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Abstract

Radiative decays of B hadrons, By — T (py), B. = M(?Qw), and A, —
Av(nry), occur via the quark transition b — s(d) that involves a loop (“penguin”) di-
agram. In the Standard Model (SM) the loop amplitude is dominated by a virtual
intermediate top quark coupling to a W~ boson. Thus radiative B decays are sensitive
to the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements |Vis| and
[Vial- In addition, the existence of non-SM heavy charged particles such as a supersym-
metric charged Higgs can affect the amplitude of the penguin loop. Measurements of

radiative B hadron decays, therefore, constitute low energy probes for physics beyond
the SM.

In 1993, the CLEO collaboration observed the first radiative decays of B, and
B, mesons. The three B factories at the Y(45) resonance, CLEO, BaBar, and BELLE,
performed several measurements of the B, and By radiative decays such as the branching
fractions and the CP asymmetries. However, the B factories can not produce the heavier
hadrons such as the B, and A,. Therefore the measurements of the B, and A, decays are
unique at the high energy collider experiments. No radiative decays of B, nor A, have
been observed yet. From the search for By — ¢y decays, the DELPHI collaboration
obtained B(B, — ¢y) < 7.0 x 107* at 90% CL. ‘

We searched for the radiative decays of By — K (= K~n%)y, B, = ¢(—
KtK™)y, and Ay, — A(— pr~)v. The data used in this analysis are collected with the
Collider Detector at Fermilab (CDF) during 199495, corresponding to an integrated
luminosity of 74 pb~! of pp collisions at /5 = 1.8 TeV. In this analysis, the photon is
identified by an electron-positron pair produced through the external photon conversion
before the tracking detector volume. One of the conversion electrons serves as a trigger
for recording the events. The B hadrons are reconstructed by combining the momenta of
the two conversion electrons and the two hadron tracks, where the two hadron tracks are
constrained to intersect at a common point. The mass resolution of the reconstructed B
hadron is around 45 MeV /c?. We infer the branching fractions of B hadrons yielding ra-
diative decays by forming ratios with the known branching fraction B(B, — J/¢yK™),
where the J/1 is reconstructed as J/¢¥ — ee decays. The topology observed in this
“reference” channel is similar to the one resulting from the radiative decay. This way,
any common factors cancel in the ratio of branching fractions, for example, the B quark
production cross section, and systematic uncertainties are reduced.

We optimize the selection cuts by maximizing the figure of merit defined by €5/ /€ng,
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' where €5, and ey are, respectively, the efficiencies for the signal and background events
found in the +100 MeV/c? window around the B-hadron mass. After all the selection
cuts, there are 1, 0, and 2 events of the By, B,, and A, candidates with expected back-
grounds of 0.6 £ 0.3, 0.1 £ 0.1, and 3.3 & 0.6 events. We obtained upper limits on the
branching fractions for the By, B,, and A, radiative decays to be 1.9 x 1074, 2.5 x 107%,
and 1.3 x 1072 at the 90% confidence level.
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Chapter 1

Introduction

In this chapter, we describe the physics background of the radiative B decays. The
Standard Model and new physics interpretation of the radiative decays, and also the
production mechanism of the B hadrons in hadron colliders are discussed.

1.1 The CKM Matrix

In the Standard Model (SM) [1] of SU(3)c x SU(2)1, x U(1)y gauge symmetry with three
fermion generations, the interactions of quarks with the SU(2)., gauge bosons (W}!) are
given by

1
Lw = —é-gyuTaW:-)aflinﬂ, + h.c., (11)

where v* (4 = 1 to 4) operates in Lorentz space, 7* (a = 1,2,3) operates in SU(2),
space, 1;; (i and j = 1 to 3) is the unit matrix operating in generation space, and x;z,
are the fundamental left-handed quark states of the unbroken electroweak theory:

e (0), (). (5), a2

The interactions of quarks with the single Higgs scalar doublet ¢ = (¢%, #°) are given
by

Ly = “ngm(ﬁdj}g —_ ij;g’uja + h.c., (13)

where G;; and F}; are general complex 3 x 3 matrices and u;g (d;r) represent the found-
mental right-handed up type (down type) quark states of the unbroken electroweak
theory:

UiR = U1R, U2R,) U3R, (1.4)
dig = dir, dar, d3R. (1.5)

1
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With the spontaneous symmetry breaking:

- (5)E0)

the mass terms are given by

Ly = —Myi;dind;r — MyiTizusr + h.c., (1.7)

where the mass matrices, M, and M,, are defined by
My=Gv/vV2, M,=Fv/V2. (1.8)

Then the interaction of the quarks with the charged gauge boson (W?) is given by
1
Lw = --\/—-ng'y‘«“W;‘ﬁ?flijdjL + h.c. (1.9)

The SM does not give any predictions on the 3 x 3 mass matrices My and M,,
thus the SM does not predict the quark mass. The mass matrices are not necessary to
be diagonal matrices, and can have complex elements. These are sources of the quark
generation mixing and the CP violation in the SM.

In the minimal Standard Model, neutrino masses are assumed to be zero. It means
the mass matrix for the neutrino was thought to be zero. However recent observation
of the disappearance of the second generation neutrino [2] in atmospheric neutrinos at
Super Kamiokande (SK) experiment shows that the charged current interaction of the
leptons also has similar structure as the quark sector, and it requires a certain extension
of the current Standard Model with mass-less neutrinos.

Any complex matrix can be transformed to a diagonal matrix by multiplying on
the left and right by appropriate unitary matrices. Thus by unitary transformations on
the foundmental quark states of the unbroken electroweak theory,

uy fu

U =VurLr| C (1.10)
s/ LR \ t) LR

d; [ d

ds =ViLr] s (1.11)
ds LR K b L,R

(1.12)
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1.1. THE CKM MATRIX 3

we can transform M, and M, to diagonal forms
Vi MVip = M¥9 Vi M, Vyp = M%9, (1.13)

where M,‘ff;g are diagonal and real, and the diagonal elements correspond to the quark

masses, while V1 r and Vyr p are complex. The charged current interactions are given
in the mass eigenbasis (uy, cg, t1, d, s, and by) by
) d

Lw = —-é-gfy“W,f(u,c, t), Vexm | s | +he. (1.14)

b/

The matrix Vogy = VJLV,;L, so called as the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, is the mixing matrix for three quark generations and given an explicit parame-
terization by Kobayashi and Maskawa in 1973 [3]. It depends on four parameters: three
can be chosen as real angles (like the Cabibbo angle [4]) and one is phase.

By convention the CKM matrix is expressed by,

V;zd V:Ls V:ab
Vekm=|Vea Ves Vo |, (1.15)
V;Bd V:‘,s V;b

and Kobayashi and Maskawa originally chose a parameterization involving the four pa-
rameters, 8, 85, 83, and 9,

c1C3 $1C3 s3e”%
—81C2 — 013233635 CiCo — 318283855 89C3 y (116)
§187 + €1C253€"  —c18y — $10983€%  cacs

where ¢; = cos8; and s; = sinf;. Several experimental and phenomenological results
have shown that s; and s, are small numbers: O(1073) and O(1072), respectively.

Consequently, co = ¢3 = 1 is a good approximation, and the four independent parameters
are given as

8§ = qus‘a Sg == }Vd)la S3 = lv‘ubl: (S (117)

The Wolfenstein parameterization [5] is an approximate parametrization of the

CKM matrix in which each element is expanded as a power series in the small parameter
A = |V, = 0.22,

1—2‘; A 2 AX3(p — in)
.Y —2 A | yonY, (1.18)
AN (1 -p—in) —AN 1
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and the set (1.17) is replaced by,
A A p o, (1.19)

Because of the smallness of A and the fact that for each element the expansion parameter
is actually A%, it is sufficient to keep only the first few terms in this expansion.

Since the existence of the fourth generation quarks, new gauge bosons, ete, causes
violations of the unitarity of the CKM matrix, it is a good test of the Standard Model to
show the unitarity of the CKM matrix. Several experimental and theoretical efforts to
show the unitarity are ongoing. The unitarity of the CKM matrix leads various relations
between its elements. In paticular, we have

VauaVap + VeaVip + ViaVip = 0 (1.20)

Since (1.20) contains both Vi, and Vi4, which are expected to have the large phases,
it is an interesting equation. We usually interpret the equation (1.20) as ’unitarity
triangle’ by assigning each of the terms as one side of the triangle. The Wolfenstein
parameterization offers in conjunction with the unitarity triangle a very transparent
geometrical representation of the structure of the CKM matrix. This turns out to be
very useful in the phenomenology of rare decays and of CP violation. Equation (1.20)
is transformed as follows,

1+ VudV:b/Vch;; + +ViaVip /VeaVay = 0, (1.21)
1+ (—p—in)+(-1+p+in) =0. (1.22)

Figure 1.1 shows the triangle (1.20) drawn in the p — 7 plane. There have been
several experimental efforts to show the unitarity of the triangle such as, the semileptonic
B decay rates, rare B and K meson decays, and mixing and CP violation in the B4-By,
B,~B, and K o’ system. Using the constraints from these measurements together
with unitarity, and assuming only three generations, the 90% confidence level limits on
the magnitude of the elements of the matrix are [6],

0.9742 to 0.9757 0.219 to 0.226 0.002 to 0.005
0.219 to 0.225 0.9374 to 0.9749 0.037 to 0.043 |. (1.23)
0.004 to 0.014 0.035 to 0.043 0.9990 to 0.9993
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Figure 1.1: The unitarity triangle.
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Figure 1.2: The b-quark decay mechanisms.
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1.2 B-Hadron Decays

The bottom (b) quark was first observed in 1977 at Fermilab through a narrow resonance
at an energy of about 9.5 GeV/c? in p + nucleus — utp~ + X [7]. The resonance was
interpreted a bb state, and called T. Since then several mesons and baryons which
includes the b quark, B, = @b, By = db, B, = 5b, B, = &b, A, = udb, and =, = usb are
observed and their production and decay mechanisms were studied.

1.2.1 b — ¢ Transition

B-hadron decays occur primarily through the b — ¢ transition. In such decays the
dominant weak diagram is the spectator diagram, shown in Figure 1.2(A), where the
virtual W~ materializes into either a %d or €s quark pair or a lepton and antineutrino
pair. In hadronic decays, the quark pair becomes one of the final state hadrons, while
the ¢ quark pairs with the spectator antiquark to form the other hadron. In semileptonic
decays, the ¢ quark and the spectator antiquark hadronized independently of the leptonic
current.

The extraction of the Standard Model parameters from the experimental results
is complicated by the fact that only B hadron can be studied and not free b quarks.
The light quarks and the gluons surrounding the b quark in the B hadron gives rise to
significant corrections that have to be taken into account. Since leptons do not interact
strongly, the semileptonic B hadron decays are less affected by these QCD corrections
and the theoretical calculations are more reliable.

The strength of the b — ¢ coupling, i.e. |V, is determined by several measurements
of semileptonic decay rates by the CLEO and LEP, and its present status [6] is

V| = 0.040 = 0.002, (1.24)

where the uncertainty are rather dominated by the model dependence of the theoretical
calculation to extract the matrix element from the decay rate measurement. Within the
next 3-5 years, the theoretical error might be reduced to 2-3% [8].

In hadronic decays, there is “color suppressed” diagram shown in Figure 1.2(B),
which has different set of quark pairings. In this diagram, the spectator anti-quark
and the quark from the W~ become one of the final state hadrons. Observation of
B — J/¢¥X, decays, where X is a strange meson and its branching fraction is ~ 1%,
gives experimental evidence for the presence of this diagram.
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1.2. B-HADRON DECAYS 7

One of such decays, the neutral By meson decay to a CP eigenstate of J/9K3,
is interesting for the study of CP violation in B, decays, namely to extract the angle
B = arg(Vi) in the unitarity triangle. The limit of the S was recently set by the
CDF collaboration at the 95% confidence level (CL) to be sin28 > 0 [9]. Also several
experiments such as the BaBar and Belle are planning to measure the sin 28 with < 0.1
of precision within next few years.

1.2.2 b — u Transition

All B-hadron decays that do not occur through the usual 5 — ¢ decay are known as
rare B decays. The simplest diagram for such decay is obtained by the CKM suppressed
b — u transition (Figure 1.2(C)). These decays probe the magnitude of V,,. It sets
bounds on the combination p? + 72 = |V,/AV/|* in the Wolfenstein parameterization

(1.18), which corresponds to the length of one of the tree sides of the unitarity triangle
(Figure 1.1).

The semileptonic b — u decay rates are measured by the CLEO and LEP, and its
present status [6] is

|Vab/ V| = 0.090 = 0.025, (1.25)

where the uncertainty is dominated by the model dependence of the theoretical calcula-
tion to extract the matrix element from the decay rate measurement. Within the next
3-5 years, the theoretical error might be reduced to ~ 10% (8].

The two body decay of the neutral B meson to a CP eigenstate, By — wtn~,
which occur through the b — u transition, is interesting for the study of CP violation
in B decays, namely to extract the angle « in the unitarity triangle. It actually gives
B + v = arg(ViaVuws) which corresponds to « by assuming the unitarity of the CKM
matrix. The decay was recently observed by the CLEO collaboration with a branching
fraction of ~ 5 x 107¢ [10].

1.2.3 b — s(d) Transition

In the Standard Model, only the W boson is allowed to cause the flavor-changing cur-
rents, and the flavor-changing neutral current (FCNC) is suppressed and such transitions
can only be induced by higher order processes. One way is the so-called penguin process
which, in b quark decays, results in effective FCNC b — s or b — d transitions with the
emission and reabsorption of a W boson. A photon, gluon, or Z boson is emitted from
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the loop, and the presence of a photon, gluon, or Z boson results in electromagnetic,
gluonic, and weak penguin processes, respectively. The more massive the particles par-
ticipating in the loop are, the higher the branching fraction for such processes. Thus the
top quark dominates the diagrams in the SM and the penguin decays provide an access
to the Vi, and Vj;. Figure 1.2(D) shows the Feynman diagram for the radiative b — sy
decays induced by the electromagnetic penguin diagram.

The observation of the decay B%* — K*(892)v, reported in 1993 by the CLEO
experiment with the branching fraction of ~ § x 10~% [11], was the first evidence for the
penguin diagram. They recently updated the measurement of the branching fraction
for the B%* — K*y decays to be B(B%* — K*v) = (4.5573% + 0.34) x 1072, where
the first uncertainty is statistical and the second is systematic. The ratio of the CKM
matrix element |Vj,|/|V,| is extracted from the ratio of the decay rate measurements
between the B — K*y and D — K*%v [15] to be

| |Vaol

Dl _ 1104043, 1.26
Vel (1.26)

where the large uncertainty (39%) is dominated by the theoretical uncertainty (38%).

The branching fraction for the inclusive radiative decays B — X,v, where X,
represents a collection of hadrons containing strange quarks, was also measured by CLEO
to be (3.15 £ 0.35 £ 0.32 + 0.26) x 10~* [13], where the first uncertainty is statistical,
the second is systematic, and the third is for model dependence. No radiative decays of
B, nor A, have been observed yet. From the search for B, — ¢~y decays, the DELPHI
collaboration obtained B(B, — ¢7) < 7.0 x 10~* at the 90% CL [14].

The ratio |Vig|/|Vis| is extracted from the ratio of the branching fractions between
the b — dvy and b — sy. The CLEO collaboration reported B(B — py)/B(B = K*v) <
0.32 at the 90% confidence level (CL) [12] and the result gives an upper limit,

< 0.72 at the 90% CL, (.27)

[Visl — \"B(B = K*v)

[Vial _ \J ¢ BB m)
where £ = 0.58 is given by the theoretical calculation [16] of the form factors for B — K*
and B — p. Since K* and p have broad width, it is hard to separate these two decays
experimentally. In the B, radiative decays, the |V;4|/|Vis| is extracted from the ratio of
the branching fractions between the B, — K*%y and B, — ¢. Since the ¢ (K*) meson
from the B, decay has narrow width compared to the K* (p) meson from the By decay,
it is easier to separate the ¢ and K*° in the B, analysis. In this analysis the B, mass
resolution is critical to separate the B, — K*%y decay from the By — K*%v decay.
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1.3. RADIATIVE B DECAY WITHIN THE STANDARD MODEL 9

Besides the b — wu transition, the two-body hadronic decay, B — T, ocCurs by
the b — dg penguin process. Thus, there is 'penguin pollution’ for the measurement of
the angle « in the B — nw decays. The phenomenological prediction for the size of the
penguin pollution has large uncertainty. There are attempts to determine the pollution
by using the penguin dominated channel such as B - K7 and B, - KK.

The Standard Model favored interpretation of the v, disappearance in the SK exper-
iment is v,~v, mixing trough the v, ¢ v, penguin transition. To check the appearance
of the v, and the CP-violating effects in the v,-v, system is an experimental target of
the next decade. We also expect the FCNC p — e transition through the penguin loop
which gives an interesting experimental signature of the p — e7.

1.3 Radiative B Decay within the Standard Model

In this section, we describe the outline to calculate the amplitude of the radiative B
decays within the Standard Model [21]. There are several effort to understand the low-
energy QCD corrections to the penguin loop. Because of O(M,.,) < O(Mw,z;), the
one-loop FCNC b — s(d) processes with W, Z, and top quark propagators, such as
the penguin loop, can be properly described by effective point-like vertices (Figure 1.3).
Consequently the effective Hamiltonian governing the one loop FCNC transitions is
described by

4G . ~
Hegr = =5 VoV LGWO, (1.28)

where O;’s are operators for the point-like vertices and V;V, are elements of the CKM
matrix with ¢ = s,d, and the C;’s represent the corresponding Willson coefficient and
contain the relevant short-distance physics from scale higher than u.

