Appendix A

Regge pole phenomenology

A.1 Regge pole

Aside from the theory of quarks and gluons, there have been an old phe-
nomenological approach to explain the asymptotic behavior of the hadron-
hadron collisions. This phenomenology is called Regge pole phenomenology or
Regge theory in short. In the framework of the Regge theory, a soft hadron-
hadron collision is described by the exchange of bunch of mesons which have
adequate quantum numbers for the exchange process. Those exchanged ob-
jects are called Regge poles.

Outline of the Regge theory is briefly described here using 2-+2 scattering
of spin less particles [2, 3]. The Mandelstem variables s and ¢ are used. The
s is a center of mass energy squared and the f is a momentum transfer

squared. The Lorentz invariant amplitude of the 2—=2 scattering process can

be expressed by the partial wave expansion,

o0

Auesals, 1) = 92+ Dafs)Pr(1+2¢/3). (A1)

{=0

where [ is a quantum number of orbital angular morentum and B is a

Legendre polynomial. This expression can be transformed into the following

form using the crossing symmetry,

o0

Aupsea(sit) = (21 + Vaft) A+ 25/t). (A.2)

1=0

102



A Im{l)

U2 N0 2 A A

Figure A.l: Complex angular momentumn plane.

The summation about [ can be rewritten into the integral form in the complex

angular momentum plane using the analytic property of the amplitude,

Als, 1) = — f Aty 4e™) g P 1+2efs),  (A3)
C

24 sinwl = 2

where the contour C surrounds the positive real axis as shown in Fig. Al
a1 and o~V are the analytic continuations of the even and odd partial
wave amplitude. The n takes the values +1 and is called the signature of the
partial wave. The signature is introduced to separate two alternating signed
amplitudes owing to the term of (=1)!. Let us suppose for simplicity that
the system has just isolated poles at I=ay, (¢) of the form a™ (I, 6)=0,, (t)(I—
cn, ()71, The above integral can be reduced into the sum of the residuals

by deforming the contour C into the contour C’ as shown in Fig. A.L. For

this particular case we arrive at

(20 (n 4 gmimam (D))

ﬂn —, Pla, (t 1 + 25/t

A(s,t) = Ei E Fp—— 5 By ()P (e, (£) s/t)
=%l nq

+ (integral on C'). (A4)

The simple poles a,, (f) are called Regge poles. When we take a limit of

5/it] = oo, the integral term along the contour C’ behaves as ~ s~12 and so
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Figure A.2: The Chew-Frautschi plot.

it vanishes. In general, the existence of a single particle state in a theory is
appeared as a pole in the transition amplitude. Thus Eq.A.4 shows that the
Regge pole with a physical integer value of [ = Re{o,, ()} corresponds to a
particle with spin-l. In this picture, the scattering process can be interpreted
as exchange of the Regge pole (or Reggeon) with adequate quantum numbers
in the exchange process.

In the high energy limit, the dominant term among the residuals in Eq.A.4

comes from the Regge pole with the largest value of Refan, (1)} (leading

Regge trajectory). Eq.A.4 can be then approximated to,

A(s, t) ~ 52, (A.5)

where we used asymptotic behavior of the Legendre polynomial,

sl [(2{+1 t
P(1+2s)t) 2 %ﬁ»}—;(f) .

The function shape of the Re{a(t)} can be investigated by plotting the spin

against the square of the mass for existing particles. Figure A.2 shows the
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Figure A.3: Optical theorem.

mesons which can be exchanged in the pp — pp scattering process. Those
mesons lie in a straight line as shown in the plot and this property means

the trajectory of the a(?} is a linear function of ¢,
alt) = a(0) + o't
where

a(0) = 0.55

o =086 (GeV™?).

It is also observed that most of mesons and baryons can be assigned on the

Regge trajectories of straight lines (2],

A.2 Pomeron

The amplitude of the elastic scattering is related to the total cross section

through the optical theorem,

1
ar = gc‘}m{Aab—i-ab(Svt = 0)} (AG)

The optical theorem is shown schematically in Fig. A.3. From Eq.A6 and
Eq.A.5 we can obtain the asymptotic behavior of the total cross section for
pp collision,

5 ~1 _ 045
off « seO-1 = .

; ; ; -0.45 ;
Thus a behavior of the total cross section decreasing according to s is

expected from the leading Regge trajectory shown in Fig. A.2.
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Figure A.4: Total cross-sections for p-p and p-p scattering.

