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Abstract

In the framework of this thesis the near-threshold production of φ mesons in

the pp→ ppφ reaction has been studied at the Cooler Synchrotron COSY–

Jülich, using the internal beam and ANKE facility. The physiscs motivation,

the experimental setup, the data analysis procedures, the experimental re-

sults and their implications on the theoretical predictions are presented.

Meson production near threshold has the potential to clarify important

questions of hadron physics in the non-perturbative regime of quantum chro-

modynamics due to its comparatively simple scheme of interpretation. The

production of light vector mesons, ρ(770), ω(782) and φ(1020), quark anti-

quark states with their spins aligned (JP =1−) and without open strangeness,

has been investigated with both hadronic and electromagnetic probes in or-

der to study production mechanisms, coupling constants, modifications in

nuclear medium and in particular the so–called Okubo–Zweig–Iizuka (OZI)

rule.

This rule states that processes with disconnected quark lines between ini-

tial and final states are suppressed compared to those where the incident

quarks continue through to the exit channel. As a result, the production

of ideally mixed φ–mesons (quark content ss̄) in a reaction A + B →φX is

reduced compared to A + B →ωX (ω is a linear combination of uū + dd̄)

under similar kinematical conditions. Taking into account deviations from

ideal mixing between singlet and octet vector mesons, Lipkin predicted a

ratio of single φ to ω–production of Rφ/ω = 4.2 ×10−3 ≡ ROZI. However,

strong enhancements of the experimental Rφ/ω compared to ROZI have been

observed in particular in p̄p annihilations, where Rφ/ω can be as large as

∼ 100×ROZI. Since vector–meson production in close–to–threshold pp→ ppV



reactions must proceed via the spin–triplet entrance channel, the investiga-

tion of the cross section ratio σ(pp→ ppφ)/σ(pp→ ppω) at small excess en-

ergies ε should provide a clean way of investigating possible violations of the

OZI rule.

Total cross sections for ω–production in proton–proton collisions have

been measured in a range of excess energy ε from a few MeV up to several

GeV, whereas data for ppφ are very scarce. Two total cross sections of φ–

production have been obtained for ε ∼ (2 − 4) GeV, but with rather limited

accuracy. At low excess energy, a single measurement of total and differential

cross sections has been made by the DISTO collaboration at ε=83 MeV. In

combination with the ω cross section of COSY-TOF at ε = 92 MeV , this

yields Rφ/ω ∼ 7×ROZI. The differential distributions from DISTO indicate

that φ–production at that energy proceeds dominantly via the 3P1 (pp) en-

trance channel, though other partial waves do contribute significantly. To

clarify this, it is crucial to extend the measurements to such small excess en-

ergies that only the lowest partial waves can contribute. Such measurements

have become feasible at the internal proton beam of the Cooler Synchrotron

COSY at the Research Center Jülich, using the ANKE target and detector

facility. The pp→ ppφ reaction has been studied by detecting the K+K−

decay of φ–mesons in coincidence with one of the forward–going protons.

In this thesis it is reported on the results for total cross section measure-

ments of φ–production in proton–proton collisions at three beam momenta,

corresponding to excess energies of ε=18.5, 34.5 and 75.9 MeV, all of which

are much closer to threshold than previous data. The lowest energy result

demonstrates the dominance of the transition from the 3P1 (pp)–entrance

channel to the 1S0 (pp) final–state. Both the total cross section and the

proton–momentum spectrum indicate a significant pp final state interaction.

Using data for ω–production from literature, it is found that Rφ/ω is about

8×ROZI. The new data on the ω–production at ANKE, allow us to extract

the OZI ratio wirth greather confidence and smaller error bars than before.
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Chapter 1

Introduction and Motivation

In this chapter, the scientific background of the thesis – matter being com-

posed of hadrons, which themselves are bound states of quarks – is intro-

duced. In addition, the motivation for the specific experiment on which the

thesis is based – test of the OZI–rule via φ (1020) meson production on

proton–targets close to the production threshold will be outlined.

1.1 General Physics Background

Scientists have in the past discovered the different layers of compositeness of

matter as we know them today: bulk matter is made of atoms (molecules),

which themselves are build from an electron cloud and a nucleus, contain-

ing protons and neutrons. Protons, neutrons and electrons were originally

thought to be “fundamental particles”, i.e. the building blocks of all the

matter that we see around us in Nature. This still holds for the electron as

of today. It soon turned out, however, that more and more particles were

discovered, which appeared to be just as elementary as protons and neu-

trons. Therefore, the search of a further and deeper layer of substructure

was started: the result – quarks – is known to every nuclear scientist, most
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Chapter 1

physicists, as well as many people with interest in the nuclear sciences.

1.1.1 Quark Model

The introduction of the quark model was driven by the idea of reducing the

number of elementary particles after the proliferation of such objects, when

more and more powerful accelerators became available in the 1950s. As early

as 1949, C. N. Yang and E. Fermi speculated that the pion (π) was a nucleon–

antinucleon composite [1]. After the discovery of strange particles, such ideas

were taken on by others, most notably S. Sakata, who introduced the lambda

(Λ) as the strange fundamental building block besides proton and neutron

[2]. The contest between different competing models was finally resolved by

the discovery of the omega-minus (Ω−) at Brookhaven (BNL, USA), which

was the missing member of one particular particle multiplet predicted by the

SU(3)–model of M. Gell–Mann.

In the early 1960s M. Gell–Mann suggested that mesons and baryons be

composed of entities which have become known as quarks (Gell–Mann is said

to have taken this name from a phrase in James Joyce’s novel “Finnegan’s

Wake”) [3]. It is interesting to note that such a model was proposed in-

dependently by G. Zweig, who called his constituents aces (but who never

published his version in a refereed journal).

To cut a long story short: today, we believe that matter is composed of

6 different quarks, which were given the names:

u up c charm t top
d down s strange b bottom

One of the truly remarkable properties of quarks is that they have non-

integral values of charges (in terms of the elementary charge e0), i.e. 2/3

(for u, c, and t), and -1/3 (for d, s, and b). (The signs reverse for the

corresponding antiquarks.) In this way, the former elementary particles are
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Section 1.1

simple multiquark combinations, e.g.:

Proton: p = uud (charge: +1 = 2/3 + 2/3 – 1/3)
Neutron: n = udd (charge: 0 = 2/3 – 1/3 – 1/3)
Lambda: Λ = uds (charge: 0 = 2/3 – 1/3 – 1/3)

(It must be noted here that this description ignores the virtual quark–

antiquark pairs, which are present in hadrons (sea–quarks) – the quark-model

as outlined above is thus a very simplified version, sometimes called the

(naive) constituent quark model.)

The most important and possibly also astounding property of quarks is

that they can never be found isolated, but only in (certain) bound states (see

discussion below). This characteristic is called confinement in the underly-

ing theory of the strong interaction (i.e. the interaction between quarks by

the exchange of gluons), called quantum chromodynamics (QCD). Here, it

suffices to mention that only two combinations of quarks have been unam-

biguously identified up to now: baryons (made of 3 quarks, examples: proton,

neutron), and mesons (quark–antiquark states, example: pion) – other mul-

tiquark bound states are searched for vigorously and recently, evidence for

pentaquarks (i.e. 5 quark-states) has been reported, but this needs to be

confirmed.

For more details on the quark model as well as on QCD, we refer to the

multitude of literature and textbooks on the subject.

1.1.2 Hadronic Systems

The early success of the quark-model was that it brought order into the “zoo

of particles” of hadrons, i.e. baryons and mesons [4]. The following discussion

uses only the three low-mass quarks (u, d, s), but it can be extended to the

c–quark; for the t– and b–quarks, however, the underlying symmetry is too

badly broken due to their large masses.
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Chapter 1

Table 1.1: Additive quantum numbers of the three lowest mass quarks and
antiquarks. Here, Q is the electric charge in units of e0, I is the isospin, I3 the
third component of the isospin, Y is the hypercharge, S is the strangeness,
and B is the baryon number. Q = Y/2 + Iz, Y = B + S.

Quark \ Property Q I Iz Y S B
u 2/3 1/2 1/2 1/3 0 1/3
d -1/3 1/2 -1/2 1/3 0 1/3
s -1/3 0 0 -2/3 -1 1/3
ū -2/3 1/2 -1/2 -1/3 0 -1/3
d̄ 1/3 1/2 1/2 -1/3 0 -1/3
s̄ 1/3 0 0 2/3 1 -1/3

Using a group–theoretical approach to the hadronic symmetries and start-

ing from the fundamental quark-triplet (Fig. 1.1), so-called multiplets of

baryons and mesons are obtained, in which the order parameters are: (i)

mass, (ii) charge and (iii) strangeness S (other choices are possible, see be-

low). In Fig. 1.2, examples are given for the baryon-octet, containing proton

Y Y

I3 I3

1
2

1
2

1
2

1
2

1
3

2
3

1
3

2
3

d u

s
u d

s

Figure 1.1: Fundamental triplets of (u, d, s) and (ū, d̄, s̄). Y is the hyper-
charge and I3 the third component of the isospin (see also Table 1.1).

and neutron as well as the meson-nonet with the pion. In these figures,

particles along horizontal lines have similar masses (exception: π, η), while

vertically the mass of the hadron depends on the number of s–quarks as
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Section 1.1

compared to the lighter u– and d–quarks.

Y

I3

n p

Σ− Σ+Σ0

Ξ0Ξ−

Λ0

Y

I3

K0

π− π0η0 π+

K- K0

K+

-1 +1 -1 +1

S=0

S=-1

S=-2

S=+1

S=0

S=-1

Figure 1.2: Baryon octet (left) and meson nonet (right).

For the further discussion we need to consider in more detail the mesons,

the bound states of a quark and an antiquark: all such states are unstable

and will decay sooner or later. Because of the quantum numbers of the quark–

constituents and possible orbital angular momenta of the quarks in a meson,

the resulting mesons can be divided into the following different categories:

I) Pseudoscalar Mesons JP = 0−

II) Vector Mesons JP = 1−

III) Scalar Mesons JP = 0+

IV) Tensor Mesons JP = 2+

The pseudoscalar mesons have quark and antiquark spins antialigned and

zero orbital angular momentum, resulting in a total angular momentum of

zero. Since the parity of an antiquark is opposite to that of the quark, this

leads to them having negative parity. Prominent members are the pions (π−,

π0, π+).

The vector mesons have quark and antiquark spins aligned and zero or-

bital angular momentum, thus the total angular momentum is 1. They also

have negative parity. Examples of vector mesons are rho (ρ), omega (ω), and

phi (φ).

The scalar mesons have aligned spins and one unit of orbital angular

momentum, and resulting in a total angular momentum of zero and positive
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Chapter 1

parity. Examples are a0 and f0, although not undisputed.

Finally, the tensor mesons, have aligned spins, which, together with the

orbital angular momentum adds up to a total angular momentum of two;

they too have positive parity. Within our context the latter two (as well as

many other mesons with higher orbital angular momentum) do not play a

role and will not be discussed further. A trivial reason is that usually higher

orbital angular momenta translate into a higher mass for the meson, and

these are no longer experimentally accessible at COSY (see below).

1.1.3 Vector Mesons and Mixing

As noted above, the vector mesons (JP = 1−) can be understood as l = 0,

spin-triplet quark–antiquark states. The nonet of vector mesons is shown in

Fig. 1.3; in the following we concentrate on the non–strange members, i.e.

rho (ρ−, ρo, ρ+), omega (ω) and phi (φ).

S

I3

K*0

ρ− ρ0 ρ+

K*-

K*+

-1 +1ω φ

+1

-1 K*0

Figure 1.3: Nonet of vector–mesons.
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Section 1.1

The nonet can be understood as an octet and a singlet. Formally, one

can write:

φ = V0 sin Θ − V8 cos Θ

ω = V8 sin Θ + V0 cos Θ

where ω and φ are the physical states, and V0, V8 represent the singlet and

the octet state, respectively. For ideal mixing, the mixing angle would be

Θi ≃ 35◦ (sin Θi =
√

1/3, cos Θ =
√

2/3), resulting in

φ =
1√
3

(V0 −
√

2V8)

ω =
1√
3

(V8 +
√

2V0)

where

V0 = (ūu + d̄d + s̄s)/
√

3

V8 = (ūu + d̄d − 2s̄s)/
√

6

thus yielding:

ρ0 = (uū − dd̄)/
√

2

ω = (uū + dd̄)/
√

2

φ = ss̄

This has the immediate consequence that the mass of the ρ0 and of the ω

should be very similar, while the φ-mass is significantly different (larger).

