor, and the standard
dipole form factor was used for the vector-meson exchange. The background is uni-
tarized using the K-matrix procedure. Parameters are obtained by both single-energy
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and global ts of the world data base of pion photo- and electroproduction [511].

The third model is the Chiral MAID ( MAID) [53]. It provides calculation of the
pion photo- and electroproduction in Lorentz-invariant baryon chiral perturbation the-
ory up to and including order ¢*. The low-energy constants are xed by tting exper-
imental data in all available reaction channels. In a web-based application calcula-
tion of a complete amplitude is avoided due to long computing time. The input of

MAID is restricted to multipoles up to and including | = 4 (G waves). All observ-
ables are derived from the multipoles which have been computed beforehand for all
reaction channels. The calculation of the multipoles is performed for an energy range
W = 1073.3 1190 MeV, and for electroproduction through Q2 = 0.3 (GeV/c)? [53].
The loop contributions and their parameters have xed values and they cannot be
changed via web interface. The contact diagrams at O(g®) and O(q) enter analytically
and the corresponding low-energy constants can be changed arbitrarily. More details
can be found in [53].

Table 7.4 —The T, L and TL calculations based on selected models.

Model dst ds. dstL

( b/sr) | ( bisr) | ( blsr)
DMT2001 4.38 3.33 -0.79
Maid2007 | 4.39 4.22 -0.98
MAID 4.73 2.89 -1.11

Figure 7.2 — The experimental and the model predictions for the T, L and TL terms.

The prediction of the theoretical models for T, L and TL pion electroproduction
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terms at Q2 = 0.078 (GeV/c)? and W = 1094 MeV is presented in table[7.4. Here it is
important to mention that  MAID results were obtained using low-energy constants
which were adjusted for the past charged pion electroproduction experiments [53].

For more convenient comparison the experimentally obtained terms with the total
errors were plotted on the same graph together with the model predictions, see Fig.
All models overestimate the value of the T term. In the case of the DMT2001 and the
Maid2007 the overestimation is around 10.7% and around 17.3% for the MAID. On the
other hand, in the case of the L term the predictions of the MAID and the DMT2001
are very near to the experimental value, but the Maid2007 predicts a somewhat higher
value. For the TL term, the DMT2001 prediction is inside the error bar, MAID2007 is
very near to the bar and MAID is slightly more outside the bar.

7.4 Conclusion and Outlook

The electroproduction of positively charged pions on the proton has been measured at
the invariant mass W = 1094 MeV and four-momentum transfer Q2 = 0.078 (GeV/c)2.
The scattered electron was detected in the spectrometer A in coincidence with pro-
duced charged pion detected in the SOS. For the rst time the complete analysis of
the pion data measured with SOS was successfully performed for ve kinematical set-
tings. This included introduction of SOS speci ¢ corrections, as well as a new Simul++
option for Monte Carlo simulation of pion decay in SOS. The statistical errors of the
measured cross sections were between 0.8% and 1.2% and the systematic errors were
estimated to be between 2.9% and 3.5%.

By using the Rosenbluth method the total pion electroproduction cross section was
separated into longitudinal and transversal cross sections, which suffer from relatively
high total error 14.7% and 6.7%, respectively. In addition, the longitudinal-transversal
interference cross section was also extracted, having total error of 10.5%. The exper-
imental values have been compared with predictions of three selected models. For
the transversal cross section the models overestimate the experimental value by less
than 17.3%. In case of longitudinal component the predictions of the MAID and
the DMT2001 are inside the experimental error bar, but the Maid2007 gives 24.2%
larger value than the experiment. DMT2001 and MAID2007 predict the longitudinal-
transversal interference cross section term very close to the experimental value,
whereby the DMT2001 prediction is somewhat better. Here, the prediction of MAID
is approximately 22.5% higher. Again, MAID results were obtained by using low-
energy constants optimized for previous pion electroproduction experiments [53].

In future there are many possibilities to reduce rather high systematic errors. For
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example, new transfer matrices for the drift chambers would improve the reconstruc-
tion of non-dispersive coordinates (f o,yo) and related quantities for both spectrom-
eters. In case of spectrometer A the work is in progress. Measurement with the thin
carbon foils placed one after another was already performed, and at the time when this
thesis is written the data is being evaluated. Similar calibration measurement should
also be performed with SOS. Another thing which should reduce the systematic error
is creation of the eld map for the SOS dipole magnet. This would allow adding the
magnetic fringe elds into the simulation and the particle behaviour inside the SOS
would be reproduced more accurately.

The extracted transversal cross section atWw = 1094 MeV and Q? = 0.078 (GeV/c)?
is a data point, which de nes the behaviour of the axial nucleon form factor Gp at low
Q2. With the SOS it is possible to detect pions with momenta less than 113 MeV/c and
this gives us opportunity, to determine the behaviour of the G, at even lower Q? in
future experiments.

At the reaction threshold the longitudinal cross section is dominated by the induced
pseudoscalar form factor Gp. Since this experiment was performed approximately 15
MeV above the reaction threshold, we have determined the longitudinal cross section
term close enough to the threshold and obtained a rst Q2 point for extraction of the
induced pseudoscalar form factor Gp. Further experiments are needed to obtain the
longitudinal cross section at additional Q? values.

The precise measurement of the weak form factors will allow more precise deter-
mination of the weak axial nucleon current. The electromagnetic form factors, which
de ne the vector current of the nucleon, are already known with a high precision. All
together will contribute to the more detailed description of the nucleon structure and
the proprieties which are derived from it.
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Cuts and analysis parameters

This section contains full summary of all cuts and parameters used in the analysis of
the p(e € * )n reaction measurement at Q2 = 0.078 (GeV/c)2.

Table A.1 — Global and kinematical setting depended cuts used in the analysis of the exper-
imental data. Only the kinematical setting depended cuts were also used in the phase space
simulations. Ta sos refers to the corrected time spectrum of the coincidence TDC, Z, is the
Z-coordinate of the reconstructed vertex in spectrometer A, dE1 and dE2 denote an ADC value
of the energy deposition in a certain scintillator layer of the SOS, mpissis the missing mass, E°
is the energy of the scattered electron, gy and dpg are dispersive target coordinates of SOS.

Global cuts, same for all kinematical settings

Coincidence cut (ns) 20 Ta sos 2.5
-50.0 Ta sos -10.0
Background cut (ns) 70 Ta sos 180
Vertex cut Zy (mm) -50.0 Z, 50.0
SOS scint. cut (chan.) dE1l > 260 anddE2 > 280
Mpiss cut (MeVi/c ?) -3.0 My -11.0
Kinematical setting depended cuts, momentum acceptance
Setting Spectrometer A SOS
EY(GeV) qo (mrad), dpg (%)

axialFF_306 0.12127< EY< 0.14822| ¢y 0.775dpg - 15.1145
axialFF_591 0.21582< EY< 0.26378| ¢ -0.75dpg - 12.75
axialFF_897a g 0.375dpg+ 7.0
axialFF_897L 0.5805< E%< 0.7095 | ¢y -2.0dpg + 30.0
axialFF_897R g 1.9dpg+20.8
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Table A.2 — Summarized parameters of the each kinematical setting used in the analysis and
the resolutions of the parameters used in simulation of the phase space. E is the energy of the
beam, e is the transversal polarization of the virtual photon, pe is the central momentum of
the spectrometer A obtained from the magnetic eld measurement and the second number is
a correction needed to move the experimental missing mass peak at the position of the bin 0,
e is the angle at which the spectrometer A was set, pp, and g, are corresponding values for the
SOS rsnowis the snow density and d is the snow thickness.

Kinematical setting axialFF_306
Beam Spectrometer A SOS Target/Snow
E(MeV) | pe(MeVic) () | pp (MeVic) o () | Tsnow(glcm )
e Dpe (MeV/c)  Ddge (mrad) | Dpp (MeV/c) Dgp (mrad) d (mm)
345 134.750-0.4 80.70 113.005 22.42 0.4
0.3065 1.1 22.0 0.13 11.0 0.2
Kinematical setting axialFF_591
Beam Spectrometer A SOS Target/Snow
E (MeV) | pe(MeVrc) Ge () Pp (MeVic) & () | rsnow(g/lem?3)
e Dpe (MeV/c)  Ddge (mrad) | Dpp (MeV/c) Dgp (mrad) d (mm)
450 239.8-0.12 50.30 113.011 31.79 0.4
0.5913 15 8.5 0.13 11.0 0.2
Kinematical setting axialFF_897a
Beam Spectrometer A SOS Target/Snow
E (MeV) | pe(MeVic) () | Ppp (MeVic) G () | Fsnow(@/cm )
e Dpe (MeV/c) Dge(mrad) | Dpp (MeV/c) Dqg, (mrad) d (mm)
855 644.698 -0.45 22.50 112.999 42.93 0.4
0.8970 0.15 5.8 0.13 11.0 0.2
Kinematical setting axialFF_897L
Beam Spectrometer A SOS Target/Snow
E (MeV) | pe(MeVic) () | Ppp (MeVic) G () | rsnow(g/cm )
e Dpe (MeV/c) Dge(mrad) | Dpp (MeV/c) Dqgp, (mrad) d (mm)
855 644.762 -0.45 22.50 109.995 32.79 0.4
0.8970 0.15 5.8 0.13 11.0 0.2
Kinematical setting axialFF_897R
Beam Spectrometer A SOS Target/Snow
E(MeV) | pe(MeVrc) &() | pp (MeVic) & () | Fsnow(@/cm )
e Dpe (MeV/c) Dge(mrad) | Dpp (MeV/c) Dqgp (mrad) d (mm)
855 644.698 -0.45 22.50 109.990 53.18 0.4
0.8970 0.15 5.8 0.13 11.0 0.2
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Table A.3 — Density r (g/cm 2) of a hydrogen target after a given date, which is given as two
last digits of a year, month, day, hour, minutes, seconds (yymmddhhmmskg

axialFF_306

axialFF_591

axialFF_897R

date

r (g/cm 3)

date

r (g/cm 3)

date

r (g/lcm )

110421154954
110422043000
110422084700
110422090500
110422093104
1104220940064
1104220951064
110422100900
110422103000
110422150600
110422182100
110422201400
110423000000
110424030800
1104240425172
110424053934
110424081554
110424155754
110424161254
1104242240172
110424231517
110425000000
110425180024
110425183524
110425204642
110425223542
110426043400
110426085430
110426103118
1104261100064
110426112454
110426121318
110426143418
110427000000
110427112904

1 0.0687422
0.0687291
0.0689232
0.0687810
0.0685199
0.0687940
0.0686248
0.0686639
0.0686900
0.0686770
0.0686639
0.0686509
0.0686769
0.0687151
0.0688059
0.0687215