The operator for the b — sy penguin vertex Oy is given by

0, = Qm&gaawu + 75)boFl- (1.29)

The coefficient (C;) is firstly calculated with p = O(My), then evoluted to u =
O(my). Because of the asymptotic freedom the QCD, C;() can be calculated in pertur-
bation theory as long as y is not too small. It is known that there is large correction
(x2) for the decay rate by the higher order processes. The leading-order (LO) cor-
rection corresponds to the two-loop diagrams, and the next-to-leading-order correction
corresponds to the three-loop diagrams.
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t t

n

Figure 1.3: Penguin vertices resolved in terms of point-like vertices.

In calculating B(B — X,7), the measured semileptonic rate B(B — X.ep) is
usually introduced in order to reduce the uncertainties due to the CKM matrix elements
and the m}. The branching fraction is written by

(b — sv)

B(B = X,v) = T 5 cor)

B(B — X,ep) ©(1.30)

The LO calculation of the B(B — X,7) which was completed in 1993 [20] is

B(B = X,v) = (2.8 4+ 0.8) x 1074, (1.31)

where the uncertainty is caused by the scale (i) uncertainty. The NLO calculation is
completed in 1998 [21], and gives

B(B — X,v) = (3.28 +0.30) x 1074, (1.32)

The NLO correction does not change the mean value of the decay rate itself so much,
but significantly reduce its uncertainty (30% — 10%).

The inclusive b — X,y decay is theoretically clean and the rate can be predicted
with 10% precision. However, it is difficult to measure the rate experimentally, especially
for the hadron collider environment. On the other hand, exclusive radiative decays have
a distinctive signature which makes them experimentally accessible. The ratio of the
rates for the exclusive (B — K*v) and inclusive decays are given by [21],

_B(B—= K*y) (mB 2 mZ.\® .
e = B(B — X,7) =4 m,,) o IT1(¢” = 0) [, (1.33)
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1.4. RADIATIVE B DECAY BEYOND THE STANDARD MODEL 11

where T}(q? = 0) is the form factor for B — K*. The form factor is estimated with
several methods such as lattice QCD, and Rg+ is calculated to be 0.1 ~ 0.2. It is in
good agreement with the CLEO result of Rg+ = (18 4+6)%. The bracing fraction for the
exclusive radiative decay of the B, meson, B, — ¢y is calculated to be similar as that
for B — K*v. The bracing fraction for the exclusive radiative decay of the b-baryon,
Ay — Ay is calculated to be 0.2-5x1075 [22,23].

1.4 Radiative B Decay Beyond the Standard Model

Rare B decays provide several probes of new physics beyond the Standard Model. Since
the more massive the particles participating in the loop are, the higher the branching
fraction for the radiative decays, the existence of non-SM heavy charged particles, such
as charged Higgs and squarks, could affect the branching fraction. In addition, direct
CP-violating effects could be enhanced by processes beyond the Standard Model. Mea-

surements of such processes, therefore, constitute low energy probes for physics beyond
the SM.

For example, the reach of radiative B decays in probing the supersymmetric pa-
rameter space is comparable with that of direct search at high energy colliders [24].
Figure 1.4 shows the B(b — sv) in a supergravity model as a function of the charged
Higgs mass for tan 3 = 2 (top) and tan 8 = 30 (bottom). Each solid line shows the
branching fraction in the two Higgs doublet model. Each dashed line shows the branch-
ing fraction in the SM. Dotted lines denote the upper and lower bounds on the branching
fraction given by CLEO.

Since the Standard Model predicts that the CP-violating effects in the radiative B
decay is small (~ 1%), the search for CP-violating effect in rare B decay is sensitive
to the new physics. For example, if there are new physics contribution to the radiative
B decay, the C;O; operator structure of SM can become C;O; + C;O% where O} has
different chirality to O and given by

€ - v
O;v,y = mmbsaa“ (1 - 75)baF§w. (1.34)

This leads to large CP-violating effect compared to the SM [26,27].

e Mixing induced CP violation

Interference between O; and O causes CP violations. For B — M+ where M
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Figure 1.4: B(b — sv) in the supergravity model as a function of the charged
Higgs mass for tan 8 = 2 (top) and tan 8 = 30 (bottom). Each solid line shows
the branching fraction in the two Higgs doublet model. Each dashed line shows
the branching fraction in the SM. Dotted lines denote the upper and lower
bounds on the branching fraction given by CLEO.
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1.5. B PRODUCTION AT CDF 13

is a CP eigenstate such as K** — K%r% and ¢ - K*+K~, one obtains a mixing
dependent asymmetry:

_TBoH-TB- el
™ S TES N ATE S ) G+l ¢ ¢ 9

(1.35)

where ¢(') are the weak passes for C; and ¢p is weak phase from the B mixing.
The asymmetry can be 80% in some models such as Left-Right Symmetry Model
(LRSM) through the effect of squark mixing [26,27].

e A polarization in Ay — Ay

A measurement of A polarization (a4 ) is interesting in the A, — A+ decay. The
oy is defined by

dar
dcosé

x 1 — apcosé, (1.36)

where 6 is the angle between the direction of the momentum of A in the A, rest
frame and direction of the A polarization in the A rest frame. The SM predicts
the ay is exactly 1 except the small correction (2%) due to the long distance
contribution and the mass of the s-quark (O((Z—-:)?)). On the other hand, some of
the physics models give different expectations and «, is given by

_ &P - Gf

M= CE

(1.37)

The effect can reach 50% in some cases.

1.5 B Production at CDF

In this section we discuss the production of B hadrons in pj collision at a center of mass

energy of 1.8 TeV. The production mechanism of the B hadron is a good stage to test
the QCD.

1.5.1 b-Quark Production

The bb production in the pp collision is dominated by QCD processes. Figure 1.5 shows
the O(a?) diagrams. In these diagrams, a bb pair.is produced back-to-back in the rest
frame of the initial state partons. Figure 1.6 shows the O(a?) diagrams. In the higher
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(€)

Figure 1.5: Leading order Feynman diagrams depicting b-quark production
by quark-antiquark annihilation (A), and gluon-gluon fusion (B and C).

Figure 1.6: Next-to-leading order Feynman diagrams depicting b-quark pro-
duction by gluon radiation (A), gluon splitting (B), and flavor excitation (C).
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Figure 1.7: The b-quark production cross section at the CDF.

order diagrams the bb pair is not necessary to be back-to-back. In the gluon splitting
diagram (B), they have almost the same direction.

Figure 1.7 shows the measured integrated b-quark production cross section as a
function of its momentum transverse to the pp beamline (pr) at the CDF by using sev-
eral decay channels. The typical b-quark production cross section is ~ 5 pb. Figure 1.7
also shows the theoretical prediction (solid line) based on a next-to-leading order QCD
calculation [28] using the MRSDO parton distribution functions [29] and a renormaliza-
tion scale of u = py = /m?2 + p% with my = 4.75 GeV/c? for the mass of the b quark and
pr for its transverse momentum. Dashed lines correspond to the theoretical uncertainty
by changing 1/2pp < 1 < po and 4.5 < my, < 5.0 GeV/c?. The measured cross section
at CDF is approximately three times larger than the QCD calculation.

1.5.2 b-Quark Fragmentation

The b quarks are observed as colorless hadrons such as By, B,, and A,. The b quarks
fragment in the B hadrons through low Q2 QCD process. Figure 1.8 shows a schematic
diagram of the fragmentation process. The momentum fraction which the final state B
hadron carries out, D = pp(B)/pr(b), is parametrized by Peterson [30] as

£y
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Figure 1.8: A schematic view of the fragmentation of b-quark into B meson.

N
dD  2(1- 4 - =55)?

(1.38)

where ¢ is the Peterson parameter related to the ratio (m,/ms)? with m, denoting the
mass of the spectator quark (diquark) for B meson (hadron). Thus the fragmentation
can differ between the B-hadron species. Figure 1.9 shows the Peterson fragmentation
function with € = 0.004, 0.006, and 0.008.

Figure 1.10 shows the measured B meson production differential cross section as a
function of the pr. The solid line shows the theoretical prediction with ¢ = 0.006 and
dashed lines are corresponding the theoretical uncertainty by changing 1/2u < p < pq,
4.5 < my < 5.0 GeV/c?, 0.004 < € < 0.008. The measured cross section is three times
larger than the QCD calculation.

1.6 Summary

Radiative B decay occurs through the penguin diagram. The exclusive decays of B%* —
K*~v were observed at CLEQO. However, the B, and A, radiative decays have not been
observed yet. Since the B factories at the T(4.5) resonance can not produce the heavier
B-hadrons such as B, and A, the measurements of the B, and A, decays are unique at
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Figure 1.9: The Peterson fragmentation functions for three different €’s.
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the high energy collider experiments.

Measurement the radiative B decay is sensitive to the CKM matrix elements Vi,
and Vi4. The ratio of the CKM matrix elements |Vi4|/|Vi| is extracted from the ratio
of the branching fractions between the B, — K*%y and B, — ¢7. Since the ¢ and K*
mesons have narrow width, this measurement is interesting. In this analysis the B mass
resolution is critical to separate the B, — K*%y and B; — K*%y decays.

The penguin diagram is also sensitive to the presence of new heavy particles beyond
the standard model. There are two interesting measurements: 1) the mixing induced CP
violation in the B, = ¢(— K+ K™)y; 2) the polarization of the A in the Ay — Ay decay.
These two measurements are unavailable at the B-factories at the Y(45) resonances.

This thesis is organized as follows. In Chapter 2 we describe the experimental
apparatus, i.e., the Tevatron collider and the CDF detector. In Chapter 3 we describe
the event selection criteria of the radiative B decays. In Chapter 4 we describe the
calculation of the efficiency for the radiative B signal which is necessary for measuring
the branching fraction. In Chapter 5 we describe the estimation of the systematic
uncertainty for the branching fraction measurement. In Chapter 6 we describe the
results of the branching fraction measurement. Finally, Chapter 7 concludes the thesis.
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Chapter 2

Experimental Apparatus

2.1 Accelerator Overview

The Fermilab accelerator complex is shown schematically in Figure 2.1. It consists of six
different accelerator systems: Pre-accelerator, Linac, Booster, Main Ring, Antiproton
Storage Ring, and Tevatron.

The Pre-accelerator is the first of the accelerators. It consists of the source of
the negatively-charged hydrogen ions (H~) housed inside a Cockcroft-Walton which is
charged to a potential of —750 kV. So the H~ is accelerated to an energy of 750 keV. The
Linear Accelerator (Linac) is the next level of acceleration for the H~. It takes the ions
with an energy of 750 keV and accelerates them to an energy of 400 MeV. The Booster
is the next level of acceleration, taking the 400 MeV negative hydrogen ions, stripping
the electrons off leaving only the proton core, and accelerating the protons to 8 GeV.
The Booster is the first synchrotron in the acceleration chain. It consists of a series of
magnets arranged around a 75 meter radius circle, with 17 RF cavities interspersed. The
Main Ring is a circular synchrotron of radius 1000 meters. It can accelerate protons from
the Booster from 8 GeV to either 120 GeV or 150 GeV, depending on their destination.
As well as accepting protons from Booster, the Main Ring can accept antiprotons from
the antiproton source at 8 GeV and accelerate them to 150 GeV. Once the proton or
antiproton beam in Main Ring is accelerated to 150 GeV, it can be sent to the Tevatron.
The proton beam that is accelerated to 120 GeV can be sent to the Antiproton source.

The 120 GeV protons which are stripped off the Main Ring hit a tungsten target and
produce antiprotons. These antiprotons are directed to the Debuncher. The Debuncher
is one of the two synchrotrons that make up the antiproton source. Its primary purpose
is to reduce the momentum spread of the antiprotons by rotating the bunches. There are
also beam cooling systems that act to reduce the oscillations in the plane perpendicular to
the orbit (transverse plane) as well as reducing the momentum spread of the antiprotons.
The antiproton is then transferred to the Accumulator. The Accumulator is the second
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20 CHAPTER 2. EXPERIMENTAL APPARATUS

synchrotron of the antiproton source. It is the storage ring for the antiprotons: all of
the antiprotons made are stored here at 8 GeV and cooled until needed. Under typical
condition the stack of antiprotons can be built at a rate of ~ 4 x 101° antiprotons per
hour.

The Tevatron is a circular synchrotron of radius 1000 meters that has the same basic
layout and shares the same radiation enclosure as the Main Ring. The RF section of
the accelerator consists of 8 accelerating cavities. The Tevatron can accept both protons
and antiprotons from Main Ring and accelerate them from 150 GeV to 900 GeV. Six
bunches of the protons and antiprotons are transferred into the Tevatron ring. Thus
there are six regions where the proton and antiproton bunches can be made to collide
each other, and the collisions occur every 3.5 us. The Tevatron ring is divided up into
6 sections, labeled A through F, and each section is divided up into 5 subsections (A0
trough Ad4). The Collider Detector at Fermilab (CDF) and DO detector are located at
the B0 and DO interaction region, respectively.

Typical numbers of the protons and antiprotons are 2.0 x 10! and 5.5 x 10" per
bunch, respectively. Low-f quadrupole magnets which are located immediately up-
stream of the CDF detector reduce the beam size the, and the dimensions of each bunch
are ~ 30 cm along the beamline and ~ 30 gm in the transverse direction at the nominal
interaction point. Typical instantaneous luminosity is 1.6x10%! em~2s7!, and its lifetime
is ~ 10 hours.

Figure 2.2 shows the integrated luminosity delivered to and accumulated by the
CDF detector during the years 1992 — 1996 (Run I). The data taking efficiency of the
CDF detector is ~ 75%. We collected data within three sub-periods; Oct. 1992 - Jun.
1993 (Run IA), Feb. 1994 — Jul. 1995 (Run IB), Nov. 1995 ~ Feb. 1996 (Run IC). The
data used in this analysis was collected during the Run IB.

2.2 Detector Overview

' The CDF Detector is a multi-purpose detector designed to detect the particles produced
in pp collisions. Figure 2.3 shows an isometric view of the CDF detector. The detector
consists of a 5000 t central detector which made up of the solenoidal magnet, steel yoke,
tracking detectors, electromagnetic and hadron calorimeters, and muon chambers, and
two identical forward/backward detectors consisting of segmented time-of-flight coun-
ters, electromagnetic and hadron calorimeters, and muon toroidal spectrometers [31}.

Figure 2.4 shows a schematic of the rz-view of the detector. In CDF, the positive
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Figure 2.1: A schematic view of Fermilab accelerator complex.
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Figure 2.2: The integrated luminosity delivered to the B0 collision point and
the corresponding luminosity collected by CDF.

z is defined along the proton beam direction, the r is transverse to the z direction, @
is the polar angle, and ¢ is the azimuthal angle with respect to the Tevatron plane.
The radial distance from the z axis is denoted by r. The pseudorapidity 7 is defined as
n = —Intan(6/2). The origin of coordinates is the physical center of the detector, which
is the nominal interaction point.

The relevant detector components for this analysis to observe the radiative decays
are the central charged-particle tracking system and the central calorimeters. In the
following we describe an outline of the detectors.

2.3 'Tracking Detector

There are three separate tracking devices in the CDF. Immediately outside the beam
pipe there is the silicon vertex detector (SVX) [32]. The vertex time projection cham-
ber (VTX) [33] surrounds the SVX, the cylindrical central drift chamber (CTC) [34]
surrounds the VTX.

The tracking detectors are located inside a 1.4 T solenoidal magnetic field, and their
main purposes are: (1) to measure momentum of charged particles and their generation
point; (2) to measure the primary vertex of the pj interaction point; (3) to measure
the ionizing energy loss in the CTC (dE/dz) for particle identification; (4) to serve as
photon radiators.
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Figure 2.3: An isometric view of the CDF detector.
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Figure 2.5: An isometric view of the SVX.

2.3.1 Silicon Vertex Detector (SVX)

Figure 2.5 shows a schematics of one of the two barrels of the SVX detector which
covers z > 0. The SVX covers the region |z]| < 25.55 ¢cm, consisting of four concentrical
cylindrical layers of single sided silicon detectors which are located at radii 2.9, 4.3, 5.7
and 7.9 cm.

Each SVX layer consists of twelve flat ladders that cover 30° in ¢. Figure 2.6 shows a
schematics of the SVX ladder. Each ladder has three single sided silicon strip detectors
with 300 pm thick n-type semiconductor and 55-60 um pitch p-type strips along the
direction of the z axis. The three silicon detectors in a ladder are electrically bonded
together and electric signal is read by readout chips which are mounted on the “readout
ear”. The total number of read out channels is 46080.

Since the SVX has strips along the 2z direction, it provides information on the travel
path of charged particles only in the transverse plane. The average position resolution
is ~ 12 pm for each layer. Since the pf collisions are distributed in a rather long region
along the beamline (Gaussian distribution with ¢ ~ 30 ¢m), only ~ 60% of them occur
in the SVX fiducial volume. Its precise tracking close to the beamline can help us to
distinguish the tracks of B decay products from a plethora of tracks originating from
the pp interaction point.
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Figure 2.6: An isometric view of the SVX ladder.

