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The null result of December 2004 Sub-threshold photopridliof Ji) experiment
has motivated this thesis. This monte-carlo predicts theszsection for sub-threshold
photoproduction process and provides an insight on thesegestion range of these pro-
cessess.

Additionally calibration runs were performed for Omega &td mesons for the ver-
ification of correctness of experimental procedure. Thalte$rom this experiment are
compared with the monte-carlo simulation for the numberméga meson events. This
is primarily done as the models for photoproduction of onmgaon are well tested. The
monte-carlo provides satisfactory results for the phaidpction models and with a crude
a spectrometer model predicts the number of events whiclofaley a factor less than

two. A refined model from Jefferson lab will eliminate thiscdiepancy.
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CHAPTER |

INTRODUCTION

1.1 From Quarks to Vector-mesons

Quarks and Leptons are the fundamental constituents oematthe standard model of
particle physics. The most striking property of quarks isd¢bnfinement This property
is expected to follow from the theory of strong interacti@aied Quantum Chromody-
namics(QCD) and is also well established experimentallyodsa® quarks have ever been
observed. It is because of this property that quarks aredmside subatomic particles.
Quarks have spin-1/2, hence are fermions and are the bgildocks of matter. Table
1.1 summarizes the properties of quarks.The quark modeksatully predicts the con-

stituents of all the observed hadrons [8].

Table 1.1

Properties of constituents quarks
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Table 1.2

Lowest Lying multiplets of hadrons in terms of quark model

Hadron Spin-Parity Type Members Number
Rest energy (GeV) JT of Multiplets of Members
0.5 0~ Pseudoscalar mesons wK Knn/ 9
0.8 1~ Light Vector-mesons  pK*w¢ 9
1.1 i Baryons NAYE 8

1.4 gt Baryons AL E*Q 10

Table 1.2 presents a scheme of lowest-lying multiplets dftvas based on the various
flavor combinations of quarks. The rest hadron energy in€Tat is roughly the central
energy of the respective multiplet. Hadrons are classifeedming to their quark content
namely baryons with three quarks{) and mesons with a quark and antiquat( We
now focus more on the properties of mesons in terms of quarkstd relevance to this
thesis.

The intrinsic parity of fermion-antifermion pair being ragye and with two spin}

guarks can form two states with= 0:

1So JT=0" pseudoscalar mesons

39, JT=1" vector mesons
To see how the observed mesons(as in Table 1.2) can be wuatkistterms of their
constituent quarks, we consider the relevant masses okgjftam Table 1.1 which are
below 1 GeV. Hence, if we consider the three lowest mass guark and s and their

antiparticles in the following combination[8]:



This implies the existence of nine different mesons in agesd with Table 1.2. However,
the arrangement is not according to the quantum numbers amcehcomparison with
experimental observation is not obvious. In Table 1.3, the different combinations are

arranged according to the strange(S) and isospig(lantum numbers.

Table 1.3

Reordering of;g according to Strangeness S and isospin compogent |

h=-1 . 0 I 1

oOrWm
L
]
IS
o

du uw,dd,ss ud

1
|_\
w
|
)
IS

These can now be compared with nine pseudoscalar and nite weesons. For the
pseudoscalar mesotisis scheme gives,
K° K*
m 0% mt
K~ KO
and for thevector mesons
K*O K*+
p- P’ w0, ¢’ p*

K+ ]I{*O
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In both cases, the assignments for the six states obuker ringare unambiguous. The
three states in the center however have the same quantumersmi®@landJ. Since any
linear combination of the statesi, dd andss have the same quantum numbers, it is not
possible to identify one quark combination with one mesancé&any linear combination
of statesui, dd andss will have the same quantum numbers, we cannot discern omk qua
combination with one meson uniquely. Since we are concesngdwith vector mesons,
we now extract the quark content of vector mesons.

In case of rho, since the charged members do not contain eangst quark content,
the neutral rho also should not have any strangeness asns famn isospin triplet with its
charged relatives. Now adding up the spin of particle-amtiple pairs of the states: and

dd, we have
0 dd — ui
NG

In case of¢® meson, it experimentally observed that in the rest energgtspm it lies

(1.1)

aboveK™* by 130 MeV and hence must be composed of,
¢° = s5 (1.2)
In case ofv, th state function can now be found by setting,
w? = cyuti + codd + c385 (1.3)

Now, the state representingshould be orthogonal to the states representthgnd ¢°.
From the above considerisationsfand¢’, thew" is calculated to be,

wi + dd
W' = 7 (1.4)
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One immediate observation that we can make here is, sinagun& content op andw

are same their masses must be approximately close,

my = Mo (1.5)

p

This observation is indeed found true experimentally.

1.2 The Vector Meson Dominance Model

The Vector Meson Dominance(VMD) model is a non-perturtegtighenomenological
model developed in the 1960’s to explain photoproductiohghit vector mesons. As a
result of bulk experimental data[3] during these yearggteas a growing awareness that
the ability of the photon to transform into a vector mesonghplay a broader role than
in form factors and decay matrix elements. The VMD providghsical picture of the
photoproduction mechanism and is discussed here to pravedeeader with a “physical
intuition” of the photoproduction process [3].

The photon interactions with hadrons bear remarkable afitids to purely hadronic
interactions. At a very crude level, this can understootiéf physical photorry) were a
superposition of two types of states: a bare phdtg) and a small-of orde{/«-hadronic
component/a|h) which undergoes conventional hadronic interactions. Ehate expect

the important part of the physical photon state to be exjikesas

) 22/ Zs|ys) + Valh) (1.6)

whereZ; introduced to assure the proper normalisatiofypfall states in the above equa-

tion have the same 3-momentum k. Invariance consideratiiotete thath) should have
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the same symmetry quantum numbers as the photoifie= 1"",Q = B = S = 0.
The copious photoproduction of vector mesphso and¢ suggests that they provide very
important contributions tth). The restrictive assertion that these three mesons arelthe s
hadronic components of the photon, and the bare compdfnenannot interact with the
hadrons, is the hypothesis of Vector Meson Dominance(VMDijsi most naive and clear
cut form. The less restrictive assumption that all the ax#ons result fromh), which

has more constituents thah w and¢ is referred to Generalized Vector Dominance(GVD)

[3].

1.3 Photoproduction of Vector mesons

This section is devoted to the generalised vector mesomphaduction and a brief overview
of dominant mechanisms thereof. The high energy photorteéinorder of GeV’s) in pho-
toproduction experiments are usually produced by coljgirhigh energy electron beam
onto a radiator or they are generated inside the target assiexperiment.

Generalising the basic picture of the photoproduction @ssg¢p — V p, the photon
fluctuates into a quark-antiquarlg pair, which then interacts with the protgn This
interaction depends on the mechanisms which will be digtlisger. After the interaction,
the vector mesoilr with invariant massn is formed in the first approximation by tlyg
pair. In the kinematic region of centre-of-mass eneligy, the time scales involved are

the following: the typical lifetimer,_.,; of v — ¢g fluctuation and the time,;_.,, for the
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formation of vector mesol’ are much longer than the durationof the interaction with

the proton,
T'yﬂq(j > Ty quﬂv > i
100 L. PARAME TRIZ ATION ]
. ® This Experiment 1
SO [ e x SLAC 1.5 Gev ]
b o Cal Tech 12 GeV
20 + *0 (0) i
. . |
c\% 1o+ ,L_ =
% 5 ¥ ]
. * ]
gs 2 Y
| E ﬁ B
C.5 }
-
02 r f
0.k =
o) 0.4 0.8 .2
i (Gev?)
Figure 1.1

Diffractive cross-section gf meson[2]

1.3.1 Rho Photoproduction

(1.7)

The rho meson is an unstable particle whose mass and widttoagaly 770 MeV and

155 MeV respectively. Its quantum numbéfs(J)C are1™ (1)~ and its dominant de-

cay mode is two charged pions [3]. It has been found expetatigithat rho photoproduc-

tion has characteristics of a diffractive process- i.eharsly forward-peaked differential

cross section varying slowly in magnitude with photon egefihis is clearly refected in



8

the Figure 1.1[2] above. Such behaviour is accounted fanenMMD model by a direct

v — p° coupling.

1.3.2 Omega Photoproduction

The omega meson is an unstable particle with a mass of (#88.8) MeV and width of
(10.04 0.4) MeV. Its quantum number&” (JF)C are0~(17)~ and its dominant decay
modes arer 7~ 7% (90.0% 0.6)%, 7°~(8.7 & 0.5)% andr "7~ (1.3 £ 0.3)% [3]. Since
omega has much a larger width fofy decay mode thap meson, one-pion exchange
plays a larger role in omega photoproduction, and at lowgesdominates the photopro-
duction cross-section. In reality the cross-section is stigiffractive and OPE effect as
evidenced in the Figure 1.2 below[2].

Irrespective of the prediction of the OPE effect due to dantm’~y decay mode, the
evidence of a large forward peak in differential crossisedn t is a manisfestation of the
single particle exchange mechanism at work atiowhe one-pion exchange model is spe-
cific case of single particle exchange mechanism which wasutated to distinguish be-
tween meson exchanges and baryon exchanges which led tartband backward peaks

respectively [12].

1.3.3 Phi Photoproduction

The¢ meson is an unstable particle with a mass of (10%9073) MeV and a width of (4.1

+ 0.2) MeV. Its quantum numbet’ (J¥)C are0~(17)~ and its dominant decay modes
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are K+ K~ (46.6+ 2.3)%, K1 K(35.04 2.0)%, 7+ 7~ 7°(16.4+ 1.5)%,77(2.0 £ 0.4)%

andr%(0.14+ 0.05)% [3].

YPTPw
—4— do/dt de™/d

S T e N e | T T T T ]

* Ey:2.8 Gev o Ey=4.7 GeV | Ey=9.3 Gev 1

A8 M - |+ _| 1
10 -+ b - -

1) | LI 3 3

: “F ¥ 1ot | Hé ]
2T e 1T 7 % ' " 1
-SRI a7 ]
S8 F fog—y E 1 F 4 E
05 F 3 1 F P 1

C 1 [ 1 1

02t _i l , | | L 1

Y N N B e ) s

] 05 1o 0 05 [Relte} 0.5 1.0

il (Geve) it {Gev?) it (Gev2)

Figure 1.2

Diffractive and OPE nature of cross-section[2]

The ¢ meson is interesting from a number of standpoints. In aatdiid its being one
of the three major vector mesons, the scattering proceeds through Pomeron exchange.
This is a consequence of the fact tltats made up of strange-antistrang@ewhich are
barred from resonance reactions with nonstrange mesomsrsadrhus, on the diagonal
VMD, one would expect) photoproduction to be due dominantly to Pomeron exchange
and hence provides an excellent information concerningdfons [3]. The Pomeron is a
coherent color-singlet object, built from gluons. It is tigect which is exchanged by any

pair of hadrons that scatter at high energy and large impaeinpeter.
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1.4 Models for.J/¢) Photoproduction
The J /1 is the first excited state of the bound charm-anticharm du@rkvith a mass of
(3096.87+ 0.04) MeV and a width of (87.@ 5.0) keV. Its quantum numbet&’ (J¥)C
are0~ (1)~ and its dominant decay modes are to hadrons(87(.5)%, e*e~(5.93 +
0.10)%, " 11~ (5.88+ 0.10)% [5].

In case of photoproduction df/v, the interaction mechanism gf'¢ is not understood
to date. The threshold energy in the the center of mass franted reactionyp — J/¢ p
is given by,

The incident photon energy, corresponding/te = 4.034 GeV is,

E, =8.2GeV (1.9)

The maximum available photon energy at the Jefferson LabrisGgV, hence to photo-
produce the//« the target itself must provide the necessByy> 350 MeV in the form of
Fermi energy. This process is different in this sense as aosato all the photoproduc-
tion mechanisms above. Physically this means that thettatggeon momentum must
point antiparallel to the incident beam(with the correctreyy).

