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ABSTRACT

Flavor-changing neutral current transitions are forbidden at tree level in the
Standard Model and can only occur via higher order diagrams. Since the amplitudes
for such loops are dominated by the heaviest known particles, and non-SM effects
are expected to contribute at the same order as the SM, such processes are an ideal
place to look for new physics.

We present a measurement of the inclusive branching fraction for the flavor-
changing neutral current process B — X,¢*/¢~ with a sample of 81.9 fb™", collected
with the BABAR detector at the Stanford Linear Accelerator Center. The final state
is reconstructed from ete~ or putpu~ pairs and a hadronic system consisting of one
K* or K, and up to two pions, with at most one 7°. We observe a signal of

40 £ 10(stat) £2(syst) events and extract a branching fraction B (B — X, ¢7¢7) =

(5.6 & 1.5(stat)£0.6(exp. syst)£1.1(model syst))x 107 for my; > 0.2 GeV.
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CHAPTER 1

Theory

1.1 Introduction

The Standard Model (SM) combines the Electroweak theory of Weinberg [4]
and Salam [5] with the theory of strong interactions — Quantum Chromodynamics
(QCD)- to produce the contemporary theory of elementary particles. The model is
based on relativistic quantum field theory, where the Lagrangian formalism is the
natural choice, since Lorentz invariance is built in by construction. The Lagrangian
function L is a real, relativistically invariant function depending on the fields and

their first derivatives
L(thi(z), 0uthi(z)). (1.1)

In general, £ contains kinetic terms for each field. In addition, it may contain
interaction terms — products of the interacting fields multiplied by a coupling con-
stant, which specifies the strength of the interaction. Mass terms are also possible
and are quadratic with respect to the massive field. A field’s kinetic term depends
on 0,;(x), the exact form being constrained by the requirement of Lorentz invari-
ance and the field’s transformation properties under the Lorentz group. Thus, a

scalar field representing a spin-0 particle is a singlet under the Lorentz group and



the kinetic term T for such a field is

T = (0"9()) (0o (x))- (1.2)

A spinor representing a spin 1/2 particle, transforms as

V(&) = explicuo™)u() (1.3
where
o = L1yt ), (1.4
resulting in a kinetic term
T = §(@)0ub(e), with ¥(z) = v (). (1.5

A spin-1 particle field A, transforms as a Lorentz vector and the kinetic term is

introduced via the field strength tensor F'

1

T =
4

F,F"™, F,, =08,A, —0,A,. (1.6)

In the Standard Model, force mediators appear in the form of spin-1 fields, referred
to as gauge fields, which arise when local gauge invariance is imposed on the La-
grangian. Under local transformations represented by a group G of dimension N,

the matter fields transform as
Y(x) = Unp(z), with U(z) = e teel@T* (1.7)

where T, form an N x N representation of the group generators and «,(z) are
arbitrary real functions. The requirement of local gauge invariance dictates that

all field derivatives in £ must enter as

D,b(2) = 8u0b(2) + ig T W (@) (), (1.8)



where g is a coupling constant and W* are a set of N Lorentz vectors - the gauge

fields. The gauge invariant Lagrangian will thus be of the form
,C(wz, (Bu -+ ng“Wﬁ)l[J,) (19)

and will contain interaction terms between the gauge and the matter fields. The

derivative defined in Eq.(1.8) must be covariant under the group transformations
Dy = UDyy, (1.10)
which imposes the following infinitesimal transformation rule for the gauge fields:
k m 1
5WN = ClmkW“ al(a:) + gauak(x), (1.11)
where ¢, are the group’s structure constants

The gauge invariant kinetic term associated with the gauge fields W is then

1.
Lo =~ Fi,F, (1.13)
where F' is the field strength tensor
F;zu = aNWlf — aVW;Z + nglelfWIL (114)

which transforms under the adjoint representation of G
6F/zu = cjklakFliU. (115)

It follows from Eqs.(1.13 and 1.14), that in a non-Abelian case (c¢;i # 0), the gauge
fields will be self-coupled. A mass term in the form W,W*, however, cannot be

introduced since, according to Eq.(1.11), it would not be gauge invariant.



In the Standard Model, particle masses are generated through the Higgs Mech-
anism (spontaneous symmetry breaking in a gauge theory). To employ this mecha-
nism, a number of scalar fields with degenerate ground state are introduced in the
Lagrangian, all ground states being related by gauge transformations. The cou-
pling between the gauge bosons and the scalar fields is ensured by the local gauge
invariance requirement, through the covariant derivative. The choice of a particular
ground state is arbitrary due to the gauge symmetry, however the symmetry is then
broken as that state is not invariant under G. The state may be invariant under
a sub-group of G - G’ of dimension N’ the difference N-N’indicating the number
of broken generators. The physical fields corresponding to interaction mediators
are obtained through an appropriate unitary transformation of the initial gauge
fields. The ones multiplied by a G’ generator in the Lagrangian remain massless,
the other N-N’ acquire mass. Expansion of the scalar fields around the chosen
ground state, gives rise to N-N’ massless scalar fields - Goldstone bosons, which
are eliminated through an appropriate gauge choice, effectively transferring their
degree of freedom to a longitudinal component of the now massive vector bosons.
The remaining scalar fields appear as massive Higgs bosons. In Nature, there are
9 unbroken symmetry generators - those associated with electric charge and the
strong interaction colors. Hence there are 9 massless mediators, the photon and

the 8 strong interaction carriers, the gluons.

1.2 Model Construction

When building a Lagrangian for a physical interaction the choice of a gauge
symmetry group is motivated by the number of force mediators [6]. For the elec-

tromagnetic interaction there is one carrier - the photon and correspondingly a



group with one generator U(1). The weak interaction is conveyed by three vec-
tor bosons, W= and Z°, and the simplest group with three generators is SU(2).
The eight gluon carriers of the strong interaction are represented by SU(3). The
matter fields in the Lagrangian represent the fundamental constituents - quarks
and leptons to which at least 4 scalar fields have to be added to invoke the Higgs
mechanism, since three of the carriers — the weak interaction bosons — are massive.
The transformation properties of the matter fields under the chosen gauge group
determine their coupling to the gauge bosons. The simplest way to obtain the
observed weak-interaction coupling structure is to arrange the leptons and quarks
in left-handed SU(2) doublets and right-handed SU(2) singlets, and the 4 scalar
fields in a complex SU(2) doublet. Quark and lepton masses are generated by in-
troducing Yukawa terms to the Lagrangian, through which quarks and leptons are
coupled to the scalars in a gauge invariant manner. It is regarded that the U(1) and
SU (2) transformations are generated by weak hypercharge Yy and weak isospin Iy,
related to the electric charge @), the only unbroken U(1) x SU(2) generator, by the

Gell-Mann - Nishijima relation Eq.(1.16)

The electroweak interaction properties of the matter fields are summarized in Table
1.

As far as the strong interaction is concerned the quarks are arranged in an SU(3)
triplet, the transformations being generated by the quark color. As colorless, all
other particles are represented by SU(3) singlets.

The overall gauge group is thus U(1)ueat nypercharge X SU(2Dueak isaspinX SU(3)eator
which we refer to as U(1)y x SU(2); X SU(3)¢ in the following. It undergoes spon-

taneous breaking to U(1)e;. charge X SU(3)¢, resulting in one massless gauge boson,



Table 1: Electroweak properties of the fundamental matter constituents.

Particle Yw Ly Q
¢y (), o, 1 (L) (9)
€r UR TR -2 0 -1
@ @ G 13 () ()
Ug Cr R 4/3 0 2/3
dR SR bR —2/3 0 -1/3

(%) (R ®

the photon A,, three massive ones, the le , W, and Zﬁ bosons, and a massive
scalar field, the Higgs field. The initial SU(3) gauge symmetry remains unbro-
ken and its gauge bosons unrelated to the electroweak carriers, keeping Quantum
Chromodynamics a separate theory.

The initial gauge-invariant electro-weak Lagrangian is
Lew = Lscatar + Lgauge + Lmatter + Ly L + Ly - (1.17)
The scalar part is
Licatar = (D"9)'(Dy¢) = V(¢'9), (1.18)
where D, is the U(1)y x SU(2); covariant derivative
D,=0,+ %YWBN + %g? W, (1.19)

The 2-dimensional SU(2) generators are the Pauli matrices 7, ¢’ and g are the
U(1)y and SU(2); coupling constants, respectively, B, and VI_/,I are the U(1)y and

SU(2); gauge bosons, and ¢ is the Higgs complex doublet

N
¢ = ZO : (1.20)



The potential in Eq.(1.18) is

V(¢'¢) = 1i*(¢'9) + Mg'9)? (1.21)

with A > 0 and p2 < 0 so that there is a degenerate vacuum state with expectation

value v = \/_T“z. Choosing a vacuum state of the scalar field

Po = ’ (1.22)
v/V?2

breaks both U(1)y and SU(2); symmetries, but preserves an invariance under the

U(1)q generated by the electric charge operator
"%y = ¢y, (1.23)

since
Qév =1 (r+Y) o = 0. (1.24)

Expanding ¢ about the minimum of the potential gives

¢ = exp <i< : T) - I—(;) v : (1.25)

where ( are the Goldstone boson fields and H is the Higgs scalar field. The expo-

nential factor can be eliminated with a gauge transformation leaving

0
¢ = i (1.26)
(v+H)/V2
The kinetic term for the gauge fields is
1 l luv 1 j1i%
*Cgauge = _ZFIWF - Zf/u/f (127)

and the field strength tensors are
F,iu = auWIf - 8,,Wli + gﬁjle,ZWf (1.28)
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for the SU(2) gauge fields and
Juw = 0uB, — 0, B, (1.29)
for the U(1)y gauge field. The matter term is
Lonatter = Riy" (0, + %BHYW)R + Liv*D, L, (1.30)
where L denotes a left-handed SU(2); doublet
L=Qi, LiL (1.31)

and R denotes a right-handed SU(2); singlet

R = Usp, Dir, Lin, (1.32)
with
Qir = (P, (e ()i (1.33)
Lir = (), (), (7 ) (1.34)
Uir = ug, Cr, tr, (1.35)
D;r = dg, sg, bg, (1.36)
L;r = eg, Ur, TR, (1.37)

vg terms are missing since neutrinos are treated as massless. The interaction part

of L,atter can be summarized in
EINT = g'JgBM + gjﬂ . Wﬂ? (138)

where the currents are

1 1.



and
1-
It == IynL. (1.40)
The physical fields Wi, W, Z# and A* corresponding to W, W™, Z and the pho-

ton are linear combinations of the initial gauge fields

AF = sin Oy WL + cos Oy B*,
Z" = cos Oy W§ — sin Oy BH,
1

Wi = E(Wlu:':iWQH)a (1.41)

where Oy is the weak mizing angle. In terms of them the interactions are

EINT - %[JBW;H- + J-I;WM—]
+ [(gcosbw + ¢'sin by )J5 — ¢'sin Ow Jbm) 2,

+ [g' cosOw JE, + (g’ cos by — gsin by ) J5]A,, (1.42)

where the charged current and the electromagnetic current are defined as

JE = 2 (J{L + ZJ;) = 2DiL7uUiLa (1.44)
1 |- 1+Yw 0 _
Ty = T+ T =g | Iy L+ Ry"YwR
0 —1+Yy
= —Qf"f, (1.45)

where U, = (u,c¢,t, Ve, vy, v;), Di, = (d,s,b,e,p,7), Q@ = I3+ Y /2 and f is a
fermion field. In order to identify the last term in Eq.(1.42) with the electromag-

netic interaction

LiNr = eJm Ay, (1.46)

we must impose the relation e = ¢’ cos 0y = g sin Oy, where e is the electron charge.



Thus the interaction Lagrangian takes the form

e

24/2sin Oy
e

(WETue + WE )

EINT

Zm] AT o 1.47
2cos Oy sin Oy, Ne + eATy (1.47)

where the weak neutral current is defined as

Jhe = 2(J4 —sin? Oy JE ) = —Ly* L+ 2sin? 0w Q fy"  f
0 —1

= fy*(2Qsin® Oy — I3 + I37°) f. (1.48)

The mass Lagrangian for the gauge bosons results from the covariant derivatives
in Lgsearar, Where after substituting the physical gauge fields and the expression

Eq.(1.26) for ¢, one gets

My+ = gv/2,

Mz = My+/cosby. (1.49)
The scalar Lagrangian also contains a mass term for the Higgs field
my =/ —2u? (1.50)

and interaction terms with the gauge bosons.

The lepton fields acquire mass through the Yukawa term
Ly = —Gi(Lir¢Lir + Lird' Liz), (1.51)

where G; are unknown coupling constants. After substituting Eq.(1.26) Ly, be-

comes

U+H_ —GZ’U— —Gi

Lyr, = —Gi(lirlir, + lirlir) 2 R tili — NG

0t H, (1.52)
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where /; is e, 1 or 7 and the leptons have acquired mass m; = G;v/v/2. The Yukawa

term for the quarks is

Lyq = —G};QiLdUjr — G;QiLdDjg + h.c., (1.53)
where
_ ¢’
b = imd* = . (1.54)
— ¢

Local gauge invariance does not require the matrices G?j/ 0 be diagonal. In fact,
to obtain the observed quark mixing they cannot be. Therefore, after the symmetry

breaking, non diagonal mass matrices arise

e — Y
ij \/5

To determine the quark mass eigenstates, the mass matrices must be diagonalized

u/d
Gy (1.55)

(U MU = M, (1.56)
where U%/% and U%/* are unitary matrices linked to the basis change
UL/R UL/R dr/r dr/r
cor | P Ur | cyr |0 | spr | ULk SL/R |- (1.57)
tr/r tr/r br/r br/r
Since M%/¢ are hermitian by construction, U%? = U%“. It is worth noting that

Jhe (1.48) and J#  (1.45) are flavor diagonal in both the weak and the mass basis.
This is the essence of the GIM mechanism and implies absence of flavor-changing
neutral current (FCNC) transitions at the tree level. Thus the neutral currents are
not affected by the basis change. However, for the hadronic charged currents this
leads to
dr
T4 gap = 2(r, e, )y (UD'UL | s, | (1.58)

b
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urL
JY gap = 2(dp, 51,00)(UD)TUIY* | ¢ |- (1.59)

tr,

The unitary matrix

Verm = (U)TUY (1.60)

is known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [7] [8]. Because of
the unitarity and the 5 arbitrary phases between the six quarks, there are only
four independent parameters in the CKM matrix. They account for 4 of the 18
Standard Model parameters to be determined by experiment, the other 14 being
the 9 fermion masses, 3 coupling constants, the Higgs mass and Higgs vacuum
expectation value. A convenient representation, in which the matrix elements are

expressed as a power series of a small parameter )\, was introduced by Wolfenstein

(1.61).
Vokm = | Vea Vs Vo | = —\ 1-2  Ax +O(XY).
Vie Vis Vi AN (1 —p—in) —AN 1

(1.61)
So far |V,4| and |V,s| have been determined precisely in nuclear beta decay and
K — wly, respectively and |V,| has been determined from semileptonic B decays.
These give values for the parameters A = 0.22 and A = 0.84 accurate to about 1%.