2.3.2 Vertex Time Projection Chamber (VTX)

The vertex time projection chamber (VTX) [33] surrounds the SVX and it reconstructs
tracks in the r-z plane. Figure 2.7 shows a schematic of the VTX It occupies the
region }z| < 136 cm with 28 drift modules which have an outer radius of 22 cm and are
connected together along the z axis. Its primary task in this analysis is to locate the
pp interaction point along the z axis with resolution around 1-2 mm depending on the

number of charged tracks going through the VTX.

=R
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Figure 2.7: A schematic view of the VTX.
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2.3.3 Central Tracking Chamber (CTC)

The CTC covers the region |z} < 160 cm and 27.7 < r < 138 cm, It contains a total
of 6156 gold-plated tungsten sense wires (40 um diameter) arranged in 84 concentric
layers. Figure 2.8 shows an z-y view of the CTC end plate. These 84 layers are grouped
together into 9 “superlayers”. The superlayers are sub-divided into cells which contain
series of sense wires, and field-shaping wires. Five of these superlayers are made of twelve
layers that have their wires parallel to the z axis (axial superlayers). The remaining
four superlayers have their wires tilted at a 3° angle with respect to the z axis (stereo
superlayers). The sense wires in each cell are aligned along a ~ 45° angle with the radial
direction This “Lorentz angle” is chosen so that the crossed electric and magnetic fields
produce an azimuthal drift direction. It depends on the strength of the electric (1350
V/m) and magnetic (1.4 T) fields, and the choice of the gas (49.6% Ar, 49.6% ethane,
and 0.8% alcohol). The maximum of the drift distance and drift time is 3.6 cm and 706
ns, respectively.

The signals from the sense wires are read with amplifiers and discriminators, then
sent to time-to-digital-counters (TDC) which are able to record more than 7 hits per wire
per event. The spatial resolution of each wire is ~ 200 gm in the azimuthal direction
and that for the stereo wire is ~ 200 um / sin3° = 4 mm in the z direction. The hit
efficiency is ~ 98% per wire.

2.3.4 Track Reconstruction

Charged particles have a helical trajectory, and the helix is described by 5 “helix pa-
rameters”, by s = (p, po, do, cot 8, and zp). Figure 2.9 shows the definition of the track
helix parameter. The first three parameters describe the circle in the z-y plane. p is
radius of the circle in the z-y plane and its sign is defined as positive for the positively
charged particles. ¢ is the azimuthal angle of the track at its point of closest approach
to the origin, and dy is the distance from the origin at that point. The momentum of
the particle in the transverse plane (pr) is proportional to the |p| and the magnetic field
B , and described by the equation,

pr = 0.2998 - B - |p|, (2.1)
where pr is in GeV/¢, p is in m, and B is in Testa.

cotd and zp determine the trajectory of the track in the rz plane. z; is the z
coordinate at the point of closest to the z axis, and @ is the polar angle of the track at
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that point.
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Figure 2.9: The definition of the track parameters.

The CTC provides three dimensional stand-alone tracking of charged particles (CTC
track). The track reconstruction in the SVX is performed as follows, Starting from the
CTC track, we include hits in the SVX which are found along the extrapolated track, if,
for each SVX hit, the x? of the overall fit does not increase by more than 6 on average.
The momentum resolution of a track reconstructed by using both the SVX and the
CTC (simply called the SVX track) is o(pr)/pr = [(0.0009pr)? + (0.0066)%])'/* with pr
in units of GeV/c, and the average impact parameter resolution for high pr tracks is 13
pm.

2.3.5 dE/dz

Ionizing energy deposition of the particle in the material depends on the mass of the par-
ticle. This property gives useful information for the particle identification. Figure 2.10
shows the energy deposition of several charged particles in the Ar (80%) — CHy (20%)
mixture [6]. We use number of the CT'C wire hits (Nore) which is related to the energy
deposition of the particle in the CTC gas. It provides 0.7 (1.50) of the K-m (e-m)
separation. The expected number of the CTC hits N(P) and its uncertainty o N(P) de-
pend on the particle P, and they are measured by using the CDF data for the electrons,
muons, pions, kaons, and protons. The dE/dz is defined for each particle P as follows,
_ Nere — N(P)

dE/dz(P) = ) (2.2)
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Figure 2.11: A zy-view cross section of the CDF inner detector by using the

photon conversion vertex.

2.3.6 Photon Radiator

In this analysis, the photon from the radiative B decay is identified by an electron-
positron pair produced through the external photon conversion. The tracking detectors
before the CTC, whose material thickness corresponds to ~ 8% Xg, where Xj is the
radiation length, are also used as radiators for the photon. Figures 2.11 and 2.12 show
the conversion vertex position distribution in the zy-view and rz-view cross sections. In
these plots, we can clearly see fine structures of the SVX, VTX, and CTC. Details of
the conversion reconstruction methods are described in Sections 3.7 and 4.2.
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2.4 Calorimeters

2.4.1 Central Electromagnetic Calorimeter (CEM)

The central calorimeters consist of two main components which can be viewed as hollow
cylinders coaxial with the beamline. The inner component is the central electromagnetic
calorimeter (CEM) and the outer one is the central hadronic calorimeter (CHA) [36].
The CEM [35] has an inner radius of 173 em and a radial depth of 32 em (~ 18 Xy)
and consists of 31 layers of 5 mm thick plastic scintillator interleaved with 30 layers of
1/8 inch lead sheets. It provides full azimuthal coverage with its segmentation into 24
wedges, each covering 15° in ¢. Each wedge is segmented in towers along the z direction,
each extending ~ 0.11 units in 5 (Figure 2.13). The towers have a projective geometry
pointing back to the nominal interaction point. The energy resolution of the CEM is
o(Er)/Er = [(0.137)?/Er + (0.02)2]'/* with Er in units of GeV.

2.4.2 Central Strip Chamber (CES)

Proportional strip chambers are inserted inside the CEM wedges at r = 184 ¢m and
depth corresponding to the maximum average longitudinal development of electromag-
netic showers (5 X, from the CEM face or 6X, from the pp interaction point). The
chambers have wires running along the z direction and strips perpendicular to the wires.
The task of these central strip chambers (CES) [35] is to determine the shower position
and the shower transverse development as a means to distinguish electromagnetic show-
ers induced by electrons and photons from hadrons. The shower position measurement
has a resolution of 3 mm for 10 GeV photons/electrons, reaching a plateau of 2 mm at
50 GeV.

A local coordinate system is defined for each CEM wedge. The z¢opg axis is par-
allel to the global CDF 2 axis, and the z¢gs axis is parallel to the face of the CES,
perpendicular to the zcps, and the origin of the rogg corresponds to the half point of
the wedge. Thus the wires and strips give the shower information of the ZTeops and 2ops
directions, respectively.

2.4.3 Central Hadronic Calorimeter (CHA)

The CHA has the same ¢—n tower segmentation as the CEM. The CHA consists of
32 layers of 1 cm thick plastic scintillator interleaved with 2.5 ¢cm steel sheets. In this
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Figure 2.13: A isometric view of the central calorimeter.
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analysis, the CHA is only used to measure leakage of the electromagnetic showers to
distinguish electrons and photons from hadrons.

2.5 Trigger

Table 2.1: Cross section and signal rate for various physics processes.

Physics processT Cross section Rate! Events/100 pb!
Bunch crossing — 286 kHz -
Minimum bias 47 mb 470 kHz? 4.7 x 1012

bb 100 pb 1 kHz 1 x 1010

bb — ByX ® 3 ub 30 Hz 3 % 108

W — ev 2.5 nb 2.5 x 1072 Hz 2.5 x 10°

Z - ee 230 pb 2.3 x 1073 Hz 2.3 x 10*

it | 48pb 48X 1073 Hz 480ﬂ

Lat £ =1.0x 10* em™2s7!
% 1.6 event per crossing
3 pp(Ba) > 6 GeV/e, |n(Bg)| < 1.0

The collision of the proton and antiproton bunches occurs every 3.5 us, and the
typical instantaneous luminosity is 1 x 103 em~2s7! at the Tevatron. Table 2.1 shows
the cross sections for various physics processes and their signal rates under the typical
Tevatron environment. The event rate which we can record permanently is limited by
the ability to write the data on tape (~ 10 Hz) at the CDF. Note that even the By
meson production rate (30 Hz) exceeds the limit. Thus it is important to ’trigger’ the
event which we are interested in. Besides the recording rate, there are also several bottle
necks for the CDF data taking system. Fort example the rate which we can reconstruct
the events by using the same software code as the offline analysis is also limited (~
30 Hz). Consequently, a three-level trigger system is employed at CDF [37]. The first
two levels are a programmable hardware trigger and the third level is software and uses
almost the similar quantities as the offline selection cut. Details of the trigger selection
are described in Section 3.2
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Chapter 3

Event Reconstruction

In this chapter, we describe the selection criteria for the radiative B signal events and
the charmonium B decays which are used for the reference sample. We also describe
characteristics of the Monte Carlo sample which is used to evaluate the efliciency for the
signal events. The final selection cut for the radiative B decays is optimized to maximize
the significance defined by S/ VB, where the S and B are efficiencies for the signal and
background, and we check whether the significant excess from the background is there.

3.1 Event Selection Overview

We reconstruct three channels of the exclusive radiative B decays, namely, By — -I—{-«o%
B, = ¢v, and Ay, — Ay. The By, B,, and A, hadrons consist of the b qurak, and
charge conjugate decays of the By, B, and A, hadrons, which consist of the b qurak, are
always implied throughout this paper unless mentioned otherwise. In this analysis, the
photon is identified by an electron-positron pair produced through the external photon
conversion before the CTC, and one of the conversion electrons with Er greater than
8 GeV are served as a trigger for recording these events. We also identified the two
charged tracks from the strange hadrons.

Figure 3.1 shows a schematic diagram of the By — K (= K-n%)y(— e"e*)
channel in the CDF detector. A B, meson is produced at the primary vertex and decays
into a photon and a K"° meson with a typical flight length of 2 mm. The K*° meson
decays to K~ 7t promptly, thus its decay vertex forms the B, decay vertex. A 50% of
the K and 7 from the K™ are reconstructed in the SVX, and gives a good information
to separate the radiative B signal and the background tracks from the primary vertex.

The signature of the B, — ¢v is almost the same as that for By — FOW. There
is ¢ and K+ mesons instead of the & and 7+, respectively. Table 3.1 shows the mass
and width of the bottom and strange hadrons. Since the ¢ meson has about 10 times
narrower width (4.4 MeV/c?) than that for the K (50.5 MeV/c?), we can easily obtain
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Table 3.1: Summary of the mass and width of the bottom and strange hadrons.

Mass (MeV/c?) lifetime Mass (MeV/c?) Width,lifetime
By 5279.2 468 ym | K*° 896.1 50.5 MeV/c?
B, 5369.3 462 ym | ¢ 1019.4 4.43 MeV/c?
Ay 5624. 372 pm | A 1115.7 7.89 cm

better reduction for the combinatorial background by applying a tighter mass window
cut.

Figure 3.2 shows schematic diagram of the A, — A< channel. One of the differences
of the A, channel from the B, and B, channels is caused by a longer lifetime of A (et ~ 8
cm). Thus knowledge of the A decay vertex alone is not enough to decide whether the
A comes from a displaced vertex or the primary vertex. However the impact parameter
of the A around the primary vertex is still useful. We found a 10% of the A from A, is
reconstructed in the SVX, and the resolution of the impact parameter is fine enough for
reject the A from the primary vertex. On the other hand we can easily improve the S/B
of the A by using the reconstructed A decay vertex to be separated from the primary
vertex, and the energy deposition of the proton in the CTC (dE/dzx) to be consistent
with the expectation as a proton.

We also reconstruct tqo of the exclusive charmonium B decay channels, namely,
B, - J/YK~ and By — J/YK . In this analysis the B, — J/9K~ decay, which has
a similar signature as the radiative B decays and sufficient statistics (~ 50 events), is
used for normalizing the efficiency for the radiative B decays.

3.2 Trigger

In this analysis, we use a central electron trigger with an Er threshold of 8 GeV.

3.2.1 Levell

The Level 1 trigger decision is made every beam crossing and reduce the trigger rate
from 286 kHz to ~ 1 kHz. It is based on the calorimeter information. The central
calorimeter information is summed, separately for the electromagnetic and hadronic
parts, into logical “trigger towers”, each encompassing enough physical towers to extend
to 0.2 units in n and 15° in ¢. The Level 1 trigger accepts an event if there is any
trigger tower with transverse energy above the preset programmable threshold. The Er
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Figure 3.2: Schematic diagram of the A, — A7y reconstruction.
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is calculated by using the central position of the trigger tower and assuming the primary
vertex to be z = 0. In this analysis, we use a trigger which requires a trigger tower with
electromagnetic energy E7 > 8 GeV.

3.2.2 Level 2

The Level 2 trigger decision is made only for the events passing the Level 1 trigger, and
based on the combination of the calorimeter and tracking detector information. Level
2 organizes the list of calorimeter trigger towers into clusters. The CEM trigger towers
serve as seeds for the clusters and adjacent trigger towers are added to the cluster if
they had sufficient energy (typically 1 GeV less than the seed tower threshold). The
raw pulse height of the CES wire is summed over neighboring 4 strips and the Level 2
trigger accepts a cluster with its pulse height above the preset programmable threshold.
A hardware track processor (CFT) [38] searches for tracks in the CTC using hits in
the axial CTC layers, thus reconstructing two dimensional (r-¢) tracks. It classifies the
tracks into lists of eight pr bins, one for each sign of curvature, covering the entire py > 2
GeV/c range. The momentum resolution of the CFT is o(1/pr) = 0.03 (GeV/c)™!, and
Figure 3.3 shows the efficiency curves for the track to be fined as a CF'T track bin 0-5
as a function of the CTC pr reconstructed offline.

The parts of Level 2 which look for electrons require that CEM and CES clusters
has a CFT track pointing to the cluster. In this analysis, we use a trigger which require

both CEM and CES clusters with Er > 8 GeV to be pointed by a bin 4 CFT track
(90% efficiency for pr = 7.5 GeV/c).

3.2.3 Level 3

The Level 3 trigger accepts electromagnetic clusters as electron candidates if their energy
profiles of the longitudinal and the transverse development of the shower are consistent
with expectation as an electron. For electrons, a three dimensional track reconstructed
in CTC above some pr threshold is required to point to the electromagnetic cluster.
At the Level 3, the calorimeter trigger towers are replaced by the actual physical tower
segmentation (A, A¢ = 0.11, 15°), and the software reconstructed CTC track with a
crude calibration constant is available. An electromagnetic cluster in Level 3 is defined in
the same way as the offiine, and details of these requirements are discussed in Section 3.4
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Figure 3.3: CFT bin 0-5 efficiency curves as a function of the pr.
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3.3 Monte Carlo Sample

We use the Monte Carlo sample for estimating the selection cut efficiency. The sample
simulates the B hadron production and the CDF detector response. The data format
of the MC sample is the same as real data and we can apply the same selection cuts for
the MC sample as real data.

3.3.1 B Hadron Generator

We use a toy Monte Carlo program to simulate the B-hadron production and decay. This
generates b quarks with a given pr and |n| distribution based on a next-to-leading order
calculation [28] with the renormalization scale p = o = 1/p% + mi (where the b-quark
mass m; is set to 4.75 GeV/c?) and the MRSDO proton parton distribution function [29].
We generate b-quarks with pr > 6 GeV/c and |n| < 1.5. The fragmentation model
by Peterson et al. [30] is used with a value of the fragmentation parameter €,=0.006.
The CLEO MC is then used to describe the B-hadron decays [39]. The lifetimes used
in the simulation are the world average values [6]. Note that the Monte Carlo only

generates radiative B decay signals and there are no particles from the other b-quark or
fragmentation, etc.

3.3.2 Detector Simulation

We use the fast detector simulation (QFL) which is based on the parameterization of
the several detector resolution, EM and hadronic shower profile, etc, tuned by using the
real data. Here we only list the basic feature of the detector simulation.

e Primary vertex
The primary vertex of the CDF is assumed to be Gaussian distribution with (o,

Oy, 05) = (25 um, 25 pm, 30 cm). The QFL displaces the primary vertex according
to the distribution.

e CTC track simulation
The QFL does not simulate the CTC track from the wire hit level, however the
number of the wire hits for each superlayer is simulated according to the wire hit
efficiency measured in the data. The helix parameter of the track is simulated by

smearing the generator level information according to the error matrix measured
in the data.
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e SVX track simulation
The QFL has the geometry database of each silicon strip position, and simulates
the SVX layer hits. The reconstruction of the SVX track is done by the same
procedure as the real data, i.e., extrapolating the CTC track to the SVX layer po-
sition, finding the strip cluster matching the CTC track, and fitting by combining
the helix parameter of the CTC track and silicon strip position.

e Calorimetry

The CEM, CES and CHA, response simulation for the electrons, photons, and
hadrons based on the test beam data.

e Photon conversion, bremsstrahlung, multiple scattering
The QFL has a rough geometry database of the detector material, for example,
the SVX is simplified as 4 cylinders, corresponding to the layer 1, 2, 3, and 4. The
photon conversion, bremsstrahlung, and multiple scattering are simulated based
on the database.