1 0.0687993

1 0.0689863

1 0.0688187
0.0689734
0.0687733
0.0687343

1 0.0689347

1 0.0688961
0.0687147
0.0686886
0.0686625
0.0689089
0.0687016
0.0686755

1 0.0689282
0.0686755
0.0686494
0.0686232
0.0688829

110427171200
110427173000
110427183000
110428032000
11042807570(
110428100600
110428103630
110428105300
110428115800
110428134900
110428143800
110428203200
110429000000
110429060000
110429082000
110429090440
110429091500
110429092700
110429095200
110429105800
110429115430

0.0685444
0.0684654
0.0684324
0.0684126
0.0683064
0.0687924
0.0685837
0.0685575
0.0685312
0.0685049
0.0684785
0.0684521
0.0684125
0.0683860
0.0687533
0.0685574
0.0684917
0.0684521
0.0684124
0.0683859
0.0688827

110430153712
110430154012

110430155836

110430163012
110430163712
110430164212

110501000000
11050100540¢
11050101480(¢
110501043100

110501052932

11050105460(
11050107100¢

)

0.0687533
0.0686361
0.0685837
0.0687663
0.0686882
0.0685706
0.0685180
0.0685574
0.0685706
0.0688311
0.0686622
0.0685967
0.0685705

axialFF_897a

date

r (g/cm ¥)

axialFF_

897L

date

r (g/cm 3)

110429161900
110429164200
110429193900
1104292040472
110429215000
110430051004
110430080047
11043008570(
110430100004
110430115000
110430143218
11043014373(
110430144017
1104301454172

0.0689215
0.0687194
0.0687012
? 0.0686360
0.0686099
0.0685706
? 0.068636
0.0685837
0.0685574
0.0685443
3 0.0687404
0.0686753
? 0.0685706
? 0.0688440

11050110300¢
11050110590¢
110501124000
11050114070(
110501155000
11050116090¢
11050117380¢
110501174000
11050118210¢
11050119480(¢
110502000000

0.0688051
0.0686621
0.0686229
0.0688569
0.0687402
0.0686490
0.0687143
0.0686490
0.0686098
0.0685770
0.0686228

elastic_345a and elastic_345h

date

r (g/cm ®)

110427112906

0.0688829

elastic_450a and elastic_4500

date

r (g/cm )

110430145412

0.0688440

elastic_855a and elastic_855h

date

r (g/cm 3)

110421104000

0.0689230
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Trajectory length determination in SOS

The calculation of the pion trajectory length sis made in four steps. First the length
from the target to the entrance inside the magnetic eld is calculated, in this step the
entrance coordinates are obtained too. Then the length from the top plane of the mag-
net yoke to the particle exit out of the magnet eld is determined together with exit
coordinates. The third step is a calculation of the length from the top plane of the mag-
net yoke to the top plane of the scintillator telescope. The nal step is determination
of the particle trajectory inside the magnetic eld. The total length s is the sum of
mentioned contributions. In the following text each step will be explained in detail.

The reconstructed target coordinates (dpg, do, Yo, f 0) and a position of the magnet
are needed for the determination of the distance from the target to the entrance inside
the magnet s; n,. Starting from the de nition of the target coordinates (gg and f o), see
Fig.[6.18, we can write:

tanqp =

(B.1)

tanfozg

The length r of a vector+ in a 3D Cartesian coordinate system can be expressed as:
r°= x2+ y?+ 7° (B.2)

The de nition B.1 aind B.2can be used to express components of the Cartesian system
(x,y,z) in terms of target coordinates (g and f o):
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# o1

tan2f0+ 1

XxX=r 1+ 5 5 or substitution X=7r a
tanZqy  tanZqg
" a2 . # o1
an? qo .
=r 1+ + or substitution =r b (B.3)
y tan?fy tan?fg y
! # o1
z=r 1+ tan?qy+ tan®fq or substitution  z=7r ¢

Hence, the position of the particle, which is emitted from the target with start/target
coordinates (Yo, 0o, f 0), is in the Cartesian coordinate system dened by (r ar b+

Yo,I ©C).

The entrance inside the magnet, in the target coordinate system, is de ned with:
X2+ (z Zg)%= R? (B.4)

where Zo(= 1131.6mm) is the position of the SOS magnet centre and R(= 350mm) is
the radius of the magnet pole shoes.

The length from the target to the entrance inside the magnetic eld can now be
calculated by using equations B.3and[B.4:

& r’+(cr Zg?=R?

(B.5)
(2+ ) r2 2cZy r+23 R2=0
We obtained a quadratic equation in r, which can be easily solved: [B.4:
q
2¢cZo ( 2cZp)2 4@+ ?)(ZZ2 R?)
(B.6)

lp = 2(a2+ C2)

From the two solutions for r, our problem is described with the one, which has the
minus sign in front of the square root term:

q
Zo  (cZo)? (R+A(ZZ RY

S m=It m= (a2+ C2) (B7)

Keeping in mind the sign of angles gg and f o, the particle entrance coordinates
inside the magnetic eld can also be calculated now:
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Xm in="Tt m @ (ifg>0) or ma (ifop<0
Ym in=Tt m b+tyo (iffo>0) or t m b+yo (if fo<0) (B.8)

Zn in=Tt m C

For the calculation of the particle length s; , from the top plane of magnet yoke
to the point of exit from the magnetic eld, the chamber coordinates  (Xch, Gchy Yeh f ch)
and a position of the SOS dipole magnet are used. The calculation is performed in the
detector coordinate system, see Fig[6.1IB. In this coordinate system the position of the
particle is de ned with:

X = Xcht Z tangep

Y= Yent z tanfe, (B.9)

Z= 12

The edge of the magnetic eld, in the detector coordinate system, is also de ned with:
X2+ (z Zp)?= R? (B.10)

but here the position of the SOS magnet centreisZg = 608 mm.

The intersection of the particle trajectory and the edge of the magnetic eld is ob-
tained by combining the equation for x coordinate and the equation |B.10:

(Xen+ z tangen)®+(z  Zg)? = R?
(B.11)
(1+tan?qen) Z2+( 2Zo+ 2Xeptangey) z+ X3+ Z5 R?=0

Solving the quadratic equation B.11]following solutions are obtained:

q
( Zo+ Xentanden)  ( Zo+ XentanGen)?  (1+ tan®gen)(xg,+ Z§  R?)

Z =
12 1+ tan?qg,
(B.12)
This particular problem is described with solution B[12 Which has plus sign in front of

the square root term:

q
(Zo Xentanden) +  ( Zo+ Xentangen)?  (1+ tan?qep) (x4, + 23 R?)

Z m=
bm 1+ tan? g
(B.13)
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The particle exits the magnetic eld at the point de ned by:
Xm ex= Xcht Zj m tanep
Ym ex= Yeht Zj m tanf g, (B.14)

Zm ex= Zj m
Finally, the length from the top plane of magnet yoke to the point of exit from the
magnetic eld is now:

q
S m= (Xch  Xm ex)?+(Yeh Ym ex)?+ Z%’] ex (B.15)

The calculation of the length s; scint from the top plane of the magnet yoke to the top
plane of the scintillator telescope is rather straightforward, because in the z coordinate
this distance equals 237 mm:

q
S scint= (237 tanqgy)?+ (237 tanf )2+ 237 (B.16)

The nal step is determination of the trajectory length sy, inside the magnetic eld.
The entrance{B.8 and the exit point[B.17 are given in different coordinate systems, there-
fore we will rst of all transform the exit coordinates into the target coordinate system:

X3 o= 1 (zm ex+ 608.0
YEE ex: Ym ex (Bl?)

29 = 1131.6+ Xm ex

In target coordinate system the magnetic eld of the SOS dipole magnet has only
one component, namely B = B ¥. Therefore, the magnetic eld will affect the particle
trajectory only in the dispersive plane, de ned by coordinates x and z (movementin y
will not be affected by this magnetic eld). We continue with calculation of the straight
line distance between the entrance and the exit point in the dispersive plane:

q
Gin ex= (Xm in X:ﬁ ex)2+(zm in Z}ﬁ ex)2 (B.18)

The radius Ry, of the trajectory inside the magnetic eld is de ned by the momentum
p and the magnitude of magnetic eld B:

_ p 10%
M~ ¢ B

[mm] (B.19)
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To obtain Ry, in millimetres p has to be in GeV/ c, cis the speed of lightin m/ s, B has
to be in units of T. Now we can calculate the b angle which a particle makes when
travelling on a circular trajectory of a radius Ry, from the entrance to the exit point:

Y
2 : 2
b= 2 arccos R (din_ex/2) (B.20)
Rm
The arc length in the dispersive plane is now:

Sarc= b Rm (B.21)

and the length of the particle inside the magnetic eld is:

q -

sm= St (Ymin Ym ed? (B.22)

Finally, the total length s of the particle inside the SOS is a sum of[B.7,[B.15[ B.1l6
and B.23:

S=S mtS§ mt S scintt Sm (B.23)
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ProsSireni sa etak

8.1 Uvod

Tijekom posljednjih nekoliko desetljeca postignut je veliki napredak u razumijevanju
strukture nukleona, me dutim neke velicine bitne za opis strukture jo$ uvijek nisu poz-
nate sa eljenom preciznosS¢u. Nukleon nije tockasta cestica, ima slo enu strukturu i
konacnu dimenziju, a vetina podataka o velicini i strukturi nukleona dobivena je u

eksperimentima s elektronskim rasprsenjem. Na niskim prijenosima cetveroimpulsa
Q?, interakcija elektrona i nukleona mete mo e se aproksimirati s izmjenom jednog
virtualnog fotona. Buduc€i da je ta interakcija elektromagnetska, vrlo je jednostavna i
dobro poznata u okviru kvantne elektrodinamike (QED).

Energija i kolicina gibanja virtualnog fotona mogu se varirati neovisno jedno o
drugom i te su velicine dobro de nirane s energijom i kolicinom gibanja upadnog i
rasprSenog elektrona. Ako energiju virtualnog fotona drimo ksnom i samo mije-
njamo njegovu kolicinu gibanja, mo emo mapirati tzv. form-faktore. U sustavu u
kojem nema prijenosa energije (Breitov sustav), form-faktori se (na niskim Q%) mogu
interpretirati kao trodimenzionalni Fourierovi transformati gusto¢e naboja, gustota
struja i gustoca prijelaza. Tada inverzne Fourierove transformacije form-faktora daju
prostorne raspodiele tih gustoca u nukleonu [1,/ 2].