The experimental masses are shown in Tab. 1.2. Since this is in line with
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Chapter 1

Table 1.2: Comparison of experimental masses for the ρ0, ω and φ mesons.

Particle Mass [MeV/c2]
ρ◦ 775.5 ±0.4
ω 782.65 ±0.12
φ 1019.46 ±0.019

the expectation for ideal mixing, it can be deduced that the experimental

octet-singlet mixing angle is close to the ideal one. A detailed analysis yields

Θ ≈ 39◦ (note: in the pseudoscalar meson case, the corresponding mixing

angle is Θ ≈ 11◦).

As the bottom line of this discussion, it follows that the ω-meson has

essentially only uū and dd̄ components (and no strange quarke part), while,

on the contrary, the φ-meson practically only has an ss̄-component (i.e. very

small uū and dd̄ parts). This has immediate consequences for the correspond-

ing meson-decays, which will be discussed in the following section.

1.2 Okubo–Zweig–Iizuka (OZI) Rule

Back in 1963, experimental evidence from experiments at Brookhaven in-

dicated that the φ–meson predominantly decays into a kaon-antikaon pair

rather than to a (ρ + π) or 3π (see Fig. 1.4) as expected from the usual sys-

tematics of hadron decays [5]. G. Zweig interpreted this (see [7]) by assuming

that the φ has hidden strangeness and visualized the decay as indicated in

Fig. 1.5. The s̄s content of the φ persists through its decay and naturally

leads to the final state mesons with strange–quark content rather than the

non–strange ρ and π. The modern interpretation is that strong processes, in

which the final state can only be reached through quark–antiquark annihila-

tion (disconnected quark–lines in the above figures) are suppressed.

10
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φ ρ

πο
π−
π+

φ

πο
π−

π+

Figure 1.4: The diagram of φ → π+π−π0 decay: via φ − ρ mixing (left);
direct transition to 3π system (right).

In what has become known as the Okubo-Zweig-Iizuka (OZI) rule, one

compares the production of φ– and ω–mesons under similar kinematical con-

ditions. Since ω and φ have the same quantum numbers I = 0, Y = 0, one

would expect that they should have very similar strong–interaction proper-

ties. In particular their strong decay width should be comparable. Experi-

mentally this is not observed.

φ(1020) → K+K−

→ K0K̄0

}

84%

→ π+π−π0 15%

ω(783) → π+π−π0 90%

→ π+π−

→ π0γ

}

10%

The ω decays predominantly into the 3π channel, while for the φ this channel

is suppressed relative to K̄K even though the phase space for the 3π channel

is very small (mφ is barely above 2mK ≃996 MeV). This indicates a strong

preference for φ to decay into channels involving strange particles rather than

into channels without strange particles.

Substituting the masses of the vector mesons, one obtains Θ=39◦, which

is not far from the ideal mixing angle. The difference δ = Θ − Θi is called

deviation from the ideal mixing angle and determines the contribution of

light quarks in the φ wave function. This contribution, according to the OZI

rule, determines how large the cross sections of φ production are in NN , πN

or N̄N interactions. To demonstrate this, let us write the formulation of

11
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φ

d
φ

u

K+

K-(a)

s
ω

(b)

u

s

u

u

π−

πο

π+

s

s

d

d
d

u

us

s

d

(c)

π−

πο

π+
d

d
d

u

u

Figure 1.5: φ and ω decays: (a, b) allowed (or preferred) by the OZI rule;
(c) Forbidden (or disallowed).

Okubo [29] in terms of mixing angles:

M(A + B → C + φ)

M(A + B → C + ω)
= − tan(Θ − Θi) ,

where M(A + B → C + qq̄) are amplitudes of the corresponding processes

and

R =
σ(A + B → C + φ)

σ(A + B → C + ω)
= tan2 δ × f , (1.1)

where f is the ratio of phase space of the reaction. If f=1 and Θ=39◦ (the

corresponding deviation from ideal mixing is δ ≈ 3.7◦) in Eq. 1.1, then the

OZI rule predicts that in all hadron reactions the ratio between the cross

sections of φ and ω production R(φ/ω) should be [9, 10]:

R(φ/ω) = 4.2 × 10−3 ≡ ROZI (1.2)

12
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Therefore, using as input only the masses of mesons, the ratio of production

cross sections is predicted .

It is remarkable to what extent the experimental data in different interac-

tions and at different energies follow this rule. We will discuss this in detail

in the next sections. The physical mixing angle could be calculated for each

meson nonet using the quadratic Gell-Mann–Okubo mass formula. It means

that the mixing is large and the production of the corresponding s̄s states

will be suppressed in comparison with their light quark counterparts.

In QCD the Zweig-suppression is interpreted in terms of multi-gluon inter-

mediate states: it is as well observed in charmonium-decays into non-charmed

and charmed final states.

In the next section, it is discussed how the OZI-rule can be tested exper-

imentally and which results have been obtained up to now.
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1.3 Test of the OZI–Rule

Generally speaking, the OZI-rule can be tested by a comparison of the cross

sections for φ-production compared to ω-production in the same reaction, for

example πN , NN , N̄N .

The production of the φ and ω mesons was studied in different experi-

ments in NN , πN , and N̄N interactions. The obtained ratios R(φX/ωX)

of the cross sections of φ and ω production are shown in Table 1.3 [12].

σ(πN → φX)

σ(πN → ωX)
= (3.2 ± 0.8) × ROZI (1.3)

Therefore, in πN interaction [11] the agreement with the OZI–rule prediction

Eq. 1.2 is reasonable.

In contrast the weighted average ratio of the cross sections of the φ and

ω production (from literature) at different energies in nucleon–nucleon inter-

actions exceeds the OZI value of Eq. 1.2 by approximately three times:

σ(NN → φX)

σ(NN → ωX)
= (3.05 ± 0.7) × ROZI (1.4)

However, strong enhancements of the experimental Rφ/ω compared to

ROZI have been observed (an overview is given in Ref. [12]), in particular, in

p̄p annihilations, where Rφ/ω can be as large [13].

σ(p̄p → φX)

σ(p̄p → ωX)
=∼ 100 × ROZI (1.5)

i.e. more than a factor three.

The deviation from the OZI–rule prediction in the NN and N̄N scattering

thus is significantly higher than in the πN interaction and deserves further

investigations and will be treated in this thesis.

Next a brief introduction into meson production in NN collision would

be given.

14



Section 1.3

Table 1.3: The ratio R = φX/ωX of the cross sections for production of
φ and ω mesons in pp, p̄p, and πp interactions. PL is the momentum of the
incoming particle. No corrections on the phase space volume difference where
made except the cases marked ∗.

Initial PL Final R = φX/ωX
state [GeV/c] state X ×10−3

π+n 1.54–2.6 p 21.0±11.0
π+p 3.54 π+p 19.0±11.0
π−p 5–6 n 3.5±1.0
π−p 6 n 3.2±0.4
π−p 10 π−n 6.0±3.0
π−p 19 2π−π+p 5.0+5

−2

π−p 32.5 n 2.9±0.9
π−p 360 X 14.0±6.0
pp 10 pp 20.0±5.0
pp 24 pp 26.5±18.8
pp 24 π+π−pp 1.2±0.8
pp 24 pp mπ+π−, 19.0±7.0

m = 0, 1, 2
pp 70 pX ′ 16.4±0.4
pp 360 X 4.0±5.0
p̄p 0.7 π+π− 19.0±5∗

p̄p 0.7 ρ0 13.0±4∗

p̄p 1.2 π+π− 11.0±5+3
−4

p̄p 2.3 π+π− 17.5±3.4
p̄p 3.6 π+π− 9.0±9+4

−7
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Chapter 2

Background for the

Measurement

Results on the near–threshold production of mesons in nucleon–nucleon scat-

tering are very important because they are sensitive to the interactions of

neutrons and protons at short distances. The analysis of such data in the

short–range limit permits a quantitative comparison of the production lead-

ing to two– and three–body final states. The relative strengths of different

meson productions are broadly in line with the predictions of one–meson–

exchange models and it is deviations from these that may be indications of

extra physics. In this chapter we will discuss the results from one of such

simple model, which was presented by Colin Wilkin at the Baryon ’98 Con-

ference in Bonn [14].

2.1 Meson Production Near Threshold

Meson production analysis near threshold should be considered only as a

zeroth order approach to the understanding of these processes. However, it

may at least indicate the sensitivity of the results to the physics assumptions,
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and therefore what one might hope to learn from more refined models.

2.1.1 Discussion/Introduction of a Simple Model

Most analyses of the NN → NN X reaction have been carried out in one–

boson–exchange models, shown schematically in Fig. 2.1, which serves to

define the kinematics in the overall c.m. system. Letting ~k be the meson

momentum, and 2~q the relative NN momentum in the final state, then non-

relativistically the c.m. kinetic energy ε of the NN X system is

ε =
1

2µR
k2 +

1

m
q2 . (2.1)

Here m is twice the nucleon reduced mass, µ the meson mass and µR the

overall reduced mass equal to µ/(1 + µ/2m). Data are often presented in

terms of η, the maximum c.m. momentum of the meson in units of the meson

mass

η =
√

2µRε/µ . (2.2)

isi

fsi

-p

p

k

-    k+q
1
2

-    k-q
1
2

π, ρ
η, ω

Figure 2.1: One–boson–exchange mechanism for meson production
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Calculations differ according to what mesons X are exchanged in the

diagram, whether distortion of the incident NN waves or rescattering of

the meson X are included. However, what is crucial in any description is

a reasonable treatment of the nucleon-nucleon final-state interaction (FSI),

drawn here as a blob. This is because of the nearby poles in the S-wave NN

amplitudes at q2 = −α2, corresponding to the deuteron bound state in the
3S1 channel or in the 1S0 virtual state. Taken together with the phase space

factors, these poles tend to determine much of the energy dependence of the

total cross section for meson production. Furthermore, in any region where

these poles dominate, it is possible to link quantitatively meson production

in cases where the two nucleons emerge separately or as a bound deuteron

state.

The production of a pion or heavier meson in nucleon–nucleon scattering

necessarily involves very large momentum transfers and so it is primarily the

short–range part of the production operator which is tested in such processes.

However, it is precisely at short distances that the extrapolation theorem

allows us to approximate the scattering wave function in terms of that for the

bound state. As a consequence, independent of the details of the operators,

the production amplitudes M are linked by

M(NN → {NN}qX) ≈ −M(NN → {NN}bsX)/
√

2α(q2 + α2) . (2.3)

The above relation is of course only valid for S-wave spin-triplet NN final

states, where the bound state is the deuteron. However, the wave function

for the virtual state in the spin-singlet system with α < 0 has an energy

dependence dominated by a similar 1/
√

q2 + α2 factor to the bound state

case of Eq. (2.3). The main difference between the two cases is that there is

then no equivalent of the deuteron channel to normalize the cross section.

The cleanest place to test such an approach is in the comparison of the

cross sections for pp → pnπ+ and pp → dπ+ away from threshold but in

those parts of phase space where the np excitation energy εpn = q2/m re-
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mains small. Under these conditions we expect that the final S-wave triplet

contribution to the differential cross section should be

d2σ

dΩ dx
(pp → {np}π+) ≈ k(x)

k(−1)

√
x

2π(x + 1)

dσ

dΩ
(pp → dπ+) . (2.4)

The dimensionless variable x is defined as x = εpn/EB = q2/mEB, where

EB is the deuteron binding energy, and k(x) and k(−1) are the momenta

of the pion in the three and two-body reactions respectively. Very detailed

measurements of pion production were carried out by a TRIUMF group [15]

and the results were consistent with the expectations based on the above

formulae.

Applying the formalism to near-threshold production, the condition on

εnp is always met. If the energy dependence of the two-body cross section is

of the form

σT (pp → dπ+) = Aη + Bη3 , (2.5)

the integrals over phase space can be performed analytically [16] to give

σT (pp → pnπ+) ≈ 1
4
ζ3η4

(

1 +
√

1 + ζ2η2

)

−2

×
{

A + 1
2
Bη2

[

1 + 1
2
η2ζ2

(

1 +
√

1 + ζ2η2

)

−2
]}

.

The only dependence upon the deuteron properties is through the parameter

ζ = µR/
√

2µEB. It should be mentioned that the approach has to be modi-

fied slightly to take into account, in an approximate way, external Coulomb

corrections which are very important near threshold [17].