The exact reaction physics of the above process is absdrit)dye are some specific
requirements that are needed to be satisfied for the abowegwdo occur which will
broaden our understanding of behaviour of nucleons at shoge. Figure 1.3 shows

characteristic scales fof/+) photoproduction near threshold. In this model [4], the phot
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fluctuates into &c over longitudinal lengthl, ~ 2E** /4m2 = 0.36 fm and interacts with
the target proton through gluon exchanges. All the targdebpa have to transfer their
energy to the charm quarks witin their proper creation time,. and must be within the
transverse distance from. The success of this model is believed to provide a new window

into multiquark

Y Y v
N \ -
A A
1
v
P P
Figure 1.3

Characteristic scales fot/1) photoproduction near threshold

In case of photoproduction of charm near threshold, sineditial nucleon is nearly
at rest in the lab frame, the net momentum fraction carriedhleyspectator partons is
xz ~ 0. The production rate behaves near— 1 as(1 — z)?"s wheren, is the num-
ber of spectators. Perturbative QCD predicts three diftegronic components of the

photoproduction cross-section[4]:

e The usual one gluoiil — z)* distribution for leading twist photon-gluon fusion
~v g — c¢, which leaves two quarks spectators;

(1-x)?

e Two correlated gluons emitted from the proton with a netritistion ;v for

vgg — c¢, leave one quark spectator;

(1-2)°

e Three correlated gluons emitted from the proton with a nstriution -7 for

vgg9g9 — cc, leaving no quark spectators.




6(YN — J/v elastic) nb

[
(=}
N

i J/V¥ elastic
10 = . Cornell 75
-+ SLAC75 : *
1k
1)
10
2|
10 |
al ———  Two gluon exchange
10 |
————— Three gluon exchange
10'4\H‘\H‘\H‘\H‘\H‘\H\

8 10 12 14 16 18 20 22
Ev GeV

Figure 1.4

J /1) cross-section measurement by Cornell and SLAC
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Herezx ~ (2mM + M?)/(s — m?) and M is the mass ofc pair. For elastic charm
production (when the proton target remains bound), it is alscessary to take into the
account the recombination of the three valence quarks h@gtoton via its form factor,
as well as the coupling of the photon to thepair. For the two gluon exchange the cross-

section of they p — J /1 p takes the form[4]:

CZ—N (122_/\2 oy s —m?)? (1.10)

while for three gluon exchange it takes the form:

do (1—2)°
ar N g

Fl( ) (s —m?)? (1.11)
where\ are the normalization coefficient$; (¢) is the isoscalar proton form factor and
its argument takes into account that the momentum trarsfdrared between two or three
valence quarks in the proton. These models are used in théeroarlo simulation in a
simplified form[6]: 22 = a f(bt):

f(bt) = e for the dipole form factor,

f(ot) = = bt for the 3-gluon exchange model, and

fot) =

for the 2-gluon exchange model.

The gluon exchange models are shown with the Cornell and SlaA€ ak in Figure 1.3 .
While both curves drop off rapidly with photon energies ajggtong threshold , both the
Cornell and SLAC data seem to be flattening out below 12 Ge\a# believed earlier that
this was a transition from 2-gluon process to the 3-gluorcg@ss near threshold. There

are other popular models like the photon-gluon fusion madesled on pQCD but these
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models fail to match the cornell data by a factor of five andexygected to work at high

energy. We present in this thesis analysis of 2-gluon anldi@rgmodels.



CHAPTER I

EXPERIMENTAL SETUP

2.1 Introduction

The experiment of Sub-thresholtf+) photoproduction was conducted at the Hall-C of
the Jefferson Lab in November-December 2004. In this expani, electrons accelerated
to the relativistic speeds are collided with a fixed targdtjolv also acts as the radiator
for the photon flux via bremsstrahlung. This photon flux fartinteracts with proton
inside the target nucleus to produce an vector meson anolproff the several prominent
decay modes of the Omega meson, we observed the electrirepatkecay mode which
has a branching ratio af x 10~°. These were further detected in coincidence using the
two Hall-C spectrometers, the High Momentum Spectroméidt$) and the Short Orbit
Spectrometer (SOS). The target used was Beryllium with tbatian length of 6. In

this chapter the experimental set up is described.

2.2 Accelerator

The Thomas Jefferson National Accelerator Facility (TJNA#izes two linear accelera-
tors (LINAC), North LINAC and South LINAC, to accelerate thedoe over a distance of
approximately 2 km and 9 recirculation arcs, East arc and #esto bend the beam back

in the LINACs. The beam can be recirculated up to a maximum wh&4 and is delivered
15
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to three halls Hall-A, Hall-B and Hall-C with varying eneegiand currents which is done
by splitting the beam at the Beam Switch Yard At present thelacator is capable of

delivering 20Q:A and~ 6 GeV. The schematic diagram is shown in Figure 2.1

Experimental
Halls

Injector North LINAC

West Arc East Arc

South LINAC

Beam Switchyard

Note: Not to scale

Figure 2.1

Schematic representation of Linear Accelerator [10]

The electron beam is generated in the injector by shiningr leght on a Ga-Ar cath-
ode and is injected in the west side of North LINAG-a#i5 MeV. In the LINAC, the beam
is accelerated in a resonant cavity driven at 1.497 GHz sumhan accelerating field is
produced which continuosly “kicks” electrons in the fordairection. Each LINAC adds
upto 500-600 MeV in one pass. The beams with different easiigisplit into different re-
circulation arcs (namely five) at the north end of east ardhAte-entry to South LINAC,
beams with different energies from the recirculation ared@acused into single collimated

beam and accelerated over the LINAC. According to the enengycarrent requirement
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of the different halls, the beam is either recirculated ia test arc or separated in the

Beam Switch yard and fed to the respective hall and collided a/stationary target.

2.3 Hall C Overview

The basic equipments in the Hall C comprise of two spectreraetHigh Momentum
Spectrometer (HMS) and the Short Orbit Spectrometer (SQ&)sked on the target cham-
ber as shown in the schematic Figure 2.2 . This section waicdee the Hall C equipment

in detail.

SOS

®
%

HMS

Figure 2.2

Schematic representation of Hall-C [11]
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2.4 The Target Vacuum Chamber

The target vacuum chamber is essentially an cylndrical adium tank. It was designed
to accomodate both solid and cyrogenic target ladder. Therdwo large openings on
the either side of beam entrance and exit. These openingsoaeeed with aluminium
windows to minimize the amount of material scattered pkagionust pass through before
entering the spectrometers. Each window on the target chaisldesigned to match the
range and acceptance of respective spectrometer. Acttlalyrue opening on the SOS
side of the chamber is larger vertically than the acceptémaeecomodate the out of plane
acceptance of the SOS. The target chamber is also housepuwwibing and viewing ports.
The lifting mechanism and solid target mechanism are hoosdtie top cover plate. A
solid target of Beryllium with 3% radiation length was useddmega calibration runs. A
4 cm liquid hydrogen target was use for eta calibration rdie ./ /¢) production runs use

a 6 % radiation length carbon target.

2.5 High Momentum Spectrometer

The High Momentum Spectrometer (HMS) is the largest of the spectrometers in
Hall-C. It is a super-conducting, magnetic spectrometeh w&itcentral momentum upto
7.5GeV/c. In this experiment the HMS was used to detect ipebitcharged leptons
in coincidence with negatively charged leptons in the S@S8oinprises of three super-
conducting quadrupole magnets and one superconductindedipagnet in QQQD con-

figuration as shown in Figure 2.3. The quadrupole deterntieddcusing properties of
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the spectrometer and hence to a large extent, its acceptdimeedipole magnet bends
the focused electrons by an angle25f into the detector hut. The HMS was set for the

following parameters in this experiment,

LI

Figure 2.3

Schematic representation of High Momentum Spectromter [7]

2.5.1 The HMS Detector Package

The detector package for High Momentum Spectrometer is slowigure 2.4. It consists
of two multiwire proportional drift chambers for track rewiruction, &erenkov counter
for e/r identification, two planes of XY scintillator hodoscopes foggering and time-
of-flight studies, and a lead glass calorimeter for energgsueement and additionalme/

discrimination.
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Table 2.1

HMS Parameters for Run 52148

=== o
QN | |RRISIK|o|F
0 N OIOIQI4Al~ o
o e ©
2.833.9.6.3%0
AN - © )
N [e') m M
0 fo'e} ~
RSB0
_ XIS T |o

[=NI==] o
Oln|lpRISILIo|T
0 N Qo QAN |
o life) ©
2.833.9.6.3%0
AN - © i
(V] (e} ™ [
LN fo'e} N~
VR R@IB B2
_ @IS0
(&)
W\Il\ll) w
FEacecs &

~| |~
SZIEEE LA |o
Elo|lo|o |8 |=
Urrrdddeeg
trlrlrlllR cC
c|3|3(3(2 2w 2 |<
eCCCFF.HMiS
Elg|g|a0mnC0s
MSSSlZSu T
8123QQQC
MQQQ 0
I

Cerenkov

NXNNNNNNNNNNN

Calorimeter
\\

N
\ S2X S2Y

>
“
n
X
—
2]

Figure 2.4

Detector package of High Momentum Spectrometer [11]
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2.5.2 Scintillator Hodoscopes
A scintillation detector’s operation is based on the faet ttertain materials emit a small
flash of light (scintillation) when struck by a nuclear pelgior radiation. When coupled
to a conversion and amplifying device such as a photomidtiplibe, these scintillations
can be converted into electrical pulses (via the photogteetfect).

The main purpose of the scintillator hodoscopes in the HMS waprovide a clean
trigger. These detectors consisted of four planes. Twoeddlplanes were segmented in
X (S1X and S2X as in Fig) and two were segmented in Y (S1Y and)S8YX and S1Y
planes were about 2m from S2X and S2Y. Each element was waddap@duminium foil
for reflection, followed by two layers of Tedlar for externght rejection. The typical

trigger was a three out of four coincidence of the scintitgilanes.

2.5.3 Drift Chamber

The drift chamber is used to provide position informatiorthed incoming particle in the

spectrometer. It consists of six planes arranged in ordar,of, U, V', X', Y/ each 1.4 cm

apart as seen by an incoming particle. The fig shows the ope@itthe drift chamber.
The drift chamber is an ionization detector which consi$tsagic unit called drift cell.

A drift cell is a region of space filled with a gas or gas mixturevhich an anode and one

or more cathode help establish a stationary electric fietdchfarged particles pass through

the drift cell a certain number of electron-ion pairs areated due to dissociation of gas

molecules which are further accelerated in the electrid fiuring this acceleration, these
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charges also collide with other gas molecules and this eseatdrift’towards anode and
cathode. The velocity of this collective drift is calledftitielocity which depends on the
ratio E//p whereFE is the electric field angd is the gas pressure. The time interval between
creation of electron-ion pairs in the cell and their subsequollection is called “drift
time”. By measuring this drift time and knowing the drift velty one can determine the
drift distance, i.e. distance between the sense wire anulajgetory of the initial charged

particle passing through cell.

2.5.4 Cerenkov Counter

A charged particle moving in a certain medium at a speed gréfaan the speed of light
emits Cerenkov radiation along a conical wavefront. The angle aksion ofd of the
radiation of a given wavelength is related to the velocity of the particle relative to the

speed of lights = v/c and the refractive index of the medium:

cosf = ﬁl (2.1)

c

The number oferenkov photong/., emitted per unit lengtli is given by:

A2 1 dA
- ! — 2 — -
2ra” //\1 (1 52712) 2 (2.2)

wherea« is the fine structure constanfe is the charge of the particle, and, \, define
the limits of the spectral range of detected radiation.