Precizno mjerenje udarnog presjeka elektroprodukcije nabijenog piona na protonu
(p(e & *)n), blizu praga reakcije, otvara nam moguénost da istra imo jedan dio stru-
kture nukleona. Kako se emisijom nabijenog piona mijenja stanje pocetnog nukleona,
taj je proces osjetljiv na dio nukleonske strukture slabog aksijalnog vektora i pripadnih
form-faktora: aksijalnog form-faktora i induciranog pseudoskalarnog form-faktora [3].
Aksijalni form-faktor povezan je sa spin-izospinskom raspodjelom u nukleonu [4], a
inducirani pseudoskalarni form-faktor povezan je s pionskim polom.
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Virtualni foton nosi i transverzalnu e i longitudinalnu e'-L’ polarizaciju. Ta cinjenica,
u udarnom presjeku koji opisuje interakciju virtualnih fotona s protonskom metom,
rezultira s pojavom transverzalnog T, longitudinalnog L, te interferencijskih (TLi TT)
clanova. U slucaju nepolariziranog snopa elektrona i protonske mete, udarni presjek se
mo e faktorizirati kao u jednad bi 1. [5,[6]./Ovdje su najva niji T i L clanovi. Naime,
T clan se mo e direktno povezati s aksijalnim form-faktorom, dok L clan kao jedan od
doprinosa sadr i i inducirani pseudoskalarni form-faktor.

T i L clanove udarnog presjeka moguce je eksperimentalno separirati. Za to su
potrebna mjerenja u tzv. paralelnoj kinematici, u kojoj se proizvedeni pion detektira
u smjeru virtualnog fotona (kut produkcije piona ¢y = gf = 0, ? oznacava velicine
u sustavu centra mase). Kako interferencijski clanovi udarnog presjeka imaju ekspli-
citnu ovisnost tipa dst. singg i dstr  sin?q], oni iscezavaju u paralelnoj kine-
matici, pa u udanom presjeku ostaju samo T i L clanovi [5, 6]. Ideja je da se na ksnoj
vrijednosti invarijantne mase W i prijenosa cetveroimpulsa Q? mjerenje udarnog pre-
sjeka ponovi na razlicitim vrijednostima polarizacije virtualnog fotona e (eﬁ), koje se
mogu precizno kontrolirati pomocu kinematike elektrona. T i L clanovi se sada pona-
Saju kao koe cijenti u jednad bi pravca, te ih se jednostavno mo e odrediti linearnom

regresijom. Ovaj postupak se zove Rosenbluthova separacija [7].

Takoder je, dosta jednostavno, moguce eksperimentalno izdvojitii TL interferen-
cijski clan. Za to su dovoljna dva mjerenja na istim vrijednostima W, Q?i e. Jedno
mjerenje treba se napraviti na qg 6 0ify, = 0, adrugo na istom kutu qg, ali za
fp = 180 (u ovom slucaju ravnina, koju de niraju vektori kolicine gibanja virtu-
alnog fotona i kolicine gibanja piona, je okrenuta naglavacke), vidi sliku 22. |Drugim
rijecima, mjerenja udarnog presjeka se trebaju napraviti za isti kut, lijevo i desno, u
odnosu na smjer virtualnog fotona [6]. Kako se u obje navedene kinematike iznosi T,
L i TT clanova ne mijenjaju, TL clan je jedini doprinos koji ce pre ivjeti u razlici lijevog
i desnog udarnog presjeka.

U okviru pojedinih teorijskih modela strukture nukleona moguce je izracunati izno-
seT, Li TL clanova udarnog presjeka. Stoga precizno izmjereni T, L i TL clanovi
omogucuju da testiramo, ali i poboljSamo dane modele.

Prva mjerenja udarnog presjeka elektroprodukcije nabijenih piona blizu praga reak-
cije, te odredivanje L i T clanova udarnog presjeka u analizi podataka, zapocela su u
sedamdesetim godinama proslog stoljeca u Frascati-u, Saclay-u, Hamburg-u (DESY),
Daresbury-u, Kharkov-u (pogledati [5]i pripadne reference). Dobiveni podaci su isko-
risteni da se iz Q?-ovisnosti T clana udarnog presjeka odredi aksijalni form-faktor.
Problem tih mjerenja i pripadnih rezultata je da imaju velike statisticke i sistematske
greske.
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Niz novijih eksperimenata napravljen je u okviru Al kolaboracije, pri cemu je ko-
riSten elektronski akcelerator Mainz Microtoron (MAMI), na Institutu za nuklearnu
ziku Johannes Gutenberg SveuciliSta u Mainzu, Njemacka. Mjerenja udarnog pre-
sjeka elektroprodukcije pozitivhog piona na protonu napravljena su na invarijantnoj
masi W = 1125 MeV, Sto je otprilike 46 MeV iznad praga reakcije, te na transferima
cetveroimpulsa od Q2 = 0.117 (GeV/c)? [8, 9], Q% = 0.195 (GeV/c)?, i Q% = 0.273
(GeV/c) 2[10,[11]. Statisticke greSke mjerenih udarnih presjeka reakcije p(e, €p * )n kre-
tale su se izmedu 0.7% i 2.3%, dok su pripadne sistematske greske bile izmedu 1.6% i
3.7% [11]. Za svakuQ? vrijednost metodom Rosenbluthove separacije odredeni su L i
T clanovi udarnog presjeka, pa je bilo moguce odrediti i aksijalni form-faktor. Kasnije
je napravljeno i mjerenje na Q2 = 0.058 (GeV/c)? [12], kako bi se proucilo pona3anje L
I T clanova na ni im prijenosima cetveroimpulsa.

Kako mjerenje bli e pragu p(e €b *)n reakcije (W = 1079.14 MeV odgovara pragu)
omogucava pristup jo$ niim prijenosima cetveroimpulsa, u ovom radu prezentirati
ce se mjerenje i analizap(e € * )n koincidencijskog eksperimenta na samo ' 15 MeV
iznad praga reakcije. Eksperiment je proveden u okviru Al kolaboracije, koristeci kon-
tinuiran snop elektrona akceleratora MAMI. RasprSeni elektron detektiran je u spek-
trometru A, dok je producirani pion detektiran u spektrometru kratke orbite (SOS).
Invarijantna masa iznosila je W = 1094 MeV, a prijenos cetveroimpulsa Q2 = 0.078
(GeVi/c) 2. Udarni presjek reakcije p(e €b *)n izmjeren je za pet razlicitih kinematika,
tablica[5.1. Tri su udarna presjeka mjerena u paralelnoj kinematici na polarizacijama
virtualnog fotonaod e = 0.897,0.591i0.306, sa ciljiem da se Rosenbluthovom metodom
odrede L i T clanovi udarnog presjeka. U dva mjerenja udarnog presjeka na e = 0.897,
pion je detektiran jednom na qg = 18.7 uodnosu nasmijer virtualnog fotona, a drugi
put na qg =+ 18.7 . Na taj je nacin bilo moguce izdvojiti TL interferencijskiclan.

Detekcija niskoenergijskih piona je eksperimentalno vrlo zahtjevna. Pioni su nesta-
bilne cestice i imaju vrijeme ivota od 26.033 ns [13], a njihov dominantni kanal raspada
(99.9877%([13]) je raspad u mion i mionski neutrino. Duljine putanja cestica, u svakom
od tri standardna spektrometra Al kolaboracije, iznose otprilike 10 m. Kako se pri-
bli avamo pragu reakcije, zbog raspada, broj piona koji prolaze kroz detektorski paket
spektrometra se smanjuje. Isto tako, vrijeme trajanja eksperimenta koje je potrebno da
bi se skupio statisticki znacajan broj doga daja se produ ava. Istovremeno broj miona,
koji nastaju raspadom piona, se povetava. Od toga €e jedan dio miona nastati u sm-
jeru gibanja piona. Takve mione ne mo emo eksperimentalno razlikovati od piona, te
¢emo ih pogreSno identi cirati kao pione, a sistematska greSka mjerenja e se povecati.
Mionska kontaminacija odre duje se pomocu simulacije. SOS je napravljen da bi se
navedeni problemi sveli na minimum, a to je ostvareno tako da se duljina putanje
cestice skrati na otprilike 1.6 m. Projektiranje, izgradnja i kalibracija detektorskog
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sustava SOS-a napravljena je u sklopu diplomskih i doktorskih radova Dagmar
Baumann [12,[14] i Matthias-a Ding-a [15, [16]. Uzimaju€i u obzir novi iznos duljine
putanje piona, udio detektiranih piona je znatno povecan, dok je mionska kontami-
nacija bitno smanjena.

U ovom radu, prvi puta ce biti opisana analiza podataka reakcije p(e €b *)n, koji su
mjereni SOS-om. To ukljucuje razvoj razlicitih korekcijskih metoda koje su potrebne za
konzistentnu analizu podataka, kao Sto su odre divanje e kasnosti detektora, izracun
udjela raspadnutih piona, razvoj Monte Carlo simulacije za odre divanje mionske
kontaminacije itd. Uz koriStenje navedenih korekcijskih metoda izmjeren je udarni
presjek p(e € *)n reakcije za svih pet kinematika. Fizikalni cilj ovog doktorskog rada
potpuno je ispunjen odre divanjem T, L i TL clanova udarnog presjeka na W = 1094
MeVi Q2 = 0.078 (GeV/c)?.

8.2 Eksperimentalni postav

8.2.1 MAMI akcelerator

MAMI ili punim imenom Mainz Microtron je akcelerator kontinuiranog snopa
elektrona. Snop je podijeljen u pulsove elektrona koji se ponavljaju s frekvencijom
od 2.45 GHz. Detektori koje koriste eksperimentalne grupe ne mogu razluciti poje-
dine pulsove, pa snop djeluje kontinuirano. Akcelerator je u mogucnosti isporucivati
struje jakosti u rasponu od 10 pA do 100 A i energije snopa u intervalu od 180 MeV
do 1.6 GeV. Zbog sinkrotronskog zracenja, rasap energije snopa na 855 MeV iznosi 30
keV, dok na energiji od 1.5 GeV iznosi 110 keV. Za sada se akceleracija snopa vrSi u
pet uzastopnih stupnjeva koje cine: linearni injektorski akcelerator, tri uzastopna jed-
nostrana mikrotrona (RTM) i harmonicki dvostrani mikrotron (HDSM) [32, 33]. Tlocrt
eksperimentalnih hala zajedno sa shemom akceleratora mo e se vidjeti na slici

Akcelerator mo e dati dva tipa snopa: nepolarizirani i polarizirani snop. Kod nepo-
lariziranog snopa koristi se termionski izvor elektrona. Navedenim izvorom mogu
se postici struje jakosti do 100 A. Polarizirani elektroni proizvode se fotoelektricnim
efektom na kristalima GaAspomocu polariziranog laserskog svjetla. Polarizacija snopa
elektrona iznosi oko 80%. | ovim se izvorom mo e postici struja jakosti 100 A. Medu-
tim, da bi se sprijecilo oStecenje GaAskristala jakost struje je ogranicena na 20 A [33].

Za potrebe ovog eksperimenta koriSten je izvor nepolariziranog snopa elektrona.
HDSM, odnosno posljednji stupanj akceleratora nije koriSten. Dovoljna su bila prva
cetiri stupnja akceleratora, koji su jo$ poznati i pod imenom MAMI B, a omogucavaju
raspon energije snopa od 180 do 855 MeV po koracima od 15 MeV.
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8.2.2 Sustav meta

Sustav meta nalazi se u vakuumskoj komori koja je smjeStena u sredistu osi rotacije
spektrometara. Sam sustav sastoji se od ljestva na koje je moguce pricvrstiti razlicite
cvrste mete kao Sto su grat, polietilen, tantal, bakar i sl. Na ljestvama se uvijek
nalazi i luminiscentna meta (kromom dopirana Al,O3 plocica s otisnutim kri i€em),
koja slu i za optimizaciju polo aja snopa. eljeni materijal se bira pomicanjem ljestvi

u vertikalnom smjeru, s mogucnoscu kontrole na daljinu.