Turning now to proton-proton scattering, the short-range approximation
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to the pion-exchange diagram of Fig. 2.1 predicts a total cross section of [19]

σT (pp → ppX) = C
(m + µ)2

(2m + µ)5/2

√
µ

(mµ + m2
π)2

×

|f(π0p → p X)|2
(

ε

1 +
√

1 + ε/EB

)2

(2.6)

where, including Coulomb distortion, EB ≈ 0.45 MeV. In addition to the

amplitude f(π0p → p X) for the production of meson X in pion scattering,

one also recognizes the last term here as being the S-wave FSI factor of

Eq. (2.6). The normalization constant C is close to that required to reproduce

the η-production data [18], but if these data are rather used to determine

the value of C, then this has to be multiplied by factors of 1.3 and 3 in order

to describe well the ω and η′ data in Fig. 2.2. It is therefore clear that there

are no gross departures from the most naive implementation of a one-pion-

exchange model. We are therefore going to have to look in much greater

detail and at more exclusive observables in order to see features which are

dependent upon the particular meson produced. It should be noted, that the

new ANKE measurements for φ-production at 3 excess energies (18.5 MeV,

34.5 MeV and 75.9 MeV) are included in this figure. How these data have

obtained, which is the central part of the this thesis, will be discussed in the

remaining chapter of this thesis.

Simple isospin arguments, combined with the values of the S-wave NN

wave functions at short distances, suggest that the production of isoscalar

mesons through one-pion exchange should be about four times higher in pn

collisions than pp, and the recent TSL measurement of pn → pnη shows a

cross section with a similar energy dependence to that of pp → ppη but a

factor of 6.5 times stronger [24]. This implies that some other exchange is

also very important. This could be the ρ meson, since the photon has a

significant coupling to the N∗(1535) isobar. Denoting by tπ the amplitude

for π exchange, and similarly for ρ, η and ω, the TSL data are consistent
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Figure 2.2: Total cross sections for meson production in the pp → ppX
reaction near threshold. Experimental data on the production of η [19, 21,
22], ω [20], and η′-mesons [19, 23] are compared with the predictions of
Eq. (2.6) normalized to the η data. The residual scale factors shown are
close to unity except in the η′ case. The only previously existing data on φ
production is at ε = 83 MeV [30] and, whereas this is much too high for the
S-wave assumptions to be valid, it is amusing that the curve shown for the φ
does pass through this point. With red stars the new ANKE measurements
are included.

with [24]

| tπ − tρ + (tω − tη)/3 |
| tπ + tρ + tω + tη) | ≈ 1.3 , (2.7)

where the minus signs in the numerator arise from a combination of spin

and isospin coupling.

Even if one neglects η and ω exchange, there are still solutions where the

ρ dominates and others where it is the pion, and extra experimental data,

such as angular distributions, are required. Vector–meson–dominance models

suggest strongly that ρ exchange is the most important term in η produc-

tion in proton-proton collisions near threshold. The destructive interference
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between ρ and π exchange in the pp case should produce more η at 90◦ than

at 0◦ but we expect the angular distribution in pn → dη to be flatter.

When applying the formula of Eq. (2.6) to vector meson production,

there is an uncertainty of a factor of 3/2 due to the ambiguity in the spin

coupling but by far the biggest modification arises from the finite width of

the meson which means that even at a nominal ε = 0 there is sufficient energy

to produce the bottom half of the meson. After this effect is included, the

energy dependence of ω production is well reproduced, apart possibly from

the lowest point.

Comparison of ω and φ production is interesting because of the interpre-

tation of the ratio in terms of (ω, φ) mixing and the OZI rule. The lowest

energy at which pp → ppφ had previously been measured corresponds to

ε ≈ 82 MeV [30], and this is far too high an energy for the S-wave assump-

tions used in Eq. (2.7) to be valid. Nevertheless it is amusing that the φ

prediction shown in fig. 6 does in fact pass through the experimental value.

However one can only pass judgment on the validity of the OZI rule in the

pp → ppφ/pp → ppω ratio when more extensive data sets are available and

when one has dynamical models for both reactions, i.e. one needs calcula-

tions and not merely “understanding”. A model of this kind, which has been

produced by the Jülich group for the ω [25], is now being extended for the

φ [26].

It is of course vital to be able to describe the production of vector mesons

in nucleon–nucleon collisions since there are hopes that the study of these

mesons in a nuclear medium, possibly excited through heavy–ion experi-

ments, might shed light on the quark-gluon plasma or the restoration of

chiral symmetry. In particular it is important to know whether their pro-

duction in proton–neutron collisions is much stronger than in proton–proton.

To resolve this question, it is hoped to carry out measurements of quasi-free

pn → d ω(φ) at the COSY accelerator and such results are already available

for ω production [27] and φ production [28]. These results from the ANKE
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measurements will be discussed in last chapter. To go further one will then

need data on angular distributions and spin observables and so there is more

work for the years to come.

2.2 Physics Case for the Experiment

As discussed in Sec. 1.3, strong deviations from the OZI–expectation have

been found in various reactions (sometimes this is called “OZI–violation” or

“violation of the OZI–rule”). It is thus important to further test this rule

in reactions close to the production thresholds, since then the dynamics is

simple: e.g. there are no further complications due to higher partial waves.

At COSY-Jülich, such an investigation can be performed in proton–

proton and proton–neutron collisions; in fact, ω–production in pp → ppX

(X ... unobserved missing particle) has recently been studied by the TOF–

collaboration [32], and thus a test of the OZI–rule needs the corresponding

measurement for pp → ppφ.

With the ANKE spectrometer and its detection system, the reaction has

been investigated at three excess energies above the production threshold

via:

pp → ppφ → ppK+K−

where the φ meson can be identified from the K+K− invariant mass. tech-

nique based on missing mass spectra of one undetected proton, calculated

using the detected proton and the kaon pair.

In the remainder of this thesis the experiment, analysis and the results

of the measurement at ANKE will be discussed. The results, which are the

efforts of a large collaboration, have been published in Physical Review

Letters [Phys. Rev. Lett. 96, 242301 (2006)].
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Experiment
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Figure 2.3: Layout of experiments at cooler synchrotron COSY. H− and D−

ions are preaccelerated in the cyclotron JULIC and injected into the storage
ring. In this sketch, four internal and five external experiments are also
shown.
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Experimental Equipment:

COSY and ANKE

The experiment pp → ppφ has been performed at the internal beam of COSY-

Jülich, using the ANKE facility and a hydrogen cluster–jet target.

3.1 Accelerator and Storage Ring COSY

The accelerator and storage ring COSY (”COoler SYnchrotron”) [33] at the

Forschungszentrum Jülich can provide high quality polarized and unpolar-

ized, proton (H−) and deuteron (D−) beams (Fig. 2.3, Page. 26). H− and D−

ions are preaccelerated in the cyclotron JULIC and injected into the storage

ring via a charge exchanging stripper carbon foil. This machine covers the

momentum range from 295 MeV/c up to 3.65 GeV/c, corresponding to an

energy range between 45 MeV and 2.83 GeV for protons, and from 67 MeV

to 2.23 GeV for deuterons. COSY provides ion beams with momentum a

resolution of ∆p/p = 10−3 − 10−4 and delivers up to 6×1010 protons in the

ring (space charge limit is ≈2×1011 p’s). The total length of the storage ring

is 184 m. Electron cooling is applied up to 645 MeV/c. Also a stochastically
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cooled beam can be provided in order to achieve the highest phase space den-

sity and to compensate beam deterioration due to beam-target interactions.

This can be applied in the momentum range from 1.5 to 3.3 GeV/c. Beams

can also be extracted and used at external target positions, but this is not

of importance for the current discussion.

3.2 ANKE Spectrometer and Detection Systems

1m

NEGATIVE EJECTILES

POSITIVE EJECTILES

D1 D3

FDS Hodoscope

TOF-stop

TOF-start

TOF-stop
Curved

Cherenkovs

SW
Hodoscope

TOF-start

NDS MWPC

PDS MWPC

FDS MWPC
Target

D2

PDS Telescopes

Figure 3.1: Sketch of the ANKE spectrometer and its detection systems. The
color lines from target indicates tracks of scattered particles.

The ”Apparatus for Studies of Nucleon and Kaon Ejectiles” (ANKE)

[34] is one of the internal experiments situated in a straight section of the
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COSY ring, as shown in Fig. 3.1. The ANKE Spectrometer consists of three

dipole magnets, the identical dipoles D1 and D3 and a main dipole magnet

D2. D1 deflects the circulating COSY beam by an angle α off its straight

path onto a target which is placed in front of the D2. D2 is used as the

spectrometer magnet for forward emitted ejectiles with beam deflection an-

gle −2 ·α. D3 is used to guide beam back to the ring orbit. The D2 magnet is

a rectangular C-type magnet with outer pole dimensions of 1400×658 mm2.

The pole edges are canted with 45◦ and 60◦ phases yielding a pole face area

of 1240×460 mm2 and a gap height of 200 mm. The deflection angle α can

be adjusted to optimize the magnetic field independent of the beam momen-

tum1. At ANKE, various targets such as a cluster jet [35] or strip target can

be used. Morover, a Polarized Internal Target (PIT) has been constructed

for measurements with polarized hydrogen and deuterium targets, which is

currently commissioned.

The detector systems at the ANKE spectrometer can detect positively

as well as negatively charged ejectiles. Thus, the reaction pp→ ppφ can be

studied by detecting the K+K− decay of φ–mesons in coincidence with one

of the forward-going protons, requiring that the three-particle missing mass

(K+K−p) is consistent with the non-observed second proton. In the next

sections the three main ANKE detector systems for the K+, K− and proton

identification are described.

3.2.1 Positive Side Detectors

The detector system for forward emitted low momentum positively charged

particles can cover the momentum range of 150—1100 MeV/c. The general

layout of positive detector system (PDS) is shown in Fig. 3.1. The START

and STOP counters consist of vertically oriented plastic scintillators. The

particles detected in this system pass one of the 23 time–of–flight (TOF)

1within certain ranges
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START scintillation counters behind the side exit window of D2 with a hor-

izontal exit angle of ±12◦ and a vertical angle of ±3.5◦. After passing a two

Table 3.1: Dimensions of positive START scintillator

counter number height [mm] width [mm] thickness [mm]
1-2 270 50 0.5
3-5 270 50 1.0
5-23 270 50 2.0

multi–wire proportional chamber (MWPC) for track reconstruction, particles

are focused onto one of the 15 range telescopes or hit one of the 6 sidewall scin-

tillation counters. Both chambers have been built at the Forschungszentrum

Rossendorf, Germany. The sensitive areas are 350×1300 and 600×1960 mm2,

respectively. Both consist of three planes of anode wires (vertical, +30◦, and

Stop

Cherenkov

Degrader I

Degrader II

∆E

Veto

µ+ (64%)
π+ (21%)
τ = 12ns

10cm

Figure 3.2: Sketch of the ANKE side telescope. It is composed of a STOP, a
Cherenkov (only in telescope numbers 7 to 15), two degraders, and ∆E and
veto scintillators.

-30◦). The tungsten wires have a thickness of 20 and 25 µm in the smaller

and larger chamber, respectively. The spacing between wires is 2.54 mm.
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The cathodes are made of carbon and aluminum covered mylar foils with

a thickness of about 20 µm. The distance between the cathode and anode

planes is 5 mm.

The range telescopes are placed in the focal plane of D2, each covering

a momentum interval of roughly 30 MeV/c. The most useful information

to distinguish particles in the PDS is the TOF between the START and

STOP counters. The STOP scintillator counter is first part of a more com-

plicated counter system called telescopes, shown in Fig. 3.2. The next part

of telescope is a plastic Cherenkov counter in order to identify pions via light

emission above a momentum of 300 MeV/c, which are used in telescopes 7

to 15 only. Behind the Cherenkov counters is a degrader made of copper,

which stops protons from the target and decelerates kaons so that they just

pass the following ∆E counter and are stopped in the second degrader. For

the START counters, 1 inch phototubes (XP 2972) are used and 2 inch tubes

(XP 2020) for the STOP detectors.

Figure 3.3: The angular vs momentum acceptance of the PDS. Different col-
ors shows different STOP counters. With this distributions one can demon-
strate that the telescopes are aligned along the focal plane.

31



Chapter 3

For forward emitted high momentum particles which do not fall in the

forward detector acceptance, the side hodoscope (so called Side Wall, SW) is

installed in addition, as shown in Fig. 3.1. The SW consists of six vertically

aligned scintillators and is used for a ∆E measurement as well as forward

tracking. They are not aligned along the focal plane.