3.4 Electron Reconstruction

The Level 3 and offline electron quantities are measured with the CEM, CHA, CES, and
CTC. Table 3.4.7 shows a list of the selection cuts. Approximately 3 million electron
candidates survived these criteria. Composition of the electron trigger sample is, the
semileptonic B decays (30%), the semileptonic ¢ decays (20%), the photon conversions
(30%), and the misidentified hadrons (20%). In this section we describe the details of
the electron quality cut parameters.

3.4.1 Electromagnetic Energy: Er

At the Level 3 and offline reconstruction, the trigger towers are replaced by the actual
physical tower segmentation (An, A¢ = 0.1, 15°). The Er is calculated with the EM
energy deposition in the calorimeter cluster (E) and the 8 of the CTC track by Er =

E'sing.

342 E/p

The E/p is defined as a ratio between the CEM cluster energy and the CTC momentum.
The E/p is ideally 1.0 within the detector resolution of the Er and pr. However, there
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are two additional effects to change the E/p distribution.

e Bremsstrahlung

Electrons lose their energy by photon bremsstrahlung in the detector material and
solenoidal magnetic field. Since the bremsstrahlung photon is emitted to the same
direction of the electron, the photon is mostly in the same CEM cluster of the
electron and the CEM measures the orininal electron energy. On the other hand
the OTC measures the momentum of the track after the energy loss in the material
before the CTC. This causes ~ +6% of the systematic shift in the averaged E/p
distribution.

e Underlying Events

The CEM energy is piled up by the underlying events which include particles from
the B decay themselves, the fragmentation, and the multiple collision. The effect
strongly depends on the physics process and the instantaneous luminosity. If the
electron is originating from the photon conversion, we expect another electron to
be around the trigger electron, and it can increase the CEM energy. If the electron
is originating from the process such as the 7° — vy — ete™ v decay, we expect
the other photon to be around the electron, and it increases the CEM energy.

We do not cut on the E/p by these reasons.

3.4.3 Had/EM

The Had/EM is a ratio of the energy deposition in the CHA and the CEM. Each of the
energy is summed over the seed tower and two neighboring towers. Since the CEM has
an 18 X, of the transverse depth, the expected energy leakage of electron to the CHA is
less than one percent, and the hadronic energy is usually dominated by the underlying
events. Thus, the hadronic energy cut does not only work as the electron identification
but also requires the electron to be isolated from the other products.

If there are more than one tracks to point the calorimeter cluster, we expect the
Had/EM to become significantly higher than that for a single electron. Thus the
Had/EM requirement which we required offline is the Ny,; dependent. If the Ny, =1
(> 1) we require Had/EM < 0.04 (0.1).
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3.4.4 Ly

The Lgpare Tepresents the consistency of the electron shower profile in the 7 direction
with the test beam data. Ths Lgpere is defined by

M — P, 51)
11/0.142E1 + (AP;)? '

where the M (P) is the measured (expected) transverse energy in the CEM tower

k, Apk is the uncertainty for the Py, and k is summed over the seed tower and two
neighboring towers.

Lshare =0.14 Z

The Lgpare is also an underlying event dependent quantity. We require Lgpure <
0.002 at both the Level 3 and offline selection.

2
3.4.5 Xstripwire

The X2, and x2,,, describe the consistency of the measured shower profiles and those

determined using test beam data in zcgs and zggs directions, respectively. Since the
CES

3.4.6 Az, Az

The CES gives the position of the center of the electromagnetic shower, and their ex-
pectations are obtained by extrapolating the CTC track to the radius of the CES. The
Az and Ax represent the difference between the two positions in the direction of the
zcgs and zops axis, respectively.

3.4.7 Comparison between the Data and MC

Figures 3.4 and 3.5 show the distributions of the electron quality cut parameters. These
are obtained from the partner electron of the J/¢ — ee candidates (Section 3.6). Dis-
tributions for the data (points) and MC (histograms) are shown. The MC reproduces
the shower maximum quantities (Figure 3.5) very well. However there are significant
difference between the data and MC for the calorimeter (Figure 3.4) quantities which
are caused by the underlying energy. This difference can be a source of the systematic
uncertainty of this analysis.
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Table 3.2: Electron quality cut in Level 3 and offline selections.

| Parameter | Level 3 Offline
or 6.0 GeV/c | 6.0 GeV/c
Er 7.5 GeV 8.0 GeV
E/p N/A N/A
Had/EM | 0.125 0.04 (N;3p=1)
‘ 0.1 (N3D Zl)
Lshare 02 0.2
thrip 10.0 10.0
xfm-,.e 10.0 10.0
Az 10.0 cm 3.0cm
Az 3.0 cm 1.5 em
o 400
g 300 “
= 200
£ o0 s
® 0 45—;!:; Lﬁﬁ*ﬂ_zﬁ
L 0.6 0.8 1 1.2 1.4 1.6
n 800 = k E/p
8 s00
O 400
o 200 Dl
T it SO i
S o
> 0 0.02  0.04
u
O 400
o
o 200
e
¢ 0 — — W —
w03 -02 -01 0 01 02 03 04 05

Figure 3.4: Distributions of the electron quality cut parameters, E/p,
Had/EM, and Lg,ye, for the partner electron of the J/¢¥ — ee candidates
(points) and the J/9K MC sample (histograms).
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Figure 3.5: Distributions of the electron quality cut parameters, xgt”-p wires
Az, Az, for the partner electron of the J/1 — ee candidates (points) and the
J/$YK MC sample (histograms).

3.5 Vertex Fitting

The B-hadron reconstruction in this analysis is based on the charged tracks, and there
are several constraints for these track combinations caused by the decay chain.

e 2 or more tracks are associate with the same vertex (common vertex constraint)
This is applied for the decay vertex such as the J/v — ee and K*® — K.

e In the photon conversion, the two electrons are coming from the same vertex, and
also the two tracks are parallel at the vertex (conversion constraint).

e 2 or more track system points to a vertex (pointing constraint). This is applied
for the combination such as K*%y points to the primary vertex and < points to the

K*0 decay vertex.

Under these constraints, we fit the track helix parameters to minimize the x2. For

the vertex constraint fit, the x? is given by
X’ =Y &G, (3.2)
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where G is the error matrix for the track helix parameter and £ is the parameter difference
between the fitted (o', ¢},...) and input (p, ¢o,...) value

Ap o—0p
Ay ¢ — o
E=1 Ady | = dy — do . (3.3)
Acot 8 cot §' — cot 6
Az 25— %0

There are two merits for using the fitting technique: 1) resolutions for the fitted
parameters are improved; 2) the x? cut is useful for the background reduction.

3.6 J/Y—efe”

A J/4 — e*e” candidate is formed by the electron candidate and an oppositely charged
track with pr > 1.0 GeV/c. A fit with the common vertex constraint is made by using
the CTC tracks. The CL of the fit is required to be greater than 0.1%.

To improve the signal-to-background ratio (S/B) of the J/¢ — ee candidates, we
require quality cuts for the the partner electron. The low pr (~2 GeV/c) electron is
different from the high pr (>8 GeV/c) electron. For example, dE/dz in the CTC is
very useful for the soft electron identification. The dE/dx is calculated with an electron
assumption (Equation 2.2). Thus the parameter is the Gaussian distribution with
average = 0 and sigma = 1 for the real electrons. We require dE/dx > —1.27 for
the partner electrons, which corresponds a 90% efficiency. We also require the partner
electrons to satisfy E/p > 0.5, where the CEM energy is not clustered energy but the
energy in the CEM tower which is associated the CTC track.

Figure 3.6 shows the dielectron invariant mass distribution, and we found ~ 8000
of J/¢ — ee candidates above the background. The S/B of the J/1¢ — ee candidates is
about 1/2. The background is dominated by the combinatorial background of the trigger
electron and a hadron track misidentified as an electron. There are another backgrounds
coming from the sequential b — cfv — sffvv decay events.

There are two relevant effects by the bremsstrahlung for the J/% — ee reconstruc-

tion,

e The mass distribution in the J /1 peak region is not ideal Gaussian, but has a tail to
the lower mass region. It is caused by the energy loses due to the bremsstrahlung.
Thus we need to treat the J/v mass window cut efficiency carefully.
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Table 3.3: Event selection criteria.

Track (CTC)

Track (SVX)

3D track

> 2 axial CTC superlayers with >4 hits
> 2 stereo CTC superlayers with >2 hits
Covariance matrix scale factor 2.4,

CDF material scale factor 1.31

Retrack with the best alignment data
Number of good hits > 3

x%/dof < 6

Good CTC track

J/p — ee

Electron + oppositely charged CTC track
pr > 1.0 GeV/c

dE/dz > —1.27

E/p>05

Common vertex fit

prob(x?) > 0.1%

v~ ee

Electron + oppositely charged CTC track
pr > 0.5 GeV/c

Conversion constraint fit

prob(x?) > 0.1%

R <30 cm

e Since the error matrix of the CTC track takes no account of the bremsstrahlung,
the reconstructed position of the J/1 decay vertex and x? of the fitting are biased

(Figure 3.7). Thus we need to treat the fitting CL cut efficiency carefully.

3.7 Photons

A ~ conversion candidate is formed by the trigger electron candidate and an oppositely
charged track with pr > 0.5 GeV/c. A conversion constraint fit is made with two CTC
track information and the confidence level (CL) of the fit is required to be greater than
0.1%. We obtained ~850k of v conversion candidates. Figure 3.8 shows the radius
distribution of the conversion vertex. The candidates with the conversion points inside
the beampipe (2.5 cm) are dominated by real electron-positron pairs from Dalitz 7° and
7 decays. We also see several peaks corresponding to each CDF detector component,
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Figure 3.8: Trigger J/1 — ee candidates in the data.
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Figure 3.7: Schematic view of the effect of bremsstrahlung to the conversion
reconstruction.

the SVX Layer 1, 2, 3, 4, VIX inner wall, VTX outer wall, and CTC can. The zy and
rz views of the vertex distributions which are already shown in Figures 2.11 and 2.12
provide more detailed structure of the CDF inner detector. These distributions are used
for calibrating the photon conversion probability.

There are similar problems caused by the bremsstrahlung for the conversion recon-
struction,

o Since the conversion electron produced at outer radius pass through less materials,
the effect of the bremsstrahlung is smaller than that for the J/¢ — ee.

e Since the constraints for the conversion reconstruction are tighter than that for
the J/1 — ee, the effect for the bremsstrahlung can be larger.

3.8 Radiative B Signal Reconstruction

3.8.1 B;— 7*07 and B, — ¢v

For each v conversion candidate in an event we search for By — K 'y and B, — ¢7.
We first require the distance of the conversion vertex from the nominal beam line (z-axis
in the CDF coordinate) to be less than 30 cm in order to ensure that it is in the well
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Figure 3.8: Trigger v conversion candidates in Run Ib data.
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known materials before the CTC, and also require the distance to be greater than 3 cm
to reject the Dalitz background. A B, (B,) candidate is formed by the ~ conversion
candidate and a pair of oppositely charged tracks. Table 3.4 shows the reconstruction
criteria for these channels. The meson tracks are required to be reconstructed as SVX
tracks with at least 3 layer hits, and pr of each track and the two-track system must be
greater than 0.5 GeV/c and 2.0 GeV /¢, respectively. A fit is performed with constraints
that the meson tracks are coming from a common vertex, the 4 conversion candidate
points back to the strange meson decay vertex, and the four-track system points back
to a primary vertex. We use the primary vertex closest to the z position of the trigger
electron track extrapolated to the beam line. The CL of the fit is required to be greater
than 0.1%. The By (B,) candidates passing a cut on the K" (¢) mass window of 80
(10) MeV/c? around the world average value of Mg+« = 896.1 MeV/c? (M, = 10194
MeV/c?) are accepted. This mass window corresponds to about 1.5 (2) times the width
of T = 50.5 MeV/c? ([y = 4.4 MeV/c?). Both K~n* and 7~ K+ combinations are
considered for each K'° candidate. We choose the mass assignment closer to the world
average value of My.o.

We also require |ng| < 1.0, er* > 100 pm, and Ig > 0.7. The definition of cr*,
the proper decay length, is ¢ = Lyp X %’;ﬁ-, where the Lrg, prp, and Mg are the
decay length in the transverse plane, the transverse momentum, and the reconstructed
mass of the B meson candidate, respectively. The typical ¢7* resolution is 30 um. The
definition of I, the B isolation, is Ip = prp/(prs + L r<1.0PT), Where the sum is over
tracks within a cone of R = 1.0 in the 7-¢ space around the direction of the B meson
candidate.

Figure 3.9 shows the B, and B, mass distributions. There are 15 events of B, and
1 event of B, candidates in the 100 MeV/c? of B, (5279.2 MeV/c?) and B, (5369.3
MeV/c?) mass windows, respectively, after the selection. The B meson mass resolution is
45 MeV/c? which is dominated by the momentum resolution of the trigger electron. The
mass distribution has a tail toward lower mass region due to the photon bremsstrahlung
of the electron. In Section 3.10, we further optimize the selection cuts to improve the
sensitivity to the radiative B, and B, decays.

3.8.2 A—-pn

A A candidate is formed by a pair of oppositely charged tracks. Since the A has a
long lifetime (c7 ~ 8 cm), it decays outside the SVX fiducial volume ~ 85% of the
time, and thus only 15% of the A decays are expected to have associated SVX tracks.
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Table 3.4: Reconstruction criteria for the radiative B decays.

Ky ¢y
Track 2 CTC(ee) 2 CTC(ee)
2 SVX(K) 2 SVX(KK)
pr Pk = 0.5 prxy = 0.5
(GeV/c) Pr(kxx) > 2.0 Prkk) = 2.0
fitting prob | > 0.1% > 0.1%
Ins| <10 <10
Mass [Mgr — Mgeo| < 80 (MeV/c?)  |Mgg — Mg| < 10 (MeV/c?)
IMK?: - MK“’I < !MM( - MK*C‘I
Vertex oLxy < 300 gm oLyy < 300 um
cr* > 100 pm cr* > 100 pgm
B isolationt | Ig > 0.7 Ig > 07
B,—> yK® CDF Preliminary
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Figure 3.9: By — To'y and B, — ¢y mass distribution in Run IB data.
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Then we classify the A candidates into two categories: (i) “CTC-A”, consisting of A’s
reconstructed with CTC tracks for both the proton and pion; and (ii) “SVX-A”, which
is a subset of the first, containing events with SVX information for the tracks.

We first reconstruct CTC-A’s. The mass assignment of the tracks is determined
by assuming the pr of the proton track to be higher than that of the pion track. The
proton and pion tracks are required to have pr > 1.5 GeV/c and pr > 0.4 GeV/c,

respectively, and a measured dF/dz consistent with expectations. We define the dF/dzx
cut parameter as follows,

dE/dx(p,p) x dE/dz(n, ™)
dE /dx(p,e) x dE/dx(m,e)’

f(dE/dz) = (3.4)

and dF/dz(p,p) is dE/dzx of the track assigned as a proton with a proton assumption
(See Equation 2.2), and dE/dz(r,e) is dE/dz of the track assigned as a pion with an
electron assumption (See Equation 2.2), and The cut parameter is small for A — pr and
large for v conversions. We require f(dE/dz) < 0.2.

Track pairs with an invariant mass inferior to 2 GeV/c? are then fit under a common
vertex constraint, and accepted if the CL of the fit is greater than 0.1%. One of the
major backgrounds in reconstructing A — pr~ decays is the photon conversion. By
performing the same constrained-fit applied in the photon conversion identification, we
reject the track pair that is consistent with such hypothesis. Finally, the A candidate is
accepted, as a CTC-A candidate, if the distance of the A decay vertex from the nominal
beamline is greater than 1 cm.

If both the proton and the pion are SVX tracks with at least 2 SVX layers hit,
the common vertex constraint fit is redone, using the SVX track information this time.
Again, the CL of the fit must be greater than 0.1%. This time, we also require the SVX
layer hit pattern to be consistent with the expectation from the reconstructed A decay.
For example, if the A decay vertex is between the SVX layers 2 and 3, we require the
tracks to have exactly 2 hits in the SVX layers 3 and 4 (See Figure 3.10). The average
radius of each the SVX layer is given as 3.08, 4.37, 5.84,and 8.07, for L1, 2, 3, and 4,
respectively. We require: i) at least 3 hits for the tracks with Ry < Rypy; ii) at least
2 hits and no hit in L1 for Ry; < Rjy < Rypo; iii) exactly 2 hits in the L3 and L4 for
Rps < Ry < Rpj. The A candidates with Ry3 < R, is rejected.

A 10% of the CTC-A candidates satisfy the above requirements and are thus clas-
sified as SVX-A candidates.
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Figure 3.10: A — pr reconstruction in the SVX.

3.83 Ay — Ay

A A, candidate is formed by a photon conversion and a A candidate. For the CTC-
A candidates, we reconstruct A, with a constraint that both the A and the photon
conversion point back to the primary vertex. This constraint significantly improves the
resolution of the reconstructed A, mass; the typical resolutions are 50 and 75 MeV/c?
with and without the constraint, respectively (See Figure 3.11. On the other hand, for
the SVX-A candidates, only the photon conversion is constrained to point back to the
primary vertex, while the A mometum, extrapolated to the beamline, is required to be
within 2 cm from the primary vertex in the z direction. The typical A, mass resolution
for the SVX-A is 50 MeV/c?. In both cases, we require the CL of the constrained fit to
be greater than 0.1%.

