Chapter 1

Introduction

Quantum Chromodynamics (QCD) is widely accepted as a fundamental the-
ory which describes the strong interactions because of its remarkable success
in the high precision tests of the high energy experiments. Although we
believe QCD is the fundamental theory, it is difficult to study a scattering
process with a small momentum transfer in the framework of the QCD since
the renormalized coupling constant is not small enough in such a low energy
scale to use a perturbative technique.

The single diffractive dissociation [1] { or single diffraction ) is one of such
processes that we cannot fully describe in the framework of QCD. The single
diffraction is experimentally defined as a process where one of the two op-
positely incoming hadrons keeps its quantum numbers unchanged after the
collision. This leading hadron usually go off in the beam pipe without de-
creasing its initial momentum. In the view point of the quantum field theory,
any process should be explained by the exchange of field(s) between the two
hadrons. The exchanged field(s) in the single diffraction should not cairy a
color in total so as to keep the hadrons as a color singlet. This exchanged
color-less object is a pomeron named in the old Regge pole phenomenology
2, 3].

The Regge pole phenomenology is based on the observed hadron spec-

troscopy and some general postulates such as the unitarity and the analytic-



ity of the S-matrix. The validity of the Regge pole phenomenology is limited
in the soft ( small momentum transfer ) process. In the Regge picture, a
scattering process is described as an exchange of “pole”, which lives in the
complex angular momentum space. The pomeron is introduced as one of such
poles which give a dominant contribution to soft collisions of hadrons with
high energy. At least in the soft process, pomeron behaves as if it is a virtual
particle state although it has not been observed in the hadron spectroscopy.
The Regge pole phenomenology is briefly described in Appendix A.

The uniqueness of the hard single diffraction is an existence of the two
different scales in a single interaction. Regarding to the leading hadron, a
momentum transfer via the pomeron is toosmall to use the perturbative QCD
but it is small enough to use the Regge pole picture. On the other hand, the
interaction between the constitutions of the pomeron and the dissociating
hadron take place in a hard scale where we could use the perturbative QCD.
It is thus possible to probe the “contents’ of the pomeron by studying the
hard single diffraction using a combination of the Regge phenomenoclogy and
the perturbative QCD. The pomeron is treated as an effective particle state
in the above picture called Ingelman-Schlein model (IS model) [4].

Experimental study of the partonic nature of the pomeron was pioneered
by UAR experiments [5, 6] by observing dijet production in the single diffrac-
tion events at CERN SppS collider operated at /5=630 GeV. They re-
ported that the pomeron exhibits a “hard structure” like zf(z) ~ 1 — 2
basically, where z is a parton momentum fraction in the pomeron. More
recently, both ZEUS and H1 collaboration measured the structure function
of the pomeron by the deep inelastic scattering experiment at the HERA
e-p collider. The measured pomeron structure function is mostly “flat” like
2 fog/p(2) ~ 1 and depends on Q? slightly. The H1 [7] performed a NLO
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and concluded approximately 909%(80%) of the momentum is carried by glu-
ons at Q*=4.5GeV*(75 GeV?) under such model. The ZEUS (8] measured
both the pomeron structure function and the differential cross section of the
diffractive dijet photoproduction. They also reported that a substantial part
of the pomeron momentum is carried by gluons if the pomeron is assumed to
have a hadron-like partonic structure in the form of parton densities which
evolve according to the DGLAP equations [9].

At the Tevatron collider, the dijet production [10] and the W-boson pro-
duction {11] were observed in the diffractive pp scattering at /s==1800 GeV.
The combined analysis of the diffractive dijet and the diffractive W produc-
tions support a dominantly gluonic picture of the porneron. The measured
rates of these processes show significantly lower values than the [S model pre-
diction with the Donnachie-Landshoff flux (see Sec. 1.2). This result suggest
that there is a problem in the hypothesis of the factorization of the pomeron
flux at the Tevatron energy although the hypothesis successfully described
the data at the HERA [42].

The study of the diffractive heavy favor production can also allow us
to test the IS model [12]. The diffractive heavy flavor production rate is
sensitive to the contribution of the gluon in the pomeron because the heavy
favors are mainly produced through a gluon-giuon fusion. The experimen-
tal study of the diffractive heavy flavor production was first reported by
the UAL collaboration at CERN SppS collider {13]. They searched for the
diffractively produced p-+jet events and estimated the heavy flavor contri-
bution in the data by subtracting non-heavy flavor backgrounds. Assuming
the hard structure function to the pomeron they found an upper limit of the
diffractive bb production cross section oy (pr > 8GeV)<50 nb (95% C.L.) at

/=630 GeV.
In this thesis we present the first observation of the diffractive bottom
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Figure 1.1: Single diffraction.

quark (b-quark) production in pj collisions at 4/s=1.8 TeV using the Collider
Detector at Fermilab (CDF). The production of the b-quark is identified with
both the large transverse momentum of the decaying electron relative to the
associating jet axis and the large impact parameter of the electron track.
The ratio of the diffractive b-quark production to the non-diffractive b-quark
production is measured. The ratio is compared to the theoretical prediction

of the Ingelman-Schlein model using the Donnachie-Landshoff flux.