Vakuumska komora je opremljena s dva tipa poklopca. Jedan slui za plinovitu
metu pod visokim tlakom (helij), dok se drugi koristi kod tekuce kriogene mete (vodik
I deuterij).

Sustav kriogene tekute mete sastoji se od dva rashladna kruga. Najbitniji dio u
vanjskom krugu je Philipsov kompresor koji slu i za ukapljivanje vodika. Ukapljeni
vodik se pomocu transfer cijevi dovodi do vakuumske komore gdje hladi izmjenji-
vac topline. Ugrijani plin vodika vraca se natrag u Philipsov kompresor. Izmjenjivac
topline spojen je na unutarnji krug (tzv. Basel krug), slika koji sadri ukapljen
plin - metu. Snop elektrona gada cilindar dijametra 2 cm, cije stjenke su napravl-
jene od 50 m debele havarske folije. Tekuca kriogena meta nalazi se u pothladenom
stanju i neprestano se recirkulira pomocu ventilatora kako bi se sprijecilo lokalno pre-
grijavanje od strane snopa i formiranje mjehuri€¢a plina u cilindru. Kod vecih iznosa
struje snopa, lokalno pregrijavanje sprijecava se tako da se snop dodatno rasterizira u
transverzalnim smjerovima frekvencijom od nekoliko kHz i amplitudom od nekoliko
mm. Temperatura i tlak u unutarnjem krugu se neprestano prate i bilje e, kako bi se u
svakom trenutku moglo odrediti gustocu tekuce mete. U ovom eksperimentu meta je
bila teku¢i vodik.

8.2.3 Tri standardna spektrometra

Glavni eksperimentalni postav Al kolaboracije, sastoji se od tri magnetska spektrome-
tra visoke rezolucije, a poznati su kao A (crveni), B (plavi) i C (zeleni), vidi sliku 3.@
Spektrometri mogu mijeriti nezavisno jedan o drugom, a mogu i raditi u dvostrukoj ili
trostrukoj koincidenciji. Sva tri spektrometra mogu se rotirati oko srediSta u kojem je
vakuumska komora s metama.

Magneti spektrometara A i C raspore deni su u kvadrupol-sekstupol-dipol-dipol
kon guraciju. Kvadrupol fokusira cestice u nedisperzivhom smjeru i time povetava
akceptanciju kuta rasprSenja, te istovremeno defokusira cestice u disperzivhom
smjeru, pa time povecava intrinzicnu razlucivost kolicine gibanja. Uloga sekstupolnog
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magneta je da ispravi magnetoopticke greSke drugog reda, odnosno tzv. sfernu abera-
ciju. Dva dipolna magneta zakre€u putanje cestica prema detektorskom sustavu. Ovaj
raspored magneta omogucava visoku rezoluciju u mjerenju kuta i kolicine gibanja
cestica na relativno velikoj akceptanciji (28 msr). Spektrometar C je umanjena verzija
spektrometra A za faktor 11/14.

Spektrometar B ima samo jedan dipolni magnet, koji podsjeta na poluotvorenu
morsku Skoljku. Zbog toga je spektrometar B mnogo ui u odnosuna AiC, te moe
dohvatiti i cestice koje se rasprsuju pod kutom od 7 . Nagib polova magneta stvara
nehomogeno magnetsko polje s dvostrukim fokusom, Sto omogucava fokusiranje u
disperzivhom i nedisperzivnhom smjeru [34]. Navedeno ima za posljedicu da je pro-
storna rezolucija spektrometra B bolja, ali je akceptancija manja (5.6 msr). Ovaj spek-
trometar je takoder moguce nagnuti do 10 za mjerenja izvan ravnine.

Glavne karakteristike spektrometara sa ete su u tablici a presjeci kroz spek-
trometre A i B nalaze se naslici[3.4. Centralna magnetska polja spektrometara, a samim
time i centralna kolicina gibanja, odre dena su i kontroliraju se putem Hallovih i NMR
proba. Hallove probe slu e za grubo mjerenje magnetskog polja, dok NMR probe
vrlo precizno mjere magnetsko polje, te slu e za na podeSavanja centralne kolicine
gibanja.

8.2.3.1 Detektorski sustavi

Detektorski sustavi sva tri spektrometara su vrlo slicni. Sastoje se od cetiri vertikalne
driftne komore (VDC), dva sloja scintilatora (dE i ToF) i plinskog Cerenkovog dete-
ktora, slika B.5 VDC-i slue za rekonstrukciju putanje cestice, scintilatori daju
vremenski signal, a obje ravnine zajedno omogucuju razlikovanje protona od laksih
cestica (nabijenih piona, elektrona i pozitrona) na temelju mjerenja energije deponi-
rane u pojedinom sloju. Slojevi scintilatora nisu prikladni za razlikovanje izme du
elektrona/pozitrona i nabijenih piona - zatoslui  Cerenkov detektor. Dodatno se kod
spektrometra A plinski Cerenkov detektor mo e zamijeniti s protonskim polarimetrom.

8.2.3.2 Elektronika i sustav za prikupljanje podataka

Svi spektrometri opremljeni su s nezavisnom elektronikom. Svrha te elektronike je
pojacavanje signala iz detektora i analogno-digitalna konverzija istih, ali i generiranje
signala (okidaca) za pocetak prikupljanja podataka. Minimalni uvjeti da bi se gene-
rirao signal okidac je ispunjen, ako doga daj u scintilatoru proizvede signal koiji je veti
od zadanog praga. Ovaj minimalni uvjet mo e se prosSiriti tako da se trai prisu-

tnost signala u: dE i ToF sloju (uvjet koincidencije), dE ili ToF sloju, samo u dE sloju,
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samo u ToF sloju. Takoder se mo e zahtijevati i koincidencija ili anti-koincidencija
sa Cerenkovljevim detektorom. eljeni uvjeti se mogu odabrati i za vrijeme mjerenja
pomocu jedinice s programabilnom logikom (PLU) [34].)] PLU signali iz A, B i C spek-
trometara Salju se u univerzalni logicki modul (ULM) koji je opremljen s FPGA-om (od
engl. Field Programmable Gate Array). Moguce je promijeniti Sirinu dolaznih signala,
zakasniti ih i skalirati njihovu ucestalost na ni e, ovisno o kinematickoj kon guraciji

i mjerenoj zikalnoj reakciji. Tijekom mjerenja FPGA se mo e namijestiti na sljedece
logicke uvjete: svi dogadaji u A, svi doga daji u B, svi dogadaji u C, koincidencija AB,
koincidencija BC, koincidencija ABC [38].

8.3 Spektrometar kratke orbite - SOS

SOS je spektrometar specijaliziran za detekciju, te precizno mjerenje energije i kolicine
gibanja niskoenergijskih piona, slika £.1]i To omogucavaju njegove male dimenzije
u odnosu na spektrometre A, B i C, Sto rezultira duljinom centralne putanje cestica
od otprilike 1.6 m (misli se na udaljenost od mete do detektorskog sustava u SOS-
u). Za danu vrijednost kolicine gibanja, udio piona koji se ne raspadnu u SOS-u biti e
mnogo veci nego u slucaju tri standardna spektrometra A, B i C. Nadalje, smanjivanjem
kineticke energije piona povectava se vjerojatnost visestrukog rasprsenja. Stoga je SOS-
ov sustav za odredivanje putanje cestica izveden s dvije drifthe komore volumnog tipa
(slika [4.4) koje rade s plinskom mjeSavinom 50% helija i 50% etana [15/16]. Ovakvim
izborom tipa driftnih komora i radnog plina smanjena je efektivha debljina SOS-ovog
sustava za odredivanje putanje cestica u odnosu na velike spektrometre, a samim time
smanjena je i vjerojatnost viSestrukog rasprsenja niskoenergijskih piona.

Detektorski paket SOS-a sastoji se joS i od pet slojeva plasticnih scintilatora debljina
3,10, 20, 20i 10 mm([12, 14], slika 4]6. Svaki sloj scintilatora daje vremensku i energijsku
informaciju o cestici koja je prosla kroz njega. Vremenske informacije moguce je staviti
u razlicite logicke odnose, kako me du scintilatorima tako i s ostalim spektrometrima.
Energijske informacije iz pojedinih scintilatora mogu se na razlicite nacine kombinirati
u kon guraciju dE-E teleskopa i na taj nacin moguce razlikovati pione od pozitrona i
protona.

SOS ima jedan dipolni magnet (slika Browne-Buechner tipa [39]. Izmedu kru-
nih polova radijusa 350 mm formira se homogeno magnetsko polje, koje ovisno o
naboju cestice zakreCe putanju normale za 90 . Ostale karakteristike SOS mogu se

vidjeti u tablici
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8.4 Analiza podataka

Analizu podataka mo emo opisati kao postupak u kojem koristimo sirove podatke iz
razlicitin detektora kako bi identi cirali cestice koje su nastale u relevantnoj reakciji i
da rekonstruiramo njihove zikalne velicine kao Sto su kut, energija i kolicina gibanja.
Kombinacijom podataka iz razlicitin spektrometra, moguce je izvesti dodatne velicine
(npr. nedostajuca masa), koje mogu poslu iti za dodatnu redukciju pozadinskih do-
gadaja.

8.4.1 Udarni presjek p(g b *)n reakcije

Kako bi odredili udarni presjek p(e € *)n reakcije, prvo iz svih doga daja koje su de-
tektori spektrometara registrirali trebamo izdvoijiti one doga daje koji pripadaju upravo
ovoj reakciji. Takve "stvarne" dogadaje trebamo normalizirati s luminoznoS¢u L (kori-
giranom za mrtvo vrijeme) i faznim prostorom F kojeg pokrivaju spektrometri, te ih
korigirati s obzirom na raspad piona Kgecay mionsku kontaminaciju  Kmyon i ukupnu
e kasnost ey, Vidi jednad bu

8.4.2 Luminoznost

Integrirana luminoznost je de nirana kao umno ak povrSinske gustoce jezgara mete
Nt i broja elektrona Neg koji udaraju u metu u vremenu T. U sklopu programskog
paketa "Cola" [42], nalazi se program Lumi++ koji pomocu izmjerene jakosti struje
snopa, mrtvog vremena, materijala i gustoce mete racuna integriranu luminoznost.