Figure A.4 shows the experimental data of the total cross sections for pp
and pp scattering [14]. It is evident that the total cross section is not simply
falling but is slowly rising as s increases. The behavior of rising total cross
section is also observed in various kind of hadron-hadron collisions. These
data can be beautifully explained [14] if we accept an existence of a new Regge
trajectory having the intercept of a(0)=1+¢(> 0} and it carry the quantum
number of the vacuum. This new trajectory is called pomeron trajectory or
pomeron. The pomeron trajectory is originally defined with the intercept of
ap(0)=1 to satisfy the Pomeranchuk theorem' and the Froissart bound® , but

the later experiments with much higher energy revealed that the situation is

more complicated. The fit of the data for the total cross section and elastic

1 A theorem which state that the total cross section against the same farget become

the same for particle or anti-particte in the high energy limit. . .
21t is proved that the total cross section for the two hadron scattering cannot increase

faster than (ln s)2 in the limit of s — o0 in order to satisfy the unitarity of the S-matrix.
This upper bound is called Froissart bound.
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cross section tells us that the pomeron trajectory can be parameterized as;
ap(t) =1+e+a't

where ¢=0.0808 and o/~0.25GeV ™7 [14]. So far now no particle has been
observed on the pomeron trajectory. However, as one can see in Fig. A.4,
the contribution from the pomeron trajectory become dominant in the high

energy scattering.
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Appendix B

CPR charge correction

The amount of charge deposition in the CPR depends on the momentum of
the incident electron. The path length of the incident particle also affects the
amount of charge deposition. These dependence must be corrected when one
try to compare the CPR charge distributions among various samples. In the
thesis, we use the corrected CPR charge which do not depend on neither the
momentum nor the path-length. In this section, we describe how to obtain
the corrected CPR charge using the track information.

As a raw CPR charge, we use a sum of outputs from three CPR-wires
around an electron hit position !. The hit position is obtained by extrapo-
lating the CTC track to the detector radius at the CPR layer.

The momentum and path-length dependence are studied using control
samples. Conversion electrons and electrons from W decays are used for the
lower and higher momentum regions, respectively.

At first we parameterize the dependence of the CPR charge on the path
length by fixing the momentum range. Since the path length is related to the

angle of the track, we plot the average of CPR charge as a function of sinf in

the fited momentum ranges in Figs. B.1 and B.2. Each of these plot shows

that the mean CPR charge increases as the incident angle decrease. The

CPR charge increasing rate changes at sin #=0.81. These two angle regions

LCDF off-line routine:get soft_electron is used
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with sin & above and below 0.81 correspond to the two different segments. We
parameterize this angle dependence by fitting the CPR charge distribution

to the two straight lines meeting at sin® = 0.81.

raw o JAp)(Eing —1) + S(pf)  (sind > 0.81)
A, 0" = . .
\QcE (0, ) {Ag(pl)(sin 0 ~1)+alp) (sind < 0.81) (B.1)
where,
ca(p') = (0.81 = D)(Ai(p') — 42(p)) + S(p) (B.2)

‘The free parameters in the above fit are S(p'), A;(p') and A;(p"). We call
S(p') a scale parameter since it represents the magnitude of the CPR. charge
at sinf=1. We call A4,(p') and 4;(p’) angle parameters.

Next, we study the momentum dependence of the scale parameter S(p*).
We plot S(p') as a function of momentum in Fig. B.3. This plot is fitted to

the power of the momentum;
S(p) = 2.8519 x p®7%* 4+ 0.5359.

The first parameterizations (B.1) are divided by this and then multiplied by
10.0 to have a constant CPR charge(=10.0) at sin#==1. New parameters are
denoted with the prime(’).

We then study the momentum dependence of the angle-parameters Al

and A}. We plot 4| and Aj as a function of momentum in Fig. B.4. We fif

these distribution to a straight line.

10
Al(p)’ :_:Al(p).,s—’@ = —27.486 — 0254])
10 i}
Az(p)’ EA?LP)% = —61.652 — 1f31p

Finally, the correction function which removes all momentum and angle

dependence is given by;

Qnp = 10.0 X Qg X F(p,6)
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Ai(p)(sinf — 1) + S(p) (sinf < 0.81)
Az(p)(sind — 1) 4+ (0.81 — 1){Ai(p) — 42(p)) + S{p) (sinf > 0.81)

S(p) = 2.8519 x p®¥™ 4 0.5359

Aulp) = %(g—)(—zmge - 0.254p)
Aa(p) = §1-(~gl(—61.652 - 1.731p).
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Figure B.1: The mean CPR charge versus incident angle of the electron in
the fixed momentum ranges.
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Figure B.2: The mean CPR charge versus incident angle of the electron in
the fixed momentum ranges.
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Figure B.3: The mean CPR charge versus electron momentum a$ sin & = 1.
The star represents for the W clectron, the open circle represents for the
conversion electron and the solid circle represents for the partner track of the

conversion electrorn.
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Appendix C

Simulation of the forward
calorimeter

We have used an established technique to simulate the detector response
against the low pr particles according to the reference (38]. The simulated

energy flow in a FCAL tower is corrected by the following expression,
E{nes =S; x p*" + ()

where p?¢" is a momentum of the particle in the generator-level, S; and C;
are energy correction factors tuned in the ith 1 segment of the tower.