The other two parameters however, are still poorly determined.

12



1.3 Search for New Physics

1.3.1 CP violation

In addition to the continuous transformations of the Poincare group, there are
three independent discrete transformations which preserve the space-time interval
t2 — 22 These are the Charge conjugation, the Parity and the Time reversal.
The charge conjugation operator C' transforms a particle into its anti-particle, the
parity operator P flips the sign of the space components in a 4-vector and the time
reversal operator T' changes the 4-vector’s time component sign. All three together
(i.e. CPT) represent a fundamental symmetry of Nature. However, they are indi-
vidually violated in the weak interactions. Parity and Charge conjugation violation
were discovered by Wu et al. [9] and Goldhaber et al. [10], respectively, and are
accommodated in the SM with the choice of gauge transformation properties of the
left and right-handed matter fields. This results in the charged currents having the
form fry*fr = 1/2fv*(1 —~°)f, which has a vector - axial vector (V-A) structure.
CP (and therefore T) violation was first observed in the K system by Christenson
et al. [11] and recently confirmed by the BABAR and BELLE collaborations in
the B system [12] and [13]. The phenomenon is built in the model through the
presence of a non-zero complex phase in the CKM matrix as the weak Hamilto-
nian then does not commute with the operator T. In 1967 Sakharov suggested that
CPV is necessary to generate the matter-antimatter asymmetry in the Universe
[14]. However, despite the huge success of the Standard Model in recent years, this
sole source of CP violation in the theory is not enough to explain the amount of
the observed asymmetry.

The phase information in the CKM matrix can be displayed using the so-called

13
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Figure 1: The unitarity triangle.

unitarity triangle (Fig. 1), which follows from the orthogonality of the first and
third columns

VudVy + VeaVp + ViaViy, = 0, (1.62)

rescaled by |V.qV;| = AN = A|V| . The non-zero imaginary component 7 in V,;
and V4 see Eq.(1.61) results in a non-zero area of the triangle. The angles o, § and
~ can be measured via CP violation in B meson decays. The sides of the triangle
can also be measured independently. Any deviation from o+ 4+ v = 7 or any
inconsistency with the independently measured sides would indicate physics beyond
the Standard Model. Another place to look for new physics are rare decays which
could provide complementary information to the CP asymmetry measurements and

thus help identifying the source of any new physics.

1.3.2 New Physics in Rare B Decays

Although FCNC transitions are forbidden at tree level in the Standard Model,
due to the different masses of the same-charge quarks, such processes can occur via

one-loop diagrams (see Fig.2), albeit at a very low rate [15][16][17][18]. Due to the
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Figure 2: Penguin and Bor Feynman diagrams for the transition b — sf+¢~
are shown on the left and right, respectively.

combinations of CKM matrix elements involved, such loops are quite sensitive to
new physics. One-loop processes are possible in ¢ and ¢ decays, but these particles
have the CKM-favored decays ¢ — s and t — b accessible to them. On the other
hand since the s and b quarks have no kinematically-allowed CKM-favored decay,
the relative importance of the loop decays is greater. Both s and b loop decay
amplitudes are dominated by ¢ exchange due to its much higher mass with respect
to u and c¢. Since the heaviest known particles (¢, W, Z) dominate the amplitudes,
rates for these processes are very sensitive to non-SM extensions with for example,
heavy charged Higgs or supersymmetric particles. This makes the FCNC processes
the most sensitive low energy probes for such extensions to the Standard Model.
Searching for new physics in b rather than s decays has some definite advantages,
however. Since the s quark mass is relatively small, s — d loop diagrams are
typically dominated by large non-perturbative effects. In the case of b — s(d), due
to |Vip| being close to unity, the loop decays are less suppressed.

At very short distance (high energy) scales O(Mw, z;), quark decays are repre-
sented by Feynman diagrams (Fig. 2) with W, Z and quark propagators. A picture
of a decaying hadron with a mass on the order of O(M,. ) can be described by a
set of effective point-like vertices (Fig. 3), represented by local operators ;. The

coupling constants associated with those operators are known as the Wilson coef-
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Figure 3: Effective “penguin” and “box” vertices in terms of basic vertices.

ficients C;. The effective Hamiltonian describing weak hadron decays can thus be

written in the form
Gr ,
Hepp = —= Z VérmCi(p)Qi(p), (1.63)
V24
where G is the Fermi constant, y is a separation energy scale and (); are the

relevant local operators which govern the decays in question. The factors Voga

and the Wilson coefficients C; describe the strength with which a given operator
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enters the Hamiltonian. In the case of beta decay, H.yy is

G
HYyp = 7; €08 B[ty (1 — v5)d ey (1 — 5)vel, (1.64)

which corresponds to the Fermi theory of point-like 4-fermion interactions to which
the known u-d mixing has been incorporated via the Cabibbo angle 6.. In this
particular case the Wilson coefficient is equal to unity and the local operator is
given by a product of two currents.

Thus, to obtain an effective low energy theory relevant for scales O(u ~ M, ~
5GeV), the heavy degrees of freedom — W, Z° and ¢t — must be integrated out,
after which they do not appear explicitly in the theory, but their effects are hid-
den in the Wilson coefficients. The Wilson coefficients C;(u) represent the short
distance(energy scale higher than u) electroweak interactions and the perturba-
tive (due to asymptotic freedom) strong interactions. To calculate them, they are
first obtained at high scale by evaluating the Feynman diagrams with full W, Z,
t and new particle exchanges and include short-distance QCD effects. They are
then evolved to a low-energy scale using renormalization group equations. This

evolution mixes the operators

Ci() = _ Uij(p, M) Cj(Myy). (1.65)

J

The renormalization guarantees that the y dependence of C; is canceled by the pu
dependence of ();. Since extensions of the Standard Model contribute additional
diagrams at the high-energy scale, they modify the values of the Wilson coeffi-
cients in the effective low-energy theory. The operator elements < X |Q;(u)|B >
summarize the long-distance (energy scale lower than p) non-perturbative strong
interactions (here |B > represents the B meson and |X > the final state it de-
cays into). Unlike the Wilson coefficients, the operator elements cannot be ob-

tained perturbatively due to the confining nature of strong interactions at large
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distances. Non-perturbative methods such as lattice calculations, QC'D sum rules,
Heavy Quark Effective Theory(HQET) and so on are used in this case, but they all
have limitations. Consequently the dominant theoretical uncertainties in the decay
amplitudes reside in the matrix elements < Q;(p) >. However, when | X > rep-
resents an inclusive final state, to leading order < X;|Q;|B >~< s|Q;|b >, where
< $|Q;]b > is an operator element for free quarks which can be calculated pertur-
batively if no resonant intermediate states are involved. The first nonperturbative
corrections are of second order O(1/M?), and are small, thanks to the large b quark
mass.

The subject of my study is the inclusive decay B — X, £7¢, for which the

effective Hamiltonian reads [1]

4GF 10
Hepp = —WV}:V% > Ci() Qi) (1.66)
i—1
The first six coefficients C;(p), ¢ = 1, . . . , 6, determine the non-leptonic B-decay

rates and the B-hadron lifetimes. Since data on B decays and the results obtained
in the SM from Eq.(1.66), including QCD effects, are in good agreement with each
other (20%), there is not much room left for the first six coefficients involving the
four-quark operators to deviate from their SM values. The coefficients of interest
are C7(u), ...,Cro(p), since they are generated at scale up = My, by electroweak loops
(penguins and boxes). Once extracted from experiment, these can be compared to
the theoretical predictions. If there is a deviation from the SM values, new models
accounting for the discrepancy can be looked for. If no deviation is observed, the
results can be used to set bounds on new physics. In order to measure the values

of these coefficients, several observables can be used [19]:

e Invariant dilepton mass distributions dB(B — X, £7£7)/ds, where
5= Mig’ s = (pé"‘ +p€_)25
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e Forward-backward (FB) charge asymmetry A(S) in B — X, £7¢~, defined
with respect to the angular variable z = cos, where 6 is the angle of the
¢+ with respect to the b-quark direction in the center-of-mass system of the

dilepton pair.

These quantities can be expressed in terms of the Wilson coefficients

dB(B — X, 0+0")

d§ = K= sP{(C5" () + [Cuo(w) )1 +25)

HO )52 +3) +12 Re (C(0) 5! ()}, (1.6)

A() = =S K(1 = 32Cra G5 (1)5 + 40 (1)}, (1.68)

where K is a constant and C5/Y (1) = Co(1) + f(C1(p), ..., Cs(1), 8). Figures 4 and
5 show dilepton invariant mass and FB asymmetry distributions for several SM
extensions as well as the SM predictions.

Recent calculations of the branching fractions are provided in Table 2. In the
electron channel, the branching fraction is predicted to be B(B — X ete™) =

(4.2 4 0.7) x 1078, for m(eTe™) > 0.2 GeV.

Table 2: Branching fraction predictions from Ali et al. [1]

Decay Branching fraction

B — Kete™  (0.354+0.12) x 1079
B — K*ete~  (1.5840.49) x 1075
B — X,efe  (6.894+1.01) x 107°
B — Kutp~  (0.35+0.12) x 107°
B — K*utp~ (1.19+0.39) x 1076
B — X, utp~ (4.15£0.70) x 10°¢

19



dB(B —> K* u* w)/ds * 107 [GeV-2]

Figure 4: The dilepton invariant mass distribution in B — K*utu~ decays
[3]. The solid line represents the SM and the shaded area depicts the
form factor-related uncertainties. The dotted line corresponds to the
SUGRA model with R; = —1.2, Ry = 1.03 and R1o = 1. The long-
short dashed lines correspond to an allowed point in the parameter
space of the MIA-SUSY model, given by R; = —0.83, Ry = 0.92 and
Ry = 1.61. The corresponding pure SD spectra are shown in the
lower part of the plot.
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CHAPTER 2

The BABAR experiment

The goal of the BABAR [20] experiment is to study B meson decays produced
by the PEP-IT asymmetric electron-positron collider at the Stanford Linear Accel-

erator Center (SLAC). Although the detector design was prompted by the primary

Positron Relum Line Positron Soairce
E-JUN
-
200 Ma'V e
LT
South Damping Ring
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Figure 7: The SLAC Linear Collider, PEP-II and BABAR.

purpose of the experiment — the measurement of CP violation in the B system — it

is versatile enough to make a wide range of B physics studies possible.
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2.1 The PEP-II B Factory

The PEP-II B Factory is designed to operate at a luminosity of 3 x 103 ¢cm=2?s™!

and above. It consists of two storage rings for the 9.0 GeV electrons and 3.1 GeV
positrons located one on top of the other. The electrons go clockwise around the
old lower ring, while the positrons go anticlockwise around the newly built upper
ring. Being less energetic, the positron beam is diverted into the interaction region.

The beam energies are selected to produce the 7°(4S) resonance with a boost of

PEP-II
Rings ™

Positrons

v
Low Energy Ring

-

BaBAr Detector e

" Electrons

Figure 8: PEP-II

B~ = 0.56. This resonance decays exclusively to B® B® and B* B~ pairs and thus
provides an ideal laboratory for the study of B mesons. The boost makes it possible
to reconstruct the decay vertices of the two B mesons, determine their relative decay
times, and thus measure the time dependence of their decay rates. Until recently
PEP-II operated on a 40-50 minute cycle with the beams being replenished at
the end of each fill. Due to higher backgrounds during injection data taking was

halted and some detector components switched off. Since March 2004 a new trickle
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injection method was implemented. With it, new bunches are injected continuously
at a rate of up to 10 per second. The average bb production rate is thus increased
by up to 50%. BABAR divides the data into runs, defined as periods of three hour
duration or less during which beam and detector conditions are judged to be stable.
While most of the data are recorded at the peak of the 7°(4S) resonance, about
12% are taken at a center of mass (c.m.) energy 40 MeV lower to allow for studies
of non-resonant (continuum) background. This background is due to light quark
(udsc) production the cross section for which, at the resonance, is about three times
larger than the one for 7°(4S5) (1.05 nb).

The BABAR coordinate system is right-handed with the z-axis coinciding with
the detector principle axis and the positive direction along the electron beam. This
axis is offset relative to the beam axis by about 20 mrad in the horizontal plane.
The positive y-axis points upward and the positive x-axis points away from the
center of the storage rings.

Several beam parameters are crucial for BABAR physics analyses. The mean
beam energies are determined from the total magnetic bending strength. They
enter in the calculation of AE = Ej — Ej,,,, and the energy-substituted mass
mys = \/Ei2,, — P2, where E} and p}; are the energy and 3-momentum of the
reconstructed B candidate and the x indicates that these quantities are measured
in the c.m. frame. These two kinematic variables are largely uncorrelated and
are widely used to separate signal from background in analyses involving exclusive
B-meson decays. The use of Ejpe,, rather than Eg in the calculation of mgg results
in better resolution. The absolute luminosity is derived from ete™ — e'Te™ and
ete™ — ptpu~ processes. The position of the luminous region is important for
decay-time-dependent analyses. In the transverse plane it is determined from the

distribution of the distance of closest approach to the z-axis of tracks in well mea-

24



sured two-track events as a function of the azimuth ¢. The longitudinal position is

derived from the longitudinal vertex distribution of the two tracks.