We then calculate the resulting A mass after the fit, and the Ay combination, called
either a CTC-A, or an SVX-A, candidate depending on the A category, is accepted if the
pm mass is within +£3 MeV /c? from the world average A mass [6]. The typical A mass
resolutions are 2.5 and 1.5 MeV/c? for the CTC-A; and SVX-A; candidates, respectively.

We improve the sample purity by requiring the impact parameter significances for
the proton and pion tracks to be larger than 0.5 (3.0) and 2.0 (3.0), respectively, and the
decay length of the A in the transverse plane to be larger than 3.0 cm (1.0 cm), for the
CTC-Ap (SVX-Ap) candidates. Finally, we require |na,] < 1 and Ip > 0.7. Figure 3.12
shows the A and A, mass distribution after the selection cuts. we find 23 candidates
of CTC-A, and 2 candidates of SVX-A; in the £100 MeV/c? window around the world
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Figure 3.11: M,, distribution for the signal MC before and after the constraint
fit that both the v and A point back to the primary vertex.

average A, mass. Further fine tuning of the selection cuts to maximize the sensitivity is
discussed in Section 3.10.

3.9 B — J/¢ Decay Reconstruction

3.9.1 B,— J/WK~

For each J/1 — ee candidate in an event we search for B, — J/v¥K~. We first require
the electron tracks to have at least 3 SVX hits. A B, candidate is formed by the
J/1 candidate and an SVX track with at least 3 SVX hits and pr > 2.0 GeV/c. We
constrain the three tracks to have a common vertex and a total momentum pointing
back to the primary vertex is made We accept the three-track combination if the CL of
this constraint fit is greater than 0.1%. The B, candidates passing the cuts of |ng| <
1.0, er* > 100 um, and Ip > 0.7 are accepted.

The M(eeK) distribution has a tail towards low mass values due to the effect
of the photon bremsstrahlung on the electron tracks. In order to correct for it and,
at the same time, compensate for the resolution loss due to the electron momentum
uncertainty, we use M(eeK) — M (ee) + M(J/1)) instead of M(eeK), where M (J/v) is
the world average J/1 mass. Figure 3.13 shows scatter plots between the M(eeK) and
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3.9. B — J/v DECAY RECONSTRUCTION 57

Table 3.5: Reconstruction criteria for the A, — Ay,

CTC-A, SVX-A,
Track 4 CTC (eepr) 2 CTC (ee) 2 SVX (pr)
T _ PT(pr) > 2.0
(GeV/c) PTp) > PT(r)
Prp) > 1.5
Pr(xy > 0.4
dE/dz |f(dE/dz)| < 0.2
fitting prob > 0.1%
Ing| < 1.0
Mass [Mpr — Ma| < 3 (MeV/c?)
Vertex 3em < Lyxy(A) | 1em < Lyxy(A)
d/o(p) > 0.5 do/o(p) > 3.0
dfo(r) > 2.0 dg/o(m) > 3.0
3.0 < Lxy(v) < 30.0 cm
B isolation Ig > 0.7
Optimization | pry > 4.0 GeV/c | dop > 70 pm

M(ee). The typical mass resolutions are 50 MeV/c? and 25 MeV/c? for M(eeK) and
M(eeK) — M(ee) + M(J /%)), respectively. The bottom plot of Figure 3.14 shows the
mass distribution for the B,toJ/® K~ candidates. We obtain about 50 B, candidates
with S/B = 10 in the mass window of £100 MeV/c? arround the B, (5278.9 MeV/c?).

Figure 3.15 shows comparison of the data (points) and MC (histograms) several
reconstructed parameters: the corrected B, mass, momentum of B, dielectron mass,
electron Er, proper decay time, and impact parameter of {~. The MC reproduces all
the parameters of the data very well.

3.9.2 By JIYK®

Reconstruction of the B; — J/@[)T(*Q uses the same J/¢¥ — ee selection criteria as
B, — J/1K~ and the same K selection criteria as By — K . For each J/9 — ee
candidate in an event we search for By — J/ w'}-(ﬂo. We require all the four tracks to
have at least 3 SVX hits. We also require the transeverse momenta of each meson track
the two-meson system must be greater than 0.5 GeV/c and 2.0 GeV /¢, respectively.

A fit is performed with constraints that all the electron and meson tracks are coming
from a common vertex, and the four-track system points back to a primary vertex. We
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use the primary vertex closest to the z position of the trigger electron track extrapolated
to the beam line. The CL of the fit is required to be greater than 0.1%. The B,
candidates passing a cut on the K° mass window of 80 MeV /c? around the world average
value of Mg+ = 896.1 MeV/c? are accepted. Both K—7+ and 7~ K+ combinations are
considered for each K° candidate. We choose the mass assignment closer to the world
average value of Mg.o. The B, candidates passing the cuts of |nz| < 1.0, er* > 100 gm,
and Iy > 0.7 are accepted.

The top plot of Figure 3.14 shows the M(eeKn) — M(ee) + M(J/v) distribution
for the By — J/yK " candidates. We obtain about 20 B, candidates with S/B =~ 10
mass window of 100 MeV/c? around the B, (5278.9 MeV/c?).

3.10 Cut Optimization

To improve our sensitivity to the radiative decays we optimize the selection cut by
maximizing the figure of merit (fom) defined as fom = €4iy/ /G, Where €54 and e, is
the efficiency for the signal and background events, respectively, in the 100 MeV/c? of
the B-hadron mass window.

The €,44 is estimated from the MC sample. The ¢, is estimated by extrapolating
the observed number of events in B-hadron mass sideband, (200 to 1200) MeV /&%, to
the signal mass regions. We apply similar selection cuts to the B, — J/¥ K~ decay as
the radiative B-hadron decays to achieve the cancelation of systematic uncertainties as
much as possible.

For the By channel, we choose pr(Kn) and d(K,n)/o for the optimization, and
similarly, pr(KK) and d(K)/o for B,, where o is the uncertainty on the impact pa-
rameter d. We apply the same cut values obtained for the By or B, decay to pr(K)
and d(K) /o for the reference channel of the B, — J/¥K ™~ decay. Table 3.6 shows the
fom around the optimized set of the selection cut parameters. The optimized set of
selection cuts for the B, channel is pr(K7) > 2.75 GeV/c and |d(K,7)/c| > 4.5. Fig-
ure 3.16 shows the —K—*Ofy and J/9¥ K mass distributions after the cuts. Any further cuts,
for example, on the proper decay length, do not improve the figure of merit. There is
one candidate in the B, signal region with expected backgrounds of 0.6 == 0.3 events,
while we find 28.045.8 B, — J/%K~ candidates in the 100 MeV/c* mass window af-
ter subtracting the backgrounds estimated from the side bands, 4(200 to 300) MeV/c?.
Figure 3.17 shows the event display in the CTC for the candidate. It corresponds the
By — K*%y — K~ntete™ where the photon conversion point is found in the CTC inner
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Table 3.8: Cut optimization for By —» K" .

pr(Kr) cr* dfo(K),d[o(n) Npg fom Nge, Njyyk
9.95 (GeV/c) 100 (um) 4.5 10 51 1 33
2.75 100 4.5 06 59 1 28
3.0 100 4.5 06 57 1 27
2.75 100 4.5 0.6 5.9 1 28
2.75 150 4.5 06 57 1 27
2.75 200 4.5 06 563 1 25
2.75 100 3.0 1.0 4.8 2 29
2.75 100 4.5 06 59 1 28
27 100 6.0 06 53 1 27
Table 3.7: Cut optimization for B,¢¢.

pT(KK) cr* d/O’(K) 3VBG fom Nm NJ/’,I,K

2.0 (GeV/e) 100 (pm) 3 03 30 0 36.

2.95 100 3 01 49 0 35

2.5 100 3 0.0 - 0 30.

2.25 100 3 01 49 0 35.

2.25 125 3 01 47 0 34.

2.25 150 3 01 45 0 33.

2.25 100 1.5 06 21 0 41.

2.25 100 3 0.1 49 0 35.

2.25 100 4.5 01 46 O 33.

wall and the e~ is used as the trigger electron. The reconstructed By and K*® masses of
5.31 and 0 .896 GeV/c?, respectively, are consistent with the world average. Figure 3.18
shows the display close to the interaction point. The K~ and 7+ form a significantly
separated secondary vertex from the primary vertex, and estimated B; proper decay
time is 591 pm

The optimized set of cuts for the B, channel is pr(KK) > 2.25 GeV/c and
|d(K)/o| > 3.0. The invariant mass distributions of the ¢ and J/¥K combinations
serving the cuts are shown in Fig. 3.19. No candidates are found in the B, signal region,
where we expect a background of 0.1+0.1 events, while 35.0+6.4 B, — J/% K~ decays
are observed after background subtraction.

We perform the cut optimization separately for the CTC-A, and SVX-A,; candidates.
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‘ l.f*‘or the SVX-A, candidates, we consider the signed impact parameter of A. Th
sign is defined as positive when the crossing point of the reconstructd A and t.h Ae
momenta is in the hemisphere containing the A, as should be the topology of reael Ab
decays (Figure 3.20). Figure 3.21 shows the A impact parameter distribution for theb
A, mass side band events in the data, and signal MC sample. The typical resolution
of dys is 40 um. Figure 3.23 shows the fom as a function of the doriambaa cut. The
optimized cut value which is shown as lines in the plots is 70 pm. Figure 3.24 sho;vs the
A and A, mass distributions for the candidates. Applying this cut results in no SVX-Ap
candidates in the signal region with an expected background of 0.1 & 0.1 events.

The impact parameter resolution of the CTC tracks is not as good as the SVX
tracks, thus, for the CTC-A, case, we optimize the pr(A).

we reinforce the kinematical requirement by applying pr(A) > 4 GeV/c. We find
9 candidates in the signal region, with an expected background of 3.3 0.6 events.
Figure 3.22 shows the pr(A) distribution for the A, mass side band events in the data
(points), and signal MC sample (histogram). Figure 3.93 shows the fom as a function
of the pp()) cut. The optimized cut value which is shown as lines in the plots is 4.0

GeV/c. Figure 3.24 shows the A and A, mass distributions for the candidates. We find

9 candidates in the signal region, with an expected ba,ckground of 3.3 1 0.6 events.

Adding the CTC and SVX-A, candidates, there are 9 candidates in the signal region
with expected backgrounds of 3.4 + 0.6 events. The reference sample of By = JIWK™

decays is obtained by requiring pr(K) > 4 GeV/c, and we find 24.0 £ 5.3 events after
background subtraction. The invariant mass distributions are shown in Fig. 3.25.

Since we do not find significant excesses Over packground for all the radiative decay
modes (See Table 4.1), we set uppers limits on the branching fractions in the following

chapters.

®
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Chapter 4

Estimating the Efficiencies

In this chapter, we discuss the estimation of the efficiency for the radiative B decays
which is necessary to set the limit of the branching fraction. The efficiency was estimated
in terms of the ration between the radiative B decays and the B, — J/¢Y K~ decay.

4.1 Efficiencies Classification

The numbers of the radiative B decay signal candidates and the B, — J/9 K~ reference
candidates are given by

Ngeo, =20y fa- B(Ba — Ky -B(E® = K~ %) - ¢(K*y) - L, (4.1)
Ngy =204 fs B(Bs — ¢7) - B¢ = K*K7) - e(¢7) - £, (4.2)
Npy =2-04 fa, - B(Ay = Av) - BIAA = pr™) - e(Ay) - £, (4.3)

Nyjyk =2+ 0y fu+ B(By = J/YK™) - B(J/Y — ee) - e(J/PK) - L, (4.4)

where oy; is the bb production cross section, f,, fq, fs , and fa, are the fragmentation
fraction of the b quark to B,, By, B,, and A, hadrons, respectively, B(a — b) is
branching fractions for each channel, ¢ is the detection efficiency in our detector for each
decay channel, and £ is the integrated luminosity of the data set.

By using the observed B, — J/1# K~ candidates for the normalization of the radia-
tive B decays, the b-quark production cross section and the integrated luminosity of the
data set cancel out. The fragmentation fractions, branching fractions, and efficiencies

do not cancel in principle. Normalizing to the B, — J/# K~ decays, the number of the
radiative decays are given by,

Niwy _ Jo  BBa— EBE® o K-1t)  e(K*y)

Nijok  fu . B(Ba— JJOK B > ee) . e(J/9K)’ (4.5)
Ney _ o BB, ¢n)Blg—~ K*K™)  e(¢) o
NJ}"!/)K fu B(”B-u—-)J/1/}K_)B(J/¢__)ee) f(J/’(bK)? .

70
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Nuy _fn, _ Bllo > ANB(Abpr)  e(Ay)
Noyox ~ Ju B(Bu— JWK B~ cg) " elI[PK)

(4.7)

We use the ratios of the b-quark fragmentation fractions of f4/f. =1, f,/f. = 0.426
+ 0.076, and fa,/fu = 0.236 + 0.082 [40], and the branching fraction of (0.99 + 0.10)
x 1073, (6.02 & 0.19)%, 2/3, 0.491 + 0.06, and 0.639 % 0.005 for B(B, — J/vK~),
B(J/Y — ee), BE" — K-r%), B(¢ — K+K~), and B(A — pr~), respectively [6].
The detection efficiencies for each channel are given by

€(K*Y) = Peony X A X €rg X €0TC X €5VX X €cle X €fit X €iso, (4.8)
€(Y) = Peony X A X €4rg X €0TC X €5V X X €cle X €fit X €igoy , (4.9)
€(AY) = Deonv X A X €rg X €CTC X €SV X X €ele X €A X €fit X €igo, (4.10)
€(J/‘£/)K) = A X €trg X €cTC X €5VX X €ele X €gel X €4t X €404 (411)
where,
Peonv  : cOMversion probability,
€rg - trigger efficiency, ‘
A : acceptance (fiducial, Er, pr, mass, ¢r*, dy/0),

ecrc : CTC track reconstruction and quality cut efliciency,
esvx  SVX track reconstruction and quality cut efficiency,

€ele . trigger electron quality cut efficiency,
€sel : soft electron quality cut efficiency,

€A : A — pr quality cut efficiency,

€fit : vertex fit quality cut efficiency,

€iso : B isolation cut efficiency.

To be more specific and as a guide for what we envisage in the estimation of the
efficiency ratios, we categorize efficiencies into three classes according to the extent of
cancelation in the ratios:

For the estimation of the efficiency ratios (%, 2{_3%, and G&?JK ), we cat-
egorize efficiencies into three classes according to the extent of the cancelation in the
efficiency ratios: (1) efficiencies particular to a specific decay mode, thus they and thier
uncertainties directly come in the ratios, without canceling. We estimate these efficien-
cies by relying as much as possible on data; {2) efficiencies similar between the radiative
and the reference decay for which they are expected to be nearly equal, and the uncer-
tainties have small impact on the ratios. Thus we concern about small correction factors
with respect to unity for the efficiency ratios and rely on Monte Carlo calculations for
the most part; (3) efficiencies assumed to be common between the radiative and the ref-

erence decay, thus exactly cancel in the ratio of the branching fractions. We discuss each
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class and treatment of in the following sections Note that the tracking and vertexing
efficiency spread over several classes and we discuss them separately.

4.2 Class 1 Efficiencies

The conversion probability (peons), the efficiencies for the J/1 partner electron quality
cuts (€5e), and the quality cut for A (ej) fall under class 1.

4.2.1 Conversion Probability

Since the photon conversion probability (6%) is mainly responsible for the the efficiency
ratio between the radiative and reference channels beeing less than 1, we should treat
it carefully. The Attenuation length of the photon with p > 1 GeV/c in a material due
to the photon conversion is assumed to be 9/7X,, where X is radiation length of the
material. Thus the photon conversion probability passing through the material with
thickness of X is given by

Peonv =1 —€ %0 ~ ""'}E"} (412)

In our detector, the p., is described as

7

Deony ~ 9 Xo(’f“) 9 Xo ﬂl sm9i (413)

where X,(7) is the radiation length of the material located at the position ¥ = (z,y, 2),
and ds and dr represents the track of the photon and its projection to the zy plane,
respectively. Since the photon track is a straight line the sin # is a constant. we can
assume the probability does not depends on the azimuthal angle of the photon, since
the CDF detector is designed with an overall cylindrical symmetry, Then we can write
as,

1 dr  _ 7Xr(z,0)
sin|8| J Xo(r,2) — 9 |sin6] -

7
: (4.14)

Peonv

The integrated material thickness in the transverse plane (Xg«) depends on the 2z and
8 of the photon. For example, the SVX whose material thickness corresponds to Xy
~ 2.5 %X, only covers the region |z| < 30 cm. Thus most of the photons produced
with |zp| > 30 cm are expected to pass through 2.5% less materials than that inside the
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4.2. CLASS 1 EFFICIENCIES 73

SVX fiducial. The 8 dependence of the Xr is expected to be much smaller than the 2z
dependence, but it appears in such a way that, for example, the photon with |2zg| < 30
cm but with larger |n| can exit the SVX fiducial earlier.

Then, the conversion probability averaged over a particular radiative B decay chan-

nel is given by

1 &L 7 Xr(20i, 65)
< Prony >= N ;5

il

W g— < Xp >< lsin@]“ >

The MC detector simulation handles the photon conversion process. This uses the
material distribution of the CDF inner detector based on measurements by using CDF
data, and the conversion length is assumed to be (9/7) X, for photons with p > 1 GeV/c.
At first, the simulation determines the photon decay length according to a probability
function of e“%%ﬁ, then accumulate the thickness of the materials, which the photon is
passing through step by step (beam pipe, SVX L1, L2, L3, L4, etc., up to the CTC
inner wall). If the sum of the material thickness exceeds the decay length, the photon
conversion occurs at the step. Otherwise the photon goes to the calorimeter.