3.2.2 Negative Side Detectors

The negative-particle detection system (NDS) is placed inside the return

yoke of the C-shaped D2 dipole magnet and partly outside the magnet in the

forward direction (Fig. 3.1), where magnetic stray fields of D2 up to ≈ 200 mT

are present. It consists of 20 vertically aligned START and 22 STOP (10 of
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Cherenkov

Figure 3.4: Sketch of side view of the NDS, most of which are inside the D2
return yoke.

them outside the dipole), and scintillator counters, used for particle iden-

tification via time–of–flight and ∆E–measurement. All START and STOP
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counters are equipped with PMTs XP 2972 (23 mm diameter) and XP 2020

(44 mm diameter) respectively. Inside the D2 dipole magnet two multi-wire

Table 3.2: Dimensions of negative scintillator

counter number height [mm] width [mm] thickness [mm]
START 270 50 2

STOP (1-12) 350 80 10
STOP (12-22) 250 150 20

chambers for track reconstruction are placed, with the same construction as

for the PDS, which enable momentum determination with ∆p/p ≈ 2-3 %.

In the forward direction, between START and STOP scintillator counters,

11 curved Cherenkov counters are installed for pion–kaon separation at high

momentum. At the maximum field strength of D2 (≈ 1.6 T), negatively

charget ejectiles can be measured in the momentum range from ≈ 120 to

≈ 1000 MeV/c. The horizontal and vertical angular acceptances are roughly

αhor = ± 12◦ αver = ± 8◦ at 200 MeV/c and αhor = -2◦ to 12◦, αver = ± 5◦

at 1000 MeV/c. In the high momentum range of negative ejectiles the focal

surface is far off, and thus the use of degraders is impossible. The time–of–

flight difference between pions and kaons from START to STOP counters in

the high momentum region is around 550 ps. The time resolution between

START and STOP counters is similar and therefore not sufficient to sepa-

rate high momentum kaons from the pion background. To provide sufficient

separation power between pions and kaons, the time–of–flight information

between the target and STOP-scintillator is used. In practice, the TOF be-

tween target and STOP counters is calculated by the measurement of the

time difference of correlated K+ and K−. In this case the K+ is detected in

the PDS where the STOP counters are located in focal plane of spectrome-

ter magnet and thus, particles passing certain START–STOP combination,

have a well defined velocity β. The main advantage of this technique is the

better time resolution of the thick STOP counters in comparison to the thin
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Figure 3.5: The angular vs momentum acceptance of the NDS. Different
colors indicate different STOP counters.

START counters and moreover the longer path length from the target to the

STOP counters, which leads to a larger time difference between pions and

kaons. This technique will be discussed in more detail in Sec. 4.3.

3.2.3 Forward Detectors

The ANKE forward detector system (FDS) is located between the spectrom-

eter dipoles D2 and D3 close to the beam pipe. The forward detector system

consists of three multi-wire proportional chambers (FDS MWPC 1, 2, 3) and

two layers of scintillation hodoscopes [36, 37], as shown in Fig. 3.6. The avail-

able space is rather limited, since the distance between the dipole magnets

D2 and D3 is around 1 m. The distance between the accelerator beam pipe

and the forward detector is also very small. Such a location results in severe

requirements for the tracking system. Due to the closeness to the beam pipe,

it must be able to operate at rather high counting rates (> 107cm−2s−1).

In addition, because of the short distance between the MWPCs, one has to
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Figure 3.6: Schematic top view of the forward scintillation hodoscope with
the typical particle track.

achieve a sufficiently high spatial resolution (better than 1 mm). Such a spa-

tial resolution leads to a momentum resolution of about 1%, which allows one

to identify particles reliably. These requirements are fulfilled by the installed

and used multi-wire proportional chambers [39, 40].

The forward scintillation hodoscope (FH) consists of two planes with 8

and 9 vertically oriented individual counters, respectively, each of which is

read out on both sides (Fig. 3.6). The counters of one plane are shifted

by half a counter width with respect to the counters of the second plane.

The vertical length of all scintillators are the same while the width gradually

decreases towards counters in the high momentum region near the beam

pipe, where higher counting rates are expected (Tab. 3.3). The scintillators

are viewed from both ends via light guides with PMTs of the types XP 4222

(51 mm diameter) and XP 2972 (23 mm diameter) for the 20 mm and 15 mm

counters, respectively. The counters, being independent units, are assembled

in a common frame. In the forward direction, each hodoscope covers some

momentum range for forward emitted protons. Fig. 3.7 shows the momentum
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Table 3.3: Dimensions of forward hodoscope

Layer FH number height [mm] width [mm] thickness [mm]
I 1 360 40 15
I 2 360 60 15
I 3 - 8 360 80 20
II 1 360 40 15
II 2 360 50 15
II 3 360 60 15
II 4 - 9 360 80 20

acceptance in the forward direction.

Figure 3.7: The angular vs momentum acceptance of the FDS. Different
colors indicate different STOP counters.
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3.3 Electronics and Data Acquisition

Digitization of the signals from the scintillation and Cherenkov detectors is

performed with CAMAC (FERA) and FASTBUS QDC– and TDC–modules.

Readout is initiated by a trigger, based on information on TOF and energy–

loss of the ejectiles. With one specially built VME-module for each STOP

counter it is possible to set a common TOF gate (length variable between

3 and 23 ns) in coincidence with up to 16 individually adjustable START–

STOP combinations [47]. Sixteen of these modules are needed for the ANKE

TOF(PDS) trigger, which can select pions, kaons or protons within about

70 ns, and are used for a first reduction of e.g. pions and protons in the PDS

already on trigger level. For the necessary decision time, the analog signals

are delayed by 60 m long coaxial cables (300 ns). The system has been

developed by FZ-Jülich and RWTH Aachen. Additional coincidences with

forward or negative STOP counters can be applied, if the invested reaction

requires e.g. a three particle correlation in PDS, NDS and FDS. Such a three

particle coincidence reduce further the trigger rate for the data acquisition

system. All scintillator detectors are equipped with LEDs (built at FZ-

Rossendorf), which allow one to monitor the pulse heights of the counters

and to check the trigger- and data acquisition system (Fig. 3.8). For the

MWPCs a highly integrated readout system, based on chips RAL 111 and

RAL 118 of the Rutherford Appleton Laboratory, Oxford, Great Britain,

is used [51]. The electronics boards are placed directly on the chambers.

This readout system was developed at the FZ-Rossendorf, Germany, and the

Zentrallabor für Elektronik (ZEL) of the FZ-Jülich [51].

The multi-crate data-acquisition system supports the standard readout

systems CAMAC, FASTBUS and VME, designed by the ZEL, FZ-Jülich [52],

to meet the requirements of ANKE, e.g. recording of high trigger rates for

medium-sized events (< 5 kbyte). For a total trigger rate of 10 kHz, ap-

proximately up to 50% of the events are written on tape. The readout time
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Figure 3.8: Common read out scheme for scintillator counters at ANKE

per event is about 100–150 µs. The crates are read out in parallel using

powerful and cost efficient INTEL compatible PC’s (single board), running

under UNIX (NetBSD). The data are transmitted in clusters of sub-events

via a Fast-Ethernet connection to the event builder and are written on a fast

DLT tape drive or on a hard disk raid array. In order to ensure the correct-

ness of every event, each readout system employs a synchronization module

developed for this purpose. These modules are interfaced by a ring-like bus

system. The parallel readout system is scalable over a wide range and is sup-

ported by an extensive body of software. The software enables interactive

communication with the individual subsystems, which is particularly useful

during commissioning and for general diagnostic purposes.

The detector, electronics and DAQ–system as described has been in use

for many years at ANKE, and has proven to be very reliable.

38



Section 3.4

3.4 Experimental Settings for the Measurement

The installation of the new negative detection system was finished in winter

2002. The first week of beam time at 2.83 GeV beam energy to study the

reaction pp → ppφ was taken in the beginning of March. This short beam

time also included time for the commissioning and calibration of the NDS.

The amount of data which was useful for analysis has been taken in this

beam time during 127 hours (5 days and 7 hours).

Table 3.4: Operating parameters of COSY and ANKE and the measurement
time under good conditions.

ε [MeV] 18.5 34.5 75.9
Tbeam [GeV] 2.65 2.70 2.83
Pbeam [GeV/c] 3.463 3.515 3.65
f0 [MHz] 1.577 1.578 1.582
α [degree] 5.9 5.81 5.6
B [T] 1.5675 1.5675 1.5675
Target H2 H2 H2

∆t [s] 600 315 315
Time [h] 301 127 92

At the next beam time at 2.70 GeV beam energy the measurement was

carried out during 1 week in the beginning of April 2002. The duration of

useful data taking time was 92 hours (≈ 4 days).

A last measurement of this experiment has been carried out in winter

2004 for 3 weeks of beam time at a beam energy of 2.65 GeV.

The experimental settings of ANKE spectrometer, such as beam momen-

tum Pbeam, revolution frequency f0, ANKE deflection angle α, D2 maximum

magnetic field B, hydrogen cluster–jet target and the cycle length during the

three beam times are summarized in Tab. 3.4.
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Data Analysis Procedures

The analysis of experimental raw data files was performed within the ANKE

event reconstruction software framework called RootSorter [44]. This is a

ANKE analysis tool, based on the ROOT platform [45], entirely written in

C++. In order to achieve the main goal of the experiment, i.e. to extract

total and differential cross sections for the pp → ppφ process at three excess

energies, several steps are necessary. In the present chapter the K+, K−

and proton selection procedures are described. They rely on time–of–flight

measurements and the determination of particle momenta.

ANKE coordinate system

All data have been analyzed in the common ANKE Cartesian coordinate

system. With the origin at the center of the D2 dipole magnet gap, the posi-

tive X axis (going outward from the accelerator center), the Y axis (directed

upward), and the Z axis (parallel to the motion of protons along the equi-

librium orbit in the accelerator) form a right–handed Cartesian coordinate

system as illustrated in Fig. 4.1. The XZ plane coincides with the horizontal

plane.
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Z

X

Y

NDS MWPC

PDS MWPC

FDS MWPC

Figure 4.1: ANKE Cartesian coordinate system.

4.1 Event Reconstruction

The event reconstruction code reads the raw events, decodes the detector

hits, and generates tracks and particle identification information for each

event. The detector calibrations were done using separate codes and the

results were taken as input to the event reconstruction software. Efficiencies

for all scintillator counters have been tested in laboratory conditions and are

considered to be close to 100 %.

4.1.1 Tracking

The position of the track as it passes through a plane is determined by the

position of the wire that detects the particle. Finally one point (x, y, z)

for each particle in each MWPCs is defined for further tracking. As a track

model a straight line in a three dimensional space has been taken. Scatter-

ing in the air between the MWPC and inside the MWPCs can be neglected

during the track search. Multiple scattering of particles in the 0.5 mm thick

aluminum exit window of D2 affects considerably the reconstructed momen-
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tum resolution (Sec. 4.1.3). Therefore, the tracks are reconstructed using

these space points and a special track reconstruction algorithm depending

on the detector system. In addition, adding the distance of closest approach

between the track and the wire, small corrections are applied using mini-

mization procedures.

Positive Detector System

The trajectory of a track on the positive side is reconstructed using two

multi-wire chambers, each with three wire planes as described in Sec. 3.2.

The starting condition for the track search is the START–STOP coincidence

(a)

Focal plane

(b)

MWPC 1, 2
D2

D2

Figure 4.2: Two geometrical cut conditions: Top view (a) for showing
START–STOP combinations and front view (b) how to reject rescattered
tracks from D2 poles.

at the positive side. The track is reconstructed if at least five different planes

(from six) give a signal. However, not all tracks originate from the target.

Many of the tracks are due to rescattered from the poles of D2 and from

other material in the vacuum chamber.

To reject rescattered background, two cut conditions for horizontal and

vertical geometrical restriction are prepared (Fig. 4.2). For a detailed de-

scription see Refs. [34, 38].

• First, a hardware level trigger, which is based on a matrix (Fig. 4.3) of
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START–STOP combinations allowed within the horizontal acceptance.

Since all telescopes are aligned in the focal plane of D2, all particles

hitting one of the 15 telescopes fall into a momentum bite of about

≈ 10 %. This means that for each telescope there is certain set of

START counters which can fire if a track is coming from the target.

• In the off–line analysis the YY–correlation in chamber 1 and 2 serves

as an additional cut for rejection of rescattered tracks from D2 poles.

This cut is used for the vertical acceptance correction. By filling a

two-dimensional histograms with Y1 versus Y2 coordinates of crossing

points for all START–STOP combinations, its parameterization can be

used for the selection. The cut is applied within a wide range to avoid

cutting of acceptable events.