A thresholdCerenkov counter detects particles that have a velocitycgeriti to pro-

duceCerenkov light in the medium, i.e. above a certain velocitgshold. By choosing
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the proper index of refraction, one can set the threshold velocity in such way as to reject
the unwanted particles, pions in this case. The appropndex of refraction to achieve
this is in the order of 10~* < (n — 1) < 1073). Therefore a gas is used a£arenkov
medium and typically the gas is chosen in such a way so as timizexthe signal for
electrons.

The HMS Cerenkov counter used in Hall-C consists of a large cyliradriank, 150
cm in diameter and 152 cm long. It consists two mirrors whigbused light on the
photomultiplier tubes. The gas used wagi, (n = 1.00041). The threshold momentum
in this case is 17.9 MeV/c for electrons and 4.9 GeV/c for pidfkence, it is fully sensitive

to electrons. The pressure was set so that it would triggenwons also.

2.5.5 Lead Glass Calorimeter

The Lead Glass Calorimeter is also called Shower Counter as¢hsurement is propor-
tional to radiation shower. It served two purposes nametiyglaidentification and energy
measurement. The high energy electrons entering the conitgeact with the glass and
radiate through Bremsstrahlung. These Bremsstrahlung peéiother produce electron-
positron pairs which inturn radiate more generating a aesc@ihe high energy electrons
from above processes generéterenkov light as they are passing through glass which is
collected by photomultiplier tubes. Hence, the collecbedenkov light is proportional to

energy of incident of electrons.
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The HMS shower counter consists of 52 lead glass blocks. gkes is a transparent
glass composed of lead dioxide and silicon dioxide. Thesekislare stacked in a group
of 13 and placed in 4 layers across the incident path. A pholtgrher tube is placed at

one end of each block.

2.6 Short Orbit Spectrometer

/

Target
205 Detector d

Hut

i

o,

Figure 2.5

Schematic representation of Short Orbit Spectrometer [7]

The Short Orbit Spectrometer (SOS) is magnetic spectromatte water cooled con-
ventional resistive magnets. The SOS combines a large &ceay with solid angle and
momentum, with a relatively short path length to the focagkl. Hence called the Short
Orbit Spectrometer. It is primarily designed to detect sheed particles. The maximum
central momentum of the SOS is 1.5 GeV/c. It consists of oraqupole magnet and
two dipole magnet in Q, D, -D configuration. The first dipolentie the single charged

particles of the central momentum upwards33§ and the second dipole bends the beam
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downwards byl5°, resulting in al8° through the detectors. The SOS was set with the

following parameters in this experiment:

Table 2.2

SOS Parameters for Run 52148

SOS Momentum(GeV/c) -0.9 | -0.9
SOS Angle 25.18| 27.83

SOS Quad Momentum| -0.9 | -0.9

SOS Dipole 1 Momentum -0.9 | -0.9

SOS Dipole 2 Momentum -0.9 | -0.9

2.6.1 SOS Detector Package

The SOS detector package is similar to that of HMS. It coedistvo drift chambers,
a Cerenkov counter for particle identification, pair of XY stfiator hodoscopes and a

shower counter for energy measurement and additigfatliscrimination.

2.6.1.1 Scintillator Hodoscopes

The SOS hodoscope was similar to HMS hodoscope. It considtéour layers (two
X-planes, SX1 and SX2 and two Y-planes, SY1 and SY2). The Ssfiilators were

mounted in aluminium frames, wrapped in one layer of alueg@dimylar.

2.6.1.2 Drift Chambers

The SOS drift chamber module consisted of six plaaes’, U, U’). TheU andU’ were

rotated60° clockwise fromX and thev andV”’ planes are rotate@)° counterclockwise
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with X. A schematic view of the drift chamber is shown in theufig. It has three planes
of gold-plated tungsten wires of two thickness:3@ires at ground potential, and 60

wires held at negative potential. The gas used in SOS drdiniders was 50-50 mixture

of argon and ethane.

Calorimeter
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Figure 2.6

Schematic representation of SOS Detector package [7]

2.6.1.3 SOSerenkov Counter

A new Cerenkov detector was used in the SOS to be able to separateitms from pions.
The tank was pressurized above at 1.8 atm. The detector wdiieddrom the 1.6 GeV

SLAC end statiorCerenkov detector. The gas used wag$',.

2.6.1.4 Electromagnetic Calorimeter

The SOS electromagnetic calorimeter consisted of foukstat TF1 lead glass. Each

stack contained seven blocks. The blocks were identichlabHMS.



CHAPTER Il

DATA ANALYSIS AND SIMULATION

This chapter provides a description of data analysis andtencarlo simulation of

photoproduction of vector mesons.

3.1 Analysis Software Overview

The experimental data for photoproduction runs of omegaamasysed using the Hall-C
analysis software(ENGINE). This section serves only amwoee of the software func-
tions as a detailed review is beyond the scope of this tHgsis|

The ENGINE is designed as a general purpose analysis seffaaHall-C. The code
for the software can be easily modified according to the neétlee various experiments
that use the standard equipments(i.e. HMS and/or SOS).aeata acquired from the
experiment is recorded to the hard disk drive and backed upeq@LAB StorageTeK
robotic library. The data is then retrievable and can beyseal by the replay software.

The main tasks of this software will be very briefly reviewesddn[11]:

e CODA event decoding - decode the hardware event informatiohntt@nslate into
detector arrays .

e HMS and SOS reconstruction - reconstructs trajectoriesr@oards particle infor-
mation for each event.

e Coincidence calculations - calculate the coincidence plygiantities, if both HMS
and SOS have a trigger, and store all results.

27
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3.2 Omega Analysis
In this section, the results from the omega runs are predevitech will be further com-
pared with the simulation from the monte-carlo. This expent was set to detect the
leptonic decays of vector meson but due to the cleaner sashple=~ decays, this analy-
sis focussed on electrons instead of both electrins and sadoalear peak for omega was
observed which was also evident from coincidence timingreg.

The invariant mass spectrum for omega for the interactior— wp is calculated as
follows,

M2 = (P + P, )? (3.1)

where,P,+ and P.- are the 4-momenta of decay leptons as detected in the spetacs.
One can also observe that, as it was mentioned earlienthats m, 0, there two peaks
on top of each other, the top one corresponding tmeson and the bottom one corre-
sponding top meson which is clearly seen in Figure 3.1 The coincidencengmplots
as in Figure 3.2 indicate a clear peak 0~ ande™h™ coincidence.These observations
confirm the particle ID to be omega meson. The calculatioruailmer ofw events is done
by background substraction of Figure 3.1 and is indicatd€élgare 3.3

The background separated omega events are fitted with aigmagsose mean value
is exactly thev mass which is 0.782 GeV with the correct width of 8 MeV. Thesarader
this peak is simply the number afevents which is calculated using the Physics Analysis

Workstation(PAW) software. The result gives 160 events.
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3.3 Monte-carlo Simulation
The Monte-carlo simulation attempts to reproduce the gaysituation for photoproduc-
tion and gives satisfactory results(as we will see in the okapter) and hence is reliable.
The code is designed to simulate only real photons and wjhogpiate model can simu-
late any vector meson including,w, ¢ and.J/v. This section will describe the structure

of simulation and its features.

3.3.1 Main Event Loop

The main event loop simulates the interactign— Vp, whereV is the particular vector
meson, by generating the photon and nucleon events wittoppate models as described
below. The code then accepts only those events whose cdnteoroentum energy is
greater than the photoproduction threshold of that pdetotector meson. These events
are then weighted by appropriate parameters as descrilfeder sections and finally
recorded so as to be analysed by the PAW software. This seut describes the detail

structure of simulation and all the tasks in the same ordéreasode proceeds.

e Initialisation
The simulation requires certain intial parameters to stéttt which are described
below,

— Maximum Photon Energphis refers to the maximum energy of bremmstrahlung
photons and is usually same as the beam energy in the expgrime

— Number of Eventhese are the desired number of events we wish to be
recorded in the spectrometer. The code makes more attemptstth this
as it is weighted by several other paramters.

— Particle ID This refers to the desired vector meson for which the coddsee
be simulated. Actually, we specify the mass and width of @wigular vector
meson.



33

— Spectrometer CufEhis refers to turning on the spectrometer which also simu-
late the presence of spectromters. This increases the maidtempts as not
all the events generated are recorded by the spectrometer.

— t-models tis the 4-momentum transfer to the target. This parametesiges
an option to be run with different t-models. This will be delsed in detail in
the later section.

— Cross-section weighting This parameter provides an optornveighting the
number vector meson events by the photoproduction cratgsef that par-
ticular vector meson.

e Bremsstrahlung photon flux
The high energy electron beam collides with the stationanyet and produces high
energy photons. The no of photons produced with a beam e’&eiggiven by [13],

Ak(1/R) (0~ K/B) + (+/EY) (3.2)

wherek = £, is photon energy.

In the simulation, after initialisation, the code genesaphioton events based on
above distribution. This is done by weighting a very acaitatiform random num-
ber generator from CERNLIB by the above ditribution.

¢ Nucleon model for bound protofhe high energy photons collide with the bound
proton to photoproduce a vector meson. In casé/of, the proton must be off-shell
for sub-threshold photoproduction. A model is thereforedus take into account
the nucleon-nucleon correlations for momentum distrdouti

e Event Selection
The event selection is done by calculating the center-cfsneergy squared and
comparing with threshold energy in center-of-mass. Thdetesf-mass energy
squared is calculated for the interactigm — Vp, with p as the bound proton (with
nucleon momentun®,) and incident photon.

s = (E} — P}) + 2E,E, — 2E, P,cosf) (3.3)

whered is angle between the incident photon vector and the nuclezmentum
vector. This angld is also calculated flat inosf with uniform random generator.

The threshold energy in a center-of mass is simply given by,
Sth = (MV + Mp>2 (34)

where)y is the mass of the particular vector meson arglis mass of proton. A
vector meson event can be considered to be generatedsnhety,.
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e \ector meson kinematics
The generation of vector meson event tells us nothing abioentatical quantities
such as the energies, momenta, decay distribution etc. drgyeof recoiling pro-
ton in the center-of-mass frame is given by,

s+ M? — M?
Epop = —2—1 3.5
The center-of-mass energy of the vector meson is simply,
Ev =+Vs— Epem (3.6)

A lorentz boost to above quantities tranform them to lab.sEid@nematical quanti-
ties are set in the code to be recorded as event propertiesaarie analysed using
PAW. The results of these will be demonstrated in next chiaptehis stage, appro-
priatet-models are introduced to weight the differential crosstiea with respect

tot as shown in Figure 1.1 and Figure 1.2. These will be discussiader section.

e Detection and Recording
In the experiment, the spectrometers are set in a partigglametry to detect the
leptonic decays of the vector meson. The tasks of the codean@wo generate the
decay events and detect them.

The charactertics of the decay products are, they dlyy apart in the rest frame
of the vector meson. The angular distribution of these leptoan be set in the
simulation as flat(isotropic) or weighted by + cos®6). The kinematical properties
of these decays are recorded after a lorentz boost to the lab.

The geometry of spectrometer is simulated by an option inrtti@lisation called
‘spectrometer cuts’. The spectrometer cuts in the codeearbysintroducing the
solid angle of the spectrometer openings to the target. &jethe events gener-
ated overr steradians are now weighted by these cuts. The events ¢etherith
spectrometer cuts are also used later for acceptance tongc

Finally, the recording of the events is done by filling histogs of respective quan-
tities. The code then checks over for set quantities suchuabar of events and
loops over until it reaches those events.

3.3.2 Models for t-dependence

The vector mesons show a cross-section dependenicasiitan be clearly seen in Fig-

ure 1.1 and Figure 1.2 This factor is incorporated in the fatman, while calculating the
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vector meson kinematics as was discussed earlier. In thieoegthese models are pre-

sented and the model faris presented in detail as it is to be compared with data.