1.1 Kinematics of the single diffraction

The single diffraction dissociation process, p -+ p — p + X is schematically
shown in Fig. 1.1. Some kinematical variables are frequently used to describe
the single diffraction process. Using the four momentum of the initial beam
particles {PP™, PP") and the final systems, (PP°", P¥), the following three

independent variables are defined;

s = (Ppin+ Pﬁin)z — (Ppout +PX)2 (11)

t = (Ppout _ Ppin)2 . (PX _ Piﬁi“)g (12)

2

Mx = (PX) = (PP + PP — PP) (13)



where s is a center of mass energy, t is a momentum transfer and My is a
mass of diffractive system X. Equation 1.2 can be expressed by the energy

of the system X (Fx),

5 = (Ppout +PX)2
:PX . (Ppout+ PX) 4+ Ppout i (Ppout +PX)

1
= EX\/E"‘E- 5(3 — ﬂzf)(g + mf),

where m, is the mass of the proton. This formulae yields the following

expression for the energy of the system X,

5+ Mx® —m,?

2V/5

The 3-momentum of the leading proton Prowt can be expressed with s and

Eyx = (1.4)

AL x using Eq. 1.4,

'ﬁpout 2 — ‘PX'Q

— EX2 . MX2

_ [s—{mp + Mx)*ls = (mp ~ Mx)’]
43

.s',J'VI)‘;>>1"ni,;.L (S - A/IXQ)Z

' 4s
- - Mx?
IPPout P -SQTSX (1.5)

N ow we introduce the another frequently used variable, the Feynman variable

X F
ppout
I'r = };pin : (16)
gince PPVt & ’13?"’“ , we arrive at,
p'pout 2 ﬁpout j‘./IXQ
o o oin = ~ 1 - (17)
P! Vs s
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Figure 1.2: The kinematics of the single diffraction.
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Instead of the zp, the & variable is also used frequently,

_ IWXQ
- L]

3 =1l-2zp. (1.8)

The rapidity distribution of the final states is schematically shown in
Fig. 1.2. In the general pp collisions, the maximum rapidity bound of the

generated particle is calculated from the definition,

1. E+py 1. (E+ Pz)2
ymar*—_in ﬂ—ln——é—_—_2
2 E—pz man 2 E ~ Pz mas
1 cam)
A —In (2, 5 ) = Inﬁ (1.9)
2 mp mp

T hus the rapidity of the leading proton is In /s /m,. The width of the diffrac-
tive system X can be calculated by using Eq. 1.9 at the center of mass frame

of thesystem X,

\/S_———?lnMX

™ My

yz}rfidth ~ 21n (1.10)

T he center of the rapidity for the diffractive system X is similarly obtained

using Egs. 1.4 and 1.5,

o2
yxz—llnwz_lln s*
€ 2 ﬂ/fxz 2 8Mx2
1.1
— Tih-: 1.11
s (1.11)
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Thus, the size of the rapidity gap between the cluster and the leading proton
is obtained using Eq. 1.8,
0 x_ L x

1 1 M
cnYS Lt Mx
m, 2 My

(e

(55”—:) (1.12)

T'he signature of the single diffraction is characterized with this forward ra-

pidity gap.

1.2 Single diffraction in the Regge pole pic-
ture

A detailed analysis of the Regge pole phenomenology shows that the to-
tal cross section and the differential elastic cross section can be factorized
into the Pomeron-hadron couplings and the universal contribution from the

Pomeron exchange,

) - g \ler©®-1]
o7t = o090 () (113
doPP 1 B 2o e (t)~1]
Pl = eomor () (114)

where 852(8E) is a coupling of the pomeron to the proton(anti-proton) and
the sy is a scale parameter introduced for dimensional convenience. The
single diffraction dissociation can also be described in the framework of the
Regge pole phenomenology using the triple Regge diagram. In the particular
range of the kinematical region (¢ = M?/s <0.1 [1]), the contribution from
the pomeron exchange is dominant.

do®?