8.4.3 Fazni prostor

Fazni prostor reakcije de niran je s geometrijskom akceptancijom spektrometara i s
razlicitim eksperimentalnim uvjetima pod kojima je dana reakcija mjerena. Ne mo e

se izracunati analiticki, nego se mora odrediti pomocu Monte Carlo simulacije speci-
jaliziranim programom Simul++ [42].] U simulaciji faznog prostora produkti izabrane

reakcije generiraju se izotropno u prostornom kutu u zadanom intervalu prijenosa
cetveroimpulsa i kuta (u sustavu centra mase) za danu kinematiku. Zadani inter-
vali su obicno veti od nominalnih akceptancija spektrometara, kako bi se osiguralo
dobro ponasanje simuliranih podataka na rubovima. Kod simulacije koincidencijskog
eksperimenta, svaka cestica iz odredenog para mora proci kroz kolimator svojeg spek-
trometra, a kolicina gibanja pojednine cestice mora biti unutar intervala kojeg njihov
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spektrometar prihvaca. Ako je to sve zadovoljeno doga daj se prihvaca, pa se mo e
odrediti i pripadna nedostajuta masa.

8.4.4 Koincidencijsko vrijeme

Razlika izmedu vremena proleta cestica u jednom i u drugom spektrometru mo e se
koristiti za separaciju stvarnih koincidencijskih doga daja od slucajnih. Vremenska ra-
zlika mjeri se pomocu koincidencijskog TDC-a (od engl. Time-to-Digital Converter).
Dogadaj u ToF scintilatorskoj ravnini spektrometra A de nira start signal, dok doga daj
u drugom po redu scintilatoru SOS-a daje stop signal TDC jedinici. U principu, razlika
vremena proleta trebala bi imati konstantni iznos ako se radi o elektronu i pionu koji
pripadaju istoj p(e € * )n reakciji. Za sve ostale nekorelirane dogadaje, vrijednosti ra-
zlike vremena proleta trebale bi biti jednoliko raspodijeljene unutar Sirine vremenskih
vrata TDC-a. Korigirani vremenski spektar iz koincidencijskog TDC-a vidi se na slici
(kanali TDC-a su preracunati u nanosekunde). Tu se jasno raspoznaju uniformno
raspodijeljena pozadina slucajnih doga daja, te jedan koincidencijski vrh koji odgovara
rasprdenom elektronu i produciranom pozitivnom pionu iz p(e €p * ) n reakcije.

8.4.5 Nedostajuta masa

Drugi nacin za identi kaciju stvarnih koincidencija je tzv. spektar nedostajuce mase.

U reakciji p(e €p*)n mjerimo cetveroimpuls rasprsenog elektrona €°i produciranog
nabijenog piona p *, medutim cetveroimpuls nastalog neutrona n ne mjerimo. Naziv
"nedostajuci” odnosi se na observable cestice koju ne detektiramo. Pomocu zakona
ocuvanja energije i kolicine gibanja mo emo izracunati masu nedostajuce cestice Mpiss
Dakle, ako smo zaista detektirali elektron u spektrometru A i pion u SOS-u onda
izracunata nedostajuca masamy,iss mora biti jednaka masi neutrona.

Ako izracunamo nedostajucu masu za sve koincidencijske doga daje (stvarne + slu-
cajne koincidencije) dobivamo spektar nedostajucih masa. Iz prakticnih razloga od
svake izracunate nedostajuce mase oduzeta je masa neutrona, tako da vrh koji odgo-
vara masi neutrona bude centriran oko nule. Na slici 6.4 halazi se spektar nedostajuce
mase kinematike axialFF_591 bez ikakvih rezova. Vidimo da je omjer signala (vrha) i
pozadine (slucajnih koincidencija) otprilike 13 : 4.

Sada napravimo rez na koincidencijski vrh, slika Kako vidimo, pozadina is-
pod vrha nedostajuce mase otprilike se je smanijila za faktor 10 (slika .6) u odnosu
na situaciju bez tog reza. Cilj daljnje analize je redukcija preostale pozadine (slucajnih
koincidencija) tako da postavljamo odgovarajuce rezove na razlicite observable. Pri
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tome je va no da ti rezovi ne uklanjaju stvarne koincidencije.

Medutim, treba imati na umu da postoje slucajne koincidencije koje zadovoljavaju
sve rezove, a kombinacija njihovih observabli daje nedostajucu masu koja se nalazi is-
pod vrha stvarnih doga daja. Takvu pozadinu jedino je moguce ukloniti oduzimanjem.
Broj slucajnih dogadaja ispod vrha nedostajute mase moguce je odrediti rezom na
uniformni dio vremenskog histograma Doga daji koji su izolirani ovim rezom
sigurno ne sadr e stvarne dogadaje, ali svejedno moraju zadovoljavati i sve ostale
rezove. Rezultirajuci histogram nedostajuce mase onda predstavlja raspodijelu slucaj-
nih dogadaja ispod vrha stvarnih doga daja[6.7. Na kraju histogram nedostajuce mase
pozadine treba normalizirati s obzirom na Sirinu koincidencijskog vremenskog reza
i Sirinu reza na uniformni dio vremenske raspodjele, te ga oduzeti od koincidencij-
skog histograma nedostajuce mase. Rezultati ovog postupka vide se za odabrane kine-
matike na slikama 6.8i6.9.

Na tim histogramima vidimo da vrh nedostajuce mase ima brzorastuci lijevi rub
i sporopadajuci desni rub koji nastaje zbog radijativnih gubitaka nabijenih cestice.
Naime, u blizini protona mete elektron mo e emitirati realni ili virtualni foton (unu-
tarnje zakocno zracenje ili Schwingerovo zracenje). Kod p(e €b*)n reakcije to je
dominantni proces radijativnih gubitaka. Tzv. vanjsko zakocno zracenje ukljucuje
sve procese u kojima nabijene cestice emitiraju foton prije ili nakon reakcije u polju
drugih jezgara. Kako fotone zakochog zracenja ne mjerimo, nije moguce korigirati
radijativne gubitke individualnih doga daja. Stoga je u kompjuterskim simulacijama
potrebno modelirati radijativne procese kako bi dobili dobro slaganje s eksperimen-
tom. Modeli za najva nije radijativhe procese opisani su u [10] dodatak D.

lako cestice vecinu svog puta od mete do detektorskih paketa u spektrometrima
prolaze kroz vakuum, ipak mali dio puta prolaze i kroz razlicite materijale (sama meta,
razlicite folije, zrak i sl.) u kojima gube energiju. Ako taj gubitak energije ne bi kori-
girali vrh nedostajuce mase bio bi pomaknut prema pozitivnim vrijednostima, te ne bi
bio centriran oko nule. Sve korekcije gubitka energije rade se pomocu kompjuterskog
programa i vetina se odvija automatski, osim korekcije zbog snijega na stijenkama
kriogene mete. Naime, iako se komora s metama nalazi pod visokim vakuumom, u
komori Ce ipak ostati neka mala kolicina rezidualnih atmosferskih plinova. Stjenke
kriogene mete nalaze se na temperaturi tekuceg vodika, pa ¢e se na njima formirati
snijeg od rezidualnih plinova. Debljina snijega mo e se promijeniti tjekom vremena,
pa se to treba rucno korigirati.
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8.4.6 Korekcijski parametri

Korekcijski parametri opisuju razlicite eksperimentalne okolnosti koji mogu iskriviti
rezultate samog mjerenja. Od ovih okolnosti neke se mijenjaju tijekom vremena, neke
ovise o kinematici, a neke ostaju konstantne tijekom vremena.

a)

b)

d)

Gustoca tekuce mete - ovisi o tlaku i o temperaturi u unutarnjem rashladnom
krugu. Zbog toga se ove velicine mjere tijekom vremena trajanja eksperimenta.
Najvece promjene tih velicina doga daju se nakon Sto struju snopa ukljucimo
ili iskljucimo, slika Promjene su manje ako za vrijeme ukljucenog snopa
promijenimo jakost struje. U analizi, svaki put kada se temperatura promijeni
viSe od 0.03 K, a tlak viSe od 2 mbar, izracuna se novi iznos gustote mete pomocu
programa "liquidDensity" koji racuna gustocu tekuceg vodika prema [43]. IManje
uktuacije temperature i tlaka se uprosjecuju.

Snijeg na meti - nastaje smrzavanjem rezidualnih atmosferskih plinova na
hladnoj (22 K) povrSini mete. Sam snop elektron, u tocki u kojoj udara u
metu, joS mo e otopiti snijeg, ali s bocnih strana mete tok rasprSenih i nastalih
cestica nije dovoljan da bi se snijeg otopio. U sloju snijega cestice gube energiju
I pripadni vrh nedostajuce mase pomaknut je prema pozitivnim vrijednostima u
odnosu na nulu. U analizi, debljinu snijega je moguce rucno dodavati ili oduzi-
mati. Odabire se ona vrijednost debljine snijega za koju je vrh nedostajuce mase
centriran oko nule, a oblici raspodjela nedostajucih masa mjerenja i faznog pro-
stora se najbolje podudaraju.

Polo aj mete - tijekom hla denja mete mo e se dogoditi da se zbog termickog
naprezanja materijala meta malo pomakne i to nije moguce korigirati. Ali se
mo e dogoditi i da se polo aj mete ne poklapa sa centrom rotacije spektrometara
oko mete, a to se mo e korigirati mijenjanjem odre denih parametara prilikom
analize.

Rezolucija spektrometara - tj. rezolucije kolicine gibanja i disperzivnog kuta mi-

jenjaju se ovisno o kinematici. Njihove vrijednosti jedne su od ulaznih para-

metara simulacije faznog prostora. Ukoliko aktualne vrijednosti tih rezolucija

nisu poznate, koriste se oni parametri kod kojih simulirani vrh nedostajuce mase
najbolje odgovara obliku i Sirini eksperimentalnog vrha nedostajute mase za
danu kinematiku.
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8.4.7 Ukupna e kasnost

Ukupna e kasnost je umno ak nekoliko individualnih e kasnosti. Na najviSoj razini

je e kasnost koincidencije. To je vjerojatnost da dva korelirana doga daja budu pre-
poznata kao takva. Mo emo re€i da je to mjera sposobnosti programa za pohranu do-
gadaja da sinkronizira i spoji podatke iz dva spektrometra u jedinstveni tok podataka.
E kasnost koincidencije iznosi 0.996 [8].

Na razini spektrometra, ukupna e kasnost je umno ak e kasnosti pojedinih dete-
ktora. Za ovaj eksperiment, kod spektrometra A, najva nije su bile e kasnost ToF scin-
tilatorskog sloja i e kasnost VDC-ova. Kako su scintilatorske ravnine segmentirane,
na spojevima segmenata mo e doc€i do gubitka cestica, pa je e kasnost scintilatorskih
ravnina malo manja od 100%. Kod ToF sloja ona je u ovom eksperimentu iznosila
98.04 0.03%. Za e kasnost VDC-ova opravdano da se uzme da iznosi 100%. Naime
svaki sloj VDC-a sadr i velik broj signalnih ica koje i same imaju veliku e kasnost.
Npr. za x1-ravninu, usrednjena e kasnost po ici iznosila oko 99.26%, slika 6[13.]Slo-
jevi VDC-ova (x1, x2, s1, s2) ne rade kao individualni detektori nego rade u parovima
(x1ix2, s1is2). Za uspjeSnu rekonstrukciju putanje cestica u odredenoj koordinati
(disperzivna ili nedisperzivna) potrebna je informacija iz minimalno tri signalne ice
odgovarajuceg VDC para. Cak i u slucaju pokvarene ili nee kasne ice, velika je vjero-
jatnost (prosjecno 99.26%) da Ce susjedna ica dati potrebnu informaciju.