The resulting conversion probability from the MC calculations is ~ 6%. Figures 4.1
and 4.2 show the zy-view and rz-view cross section, respectively, of the conversion vertex
distribution obtained from the MC sample. These MC distributions reproduce the data
distributions (Figures 2.11 and 2.12) at a 10% level. Note that our detector simulation
only simulates the conversion before the CTC inner wall

We further calibrate the MC material thickness by using the photon conversion
candidates in our data. The CTC inner wall has a uniform structure in the z and ¢
directions, and its transverse thickness is well understood to be X7(CTC) = (1.26 +
0.06)%X,. Then, the average transverse thickness of the material (< X7 >) is obtained
by scaling Xr(CTC) by the ratio between the total number of photon conversions and
the number of photon conversions that occur at the CTC inner wall:

N(all)

< Xp >= XT(CTC) X W,

(4.15)

where N(CTCn) is the number of conversions in the CTC inner wall, and N(all) is the
number of conversions before the CTC tracking volume.

In order to ensure the correct photon geometry relevant to our analysis for the By
and B, decays, we use By — Fcy candidates (conversion + 2 SVX track sample), but
with loose selection cuts on ¢r*, Ig, and mass windows to gain statistics. For the A,
case on the other hand, we simply use the photon conversion candidates without any
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requirements on other tracks, which yield ~0.4% X, less material compared to the B
meson case.

We do the same analysis for both the data and the MC, then take the ratio
X1(DATA)/ X7 (MC) as the correction factor for the conversion probability. These
factors are found to be 0.89 %+ 0.05 for the B, and B, decays, and 0.95 & 0.05 for the A,
decay. Details of the estimation are shown in Appendix A.

4.2.2 Soft Electron Quality Cut Efficiency for J/¢ — ee

The soft electron quality cuts fonsist of two quality cuts for the partner electron, namely
the dE'/dz cut and the E/p cut.

Since the dE/dx is defined as the A/o (See Equation 2.2), the dE/dx > —1.27
cut efficiency is 90% by definition. We check the efficiency for the dE/dzx > —1.27 by
using the partner electrons of the conversion candidates which form a very high purity
electron sample. We estimate the efficiency by just counting the number of the conversion
candidate before and after the dE/dz cut. Figure 4.3 shows the dE/dzx distribution of
the conversion electrons (top plot) and the dE/dx > —1.27 cut efficiency as a function
of the track pp (bottom plot). In these plots, we require the partner electron to be in
the different wedge of the trigger electron The efficiency shows no pr dependence and
the averaged efficiency is 0.90 and its uncertainty is negligible. Actually the dE/dz was
calibrated by using the conversion sample, so the result is obvious.

The E/p > 0.5 cut efficiency is estimated by using the J/¢ — ee candidates
themselves. Figure 4.4 shows the J/1 — ee mass peak before and after the E/p cut (top
plot). We fit the distribution to a function of the Gaussian + Polynomial and estimate
the averaged efficiency to be 0.83+0.03. The efficiency shows no pr dependence (bottom
plot).

Combining the dE/dz and e/p cuts, we estimate the quality cut efficiency for the
J/1 — ee partner electron to be 0.90 x (0.83 £+ 0.03) = 0.75 + 0.03.

4.2.3 Quality Cut Efficiency for A — pr

We apply three quality cuts for the A, namely the dE/dz cut, the conversion removal,
and the impact parameter cut.

The efficiency for the dE/dzx cut and the conversion removal is estimated by using
the A — pr candidates themselves. We use a v + CTC A sample with a loose selection
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Figure 4.3: dE/dz distribution for the partner track of the trigger conversion
candidates (top), and the efficiency of dE/dr > —1.27 as a function of track pr
(bottom).
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Figure 4.4: M, distribution for the trigger J/1 — ee candidates before and

after E/p >0.5 cut for the partner track (top), and the cut efficiency as a
function of track pr (bottom).
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Figure 4.5: The dE/dz distributions for the A — pw signal (histograms), and
the ackground estimated from the A mass side band events (points).

requiring no B isolation and wide B mass window. Figure 4.5 shows several dE/dz
and f(dE/dz) distributions. The distribution for the events in the A mass signal region
(histograms) and A mass side band events (points) are shown. Figure 4.6 shows the
A — pr mass peak before and after the |f(dE/dz)| < 0.2 and conversion removal cut
(top plot). We fit the mass distribution to a function of the Gaussian + straight line,
and estimate the efliciency to be 0.721 + 0.018. The efficiency shows no pr dependence
(bottom plot).

The large impact parameter for the proton and pion from the A is not caused by
the displacement of the A, decay vertex but the A decay vertex. The directions of these
tracks are almost the same as that of the A, and the impact parameter is rather caused
by the bending of the tracks in the solenoidal magnetic field. We estimate the efficiency
for the impact parameter cut, |dy/o(p)| > 0.5 and |dy/o(7)] > 2.0, by relying on the MC,
and check them by using the data. Figure 4.7 shows the do /o distributions for the proton
and pion in the data (histograms) and MC (points). The cut efficiencies as a function
of the pr(A) are shown in Figure 4.8. The obtained efficiencies are (78.6 + 1.1)% for
data (top) an (82.0 + 1.1)% for MC (bottom). We see no significant pr(A) dependence
in both the data and MC. The difference between the data and MC is small and we use
the MC efliciency in the following analysis.
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Figure 4.8: dy/o cut efficiency for A — pr as a function of prp for the data
(top) and the MC (bottom).
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4.3 Class 2 Efficiencies

Various kinematical and geometrical acceptances (A) which include the Er, pr, mass
window, cr*, and impact parameter cuts, and efficiencies for the trigger (e;,), trigger
electron quality cuts (e.), and fitting constraints (ey;) fall under class 2. Efficiencies
for most of such requirements are similar between the radiative decays and the reference
channel and their ratios are close to 1, however, we still need to estimate small correction
factors for the efficiency ratios. For the estimation of these efficiency ratios we rely on
MC calculations. Here we discuss details about the level 2 trigger efficiency and electron
quality cut efficiency.

4.3.1 Level 2 Trigger Efficiency

The Level 2 trigger efficiency is estimated by applying an efficiency turn-on curve as
a function of electron Er and pr to the MC sample. The trigger efficiency curve is
measured by using non-biased CDF data collected with independent triggers.

The trigger efficiencies for the CEM (8 GeV) and CFT (7.5 GeV/c) requirements
are estimated by using a trigger sample with the lower CEM (5 GeV) and CFT (4.7
GeV/¢) requirements. Whatever we look at the CEM and CFT efficiencies as a function
of the offline Er and prp, respectively, the efficiency curves basically do not depend on
whether the sample is the real electron or the hadron fake.

If we look at the XCES trigger efficiency as a function of the offline CES cluster
energy, it is the same between the electron and the hadron fake. However, if we look at
the efficiency as a function of the Er, the efficiency curve can differ between the electron
and the hadron fake. Thus we need a high purity electron sample to do the estimation
and use the conversion candidates.

The efficiency curve is obtained to be,

€2 = 0.914 :Asymptotic eff. including L1 (4.16)
X 0.992 :Had/EM
X 1.0 £ 0.044 . :Error for the asymptotic efficiency
x  Freq({#2m) :Tower boundary correction

_p7—5.9004+0.014 .
X Freq(isioooasxsy) CFT-7-5

Er—8.73640.011 .

X Freq(TemrcooimcyEy) (CEM.8
Er—5.3140.16 .

xF TeQ(1.11910.048><27E) :XCES,

SEARCH FOR RADIATIVE B-HADRON DECAYS WITH THE COLLIDER DETECTOR AT FERMILAB @*



82 CHAPTER 4. ESTIMATING THE EFFICIENCIES

0.7
0.6
0.5
0.4
0.3
0.2

e,
o,
o,

‘llll‘!l!ll!lll'lll!llllll(!l!ll!lllllll]l!ll}l!ilj

40

30

A

Figure 4.9: L2 CEM_8_CFT_7.5.XCES trigger efficiency as a function of Er
and pr.

where Freg(z) is defined by,

1 T L
FT’BQ(IE) = ﬁ/;me ¥ dt. (4.17)

4.3.2 Trigger Electron Quality Cut Efficiency

The trigger electron quality cut efficiency is handled by using the MC sample. We check
its reliability by using partner electrons of the J/1 — ee candidates.

Figure 4.10 shows quality cut parameter distributions for the partner electron of
the J/v — ee candidates (points), and J/9¥ K signal MC (histograms). The background
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Figure 4.10: Distributions of the electron quality cut parameters for the part-
ner electron of the J/4 — ee candidates (points) and the J/¢K MC sample
(histograms).

of J/1 — ee candidates is subtracted. The MC simulates Az, Az, x%,,,, and X2, very
well. Disagreements in the L, and Had/EM distributions are due to the fact that
the signal MC does not simulate underlying events. Since we rely on MC calculations
of the relative efficiency for these parameters, we discuss more details.

4.3.2.1  Lgpare

The Lgpare is based on the lateral shower profile in terms of calorimeter towers along
the z direction, and affected by the underlying products. We assume that underlying
events originating from the non-b particles such as fragmentation, multiple collision, etc,
are common to both modes. Thus the effects are canceled in the ratio between the
signal and reference channels. However some of the underlying products come from the
B-hadron decay daughters such as the <y, J/1 — ee partner electrons. This effect of B-
hadron decay daughters could be different between the radiative and reference decays.
For example, since two electrons from the conversion is parallel at the conversion point,
z positions of the conversion electrons at the calorimeter are very close, then basically
the partner electron does not change Lgp,.e 50 much. Figure 4.11 shows efficiency curves
for trigger electrons of K*y MC and J/¢¥ K MC. We apply the final selection cut (except
Lghare) Optimized for K*y. For J/9K, the fraction that we find partner electrons in

iR
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Figure 4.11: Lgp,,. cut efficiency of the trigger electron of the K*y and J/y K
MC. The plot when the electrons are in a same wedge is also shown (points).

the same wedge as the trigger electrons is 22% and the efficiency is only 5% lower. For
the K*~v channel, the fraction that we find partner electrons in the same wedge as the
trigger electrons is 45%, however, the efficiency does not change. It causes only ~1%
difference of the L., cut efficiency between the signal and background decays.

To check the effect of the non-b underlying events, we look at the J/i — ee can-
didates in the data. Figure 4.12 shows efficiency curves for partner electrons of the
J/1Y — ee candidates in data and that for the J/9K MC sample is also shown . The
case in which both electrons are in a same wedge is separately shown. The efliciency
from the real data is 15% lower than the MC. This implies dominance of the non-b
underlying events over the effect from presence of another electron.

As a conclusion, the effect from partner electrons to L,y efficiency is small and the
MC predicts that the efficiencies for the radiative decays and J/v decays are canceled
in the relative efficiency. Underlying events change the efficiency by 15%, but this does
not hurt the efficiency cancelation, since underlying events are common to both decay
modes.
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Figure 4.12: Lgpere cut efficiency as a function of the cut value for the J/9 —
ee candidates and J/9¥K MC sample. A plot when the electrons are in a same
wedge is also shown (bottom).

4.3.2.2 Had/EM

The Had/EM is the ratio of the hadronic and electromagnetic energies sum over three
calorimeter towers along the z direction. Sources of the electromagnetic energy are the
trigger electron for the most part, plus the partner electron and underlying events, while
hadrons from B decays and from underlying events contribute to the hadronic energy.

The effect of the hadrons from B decays would be different between the radiative
decays and the J/yK decays because the @ values are different and also the number
of hadrons from the decays are different. Figure 4.13 shows Had/EM distributions of
the trigger electrons for the K*y, J/YK, J/¢¥K* MC samples, and that of the partner
electrons (Ep > 5 GeV) of J/¢ — ee candidates in the CDF data, after the final
selection (except Had/EM) optimized for K*v. Again, we note that the MC does not
simulate underlying events. Since the J/v events with pr > 10 GeV /¢ are dominated
by B decays rather than prompt J/v¢’s, the Had/EM distribution for the J/¢ — ee
candidates can be regarded as a model, probably conservative in terms of the Had/EM
efficiency, for J/¥ K including effects from underlying events.

Our Had/EM cut depends on the number of the associated CTC tracks to the
electron cluster (< 0.04 for Nyp =1 and < 0.1 for Ny > 2). The difference of the Ny
distribution between the signal and reference channels also affects the Had/EM cut
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efficiency. Figure 4.14 shows the Ny distribution for the samples shown in Figure 4.13.
We see that 45% (less than 1%) of the partner electrons of K*v (J/wK) are in the same

tower as the trigger electrons, which makes the effective Had/EM cut for K*vy looser
than that for J/¢YK.

The obtained MC efficiencies are 99.9% and 97.6% for K*v and J/7 K, respectively:
it is not canceled in the relative efficiency but a 2% difference.

Given that the efficiency for the partner electrons of the J/¢ — ee candidates is
91% (6% lower than that for the J/% K MC), the question is the reliability of the relative
efficiency from the MC'’s.

We first estimate how the different effects from the hadrons from B decays change
the efficiency. Such effects are present in the Had/EM distribution even if we assume
same effects from underlying events. We consider that the real Had/EM distribution
for K* is close to that for the J/i¢ — ee partner electrons in the CDF data. The
efficiency difference between K*+y and J/¥ K is then simulated by shifting the cut values
(0.04 or 0.1) by a same amount at the same time. We take this shift to be twice the
difference of the average Had/EM values between the K*y and J/¢K MC which is
+0.005: 2 x (0.0070—0.0043) ~ 0.005. The inserted arbitrary safety-factor of 2 is meant
to cover possible incompleteness of the hadron shower simulation in the MC as well as
the uncertainty of this scheme itself. Figure 4.15 shows the Had/EM efficiency curves
for the J/19 — ee partner electrons with our cut values and their shifts. The result is
(91 +6)% (standard), (90 £6)% (—0.005), and (92 +6)% (+0.005). We expect that the
different hadronic contents between the radiative and the J/t¢ decays have little effect
to the Had/EM cut efficiency.

The real Ny distribution for K*y cannot be estimated as long as effects from
underlying events are not correctly implemented in the MC. Rather than attempting to
investigate such effects, we check the efficiency variation between the two extreme cases,
Had/EM < 0.04 (completely Nyx = 1) and Had/EM < 0.1 (completely Ny > 2),
using the J/1 — ee partner electrons. We find (86 & 6standard value of 91%. In fact,
we expect more trigger electrons with Ni, > 2 for K*y than J/¥K and the difference
would be somewhere between 0% and +5% which covers the +2% difference obtained
from the MC. We, therefore, simply assign a 5% of the systematic uncertainty related
to the relative Had/EM cut efficiency.
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Figure 4.13: Had/EM distribution for partner electrons of the J/¢¥ — ee
candidates and trigger electrons of the K*vy, J/¢¥ K, and J/¢¥K* MC.
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Figure 4.14: N, distribution for partner electrons of the J/¢ — ee candi-
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Figure 4.15: Had/EM cut efficiency for partner electrons of the J/¢¥ — ee
candidates

4.4 Class 3 Efficiencies

We assume the B isolation cut efficiency (i) is common between the radiative and
B, — J/$K~ decays, and it falls under class 3. Figure 4.16 shows the B mass distri-
bution for the B, — J/9 K~ candidates in data before and after the isolation cut and
background subtracted Ip distribution. The efficiency is estimated to be 0.82 4 0.05.
The efficiency is expected to be pr(B) dependent, and Figure 4.17 shows the efficiency
to be 0.80+0.07 and 0.86+0.08, respectively, for the candidates with pr(B) < 20 GeV/c
and pr(B) > 20 GeV/c. Figure 4.18 shows the MC pr distribution of the B hadrons
after all the selection cuts. Note that our MC does not simulate the underlying events
and the isolation cut efficiency is always 1. The pr distributions are similar between the
radiative decay and the reference signals, and it ensures the cancelation of the efficiency.

4.5 Tracking Efficiencies

The CTC (ecre) and SVX (esvx) tracking efficiencies spread over the classes. In this
section, we discuss the details of the estimation of the tracking efficiciency.
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Figure 4.18: pr(B) distributions for the radiative B decays (points) and the
reference signals (histograms) after all the selection cut obtained from the MC
sample.