3.3.2.1 Diffractive t distribution

Diffractive distribution is modeled in simulation with argonential cross-section depen-
dence given ago/dt = Ne” where, N is normalised events and b is the slope of the
exponential distribution. The total number of events todmorded in the spectrometer are
now weighted over this distribution. This model is more istad and can simulate, for ex-
ample, the photoproduction pfmeson as it exhibits diffractive distribution in Figure 1.1

The diffractive events are generated by calculating,
tmm = M‘2/ — QE»YEV + 2p,ypv (37)

tmaz = M\Z/ - 2E7EV - 2p’ypV (38)

corresponding t@ = 0 andf = 7 respectively. The exponential range of e, and
tmaz 1S Weighted by a random number generator to give a diffraatistribution. The

acceptance results from diffractive cross-section wilpbesented in next chapter.

3.3.2.2 Diffractive and OPE Model far

This model is simulated on the basis of the paper by [9]. Tlaigep was written for
electroproduction ofv based on the theory for photoproduction. Since this thesdsd

with only photoproduction, the simplified calculation Q¢ = 0 i.e. for real photons are
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presented. According to this paper, the total differertraks-section dependence is the

sum of OPE contribution and Diffractive contribution,

1. One Pion Exchange contributiofihe differential cross-sectioto?./dt for trans-
verse photons, is given by

1 , A2 —t  (B+0)?
T /dt = = FyF, :
dor/dt = poEws @ 16 Gome —o v (3:9)
whereG? is square of the pion-nucleon coupling = 14.6,
A2 = 967 (—g ) Ty (3.10)

(mw - mgr)

with T',,,=0.9 MeV;P(0)? are the photon momenta in the hadron c.m.s for real and
virtual photons, respectively; ., m,, m,, are the masses of p andw respectivelyl'y, F,,
are the form-factors for the-nucleon andyrw vertices respectively with:

(1+(2.9)° Q%)

ARCERCEYIeo 34
where (2 4m?)
mo(m; —4m
Qy = im? =, (3.12)
t(t — 4m?
Qir = e dm) 4mgnp) (3.13)
_ U(23QF) QT
ko= U(2.3QT) (QF)2 (3.14)
where it )
V) = (%54 log(42® 4+ 1) — 1] (3.15)

212
QT is the momentum of the on-shell pion{9rin the w frame. The quantities
B, C, N3 are defined as follows,

B =0.25(m2 — W?)(m2 +mZ — W? —t), (3.16)
C = —0.25(W — m,)2(W +m,)? (3.17)
N3 = 05[W?tu—tmi(m2 —m?) —m mi]l/? (3.18)

with
W? +t+u=2m +m] (3.19)
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2. Diffraction ContributionThe diffractive contribution is given by

op(ub) =9.3eC™ (1 + 1il) (3.20)
E’Y
where
W2 _ 2
g, - W —m) (3.21)
2m

The results of their models is shown in the Fig 3.4. It must bed that their model is
based for electroproduction and herigé+ 0.

Now to simulate this model, it is too complicated and ineffitito directly use these
relations in the main simulation. Hence, this model was-$insulated’ in MAPLE to
reduce the number of variables to only two. Further, thisgameulation was based on
real photons and it was expected to represent the same fied$yg9]. The result from
MAPLE presimulation is shown in Fig 3.5. The presimulatisrable to reproduce the the
fit as by [9]. It can also be oberserved that, over the sameerahg’ this curve drops

faster than by [9]. This is attributed by the fact this curséar real photons i.eQ? = 0.

3.4 Cross-section forw Photoproduction

In the simulation, a vector meson event is generated by when,;,. In reality, the cross-
section has a photon energy dependence and this factor teelbedaken into account in
the simulation. The energy dependence of the cross-sastpmesented in a paper by [2]
and is shown is Fig 3.6.

To incorporate this model, the cross-section dependensecurae fitted in MAPLE

by the points given in this paper. Further, the photon eneagge for the above fit is
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from 2.5 GeV to 3.5 GeV. The significance of this range is origtpns produced in this

range actually contribute to omega events in the spectrqiites is shown in the results
section. The appropriate curve fit was found to be Thielerpati@ation and the result is
in fig 3.7.This cross-section fit was normalised to unity aodmalisation cross-section is
given by,

Onormalised = 6.277 ,U/b (322)

Now, in the simulation, when a vector meson event is gengy#éte code weights a uni-
form random number generator to match the above which is algged. Hence, now we

have events which are weighted over Ballam data.
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Figure 3.8

Bremsstrahlung Spectrum [13]
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Bremsstrahlung spectrum from MAPLE simulation
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3.5 Bremsstrahlung Photons Calculation
The passage of high energy electrons through a stationeggttproduces a radiation
shower called bremmsstrahlung radiation which producgis énergy photons in the tar-
get. The bremsstrahlung spectrum of these photons is @esith a classic paper by [13]

and the photon flux is given by,

O R = A .

I = —<7/9>t/7l 1)@ 2 (I gy

L =€ A F(1+%t)(nu)3 X[u+n:0n!(n+(%t’+1)[3( ) u]x(nu) ]
(3.23)

whereu = k/FE, and This refers to equation (24) in [13]. The result of thiatien as
plotted by Tsai-Whitis is as in fig 3.8.

The calculation is used to find out the photon spectrum anedfi&nowing the total
number of photons produced. This is required to predict threber of omega events and
to compare it with experimental results. The above relatiwere simulated in MAPLE
to find out the probability of finding a photon in a particuldrgbon energy range namely
between 2.5 GeV and 3.5 GeV. It is shown later that only omegats corresponding to
these energies make it into the spectrometer and hencembéedbnsidered. The results
from the MAPLE simulation is shown in fig 3.9.

The horizontal axis is photon energy and vertical axis th@qinspectrum. The above
plot is integrated over the photon energies from 2.5 GeV 50G&V, which tells us the
probabilty of finding a photon between 2.5 GeV and 3.5 GeV wldttron beam energy
of 5.7 GeV.

L, =0.0215 (3.24)



44

We now proceed to calculate the total number of photons edlin the expreriment.From
experimental data, the total no of electrons with energyGeX collided with the target

are,

N, = 8.467 x 107 (3.25)

The total no of photons produced are given by,

N,=1I xN, (3.26)

This givesN,, = 9.127 x 10*°



CHAPTER IV

RESULTS AND DISCUSSION

This chapter will present the results from the simulatiomd @alculations for number
of w events based on the various t-models. Further analysisogb«gection events and

photon energy spectrum wil demonstrate the reliabilityhef simulation.

4.1 Acceptance Calculations and-model Results
Acceptance refers to the acceptance of the spectromet@éb 8ldefined here as,

B Number of events in spectromters
~ Total Number of vector meson events generated

AcceptancéA, . qc)

In the laboratory, the spectromters are located at a ptatiangle from beam line and are
able to detect only a fraction of the vector meson events.code attempts to simulate this
and these results will be used later for predicting numbewehts based on the acceptance
given by the code. The code has been run for 100 events in dutremeter for all cases,

hence is numerator in above ratio is always 100.

4.1.1 Diffractive Model

The diffractive model is characterised by an exponentibbtacan be seen in the top of

Figure 4.1. One might recall Figure 1.1which also posessiesi#ar feature. For this
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model and with Ballam cross-section fit, the total numbewdafvents the code had to

generate were 193529 to have 100 events in the spectromiteesacceptance is given by,

100

—— =51 1074 4.1
193509 167> 10 (4.1)

Adiffractive =

4.1.2 OPE and Diffractive model

Thist distribution resulting from OPE and diffractive model i8m in bottom of Figure
4.2. One can immediately observe the forward peak chrattem OPE which was the
characteritic of one particle exchange model as discusseédtion 1.3.2. This due to
presence of a pole at= m?2 which is in general the particle exchanged in the singlepart
cle exchange model. Further the diffractive charactsstis in section 4.1.1 are expected
to approximate the OPE effect as OPE is simply sharp peaked fact becomes clear on
the basis of several factors which we will see as the accegtamoss-section and photon
spectrum of OPE and difractive models.

The plot obtained below represents the differential csesdion int as given by [9]
which was simplified to two variables using MAPLE and thed™e the main simula-
tion. The total number obevents the code generated for this model were 206931. The

acceptance is given by,

100

i 10~4 4.2
506031 1839 x 10 (4.2)

AOPE+diff7"actiUe =
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4.2 Photon Spectrum
This section shows results of the photon spectrum from thelsition which refers to the
bremsstrahlung photon spectrum in the laboratory. Thes phoEigure 4.2 show the effect
of the spectrometer cuts on the spectrum. The photon spectfer applying the spec-
trometer cuts tells us about the energy range of photonsib&e it into spectrometer.
This range can be clearly seen to be from 2.5GeV to 3.5 Ge\é 3drives an important
simplication in such a way that, since we now know that onlgtphs from 2.5 GeV to
3.5GeV make it into the spectromter, the photon spectrumsai &nd Whitis needs to
be integrted only for this range. For the same reason, tHarbaiross-section is con-
sidered only from 2.5 GeV and 3.5 GeV, as considering theeespectrum will result in
inefficiency and inaccuracy.

The effect of diffractive and OPE+diffractive model seent tw affect the photon
spectrum, since the ‘peaked characteristics’of these maslexpected to have similar
behaviour qualitatively.

As a check, one can also observe the effect of Ballam crosmsem the photon
spectrum, the number of photon events tend to decreaseheithiioton energy meaning

there are lesser omega events with higher photon energy.
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4.3 Cross-section Calculations
The simulation results for Ballam cross-section are presenere and further this is used
to obtain the mean value of cross-section which will be lat#&d to calculate the number
of omega events.

Figure 4.4 shows cross-section events for Diffractive aR&®&diffractive models. One
might expect larger number of events for higher cross-seatihich is contrary to the
plots. The drop in the cross-section is due to the spectemaeats which is seen from the
plots wihtout spectrometer cuts.

The cross-section in the simulation is normalised to unitiyere the normalisation
factor was calculated in section 3.4. The cross-sectiatutations for the two models is

as below,

1. Cross-section for Diffractive mod&he mean value of the cross-section is obtained
from the top plot of Figure 4.4.

Odiff = 0.822 ,ub (43)

The normalised cross-section from section 34is,, = 6.277 ub. Hence, the total
cross-section is given by,

Otot = Odiff Onorm = 5.15 /lb (44)

2. Cross-section for OPE+Diffractive mod@&he mean value of the cross-section is
obtained from the bottom plot of Figure 4.4.

Odiff = 0.8428 /Jb (45)
The total cross-section is given by,

Otot = Odiff Onorm = 9.29 11b (4.6)
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4.4 Number ofw Events
In the laboratory, the experiment was conducted for five matis known parameters such
as the beam current, total beam charge, target configuraltoeynumber ofv events are
calculated from a simple relation from first principles imgering as,

o, Nopt N,

N:
* A

4.7)

where,(The target in this experiment was B¥%)

e 0, is the photoproduction crossection foffrom previous section,

Ny is Avogadro’s number,

p is density of target = 1.848m /cm?,

t is thickness in radiation length = 1.06 cm for 3% r.1.