2.2 The BABAR Detector

The BABAR detector was built by a large international collaboration of sci-
entists. A longitudinal section through the detector center and an end view are
shown on Figures 9 and 10, respectively. Because of the non-zero boost and in
order to maximize acceptance, it is mounted asymmetrically with respect to the
interaction point (IP). The detector incorporates five sub-systems, each providing
complementary information. The charged particle tracking is done with a silicon
vertex tracker (SVT) and a drift chamber (DCH). The SVT measures positions
and angles of charged particles near the IP, while the main purpose of the DCH
is momentum measurement of charged particles and providing additional particle
identification information via dE/dz. The third detector component is the ring-
imaging Cherenkov detector (DIRC) and is used for charged particle identification.
Photons are detected in the electromagnetic calorimeter (EMC), which is designed
to provide excellent energy and angular resolution. The muon and neutral hadron
part of the detector (IFR) is an integral part of the magnet flux return. More
detailed information about each of these subsystems is provided in the following
subsections.

In order to achieve the desired charged particle momentum resolution, the de-
tector is immersed in a magnetic field of 1.5T. The system consists of a supercon-
ducting solenoid, a flux return, a conventional water cooled field compensating coil,
to reduce magnetic flux leakage at the backward end to levels acceptable for the

PEP-IT components and the DIRC photo-multipliers, and a cryostat for the super-
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Figure 9: BABAR detector longitudinal section.
| | | | |
\ \ \ \ \
IFR Barrel 0 Scale 4m
‘ BABAR Coordinate System
| y
Cutaway
Superconducting Section X
Coil z
DIRC
EMC DCH
IFR Cylindrical ST
RPCs Corner
Plates
Earthquake A J co A [l
Tie-down ‘ % \ 5 ;
\ *° \Xy”/\\\\ B /ﬁGgFalt:eI!er
3500
Earthquake
Isolator
i co et
Eloor ‘MF::L‘ L\ g \. i e o5 g p 4 - K ::L“
‘ 3-2001
8583A51

Figure 10: BABAR detector end view.
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Figure 11: The magnetic field components B, and B, as a function of z for
various radial distances r (in m).
conducting coil. The direction of the field is along the detector’s z axis, which is
also the approximate direction of the electron beam. To facilitate track fitting, the
field is uniform to within a few percent in the tracking volume, see Fig. 11. The
cryostat uses helium to indirectly cool the superconducting solenoid to an operating

temperature of 4.5K.
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2.2.1 SVT

The main goal of the experiment — measurement of time-dependent CPV —
depends greatly on the SVT and imposes a stringent requirement on the mean
vertex resolution of a fully reconstructed B candidate to be better than 80 um
along the z-axis. The resolution in the x-y plane needs to be approximately 100
um to reconstruct B — Dt D~ decays for example. In addition many B decay
products have low transverse momenta p; < 120MeV//c, the minimum that can be
measured reliably in the DCH alone. In particular for the identification of slow
pions from D* decays, a tracking efficiency of more than 70% is desirable for tracks
with transverse momenta ranging from 50 to 120MeV/c. Additional requirements
on reliability are imposed due to the inaccessibility and the large radiation dosage
the SVT must withstand. In order to meet these objectives the SVT incorporates
five layers of double-sided silicon strip detectors, Figures 12 and 13. The first
three layers are mounted close to the beam pipe and provide angle and vertex
position information. The outer two layers are at larger radii and are used to
link the SVT and DCH tracks as well as for standalone tracking for particles with

pr < 120MeV/c. The strips on the opposite sides of each sensor are orthogonal to

- } 580 mm i

NS 2 : . = ¥ Fwd.support350 mrad
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electronics )
» —\[\[ﬂr
Beam Pipe

Figure 12: Schematic view of SVT: longitudinal section.
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Figure 13: Schematic view of SVT: transverse section.

each other, the ¢ measuring strips run parallel to the beam and the z measuring
strips are transverse to the beam axis. To maximize acceptance while minimizing
detector material the outer two layers have an arch design. The efficiency of each
layer can be measured by comparing the number of associated hits to the number
of tracks crossing the active area of the layer and is 97%. The hit resolution is
determined from high-momentum tracks in two prong events by measuring the
distance, in the plane of the sensor, between the track trajectory and the hit, see

Fig. 14.
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plotted as a function of track incident angle in degrees.
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2.2.2 DCH

The DCH detects charged particles and measures their momenta with high
precision. In addition it helps /K separation by measuring the ionization loss
dE /dz. In the barrel this information is complementary to the one from the DIRC,
but beyond the DIRC acceptance the DCH is the only device providing some dis-
crimination. The reconstruction of decay vertices outside of the SV'T relies solely
on the DCH as well. For this purpose, in addition to transverse momenta and
positions, the chamber should be capable of measuring longitudinal positions with
a resolution of 1mm. The DCH consists of 40 layers of cells, filled with a helium-
based gas mixture, see Fig. 15. The cells are close to hexagonal in shape and
consist of one sense wire surrounded by six field wires. A positive voltage of 1960V
is applied to the sense wires while the field wires are at ground potential. In order
to obtain longitudinal information, the wires in 24 of the layers are at small angles
with respect to the z-axis. Multiple scattering is minimized by the choice of gas
and low-mass aluminum wires. The mixture of helium and isobutane is provided at
a stable 80/20 ratio by a gas recirculation system at a constant pressure. During
normal operation a complete gas recirculation is done in six hours, and a full vol-
ume of fresh gas is added every 36 hours. In order to prevent electrical discharge
a relatively high level of humidity is maintained by passing a controlled fraction of
the gas through a watter bubbler. Oxygen is removed from the gas mixture with a
palladium catalytic filter. The readout electronics are mounted on the back plate

of the chamber to minimize material in front of the calorimeter endcap.
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Figure 15: Schematic layout of drift cells for the four innermost superlayers.
Lines have been added between field wires to aid in visualization of
the cell boundaries. The numbers on the right side give the stereo
angles (mrad) of sense wires in each layer.

2.2.3 DIRC

The ring-imaging Cherenkov detector utilizes the property of charged particles
moving faster than the speed of light in a medium, to emit Cherenkov light. The
light is emitted in a cone around the particle direction and the cone angle with
respect to the axis, known as Cherenkov angle 6., depends on the particle velocity
v and the medium index of refraction n, cosf. = 1/nf (8 = v/ec, ¢ = velocity of

light in vacuum). The radiator material of the DIRC is synthetic, fused silica in the
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Figure 16: Schematics of the DIRC.

form of 4.9-m long, thin bars with rectangular cross section. The bars are optically
isolated with air gaps from one-another and also serve as light pipes transporting
the light by total internal reflection, while preserving the Cherenkov angle, to an
array of photo-multiplier tubes (PMTs), where the angle is measured, see Fig.
16. Along with the DCH information of the track’s angle and momentum, the
Cherenkov angle allows to determine the particle velocity and hence identity. It is
imperative for the total internal reflection that no condensation occurs on the bars.
This is achieved by maintaining a flow of filtered nitrogen gas. The choice of fused
silica as the bar material was based on a combination of properties among which
resistance to ionizing radiation, large index of refraction, and because it allows
excellent optical finish on the surfaces. To avoid instrumenting both ends of the bars
with photon detectors and minimize interference with other detector components in
the forward region, where particles are preferentially produced, mirrors are placed
at the forward ends, while at the back the bars merge into a water-filled tank, called
the standoff bozr. The photons are detected by PMTs arranged radially on the rear
tank surface, at about 1.2m from the bar end. Purified water is used in the standoff

box due to its index of refraction being close to that of fused silica. The distance
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Figure 17: Transmission, reflectivity and quantum efficiency for various com-
ponents of the DIRC as a function of wavelength for a 5 = 1 particle
at normal incidence to the center of a bar

between the bars and the PMTs along with their sizes gives a Cherenkov angle
resolution of about 7 mrad. With transmission dispersions included, the overall
single photon resolution is estimated to be ~ 10mrad. The photon detection
efficiency of the DIRC depends on the optical properties of the components as
well as the PMTs specifics. The wavelength dependent efficiency of some of the
components is shown on Fig. 17, where the data points are for particles entering
the center of the bar at 90°. In order to maintain good water transparency at
wavelengths down to 300 nm, the water must be ultra-pure, de-ionized, de-gassed
and free of bacteria. For this purpose several systems are used including filters,
a reverse osmosis unit and a UV lamp. Water quality is continuously monitored

by checking its resistivity, pH-value, temperature and transparency. For the latter,
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three lasers with wavelengths 266nm, 325nm and 442nm are used. The entire
volume can be recirculated up to four times a day. Potential water seal failure
is detected by a dedicated system with a capability of draining the water in 12

minutes.

2.2.4 EMC

The electromagnetic calorimeter (EMC) is used for energy and momentum re-
construction of photons as well as electron identification. It must provide excellent
energy and angular resolution over a wide energy range. Photons with energies
up to 9 GeV need to be measured from QED processes, like efe™ — eTe~ () and
ete™ — 7, for calibration and luminosity determination. On the other hand pho-
tons with energies as low as 20 MeV are needed in order to reconstruct B-meson
decays containing low-energy m’s and n’s. The requirement on the energy resolu-
tion comes from rare B decays containing 7% and is on the order of 1-2%, since
at energies lower than 2GeV it dominates the mass resolution of the reconstructed
7Ys. At higher energies, however, the angular resolution plays a bigger role, which
imposes a requirement for the latter to be roughly few mrads. To meet these ob-
jectives the EMC consists of appropriately sized thallium-doped cesium iodide C's/
crystals arranged projectively with respect to the IP, see Fig. 18. To maximize
acceptance in the forward region, a conical endcap is added to the cylindrical bar-
rel extending the polar angle coverage from 15.8° to 141.8°. The crystals have
trapezoidal cross section and increase in length from 29.6cm in the backward to
32.4cm in the forward direction to fully contain the electromagnetic showers from
increasingly higher energy particles. The energy of the electromagnetic showers is

measured by reading the scintillation light. For that purpose two silicon PIN diodes
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Figure 18: A longitudinal cross section of the EMC (top half). The detector
is axially symmetric around the z-axis. All dimensions are given in
mm.

are glued to the rear face of the crystals and the surrounding area is covered with
white reflective paint. The surfaces are polished to facilitate internal reflection as
the crystals act not only as a scintillation medium but also as light guides. Trans-
mitted light is recovered in part by wrapping the crystals in defuse white reflectors.
In order to achieve uniform light yield along the crystal each was individually mea-
sured by placing a highly collimated radioactive source at 20 points along its length.
Fine adjustments were made by selectively roughening or polishing the surface to
reduce or increase its reflectivity. The crystals were then wrapped in aluminum foil
which was grounded to provide Faraday shield and covered with a layer of mylar
for electrical isolation. Since the photodiode leakage current depends strongly on
the temperature and the diode-crystal joints could experience stress under tem-
perature change due to different termal expansion, an effective cooling system is
imperative. The system consists of Fluorinert (polychlorotrifluoro-ethylene) and

water chillers for the preamplifiers and the digitizing electronics. The light yield
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of the individual crystals varies significantly and also changes with time under the
impact of beam radiation. The front of the crystal is most strongly affected re-
sulting in increased attenuation of the transmitted scintillation light. Individual
crystal calibration must therefore be performed at different energies, corresponding
to different shower penetration, to compensate the effects of the radiation dam-
age. At 6.12 MeV radioactive photon source provides absolute calibration at lower
energies, while at higher energies (3-9GeV) the relation between polar angle and en-
ergy of e* from Bhabha events is used. The information obtained from the EMC is
processed by reconstruction algorithms which separate the electromagnetic shower,
that typically spreads over many adjacent crystals, into clusters and bumps which
are associated with a particle. Other algorithms are responsible for reconstructing
the angle by employing various weighting schemes on the crystals based on the

deposited energy.

2.2.5 IFR

The IFR is designed for muon and neutral hadron identification over a large
range of momenta and angles. The steel flux return is used as a muon filter and
hadron absorber. It is segmented into layers ranging from 2 to 10cm in thick-
ness with resistive plate chambers (RPCs) inserted in the gaps between the layers.
The RPCs detect streamers from minimum-ionizing particles via two-coordinate
capacitance readout strips, see Fig. 19. There are 19 RPC layers in the barrel
and 18 in the endcaps. An RPC schematic is shown in Fig. 20. It consists of
two bakelite sheets separated by a 2mm gap. The external bakelite surfaces are
coated with graphite and an 8kV voltage is applied between them. The signals

are red capacitively, on both sides of the gap, by X and Y aluminum strips. The
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strips are separated by the ground aluminum plane with a foam sheets. The RPCs
operate with a non-flammable gas mixture of argon, Freon and isobutane. The
gas is distributed among the chambers at a constant pressure of 6.5 Torr through
a parallel manifold system. The IR experimental hall does not have temperature
regulation and during the first summer of operation the maximum hall tempera-
ture frequently exceeded 31° C causing the dark current in many RPC modules to
exceed the capabilities of the high-voltage system. Subsequently water cooling was
installed stabilizing the temperature at 20-21° C in the barrel, 22° C in the back-
ward and 24° C in the forward endcaps. During operation at high temperatures
many RPCs (> 50%) showed some efficiency reduction compared to earlier mea-
surements. After the instalation of the cooling system some of them continued to
deteriorate, while others remained stable. The cause of the efficiency loss remains
under investigation. Recently 24 modules in the endcaps have been replaced by
new RPCs. After evaluation of the results with these new RPCs, plans on further

IFR improvement can be made.

2.3 Detector Readout

The detector readout is achieved with a number of tightly coupled hardware and
software systems, see Fig. 21. The front-end electronics for all detector subsystems
is mounted on the detector to minimize noise pickup. It performs initial signal
amplification and digitization as well as data transfer via optical fibers to the
data acquisition system. A two-level trigger is designed to reject beam-induced
background. The first level (L.1) is implemented in hardware and relies on inputs
from the DCH, EMC and IFR. The level 3 (L3) trigger is implemented in software

and selects events to be stored for further processing. A provisional second level
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Figure 19: Overview of the IFR: Barrel sectors and forward (FW) and back-
ward (BW) end doors; the shape of the RPC modules and their
dimensions are indicated.

trigger is possible should severe conditions require additional sophistication. The
online prompt reconstruction (OPR) reads the raw data after L3, selects physics

events and writes the results to the event store.
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Figure 20: RPC cross section with the schematics of the high voltage connection.
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CHAPTER 3

Particle Identification

In the inclusive B — X, {7/~ analysis we adopt a sum of exclusive modes
technique. B candidates are reconstructed from an oposite charge e or y pair,
one K* or K, and up to three pions, of which at most one 7°. Thus all particle
identification (PID) systems are involved in the analysis and due to the rareness
of the process, outstanding performance is necessary. The PID criteria used are

outlined in the following sections.