4.5.1 CTC Tracking Efficiencies
4.5.1.1 Overview

The CTC tracking efficiency consists of the quality cut efficiency including the chamber
hit efficiency, and the pattern recognition efficiency. For the estimation of the CTC track
quality cut efficiency, we rely on MC calculation based on measured CTC hit efficiency in
CDF data. On the other hand, our MC does not simulate the CTC pattern recognition,
and we thus use an efficiency estimated by embedding simulated tracks in CDF data [41].
Figure 4.19 shows the tracking efficiency as a function of the transverse momentum. It
rises quickly in the range 200 < pr < 400 MeV/¢, and has a plateau value for pr >
400 MeV/c which depends on the instantaneous luminosity and the electric charge of
tracks. The plateau value is estimated to be 0.96 £ 0.02. The radiative decays and
B, — J/¢¥ K~ are reconstructed with 4 and 3 tracks, respectively. The CTC tracking
efficiencies for the conversion electrons and the electrons from J/v, and one of the hadron
tracks from the radiative decays and the K track from B, — J/¥ K~ are similar. Thus
the CTC track quality cut efficiencies for the three tracks fall under class 2. We assume
the CTC pattern recognition efficiencies are exactly canceled in the ratios (class 3). The
CTC tracking efficiency for the second hadron track for the radiative decay falls under
the class 1.
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Figure 5).
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4.5.1.2 Conversion Tracking Efficiency

The conversion occurs at the large radius (3 to 25 cm) and the conversion electrons,
especially for the low pp partner electrons, have a large impact parameter. We don’t
understand the CTC tracking efficiency for such tracks, because the CTC track is re-
constructed with the chamber hit within a certain cone from the primary vertex. If
there are sources of the inefficiency for the low pr and displaced tracks, the effect is not
canceled in the ratio between the conversions and the J/¢¥ — ee. Thus we checked the
radius dependence of the conversion electron tracking efficiency. The inefficiency of the
pattern recognition is caused by: (1) aging of the CTC which depends on elapsed time;
(2) background hit which depends on the physics process and instantaneous luminosity.

We check the effect by using the conversion and the J/+ candidates themselves in
the Run I data. We have typically > 500 events of the photon conversion per one run,
and we can estimate the conversion rate, (number of conversion candidates)/(integrated
luminosity), run by run. The high pr ( 8 GeV/c) conversion production rate itself
does not depend on the CTC aging and the instantaneous luminosity, so if we see such
dependence, it is caused by the reconstruction efliciency.

Figure 4.20 shows the integrated luminosity (top) , averaged instantaneous lumi-
nosity (middle), and conversion rate (bottom) run by run which there are at least 5000
conversion candidates. The obtained conversion rate is around 10 nb (8 nb) at the be-
ginning (end) of the Run I, and it is mostly caused by the aging of the CTC. Note that
the instantaneous luminosity of the Run I Tevatron was higher for the later runs, thus
the two effects are correlated.

Figure 4.21 shows the conversion rate as a function of the instantaneous luminosity.

Rates for the various r region:

e SVX: 3 < r <11 cm,
o VIX: 12 <r <21 cm,

e CTC can: 22 <7 < 30 cm,

are shown. The obtained conversion rate is ~ 40% lower at a 2 x 103! cm=2s™! of the
instantaneous luminosity. Again we note that this is correlated with the effect of the
CTC aging.

An important note is that both the CTC aging and the background hit effect are
physics process and the selection cut dependent. For example our conversion candidates
are dominated by n° in the QCD jets and expected to accompanied by much more
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background tracks than the bb production. Also the isolation cut which was required for
the B candidates reduces the background hits. So the inefficiency for the CTC tracking
for the B candidates is expected to be smaller, and it is similar between the radiative B
decay and B, — J/9K~ channels. However if the effect depends on the radius of the
conversion vertex which we discussed before, it is not canceled in the ratio between the
radiative B decay channels and the reference B,J/1#K ™~ channel (r = 0).

Figure 4.22 shows the run and instantaneous luminosity dependence of the fraction
of the conversion rate in the CTC can. The distributions are flat, i.e., the conversion
tracking efficiency is expected be canceled in the ratio between the conversion and the
J/.

A further check is available by using the J/1 rate in the data, however, the statistics
is not enough to check it run by run, thus we divide the data into the following 6 periods.

period runrange Luminosity (pb™!)

a <60000 6.3
b 60000-62500 11.4
c 62500-65000 17.7
d 65000-67000 15.7
e 67000~70000 17.2
f >70000 9.4

Figure 4.23 shows the J/v¢ mass distribution for the six run periods, and the ob-
tained J/4 rate is shown in Figure 4.24. The run dependence of the conversion rate is
also shown. We see similar structure between the conversion and J/% rates.

4.5.1.3 A Tracking Efficiency

Our assumption was that the tracking efliciency between one of the decay daughter
tracks of the strange meson (K*, ¢, and A) from the radiative B signal and the kaon
from the B, — J/9 K~ was canceled, and the efficiency for the other daughter tracks
was (96 = 2)% categorized into class 1. In the case of A, — Ay, we can write as

€Core (A)
ecre(K)

However, A has a largely displaced vertex and there are similar uncertainty of the track-
ing efficiency as the ratio between the conversion electrons and J/¢ — ee. If there is
such a radius dependence, the class 1 tracking efficiency can differ from the (96 & 2)%.

= ecrc(m) = (96 =+ 2)%. (4.18)
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Figure 4.20: Integrated luminosity, instantaneous luminosity, and conversion
rate run by run for those runs in which there are at least 500 conversion candi-
dates.
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Figure 4.21: Scatter plots for the conversion rate in the various r region as a
function of the instantaneous luminosity.
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Figure 4.24: The J/v¢¥ — ee and conversion rate a run by run.
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Figure 4.25: The A and K candidates in the data.

We check this by using the A — pr and also the K% — 7, which also has a
displaced vertex, in the electron trigger data set. Figure 4.25 shows the pm and 77 mass
distribution for the A and K3 candidates reconstructed with CTC tracks after requiring
single track pr > 0.4 GeV/c, system pr > 2 GeV/c, common vertex fitting probability
> 0.1% and transverse decay length > 1 cm. Note that the production rate itself of
the low pr (~2 GeV/c) A and K depends on the instantaneous luminosity, because of
the contribution from other pp collisions in a single bunch crossing. Figure 4.26 shows
the impact parameter (top) and z (bottom) distribution of the neutral A and K3 track
around the trigger electron primary vertex. Two histograms correspond to the events
in the two track mass signal region and the side band region which are shown as arrows
in Figure 4.25. By subtracting the two histograms, we obtain real distributions which
are shown as points in Figure 4.26. The flat tail in the z distribution corresponds to the
contribution from the other pp collisions. After cutting on |2| < 5 ¢cm, we can assume
the A and K2 production rates do not depend on the instantaneous luminosity, and
then, we can do the similar checks as the conversion electrons.

Figure 4.27 shows the vertex radius distributions for the A and K3 candidates. The
same background subtraction as Figure 4.26 is applied. Because of the longer lifetime
for the A (~ 9 ¢m) than the K2 (~ 3 cm), the average decay length is longer for the A.
Figure 4.28 shows the obtained A and K7} rate run by run for those runs in which there
are at least 50 A and KJ. The ratio between the A and K3 is also shown. We see the
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Figure 4.26: Impact parameter and z distribution of the A candidates around
the trigger electron primary vertex.

A and K3 rates are decreased by ~ 30% in the end of Run I, but their ratio is stable.
Figure 4.29 shows the same plots as Figure 4.28 but shows the instantaneous luminosity
dependence. The ratio between the A and K2 shows no luminosity dependence.

Figures 4.30 and 4.31 show the run and luminosity dependence of the fraction of
the A — pr events with radius > 20 cm. Around 30% of the A’s have radius > 20 cm,
and we see no run and luminosity such dependence. This confirms we can use the single
track CTC efficiency of (96 2)% for the the ratio of the tracking efficiency between the
A and K3.

4.5.2 SVX Tracking Efficiencies

The SVX tracking efficiency is decomposed into the quality cut efficiency including
the layer hit efficiency and the x? cut efficiency, and the pattern recognition efficiency.
Both types of efficiencies are estimated by the detector simulation. This incorporates a
measured hit efficiency in CDF data, and the reconstruction is done in the same way as
data. All the tracks of B, — J/® K~ are reconstructed using the SVX tracks. For the
radiative decays, both of the conversion electrons are reconstructed with CTC tracks
and the hadron tracks are reconstructed with SVX tracks except the CTC-A; candidate.
Thus, the SVX tracking efficiencies for one of the hadron tracks from the radiative decays
except the CTC-A; and the for K track from B, — J/¥K~ are similar (class 2). The
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Figure 4.31: Instantaneous luminosity dependence of the A — pm events and
that with decay radius > 20 cm, and their ratio.

SVX tracking efficiencies for the rest of the tracks fall under class 1.

4.5.2.1 Check of the SVX Efliciency

We estimate the SVX efficiency by using the J/¢ — ee candidates, and compare with
that of the J/¢ K signal MC. We select the J/¢ — ee candidate with |Zpy x| < 30 cm,
where Zpyx is the closest vertex to the J/i¥ — ee vertex. If both of the CTC tracks
have SVX tracks with at least 3 hits, the J/¢ candidate is accepted as a SVX J/9
candidate. The efficiency is estimated by fitting the dielectron mass distribution to the
two Gaussian + polinomial. The efficiency as a function of the vertex z position is also
estimated. Then, the background is subtracted by using the M., side band events. We
also estimate the efficiency from the J/¢ K signal MC sample. Figure 4.32 shows the
result. The efficiency for J/¢¥K MC sample is (70 £ 1)%, and that for the J/y — ee

candidates is (67 + 2)%. The MC simulation is sufficiently good for estimating the SVX
efficiency.
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4.5.3 Vertex Fitting Efficiency
4.5.3.1 Overview

The vertex fitting efficiencies for each decay channel are decomposed as follows:

Gﬁt(K*”{) = evt:z:('Y) . Evtm(K*) . €p0int('}' - K*) ’ epoint(K*’y — PVX), (4.19)

ffi£(¢'7) = €yt ('Y) * €yt (¢) * €point (')’ - ¢’) ' epm’nt(ﬁbﬂl’ - PVX)) (4'20}

€5it(Ay: CTC) = €z (7) - €vta(A: CTC) - €poins (v = PVX) < point(A = PVX),  (4.21)

€rit(Ay: SVX) = €0tz (7) * €utz(A: SVX) - €goine (Y = PVX), (4.22)

efit(J/K) = € (J/9) - €0a (/YK - €poins(J /YK — PVX), (4.23)

where,
€viz (7Y) : conversion constraint fit,

vtz (X) : X common vertex constraint fit,

€point(X = Y) : X — Y pointing constraint fit.

The efficiency for the fitting CL > 0.1% cut is 99.9% by definition, however, we
do not understand the the error matrix of the track helix parameters very well, and
the efficiency can be different. It is known that the effect is significant for the largely
displaced tracks. Thus we need to check the conversion and A vertex fit.

Not only the tracking detector resolution, but also the multiple scattering, ionization
loss, and bremsstrahlung, contribute to the error matrix. In the vertex constraint fit,
we take account of the multiple scattering and ionization, but don’t take account of the
bremsstrahlung and it increases the fitting x?. Thus we should take need to check the
conversion and J/1 vertex fit efficiency.

4.5.3.2 Conversion Constraint Fitting Efficiency

As we discussed briefly in Section 4.2 and Appendix A, the error matrix of the CTC

‘track for the large radius conversion electron is underestimated and the fitting x2 of
the conversion constraint is overestimated. Thus the fitting CL cut efficiency (ey:(7))
which should be 1-CL by definition can have r dependence and differ from that for the
reference J/1 channel (ey,(J/1), where our MC does not simulate the effect.

Figure 4.33 shows radius distributions of the conversion vertex for three different
fitting CL regions, CL< 1073° (top), 1073° <CL< 103 (middle), and CL> 1073 (bot-
tom). There are clear excess in the radius ~ 25 cm, which corresponds to the CTC can,
in the middle plot. This shows clear evidence of the inefficiency for the CL cut, and
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Figure 4.33: Radius distributions of the conversion vertex for the different
fitting CL regions.

we check the inefficiency by using the conversion candidates themselves. We define the
signal regions, 22 cm < 7 < 30 cm, and the side band region, 16 cm < 7 < 20 ¢cm and
32 cm < 7 < 36 cm. We obtain the real CL distribution by subtracting the background
contribution for the CTC can conversion events by using the side band events of the
radius distribution

The top plot of Figure 4.34 shows the log,,(CL) distribution for the signal region
(solid histogram) and side band region (dashed histogram). Two histograms show good
agreement at the lower CL (<1072, and it ensures the background subtraction to be
working very well. After integrating the background-subtracted CL distribution, we
obtain the efficiency curve (bottom plot). The efficiency for the CL > 0.1% cut, which
should be 99.9% by definition, is estimated to be ~ 88%.

There are no significant excesses of the conversions in the middle plot of Figure 4.33
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Figure 4.34: Conversion constraint fitting CL distribution in the CTC can
radius signal region events (solid histogram) and side band events (dashed his-
togram), and the CL cut efficiency curve (bottom plot).

except the CTC can, however, by looking at the z distribution in the region of 12 <
r < 21 cm, we see clear excess at the z = 0 which corresponds to the SVX readout
cables (Figure 4.35). We apply the same background subtraction and the CL > 0.1%
cut efficiency is obtained to be ~ 95% in the bottom plot of Figure 4.36. In the SVX
radius, 3 < 7 < 11 c¢m, we find a clear excess at |z| = 28 cm which corresponds to the
SVX end plate (Figure 4.37) and the CL> 0.1% cut efficiency is obtained to be ~ 95%
(Figure 4.38).

Figures 4.39 and 4.40 show a summary of the estimation. We see clear r depen-
dence of the CL > 0.1% cut efficiency. By weighting the efficiency according to the r
distribution (Figure 4.33, we find the average efficiency to be 92%, where the MC sample
gives 97% (Figure 4.41). On the other hand Figure 4.42 shows the efficiency curve for
J/1 — ee which is obtained by subtracting the CL distribution for the background by
using the J/1 mass side band events. The CL > 0.1% cut efficiencies are estimated to
be 97% and 98% for data and background, respectively.

In summary, the MC overestimates the CL cut efficiency for conversions (ey, (7))
and J/¥ (€yz(J/¥)) by ~ 5% and ~ 1%, respectively. Thus the ratio (euz(7)/(€uz(J/%))
is overestimated ~ 4%. We, therefore, simply assign a 4% of the systematic uncertainty
in the conversion vertex fit.
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Figure 4.37: |z| of the conversion vertex distributions in the SVX radius for
the different fitting CL region.
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Figure 4.38: Conversion constraint fitting probability cut efficiency in the
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4.5.3.3 A Vertex Constraint Fitting Efficiency

The A vertex constraint fit CL cut efficiency ((ey(A))) can also have the same problem
as the conversions. We estimate the efficiency by using the same sample in data as
used for the tracking efficiency study (See Section 4.5.1.3). Figure 4.43 shows the CL
distribution for the K2 (top) and A (bottom) vertex constraint fit. Figure 4.44 shows
the obtained efficiency curves. Efficiencies for the sample with » > 20 cm are also shown
in the plot and it looks there is no r dependence. The efficiency the CL > 0.1% cut is
estimated to be ~ 97% and shows good agreement with that estimated from the MC
sample (~ 98%).

4.6 Summary of the Efficiency Estimation

The efficiencies for the radiative B signals are obtained in terms of the ratio between the

reference B, — J/{ K~ decay. Table 4.1 shows a summary of the efficiency estimation
for each of the decay modes.

The obtained efficiency ratios are 0.073, 0.085, and 0.059 for the By, B,, and
Ay radiative decays, respectively. For example, the ratio for By — —I?*Ofy is 0.064 x
(0.96/0.75) x 0.89, where 0.064 is the ratio of the efficiencies estimated by using MC
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Figure 4.43: The CL distribution for the K¢ (top) and A (bottom) vertex con-
straint fit in the strange meson mass signal and side band events (histograms).
The real distributions after background subtraction are shown as points.

calculation, 0.96 is the CTC pattern recognition efficiency, 0.75 is the J/v¥ — ee partner
electron quality cut efficiency, and 0.89 is the scale factor for the conversion probability.
The difference of the efficiencies between the radiative decays and B, — J/9K~ is
dominated by the conversion probability.

We define the sensitivity (9) to a particular decay mode by

__ (branching fraction)
" (number of events) ’

(4.24)

which can be rewritten with known quantities by using Equations (4.5)-(4.7), for exam-
ple of the B, channel,

. BB.o JYK") B/ —ee) [fie®) ]
S(Bg— K 74)= Nyjok B(-Rﬂo S K1) [fu (J/VE) ] (4.25)

It represents the branching fraction necessary to observed one event with our detector.
They are 4.5x107%, 9.7x1075, and 2.7x107* for By, B,, and A,, respectively. The
difference in the sensitivities between the decay modes is dominated by the difference in
the fragmentation fractions. The uncertainties in the estimation of the efficiencies and
the sensitivities are discussed in the next chapter. '
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Table 4.1: Ingredients for the calculation of the branching fractions of

By~ Ky, B, — ¢y, and Ay, — Ay decays according to Egs. (4.5)-(4.7).

—B—d e T{”O')’ ?g - (f)"}f 1\1;, -~ A'Y

CHAPTER 4. ESTIMATING THE EFFICIENCIES

Nops (events) 1 0 2

Nyg (events) 06+0.3 0.1+0.1 3.4+0.6
Njux (events) 28.0+5.8 35.0+6.4 240+£53
o/ fu 1 0.426 £0.076 0.236 + 0.082
B(E" - K-n*) 2/3 — —

B(¢ — KK~ — 0.491 £ 0.008 —

B(A — pr™) — — 0.639 + 0.005
B(B, = J/YK™) (0.99 £0.10) x 1073

B(J/¢ — ee) (6.02 £+ 0.19) x 1072

CTC tracking 0.960 + 0.020

J/v partner electron 0.749 + 0.028

A quality cut — — 0.721 £ 0.018
Xp(DATA)/ X7(MC) 0.889 + 0.052 0.954 £ 0.047
[esignar/ €arrc] 0.0644 0.0748 0.0666
fsignal/ €J/pK 0.0733 (0.0853 0.0588
Sensitivity 436 x 107 954x107% 280x107*
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Chapter 5

Systematic Uncertainties

One of the dominant systematic uncertainties of this analysis is due to the statistical
uncertainty of the J/¢¥ K measurement, which contributes 21%, 18%, and 22% for the
Bg, B,, and A, channels, respectively as shown in Table 4.1. The systematic uncertain-
ties due to size of the Monte Carlo sample are 4%, 3%, and 4% for By, B,, and A,
respectively. The systematics due to the branching fractions are dominated by that of
B(B, — J/9K~), and we assign 11% for all the decay modes.