N, Number of incident photons as calculated in section 3.5

A is number of nucleons = 9 for Be

Now for Diffractive model the number of events are given by
N, = 5.532 x 10° (4.8)

These are now corrected for the acceptance of the spectorig},and the branching
ratio of omega which is .5 x 10°

Hence the total Number of events predicted by from the simulation are,
Ny dirs = 1863events (4.9)
The number of events for OPE and Diffractive are given by,

N, = 5.6831 x 10 (4.10)
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The total events after acceptance correction and brancatimis,

Nyiope = 1923events (4.11)

4.5 Conclusions and Future Work

Based on the resonable agreement between the monte-catiotiore of the number of
omega events with actual data, the monte-carlo is verifiadiuture, it will be used to
determine the upper limit to thé/+) photoproduction cross-section from the null result of
sub-threshold experiment. In addition, it will be used ia gtanning of future studies for

the Jefferson lab high energy upgrade.
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Program photon
implicit none

integer nwpawc,i,ink,lim,j,icycle,istat,count,irlu

integer N | step size for event # print statement
parameter (nwpawc=200000)

real *4 h(nwpawc)

common/pawc/h

integer *4 nb_events,iocode,decay_ang_dep,nb_attempts,t_dep
logical mono_E,finished

character *4 extension

character *22 filename

character *4 targ

real *4 Nk_dev_range,Nk_dev,Nk_min,Nk_max,Nk

real *4 brem_dev_range,brem_dev,brem_min,brem_max,nu
real *4 Pp(4),Ppcm(4),Pg(4),Pgcm(4),beta(4),betasq,dir(3)

real =4 Pprf(3),Pgrf(4)

real *4 Ep,Eppcm,Ejcm,s,sth,theta,phi

real *4 pcm(4,2),pmul,thmul,phmul,pmu2,thmu2,phmu2

real *4 thmul_s,thmu2_s,phmul_s,phmu2_s

real *4 Mp,Mj,pi,mj_width,mj0

real *4 b,z,p,m,q

real *4 alpha,random,ran_k,t_min,t_max,t_dev_range,t_dev,t ,L_new
real *4 pppcm,pjcm,pjcm_v(4),pgcm_mag

real x4 thjcm,phjcm

real *4 Ejlab,Pjlab,Pjlab_v(4),thjlab,phjlab

real *4 k_cutoff I splits the nk dist of nuclear matter into 2 region
real *4 x_cutoff ! prob. of k being in region 1 (depends on max Egamma
real *4 flat_int

real *4 exp_int

real *4 norm_flat

real *4 norm_exp

real *4 mjlow, mijhi

real *4 x(1001),y(1001),slope

real *4 raddeg/57.29578/

real *4 r,XX(200),XRAN

real *4 YY(200),YRAN

real *4 ZZ(200),ZRAN,crosssection,rand

real *4 sig,sig_min,sig_max,sig_dev

external breit_wigner

real *4 breit_wigner

external diff

real =4 diff

external ballamfit

real *4 ballamfit

COMMON s

real *4 tftot, rteps, x2low, x2high, xlow, xhigh

integer =4 ifunc,ierr

real *4 uncert, x2, x3, tftotl, tftot2, xrange

parameter (rteps = 0.0002)

COMMON/FUNINT/TFTOT

logical spect_cuts,record_ntuple,weight,keep
real *4 sos_p0,sos_p_range,sos_th0,sos_th_range,sos_phoO,

> sos_ph_range, hms_p0O,hms_p_range,hms_th0,hms_th_ran ge,
> hms_ph0,hms_ph_range
common/spect_cuts/sos_p0,sos_p_range,sos_th0,sos_th _range,

> sos_ph0,sos_ph_range,hms_p0,hms_p_range,
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hms_thO,hms_th_range,hms_phO,hms_ph_range

integer nb_var
parameter (nb_var=32)
real *4 angs(nb_var)
common/ntup/angs

character *8 tags(nb_var)

data

data

angs/nb_var  *0.0/

tags/’Nu’,’NK’,"Thp’,’Php’,’s’,’Pjcm’,’Ejcm’,'T Hjcm’,’PHjcm’,
'PjLab’,’EjLab’,'ThjLab’,'PhjLab’,’z’,'t','tprime’ ,
'Pmu_cm’, Thmu_cm’,’Phmu_cm’,;’Pmul_I",Thmul_I',
'Phmul_I'/Pmu2_I')Thmu2_I'’Phmu2_I'’Egam_rf';’ M,
'Phsmul’, Thsmul',’Phsmu2’, Thsmu2’,’crosssection’ /

common/const/pi,raddeg,mj,mj0,mj_width

data
data
data
data
data
data
data
data
data
data

pi/3.1415927/
Mp/0.93827/
Nk_min/0.0/
Nk_max/1.0/
brem_min/4.0/
brem_max/8.0/
k_cutoff/0.295/
alpha/7.6753/
norm_exp/47.3631/
norm_flat/117.0/

external rndm
real *4 rndm

real

rlu
Read input parameters

open(20,file="input.dat’,iostat=iocode,status="old’ )

read(20, *) brem_max

read(20, ) nb_events

read(20, *) mono_E

read(20, +*) extension

read(20, =) targ

read(20, *) b

read(20, *) mj

read(20, =) mj_width

read(20, *) N

read(20, =) decay_ang_dep

read(20, =) t_dep

read(20, =) spect_cuts

read(20, =) weight

close(20)

if(spect_cuts) then
if(mj.eq.3.098) then

open(20,file="spect_cuts_jpsi.dat’,
iostat=iocode,status="old’)

elseif(mj.eq.1.02) then

open(20,file="spect_cuts_phi.dat’,
iostat=iocode,status="old’)

elseif(mj.eq.0.782) then

open(20,file="spect_cuts_omega.dat’,
iostat=iocode,status="old")

endif
read(20, =) sos_p0
read(20, *) sos_p_range



read(20, =*) sos_thO

read(20, =) sos_th_range

read(20, *) sos_phO

read(20, =) sos_ph_range

read(20, *) hms_pO

read(20, *) hms_p_range

read(20, *) hms_thO

read(20, =*) hms_th_range

read(20, =*) hms_phO

read(20, =*) hms_ph_range

close(20)

sos_thO = sos_thO/raddeg
sos_th_range = sos_th_range/raddeg
sos_phO = sos_phO/raddeg
sos_ph_range = sos_ph_range/raddeg
hms_thO = hms_thO/raddeg
hms_th_range = hms_th_range/raddeg
hms_phO = hms_phO/raddeg
hms_ph_range = hms_ph_range/raddeg
record_ntuple=.false.

else
record_ntuple=.true.
endif

open(20,file="int_'//targ//’_500.dat’,iostat=iocode
do i=1,501
read(20, *)y(i),x(i)

CX  write(6, =*)x(i),y(i)

enddo

close(20)

filename = ’photon_'//targ//’_'/lextension//’.hbook’
CX

if(mj.eq.3.098) then

,Status="old")

brem_min = brem_max-0.3 ! I'm using a small E bin to compare w/

elseif(mj.eq.1.02) then
brem_min = brem_max-0.1

elseif(mj.eq.0.782) then
brem_min = 2.5

endif

C Book histograms

call hlimit(nwpawc)
if(mj.eq.3.098) then
call hropen(2,’jpsi’,jpsi_"lltarg/l’_'llextension//
> 'N’,1024,istat)
elseif(mj.eq.1.02) then
call hropen(2,’jpsi’,'phi_'/ltarg//’_’llextension//
> 'N’,1024istat)
elseif(mj.eq.0.782) then
if(t_dep.eq.0)then
call hropen(2,’jpsi’,omegQ_'//targ//’_’/lextension/
> 'N’,1024,istat)
elseif(t_dep.eq.1)then
call hropen(2,’jpsi’,;omegl_'/ftarg//’_’/lextension/
> 'N’,1024istat)
elseif(t_dep.eq.2)then
call hropen(2,’jpsi’,omeg2_/ltarg//’_’/lextension/
> 'N’,1024istat)
endif
else
call hropen(2,’jpsi’,'unkn_’//targ//’_’/lextension//

I.rz’,

I'.rz’,

I.rz’,

rz’,

est.
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C

>

'N’,1024,istat)

endif
call hropen(3,’hbook’,filename,’N’,1024,istat)

call

call
call

hbookn(9,’jpsi’,nb_var,’jpsi’,2000,tags)

hbook1(100,’Photon spectrum’,100,brem_min,brem_m
hbook1(101,'Nk spectrum’,100,nk_min,nk_max,0.)

if(orem_max.gt.8.5) then
call hbook1(102,'theta’,200,0.0,180.,0.)
call hbook1(108,'theta thres’,200,0.0,180.0,0.)

else

call hbook1(102,'theta’,100,90.0,180.,0.)
call hbook1(108,'theta thres’,100,90.0,180.0,0.)
endif

call

hbook1(103, phi’,100,-180.,180.,0.)

if(mj.eq.3.098) then

call hbook1(104,’s’,100,10.,20.,0.)

call hbook1(105,’s thres’,100,10.,20.,0.)

call hbook1(110,’Eff. Photon E ’,100,8.0,24.0,0.)

call hbook1(111,"Jpsi CM Energy ’,100,3.0,4.0,0.)

call hbook1(112,"Jpsi CM momentum ’,100,0.,2.0,0.)
call hbook1(115,Jpsi Lab Energy ’,100,3.0,8.0,0.)

call hbook1(116,Jpsi Lab momentum ’,100,0.,8.0,0.)
call hbook1(120,’Muonl Lab momentum ’100,0.,8.0,0.)
call hbook1(123,’Muon2 Lab momentum ’,100,0.,8.0,0.)
call hbook2(300,’Lab P vs Lab theta’,100,0.,180.,100,0.,

elseif(mj.eq.1.02) then

call hbook1(104,’s’,100,2.,8.,0.)

call hbook1(105,’s thres’,100,2.,8.,0.)

call hbook1(110,’Eff. Photon E ’,100,1.5,4.0,0.)

call hbook1(111,"Jpsi CM Energy ’,100,1.0,3.0,0.)

call hbook1(112,’Jpsi CM momentum ’,100,0.,0.5,0.)
call hbook1(115,Jpsi Lab Energy ’,100,1.0,3.0,0.)

call hbook1(116,’Jpsi Lab momentum ’,100,0.,3.0,0.)
call hbook1(120,’'Muonl Lab momentum ’100,0.,1.6,0.)
call hbook1(123,’Muon2 Lab momentum ’,100,0.,1.6,0.)
call hbook2(300,'Lab P vs Lab theta’,100,0.,180.,100,0.,

elseif(mj.eq.0.782) then

call hbook1(104,’s’,100,2.,8.,0.)

call hbook1(105,’s thres’,100,2.,8.,0.)

call hbook1(110,’Eff. Photon E ’,100,1.5,4.0,0.)

call hbook1(111,"Jpsi CM Energy ’,100,1.0,3.0,0.)

call hbook1(112,’Jpsi CM momentum ’,100,0.,0.5,0.)
call hbook1(115,"Jpsi Lab Energy ’,100,1.0,3.0,0.)

call hbook1(116,"Jpsi Lab momentum ’,100,0.,3.0,0.)
call hbook1(120,’'Muonl Lab momentum ’,100,0.,1.6,0.)
call hbook1(123,’Muon2 Lab momentum ’,100,0.,1.6,0.)
call hbook2(300,’Lab P vs Lab theta’,100,0.,180.,100,0.,

endif

call
call
call
call
call
call
call
call
call
call
call
call

hbook1(106,'Nk thres’,100,nk_min,nk_max,0.)
hbook1(107,’Photon thres’,100,brem_min,brem_max,
hbook1(113,"Jpsi CM theta ’,100,0.,180.,0.)
hbook1(114,'Jpsi CM phi ',100,-180.,180.,0.)
hbook1(117,'Jpsi Lab theta ’,100,0.,20.,0.)
hbook1(118,"Jpsi Lab phi ’,100,-180.,180.,0.)
hbook1(121,’'Muonl1 Lab theta ’,100,0.,180.,0.)
hbook1(122,’Muonl Lab phi ’,100,-180.,180.,0.)
hbook1(124,'Muon2 Lab theta ’,100,0.,180.,0.)
hbook1(125,’'Muon2 Lab phi ’,100,-180.,180.,0.)
hbook2(301,'Lab P vs Lab theta’,100,0.,180.,100,0.,
hbook1(200,'Random’,100,0.,1.,0.)