3.1 Electron Id

For the electrons we use the Likelthood Selector. A standard wvery loose set of

cuts is applied to all charged tracks in the event:

e 0.5 < E/p < 5, where E and p are the EMC-measured energy and the DCH-

measured momentum of the associated track, respectively.
e Number of crystals associated with the track > 3
e 500 < dE/dz ( the ionizing energy loss in DCH) < 1000

A likelihood L for each particle hypothesis is then calculated based on the variables:
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° E/p

e Lateral moment of the EMC cluster: LAT = W. Here E; and E,
are the energies of the two most energetic crystals and RM = ¥ (r;/1.08)%E;,
where the sum goes over all but the two most energetic crystals and r is
the distance between a point located 12.5 cm from the crystal surface along
its axis and the line connecting the cluster centroid (also 12.5 cm from the

surface) and the origin of the coordinate system. For clusters with less than

three crystals LAT is 0.

o ANp = charge(datemc — Peuster), Where ¢ aiparc is the ¢ coordinate of the
track intersection point with the EMC and ¢.jyster is the ¢ coordinate of the

cluster centroid projected to the crystal face.
e dE/dx (DCH)
e The Cherenkov angle from DIRC: 6.

A likelihood fraction is defined as

P.L(e)
P.L(e) + P,L(m) + PxL(K) + P,L(p)’

f= (3.1)

where P, and Pg are equal to unity, P, = 5 and P, = 0.2. These values are
prompted by the average multiplicity of these particles in an event. Electron can-
didates are selected by using the default tight selection corresponding to a cut of
f > 0.95. Plots of the efficiency and the pion missid rate as a function of the

momentum are shown on Figs. 22 and 23.

42



1
0.951

- . . g0 oo
09 o | o0 > o *

0.85 -
0.8 20° < 6 < 140°
0.751
0.7
0.651
0.6

0.55/ + BBAR

1111111111111111111111111111111111111111111111

0.
005115225335445
P [GEV/C]

electron efficiency

Figure 22: Electron Id efficiency vs momentum.
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3.2

Muon Id

The muons are identified with the following variables:

10.

11.

. Calorimeter energy: E.q

Number of IFR layers hit: N,

. A boolean variable which is true when a cluster has a hit in the inner RPC:

I,

. The first IFR hit layer in the cluster: Fj

. The last IFR hit layer in the cluster: Ly

. The number of interaction lengths traversed by the track in the detector: A

The number of interaction lengths in the detector which a muon with the

same momentum is expected to traverse: Ay,

The x? of the IFR cluster hits with the extrapolated track from DCH: xZ

. The x? of the IFR track fit: Xfm

The average multiplicity of hit strips per layer: m

The standard deviation of m: oy,

We use the very tight selector corresponding to cuts:

e 0.05< B <04

.NLZQ

o AX=Aup—A<08
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o \>22

d X%rk<5
® X <3
N, : _

o T — Lh—iﬁhﬂ lfIh—false >034
c — .
L}f\iLFh if I;, = true
e m <8
[ ] O—m<4

Tha plateau efficiency, starting from around 2 GeV, for the very tight selector is

about 70.3% with missidentification rate of 2.3%.

3.3 Charged Kaon Id

Charged kaons are identified with the PidKaonMicroSelector. The selector uses
a neural network, taking inputs from the SVT, the DCH and the DIRC. These

inputs are:

e The momentum of the candidate: p

LS'VT
° K
S S
L3YT4+LSVT

DCH
LK

b LDCH [,DCH

LDPIRC

® —prEe TR C
DIRC DIRC
LDTRCITE

where L3¥*™ and L#¥**™ are likelihoods for K and 7 hypothesis, respectively,
for the corresponding detector system. In this analysis we use the KMicroLoose

selection, corresponding to a cut of 0.5 on the neural network output. The efficiency
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and pion miss-Id for the KMicroLoose selector are shown in Figs. 24 and 25, the

red and blue dots correspond to an older and newer code release version.
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3.4 Neutral Kaon Id

We only consider Ks decaying into two charged pions. The candidates are taken
from the KsDefault list and are made out of oppositely charged tracks with fitted
mass within 0.025 GeV of the PDG Ks mass, 497.7 MeV. In order to purify the

sample three additional cuts are applied:
e A tighter cut on the reconstructed Ks mass: |m(nm) — m(Ks)| < 11.2 MeV

® Lgj. > 2 mm, where L4 is the decay length calculated as the distance be-

tween the Ks decay point and the event primary vertex

e cosa > 0.99, where « is the angle between the Ks momentum and the primary

vertex — decay point line

3.5 Charged Pion Id

For the charged pions we use particles from the GoodTracksLoose list which
are not consistent with being KMicroVeryTight and eMicroVeryTight. The pion

candidates in the GoodTracksLoose list satisfy the following requirements:
e Min transverse momentum: 0.1 GeV

e Max momentum: 10 GeV

e Min number of DCH hits: 12

Max distance of closest approach (DOCA) in XY plane: 1.5 cm

Min Z DOCA: -10 cm
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e Max Z DOCA: 10 cm

The kaon candidates in the KMicroVeryTight list correspond to a cut of 0.68 on the
neural network output described in Sec. 3.3. The eMicroVeryTight lists consists of

candidates which satisfy the requirements:

e 540 < dE/dx < 860

e EMC shower of at least 3 crystals
e 0.89< E/p<1.2

e 0.1 < LAT < 0.6

e —10 < Ay < 0.11, where Ay, is the modulus of the Zernike moment of order

(4,2) [21].

e At least three photons detected in the DIRC and Cherenkov angle consistent

with electron hypothesis within 3 o

e DCH track matched to the EMC cluster

3.6 Neutral Pion Id

The 7° particles are composed of photon candidates identified by EMC bumps
unmatched to any track. The bumps must have LAT < 0.8 and energy E > 0.05
GeV. In order to compute the photons 3-momenta their origin is assumed to be at

the primary event vertex. In addition we apply cuts:

° E(ﬂ'o) > 0.4 GeV

o |m(yy) — m(n0)| < 10 MeV
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CHAPTER 4

Analysis overview

Our aim is to measure the overall inclusive branching fraction for the B —
X, ¢~ decay, considering electron and muon modes, as well as the branching
fractions in several dilepton and hadronic mass regions. The inclusive branching
fraction measurement for the electron modes is done for m.+.,- > 0.2 GeV. The
results we present are based on a sample of 81.9 fb ' of on-resonance data. We
also used 9.6 fb™" of off-resonance data for continuum background studies.

The sum of exclusive modes technique we have adopted allows us to use the
strong background suppression power of the two kinematic variables AF and mys
described in Section 2.1. However, it also introduces a significant hadronization
model dependence, since the signal reconstruction efficiency varies with the particle

multiplicity of the hadronic system (Xj) in the final state.

4.1 Monte Carlo generator

We use Monte Carlo (MC) generated signal and background events to estimate
the final signal reconstruction efficiency, tune the background suppression cuts and
asses the systematic errors. The overall signal model is a combination of three

separate Monte Carlo generators: B — K/T¢~, B — K*{*{~ for mx, < 1.1 GeV
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and b — sfT¢~ for mx, > 1.1 GeV. The exclusive B — K¢/~ and B — K*(+¢~
decays are generated according to the model by Ali, Ball, Handoki and Hiller [3],
where the required form factors are computed using light cone QCD sum rules. For
the inclusive b — s¢*¢~ decays we set the spectator-quark mass m, to zero and the
Fermi motion parameter pr to 410 MeV, as suggested by the CLEO B — X,y data
[22]. All three generators use NNLO Wilson coefficients, following Ali et al. [1].
The three pieces are combined according to the branching fraction predictions for
my > 0.2 GeV, see end of Sec. 1.3.2, multiplied by a factor reflecting the difference
between the lifetimes of the BT and B° mesons: 7(B™T)/7(B°) = 1.083 + 0.017 [2].
Since the exclusive predictions in Table 2 are given for B® decays, we multiply the
corresponding branching fractions for BT decays by 1.083. The predictions for the
inclusive decays, however, are averaged over charged and neutral B mesons, thus
we multiply the branching fraction for b — s¢*¢~ by 1.04 for charged B mesons
and 0.96 for neutral B mesons.

Figures 26 through 29 show the hadronic and dilepton mass distributions for
the combined MC signal model in the electron and muon channels. The fractions
of final states in different hadronic topologies are given in Table 3.

The various signal and background MC samples used in this analysis are sum-

marized in Table 4.
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Figure 26: Hadronic mass distribution of the signal model in the electron chan-
nel. The entries are normalized to the expected number in 81.9
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Figure 27: Dilepton mass distribution of the signal model in the electron chan-
nel for my; > 0.2 GeV. The entries are normalized to the expected
number in 81.9 fb 1.
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Figure 28: Hadronic mass distribution of the signal model in the muon channel.
The entries are normalized to the expected number in 81.9 fb*.
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Figure 29: Dilepton mass distribution of the signal model in the muon channel.
The entries are normalized to the expected number in 81.9 fb .
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Table 3: Fractions of B decays in different hadronic final states for the signal
model.

X, topology B — Xete™ (with my > 0.2 GeV) B — X,utpu~

K 0.044 0.044
Kr® 0.071 0.072
Kn 0.125 0.126

Knr® 0.056 0.053
Knrm 0.049 0.051
Krrn® 0.036 0.036
Knrrm 0.010 0.010

K, 0.021 0.021
K,r® 0.032 0.032
K,m 0.069 0.069

K,rn® 0.031 0.030
Ko 0.023 0.022
K,rnn® 0.015 0.016
Ko 0.006 0.006

4.2 Analysis roadmap

The analysis consists of several stages, which are outlined below. The pro-
cedure is motivated by the fact that the signal yield is extremely small, which
necessitates background suppression better than 1/107 in order to obtain a final

signal-to-background ratio of about 1/1.

1. Events are required to have a good primary vertex and pass a loose skim (see

Sec. 5.1) intended to select hadronic events with at least two charged leptons.

2. In each event B candidates are formed by first picking a lepton pair, and then
adding one K* or K, and up to three pions, of which at most one can be a
7Y, In this way fourteen different modes are considered: K, Kn% K, K7n®,

Krn, Knar®, Krrr, K, K,n°, K,m, Konn®, Kgnm, Kynnn®, Ky
3. The number of B candidates per event is reduced by applying a set of loose
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Table 4: Monte Carlo samples used in the analysis.

Sample # events
B — Ktete~ 54000
B — K,ete~ 51000
B — K*ete™ with myx, < 1.1 GeV 46828
B — X,ete™ with mxs; > 1.1 GeV 59658
B— Ktutu~ 51000
B — Koty 52000
B — K*ptp~ with myxs, < 1.1 GeV 49703
B — X, u~ with mxs > 1.1 GeV 52597
B — J/YX 390000
B — 4(28)X 137000
Generic uds 96.3 x 10°
Generic cc 60.7 x 108
Generic BtB~ 75.2 x 108
Generic B°B° 75.1 x 108

preselection cuts. A signal likelihood is then calculated for each candidate

passing the preselection to pick the best candidate in the event.

. The best candidate is subjected to a series of background rejection postse-
lection cuts. These include cuts on the dilepton invariant mass to suppress
backgrounds from B — J/¢ X, B — (25) X, and B — Xy withy — ete™,
which are peaking in mpgg, as well as cuts reducing the combinatorial back-

ground from BB and continuum events.

. The signal yield is extracted with an extended unbinned maximum likelihood

fit to the mgg distribution.
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CHAPTER 35

Signal reconstruction and background suppression

5.1 Event selection

In the first selection stage, events are required to have a good primary vertex
(converging fit) and pass the following skim criteria, generally satisfied by multi-

hadron, but not by continuum events:
1. The number of charged tracks is greater than three.

2. The ratio between the second and zeroth order Fox-Wolfram moments [23],
Ry, calculated using charged tracks and neutral calorimeter clusters must be
less than 0.5. The value of R, ranges from 0 to 1 and is indicative of the
jettiness of the event. Values close to 1 indicate a jetty event, while values

closer to 0 correspond to a more spherical event.

3. Either the DCH or the EMC L3 trigger fired to guarantee an event triggered

by an electron positron collision rather than a cosmic event.

4. The event contains at least two leptons, which could be either electrons or
muons satisfying loose particle identification criteria and lab frame momenta

greater than 0.5 GeV and 0.8 GeV, respectively.
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The efficiency for the above requirements is 95% for both B — X ,ete™ and B —

Xsputp~ signal MC.

5.2 B candidate selection

In the second selection stage, the eTe™ or pu*pu~ pair, if any, with the highest
lab frame energy and converging vertex is picked. The signal efficiency for this
stage is 93.5% for the electron and 84.8% for the muon modes. Because of their
relatively low mass, the electrons are likely to loose significant amount of their en-
ergy via Bremsstrahlung. We perform a Bremsstrahlung recovery by picking up to
three photons lying within a small angular region around the electron direction to
calculate the electron energy. For vertexing we use the original non-recovered elec-
trons. Using only the highest energy dilepton, numerous B — X /¢~ candidates
are formed in every event by adding a K or a K, and up to three pions (of which
at most one 7%). A candidate is rejected if it fails any of the following preselection

requirements:
1. The dilepton vertex fit probability (Pp,) satisfies log( Pyz) > —10.

2. The B vertex fit probability (Ppy. ), using only the charged particles, satisfies

log(Ppyiz) > —10.
3. The invariant mass of the hadronic system my, < 2.5 GeV.

4. The beam energy-substituted mass, see Sec. 2.1, satisfies 5.00 < mgg < 5.29

GeV.