We determine the energy correction factors in order to reproduce the
energies measured in the real bb sample. The selected sample of electron+D"
events [39] are used as the real bb data. The D" mass peak of the data sets is
shown in Fig. C.1. We obtained 1899 DY candidates during the same run as
we used for the diffractive bb analysis. We then look at the exponential slopes
of the energy spectra in each 1 segment of the forward calorimeter. Slopes of
energy spectra in the DO mass region and the side-bands regions are shown in
Fig. C.2. Since no differences are seen in the forward energy spectra between

the two regions, we do not need subtract the combinatorial background from

the 1899 [° candidates. These forward energy spectra, however, the contain

contributions of energies from extra minimum bias events aside from a bb

event vertex. The contribution of those pile-up events can be calculated
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using the luminosity of the sample as we described in Sec. 6.1.1. We subtract
the contribution of minimum bias spectra using a real data sample which is
taken by the clock trigger during RUN1A period. The forward energy spectra
purely coming from the bb vertex are shown in Fig. C.3.

We then look at the Monte Carlo bb sample described in the Sec. 5.1.
The trajectories of all generated particles are simulated by the full detector
simulation program (CDFSIM) and the energy flow traversing the front plane
of the forward calorimeter are recorded. The real tower segmentation are used
for the forward calorimeter and the energy flow in each tower are clustered
as described in Sec. 3.2. The energy spectrum in each eta segment is shown
in Fig. C.4. These Monte Carlo energy spectrum is much harder than the
observed one. In order to match this Monte Carlo energy spectra to the
observed data, we use a linear correction function as shown in the top of this

section.
E;nes - Sz' % pgen “’I“Cz

The coefficients S; and C; are determined by comparing two spectra, the
Monte Carlo and the data. Obtained energy scale factors and offset energies

are shown in Fig. C.5. The error in each factors are result of the exponential

fits to the energy spectra.
Matching of the forward detector simulation to the data are demonstrated
in Fig. C.6 where we apply the single vertex requirement to the data so as

to avoid multi-vertex effects. Since we use the energy offset around 1 GeV,

our model is valid only for the energies above 1.5 GeV.
The BBC response is also simulated using the real segmentation. Only

charged particles are accounted in the simulation. We do not use any energy

thresholds for charged particles.
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Appendix D

Likelihood function

D.1 Likelihood function for binned fit

emH N 1 1 - ?
7= JEa exp |~ 2 ( Nhad — Nhad )
. v 27T0'had Thad

exr — 1 Teon — con e~H ﬂlNObs
\/ QTFO'con P Teon H Nobs]

B =Thad + Neon + Thgp + e

[N :nhadffad -+ nconffon + nbgffb + ncafiCE

parameters for fii

nhay = number of hadron faking electrons
Neon = numMber of conversions

ny; = number of bb events

n.: = number of cC events
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Constants

N° = total number of observed events

N = number of observed events in the ith bin

Npog = number of hadron faking electrons estimated by CPR fit

Ohad = €707 0f Npau

Neon = number of conversions estimated by conversion finding e f ficiency

Teon = €770 0f Neon

Probability functions

flt = probability of a hadron having the observable inside ith bin
ff = probability of a conversion having the observable inside ith bin
fibB = probability of ¢ — electron having the observable inside ith bin

f;f = probability of b — electron having the observable inside ith bin

D.2 Likelihood function for unbinned fit
2
AT 1 1 (nhud - Nhad)
L= Nobs! 8 2T T had “p [ 2 Thad

1 1 (ncrm - IVcon ) 2
X—€erP |~ {\ ™
V2T Oeon 2 Teon

a nhadfhad(xj) + nconfcon(mj) + nbafbb(:rj) + ncéfce(mj)

x H
- Thad + Meon + Mpp + Tce
j:

Y =TNhed + Neon + Thp + e

parameters for fit

Nheq = number of hadron faking electron

Neon = number of conver sions

ng = number of bb events

ne: = number of c€ events
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N = total number of observed events

Nioa = number of hadron faking electrons estimated by CPR fit

Thaa = e770" 0f Npog

N, = number of conversions estimated by conversion finding ef ficiency

CGeon = €rror 0f Neon

Probability functions

frei(x) = probability of @ hadron having the observable as
Fe(x) = probability of o conversion having the observable as x

f¥(z) = probability of ¢ — electron having the observable as ©

f€(x) = probability of b — electron having the observable as x
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