E kasnost scintilatora u SOS istra ena je u sklopu [12]] U analizi ovog eksperi-
menta koriste se samo informacije iz drugog i treceg scintilatora po redu. Za razliku
od velikih spektrometara, ti scintilatori nisu segmentirani, stoga je i za ocekivati da
je njihova e kasnost veca. Prilikom analize bilo je moguce provjeriti samo e kasnost
tre€Ceg scintilatora. Provjera je izvedena tako da se analiza jednom provede s informa-
cijama iz treteg scintilatora, a zatim bez tih informacija. Dobiveno je da se u ta dva
slucaja udarni presjeci razlikuju za svega 0.1%, Sto znaci da e kasnost treceg scintila-
tora iznosi 99.9%. Kako je taj efekt jako mali (oko 10 puta maniji od statisticke greske),
aproksimativno je uzeto da je e kasnosti treCeg scintilatora jednaka 100%. Drugi scin-
tilator je davao signal okidac, pa njegovu e kasnost nije bilo moguce provjeriti. No
kako su oba scintilatora napravljena od istog materijala i imaju istu geometriju, pretpo-
stavljeno je da i drugi scintilator ima e kasnost 100%. Driftne komore u SOS-u nemaju
stopostotnu e kasnost kao VDC-ovi. SOS-ove driftne komore (X i Y) imaju driftne
celije koje se sastoje od osam signalnih ica. Signalne ice su poredane vertikalno, a
njihov polo aj alternira lijevo-desno za 100 m u odnosu na sredinu celije, slika
Takav raspored ica omogucava programu za rekonstrukciju putanje da odredi da li
je cestica prosla s lijeve ili s desne strane pojedine ice. Nadalje, usrednjena e kasnost
po icama iznosila je oko 89.89% za X-komoru i 97.26% za Y-komoru. Kod SOS-a, pro-
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gram za rekonstrukciju putanje zahtjeva da minimalno cetiri ice proizvedu signal u
danoj komori, pa ¢e u slucaju X-komore e kasnost biti nesto slabija. Tako der, isti tok
cestica prolazi u X-komori kroz osam driftnih €elija, dok u Y-komori prolazi kroz samo
dvije driftne Celije. Zbog toga je mrtvo vrijeme Y-komore vece od X-komore, a to nega-
tivno utjece na e kasnost Y-komore. Kako tok cestica kroz komore ovisi o kinematici

i struji snopa, e kasnosti SOS-vih driftnih komora odre dene su za svaku kinematiku
posebno, vidi tablicu

8.4.8 Korekcija zbog raspada piona

Pozitivni pion je nestabilna cestica s viemenom ivota t = 26.033 ns([13]. Zbog toga
¢e broj piona koji pre ive do detektora Ngetbiti maniji od broja piona koji je produciran

u meti Nég. Korekcija zbog raspada pion Kgecayjednaka je omjeru NFt)gJ i Nget. Prema
i mo emo izracunati Kgecay Za to je potrebno znati duljinu putanje cestice s
I kolicina gibanja cestice pp. Zadnja velicina nije problem, jer kolicinu gibanja mje-
rimo. Me dutim, duljina putanje sne mo e se mjeriti direktno, vet je za potrebe analize
podataka ovog eksperimenta, napravljena procedura koja iz direktno mjerenih (koor-
dinate driftnin komora) i izvedenih observabli (koordinate mete) racuna tu duljinu.

Na taj nacin za svaku cesticu detektiranu u SOS-u mo emo izracunati pripadni kore-
kcijski faktor raspada, ciju raspodjelu za kinematiku axialFF_591 vidimo na slici 6[17.]

U starijim eksperimentima broj detektiranih piona u nekoj kinematici korigiran je
zbog raspada piona s jednim usrednjenim korekcijskim faktorom. U ovoj smo analizi,
korekciji zbog raspada piona pristupili na dva nacina. Kod prvog nacina puna Sirina
akceptancije kolicine gibanja SOS-a (od 13% do + 16%) podijeljena je na 1 MeV/c
Siroke intervale, ukupno 29. U svakom intervalu de nirana su sljedeca tri histograma:
histogram nedostajuce mase s rezom na koincidencijski vrhi pripadni  Kgecayhistogram
(plus svi ostali rezovi), te histogram nedostajuce mase s rezom na uniformnu vremen-
sku pozadinu. U svakom intervalu izracuna se usrednjeni Kgecay @ 0d histograma
nedostajuce mase oduzme se odgovarajuca pozadina. Broj dogalaja u preostalom his-
togramu nedostajuce mase korigira se s usrednjenim Kgecay Na kraju trebamo jos zbro-
jiti doprinose po svim intervalima i taj zbroj onda predstavlja broj stvarnih doga daja.
U drugom pristupu ideja je da se raspodjela duljina putanje podijeli na intervale Siroke
10 mm, a zatim se dalje slijedi ista procedura koja je opisana malo prije.

8.4.9 Mionska kontaminacija

Sama korekcija zbog raspada piona je ispravna ukoliko u podacima nemamo mionske
kontaminacije. No kako uvijek postoje mioni koje ¢emo krivo identi cirati kao pione,
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nasi podaci sadr avati ce neki udio mionske kontaminacije. Ako bi kontaminirane
podatke korigirali za raspad piona, jos bi viSe iskrivili konacni rezultat, jer bi ti podaci
bili prekorigirani. Stoga je va no da za svaku kinematiku odredimo udio mionske
kontaminacije.

U sklopu svojeg diplomskog rada [46], Miha Mihovilovic je proSirio mogucnost
programa Simul++ da u spektrometrima A i B mo e pratiti cesticu od mete do dete-
ktorskog paketa u spektrometru i na tom putu simulirati raspad nestabilne cestice. Za
potrebe analize podataka ovog eksperimenta programu Simul++ dodana je moguénost
da simulira raspad nestabilne cestice (piona) i u SOS-u. Sam SOS je u simulaciji izve-
den vrlo jednostavno. Simulira se samo homogeno dipolno polje SOS-ovog magneta,
rubna polja na zavrSecima polova nisu uzeta u obzir. Isto tako, u obzir nije uzeto
rasprsenje cestica od unutarnjih zidova SOS-a. Simulacija prati pion na putu od mete,
kroz kolimator i dipolni magnet SOS-a, pa sve do posljednjeg scintilatora. Ako se
pion raspadne na tom putu, dalje se prati mion. Iz observabli simuliranih elektrona
i piona, odnosno miona i elektrona moguce je izracunati pripadne nedostajuce mase.
Raspodjele "pionske”, odnosno "mionske" nedostajute mase prikazane su na slic[ 6.1p.
Te dvije raspodjele se djelomicno preklapaju. Lijevi rub pionske raspodjele zavrSava
na 3 MeV/c 2, dok se lijevi rub mionske raspodjele nastavlja dalje prema negativnim
vrijednostima. Dakle, rezom na nedostajucu masu moguce je odstraniti dio miona, a
ostatak kojeg nije moguce odstraniti nikakvim rezom mo e se izracunati iz rezultata
simulacije.

U tablici prikazani su udjeli mionske kontaminacije u intervalu nedostajuce
mase od 3do 11 MeV/c ? za sve kinematike. Ako pogledamo kinematiku axialFF_591
ispada da je srednji korekcijski faktor zbog raspada piona 1.333, slika .17, Sto znaci da
se oko 25% piona raspadne u mion i mionski neutrino. Prema rezultatima u tablici 6
otprilike 30% tih miona, u intervalu od 3 do 11 MeV/c 2, biti €e krivo identi cirani
kao pioni. Ostali mioni (oko 70% nijih) ili nece biti u tom intervalu nedostajuce mase,
ili €e njihove putanje promasiti detektorski paket i nece biti detektirani.

8.4.10 Rezovi

Opcta uloga rezova na razlicitim observablama je smanjenje pozadine, bez gubitaka
stvarnih dogadaja. Neki rezovi su univerzalni, dok neki ovise o danoj kinematici.
Jedini rezovi, kod kojih je mali gubitak stvarnih doga daja dopusSten, su rezovi na
akceptancije spektrometara. Zato jer rez na akceptanciju ne odstranjuje samo stvarne
dogadaje, nego i odgovarajuci dio faznog prostora koji daje simulacija. Za ostale
rezove, kada se stavi rez na neku varijablu, gleda se takoder i histogram nedostajuce
mase dogadaja koje taj rez iskljucuje. Ukoliko se u takvom histogramu pojavi vrh na
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mjestu mase neutrona, to znaci da je rez preagresivan. Vrijednost reza moramo mije-
njati dok u histogramu nedostajuce mase vrh ne nestane. Specijalni rez je rez na ne-
dostajucu masu. On de nira iznos velicina koje se koriste u racunu udarnog presjeka.

Do sada smo ve¢ spomenuli vremenski rez na koincidencijski vrh i vremenski rez
na slucajne koincidencije, slika p.5. Kod spektrometra A imamo dva reza. Jedan rez
odnosi se na interval kolicine gibanja rasprSenog elektrona cije observable tvore vrh
nedostajuce mase i taj rez ovisi o kinematici. Drugi rez odnosi se na Z-koordinatu
rekonstruiranog verteksa u spektrometru A, slika Naime, elektroni se mogu
rasprsiti na razlicitim plinovima i folijama, zbog cega e se njihova putanja promije-
niti, a rekonstruirana kolicina gibanja nete odgovarati kolicini gibanja originalnoga
elektrona. Sretna okolnost je, da obicno i verteks takvih elektrona bude rekonstruiran
izvan dimenzija mete. Rezom 50 mm < Z, < 50 mm mo emo smanijiti pozadi-
nu koju stvaraju takvi elektroni. Kako spektrometar rekonstruira polo aj verteksa s
konacnom rezolucijom, interval je puno Siri od same dimenzije mete.