5. The difference between the energy of the B candidate and the beam energy

in the CM frame |AF| < 0.3 GeV.
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These criteria retain 77% and 90% of the electron and muon MC signal decays,
respectively. The best candidate in the event is selected among the ones passing
the preselection. In an average MC signal event there are about 5 candidates to
choose from with some events having up to 30, see Figs. 30 and 31, the figures also
show distributions of the number of combinations per event for BB, continuum
MC and data. In events with two or more candidates, the one with the highest
signal likelihood is selected. The likelihood function is based on distributions of the
variables AF, Pg,,; and cosfp, where g is the angle between the momentum of
the B candidate and the beam axis in the CM frame. Figures 32 and 33 show the
distributions of these variables for truth-matched (correctly reconstructed) signal
decays and all other decays from the signal MC sample, hereby referred to as cross-
feed decays. The AF distributions for the truth-matched signal exhibit a radiative
tail, which is more pronounced for the electron modes. Since the initial electron
and positron are relativistic, the 7°(4S) is created with its spin aligned parallel
to the z direction. Thus the two scalar B mesons are preferentially produced
in perpendicular directions to the z axis in the CM frame to conserve the angular
momentum, resulting in the characteristic cos fg distribution for the truth-matched
signal. A cross-feed event would typically miss a signal decay product and/or
include a particle from the other B. Such events tend to have flatter AE and
cos fp distributions and a lower vertex quality (if a charged particle from the other
B was included).

The probability density functions (PDFs) for AE, log(Pgyt,;) and cosfp are the
sum of a Novosibirsk and a Gaussian function, the sum of a first-order polynomial
and an exponential, and a second order polynomial, respectively. The signal like-

lihood is the product of these one-dimensional PDFs. The Novosibirsk function is
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Figure 30: Distributions of the number of B — X ete™ candidates per event
after preselection for B — X ¢T¢~ (top left), BB (top right), con-
tinuum MC (bottom left), and data events (bottom right).
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Figure 31: Distributions of the number of B — X utu~ candidates per event
after preselection for B — X ¢T¢~ (top left), BB (top right), con-
tinuum MC (bottom left), and data events (bottom right).
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for truth-matched B — X ete™ decays (left column), and all other

decays (right column), a.k.a. cross-feed, in the signal B — X /¢~
MC.
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effectively a Gaussian with an asymmetric tail

. 10g2 (1 4 7_sinh('r log 4) u) ,
log4 g T
fNovo(x: M, O, T) = Nexp 27_;- % — 5 s (51)

where p is the x value at which the function peaks, o is the Gaussian width, and
T is the tail parameter. The signal efficiencies for the fourteen considered hadron
topologies for the best candidate selection step are 76.5% and 85% for the electron

and muon modes, respectively.
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5.3 Background suppression

In the third selection stage, events from various background sources are sup-
pressed. Backgrounds that peak in the mgg distribution, and thus mimic the

B — X, 07¢ signal are:

1. Charmonium B — J/9¥ X, and B — 9(2S5)X; decays, with J/¢ or 1(2S) —

*te~ or utp, constitute a potentially large background since these decays

e
have a signature identical to the signal and a branching fraction higher by an
order of magnitude. They are effectively removed by cutting on the dilepton

mass around the J/1¢ and 1(2S) masses, and provide an excellent control

sample for the analysis.

2. B — X, decays followed by a gamma conversion in the material v — ete™
are a modest source of peaking background in the electron channel. This

background is removed with a minimum cut on the dilepton mass.

3. Hadronic B — D® 7 decays can also mimic signal decays if a 777~ pair is
misidentified as either an ee™ or a u™p~ pair. The latter is considered in

this analysis due to the relatively high 7 — p misidentification rate.

Purely combinatorial background originates from both BB and continuum events.
In the case of the BB background, the most common source are events in which
each B meson decays semileptonically and the final state hadrons combine to form
the B — X, ¢T/~ candidate.

An initial suppression of the combinatorial backgrounds is achieved by tight-
ening some of the preselection requirements (first 3 cuts listed below). A cut on
the maximum value of mx, is particularly useful as backgrounds rise with increas-

ing mx,, whereas the signal decreases. Similarly, background events populate mgs
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evenly, while the signal is concentrated near the B mass. These and additional cuts

employed to reduce the backgrounds are:
1. mxs < 1.8 GeV.
2. 5.20 < mgps < 5.29 GeV.
3. —0.2 < AE < 0.1 GeV.

4. The z-separation between the two lepton at their point of closest approach to

the beam spot in the zy plane satisfies |[Az| < 0.15 cm.

5. The difference between the energy of the rest of the event and the beam energy
in the CM frame —5.0 < AEROF < 2.0 GeV, where the rest of the event is
formed out of all charged tracks and neutral EMC clusters not included in

the B candidate.
6. The beam energy-substituted mass for the rest of the event mE9¥ > 4.9 GeV.

7. The lepton pair is required not to contain any electron candidate consistent

with a possible gamma conversion.

The above criteria constitute the postselection of the analysis. After the postselec-
tion, charmonium background is suppressed by removing candidates with dilepton

mass in the following ranges:

2.70 < m(ete”) < 3.25 GeV,
2.80 < m(putp) <320 GeV,
3.45 <m(ete”) < 3.80 GeV,

355 <m(utp~) < 3.80 GeV. (5.2)
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Figure 34: Scatter plots of AE vs. dilepton mass in BB MC events for which
the leptons of the reconstructed B — X /¢~ candidate are either
a J/¢ or ¥(2S) decay products. The muon channel is shown on
top and the electron channel is at the bottom. The vertical bands

represent the veto regions.

The red points indicate fully recon-

structed charmonium B decays, while the black ones correspond to
charmonium B decays with miss-reconstructed hadronic part.
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Figure 34 shows scatter plots of AE (for the B decay candidate) as a function of
dilepton mass in simulated B — J/¢ X, and B — ¢(25)X; events. These charmo-
nium veto cuts use the Brem-recovered dilepton mass and remove 98.50% (99.85%)
of this background in the electron (muon) channel. However, we found that a
small peaking component still remained in the electron channel and was traced
to events in which one or both the electrons erroneously pick up a photon in the
Bremsstrahlung recovery process. This may cause a sufficient increase of the dilep-
ton mass to evade the charmonium veto. To reduce the effect of such events, the
veto is applied to the dilepton mass before and after the Bremsstrahlung recovery.
This additional requirement results in a loss of about 3% in signal efficiency. Single
vs. double charmonium veto comparisons are shown on Fig. 35. Figure 36 illus-
trates the effect of the charmonium veto on the mgg distributionfor B — X ¢~
candidates in BB MC events for which the leptons of the reconstructed candidate
are either a J/v or ¢(2S) decay products.

Another source of peaking background (in the electron channel only) comes
from B — X,v followed by a conversion of the photon into an ete™ pair in the
detector material. Figure 37 shows mgg and dilepton mass distributions for data
and MC in the sideband region mgs < 5.27 GeV. The distributions are provided
before and after the likelihood ratio cut (to be described later). A common feature
is the excess of data in the very low dilepton mass region, where gamma conversions
are expected to contribute. Because of this discrepancy between data and MC in
the low my; region and because this region is not of theoretical interest, we require
the dilepton mass to be greater than 0.2 GeV. If the already chosen pair fails this

requirement the event is rejected.

67



compBrJSumo010
Nent = 173
141~ | compBriSumo10 g Mean = 5.247
L | Nent =237 RMS = 0.02506
1oF | Mean = 5247 8
- | RMS =0.02487
- 7
101~
C 6
8_
C 5
6 4 -
- 3
4_
r 2
oL [
C slngle Veio before LR eut 1 |double Veto before LR cut
O- 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
5.2 5.22 5.24 5.26 5.28 5.3 5.2 5.22 5.24 5.26 5.28 5.3
single Veto after LR cut compBrJSumO11|iqouble Veto after LR cu‘
_| Nent =49
L 3.5 =
5 | compBriSumo11l - |Mean = 5.247
- | Nent=67 J F [RMS_=0.0244
L | Mean = 5.248 3r M
4~ | RMS_=0.02445 .
i 2.5
3+ oF
i 1.5F
2r C

5.2 5.22 5.24 5.26 5.28 5.3

5.24 5.26 5.28 5.3
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Figure 36: Distributions of mgg for B — X, ¢t /¢~ candidates in BB MC events
for which the leptons of the reconstructed candidate are either a
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charmonium B decays and the blue corresponds to charmonium B
decays with miss-reconstructed hadronic part.
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Further suppression of the combinatorial background is achieved by cutting on

a likelihood ratio defined as

Lsi_qnal
= Lsignal 4 EBB + [eont’

Lr (5.3)

The likelihood functions for each sample are products of nine PDFs — P; — for that
sample, £59mple — []. PF*"P' each PDF providing some background separation.

The variables we use for the PDFs are:

e Kinematical
- AFE

_ AEROE

ROE
- Mgg

- €08 Opyiss, where 6,55 is the angle between the missing momentum in the

event and the z axis in the CM frame

e Topological
- Az
- log(Ppytz)
- | cos Or|, where fr is the angle between the thrust axes of the B candidate
and the rest of the event in the CM frame

- Ry, using only charged tracks

e Angular momentum

- cosfp
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Table 5: Functional forms used to fit the nine components of the L5 likelihood.

Variable PDF form

AFE Sum of 2 Gaussians
AEROE Novosibirsk + Gaussian
mygE Novosibirsk + Gaussian
Az Sum of 2 Gaussians

log(Ppgyt;) First order polynomial + exponential
cOS Bpiss Second order polynomial + sum of 2 exponentials

cos O Second order polynomial
| cos 7| First order polynomial + exponential
Ry Novosibirsk

The variables AE, log(Ppgy;) and cosfp are the same as those already used for

ROE

ROE
FE and myg™ —

picking the best candidate. The rest of the event variables — A
are useful against combinatorial BB background, since these events are character-
ized by significant amount of missing energy due to neutrinos from both B decays.
The topological variables rely either on the fact that the charged tracks in a signal
event must be consistent with originating from a point — Az and log(Ppgyt,) — or on
the overall event shape — | cos 07| and R, — the latter being useful primarily against
continuum. Plots of the nine variables, showing signal and background components
along with the fits used to parametrize them as PDFs are shown in Figs. 78 to
94. Table 5 lists the functional form of each PDF. The AE, AEROF and mEZQ¥
variables are particularly efficient at rejecting BB background, especially for events
with two semileptonic decays which are characterized by larger missing energy than
signal events. For continuum suppression, the event shape variables |cosfr| and

Rs are most useful.
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5.4 Likelihood ratio cut optimization

The optimal value of the likelihood ratio cut is determined by maximizing the
statistical significance of the signal yield Ny;,. To this end the cut value is varied,
and the corresponding signal yield is extracted from a binned maximum likelihood
fit to the mgg distribution in the MC, see for example the bottom left plot in Fig.
38. The signal significance is defined as Ny;4/05iq, Where oy, is the error on Ngqg
as determined from the fit. The fit function is a sum of an Argus-shape function
[24] for the background events and a Gaussian for the truth-matched signal events.
The shape parameters of these two functions are determined from separate fits to
the background-only and signal-only mgg distributions, see Fig. 38. The small
cross-feed component is included in the background for this optimization method.

As mentioned earlier the background increases rapidly with the increase of mul-
tiplicity (or hadronic mass), while at the same time the signal decreases. This
brings a dramatic drop of the signal-to-background ratio at high hadronic masses
and necessitates a separate likelihood ratio cut optimization in different hadronic
mass regions. The optimizations were performed separately for electron and muon
modes in three myxs ranges following the method described above. For the mx;
ranges we chose: mx, < 0.6 GeV, 0.6 < mxs < 1.1 GeV and mx, > 1.1 GeV, the
values roughly correspond to the boundaries between the three MC signal compo-
nents. The likelihood ratio distributions in these three regions are shown in Figs.
39 through 44.

Given the small expected signal yield and the substantial background for can-
didates with final state topologies containing 3 pions, when optimizing we also
considered a case where all 3-pion modes are excluded. In addition we explored the

effect of defining the likelihood ratio in such a way as to account for the difference
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Figure 38: Distribution of mgg in the electron channel with a particular set of

likelihood ratio cuts for the following components in the MC: truth-
matched B — X ete™ signal (top left), total background including
cross-feed (top right), and sum of signal and smoothed background
(bottom left). The lines represent the result of a binned maximum
likelihood fit to each distribution separately. Entries have been
normalized to correspond to 81.9 fb™'.
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in the number of candidates from BB and continuum events

Esz'gnal
ﬁl

- _ , 5.4
R Eszgnal +fBB‘CBB + fcontccont ( )

where fpp and f.n: represent the fraction of the background due to BB and
continuum events: fgz = 79%(75%) and feons = 21%(25%) in the electron (muon)
channel. The results of the different optimization methods and the optimal cut
values for each case are presented in Table 5.1. Based on these results we apply

the following set of cuts as the final stage of the event selection:

1. The 3 pion modes are excluded. As a result, the final sample contains a total
of 10 different modes. Given the final states produced in our particular MC
model (see Table 3) and the fraction of K¢*¢~ modes (see Table 2), this set
of 10 modes corresponds to approximately 50% of all possible final states. If
one assumes that the missing K; component is equal to the Kg component,

this fraction becomes 70%.

2. Likelihood ratio cuts for B — X eTe™:

Lr > 0.3 for mx, < 0.6 GeV,
Lr>04for 0.6 <mxs < 1.1 GeV,

Lr> 0.9 for my, > 1.1 GeV. (5.5)

3. Likelihood ratio cuts for B — X,utp:

Lr > 0.2 for mx, < 0.6 GeV,
Lr > 0.6 for 0.6 <mxs <1.1 GeV,

Lr> 0.9 for my, >1.1 GeV. (5.6)
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a8

Lg cut Signal Bkg Significance

e W e u e u e W
Single Lg cut 0.7 0.9 24.0 5.7 596 146 2.71 1.25
mys range (GeV) <OB-11 >11 <OB—-1.1 >1.1
3 Lg cuts (with37) 0.0.4 0.0.2 m® 226 84 417 226 299 1.72
3 Lg cuts (no 3 ) 0.0.4 0.0.2 m® 21.8 83 349 200 3.08 1.77
3 L cuts (no 3 ) 0.8.7 0.0.4 0.7 09 34 9.0 487 289 2.84 1.58

Tale 5.1: Signal and background yields for different likelihood ratio cut optimization approaches- The first row shows
the results obtained with a single cut, the following rows correspond to separate cuts in different m x regions,

with and without the 3-pion modes. The last row corresponds to the likelihood ratio £, defined in Eq. 5.4.
The likelihood ratio cut values are given on the left-hand side in the order of the mx, ranges.