get random deviates for nu and k
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exp_int = -norm_exp/alpha *
> (exp(-alpha  *nk_max) - exp(-alpha  *k_cutoff))
flat_int = norm_flat * (k_cutoff-nk_min)

x_cutoff = flat_int/(flat_int + exp_int)
finished = .false.
count = 0
nb_attempts=0
mj0 = mj
mjlow=mjO-mj_width %15
mjhi =mjo+mj_width  *15
p=0
q=0
m=0
do while(.not.finished)
nb_attempts=nb_attempts+1
C do i =1,nb_events
C if(mod(i,N).eq.N-1) write(6, *)'Processing event number: ’ji+1
if(mono_E) then
nu = brem_max

nk = 0.

theta = 0.

phi = 0.
else

brem_dev_range = log(brem_max/brem_min)
random = rlu(irlu)
brem_dev = brem_dev_range *random+ log(brem_min)
nu = exp(brem_dev)
ran_k = rlu(irlu)
do ink=1,501
if(x(ink).gt.ran_k) then
lim=ink-1
goto 10
endif
enddo
10 continue
slope=(y(lim+1)-y(lim))/(x(lim+1)-x(lim))
nk=y(lim)+slope * (ran_k-x(lim))
theta = acos(2.0  *rlu(irlu)-1.0)
phi = 2 *pi xrndm(4)-pi

endif
CX if(ran_k.le.x_cutoff) then
CX Nk = (exp_int+flat_int)/norm_flat *ran_k
CX else
CX Nk_dev_range= exp(-alpha  *k_cutoff) - exp(-alpha * Nk_max)
CX Nk_dev = Nk_dev_range =*rlu(irlu) + exp(-alpha * Nk_max)
CX Nk = -log(Nk_dev)/alpha
CX endif

C Create j/psi's

Pg(1)=0.0

Pg(2)=0.0

Pg(3)=nu

Pg(4)=nu

Ep = sgrt(Nk + 2 + Mpe 2) - (Nk * 2)/(2 *Mp) ! off-shell proton
S = Ep*Ep-Nk*Nk +2.0 *xnu*Ep - 2.0 *nux Nk*cos(theta)

C Lorentz distribution for the mass
CALL FUNLXP(breit_wigner,XX,mjlow,mijhi)
CALL FUNLUX(XX,XRAN,1)
mj=XRAN
sth = (Mj+Mp) #*x 2
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if(s.gt.sth) then

keep =.true.
if(weight)then
crosssection = ballamfit(nu)
rand = rlu(irlu)

if(rand.ge.crosssection)then
keep = .false.

endif
endif
if(keep)then
m=m+1
if(t_dep.eq.0)then
open(22,file="omegaevents0.dat’,iostat=iocode,statu s='old’)
write(22, *)'Number of Omega Events: Uniform distribution:’,m
close(22)
elseif(t_dep.eq.1)then
open(22,file="omegaeventsl.dat',iostat=iocode,statu s='old")
write(22,  *)Number of Omega Events: Exp distribution:’,m
close(22)
elseif(t_dep.eq.2)then
open(22,file="omegaevents2.dat',iostat=iocode,statu s='old’)
write(22,  *)'Number of Omega Events: OPE distribution:’,m
close(22)
endif

C Nucleon momentum in lab coordinate system
Pp(1) = Nk =sin(theta)  *cos(phi)

Pp(2) = Nk =*sin(theta) * sin(phi)
Pp(3) = Nk =*cos(theta)
Pp(4) = Ep
C Calculate photon energy in off-shell proton’s rest frame
beta(1) = (Pp(1))/(Ep) IBeta is the vel of proton in LAB
beta(2) = (Pp(2))/(Ep)
beta(3) = (Pp(3))/(Ep)

betasq = beta(l) = 2+beta(2) =+ 2+beta(3) ** 2

beta(4) = (Ep)/sqrt(Ep *x 2-(Pp(1) ** 2+Pp(2) **x 2+Pp(3) ** 2))
dir(1) = beta(1)/sqrt(betasq) ! Dir is dir of beta in LAB
dir(2) = beta(2)/sqrt(betasq)

dir(3) = beta(3)/sqrt(betasq)

call gloren(beta,Pp,Pprf)
call gloren(beta,Pg,Pgrf)
* Calculate CM quantities
beta(1) = (Pp(1)+pg(1))/(Ep+pg(4)) !'Beta is the vel of CM in LAB

beta(2) = (Pp(2)+pg(2))/(Ep+pg(4))

beta(3) = (Pp(3)+pg(3))/(Ep+pg(4))

betasq = beta(l) =+ 2+beta(2) #** 2+beta(3) ** 2

beta(4) = (Ep+Pg(4))/sqrt(s)

dir(1) = beta(l)/sqrt(betasq) ! Dir is dir of beta in LAB
dir(2) = beta(2)/sqrt(betasq)

dir(3) = beta(3)/sqrt(betasq)
call gloren(beta,Pp,Ppcm)
call gloren(beta,Pg,Pgcm)

* Calculate CM energies, momenta of j/psi and recoiling proto n
Eppcm = (s+Mp#*x 2-Mj #+ 2)/(2 =*sqrt(s)) ! recoiling proton cm energy
Ejcm = sqrt(s)-Eppcm ! jlpsi's cm energy
Pppcm = sqrt(Eppcm ** 2-Mp#** 2)
Pjcm = Pppcm
if(t_dep.eq.1) then ! theta weighted by dsig/dt=exp(bt)

pgcm_mag = sqrt(pgcm(l) ** 2+pgcm(2) ** 2+pgem(3) *x 2)
t_min = Mj = 2 - 2.0 *Pgcm(4) *Ejcm + 2.0 *Pgcm_mag Pjcm
t_max = Mj =2 - 2.0 *Pgcm(4) *Ejcm - 2.0 *Pgcm_mag Pjcm
t_dev_range= exp(b *t_min) - exp(b *t_max)

t_dev = t dev_range *rlu(9) + exp(b *t_max)

t = 1/b =*log(t_dev)



C

C

thjcm = acos((t-Mj * 2+2xPgcm(4) *Ejcm)/(2 *Pgcm_mag Pjcm))
elseif(t_dep.eq.2) then ! diffractive cross-section term S

pgcm_mag = sqrt(pgcm(l) ** 2+pgcm(2) ** 2+pgem(3) *x 2)

t_min = abs(Mj = 2 - 2.0 *Pgcm(4) xEjcm + 2.0 * Pgcm_mag Pjcm)

t_max = abs(Mj = 2 - 2.0 *Pgcm(4) *Ejcm - 2.0 *Pgcm_mag Pjcm)

if(t_max.gt.4.5)then

g=g+1

open(23,file="t_max.dat’,iostat=iocode,status="old’ )
write(23, *)'Value of s, t min, t_max : ’,s,t_min,t_max
close(23)

t max = 45
CALL FUNLXP(diff,YY,t_min,t_max)
CALL FUNLUX(YY,YRAN,1)
t=YRAN

else
CALL FUNLXP(diff,YY,t_min,t_max)
CALL FUNLUX(YY,YRAN,1)

t=YRAN
endif
elseif(t_dep.eq.0)then
thjicm = acos(2.0  *rlu(irlu)-1) I theta uniform in cos
t = Mj » 2-2.0 *Pgcm(4) *Ejcm+2.0 * Pgcm_mag Pjcm * cos(thjcm)
endif
phjicm = 2 *pi *rlu(irlu)-pi ! phi uniform from -pi to pi

J/psi momentum in lab coordinate system

Pjcm_v(1) = Pjem =*sin(thjicm)  *cos(phjcm)

Pjcm_v(2) = Pjcm =sin(thjcm)  *sin(phjcm)

Pjcm_v(3) = Pjcm *cos(thjcm)

Pjcm_v(4) = Ejcm

doj =13 | beta to go from CM to lab
beta(j)=-beta(j)

enddo

call gloren(beta,Pjcm_v,Pjlab_v)

Pjlab = sqrt(Pjlab_v(1) * 2+Pjlab_v(2)  * 2+Pjlab_v(3)  ** 2)

Ejlab = Pjlab_v(4)
thjlab = acos(Pjlab_v(3)/Pjlab)
if(Pjlab_v(1).1t.0.0) then
if(Pjlab_v(2).gt.0.0) then
phjlab = atan(Pjlab_v(2)/Pjlab_v(1))+pi

else
phjlab = atan(Pjlab_v(2)/Pjlab_v(1))-pi
endif
else
phjlab = atan(Pjlab_v(2)/Pjlab_v(1))
endif

Decay j/psi into 2 muons
call decay(pjlab_v,pcm,decay_ang_dep)

pmul = sgrt(pcm(1,1)  * 2+pcm(2,1) ** 2+pcm(3,1) ** 2)
thmul= acos(pcm(3,1)/pmul)
if(pocm(2,1).1t.0.0) then
if(pcm(1,1).gt.0.0) then
phmul = atan(pcm(1,1)/pcm(2,1))+pi

else
phmul = atan(pcm(1,1)/pcm(2,1))-pi
endif
else
phmul = atan(pcm(1,1)/pcm(2,1))
endif

Spectrometer angles
phmul_s = asin(sin(thmul) *sin(phmul))
thmul_s = acos(cos(thmul)/cos(phmul_s))
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pmu2 = sqrt(pcm(1,2)

** 24pcm(2,2) = 2+pcm(3,2) ** 2)

thmu2= acos(pcm(3,2)/pmu2)

if(pecm(2,2).1t.0.0) then

if(pcm(1,2).gt.0.0) then
phmu2 = atan(pcm(1,2)/pcm(2,2))+pi

else

phmu2 = atan(pcm(1,2)/pcm(2,2))-pi

endif
else

phmu2 = atan(pcm(1,

endif
C Spectrometer angles

2)/pcm(2,2))

phmu2_s = asin(sin(thmu2) * sin(phmu?2))
thmu2_s = acos(cos(thmu2)/cos(phmu2_s))

C
C Fill ntuple
if(spect_cuts) call spectrom(pmul,thmul_s,phmul_s,
> pmu2,thmu2_s,phmu2_s,record_ntuple)
if(record_ntuple) then
angs(l) = nu
angs(2) = Nk
angs(3) = theta
angs(4) = phi
angs(5) = s
angs(6) = Pjcm
angs(7) = Ejcm
angs(8) = thjcm =*raddeg
angs(9) = Phjcm +raddeg
angs(10) = Pjlab
angs(11) = Ejlab
angs(12) = thjlab *raddeg
angs(13) = Phjlab  *raddeg
angs(14) = z
angs(15) =t
angs(16) = t-t_min
angs(20) = pmul
angs(21) = thmul =raddeg
angs(22) = phmul +*raddeg
angs(23) = pmu2
angs(24) = thmu2 +raddeg
angs(25) = phmu2 xraddeg
angs(26) = Pgrf(4)
angs(27) = mj
angs(28) = phmul_s +*raddeg
angs(29) = thmul_s +*raddeg
angs(30) = phmu2_s +*raddeg
angs(31) = thmu2_s +*raddeg
angs(32) = crosssection
Cc
call hfn(9,angs)
do j = 1,nb_var
angs(j) = 0.0
enddo
count = count + 1
if(count.ge.nb_events) finished = .true.
if(mod(count,N).eq.N-1) then
write(6, *)’Processing event number: ’,count+1
endif
endif
Cc

C Fill histograms
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if(nb_attempts.le.1000000) then

call hfill(105,s,0.,1.)

call hfill(106,nk,0.,1.)

call hfill(107,nu,0.,1.)