Stop
0 2 4 6 8 10 12 14 16 18 20 22

S
ta

rt

0

5

10

15

20

25

 [mm]1Y
-150 -100 -50 0 50 100 150 200

 [
m

m
]

2
Y

-800

-600

-400

-200

0

200

400

600

800

Projection [mm]
-150 -100 -50 0 50 100 150
0

500

1000

1500

2000

2500

3000

Figure 4.3: Left: START–STOP combinations for the horizontal acceptance
cut. Middle: YY–correlation for both chambers and its projection for the
vertical acceptance cut at the right figure.

Negative Detector System

The tracks in NDS are triggered using any START–STOP coincidence with-

out any hardware selection unlike in the PDS. So all tracks in the NDS are

stored if they are coinciding with PDS and FDS. While the focal plane is

far off from available place to install the STOP counters and is behind the
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D2 yoke or even the accelerator tunnel, the momentum bite of one STOP

counter is much wider than in the PDS. The momentum angular acceptance

is shown in Fig. 3.5.

In the off–line analysis both cut procedures are necessary (described in

the case of PDS) to separate real tracks from the target. For the separation in

the horizontal plane, using experimental data, the matrix of START–STOP

combinations has been prepared, similar to PDS and is shown in Fig. 4.4.

The YY–correlation in both chambers have been used to reject rescattered

background.
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Figure 4.4: Left: START–STOP combinations for the horizontal acceptance
cut. Middle: YY–correlation for both chambers and its projection for the
vertical acceptance cut at the right figure.

Forward Detector System

The track reconstruction procedure, developed for the ANKE Forward and

Side chambers, is described in detail in Ref. [37]. Upper and lower PMT

coincidence signal are required for tracking in the forward system. The three

planes determine three horizontal and three vertical track coordinates and a

track is defined as a straight line. Here the four cut conditions for tracking

are used and they are working in the following sequence:

• The track must hit a certain scintillator in FDS hodoscope which has
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Figure 4.5: Left histogram shows YY–correlation for the forward direction
and the right figure is the target distribution in Y direction.

fired and was the input for the tracking trigger. Tracks which hit wrong

scintillators behind the chambers are rejected.

• The crossing point for tracks at the exit window must be in an active

area, where true tracks are expected. Tracks crossing the exit window

outside this area are rejected.

• In analogy to the side chambers, the YY–correlation can be constructed

and a two dimensional histogram is filled. After projection of two-

dimensional to one dimensional histogram, the cut region can be found.

Using this cut rescattered background from D2 poles can be rejected.

• The final condition is to find the target distribution in the Y direction

at the measured target point.

Typical histograms for the demonstration of the procedures are shown in

Fig. 4.5.
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4.1.2 Determination of Chamber Efficiencies

To correct the number of events for each detector system, the detection

efficiency has been determined using experimental data.

Positive Detector System

The K+ detection efficiency for each START–STOP combination, using the

TOF and delayed-VETO technique, has been estimated. The number of

K+ events collected in the TOF spectra and number of tracks corresponding

to these events have been used to calculate the MWPC efficiency for kaon

detection for each detector combination. Also the π+ efficiency has been
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Figure 4.6: Detection efficiency for K+ and π+ mesons. Also the ratio of
K+/π+ detection is shown and interpolated over the whole momentum range.

measured using START–STOP counters to find the efficiency ratio between

K+/π+ detection as a function of particle momentum. The average efficiency

for pions and kaons is shown in Fig. 4.7.
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Negative Detector System

The ratio between K+ and π+ can be used to deduce the K− detection ef-

ficiency. Because of the experimental restriction in the NDS, direct iden-

tification of K− mesons using a technique similar to what was used in the

PDS is impossible. For this purpose, the π− detection efficiency was deter-

mined using the number of events from TOF spectra with and without track

information. Under the assumption that positively and negatively charged

mesons at fixed momentum should have the same energy loss in medium, the

K+/π+ ratio from the positive side can be used (Fig. 4.6).

Forward Detector System

In the forward direction the situation is different because no START counters

exist. But, on the other hand, in the forward direction the number of MWPC

planes allows to define the efficiency directly from wires and the hodoscope.

The efficiency for a certain plane is calculated using the track information

which is reconstructed using the other planes. The number of tracks recon-

structed for one wire, with and without signal from it, is used to calculate the

plane efficiency. Namely, the ratio of these two numbers allows to estimate

the efficiency in certain regions. The average efficiency for protons is shown

in Fig. 4.7.

4.1.3 Momentum Reconstruction and Resolution

Having obtained the track coordinates, we estimate the kinematical parame-

ters of the particle. The magnetic field of D2 is known on a three–dimensional

grid, allowing one to reconstruct the ejectile 3–momenta at the production

point by using the track information. A number of momentum reconstruction

methods have been adopted for the ANKE detection systems, such as:

• Box–field approximation.
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Figure 4.7: The average detection efficiency over one run for different parti-
cles for each run is shown for the 3 beam times at 2.65, 2.70, and 2.83 GeV.

• Polynomial approximation.

• Runge–Kutta method.

The box–field approximation has been used on the level of a fast pres-

election procedure of the raw data. In this approach the magnetic field of

D2 is approximated by a homogenous box-field with an effective field width

and length (X and Y directions, respectively). The particle track inside the

magnetic field is defined by the Lorentz force that leads to the circular move-

ment. Outside the magnetic field a straight line is assumed. The vertical

and horizontal angles derived from the chamber information are used to cal-

culate components of the particle momentum. The effective length of the

box–field is calculated from the magnetic box–field strength, the beam mo-

mentum and the ANKE deflection angle. The effective width is determined

from experimental data using calibration reaction.

In the polynomial method, each of the momentum components is approx-

imated by a full polynomial of third degree of four-track parameters. The

polynomial coefficients are found from a typical sample of events, produced

by a GEANT–based simulation program Ref. [46]. The sample is generated

for every combination of magnetic field value, the beam direction, and the

target position. The details can be found in Ref. [37]. For the selection of pp
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elastic events, the polynomial approximation was adopted due to the high

speed in the calculations and sufficiently high accuracy.

The Runge–Kutta method has been chosen for the final data analysis

due to the better reconstruction accuracy. As initial parameters for tracking

from the target, four parameters (P, Θpol, φazi, Ytar) are used. The target

coordinates in X and Z directions are fixed. The initial parameters for the

Runge–Kutta is taken from the box–field approximation for PDS and NDS

while for the forward part the polynomial method is used.

4.2 Trigger and Data Acquisition Efficiency

In the following the nomenclature of ANKE is listed:

Tel+SW2 — Signal is formed from PDS telescopes or side wall mean timer

signals.

FDS/999 — Signal is formed from forward scintillators if at least one of the

counters (from any layer) gives a mean-timer signal.

For the first measurement at 2.83 GeV beam energy, four triggers were

run in parallel:

• T1–(Tel+SW2) & (FDS OR).

• T2–(Tel+SW2) & NDS.

• T3–FDS/999.

• T4–10 Hz scaler.

At the beam energy of 2.70 GeV three different triggers were run in

parallel:

• T1–(Tel(K+)+SW2(K+)) & NDS.
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• T2–FDS/999.

• T3–10 Hz scaler.

The last beam time, a three-week measurement at 2.65 GeV, has been

done using three parallel triggers:

• T1–PDS(K+) & NDS.

• T2–FDS/999.

• T3–10 Hz scaler.

Because of the high pion to kaon ratio for some of the kinematic settings,

we require the event to pass some particle identification time–of–flight cuts

before generating a trigger. In order to have a high efficiency for detecting

kaons, we accepted a trigger as a positive kaon if it passed a certain com-

bination of positive START–STOP counters. The hardware time–of–flight

trigger using information of the positive telescopes has been adjusted. The

TDCs are mainly used as latches, telling which signals were present when the

trigger was taken. This allows us to determine what kind of event formed

the trigger. In all measurements with triple coincidence, the trigger was used

without any prescaling.

The FDS trigger was used for luminosity determination, as discussed in

Sec. 5. This trigger selects mainly single protons in the forward direction.

Due to the high count rate of pp elastic events, this trigger has been prescaled

by three orders of magnitude.

In addition to the spectrometer information, some beam related quantities

were read out on the T3 trigger basis. Also the Beam Current Transformer

(BCT) information values were recorded as described below in Sec. 5.5.3.
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4.2.1 Data Taking Efficiency

All analog signals produced by the detectors take some time to process,

which becomes more significant when the count rates are high. Processing

and writing of one event takes τdt ≈ 100–150 µs and, consequently, during

this “deadtime” the processing of any new event signal is inhibited. At low

count rates this effect is small, but it becomes more important as the count

rate increases. At ANKE there are three sets of positive counters (scalers)

for the measurement of the dead time correction. The scalers allow us to

look at raw rates and obtain for certain types of electronics problems in the

intermediate steps of trigger formation. We also use the scalers to measure

computer and electronics dead time by comparing the number of triggers

that were formed with the number that were accepted. As monitor scalers,

the PDS telescopes from 2 to 5 with dedicated coincidence scheme, have been

used. The electronics scheme is shown in Fig. 4.8. The coincidence schemes

Mo23
Mo45

Mo25

Mo23Dt
Mo45Dt
Mo25Dt

&
DAQ VETO

&

&
&

PDS Telescope 2, 3

PDS Telescope 4, 5

Figure 4.8: Sketch of electronics scheme to monitor the DAQ efficiency using
experimental data. DAQ trigger is switched to ”1” when the data writing is
on.

between 2–3, 4–5 and from 2 to 5 were constructed and written ten times

per second on tape using a latched 10 Hz trigger.

In this way the data taking efficiency1, using experimental data, has been

measured. The gate for the limited event counter only accepts events that

1Also called ”dead time correction”.
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fall within the DAQ gate window, and in addition inhibits any event that

arrives outside this window. From the knowledge of the event counters, it is

possible to calculate the effects of the deadtime and hence reconstruct what

the count rate should be. For the same channels the coincidence trigger with

data taking trigger has been prepared. The fraction of missed events is equal

to the fraction of the time the computer is busy. The ratio between monitor

counters with and without DAQ trigger where calculated for each run to

define data taking efficiency.
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Figure 4.9: The average DAQ efficiency for each run is shown for the 3 beam
times at 2.65, 2.70, and 2.83 GeV. Deviations at the high energy are due to
an unstable target thickness over time while at the other energies it has been
stable.

4.3 Particle Identification

In this experiment there was a large pion–proton background, up to three

orders of magnitude higher than the kaon rate. Loose cuts on the TOF

counters were used to reject pions on the trigger level during experiment,

and tighter cuts were applied in the off-line analysis.
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4.3.1 K+ Selection

To define the K+ peak position and its width in the summed TOF spectra for

further cut, the delayed VETO technique has been used. The TOF between

STOP and VETO counters can be effectively used for discrimination against

pions and fast scattered proton background. The VETO counters register

the delayed decay products of the stopped kaons and this is used for K+

identification with ∼ 13 % efficiency. A typical spectrum for one telescope

is shown in the left histogram in Fig. 4.10. The prompt peak is caused

by pions that can penetrate the telescopes. Demanding a delayed VETO

signal (indicated by the dashed area), an effective suppression of pions can be

achieved, whereas stopped kaons can survive due to their exponential decay

time. In the right histogram in Fig. 4.10 the normalized TOF spectrum over
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Figure 4.10: Left: TOF between VETO and STOP counters is shown. Right:
Normalized TOF over all START–STOP combination is shown.

all START–STOP combinations of PDS, which cover the horizontal emission

angles for K+ particles, is shown. The dashed histogram is the raw spectrum

for the three-particle coincidence trigger. The solid histogram shows the

remaining events inside the gate for the VETO counter. With precise time

information (∼ 600 ps FWHM) for the START–STOP TOF (achieved by
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constant fraction discriminators and mean timers) the best discrimination

between π+ and K+ is achieved when kaons just penetrate the ∆E counters

and are stopped in degrader II (Fig. 3.2). In Fig. 4.10, the dashed line

without any selection criteria pions, protons and an indication on kaon peak

is seen. With delayed VETO the signal of the kaon peak is clearly seen and a

cut on the TOF spectra can be applied. The arrows on the kaon peak show

the gate used for the preselection of kaons without demanding a delayed

VETO signal. The peak position is located at channel 250 and σ is equal

to 9 channels. Inside this time corridor, some amount of pions is expected.

Requirement of a K+ K− coincidence in the positive and negative detection

can be used for a better selection of kaon pairs.