An improvement of the signal significance by about 0.3 and 0.5 ¢ is achieved in the
electron and muon channels compared to the single L cut case. Figures 45 and
46 show the final mx, spectrum of reconstructed truth-matched MC signal in the
electron and muon chanels.

The MC-based signal reconstruction efficiencies at the different stages of the
analysis for the 14 final state topologies are presented in Tables 28 and 29. By
far, the largest source of inefficiency is due to the requirement that all final state
particles are reconstructed and correctly identified (the column “in lists” in the
tables). Similarly, Tables 30 and 31 show efficiencies for MC background events in

the electron and muon channels.
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Figure 45: Distributions of hadronic mass for correctly reconstructed B —
X, ete signal after the nominal likelihood ratio cuts are applied.
The selection also excludes final states containing 3 pions. The
Belle model is used for the signal MC.
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Figure 46: Distributions of hadronic mass for correctly reconstructed B —
X, putp~ signal after the likelihood ratio cuts are applied. The
selection also excludes final states containing 3 pions. The Belle
model is used for the signal MC.
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CHAPTER 6

Cross checks and validation

In this analysis we use MC generated signal and background events and detector
simulation to tune the background suppression cuts and estimate the final signal
efficiency. In order to test the validity of such approach we use the following control
samples to compare directly the real detector response and cut effectiveness to the

ones obtained from simulation:
1. Charmonium sample.
2. X,e*uT sample.
3. Off-resonance sample.

4. On-resonance sideband sample.

6.1 Charmonium control sample

The charmonium decays B — J/9¥ X, and B — 9(25) X, have signatures iden-
tical to that of our signal and provide an excellent control sample to compare signal
reconstruction efficiencies, albeit in restricted dilepton mass regions. The control

sample is obtained at the stage when the charmonium veto is applied, after the

85



Table 6: Definition of the topology number of the hadronic system X.

X Topology 1d #

K 1
K 2
Kn 3
Krr® 4
Knm )
K? 20
K?r® 21
K?r 22
Krr® 23
Klnm 24

postselection and before the likelihood ratio cuts. The events in the sample are

required to satisfy one of the following dilepton mass cuts:

2.70 < m(ete”) < 3.25 GeV,
2.85 <m(utp) <3.15 GeV,
3.50 < m(ete ) < 3.76 GeV,

3.60 <m(ptp ) <3.74 GeV, (6.1)

where the ete™ invariant mass is computed after Bremsstrahlung recovery. In order
to obtain a sample with higher charmonium purity the above cuts are tighter than
the ones used for the veto. First we compare data and MC for this raw sample,
which includes B candidates with mgg values between 5.20 and 5.29 GeV implying
that the hadronic system is not correctly reconstructed for a significant fraction of
the sample, see Figs. 47 to 49. Figure 48 shows the X system topology following
the definition in Table 6.

Second, we compare data and MC for fully reconstructed B — J/¢X; and

B — 9(25)X, decays by only considering events from the signal region in myps:
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Figure 47: Distributions of dilepton invariant mass for B — X, £t/~ candi-
dates in the charmonium veto sample for electrons (left) and muons
(right). The top and bottom rows are for the J/v and ¥ (2S) mass
regions, respectively. The points represent the data and the his-
tograms the MC, scaled to correspond to an integrated luminosity

of 81.9 fb~ L.
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integrated luminosity of 81.9 fb™*.

88



IJ/qJ + (2S) veto data, argus+gaussian fit I e"'e‘
1600
C X2 1 ndf 67.92 /40
1400 | PO 608.5 +20.04
C p1 -33.17+ 1551
1200 ; p2 1489 +28.34
C p3 0.003025 + 4.898e-05
1000 | p4 5.28 + 4.938e-05
800
600
4001
C Py o o O 0
2009”!,'.— e oTe vog o—
TR TR PR FURTE FURT FREE DU DA
g.Z 5.21 5.22 523 524 525 5.26 5.27 528 529 53
Mes (GeV)
IJ/LU + P(2S) veto MC, argus+gaussian fit
1800
1600 [ x*/ndf 169/40
E po 643.6 +16.41
1400 | p1 -36.31+1.215
C p2 1597 +22.27
1200~ | p3 0.002919 + 3.406€-05
E pa 5.279 + 3.747e-05
1000
800
6001
400
oo o ae_o® %
200Ff o s e —
AR U B N P FEET DT FUTT NN B
g.Z 5.21 5.22 523 524 525 526 527 528 529 53

mes (GeV)

IJ/qJ + (2S) veto data, argus+gaussian fit I I“l u'
800 :
= X? / ndf 63.92 / 40
700 E po 216 +11.51
o p1 -33.62+2.528
600 | pp 731.1+20.28
o p3 0.002727 + 6.069e-05
500 Eo| pa 5.28 + 6.435e-05
400
300
200
100}
S I I U B DU TR B P S
g.Z 5.21 5.22 523 524 525 5.26 5.27 528 529 53
Mes (GeV)
IJ/LU + P(2S) veto MC, argus+gaussian fit
900
800 [/ naf 1114740
E po 216.7 +8.776
700 E e -32.78£1.913
F p2 823.3 +15.95
600 | o5 0.002705 + 4.147e-05
500 LP4 5.279 + 4.655e-05
400
300
200
100(—
ST N D TN P N R ST D
g.2 5.21 522 523 524 525 526 527 528 529 53

mes (GeV)

Figure 49: Distributions of mpgg for B — X, £/~ candidates in the charmo-
nium veto sample for electrons (left) and muons (right). The top
row corresponds to data and the bottom shows the MC, scaled to
correspond to an integrated luminosity of 81.9 fb™.
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5.27 < mgs < 5.29 GeV. We estimate and subtract the combinatorial background
in the signal region by using a scale factor obtained from a x? fit to the mgg dis-
tributions, see Fig. 49. The maximum likelihood fit uses a Gaussian to describe
the signal component and an Argus function for the combinatorial background.
The end point of the Argus function is fixed to 5.29 GeV, all other fit parameters
are allowed to float. Distributions obtained after background subtraction approx-
imate the distributions to be expected from correctly reconstructed charmonium
B decays. Figures 6.1 and 6.2, in particular, show comparisons for the nine vari-
ables entering the background-suppression likelihood ratio. Other distributions are
shown in Figs. 50-51. A slight excess is observed in the data for the Kete™ final
state and a slight deficit in the K;(1270)%/7¢~ mode, see below.

Third, we apply the nominal values of the likelihood ratio cut. The resulting
distributions are shown in Figs. 52-56. Of particular interest is the ratio between
the absolute yields in the data and the MC. This ratio is shown in Tables 7 and
8 for each reconstructed B — J/v X topology in the electron and muon chan-
nels. Tables 9 and 10 show the same results for B — ¢(2S) X candidates. This
comparison is important since it tests whether the simulation reliably estimates
the efficiency to reconstruct B decays into final states with a signature identical
to that of the B — X, £T/~ signal. However, the current knowledge of inclusive
B — J/¢ X and B — ¢(25) X decays is limited: B(B — J/¢X) = (1.15£0.06)%
and B(B — ¢(2S5) X) = (0.35 + 0.05)% [2], i.e. the total branching fractions are
known with a relative uncertainty of 5.2% and 14%, respectively. Furthermore,
only a few exclusive decay channels have been measured with a level of accuracy
close to this. The branching fractions for decays into J/¢ K and J/v K* are known
to 5-6% and 7-9%, respectively (the uncertainties vary between B® and B* decays).

Higher mass final states are rather unknown. This means that the comparison be-
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Table 7: Ratio of background-subtracted B — J/1 X yields for data and MC
in the different topologies for the electron channels.

X, Topology Data/MC  Data/MC(corrected) MC correction
K 1.118 £ 0.036 0.991 + 0.061 1.128 £ 0.059
Kn° 1.16 £ 0.13 1.08 £ 0.16 1.07£0.10
Kn 1.013 £+ 0.048 1.00 = 0.09 1.01 £0.07
Krn® 1.07+0.24

Krm 0.67£0.08

K? 1.107 £ 0.069 1.14 +0.10 0.971 +0.058
KOr0 0.79 4 0.20 0.78 +0.21 1.01 £ 0.07
K?w 1.01 +0.09 0.94 +0.12 1.07£0.10
Krr® 0.64 £0.35

Krm 0.49£0.16

All above J/9%X modes 1.035 + 0.024

J/$X (0 or 1r) 1.078 £ 0.025 1.008 £ 0.041

tween data and MC is most useful in the lower multiplicity J/¢ K and J/v K*
final states. Tables 7 and 8 indicate good agreement between data and MC. In
the third column of these tables, the MC yields have been corrected to account for
differences between branching fractions used in the MC generator and those listed
in the PDG [2]. (Here, we assumed that the K7 and K7 modes are dominated
by the K* resonance.) Tables 11 and 12 compare the branching fractions used
in the MC generator with those from the PDG [2]. The exclusive decay modes
listed in the table are supplemented with inclusive quark processes hadronized via
Jetset, the result of this process is tuned such as to reproduce the fully inclusive
branching fraction, as shown in the last row of Tables 11 and 12. It should be
noted that the corrected ratio data/MC for combined 0 and 1 pion modes given in
Tables 7-10 is computed assuming the total uncertainties in the individual modes
are uncorrelated. The uncertainty in that combined mode ratio is thus a lower

estimate.
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Figure 54: Distributions of hadronic invariant mass and final state topology
(see Table 6) for B — X £"¢~ candidates in the B — ¢(25) X veto
sample for electrons (left) and muons (right) after likelihood ratio
cuts and background subtraction. The points represent the data
and the histograms the MC, scaled to correspond to an integrated
luminosity of 81.9 fb™'.

98



J/p veto data, MC

350

300

250

200

100

50

.
o
=}
TTTT[TTT T [TT T TT T TT T [ TT T T TT
| >
=

BT
o
®

10 12 14
total energy (GeV)

450

400

350

300

AN

b A
1

o

0.5 1

J/Ip veto data, MC

4.5 5
p() (Gev)

1400

1200

1000

800

600

400

200

o

orTTT
o
e
o
[N
o
w
I
~
o
o
o
o
<)
N

0.8 0.9 1
likelihood ratio

JIy veto data, MC TS
[ 2 veto data, MC_| Ty

=
o
=}

[
N
S

-
N}
=]

=
15}
S

o
=}

N
S

N
=]

o

3
Al TTT [T T [T I [T T[T [TI [ TT T[T 7T

6 8 10 12 14
total energy (GeV)

250

150

50

o
o
o
12

J/Ip veto data, MC

600

500

400

300

200

=
Q
S

o
OrTTTT
o
i
o
[N
o
w
o
~
o
o
o
o
<)
N

0.8 0.9 1
likelihood ratio

Figure 55: Distributions of total event energy, lepton momentum (both in the
lab frame), and likelihood ratio for B — X, ¢T/~ candidates in
the B — J/¢ X veto sample for electrons (left) and muons (right)
after likelihood ratio cuts and background subtraction. The points
represent the data and the histograms the MC, scaled to correspond
to an integrated luminosity of 81.9 fb™ .
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Table 8: Ratio of background-subtracted B — J/v X yields for data and MC
in the different topologies for the muon channels.

X, Topology Data/MC  Data/MC(corrected) MC correction
K 1.018 £+ 0.048 0.910 + 0.064 1.118 4+ 0.059
Kn° 1.21+0.18 1.14 £ 0.20 1.07£0.10
Kn 1.040 + 0.072 1.04 +0.10 1.00 £0.07
Knrr® 0.31 £0.24

Krm 0.54 £0.09

K? 0.97 + 0.09 1.01 +0.11 0.963 £ 0.058
K70 0.78 + 0.26 0.78 £ 0.27 1.00 £0.07
K?m 0.96 £0.13 0.90 £0.15 1.07£0.10
Korr® 0.32 4 0.42

Krr 0.99 £ 0.33

All above J/9%X modes 0.957 & 0.032

J/$X (0 or 1r) 1.019+0.034  0.961 & 0.045

Table 9: Ratio of background-subtracted B — (2S) X yields for data and
MC in the different topologies for the electron channels.

X Topology Data/MC  Data/MC(corrected) MC correction
K 0.70 £ 0.08 0.90 £ 0.15 0.78 £0.08
Kn° 0.41 £ 0.27 0.55£0.38 0.75£0.18
Kr 0.42£0.08 0.65£0.17 0.65 £ 0.11
Krr® 1.3+14

Krm 24+£1.5

K? 0.79£0.16 1.17+0.32 0.67£0.12
Kor® 0.27 £+ 0.35 0.41 4+ 0.55 0.65 4 0.11
Kr 0.79 £ 0.22 1.06 £0.39 0.75£0.18
K2rr® insuff.stats.

Korr 0.79 £ 0.65

All above 9(2S5)X modes 0.663 + 0.056

$(28)X (0 or 17) 0.619 £ 0.053 0.86 £ 0.10
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Table 10: Ratio of background-subtracted B — (2S) X yields for data and
MC in the different topologies for the muon channels.

X, Topology Data/MC  Data/MC(corrected) MC correction
K 0.68+0.11 0.91+0.21 0.75 £ 0.12
Kr° 0.33+0.24 0.47 + 0.36 0.72 £ 0.19
Kr 0.39 £0.10 0.63 £0.21 0.62 £0.13
Krr® insuff.stats.

Krnrm 0.104+0.34

K? 1.134+0.28 1.76 £ 0.58 0.64 +0.14
K?7° 0.28 +0.40 0.46 + 0.65 0.62 £0.13
K?r 0.70 = 0.30 0.97 +0.49 0.72 +0.19
Korn® insuff.stats.

Klrr insuff.stats.

All above 9(25)X modes 0.633 +0.071

(28)X (0 or 17) 0.631 & 0.071 0.91 4 0.14

6.2 X,etuT sample

Since X, e*uT combinations cannot result from a B decay, they do not peak in
mgs and therefore, are a good control sample of combinatorial background events.
The sample is collected in parallel with the standard analysis described above, the
only difference being the requirement for a different flavor of the dilepton candidates
(1 e and 1 p). For the charmonium veto and the calculation of the likelihood ratio,
we treat the X, e*uT candidate as if it were an X, pu*p~ candidate. Final states
with three pions are rejected and nominal likelihood ratio cuts are applied.