1N ap()—1
qE i—%ﬁi}%’(t)?gl_mw {B?(O)g(t) (-8,—) } (1.13)

S
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where ¢(t) is a triple-pomeron coupling, s' = M? is the square of the mass of
the dissociating system, ¢ is the fractional momentum of the pomeron carry-
ing to the proton and sj is the energy scale parameter. The triple-pomeron
coupling g(t) is experimentally found not to depend on ¢ [1], thus g(t) = g(0).
The term in the brackets in Eq.1.15 can be identified as the pomeron-proton
total cross section a’%ﬂj in analogy with Eq.1.14. Then Eq.1.15 is expressed
as,

do??

dt d¢

= (& 1) (s') (1.16)

where fp/p(€,t) is called the flur factor of the pomeron and a§’~P(s’) is the
total cross section of the pomeron-proton scattering. The pomeron flux factor

is defined as

o6, 0) = T BR(eE e (117)
1
= (BP0, (118)

where the ¢ dependence of the 5 is replaced by the proton form factor F(¢)
probed with the pomeron. The form factor F(t) cannot be determined by
the Regge theory. A hypothesis that a pomeron mainly couples to the quark
in the hadron like a photon can reproduce the data well [14]. This hypothesis
results in that the F(¢) is proportional to the electromagnetic-like form factor,

At  4m? - 284 1 2 15
f) = im2—t \1-1t/071 (1.19)

where m, is a mass of the proton. The flux factor using this hypothesis is

called Donnachie-Landshoff flux and is expressed as,
9 —2a
fP/P(git) = mﬁgFl(t)zfl 2 (f) (1-20)

where 3y=3.202 GeV™? is the effective pomeron-quark coupling.
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1.3 Diffractive bb production

The factorization property of the pomeron is supported by the elastic and
the diffractive scattering experiments and implies that a pomeron can be
treated as an ordinary particle virtually emitted from a hadron. Ingelman
and Schlein propesed to extend the formalism obtained in the soft diffraction
into the region of the hard diffractive scattering [4]. According to their idea,
we describe our model used to calculate the diffractive bb production cross
section in the thesis. Assuming that the factorization property is kept in this

scale, the cross section of the diffractive bb production can be expressed as,

do(pp — p + bbX) do(plP — bbX)
i L T 20
where,
do (P — bbX do(a;b; — bbX'
J(p Z ) :Z/d$1fﬂi/?(xlva2)fdx?fbj/P(x2’pT2) ( ; 2 )’
dpr i de
(1.22)

and the py is the transverse momentum of the b-quarks. The f,, /5(z1,p3)
and the fy /P (%2, 07} are the structure function for anti-proton and pomeron,
respectively. The sum is performed over all parton types. As stated in the
previous section, the pomeron flux factor fp;, (£, t) is not uniquely defined by
the Regge phenomenology. We used the Donnachie-Landshoff flux (Eq.1.20)
to calculate the theoretical prediction. ( Ingeiman and Schlein used a different
flux parameterization in their original analysis [4]. )

The pomeron structure function f,, {2, p5) was recently measured by
1 [7} and ZEUS [3] using deep inelastic scattering processes. The extracted
parton distribution turned out to be nearly flat. According to this result, we

used a simple model for a pomeron structure function expressed as;

2foasp(z) ~ 1 (1.23)
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Another frequently used structure function is a hard structure function,

zfoqrp(z) ~ 2(1—z) (1.24)

which is derived from the assumption that two partons share the pomeron

momentum. We also used the hard structure function in the analysis.

1.4 Outline of analysis procedure

One of the characteristic signature of the single diffraction is an absence of a
beam jet in one side of the forward rapidity region where particles are usually
observed In the non-diffractive pp collisions. This signature is owing to the
color-less nature of the exchanged object and is called the forward rapidity
gap. In order to tag the rapidity gap events, we used two forward detectors,
the forward calorimeters and the BBC which partially overlap with each
other. The rapidity gap signal in the single diffraction is sometimes killed
because particles generated from the dissociating system give the signal in
the detector. We have corrected this rate of inefficiency using results of the
Monte Carlo study.

The b-quark production candidates are tagged using an electron in the
central rapidity region. We select events with such an electron to make up
an electron sample. The impact parameter distribution and the transverse
momentum spectrum relative to the jet axis are used to estimate the bb
event fraction in the electron sample. The diffractive b-quark production
candidates are selected from the electron sample using the rapidity gap signal.
The fraction of b-quark events are individually estimated for both diffractive
and non-diffractive sample. After correcting the efficiency and acceptance
for the rapidity gap tagging, the ratio of the diffractive to the non-diffractive
b-quark production is measured. The results are finally compared to the

theoretical prediction.