call hfill(108,theta *raddeg,0.,1.)
call hfill(110,pgrf(4),0.,1.)

call hfill(111,Ejcm,0.,1.)

call hfill(112,Pjcm,0.,1.)

call hfill(113,thjcm *raddeg,0.,1.)
call hfill(114,phjcm *raddeg,0.,1.)
call hfill(115,Ejlab,0.,1.)

call hfill(116,Pjlab,0.,1.)

call hfill(117,thjlab *raddeg,0.,1.)
call hfill(118,phjlab *raddeg,0.,1.)
call hfill(120,pmu1,0.,1.)
call hfill(121,thmul *raddeg,0.,1.)
call hfill(122,phmul *raddeg,0.,1.)
call hfill(123,pmu2,0.,1.)
call hfill(124,thmu2 *raddeg,0.,1.)
call hfill(125,phmu2 *raddeg,0.,1.)
call hfill(300,thmul *raddeg,pmul,l.)
call hfill(301,thmul *raddeg,thmu2 =*raddeg,1.)
endif
endif

endif

if(nb_attempts.le.1000000) then
call hfill(100,nu,0.,1.)
call hfill(101,Nk,0.,1.)
call hfill(102,theta *raddeg,0.,1.)
call hfill(203,phi *raddeg,0.,1.)
call hfill(104,s,0.,1.)

call hfill(200,random,0.,1.)

endif
enddo
write(6, *)'Number of times t > 4.0: ',p
write(6,  *)'Number of times t_max > 4.0: 'q
write(6, *) 'The number of attempts is: ’',nb_attempts
close(21)
call hrout(0,icycle,” )
call hrend(’jpsi’)

do i=100,125

if(i.ne.109.and.i.ne.119) then
call hrput(ifilename,’n’)

endif

enddo

call hrput(200,filename,’'n’)

call hrput(300,filename,’'n’)

call hrput(301,filename,’'n’)

end

0O0000

subroutine decay(jlab,gkin,ang_dep)
Hardwired for j/psi as parent particle
| should generate the mass from a Lorentz distribution
if the lifetime is less than 10715 sec

integer irlu

real *4 jlab(4) ! Lab 4 momentum of parent particle
real *4 jlab_mag ! Lab 3 momentum squared

*hkkkkkkkkhkkkkkkk
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real =4 gkin(4,2) ! Lab 4 momentum of decay particles

real *4 pcm(4,2)
real *4 beta(4)

real *4 dir(3) ! direction of parent in Lab coordinate

real *4 costh,sinth,cosph,sinph
real *4 xm(2)

real *4 mj,pi,raddeg,mj_width,mjo
real *4 mmu/0.105659/

real rlu

integer ang_dep ! 0: isotropic in decay angle

I 1: weighted by 1+cos(th_cm)

logical rotate

C
common/const/pi,raddeg,mj,mj0,mj_width
C
C 2 body decay
C
xm(1)=mmu
xm(2)=mmu
c
call deca2(mj,xm(1),xm(2),pcm,ang_dep)
C boost into LAB along parent vector followed by rotation bac
C correct coordinate system
Cc
jlab_mag = sqrt(jlab(1) *» 2+jlab(2)  *+ 2+jlab(3)
doi=13
dir(i) = jlab(i)/jlab_mag
enddo
beta(1) = 0.0
beta(2) = 0.0
beta(3) = -jlab_mag/jlab(4)
beta(4) = jlab(4)/mj
call gfang(dir,costh,sinth,cosph,sinph,rotate)
C
doi =12
if(jlab_mag.le.0.0) then
doj =13
gkin(j,i)=pcm(j,i)
enddo
else
call gloren(beta,pcm(1,i),gkin(1,i))
endif
CX remove
rotate=.false.
CX
if(rotate) call gdrot(gkin(1,i),costh,sinth,cosph,sin
gkin(4,i)=sqrt(gkin(1,i) *x 2+gkin(2,i)
enddo
Cc
return
end
C
Cx
subroutine deca2(xm0,xm1,xm2,pcm,ang_dist)
C
implicit none
C
integer irlu
integer ang_dist I 0: isotropic in decay angle; 1: 1+cos™2(t
real *4 xmO ! mass of parent particle

real *4 xml,xm2

I masses of two body decay products
real *4 pcm(4,2) ! momenta of decay products

ph)

*hkkkkkkkkkkkkkkkk

k into

** 2+xm(i) *x 2)

heta)
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real *4 costh,sinth

real *4 phi

real *4 E1,P1

real *4 twopi/6.283185307/
real *4 raddeg/57.29578/

integer nb_var
parameter (nb_var=32)
real *4 angs(nb_var)
common/ntup/angs

external rndm
real *4 rndm
real rlu

Generate first decay product in CMS

E1=(xmO0 * xm0+xm1x xm1-xm2* xm2)/(2 *xmO0)
P1=sqgrt(abs((E1-xm1) * (E1+xm1)))

Generate angular distribution

if(ang_dist.eq.0) then
costh=2. *rlu(irlu)-1.
else
costh=2. *rlu(irlu)-1.
if(2  *rlu(irlu).ge.(1+(costh) ** 2)) goto 30
endif
if(abs(costh).ge.1.0) then
costh=sign(1.0,costh)
sinth=0.
else
sinth=sqrt((1.-costh) * (1.+costh))
endif
phi=twopi  * rlu(irlu)

angs(17)
angs(18)
angs(19)

pl
acos(costh) *raddeg
phi  *raddeg

Polar co-ordinates to momentum components

pcm(1,1)=P1 =sinth *cos(phi)
pcm(2,1)=P1 =*sinth =*sin(phi)
pcm(3,1)=P1 =*costh
pcm(4,1)=E1

Generate second decay product

pcm(1,2)=-pcm(1,1)
pcm(2,2)=-pcm(2,1)
pcm(3,2)=-pcm(3,1)
pcm(4,2)=sgrt(pcm(1,2) ** 2+4pCm(2,2) ** 2+pcm(3,2) ** 2+Xm2x Xm2)

return
end

OO0

Fokkkkkkkkkkkkkkkkk

subroutine spectrom(p1,thl,phl,p2,th2,ph2,record)

See if muons make it into the spectrometers
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C

Cc
C

real *4 pl,thl,phl,p2,th2,ph2

logical record

real *4 phl_s,ph2_s

real *4 sos_p0,sos_p_range,sos_th0,sos_th_range,sos_pho,

> sos_ph_range, hms_p0,hms_p_range,hms_thO,hms_th_ran ge,

> hms_ph0,hms_ph_range
common/spect_cuts/sos_p0,sos_p_range,sos_th0,sos_th _range,

> sos_ph0,sos_ph_range,hms_p0,hms_p_range,

> hms_thO,hms_th_range,hms_phO,hms_ph_range

record=.false.
phl_s=atan(tan(phl) *sin(thl))
ph2_s=atan(tan(ph2) * sin(th2))
if(ph1.ge.sos_phO-sos_ph_range.and.

> phl.le.sos_phO+sos_ph_range) then
if(ph2.ge.hms_ph0-hms_ph_range.and.
> ph2.le.hms_phO+hms_ph_range) then
if(thl.ge.sos_th0-sos_th_range.and.
> thl.le.sos_thO+sos_th_range) then
if(th2.ge.hms_thO-hms_th_range.and.

> th2.le.hms_thO+hms_th_range) then

if(p1.ge.sos_p0 * (1.0-sos_p_range).and.
> plle.sos_p0 (1.0+sos_p_range)) then

if(p2.ge.hms_p0 *(1.0-hms_p_range).and.
> p2.le.hms_p0 *(1.0+hms_p_range)) then
record=.true.
endif
endif
endif
endif
endif

endif
return
end

BREIT-WIGNER MASS DISTRIBUTION FUNCTION

real *4 function Breit_Wigner(x)
real *4 pi,raddeg,mj,mj_width,mj0
common/const/pi,raddeg,mj,mj0,mj_width

Breit_Wigner=

> 1.J/mj0 *pi *mj_width *(1+(((x ** 2-mjO ** 2)/(mjO0 *mj_width)) = 2)))
return
end

FUNCTION FOR ONE PION EXCHANGE AND DIFFRACTIVE CROSS{SECT

real x4 function diff(t)

real *4 pi,raddeg,mj,mj_width,mjO,s
common/const/pi,raddeg,mj,mj0,mj_width
common s

diff = (0.215e4 *t* (.25 *(.880-s) *(1.49-s+t)-.25 * (s *x (1/2)-.938) *h Q%
>(s #* (1/2)+.938)  #x 2) xx 2% (0.472e-1 *(4.34 *t* 2+5.28 *1+2.63) *log(8.68
>+t x+ 2+10.6 *t+4.26)/(.410 *t#x 2+.500 *t+.154)-1)/((s-.880) *x 2% Sx (t+0
>.196e-1) ** 2% (s ** (1/2)-.938) wk 2% (S #* (1/2)+.938)  #+ 2% (1+2.40 *t+(t+3.5
>2)) *(.410 *t*x 2+.500 *t+.154) = 2))+(62.61 *exp(-6.7 t) »(1+(2.626/
>(s-0.879))))!differential cross-section OPE and diffra ctive terms

(THIS DIFFERENTIAL CROSS-SECTION IS OBTAINED BY PLUGGING=(-t) IN ORIGINAL CODE)

continue
return
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end
FUNCTION FOR CROSS-SECTION FIT FOR BALLAM DATA

real =4 function ballamfit(z)

ballamfit =

>.8442613249+(.1592945896  *((z-2.8)/(.2831924835-.2360169021
THIS FUNCTION IS TO BE USED ONLY WHEN spect_cuts IS ON
BCOZ IT IS OVER THE RANGE brem_min to brem_max

continue

return

end

Q

O0000000000

O00000
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SUBROUTINE FUNLXP (FUNC,XFCUM,X2LOW,X2HIGH)
F. JAMES,  Sept, 1994

Prepares the user function FUNC for FUNLUX
Inspired by and mostly copied from FUNPRE and FUNRAN
except that
1. FUNLUX uses RANLUX underneath,
2. FUNLXP expands the first and last bins to cater for
functions with long tails on left and/or right,
3. FUNLXP calls FUNPCT to do the actual finding of percentil
4. both FUNLXP and FUNPCT use RADAPT for Gaussian integrati

real =4 tftot, rteps, x2low, x2high, xlow, xhigh
integer *4 ifunc,ierr

real *4 uncert, x2, x3, tftotl, tftot2, xrange
EXTERNAL FUNC

DIMENSION XFCUM(200)
COMMON/FUNINT/TFTOT

PARAMETER (RTEPS=0.0002)

SAVE IFUNC

DATA IFUNC/0/

IFUNC = IFUNC + 1
FIND RANGE WHERE FUNCTION IS NON-ZERO.
CALL FUNLZ(FUNC,X2LOW,X2HIGH,XLOW,XHIGH)
XRANGE = XHIGH-XLOW
IF(XRANGE .LE. 0.) THEN
WRITE (6,'(A,2G15.5)") ' FUNLXP finds function range .LE.O
+ XLOW,XHIGH
GO TO 900
ENDIF
CALL RADAPT(FUNC,XLOW,XHIGH,1,RTEPS,0.,TFTOT ,UNCERT)
WRITE(6,1003) IFUNC,XLOW,XHIGH,TFTOT
1003 FORMAT(" FUNLXP: integral of USER FUNCTION’,
+ I3, from 'JE12.5 to ',E12.5, is '[E14.6)

WRITE (6,(A,A)") ' FUNLXP preparing ’,

+ ‘first the whole range, then left tail, then right tail.’