Distributions of mgg for data and MC, fitted with an Argus function, are shown
in Fig. 57. The fitted parameters obtained from the two distributions are consistent
within their errors. Other data and MC comparisons are shown in Fig. 58. The
agreement is good and the ratio between the number of events in the data and
MC is 0.986 % 0.050, which shows that the combinatorial background is simulated

accurately and no additional scaling is necessary. It should be noted that the
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Table 11: Branching fractions for B decays to J/¢ in SP4 MC (EvtGen) and

data (PDQG) [2]. The last entry gives the fully inclusive branching
fraction at the 7°(4S5) where the MC uncertainty corresponds to the
statistical uncertainty obtained in a large sample of generated events.

Decay mode EvtGen MC PDG

B — J/YK° 9.0 x 1077 (8.7+0.5) x 107*
BY — J/¢ypK* 1.3x 1073 (1.31 +£0.09) x 1073
B — J/yK*tm 2.0 x 104

B® — J/yK7° 1.0 x 10°*

B — J/¢¢K° 9.0 x 10°° (8.8737) x 107°
B® — J/yK,(1270)° 1.5x 103 (1.34+0.5) x 103
B — J/¢K,(1400)° 1.0 x 10~*

B® — J/¥K3(1430)° 5.0 x 104

B — J/Y Kt~ (1.040.4) x 107*
B — J/yK**tn~ (0.840.4) x 1073
B — J/YK* 9t~ (6.6 £2.2) x 107*
BY — J/ym® 2.0 x 107° (21+0.5) x 107*
B — J/p° 3.0 x 107° <25x107*

B — J/w 3.0 x10°° <2.7x107*
BT — J/yK* 9.0 x 1071 (1.01 £0.05) x 1073
Bt — J/yK** 1.3 x 1073 (1.39£0.13) x 1073
Bt — J/yK*7° 1.0 x 107*

Bt — J/¢Y K+ 2.0 x 107

Bt — J/yoK*t 9.0 x 1075 (8.8737) x 107°
BT — J/¥K,(1270)* 1.5 x 1073 (1.840.5) x 1073
Bt — J/yK(1400)* 1.0 x 10°* <5x10*

BT — J/¥K3(1430)* 5.0 x 104

Bt — J/YyKtrtr (1.440.6) x 1073
Bt — J/ymt 4.0x10°° (4240.7) x 10°°
Bt — J/pp* 6.0 x 1075 <T77x10%

B — J/yYX (1.10 £0.02) x 1072 (1.15 £ 0.06) x 1072
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Table 12: Branching fractions for B decays to 1(2S) in SP4 MC (EvtGen) and
data (PDQG) [2]. The last entry gives the fully inclusive branching
fraction at the 7°(4S5) where the MC uncertainty corresponds to the
statistical uncertainty obtained in a large sample of generated events.

Decay mode EvtGen MC PDG

BY — ¢ (2S)K° 6.2 x 1072 (5.7+1.0) x 107*
BY — ¢(2S)K*° 9.0 x 107* (8.04+1.3) x 107*
B® - ¢(28)Ktr~ 4.0 x 1074

B® — ¢(28)K°7° 2.0 x 107*

B — ¢(2S)K° o 2.0 x 1074

BY — 4 (25)K 1.0 x 10~*

BY — 4 (25)K 1.0 x 10~*

B — ¢(2S)K1(1270) 4.0 x 107

BT — ¢(2S)K+ 6.2 x 10~* (6.6 +0.6) x 10~*
BT — ¢(2S)K** 9.0 x 10°* (9.24+2.2) x 107*
BT — ¢(2S)K+7° 2.0 x 10°*

BT — 4 (25) K7 4.0 x 1074

BT = ¢(28)Ktntr 2.0x 104 (1.9+£1.2) x 1073
BT — ¢(28)K 770 1.0 x 10~*

BT — ¢(28) K7t 7° 1.0 x 107*

BT — 9(25)K(1270)* 4.0 x 107*

B — ¢(25)X (3.2+£0.1) x 10=% (3.54+0.5) x 1073

Table 13: Branching fractions for charmonium decays in SP4 MC (EvtGen)
and data (PDG) [2].

Decay mode EvtGen MC PDG

Jp —etes  590x 107 (5.93+0.10) x 102
J/p— ptp~ 590 x 1072 (5.88+0.10) x 1072
P(28) = ete  1.00x 1072 (0.73+£0.04) x 102
Y(2S) =ty 1.00x 1072 (0.70 £ 0.09) x 102
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fit for the signal yield does not rely on this sample to describe the shape of the

combinatorial background.

6.3 Off-resonance sample

In order to cross-check the combinatorial background contribution due to con-
tinuum events, as obtained from MC, we use off-resonance data, taken 40 MeV
below the 7°(4S) peak. When comparing the data with MC, the reconstructed
mgg value in the MC is decreased by 20 MeV and all analysis cuts are applied.
Data and MC are compared in Figs. 59 and 60. Agreement is good but statistics
are poor. The ratio between the number of events in the data and MC is 1.78 £0.86

in the electron channel and 0.57 &= 0.42 in the muon channel.

6.4 On-resonance sideband sample

On-resonance sideband data, with mgg < 5.27 GeV provides another check
of the combinatorial background. Comparison between data and MC shows good
agreement, see Figs. 61-6.4. The ratio between the number of events in the data

and MC is 0.96 - 0.08 in the electron channel and 1.17+0.13 in the muon channel.
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Figure 57: Distributions of mgg for B decay candidates in the B — X, e*u¥
sample for data (top) and MC (bottom). The MC distribution has
been scaled to correspond t0Gn integrated luminosity of 81.9 fb™'.
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Figure 58: Distributions of dilepton mass, hadronic mass, likelihood ratio and
final state topology for B decay candidates in the B — X, e*pT
sample. The points represent the data and the histograms the MC,
scaled to correspond to an integrated luminosity of 81.9 fb™!.
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dates in the off-resonance data sample for electrons (left) and muons
(right). The points represent the data and the histograms the MC,
scaled to correspond to an integrated luminosity of 9.6 fb™.
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CHAPTER 7

Peaking backgrounds

The three different peaking background types and the methods we use to sup-
press them were described in Sec. 5.3. In this chapter we estimate the remaining

peaking background components after all analysis cuts have been applied.

7.1 Charmonium peaking backgrounds

Peaking backgrounds from B — J/¢¥ X and B — 1(2S) X decays are efficiently
suppressed by the dilepton mass cuts. However, a very small contribution remains.
To estimate this contribution, we used MC generated B — J/¢X and B — ¥(25)X
samples. Table 14 shows the raw numbers of fully reconstructed B — J/1 X and
B — ¢(25) X decays, in the signal region mgs > 5.27 GeV, and the corresponding
numbers scaled to an integrated luminosity of 81.9 fb™', before applying a cut
on the likelihood ratio. We found a number of fully reconstructed B — J/¢X
decays with J/v¥ — p*p~ in which one charged pion from the hadronic system
was misidentified as a muon and one of the muons from the J/v¢ decay was not
identified and therefore considered to be a pion. We refer to this situation as a
case of p <> m swap, and include these events in the total charmonium peaking

background. These types of decays are likely to evade the charmonium veto cuts
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Table 14: Number of charmonium peaking background events from Monte
Carlo simulation, before applying a cut on the likelihood ratio. The
entries are scaled to an integrated luminosity of 81.9 fb™!. The
numbers given in parentheses are the raw event counts.

Mode Generic BB MC B — J/y X MC B — ¢(25) X MC Sum

JJp —ee 057 (1) 0.00 (0) — 0.57 (
J/p =t 0.00 (0) 0.00 (0) — 0.00 (
P(2S) = e"e”  0.40 (1) — 0.21 (1) 0.61 (
$(28) — ptp~  0.40 (1) — 0.21 (1) 0.61 (
J/h — ptp~  2.28 (4) 1.20 (2) — 3.48 (

(1 <> ) swap
$(2S) = ptu= 0.00 (0) — 0.00 (0) 0.00 (0)
(u <> ) swap

since the veto is applied on the wrong pair of particles (the reconstructed dilepton
consists of one of the J/1¢ daughters and a pion from the hadronic system). In a
future version of this analysis, one might consider vetoing against such an occurence,
but no such requirement is imposed in the present analysis.

After scaling the raw number of peaking background decays to correspond to an
integrated luminosity of 81.9 fb ', we find 0.59 and 2.05 events in the electron and
muon channels, respectively. (The numbers in the right-hand column of Table 14
need to be divided by two.) Finally, we scale these numbers by a factor of 0.68
to account for the average efficiency for charmonium decays to pass the likelihood
ratio cuts, as measured in the charmonium veto data. The final estimate for the
number of charmonium peaking background events is thus 0.40£0.23 in the electron
channel and 1.39 4+ 0.49 in the muon channel.

For the measurement of partial branching fractions in several bins of dilepton
and hadronic mass, we need to estimate the fraction of background in each bin. For
the distribution in terms of dilepton mass, we use the dilepton mass distribution

of the small number of peaking background events found in the simulation. For
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Table 15: Number of charmonium peaking background events from Monte
Carlo simulation for electron and muon modes combined in various

bins of dilepton and hadronic mass, scaled to an integrated luminos-
ity of 81.9 fb™!.

my # bkg decays Mxs # bkg decays
(GeV) (GeV)

0.2-1.0 0.00+0.00 04-0.6 0.69+0.21

1.0-2.0 0.19+0.19 06-0.8 0.05+0.02
2.0 —myy 1.18+0.48 0.8-1.0 0.37£0.11
myp —my 0412021 1.0-1.8 0.67£0.20
My — 5.0 0.00 £ 0.00

1.0 - 2.45 0.98 + 0.44

3.8-5.0 0.00 £ 0.00

the distribution in terms of hadronic mass, we use the distribution found in the
charmonium-veto data sample. The estimated numbers of background events are

given in Table 15.

7.2 Hadronic peaking backgrounds

Another peaking background due to particle misidentification arises from hadronic
B meson decays where two hadrons of opposite charge have been misidentified as
leptons. Since the m — e misidentification rate is negligible, this background is
only considered in the muon channel. For example, the decay BT — D%t with
D% — K*+7~ is a background to B* — K+t~ when both pions are misidentified
as muons.

These backgrounds are estimated using a sample of hadronic B decays in BaBar
data. The sample, later on referred to as X hh, is collected by imposing require-

ments identical to those for signal candidates, except that no lepton identification
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is applied. This results in a large sample of predominantly hadronic B candidates.
Each event is given a weight

w= P(rt — p")P(m~ — p~), where P(7+(?) — p+()) is the probability for
positive (negative) pions to be misidentified by the positive (negative) muon signal
selector.

The probabilities above are obtained from standard PID tables, which contain
separate rates for each charge and each run condition block, as well as for varying
degrees of binning in momentum and polar angle.

After applying the nominal likelihood ratio cuts, a weighted distribution in
mpg is obtained, and a one-dimensional binned 2 fit for signal plus combinatorial
background gives the number of hadronic peaking background events.

The fits for each mode are shown in Figures 64, 65, and 66, and the signal
yield for each fit is shown in Table 16. The hadronic peaking background for
the muon mode is estimated to be 2.39 4+ 0.75. The uncertainty is conservatively
estimated by increasing all misidentification rates provided in the PID tables by
+10, i.e. assuming the rates in the different bins of angle and momentum are fully
correlated.

For the measurement of partial branching fractions in several bins of dilepton
and hadronic mass, we need to estimate the fraction of background in each bin.
The above procedure is repeated in each of the bins and the results for the X;hth™

topology are summarized in Table 17.
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Mode X.hTh™

Xoptp~ 2.39+0.75
K*utp~ 1.04 + 0.38
K*nOutp= 0.24 £ 0.06
K*r*utp~ 0.43+0.13

K*n*n%utp=  0.074£0.01
K*rtrtptu~  0.1540.04

Kot~ 0.19+0.06
KomOutp~ 0.02 4 0.01
Kon*putp~ 0.13 £ 0.04

Kon*r% = 0.04+0.01
Kor*r*utu=  0.02+0.01
Table 16: Hadronic peaking backgrounds for X,u*u~ and its individual event
topologies with the X,h*th~ sample.
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o -
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Figure 64: Weighted mgs distribution of X;h*th~ events. The red line is the
total fit to a Gaussian signal plus an Argus background; the blue
line is the Argus background portion of the fit.
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fit.

120

Mes (GeV)
+ h2
K— TT T[O + Entries 13388
Mean 5.244
T ‘ * RMS  0.02483
-
>
o
D04k e
)
c
3
>
.03



h2

Entries
Mean
RMS

12254
5.243
0.02532

04

g.2 5.21 522 523 524 525 526 527 528 529 53
Mes (GeV)

h2

Entries
Mean
RMS

11586
5.244
0.02502

g.2 521 522 523 524 525 526 5.27 528 529 53

Mes (GeV)
0 + h2
Entries 5681
\_55 1-[ -r[ “ u Mean 5.243
022 RMS 0.02477
=
2.02
)
Géﬂl
®16 ELml

Mes (GeV)

g.2 5.21 522 523 524 525 526 5.27 528 529 5.