Kod SOS-aimamo tri reza. Najkompliciraniji je rez na akceptanciju SOS-a, kojaima
oblik trapezoida s odrezanim kutovima $to se najbolje vidi na 2D histogramu dpg vs. go
SOS-ovih koordinata mete, slika 6.2]. lako SOS ima kolimator u obliku trapeza, ocito
je da detektorski ustav na neki nacin odre e dio akceptancije, 5to je primijeceno i u
simulaciji. Zbog kompliciranog oblika SOS-ove akceptancije, primijenili smo rezove u
formi linearne funkcije qo = a dpp+ b. Drugi rez odnosi se na koordinate SOS-ovih
driftnih komora. Matthias Ding je joS u svojem doktoratu [16] primijetio da ako cestica
prode vrlo blizu signalne ice, odluka je li proSla s lijeve ili s desne strane ice mo e
ispasti krivo. Umjesto stvarne putanje rekonstruira se zrcalna putanja koja ima kut
s pogresnim predznakom. Ovaj efekt se najbolje vidi na 2D histogramu koordinata
X-komore Xch VS. Och, lijeva slika . Vidimo da u centralnoj raspodieli u obliku
paralelograma nedostaju uske trake, koje su zrcaljene s obzirom na predznak kuta u
podrucje gdje ne bi trebale biti. Korekcija ovog efekta izvedena je unutar programa za
rekonstrukciju putanje "pdcD.cc" na nacin da su trake u zabranjenom podrucju izoli-
rane, a za te dogadaje odluka o predznaku kuta napravljena je namjerno. Nakon ko-
rekcije, desna slika[6.22, praznine u centralnoj raspodijeli su popunjene. Ova korekcija
je vrlo bitna, jer se u histogram nedostajuce mase korigiranih doga daja isto pojavljuje
vrh na polo aju mase neutrona, tj. i korigirani doga daji sadr e stvarne koincidencije.
Posljedniji rezovi, vezani uz SOS, odnose se na energiju koju cestice deponiraju u SOS-
ovim scintilatorima. Rezovi su postavljeni tako da odstranjuju minimalno ionizirajuce
cestice iz podataka. Prihvacaju se dogadaji koji u drugom scintilatoru deponiraju ener-
giju vecu od 260-tog ADC kanala i u trecem scintilatoru vecu od 280-tog ADC kanala.

Rez na nedostajucu masu odnosi se na interval nedostajuce mase iz kojeg uzimamo
dogadaje za racunanje udarnog presjeka. Isti interval moramo Kkoristiti i kod velicina
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koje dobivamo iz simulacija, a to su fazni prostor i mionska kontaminacija. Zato
je vano da se raspodjele vrhova simuliranih i eksperimentalnih nedostajucih masa
poklapaju u obliku i polo aju. Obicno, na pocetku analize bez podeSenih parametara,
poklapanje postoji, ali nije zadovoljavajuce. Polo aj i oblik eksperimentalnog vrha
kontrolira se nim podeSavanjem centralne kolicine gibanja spektrometra i debljinom
snijega na meti. Kod simulacija Sirina i oblik vrha mijenja se podeSavanjem kutne
rezolucije i rezolucije kolicine gibanja za svaki spektrometar. Kako ordinate eksperi-
mentalnog i simuliranog histograma nedostajuce mase nisu u istim jedinicama, te dvije
raspodijele potrebno je na neki nacin normalizirati kako bi mogli uspore divati njihove
oblike. Za normalizacijski faktor izabran je omjer najviSih binova u obje raspodjele.
Kod takvog pristupa najviSi binovi u obje distribucije e se poklapati [12].

Na slici primjer je rezultata prilago davanja polo aja i oblika vrhova za kine-
matiku axialFF_591. Sto se tice samog vrha poklapanije je vise-manje u redu. Medutim,
na uvecanoj slici vidimo da se radijativni repovi ne poklapaju najbolje. Isto tako s
lijeve strane (prema negativnim vrijednostima) kod eksperimentalnog vrha joS uvijek
imamo neke dogadaje. Uzroci ovih efekata mogu biti razni. lli je simulacija radija-
tivnog repa nedovoljno precizna, ili postoji neka vrsta pozadine koju nismo odstranili
oduzimanjem, a nismo ju uzeli u obzir kod simulacije. Kandidati za ovaj oblik poza-
dine su mioni. Ako sad usporedimo mionsku raspodjelu nedostajuce mase s ekspe-
rimentom, slika vidimo da se lijevi rub mionske i eksperimentalne nedostajuce
mase dobro poklapaju, a dok je desni (radijativni) rub eksperimentalne nedostajuce
mase malo podignut zbog miona. Ako od eksperimentalne raspodjele nedostajuce
mase oduzmemo mionsku raspodjelu, slaganje vrha faznog prostora i mjerenja e se
pobolj3ati, slika §.26. Poklapanje na lijevom rubu je mnogo bolje, cak je na nekim mje-
stima i prekorigirano. S desne strane vrha, poklapanje radijativnih repova tako der je
puno bolje, male diskrepancije dolaze od male statistike u tom djelu raspodiele ili od
postupka normalizacije simuliranih histograma. Da bi se u izracunu udarnog presjeka
izbjegla potreba za normalizacijom, mionska kontaminacija se ne uklanja oduzima-
njem histograma, nego se u danom intervalu izracuna udio miona i onda se za taj udio
umanji broj eksperimentalnih doga daja u tom intervalu.

8.4.11 Procjena sistematske greske

Ukupna sistematska greSka ima nekoliko razlicitih doprinosa. Iznos svakog dopri-
nosa procijenjen je posebno, a ukupna greSka se onda dobiva kao drugi korijen zbroja
kvadrata pojedini doprinosa, jednad ba

Sistematskoj greski luminoznosti doprinose: nepouzdanost struje snopa DI = 0.3/n
A (n broj recirkulacija u trecem RTM-u), nepouzdanost gustoce mete Dr (zbog uk-
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tuacija temperature i tlaka mete), nepouzdanost prosjecne duljine mete Dx™® (iznosi
oko 0.5% [10]). Koristeci jednad bu odnosno jednad bu ¢.12]Jmo emo izracunati
sistematsku greSku luminoznosti.

Kod korekcije zbog raspada piona sistematska greska ovisi o0 nepouzdanosti kolicine
gibanja piona Dpp (u [16] odredeno je da iznos oko 1.3 MeV/c) i nepouzdanosti u
izracunu duljine putanje piona Ds za koju je uzeta procjena od 2 cm. lzabrana je
ovako velika vrijednost jer neke dimenzije u detektorskom paketu nisu poznate sa el-
jenom preciznoscu, a uz to kod Y-komore SOS-a korekcija za odluku lijevo-desno nije
implementirana jer trake koje sadr e doga daje nisu bile jasno odvojene od centralne
distribucije, slika Sam iznos sistematske greSke mo emo dogadaj po dogadaj
izracunati u apsolutnom (jednad ba 6[I3)]ili relativnom iznosu (jednad ba 6.14). |Na
slici prikazana je raspodjela relativne sistematske greSke zbog raspada piona za
axialFF_897a kinematiku. Za racun ukupne sistematske greSke uzima se maksimalna
vrijednost koja iznosi otprilike 0.54%.

Sistematska greSka mionske kontaminacije odredena je pomocu statisticke uk-
tuacije rezultata. Vrijednost kontaminacije izracuna se iz rezultata simulacije 10 8 do-
gadaja i promatra se kako se vrijednost mionske kontaminacije mijenja u simulaciji s
1.1 10°, odnosno 0.9 10 dogadaja. Za sve kinematike dobivena je relativna gredka od
0.23%. Na isti je nacin procijenjena i sistematska greSka faznog prostora od 0.12%.

Korekcijom na odluku lijevo-desno kod X-komore SOS-a spaSeno je oko 2.04%
stvarnih koincidencija. Sama korekcija obuhvaca samo tri driftne Celije zdesna, a za
ostale celije nije bilo moguce implementirati korekciju, slika lli tog efekta na
lijevoj strani nema, ili je toliko mali da ga je teSko uociti, a i sami krivo rekonstru-
irani doga daji bili bi unutar srediSnje 2D raspodjele. Ovdje smo za procijenjenu greSku
uzeli jednu tre¢inu od ukupno spasSenih doga daja, dakle 0.68%.

U slucaju korekcije zbog snijega na meti, sistematska greSka procijenjena je na teme-
lju ponovljene analizes 0.2 mm i+ 0.2 mm u odnosu na optimalnu vrijednost debljine
shijega, a dobiveno je da iznosi 0.09%.

Najveci doprinos sistematskoj greski dolazi od reza na nedostajucu masu (ovdje se
misli na desni kraj intervala u radijativnom repu raspodjele). Ako smo dobro odradili
kompletnu analizu konacni udarni presjek ne bi trebao ovisiti o polo aju reza u radi-
jativnom repu raspodjele nedostajuce mase. Kao $to je ranije primijeceno u [11] i [12],
ali i kod ovog eksperimenta, ako povetavamo desni rub reza iznos udarnog presjeka
lagano raste, slika[6.31. Na pitanje $to uzrokuje ovu pojavu nema jednoznacnog odgo-
vora. Jedno od mogucih objasSnjenja je svakako nesavrSeno poklapanje radijativnih
repova raspodijela mjerenja i simuliranog faznog prostora, zbog sve loSije i l0Sije stati-
stike u radijativnom repu eksperimentalnih podataka. Za Rosenbluthovu separaciju i
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odredivanje TL interferencijskog clana koriSteni su udarni presjeci kod kojih je gornja
granica reza bila je na 11 MeV/c?. Uz to su odredeni i udarni presjeci s gornjom grani-
com reza na 6 MeV/c? i na 16 MeV/c 2. Pripadna standardna devijacija koritena je za
procjenu sistematske greske. Ovisno o kinematici relativna sistematska greska reza na
nedostajucu masu iznosiizmedu 2.4% i 3.2%.

8.4.12 Elasticni udarni presjek

Na kraju mjerenja prve tri kinematike iz tablice 51, |sa spektrometrom A izmjeren je i
udarni presjek elasticnog rasprsenja elektrona na protonu p(e € za kinematike koje su
sa ete u tablici Elasticni udarni presjek elektrona na protonu vrlo dobro je poznat

I eksperimentalno i teorijski, pa su ova mjerenja napravljena sa ciljem da se prati stanje
spektrometra A kroz vrijeme trajanja eksperimenta.

U ovom slucaju vrh nedostajuce mase odgovara masi protona. Luminoznost mo e-
mo izracunati pomoc¢u programa Lumi++, a fazni prostor F pomocu Simul++. Od
ranije znamo e kasnosti detektora spektrometra A, pa elasticni udarni presjek mo emo
izracunati pomocu jednad be Teorijski udarni presjek dan je jednad bom 232,
zavrijednosti elektricnog i magnetskog form-faktora koristena je spline parametrizacija
iz [B6]. Na slici nalaze se teorijski (crvena linija) i eksperimentalni (plave tocke)
rezultati elasticnog udarnog presjeka u ovisnosti o kutu rasprsenja elektrona ge. Greske
po binovima odre dene su samo iz statistickih greSaka podataka i faznog prostora.
Rubni binovi s obje strane raspodijela odgovaraju rubovima akceptancije spektrome-
tra. Kako je tamo statistika dogadaje mala, pripadna greska ce biti velika.