CALL FUNPCT(FUNC,IFUNC,XLOW,XHIGH,XFCUM,1,99,TFTOT,I ERR)
IF (IERR .GT. 0) GO TO 900

X2 = XFCUM(3)

CALL RADAPT(FUNC,XLOW,X2,1,RTEPS,0.,TFTOT1 ,UNCERT)

CALL FUNPCT(FUNC,IFUNC,XLOW,X2 ,XFCUM,101,49,TFTOT1,l ERR)
IF (IERR .GT. 0) GO TO 900

X3 = XFCUM(98)

CALL RADAPT(FUNC,X3,XHIGH,1,RTEPS,0., TFTOT2 ,UNCERT)

*2)))

es.
on.
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CALL FUNPCT(FUNC,IFUNC,X3,XHIGH,XFCUM,151,49,TFTOT2, IERR)
IF (IERR .GT. 0) GO TO 900

C WRITE(6,1001) IFUNC,XLOW,XHIGH
C 1001 FORMAT( FUNLXP has prepared USER FUNCTION',I3,
Cc + ' between’,G12.3,” and’,G12.3," for FUNLUX’)

RETURN

900 CONTINUE
WRITE (6,’(A)") ' Fatal error in FUNLXP. FUNLUX will not work
END

SUBROUTINE FUNPCT(FUNC,IFUNC,XLOW,XHIGH,XFCUM,NLO,NRS, TFTOT,
+ IERR)
C Array XFCUM is filled from NLO to NLO+NBINS, which makes
C the number of values NBINS+1, or the number of bins NBINS
EXTERNAL FUNC
DIMENSION XFCUM)
PARAMETER (RTEPS=0.005, NZ=10, MAXZ=20, NITMAX=6,PRECIS =1.E-6)
CcC DOUBLE PRECISION TPCTIL, TZ, TCUM, XINCR, DTABS,
CcC + TINCR, TZMAX, XBEST, DTBEST, DTPAR2

IERR = 0
IF (TFTOT .LE. 0.) GO TO 900
TPCTIL = TFTOT/NBINS
TZ = TPCTIL/NZ
TZMAX = TZ=* 2.
XFCUM(NLO) = XLOW
XFCUM(NLO+NBINS) = XHIGH
X = XLOW
F = FUNC(X)
IF (F .LT. 0.) GO TO 900
C Loop over percentile bins
DO 600 IBIN = NLO, NLO+NBINS-2
TCUM = 0.
X1 = X
F1 =F
DXMAX = (XHIGH -X) / Nz
FMIN = TZ/DXMAX
FMINZ = FMIN
C Loop over trapezoids within a supposed percentile
DO 500 1z= 1, MAXZ
XINCR = TZ/MAX(F1,FMIN,FMINZ)
350 X = X1 + XINCR
F = FUNC(X)
IF (F .LT. 0.) GO TO 900
TINCR = (X-X1) =* 0.5 =* (F+F1)
IF (TINCR .LT. TZMAX) GO TO 370
XINCR = XINCR * 0.5
GO TO 350
370 CONTINUE
TCUM = TCUM + TINCR
IF (TCUM .GE. TPCTIL *0.99) GO TO 520
FMINZ = TZ+F/ (TPCTIL-TCUM)
F1 =F
X1 = X
500 CONTINUE
WRITE(6,’(A)") ' FUNLUX: WARNING. FUNPCT fails trapezoid. ’
END OF TRAPEZOID LOOP
Adjust interval using Gaussian integration with
Newton corrections since F is the derivative
520 CONTINUE
X1 = XFCUM(IBIN)
XBEST = X
DTBEST = TPCTIL

OO0



C

TPART = TPCTIL
Allow for maximum NITMAX more iterations on RADAPT
DO 550 IHOME= 1, NITMAX
535 XINCR = (TPCTIL-TPART) / MAX(F,FMIN)
X = XBEST + XINCR
X2 = X
IF (IHOME .GT. 1 .AND. X2 .EQ. XBEST) THEN
WRITE (6,'(A,G12.3)")
+ ' FUNLUX: WARNING from FUNPCT: insufficient precision at X
GO TO 580
ENDIF
REFX = ABS(X)+PRECIS
CALL RADAPT(FUNC,X1,X2,1,RTEPS,0.,TPART2,UNCERT)
DTPAR2 = TPART2-TPCTIL
DTABS = ABS(DTPAR2)
IF(ABS(XINCR)/REFX .LT. PRECIS) GOTO 545
IF(DTABS .LT. DTBEST) GOTO 545
XINCR = XINCR * 0.5
GOTO 535
545 DTBEST = DTABS
XBEST = X
TPART = TPART2
F = FUNC(X)
IF(F .LT. 0.) GOTO 900
IF(DTABS .LT. RTEPS *TPCTIL) GOTO 580
550 CONTINUE
WRITE (6,'(A,14)")
+ " FUNLUX: WARNING from FUNPCT: cannot converge, bin’,IBIN

580 CONTINUE
XINCR = (TPCTIL-TPART) / MAX(F,FMIN)
X = XBEST + XINCR
XFCUM(IBIN+1) = X
F = FUNC(X)
IF(F .LT. 0.) GOTO 900
600 CONTINUE
END OF LOOP OVER BINS
X1 = XFCUM(NLO+NBINS-1)
X2 = XHIGH
CALL RADAPT(FUNC,X1,X2,1,RTEPS,0., TPART ,UNCERT)
ABERR = ABS(TPART-TPCTIL)/TFTOT
WRITE(6,1001) IFUNC,XLOW,XHIGH
IF(ABERR .GT. RTEPS) WRITE(6,1002) ABERR
RETURN
900 WRITE(6,1000) X,F
IERR = 1
RETURN

1000 FORMAT(/" FUNLUX fatal error in FUNPCT: function negat ive:'/

C
C
Cc
C

OO0

+ ) at X='E15.6,’, F=",E15.6/)
1001 FORMAT( FUNPCT has prepared USER FUNCTION',I3,
+ ' between’,G12.3,” and’,G12.3,” for FUNLUX.")
1002 FORMAT( WARNING: Relative error in cumulative distr ibution’,
+ ' may be as big as',F10.7)
END
SUBROUTINE FUNLUX(ARRAY,XRAN,LEN)
Generation of LEN random numbers in any given distribution
by 4-point interpolation in the inverse cumulative distr.
which was previously generated by FUNLXP
COMMON/FUNINT/XUNI
DIMENSION ARRAY(200)
DIMENSION XRAN(LEN)
Bin width for main sequence, and its inverse
PARAMETER (GAP= 1./99., GAPINV=99.)
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Top of left tail, bottom of right tail (each tail replaces 2 b ins)
PARAMETER (TLEFT= 2./99.,BRIGHT=97./99.)

Bin width for minor sequences (tails), and its inverse
PARAMETER (GAPS=TLEFT/49., GAPINS=1./GAPS)

The array ARRAY is assumed to have the following structure:
ARRAY(1-100) contains the 99 bins of the inverse cumulativ e
distribution of the entire function.
ARRAY(101-150) contains the 49-bin blowup of main bins
1 and 2 (left tail of distribution)
ARRAY(151-200) contains the 49-bin blowup of main bins
98 and 99 (right tail of distribution)

CALL RANLUX(XRAN,LEN)

DO 500 IBUF= 1, LEN
X = XRAN(IBUF)
J = INT( X *GAPINV) + 1
IF (3 LT. 3) THEN
J1 = INT( X *GAPINS)
J1 + 101
MAX(J,102)
MIN(J,148)
(X -GAPS*(J1-1)) * GAPINS
A = (P+1.0) * ARRAY(J+2) - (P-2.0) *ARRAY(J-1)
B = (P-1.0) =+ ARRAY(J) - P * ARRAY(J+1)
XRAN(IBUF) = A*Px(P-1.0) *0.16666667 + B *(P+1.0) *(P-2.0) *0.5
ELSE IF (J .GT. 97) THEN
J1 = INT((X-BRIGHT) *GAPINS)
J=J1+ 151
J = MAX(J,152)
J = MIN(J,198)
(X -BRIGHT -GAPS«(J1-1)) * GAPINS
(P+1.0) * ARRAY(J+2) - (P-2.0) *ARRAY(J-1)
(P-1.0) * ARRAY(J) - P * ARRAY(J+1)
XRAN(IBUF) = AxPx(P-1.0) *0.16666667 + B *(P+1.0) *(P-2.0) *0.5
ELSE
J
J
P

[ SR SR
m o n

P

W >7T
mumn

= MAX(J,2)
= MIN(J,98)
(X -GAPx(J-1)) * GAPINV
A = (P+1.0) * ARRAY(J+2) - (P-2.0) *ARRAY(J-1)
B = (P-1.0) * ARRAY(J) - P * ARRAY(J+1)
XRAN(IBUF) = A*Px(P-1.0) *0.16666667 + B *(P+1.0) *(P-2.0) *0.5
ENDIF
500 CONTINUE
XUNI = X
RETURN
END
SUBROUTINE FUNLZ(FUNC,X2LOW,X2HIGH,XLOW,XHIGH)
FIND RANGE WHERE FUNC IS NON-ZERO.
WRITTEN 1980, F. JAMES
MODIFIED, NOV. 1985, TO FIX BUG AND GENERALIZE
TO FIND SIMPLY-CONNECTED NON-ZERO REGION (XLOW,XHIGH)
ANYWHERE WITHIN THE GIVEN REGION (X2LOW,H2HIGH).
WHERE 'ANYWHERE’' MEANS EITHER AT THE LOWER OR UPPER
EDGE OF THE GIVEN REGION, OR, IF IN THE MIDDLE,
COVERING AT LEAST 1% OF THE GIVEN REGION.
OTHERWISE IT IS NOT GUARANTEED TO FIND THE NON-ZERO REGION.
IF FUNCTION EVERYWHERE ZERO, FUNLZ SETS XLOW=XHIGH=0.
EXTERNAL FUNC
XLOW = X2LOW
XHIGH = X2HIGH
FIND OUT IF FUNCTION IS ZERO AT ONE END OR BOTH
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XMID = XLOW
IF (FUNC(XLOW) .GT. 0.) GO TO 120
XMID = XHIGH
IF (FUNC(XHIGH) .GT. 0) GO TO 50
FUNCTION IS ZERO AT BOTH ENDS,
LOOK FOR PLACE WHERE IT IS NON-ZERO.
DO 30 LOGN= 1, 7
NSLICE = 2% LOGN
DO 20 I= 1, NSLICE, 2
XMID = XLOW + I+ (XHIGH-XLOW) / NSLICE
IF (FUNC(XMID) .GT. 0) GO TO 50
CONTINUE
CONTINUE
FALLING THROUGH LOOP MEANS CANNOT FIND NON-ZERO VALUE
WRITE(6,554)
WRITE(6,555) XLOW, XHIGH
XLOW = 0.
XHIGH = 0.
GO TO 220

CONTINUE
DELETE 'LEADING’ ZERO RANGE

XH = XMID

XL = XLOW

DO 70 K= 1, 20

XNEW = 0.5 (XH+XL)

IF (FUNC(XNEW) .EQ. 0.) GO TO 68

XH = XNEW

GO TO 70

XL = XNEW

CONTINUE

XLOW = XL

WRITE(6,555) X2LOW,XLOW

CONTINUE

IF (FUNC(XHIGH) .GT. 0.) GO TO 220
DELETE 'TRAILING' RANGE OF ZEROES

XL = XMID

XH = XHIGH

DO 170 K= 1, 20

XNEW = 0.5 (XH+XL)

IF (FUNC(XNEW) .EQ. 0. GO TO 168

XL = XNEW

GO TO 170

XH = XNEW

CONTINUE

XHIGH = XH

WRITE(6,555) XHIGH, X2HIGH

CONTINUE

RETURN

FORMAT(OCANNOT FIND NON-ZERO FUNCTION VALUE)
FORMAT( FUNCTION IS ZERO FROM X='E12.5, TO ',[E12.5)
END
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