4.3.2 Time–Of–Flight Calibration and Selection

The TOF calibration is needed to achieve sufficient absolute time resolution

for the time separation between pions and kaons on both the negative and

positive side. The measured time resolution between the NDS START-STOP

counters is about 1 ns, slightly inferior than for the positive particle detector.

This is due to experimental difficulties for the START and STOP counter

construction. This time resolution is insufficient to differentiate between π−

and K− with momenta above 500 MeV/c.

For the time calibration, an open X+X− trigger, which accepts mainly

π+π− events, has been measured during several hours. The trigger was set

up such that the start signal for the TDC modules is always derived from the

STOP counters at the positive side. This allows an absolute time calibra-

tion of the negative detector system using the track length and momentum

information. Selection of a π+ particle by TOF between positive START–

STOP counters shows very small background contribution. After rejection of

rescattered background by tracking, only π− events remain on the negative

side. The reconstructed momentum of π+π− pairs can be used to calculate

55



Chapter 4

the absolute time difference. This can be compared with the TDC value ob-
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Figure 4.11: Right: TDC value Vs. calculated time difference between NDS
and PDS for one STOP-STOP combination using momentum information
from π+π− pair. Left: The sum of all normalized TOF difference of the PDS
and NDS STOP counters are shown.

tained from the negative counters (Fig. 4.11). The cleanly visible π+π− band

can be parameterized by a polynom. This absolute calibration allows one to

identify the negative particle via the knowledge of the two momenta, for a

given position. The TOF from the target up to the negative STOP counters

follows from the TDC calibration and from the π− momentum (Fig. 4.11),

and shows the difference between these two values. The achieved time reso-

lution is ≈ 550 ps (FWHM) from the TOF histogram. The TOF difference

between π− and K− from the target to the negative STOP counters are in

a range from 1.8 ns up to 5 ns. This allows one to separate K− events from

π− background over the full momentum range. Using the same technique,

the forward hodoscope are calibrated with respect to the negative STOP

counters and the time resolution also allows a clear selection of K−p pairs.
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4.3.3 K+ K− Correlation

During the experiment the time–of–flight of detected events through the

START–STOP difference is measured for each track found in the MWPC

chambers. Different tracks may point to different pairs of scintillators, and

only those scintillators which are consistent with a track, are included in the

TOF measurement. For each scintillator on the track, the TDC values are
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Figure 4.12: The left column shows: the TOF differences between the STOP
counter in the negative as well as in the forward detector system with respect
to the positive STOP counters versus TOF calculated using momentum in-
formation under the assumption that detected particles are K+K− and K+

proton. The right column shows its projection where clear separation be-
tween this pear can be performed.

converted into nanoseconds and the times from the two PMTs are combined
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if there are two hits to give a time for each scintillator shown in Fig. 3.8. If

there is at least one time in the positive system with a certain START–STOP

combination and one in the negative side, the time interval is calculated for

the tracks. Under the assumption that a K+ and a K− are detected, the

time–of–flight from positive STOP to target is calculated. Given the time

difference of the particle and the momentum (from tracking), the particle

mass can be determined, and slow particles can be identified, as shown in

Fig. 4.12.

4.3.4 Missing–Mass Selection

After selecting K+ and K− events, a missing-mass analysis using three de-

tected particles is performed. The distribution at all the 3 energies shows a

clear peak at the mass of the proton (see Fig. 4.13). From the width of this

peak one can estimate the detector resolution for all the detector systems.

Finally, a cut based on the missing mass has been used. The background

level below the peak region is estimated to be a 3, 7, and 10 %, respectively.

4.4 Result for the pp → ppφ Reaction

In the Fig. 4.14 is shows the resulting K+K− invariant mass distributions

in the region around 1 GeV/c2. The pp → ppφ → ppK+K− reaction is

selected by detecting two kaons and one proton. The kaons are identified

using TOF between the negative and the positive detector systems, under

the assumption that both detected particles are kaons. In this case, protons

are always in forward direction and detected using FDS.
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Figure 4.13: Missing mass of pK+K− at 18.5, 34.5 and 75.9 MeV excess
energies.
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Figure 4.14: Invariant mass of K+K− at 18.5, 34.5 and 75.9 MeV excess
energies.
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Luminosity Determination

In order to extract the total cross–section for the pp → ppφ reaction, the

absolute luminosity must be determined. This has been done using pp elas-

tic scattering for all runs which were used in the analysis. The integrated

luminosity over the time is given by the formula

Lint =

∫

Ldt =
Ntot

∫

Ωdet
(dσpp

dΩ
)dΩ

(5.1)

where Ntot is total number of elastically scattered protons, dσpp

dΩ
is differential

cross–section for pp elastic reaction, Ωdet is solid angle of the detector and Lint

is integrated luminosity over time. The luminosity has been determined using

a technique, which is based on the known cross section of elastically scattered

protons at small laboratory angles between 4◦ and 10◦. The momentum

resolution of the forward detector enables to distinguish elastically scattered

particles from other events. In all measurements, the coasting beam without

stochastic cooling has been used. As a target the hydrogen cluster jet target

was employed. In addition, a cross check of our results have been performed,

e.g. measuring the frequency shift of circulating proton beam.
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5.1 pp Elastic Scattering Cross–Section

An extensive compilation of the pp elastic differential cross–section is avail-

able from the SAID database up to a proton beam energy of 3 GeV [48].

The pp differential cross–section at three beam energies is shown on Fig. 5.1.

Usually, the SAID predictions don’t assign errors, but in this case an error
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Figure 5.1: The SAID differential cross–section at three beam energies for
proton–protin elastic scattering. Angular range from 4◦ to 10◦ degree is
equivalent to detector acceptance.

bar estimation for a special single energy solution (SES) was provided by

R. Arndt1. The uncertainties are indicated by the solid symbols with er-

ror bars in Fig. 5.1 and are given in Tab. 5.1 for different angles. Finally

the SAID data points were fitted using a pol2-function in order to extract

functions of the differential cross–sections at all three energies.

1by private comunication
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Table 5.1: The numerical values (including errors) of the differential cross–
sections are given at all three energies in the angular range coresponding to
the ANKE acceptance.

Θpol 18.5 MeV 34.5 MeV 75.9 MeV
[degree] dσ

dΩ
[mb/st] dσ

dΩ
[mb/st] dσ

dΩ
[mb/st]

4.0 298.1±7.99 304.0±9.09 319.3±18.32
5.0 235.0±6.13 238.7±6.99 248.2±13.73
6.0 177.1±4.54 178.9±5.19 183.6±9.91
7.0 127.5±3.29 128.0±3.77 129.2±7.06
8.0 87.97±2.38 87.56±2.72 86.65±5.08
9.0 58.41±1.74 57.59±1.97 55.71±3.72
10.0 37.61±1.28 36.71±1.44 34.65±2.72

5.2 Acceptance for pp Elastic Scattering

At the ANKE experiment, only a small fraction of elastically scattered pro-

tons can be detected, mainly due to geometrical restrictions. The forward

detector system in this experimental setup is able to detect protons in the

forward direction for polar angles from 4◦ to 10◦. In Fig. 5.2 the two dimen-

sional event distributions of azimuthal and polar angles are shown. In this
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Figure 5.2: Left: Efficiency corrected 2 dimensional histogram of event dis-
tribution over the polar and azimuthal angular range. Right: Efficiency map
for the forward MWPCs used for luminosity determination.
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histogram it is clearly seen that the distribution is symmetrical with respect

to the azimuthal angle. For the acceptance determination the detector ac-

ceptance has been divided along the horizontal direction into polar angle bins

of 0.5◦. After that for each polar angular range, the detector solid angle cal-
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Figure 5.3: Typical histograms to defined detector edges in azimuthal direc-
tions for Θpol = 5.25◦, 6.25◦, and 7.25◦.

culation has been done. Typical spectra for azimuthal angular distributions

are shown (Fig. 5.3) in order to define experimentally, edges for azimuthal

angles. Finally for each slice of polar angle the geometrical acceptance was

calculated using Eq. 5.2.

Ai = Ωdet
i = ∆φi[cosΘi − cos(Θi + 0.5◦)] (5.2)

where Ωdet is solid angle of the detector.

5.3 Selection of pp Elastic Scattering

As mentioned before, our general method to define luminosity is based on the

well known pp elastic reaction. The data of pp elastic scattering were taken
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simultaneousely with the φ data, but the trigger was prescaled in order to

avoid blocking of the main trigger. Approximately 20% of total events in

the forward detectors are pp elastic, and they cover only first four counters

as shown in Fig. 3.7. Because pp elastic scattering has a very large cross–

]2MM [GeV/c
0.7 0.8 0.9 1 1.1 1.2

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Figure 5.4: The proton missing mass spectra.

section and is not suppressed much by the geometrical acceptance, it is easily

observed in the proton missing mass spectra. The momentum resolution of

the ANKE FDS enables a good separation from the background. To sepa-

rate elastic events from the inelastic background, the scattered particle was

assumed to have same mass as proton2, and the missing mass was calcu-

lated as shown in Fig. 5.4. The events are divided into angular bins with

steps of 0.5◦ in order to plot the angular distribution. Elastic events have

been extracted for each angular bin, where the azimuthal distribution has

a smooth isotropic shape in the acceptance. In these histograms, bins are

already corrected for the MWPC efficiency. For the detector efficiency cor-

2Protons in this case are scattered from beam or from target.
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rection of these data, two–dimensional efficiency maps for each MWPC plane

were created. Each track, which was filled in these histograms is weighted

using these two dimensional efficiency maps. Typical spectra of missing pro-

ton mass for several angular ranges are shown in Fig. 5.5. The peaks at the
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Figure 5.5: Efficiency corrected missing proton mass spectra for Θpol = 5.25◦,
6.25◦, and 7.25◦. Under the peak dashed area shows background.

proton mass corresponds to elastic scattering and has acceptable background

shown in Tab. 5.2. The background has been extracted using the integration

of the dashed areas in Fig. 5.5 and the fraction of background is also indi-

cated. Then for each angular range the elastic peak was fitted by a sum of a

Gaussian distribution with an inclined line, and events were selected within

3σ from fitted Gaussian parameters. After that, the number of events where

corrected by the prescaling factor, with the correction of the DAQ efficiency

(described in Sec. 4.2.1) using Eq. 5.3.

Npp
tot =

Npp
detnp

εDAQ

(5.3)

where np is prescaling factor for forward trigger and εDAQ is data taking

efficiency.
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5.4 Luminosity calculation and error estimation

Finally, using count rates and differential cross–sections derived from SAID

data, corrected for the FDS acceptance, the luminosity for the different polar

angle bins was determined. By fitting of angular distribution points with a

differential cross–section function using one parameter, the luminosity has

been determined (Fig. 5.7):

dσ(Θ)

dΩ(Θ)
= CL

dNpp
tot(Θ)

dΩdet(Θ)
, CL =

1

Lint

The uncertainties for each beam energy are shown in Tab. 5.2.
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Figure 5.6: Angular distribution at excess energy of 18.5 MeV. The fitting
function is the differential cross–section for the same beam energy. There is
one fitting parameter which is used to calculate the luminosity.
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Table 5.2: Systematical uncertainty for luminosity determination via pp–
elastic scattering. The uncertainty marked by ∗ is not included in total
error.

Systematic uncertainty 18.5 MeV 34.5 MeV 75.9 MeV
MWPC efficiency∗ ±5%

SAID data base ±3% ±3% ±6%
Acceptance correction∗ ±8.2% ±7% ±7%

Momentum reconstruction ±1% ±1% ±1%
DAQ efficiency ±5% ±5% ±5%
FDS prescaling < 2% < 2% < 2%

Background (3σ) 2% 5% 5%
∆L=(Lθ-LMean) ±1.3% ±4.5% ±6%

Total ±4% ±6% ±9%
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Figure 5.7: Angular distribution at excess energy of 18.5 MeV. The fitting
function is the differential cross–section for the same beam energy. There is
one fitting parameter which is used to calculate the luminosity.
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5.5 Cross Check via Energy Loss Measurement

The target density Nt was obtained by measuring the frequency shift of the

stored proton beam as it lost energy due to its repeated passages through

the target. Combined with the measurements of beam current Jb (5.5.3) this

yielded the value of luminosity. In this method the luminosity is obtained

by multiplying area density of the target with the simultaneousely measured

proton beam flux. It is important to mention here that the shape of the

beam–target overlap plays an important role.

L = Nt · Jb (5.4)

where Jb is the average flux of incident beam particles and Nt the average

area density of the target particles over one cycle.