5.1 Class 1 Systematics

The systematic uncertainties for the class 1 efficiencies are not canceled in the efficiency
ratios, and we explicitly estimate them. The conversion probability depends on the
material thickness of the CDF detector. We assign a 5% (5%) systematic uncertainty
originating from the transverse material thickness determination of 6.23 & 0.31% X,
(6.60+0.34% X,) for By — Ky and B, — ¢y (A, = Ay). We assign a 4% systematic
uncertainty for the quality cut efficiency for the partner electron of J/¢ — ee and a 1%
systematic uncertainty for the dE/dz cut efficiency for the A — pr. These two system-
atics are caused by the statistics of the data for the efficiency estimation. We assign a
2% systematic uncertainty for the CTC tracking efficiency for pr >400 MeV/c. This
uncertainty is caused by the instantaneous luminosity and electric charge dependence.

5.2 Class 2 Systematics

Most of the systematic uncertainties for the class 2 efficiencies are expected to be canceled
in the efficiency ratios. The remaining systematics are due to the differences between
the radiative and B, — J/¢¥K~ decays. We already discussed the Had/EM cut effi-
ciency for the trigger electron (Section 4.3.2.2) and conversion constraint cut efficiency
(Section 4.5.3.2), and assigned 5% and 4% uncertainties, respectively. Here we discuss
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116 CHAPTER 5. SYSTEMATIC UNCERTAINTIES

the uncertainties of the B-hadron pr distribution

5.2.1 B-Badron pr Distribution

The uncertainty of the B-hadron pr distribution originates from the uncertainties in the
b-quark pr distribution and the fragmentation model. Since the b-quark pr distribu-
tions are the same between the B-hadron species, the uncertainties are expected to be
correlated, thus greatly reduced in the efficiency ratios between the radiative B decays
and the B, — J/YK~ decays. We confirm this by using Monte Carlo samples with
different input parameters: m, = 4.5, 4.75, and 5.0 GeV/¢?; u = 0.5uq, 1o, and 2uq.
Individual efficiencies for the radiative and B,, — J/% K~ decays change by ~ 20%, but
the efliciency ratios are, as expected, stable within the uncertainties due to the finite
Monte Carlo sample sizes. As for the B-hadron py, we assume the same spectra for
the B, and By mesons, whereas the other B-hadron pr distributions are not necessarily
the same because of the effects from the hadronization processes. This effect is checked
by changing the Peterson parameter by one standard deviation away from the central
value: € = 0.006 % 0.002 [42].

Before doing that, however, we have checked a possible the correlation between
the efficiencies in our analysis and the fragmentation fractions taken from [40]. In that
analysis, the fragmentation fractions f,/f, and fs,/f. were obtained by measuring the
observed numbers of B, — e~ D,X and Ay — e"A.X decays, respectively, normalized
to the number of B,, — e~ D®X decays. For example, f,/f, is obtained from:

N.p, = fs » EeDs

e —

Is , 5.1
Nepo  fu €epo ()

where €.po and €.p, are detection efficiencies for the B, — e D°X and B, — e" D, X
channels, respectively. Then our measurement is actually described by

Nm NeDa E9?5"!/ €ely
o< X .
NJ/¢K Nepo €J/¢K/€€Do

(5.2)

While the individual efficiencies of the radiative decays, the B, — J/¥K ~ decays, and
the semileptonic decays changes by ~ 7% when the Peterson parameter is varied, the
efficiency ratios, €4,/ €.p,, €ry/ €er,» a0d €5/pK / €.po, are found to be stable within the
Monte Carlo statistical uncertainties. We thus consider that the systematic uncertainties
of the B-hadron pr distributions cancel. The quoted 18% (35%) total uncertainty of
the fo/fu (fa,/fu) value includes a 6% (6%) systematic uncertainty originating from
the Peterson parameter. By subtracting it, we reassign the resulting 17% (34%) to the
systematic uncertainty of fy/fu (fa,/fu)-
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5.3. CLASS 3 SYSTEMATICS 117

Table 5.1: Summary of the systematic uncertainties.

By Ky By—dy Ap— Ay

J/¢K statistics 21% 18% 22%
MC statistics 4% 3% 4%
Class 1 efficiency

Conversion probability 6% 6% 5%
J/1 partner electron 4% 4% 4%
A dE/dz — — 3%
CTC pattern recognition 2% 2% 2%
Class 2 efficiency

Had/EM 5% 5% 5%
Conversion vertex fit 4% 4% 4%
Input physics parameters

Fragmentation fractions 0% 17% 34%
Branching fractions 11% 11% 11%
Total 26% 29% 43%

5.3 Class 3 Systematics

The systematics uncertainties for the class 3 efficiencies are exactly canceled in the
efficiency ratios by definition.

5.4 Summary of the Systematics

Table 5.1 shows a summary of the systematic uncertainty estimation for each decay
modes. The total systematic uncertainty in measurering the branching fraction for the
radiative By, B,, and A, decays is estimated to be 25%, 27%, and 43%, respectively.
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Chapter 6

Limit

Since there are small backgrounds for the B, and B, radiative decays, we set upper
limits on the branching fractions without background subtraction.

We calculate an upper limit (N¢p) on the mean number of radiative decays at a
given CL, including the total systematic uncertainty (osyst), by numerically solving the
following equation for N¢y,:

Nobs

1- CL = Z PNGLaUsyst(n)’ : (61)

n=0
where Ngps is the number of candidates, and P,,(n) is defined with P,(n) (Poisson
distribution) and G, (z) (Gaussian distribution) as follows:

Proln) = ]0 ” Py(n)G, o (z)dz. (6.2)

Figure 6.1 shows the N¢p, as a function of the systematic uncertainty at the 90% (top)
and 95% (bottom) confidence levels.

For the A, case, we set an upper limit after subtracting the backgrounds by using
a toy Monte Carlo which generates the numbers of signal and background events in a
trial according to the probability distributions Pue, cue () and Pr,, e, (1), respectively,
where P, ,(n) is defined in Eq. (6.2), N¢y, is the upper limit on the number of decays for
a given CL, o4y is the systematic uncertainty on the signal yield, Ny, is the number of
backgrounds, with uncertainty ovg. The CL is given by the fraction of the trials which
has the total number of signal and background events exceeding the observed number
of events, but still has the fewer background events than the observed number of events.
Fibure 6.2 shows the CL as a function of the Ny for the Ay analysis: Ny = 2; 43%
systematic uncertainty; and Ny, = 3.4 &+ 0.6 events.

We obtain Nggy = 4.3, 2.6, and 4.5 and Ngsy, = 5.5, 3.5, and 6.8, for the By,
B, and A, decays, respectively. The upper limits on the branching fraction is written
by Brer = S X Ncp. Finally we get upper limits on the branching fractions for the
B, —» K%, B, > ¢y, and A, — Ay decays to be 1.9 x 1074, 2.5 x 10~%, and 1.3 x 103
at the 90% CL, and 2.4 x 107%, 3.4 x 1074, and 1.9 x 1072 at the 95% CL, respectively.
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Figure 6.1: Nggy, and Nggo, as a function of the systematic uncertainty.
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Chapter 7

Conclusions

We searched for B; — T('*O(—> K-n%)y, B, = ¢(— K*K™)y, Ay = A(— pr~)y, and
their charge conjugate decays, in 74 pb™! of data resulting from pp collisions at /s = 1.8
TeV recorded by CDF.

In this analysis, the photon was identified by an electron-positron pair produced
through the external photon conversion before the tracking detector volume. One of the
conversion electrons with Er > 8 GeV served as a trigger for event recording, where no
additional tracks coming from the strange hadron decays were required. There were two
merits for using the photon conversions: 1) the reconstructed B mass resolution with
the photon conversions is better those with the calorimeter photons; 2) the fitting with
the conversion constraint reduced the combinatorial backgrounds.

We optimized the selection cuts by maximizing the figure of merit defined by
€sig/ /Eog, Where €;g and ey were, respectively, the efficiency for the signal and back-
ground events. After all the selection cuts, there were 1, 0, and 2 events of the By, By,
and A, candidates with expected backgrounds of 0.6+0.3, 0.1£0.1, and 3.3+0.6 events.

Since we did not find significant excesses over background for all the radiative decay
modes, we set uppers limits on the branching fractions in the following chapters. We
inferred the branching fractions of radiative B decays by forming ratios with the known
branching fraction B(B, — J/9K~), where the J/ was reconstructed as J/¢ —
ee decays. The topology observed in this “reference” channel was similar to the one
resulting from the radiative decay. This way, any common factors canceled in the ratio

of branching fractions, for example, the b quark production cross section, and systematic
uncertainties were reduced.

We obtained upper limits on the branching fractions for the B; — —PT*O% B, — ¢v,
and Ay — Ay decays to be

BB, K" y) <1.9x 107
B(B, = ¢v) < 2.5 x 1074,
B(Ay = Ay) < 1.3 x 1078,
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at the 90% CL, and

B(Bs— K y) <24 %107,
B(B, = ¢7) < 3.4 x 107*,
B(Ay = Ay) < 1.9 x 1073,

at the 95% CL.

The limit on the B, channel is consistent with the measuerment by CLEO, B(B%* —
K*7y) = (4.557372 +0.34) x 1075, The limit of the B, channel is better than the results
of the DELPHI, B(B, — ¢v) < 7.0 x 107 at the 90% CL. The limit on the A, channel
is the first experimental result.
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| Appendix A

—_—
MC Material Calibration

A.1 Biases to Radius Distribution

If there is radius dependence for the conversion detection efficiency, we can not estimate
the correct value of the < X7 >, however some of the dependence can be canceled in
the ratio between the data and MC which we exactly want to know. At first we consider
the sources which can bias the radius distribution. We expect three types of such biases:

e A. Conversion partner electron

The E7 obtained by the calorimeter is contributed by three elements: (1) trigger
electron; (2) partner electron; (3) underlying particles. Thus the v conversions
with both the electrons to be in the same wedge have a higher efficiency for level 2
(E7 > 8 GeV) requirements than the +y conversions with the same momentum but
with two electrons in different wedges. The two conversion electrons are parallel
at the conversion vertex and the separation of the electrons after arriving the
calorimeter is just caused by the magnetic bending of the electrons. Thus the
fraction of the same wedge conversion is higher for the outer radius conversions.
That is, the radius distribution is biased by the partner electron, and the material
thickness is underestimated. However this is not a problem in comparing the MC
and the data because our MC includes the L2 trigger simulation.

¢ B. my partner photon

There is another type of bias which we expect to be different between the MC
and the data. Figure A.1 shows the trigger electron ps distributions with two
conversion electrons in the same or different wedges. The fraction of the same
wedge events is also shown. The MC conversions with pr < 6 GeV are dominated
by the same wedge events, while data conversions are not. Most of the conversions
in the data are originated from 7° p — v (presence of another v), and the Er
cut efficiency for conversions in the data is higher than that for the MC samples.
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Figure A.1: pr distribution for the trigger -y conversion candidates in the Run
1B data and MC.

Tt makes the efficiency higher for the different wedge events and biases the radius

distribution. Thus we require pp > 12 GeV/c, where the same wedge event fraction
is consistent between the MC and the data.

e C. Conversion constraint fit

The error matrix of the CTC track which obtained from the offline tracking code is
actually not understood very well, and it is tend to be underestimated it. Thus x?
of the vertexing fit such as the conversion constraint fit is usually overestimated.
To avoid the problem, we usually scale the track error matrix by a factor of 2.4. By
applying this correction, we obtained a reasonable x? distribution for the vertexing
fit around the primary vertex. However the error for the largely displaced track
from the primary vertex is still underestimated, and the fitting confidence level
cut (> 0.1%) efficiency depends on the radius of the conversion.

A.2 Counting the Conversion Rates

We first subtract the Dalitz decay background in the data by using the conversion
candidates with r < 0 (Figure A.2).

Figure A.3 shows the radius distribution of the conversion vertex for the data and
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Figure A.2: Dalitz event subtraction.

MC. A peak around r = 28 cm for the data corresponds to the CTC can. A peak around
r = 26 cm corresponds to the VTIX outer wall. We expect contributions of the SVX
cables between the VTX and the CTC, but there is no clear peak because of the R
resolution (~0.5 cm).

The radius distribution of the MC in Figure A.3 shows only one peak around r =
25 cm, because the MC simulates the photon conversion in the CTC can (1.4% Xj), the
SVX cable (0.208% Xo), and the VTX outer wall (1.81% Xj) at a common radius (R =
25 cm), and there is no way to distinguish them. Thus we estimate the total material
thickness for the MC by scaling the conversions in the peak (X7 = 3.418% X,).

We estimate the “real” r distribution of the CTC can conversions by subtracting
the SVX cable contribution. We use ¢ of the conversion vertex. Figure A.4 shows the ¢
distributions for three different R ranges: (1) 27.8 < R « 28.7 em (CTC can); (2) 26.8
< R < 27.8 cm (SVX cable); (3) 24.5 < R < 26.8 cm (VTX outer wall ). Figure A.5
is the same as (2) and we see clear peaks caused by the SVX cable. We define the
SVX cable region (C) as shown by the dashed lines in the plot, —136° < ¢ < —134°,
—132° < ¢ < —120°, —46° < ¢ < —44°, —42° < ¢ < —30°, 46° < ¢ < 58°, and
137° < ¢ < 149°, where the sum of the SVX cable region corresponds 52° in ¢.

Figure A.6 shows the r distribution for the SVX cable region, C, (top-left histogram)
and for the outside of the region, C, (top-right histogram). The “real” r distribution
of the SVX cable can be obtained by subtracting the remaining CTC and VTX con-
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Figure A.3: Distribution of the conversion vertex radius.
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Figure A.5: ¢ distribution of the conversion vertex around SVX cable.

tributions which are assumed to be the same as that for the outside of the SVX cable

region,

52 —
360 — 53 < r(C) (A1)

r(SVX cable) = r(C) —

The obtained real SVX cable r distribution is shown in Figure A.6 (top points). Then we
obtain the real CTC can r distribution by subtracting the real SVX cable r distribution
from that outside of the SVX cable region

r(CTC can) = 7(C) — r(SVXcable). (A.2)
The bottom plot of Figure A.6 shows the result and the number of events in this

peak is obtained by fitting the distribution to a Gaussian. Efficiency for the SVX cable
removal (C) is estimated by using the CTC can region events.

A.3 Results

Finally we obtain the N(CTC) and the material thickness is calculated to be Xr(All) =
(6.30 + 0.31)% Xo, where the uncertainty is quadratic sum of the statistics and the
systematic uncertainty caused by the error of the CTC can thickness estimation ((1.26

0.06)% Xo).
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Figure A.8: Distribution of the conversion vertex radius around the CTC can
for the SVX cable region (top-left histogram), for the outside the SVX cable
region (top-right histogram). The “real” R distributions for the SVX cable (top
points) and CTC can (bottom) are also shown.
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For the MC samples, we just fit the R distribution without any background subtrac-
tion, and obtain X7(r < 30 cm) = (6.53 + 0.10)% X,. The MC has thicker materials
than the data by 4%, but they are consistent within the uncertainty.

We do the same analysis for the conversion + 2 SVX sample, and obtain X7(R < 30 cm) =
(6.69 £ 0.37)% X, for the data and Xr(R < 30 em) = (7.46 + 0.19)% X, for the MC
sample. The MC has thicker materials than the data by 12% (20).

A.4 Vertex x* Cut Dependence

As we discussed before, the conversion vertex r distribution of the data dependeds on
the vertex fitting x? probability cut. Since the MC smears the track parameter by using
the error matrix itself, the MC does not show this tendency. Anyway what we want
to know is the material thickness without the x2 probability cut. Thus we estimate
the material thickness with different x? probability cuts and extrapolate the points to
zero. Figure A.7 and A.8 show the results for the conversion sample and the conversion
+ 2 SVX sample, respectively. The points are well fitted to a function of constant -+
v/xZ prob.. Table A.1 summarizes the results.

Teble A.1: Results for material thickness estimation,

Data (%.Xo) MC (%X,) Data/MC
Conversion 6.23+£0.07£0.30 6.53£0.07 0.954 =+ 0.015 % 0.045
Conversion + 2 SVX | 6.60 £ 0.15+0.30 7.43+0.15 0.889 % 0.027 + 0.045

We obtain the inner detector material thickness scale factors X7(DATA)/ Xr(MC)
to be 0.889 £ 0.027,,¢+ 0.045,,, and 0.954 + 0.0155¢% 0.045,y, with and without the
SVX fiducial requirement, respectively.

Ry
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Figure A.7: Material thickness without the SVX fiducial requirement for the
data (black circles) and MC (open circles).
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Figure A.8: Material thickness with the SVX fiducial requirement for the data
{black circles) and MC (open circles).
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