Zanajvecu energiju struje snopa od 855 MeV imamo odlicno slaganije teorije i ekspe-
rimenta, a kako struja snopa pada (450i 345 MeV) dolazi do male diskrepancije. Naime,
zbog konacne ucestalosti dogadaja koju detektorski paket spektrometra A mo e
podnijeti, prilikom mjerenje elasticnog rasprSenja mora se koristiti relativno mala struja
snopa (oko 1 A). To povetava greSku mjerenja struje snopa s Forster-ovom probom,
koja se pogorSava kako smanjujemo energiju snopa, a samim time i broj recirkulacija
u trecem RTM-u MAMI akceleratora. No sve u svemu, mo emo zakljuciti da je
spektrometar A dobro funkcionirao tijekom cijelog trajanja eksperimenta.

8.5 Rezultati

KoristecCi sve navedene korekcijske metode i rezove, za svih pet kinematika odre den
je udarni presjek reakcije p(e €b*)n, koja je mjerena na invarijantnoj masi od 1094
MeV i prijenosu cetveroimpulsa od 0.078 (GeV/c) 2. Rezultati su prikazani zajedno s
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ukupnom greskom, te izdvojenom statistickom i sistematskom greSkom, u tablici 7[2. ]

Kao Sto smo i ocekivali, ovisnost tri udarna presjeka, mjerenih u paralelnoj kine-
matici, o polarizaciji virtualnog fotona  eje linearna, slika[7.1. 1z te ovisnosti Rosenbluth-
ovom metodom separirani su L i T clanovi udarnog presjeka, tablica Ako ne
uzmemo u obzir greSke (ukupne ili sistematske ili statisticke), linearna regresija za
L clan daje relativhu gresku od 6.3%, a za T clan 3.4%. No ukupne greSke tih clanova
su relativno velike, jer sadr e joS i doprinose od statisticke i sistematske greSke, tablica

[Z.3.

Modeli, koji ¢e biti prezentirani u daljnjem tekstu, faktoriziraju ukupni udarni
presjek malo drugacije nego Sto je navedeno u jednad bama [.1]i R.19. U de niciji
faktorizacije modeli ne koriste longitudinalnu polarizaciju virtualnog fotona e'-L’ [47]!
Stoga jeTL clan udarnog presjeka (tablica [7.3) izracunat pomocu jednad be

8.5.1 Usporedba teorijskih i eksperimentalnih rezultata

Rezultati L, T i TL clanova udarnog presjeka usporedeni su s predvi danjima teorijskih
modela, kojima je moguce pristupiti putem mre nog sucelja [47].

Prvi model je Dubna-Mainz-Taipei model ili jednostavnije DMT2001. Izracuni se
provode unutar dinamickog modela izmjene mezona, koji opisuje vecinu postojecih
podataka elektromagnetske produkcije piona sve do drugog rezonantnog podrucja.
Model koristi potencijale koji su izvedeni iz efektivnog kiralnog lagran ijana [48]._ViSe
detalja 0 modelu mo e se naci u [48+50].

Drugi model je baziran na analizi parcijalnih valova pomocu unitarnog izobarnog
modela MAID. Model je konstruiran od nerezonantne pozadine i nukleonskih rezo-
nanci. Prva verzija modela napravljena je 1998 godine, a od onda je model poboljSavan
nekoliko puta. Aktualna verzija, MAID2007 [51],)koristi svih 13 rezonanci na energi-
jama do 2 GeV, s transverzalnim elektricni, transverzalnim magnetskim i Coulomb-
skim vezanjima. Rezonance su opisane pomocu aproksimativno unitariziranih Breit-
Wigner forma. Nerezonantna pozadina opisana je potencijalom elektroprodukcije pi-
ona koji sadr i doprinose Born-ovih clanova opisanih s energijsko ovisnim mijeSanjem
pseudoskalarnih i pseudovektorskin p NN vezanja i izmjenom vektorskih mezona u
t-kanalu. QZ? ovisnost pozadine nukleonskih polova s- i u-kanala opisana je form-
faktorima iz [52]. Kod elektromagnetskog verteksa pionskog pola koristi se monopolni
oblik pionskog form-faktora, na verteksu kontaktnog clana dipolni oblik za aksijalni
form-faktor i na kraju standardni dipolni form-faktor za izmjenu vektorskih mezona.
Pozadina se unitarizira pomocu postupka K-matrice. Parametri su dobiveni i iz mo-
noenergijskih i globalnih prilagodbi na svjetsku bazu podataka pionske foto- i elektro-
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produkcije. Detaljniji opis ovog modela dan je u [51]!

Tre€i model je tzv. kiralni MAID ( MAID) [53]. Radi se o racunu pionske foto- i

elektroprodukcije u Lorentz-invarijantnoj barionskoj kiralnoj perturbacijskoj teoriji do
i ukljucujuéi red . Niskoenergijske konstante su ksirane prilagodbom na eksperi-
mentalne podatke u svim dostupnim reakcijskim kanalima. Izracun kompletne
amplitude je izbjegnut u mre noj aplikaciji, jer je za to potrebno mnogo vremena. Ulaz

MAID-a je ogranicen do i ukljucujuci | = 4 multipole (G valovi). Sve observable
su izvedene iz multipola koji su prethodno izracunati za sve kanale reakcije. Izracun
multipola provodi se za raspon energija W = 1073.3 1190 MeV i za elektroprodukciju
kroz Q% = 0.3 (GeV/c)?. Doprinosi petlji i njihovi parametri imaju ksne vrijednosti
i ne mogu se mijenjati putem mre nog sucelja. Kontaktni dijagrami na O(¢®) i O(q)
ulaze analiticki, a pripadne niskoenergijske konstante mogu se mijenjati po volji. Vise
detalja 0 ovom modelu mo e se procitati u [53].

Predvidanja teorijskih modela za T, L i TL clanove udarnog presjeka elektropro-
dukcije nabijenog piona na protonu na Q2 = 0.078 (GeV/c)? i W = 1094 MeV pred-
stavljeni su u tablici Ovdje je potrebno napomenuti da su rezultati  MAID modela
dobiveni pomotu niskoenergijskih konstanti koje su prilago dene na rezultate proslih
eksperimenata elektroprodukcije nabijenih piona [53].

Zbog lakSe usporedbe eksperimentalni T, L i TL clanovi i pripadna teorijska pred-
vidanja prikazani su na istom grafu U slucaju T clana sva tri modela predvi daju
nesto vece vrijednosti od eksperimentalne, DMT2001 i Maid2007 oko 10.7%, a MAID
oko 17.3%. Nadalje, u slucaju L clana predvi danja MAID i DMT2001 su vrlo blizu
eksperimentalne vrijednosti, dok Maid2007 predvi da nesto vecu vrijednost. Kod TL
clana, predvi danje DMT2001 nalazi se unutar raspona gresSke, MAID2007 je vrlo blizu
raspona, dok je  MAID malo viSe izvan raspona greske.

8.5.2 Zakljucak i perspektiva

Za pet razlicitih kinematika, izmjereni su udarni presjeci elektroprodukcije nabijenog
piona na protonu. Invarijantna masa iznosila je W = 1094 MeV, a transfer cetvero-
impulsa Q% = 0.078 (GeV/c)>. Raspreni elektron detektiran je u spektrometru A u
koincidenciji s proizvedenim nabijenim pionom, koji je detektiran u SOS-u. Po prvi
puta napravljena je kompletna analiza podataka mjerenja elektroprodukcije nabijenih
piona sa SOS-om. Analiza je ukljucivala uvo denje razlicitih korekcija specicnih za
SOS, kao i proSirivanje mogucnosti programa Simul++ da mo e simulirati raspad pi-
ona u SOS-u. Ovisno o kinematici, statisticke greSke mjerenih udarnih presjeka bile su
izmedu 0.8% i 1.2%, a sistematske izmelu 2.9% i 3.5%.
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Rosenbluthovom metodom ukupni udarni presjek elektroprodukcije piona separi-
ran je na longitudinalni i transverzalni udarni presjek, s ukupnim greSkama od 14.7% i
6.7%. Takdler je odreden i transverzalno-longitudinalni interferencijski udarni
presjek, s ukupnom greSkom od 10.5%. Eksperimentalne vrijednosti clanova udarnog
presjeka usporedene su s predvidanjima izabranih teorijskih modela. lako su koriStene
niskoenergijske konstante MAID modela dobivene prilagodbom na prijasSnje ekspe-
rimente elektroprodukcije piona [53]] u slucaju longitudinalnog udarnog presjeka

MAID model daje dobro slaganje s eksperimentom. DMT2001 tako der daje dobro sla-
ganje, dok Maid2007 daje oko 24.2% vecu vrijednost. Sva tri modela predvidaju vece
vrijednosti transverzalnog clana, ali ne viSe od 17.3%. Predvi danja modela MAID2007
i DMT2001 vrlo su blizu eksperimentalnoj vrijednosti transverzalno-longitudinalnog
interferencijskog clana, s time da je predvi danje DMT2001 malo bolje. Ovdje, MAID
predvi da 22.5% vecu vrijednost po iznosu.

Uvodenjem odredenih poboljSanja u buduénosti, poprilicno velike sistematske gre-
Ske mogle bi se dodatno smanijiti. Jedno od mogucih poboljSanja bile bi nove transfer
matrice koje bi bolje rekonstruirale nedisperzivne koordinate u odnosu na postojece.
Drugo poboljSanje bila bi izrada detaljne karte magnetskog polja SOS-ovog dipolnog
magneta, koja obuhvaca i rubna polja. To bi omogucilo vjerniju simulaciju ponasanja
cestica unutar SOS-a.

Nadalje, dobiveni transverzalni udarni presjek predstavlja podatak koji de nira
pona3anje aksijalnog form-faktora na niskom prijenosu cetveroimpulsa ( Q%2 = 0.078
(GeVi/c) ?). Kako SOS mo e detektirati pione s kolicinom gibanja mnogo ni om od 113
MeV/c, on nam pru a mogucnost, da u buducim eksperimentima istra imo ponasanje
aksijalnog form-faktora na josS ni im prijenosima cetveroimpulsa.

Na pragu p(e €b *)n reakcije longitudinalni clan udarnog presjeka ima dominan-
tan doprinos od induciranog pseudoskalarnog form-faktora, koji se mo e izdvojiti iz
eksperimentalne ovisnosti longitudinalnogclanao QZ2. Kako smo ovdje longitudinalni
clan odredili otprilike 15 MeV iznad praga reakcije, taj podatak bi se ve€ mogao iskori-
stiti kao jedna od Q?-tocki za ekstrakciju induciranog pseudoskalaranog form-faktora.

Preciznije poznavanje slabih form-faktora omogucilo bi detaljniji opis slabe aksi-
jalne struje nukleona. Elektromagnetski form-faktori, koji opisuju slabu vektorsku
struju nukleona, poznati su s visokom preciznoScu. Sve zajedno €e doprinijeti boljem
opisu elektroslabe strukture nukleona i svojstava koja slijede iz te strukture.
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