5.5.1 Measurement of the Target Thickness

The energy loss dT per single traversal, divided by the stopping power

dE/dx (given in units of MeV cm2g−1) and the mass of the target protons

m (1.673×10−24g) yields the number Nt of target atoms per unit area which

are interacting with the proton beam (Eq. 5.5). The stopping power has

been taken from NIST [50], tabulated for protons in hydrogen, or using the

Bethe–Bloch equation. This noted that the numbers obtained by both meth-

ods coincide better than 10−3.

Nt =
dT

(dE/dX)m
[cm−2], (5.5)

dT can be determined by measuring the energy loss ∆T in a small time

interval ∆t via the change ∆f of the revolution frequency f0 (1.577MHz) of
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the ion beam. dT and ∆f are related through the Eq. 5.6.

dT =
∆T

f0∆t
(5.6)

On the other hand
∆T

T0

=
1 + γ

γ

∆p

p0

(5.7)

where T0 (2.65 GeV ) and p0 (3.463 GeV/c) are initial beam energy and

momentum. γ = (1 − β2)−1/2 is the relativistic variable, Lorentz factor.

∆p

p0

=
1

η

∆f

f0

(5.8)

where η is the so–called off energy function connecting the relative frequency

change with the relative momentum change.

Equations 5.6, 5.7 and 5.8 can be combined in a single expression for

Nt (5.5)

Nt =
1 + γ

γ

1

η

1

(dE/dX)m

T0

f 2
0

∆f

∆t
(5.9)

5.5.2 Determination of η by a Measurement of the Compaction

Factor α

The measurement is realized by changing of the magnetic field of the COSY

dipoles which are driven by a single power supply unit. The η–parameter

can be calculated using 5.10 formula:

η = γ−2 − α (5.10)
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Figure 5.8: Avarage frequency shift (∆f
∆t

) of the center of gravity of the
Schottky spectra over one cycle. Red lines shows where the cycle have been
started and where it was finished.

where η is the off–energy function described as in Eq. 5.8.

∆f

f0

= α
∆B

B0

(5.11)

5.5.3 Measurement of the Ion Flux

The flux is obtained by dividing the electric ion beam current Ib by the

electric charge of the ion:

Jb =
Ib

qp
[s−1], (5.12)

The current Ib is measued by a high precision beam current transformer

(BCT) [Ref.]. The instrument is calibrated to deliver a voltage signal of

71



Chapter 5

 / ndf 2χ  1.925e-05 / -2

p0        0.001077± 0.001027 

p1        0.001211± 0.1804 

 / ndf 2χ  1.925e-05 / -2

p0        0.001077± 0.001027 

p1        0.001211± 0.1804 

-3 10× 0 B / B∆
-1.5 -1 -0.5 0 0.5 1

-3
 1

0
× 0

 f
 / 

f
∆

-0.3

-0.2

-0.1

0

0.1

0.2

 / ndf 2χ  1.925e-05 / -2

p0        0.001077± 0.001027 

p1        0.001211± 0.1804 

 / ndf 2χ  1.925e-05 / -2

p0        0.001077± 0.001027 

p1        0.001211± 0.1804 

αMomentum compaction factor 

Figure 5.9: Relative change of f0 versus relative change of the dipole field.

100 mV for a 1 mA beam current. Via an ADC the BCT signal was contin-

uosly recorded by the ANKE data acquisition system. The accuracy of the

BCT is specified to be 0.01%. Fig. 5.10 shows the proton beam current for a

sequence of successive cycles. Within each cycle the beam current is slightly

decreasing due to beam losses in the ring. Also the initial beam current is

varying a bit from cycle to cycle. Therefore, the mean value of ion beam has

to be determined for each cycle.

5.6 Luminosity calculation and error estimation

While in ANKE data acquisition system the end of the run, mostly don’t

coincide with end of the cycle. The average frequency shift (∆f
∆t

) can not by

extracted from fitting of all points (see Fig. 5.8).
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Figure 5.10: The beam current measured at two different points of COSY
ring. Solid line shows the BCT signal from device located close to ANKE
experiment while dashed line is from device close to EDDA experiment.

Finally integrated luminosity has been determined using the sum of the

start counts:

Lint = L′ × SOStot

SOS ′

where SOStot is the integrated counts of the PDS START counters over whole

run and SOS ′ is integrated PDS START counts inside the cycles where the

target density have been estimated.

Possible error sources of the measurement, especially residual gas influ-

ences, were carefully studied resulting in a relative accuracy of better than

10%.
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Figure 5.11: Typical values for target thickness during one run.

Table 5.3: Error estimation for the Schottky method

typical value syst. err.
frequency shift rate [Hz/s] ∽ 0.167 < 4%

η parameter −115 < 2.5%
systematic residual gas effect ∽ 6% ±3%

specific energy loss [MeV cm2g−1] 4.108 ∽ 1%
BCT signal [mA] ∽ 15 < 1%

5.7 Results

Summarized luminosity over whole beam time for each energy is tabulated

in Tab. 5.4. The statistical and the systematical uncertainties are also listed.

The results at lowest energy where the both methods have been used do

compare reasonably well. Both methods coincide within the error limits,

however, it is obvious that there is a constant systematic deviation of ∼30%

between both methods.
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Figure 5.12: Typical values for luminosity during one run.

Table 5.4: Integrated luminosity.

Tp [GeV]
∫

 Ldt [µb−1] err. stat. err. syst.
2.65 1.924796×107 1% 4%
2.70 0.969063×107 1% 6%
2.83 0.635107×107 1% 9%
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Figure 5.13: Comparison of the luminosity determined by the Schottky
method H and by elastic scattering N.
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Results and Discussion

In order to determine cross sections the detector acceptance must be included.

The event numbers and target and beam intensities have been obtained and

are given in the previous chapters. Finally in the following the experimental

results are presented and discussed.

6.1 Acceptance Determination for pp→ppK+K−

The differential acceptance of ANKE has been obtained with the Monte

Carlo method described in Ref. [30], which allows one to determine the ac-

ceptance independent of the ejectile distributions at the production point.

For an unpolarized measurement 16 degrees of freedom (dof) parameterize

the ppK+K− final state completely. Numerous constraints exist which signif-

icantly lower the total number of independent dof. For instance, the particle

identification and 4–momentum conservation reduce the number of dof to 8

if the reaction proceeds in two steps, i.e. pp→p1p2φ → p1p2K
+K−. In this

case, five variables can be used to describe the three body system, and only

three degrees of freedom are further required to uniquely determine the decay

of the intermediate φ state. Under the assumption that the production of the
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final state should be symmetrical around the beam direction, in fact 7 dof

are sufficient. A three dimensional matrix for the acceptance correction has

been used [54]. The relative momentum of the two protons ppp in the final

state and the polar angle Θ of the daughter K+ mesons in the rest frame of

the K+K− system have been chosen for two dimensions of the matrix. Close

to threshold, for both of these distributions a significant difference from a

pure phase space can be expected due to the final state interaction of the

two protons and the angular decay of the φ vector–mesons (see Fig. 6.3). The

third dimension is the K+K− invariant mass, which allows, after acceptance

corrections, to determine the absolute contribution of φ–meson and nonres-

onant K+K−–production. Each of these three variables are subdivided into

10 to 30 bins with a width given in table 6.1. The whole matrix contains

Table 6.1: Kinematic variables and the bin sizes associated with the ac-
ceptance correction matrices for the reaction pp→ppK+K− at three excess
energies.

ε[MeV] ∆MKK
inv [MeV/c2] ∆ppp[MeV/c] ∆ cos ΘK+

X

19 2.0 0.1 0.2
36, 76 2.0 0.2 0.2

several thousand elements and it was found that the ANKE acceptance is

non–zero over all. The matrix has been used to correct the experimental

data on an event-by-event basis. Since the ANKE acceptance does not cover

all 7 possible dof, the corrections still contain the assumption of isotropic

distributions for the remaining polar and azimuthal angles. This assump-

tions is justified, since the Monte Carlo simulation reproduce the measured

distributions within the statistical uncertainties (see below).
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6.2 K+K− Invariant Mass Distributions

The left column of Fig. 6.1 shows the raw MK+K−

inv invariant-mass distribu-

tions in the region of φ–meson mass around 1 GeV/c2 at the three excess

energies, and in each of the spectra, a clean φ-meson peak is seen on top

of a smooth background of nonresonant kaon-pair production. The right

column shows the efficiency and acceptance corrected differential cross sec-

tions corresponding to pp → ppφ → ppK+K− events. The latter ones have

been used to determine the total cross section for φ-meson production and

the fraction of the yield due to the nonresonant K+K− production. Con-

tributions for misidentified particles have been subtracted using data from

outside of the proton peak in the missing–mass distributions (Fig. 4.13) which

is also shown in Fig. 6.1. The error bars indicate the statistical uncertainty.

The dashed curve shows the estimated nonresonant contribution based on

four-body phase-space (ppK+K−), whereas the shape of the resonant contri-

bution is given by the natural width of the φ-meson folded with a Gaussian

(σ≃1 MeV/c2), in agreement with the momentum resolution of the detector

system.

Using the number of φ–mesons from the fit, the integral luminosity for the

measurement, and the efficiencies and acceptances of the ANKE detectors,

the total φ–meson production cross section into K+K− final state has been

deduced for the three energies. The results are given in the Table 6.2 —

together with those for nonresonant production.
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Figure 6.1: Raw (l.h.s) and efficiency corrected (r.h.s) MKK
inv distribution for

3 excess energies. The solid histogram shows the background contributions
which have been estimated by the side band events in the missing mass dis-
tributions of the non-detected proton (described in the text). For the highest
energy the misidentified background contribution is already subtracted in the
corrected spectrum.
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Table 6.2: Total cross sections for nonresonant K+K−– (σK+K−) and reso-
nant (σφ→K+K−) φ–productions. The excess energy ε is given with respect
to the φ central mass value. The cross section errors quoted are statistical
(first number) and known systematical (last number) uncertainty.

ε [MeV] σK+K− [nb] σφ→K+K− [nb]
18.5 15.9±0.8±1.9 21.2 ±1.1±2.5
34.5 34.3±2.8±5.5 41.7 ±3.4±6.7
75.9 98.4±12.8±21.6 92.3 ±9.4±20.3

6.3 Cross–Sections

In order to obtain the total φ cross section one has to take into account the

branching ratio ΓK+K−/Γtot =0.491 (see Tab. A.2).

6.3.1 Total Cross–Sections

The final results for the total φ–production cross section are tabulated in

Tab. 6.3 and plotted as a function of excess energy in Fig. 6.2 together

with the data already existing for ω and φ meson production in pp collisions

([30, 32, 20, 55, 56, 57]).

In this figure, the lowest energy point at ε=83 MeV previously measured

by the DISTO collaboration is also shown (as a blue �), and a very good

agreement is found with our result at ε=75.9 MeV.
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Figure 6.2: Total cross section for φ and ω–production in pp collisions as a
function of excess energy. The error bars include both statistical and sys-
tematic uncertainties. Inset: the dashed line shows a phase space calculation
normalized to pass through the highest energy ANKE point, while the solid
line, which includes pp final state interaction effects, is a fit to all the ANKE
data.

In the Fig. 6.2 the ANKE results are compared with two simple cal-

culations: the dashed line displays the energy dependence of phase space,

normalized to the high energy ANKE result at ε=75.9 MeV, while the solid

line includes final–state interaction (FSI) effects between the two protons in

the 1S0 state by means of the Jost–function method (see Ref. [53]), scaled
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Table 6.3: Total production cross section for pp→ppφ at our three excess
energies. In all cases the first number is statistical and the second the sys-
tematical error.

φ–production (ANKE)
εφ [MeV] σφ→K+K− [nb] σφ(tot) [nb]
18.5 15.9±0.8±1.9 43.2 ±2.2 ±5.1
34.5 34.3±2.8±5.5 84.9 ±6.9 ±13.6
75.9 98.4±12.8±21.6 188.0 ±19.1 ±41.4

such that it fits best all 3 ANKE–cross sections. Clearly, the extrapolation of

phase–space calculation misses the two low–energy points. The simple Jost–

function approach seems to accomplish this, since it describes the energy

dependence fairly well and thus it is important to include the proton–proton

FSI.

6.3.2 Differential Cross–Sections

Before discussing differential cross sections at the lowest excess energy ε =

18.5 MeV in more detail, it is useful to notice the following constraints: close

to threshold, the two final–state protons must be in the 1S0 state, and the

φ is in a relative S–wave with respect to this pair. The quantum number of

the final state is thus JP =1−, which, by conservation of parity and angular

momentum, implies that the initial two–proton state is 3P1. This in turn

requires the alignment of the incident (pp)–spin as well as of the final φ–

meson spin direction along the beam axis (see Ref. [30] for a more detailed

discussion). The polar angular distribution of the decay kaons in the φ–

meson frame of reference must then display a sin2 ΘK+

φ shape relative to the

beam direction.

As shown in Fig. 6.3 (upper left panel), the expected behavior is observed:

the φ ’s are produced in S–wave with a (pp)–transition from 3P1 to 1S0. An
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Figure 6.3: Differential distributions for ε=18.5 MeV. Vertical error bars in-
dicate statistical uncertainties and horizontal ones bin widths. Upper left
panel: dσ/dΩ as a function of the cosine of the polar K+ in the reference
frame of the φ-meson relative to the beam direction. The full line is the
expected sin2 ΘK+

φ shape. Lower panels: dσ/dΩ vs. cosine of the polar angle
of the φ meson in the overall c.m. system (left), polar angle of the emitted
proton (middle), and proton polar angle relative to the φ direction (right),
the two latter being in the (pp) reference frame. Upper right: Dependence
of the cross section on the pp relative momentum. The dotted line reflects
pure phase space whereas the solid includes also the pp FSI.

additional cos2 ΘK+

φ contribution, introduced by higher partial waves, is not

visible. In the lower part of Fig. 6.3, we show from left to right angular

distributions for different angles: (i) the polar angle of the φ–meson in the

overall c.m. system, (ii) the polar angle of the emitted protons relative to the

beam, and (iii) the proton polar angle relative to the φ direction. Both proton

angles are measured in the (pp) reference frame. All three distributions
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are consistent with isotropy and confirm the dominance of the 3P1 → 1S0

transition.

Finally, in Fig. 6.3 (upper right), the differential cross section is plotted

as a function of the proton momentum in the (pp) reference frame. While

the phase–space calculation (dotted line) misses the data, inclusion of FSI

for the two protons in the 1S0–state (solid line) reproduces the experimental

result. Thus, a clear and significant pp–FSI effect is observed at ε=18.5 MeV

excess energy.

6.4 OZI Result

In the table 6.4 the data for total cross sections pp→ppω obtained in the

ε range of our measurements are presented for the comparison. The total

cross sections for the ω–production at excess energies 19.6 MeV and 30 MeV

was measured by SPES III and is described in more details in Ref. [20],

whereas the data point at an excess energy of 92 MeV was measured by the

COSY–TOF experiment (Ref. [32]).

Table 6.4: Total production cross section for pp→ppφ at our three excess
energies (col. 1) compared to pp→ppω data in col. 2 [20, 32] at similar excess
energies. In all cases the first error is statistical and the second systematical.

φ–production (ANKE) ω–production
εφ [MeV] σφ(tot) [nb] εω [MeV] σω(tot) [µb]

18.5 43.2 ±2.2 ±5.1 19.6 ±0.9 1.51 ±0.23 ±0.18
34.5 84.9 ±6.9 ±13.6 30.0 ±0.9 1.77 ±0.48 ±0.23
75.9 188.0 ±19.1 ±41.4 92 7.5 ±1.9 ±1.5

In the table 6.5 the φ/ω production ratios are obtained line by line from

the listed cross sections of Tab. 6.4, i.e., at slightly different values of excess
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energy (col. 2). Here the statistical and systematical errors are calculated

separately. Within the stated uncertainties the ratios are comparable and

therefore allow to calculate a weighted mean ratio for the low energy range:

Rφ/ω = (3.0 ± 0.5) × 10−2.

Table 6.5: φ/ω–production ratio indicated by the φ excess energies

ANKE direct σφ/σω

ε [MeV] Rφ/ω × 10−2

18.5 2.9 ±0.5 ±0.5
34.5 4.8 ±1.4 ±0.9
75.9 2.5 ±0.7 ±0.7
average ∼3.0±0.5

In a second approach the existing ω data were fitted up to ε ∼100 MeV

and from the result (see Fig. 6.4) scaling factors were taken out to scale

up and/or down the ω cross sections at the excess energies of the ANKE

φ measurements. The determined scaling factors are list up in Tab. 6.6,

indicated by the changes of excess energies.

Table 6.6: Scale factors for the change of ω cross section to the excess energy
of φ data.

MeV scale factor
19.6→18.5 0.94
30.0→34.5 1.14
92.0→75.9 0.77

With the resulting – scaled – ω cross sections the weighted mean φ/ω

production ratio is:

Rφ/ω = (3.3 ± 0.6) × 10−2 ∼ 8 × ROZI,
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Figure 6.4: Total φ– and ω–cross sections in pp collisions below 100 MeV
excess energy. The solid line is a fit through the ω data points.

which is 10 % larger compared to the above uncorrected weighted mean, but

agrees within the error.

The φ/ω ratio at high energy of GeV’s is about ∼ (1− 2.4)×ROZI (com-

pare Fig. 6.2) and, together with our findings indicate a significant energy

dependence of the OZI ratio.

In Fig. 6.5 this is once more graphical illustrated. The three lines show

the energy dependence of three–body phase space including the effect of pp

final–state interaction (FSI), see Ref. [53]. The dashed line in the middle

is normalized to the three ANKE cross sections (stars) at low energies and

clearly fails to describe the high energy φ data. For comparison the lowest
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Figure 6.5: Total φ– and ω–production cross sections in pp collisions. The
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the effect of final–state–interaction (FSI) normalized to the ω (top) and φ
(middle and bottom) cross sections. The middle line is normalized to the
three low–energy ANKE points (stars), while the lowest line is fixed by the
high energy φ cross sections.

line is fixed to pass through the high energy data.

To evaluate the energy dependence of the OZI enhancement factor, it

should be note that the pp production ratio at high energies is in agreement

with the experimental ratio Rφ/ω of (3.2 ± 0.8) × ROZI deduced from πN

interaction [58]. The latter can be explained in terms of the established OZI

violation in the φρπ and ωρπ coupling [59, 60]. The present ratio from near–

threshold φ and ω production in pp collisions exceeds this value by more than
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a factor two. It may be a signal for additional, and as yet non–understood,

dynamical effects related to the role of strangeness in few-nucleon systems.

This requires more theoretical work to understand its origin and the new

ANKE data, with its precision, can contribute to that as a prominent inves-

tigation. A first more exotic and speculative explanation has been advanced

in Ref. [53]. According to this study a φN–resonance contributes significantly

to the φ production close to threshold and thus the energy dependence of the

φ cross section as well as the increased OZI ratio is explained. However, the

experimental evidence for such a possible resonance is far from certain and

will therefore require additional measurements.

6.5 Outlook

At present, from the ANKE data sets, only the 76 MeV data allow to look

into the φ − proton invariant mass distribution, because of the data sets at

lower excess energies cover only a small invariant mass range. At present,

our limited statistics at 76 MeV of about 200 φ events prevents this kind

of investigations clearly [61], but a new measurement at 76 MeV has been

already performed at ANKE [62] and the statistics of detected φ mesons

could be improved up to several thousands φ’s (see Fig. 6.6). This statistics

exceeds the around 500 events detected by the DISTO collaboration and can

therefore be used to study more precisely higher partial wave contributions

around 80 MeV excess energy. The analysis of these new data is in progress.

In order to study all facets of the φ-meson dynamics, it is necessary to

investigate the isospin dependence by also measurering the φ–production in

pn collisions. The investigation of the quasi–free pn→ dφ reaction, using a

cluster–jet deuterium target (i.e. pd→ dφ psp), has been recently finished

at ANKE and the details of the obtained results can be found in Ref. [63].
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Figure 6.6: New pp→ ppφ ANKE data at 75.9 MeV: lhs. shows the missing
mass spectrum of the nondetected proton, and rhs. the corresponding K+K−

invariant mass distribution.

These data allow also to estimate the pn→ pnφ cross section using final state

theory [63, 64].

Both results, of elementary φ–meson production are an important input

for the ongoing efforts of understanding the in–medium effects on meson

properties. In the latter case, ANKE will contribute in the near future by

executing an approved COSY–experiment [65]. The aim of this experiment

is to study the hadronic φ–nucleus and K−–nucleus potentials via the φ and

K− production in p+A reactions. It is expected that the data will permit

definite conclusions about the φ width in nuclear matter at normal density

through the analysis of the A–dependence of the φ production cross sections.

Finally, the so called non–resonant K+K− production, which is consid-

ered the background for the present investigation of (resonant) φ–production,

needs to be looked at. First of all it may be that a part of the K+K− yield

may actually be associated with mesonic states (a0, f0), and secondly NK

final state interactions can be investigated. The corresponding analysis are

also in progress.
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Properties of the φ Meson

The φ (1020) is a vector meson in the pure ss state. The mass, width and

coresponding lifetime is given in Tab. A.2 [66]. The K+K− decay channel

Table A.1: The φ (1020) Meson propertis and quantum numbers.

Mass m 1019.456±0.02 MeV
Full Width Γ 4.36±0.05 MeV

Lifetime 20 ×10−23 s
Quantum Number IG(JPC) = 0−(1−−)

Anti Particle self
S, C, B 0

Table A.2: the φ (1020) dominant hadronic decay modes are listed

Decay Modes Fraction (Γi/Γ) p [MeV/c]
K+K− (49.2+0.6

−0.7)% 127
K0

LK0
S (33.7±0.5)% 110

ρπ + π+π−π0 (15.5±0.5)% —
X 1.6 % —

is dominant among the hadronic decay channels. Naively one would expect

the preffered hadronic decay channel φ to be pions over kaons, sience decay
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in pions have much more phase space avalable. It is to mention here that φ

decay into two pion (φ → π+π−) is forbiden by G-parity conservation.
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Selected Numerical Results

for Luminosity

Table B.1: The numerical values for Run 7247 analyzed using pp–elastic
method.

Θpol Ntot ∆Npp Bg Ω Lint×1034

[degree] ×109 [%] [%] [steradian] [cm−2]
4.75 14.26 1.84 2.08 0.0656 5.72
5.25 12.84 1.70 1.68 0.0836 5.92
5.75 10.71 1.89 2.10 0.0793 5.73
6.25 9.35 1.97 2.07 0.0862 5.86
6.75 8.01 2.39 1.56 0.0644 5.95
7.25 6.59 2.58 1.01 0.0692 5.89
7.75 5.50 3.11 2.07 0.0575 5.99

Total 67.749 2.22 2.071 0.506±3.085% 5.884
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Table B.2: The numerical values for Run 7247 analyzed using Schottky
method.

Cycle ∆t flux×1016 df/dT Nt × 1014 L×1031 Lint × 1034

[s] [s−1] [Hz/s] [cm−2] [cm−2s−1] [cm−2]
0 534 5.079 0.1563 2.641 1.3418 7.165
1 566 4.978 0.1536 2.592 1.2906 7.305
2 566 5.054 0.1575 2.662 1.3457 7.616
3 566 4.991 0.1559 2.633 1.3144 7.439
4 566 5.075 0.1578 2.668 1.3545 7.666
5 566 5.129 0.1563 2.640 1.3545 7.666
6 566 4.981 0.1519 2.561 1.2758 7.221
7 566 5.088 0.1595 2.699 1.3737 7.775
8 566 4.959 0.1586 2.682 1.3304 7.530
9 507 5.079 0.1550 2.618 1.3299 6.742

Total 5569 1.3300 7.4218

Cycle
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Figure B.1: The ratio between summarized PDS START counts and inte-
grated luminosity derived via Sch ottky analyzis (for Run 7247) is shown in
Fig: B.2 with standard deviation less than 2%.

96



Section B.0

Run number
7000 7050 7100 7150 7200 7250

]
-2

L
u

m
in

o
si

ty
/S

ca
la

r(
S

a)
 [

cm

10.2

10.4

10.6

10.8

11

11.2

11.4

11.6

11.8

12

12.2

12.4

2410× ]-2 [cm2510×L/Sa = 1.167

Run number
4760 4770 4780 4790 4800

]
-2

L
u

m
in

o
si

ty
/S

ca
la

r(
S

a)
 [

cm

9.6

9.8

10

10.2

10.4

10.6

10.8

11

11.2

2410× ]-2 [cm2510×L/Sa = 1.041

Run number
4500 4550 4600 4650 4700

]
-2

L
u

m
in

o
si

ty
/S

ca
la

r(
S

a)
 [

cm

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5
2410× ]-2 [cm2510×L/Sa = 0.975
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