3

h2

Entries
Mean
RMS

0.02503

4594
5.243

Mes (GeV)

g.Z 5.21 522 523 524 525 526 527 528 529 53

h2

Entries
Mean
RMS

0.02493

6236
5.243

9.2 521 522 523 524 525 526 527 528 529 53
Mes (GeV)
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Table 17: Number of X;h*h~ hadronic peaking background events for muon
modes in various bins of dilepton and hadronic mass.

my # bkg decays Mxs # bkg decays
(GeV) (GeV)

0.2-1.0 0.06 £0.03 04-06 1244045

1.0 - 2.0 0.11£0.03 0.6—-0.8 0.22+0.06
2.0 - myy 0.29+0.08 0.8-1.0 0.37+0.11
myy —my  0.58+0.16 1.0-1.8 0.554+0.15
My — 5.0 1.32 +0.47

1.0 — 2.45 0.22 £0.07

3.8-5.0 1.32 £ 0.47
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CHAPTER 8

Maximum likelihood fit

We extract the signal yield with an extended unbinned maximum likelihood fit
to the mgg distribution in the region mgg > 5.2 GeV. The likelihood function con-
sists of 4 components: signal, charmonium peaking background, hadronic peaking

background and continuum,

6_ (Nsig +Neas +Nhad+Ncomb)

N!
szg + Nccs fpﬂg( ) + NhadPhad( ml]és) + Ncombpcomb( ml]és)]

L =

::12

k:l

(8.1)

The product runs over the total number — N — of reconstructed candidate events.
We perform separate fits for electron and muon modes, as well as a third fit where
both samples are combined. The parameters Ny, Nezs, Npaa and Neomp Tepresent
the signal yield, the charmonium peaking background, the hadronic peaking back-
ground and the combinatorial background, respectively, with corresponding PDF's
given by P9, Phed and P, The fitted parameters are Ny, Neomy and the
shape parameter of the PDF describing the combinatorial background P¢™. The

remaining parameters are fixed during the fit with values determined as follows:
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e Signal and charmonium peaking background shapes:
Both the signal and the charmonium peaking background shapes are de-
scribed by one PDF, P*¥. For the functional form we use a Gaussian for the
muon as well as the electron modes, since the Bremsstrahlung recovery leads
to a negligible radiative tail in the mpgg distribution of the latter. The shape
parameters of the Gaussian are determined from Gaussian + Argus fits to the
charmonium veto data sample as shown in Fig. 67. The fits yield signal peak
positions at mg,, = 5.280036 £ 0.000051 GeV, 5.280045 + 0.000070 GeV and
5.280040 + 0.000041 GeV in the electron, muon and electron+muon modes,
respectively. The corresponding mgg resolutions are o4, = 2.80440.046 MeV
for electrons, oy, = 2.613 4+ 0.061 MeV for muons and oy, = 2.745 + 0.037
MeV for electrons and muons combined. The mpgg distributions for truth-
matched signal modes are illustrated in Fig. 68, and their Gaussian fit results
are in good agreement with the shape parameters extracted from the fits to

the charmonium veto data sample.

e Charmonium peaking background amount
The expected number of fully reconstructed B — J/¢ X and B — ¢(25) X
decays — N,z — passing through the charmonium veto is estimated to be 0.40
and 1.39 events in the electron and muon channels, respectively, as determined

from the MC, see Sec. 7.1.

e Hadronic peaking background
The amount of this background, Np.,q = 2.39, is derived directly from data
by performing the analysis without the lepton identification requirements, as
described in Sec. 7.2. Parameters for the PDF P"?¢ are also taken from that

fit: the Gaussian mean is my,y = 5.28013 £ 0.00006 GeV and the Gaussian
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for electrons (top) and muons (bottom).
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width is opeq = 2.99 £ 0.07 MeV, see Fig. 64.

e Combinatorial background cutoff
The combinatorial background PDF, Pf™  is given by an Argus shape which
describes the combinatorial contribution from continuum events and BB
events. The Argus cutoff is determined by the beam energy in the 7°(4S)

rest frame, Fjyeqm = 5.290 GeV.

The signal yield obtained with the outlined procedure contains a small contri-
bution from B — X, £/~ cross-feed events which is estimated from Monte Carlo,
as will be shown in Section 9.1. The overall signal efficiency needed to compute

branching fractions includes this small contribution.
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CHAPTER 9

Results

In this chapter we present the results from the measurements of the total branch-
ing fraction, the branching fractions in dilepton and hadronic mass bins and a

measurement, of the CP asymmetry.

9.1 Total branching fractions

The final mgg histograms fitted as described in Chapter 8 are shown in Fig. 69.
We measure a branching fraction of B(B — X, £147) = (5.64 4+ 1.46) x 107° with

statistical significance of 4.3 o, see Table 18. The significance is computed according

max

to Signif = \/ 2(log Lz — log L9 ,.), where L, is the maximum likelihood for the
nominal fit (with the signal yield as in Table 18) and £ . is a maximum likelihood

obtained with a different fit for which the signal yield is fixed at N4 = 0.

The branching fraction B for the signal is calculated with

B = Nsig

=39 9.1
N (9.1)

where Nz = (88.9 £ 1.0) x 10° is the number of BB pairs produced in 81.9

fb~" and € is a signal efficiency calculated from the total truth-matched signal
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Table 18: Results of the fit to data: signal yield, peaking background (fixed
in the fit), combinatorial background, signal significance, signal effi-

ciency and branching fraction.

Sample Ngig Nees Npeak N.omb Signif. € B(x10 %)

X,ete™ 29224 828 0.40 0.0 319.4 +£18.9 4.0 2.74% 6.00 £ 1.70
X,ptp~ 1125+ 6.19 1.39 239 207.0+15.2 2.0 1.26% 5.04 £2.77
X, 0t~ 40.06+10.35 1.79 2.39 526.8+24.3 4.3 2.00% 5.64 4 1.46

129



reconstruction efficiency, multiplied by a factor to account for the small cross-feed
component picked up by the signal Gaussian in the fit process.

The truth-matched signal reconstruction efficiency is shown in the last column
of Tables 28 and 29, and is calculated as the ratio between the number of fully
reconstructed signal decays in the ten considered modes and the total number
of generated signal events in all topologies. The additional cross-feed factor is
determined by comparing the fit results on the data obtained with the likelihood
function from Chapter 8, see Fig. 69, to those obtained with a modified likelihood
function that includes an extra PDF for the cross-feed contribution, the green
line in Fig. 70. The shape of the cross-feed PDF is determined from MC, see
Fig. 71 and is fixed during the maximum likelihood fit, the relative cross-feed
yield, with respect to the signal yield, is derived from simulation and fixed to 0.47
and 0.37 for electron and muon modes, respectively. The additional signal yield
obtained in the nominal fit due to cross-feed is determined to be 1.67, 0.56, and
2.10 events in the electron, muon, and electron+muon channels, respectively. This
corresponds to a relative increase of 6.1%, 5.3%, and 5.5% in the signal efficiency
with respect to the efficiency obtained with truth-matched decays only. The signal
efficiency calculated for truth-matched signal decays is therefore increased by a
factor of 1.055, as determined from the larger statistics electron+muon channel.
The overall signal efficiencies are thus estimated to be 2.74%, 1.26%, and 2.00% in
the electron, muon, and electron+muon channels, respectively. The efficiency for
the electron+muon channel is computed as a simple average of the electron and
muon channel efficiencies, since the branching fractions are expected to be equal
after the requirement m; > 0.2 GeV. Branching fractions are given in Table 18.
For the combined electron and muon channels, the efficiency and branching fraction

are to be understood as averages over the electron and muon channels.
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Figure 71: Distributions of mgg for B — X, £/~ candidates in the signal MC
that fail truth-matching, i.e. cross-feed events for electrons (top)
and muons (bottom). A Gaussian + Argus is used to parametrize
the cross-feed PDF for both dilepton modes.
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Table 19: Signal yields for electron and muon modes combined in various bins
of dilepton and hadronic mass.

my st'g mxs st'g

(GeV/c?) (GeV/c?)

0.2-1.0 04 +£20 04-06 16.3£5.3

1.0 - 2.0 122+48 06-08 3.5+2.6
20-myy 126+6.0 08-1.0 6.9+4.3
My — My 58+5.0 1.0-1.8 123+7.3
my —50  8.6+4.3

1.0-245 1594+6.2

3.8 -5.0 8.6 £4.3

9.2 Partial branching fractions in dilepton and hadronic

mass bins

Signal yields are also extracted for the electron and muon channels combined
in a series of dilepton and hadronic mass ranges. The individual mgg distributions
and respective fits are shown in Figs. 72 and 73. The nominal fit procedure is
performed with the nominal signal Gaussian shape parameters and numbers of
peaking background decays as described in Secs. 7.1 and 7.2. The signal yields are
given in Table 19.

To compute the partial branching fraction in each of the bins, we need to esti-
mate the additional efficiency due to cross-feed B — X, £/~ events. Overall, the
number of signal events attributed to cross-feed events is estimated to be 5.5% of
the number of fully reconstructed events (i.e. truth-matched decays). To distribute
these events among myx, and my bins, we use the simulated mx, and my distri-
butions for cross-feed B — X, £*¢~ events. This approach assumes that the mgg
shape of the cross-feed events does not change as a function of mxs and my. Ta-

ble 20 summarizes the efficiency correction factors used to account for the cross-feed
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Table 20: Efficiency (in percent) for truth-matched B — X, £7¢~ decays, en-
hancement factor to account for the cross-feed contribution to the
signal yield, and final efficiency (in percent).

Sample Raw efficiency Factor Efficiency
ete” 2.60 1.06 2.74
s 1.19 1.06 1.26
e 1.89 1.06 2.00
m(X,)(GeV/c?)

0.4—0.6 8.49 1.02 8.66
0.6 —0.8 2.85 1.06 3.03
0.8—1.0 2.76 1.09 2.99
1.0-1.8 0.91 1.09 0.99
m(eT07)(GeV/c?)

02—-1.0 1.07 1.45 1.55
1.0-2.0 2.05 1.03 2.10
2.0 —myy 1.94 1.04 2.02
mJ/w — My 1.57 1.07 1.68
My — 5.0 3.49 1.10 3.82
1.0 —2.45 2.33 1.04 2.42
3.795 - 5.0 4.45 1.10 4.88

contribution to the signal yield in the different mx, and my bins.

9.3 CP asymmetry

Using the fit described above, we can also extract the number of signal events in
separate samples of B and B decays, and thus measure the direct CP asymmetry
in the B — X, £/~ decay process. To do so, we use only self-tagging decay
modes, i.e., the 3 modes with hadronic systems consisting of X, = K, K,n°, and
K ntn~ are removed. The mpgg distributions for B and B decays are shown in
Fig. 74. As for the nominal fit, we extract the signal Gaussian shape parameters

from the corresponding 7 modes in the charmonium veto sample. Furthermore, we
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assume identical shapes for the B and B samples, as well as peaking backgrounds,
i.e., we divide the amount of peaking background equally between the B and B

subsamples. Using our control samples, we found no evidence for these asumptions

to be incorrect. Fit results are Ngg = 14.7 £ 6.5 and Ngg = 22.9 + 7.4, which

NB _NB
corresponds to a charge asymmetry of Acp = ﬁ = —0.22 £ 0.26.
sig sig

This result is consistent with the expectation of no asymmetry in the Standard

Model. Ali and Hiller [25] predict Acp = (0.1975:15)%.
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CHAPTER 10

Systematic uncertainties

The systematic uncertainties are of two different types, those that affect the
extraction of the number of signal decays and those that affect the calculation of

the branching fraction.

10.1 Signal yield systematics

Uncertainties affecting the extraction of the signal yield are as follows:

e Signal Gaussian shape parameters
Signal shape parameters are taken from a fit to the charmonium veto sample,
see Fig. 67. The mean and width of the signal Gaussian are varied by +1o,

where o is the statistical uncertainty from the fit.

e Signal shape
Fits can be performed with different signal function shapes. Both Crystal
Ball and Novosibirsk functions provide adequate description of the signal and
allow for an asymmetric mgg distribution. The difference (from the nominal

fit) in signal yields is taken as a systematic uncertainty.
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e Hadronic peaking background
The amount of hadronic peaking background (B — X, h*h™) is appreciable
only in the muon channels and is estimated directly from data (see Table 16).
The associated uncertainty is dominated by the uncertainty in the 7 — p
misidentification probability. Gaussian shape parameters (mean and width)
are also varied according to the fit result to the sample obtained without

lepton identification.

e Charmonium peaking background
The other source of peaking background originates from B — J/#X and B —
¥(25) X decays that evade the charmonium veto. The amount of background
is estimated from Monte Carlo simulation. This amount is varied according

to the error expected for the number of selected events in the simulation.

The total uncertainties in the signal yield are +1.26 and 4+0.90 events in the
electron and muon channels, respectively. See Table 21 for a summary of the

branching fraction systematic errors due to the signal yield uncertainties.

10.2 Branching fraction systematics

The uncertainties affecting the estimate of the signal selection efficiency (or the

number of B mesons in the sample) are as follows:

e Tracking efficiency
The systematic uncertainties of the charged track reconstruction efficiencies
are determined by the Tracking Efficiency Task Force at BABAR. For the
charged track reconstruction efficiency we apply a flat systematic uncertainty

of +1.3% per track for lepton and kaon tracks, and +0.8% per track for the
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pion tracks. These values were chosen based on the PID selectors we use,

and the average track multiplicity in our MC samples.

o K efficiency

For K the uncertainty is 1.5% per K estimated using the official recipe [26].

o ¥ efficiency
For neutral pions, the uncertainty is +5.0% per 7°. This increases to 5.6%
per 7 after taking care of an additional uncertainty added in quadrature

corresponding to whether one accounts for uncorrelated errors or not.

e Charged particle ID efficiency
The efficiency systematics for charged particle identification (e, 4 and K) can
be estimated in two ways. First, we take uncertainties from the PID tables
and properly average them using signal MC. This method yields uncertainties
of 0.56% per electron, 3.85% per muon and 1.06% per kaon. Another approach
has been taken for the study of exclusive B — K{™¢~ and B — K*¢/*/~ de-
cays [27], where the efficiencies and associated uncertainties are computed
from the charmonium veto sample. This second approach yields uncertain-
ties of 0.65% per electron, 1.6% per muon and 1.0% per kaon. The latter
approach is used for this analysis. In the case of the electron selection, we
apply an additional uncertainty of 0.2% per electron (added linearly) to ac-
count for the difference in PID efficiency observed between electron candidates
in the ChargedTracks selector (as used in this analysis) and the GoodTrack-
sLoose selector (as used by the exclusive B — K™ /*¢~ analysis) lists. The

uncertainty is thus 0.85% per electron.

e Likelihood ratio efficiency
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The efficiency of the final step of background rejection is checked with the
charmonium veto sample. After background subtraction, the efficiency of the
likelihood ratio cuts is found to be 68.0% (68.1%) in the electron (muon) data
and 65.5% (65.9%) in the electron (muon) MC. Given the available statistics
the level of disagreement between data and MC is about 2 0. We take the
discrepancy of 3.9% (3.3%) in the electron (muon) channel to the systematic

uncertainty in the likelihood ratio cut efficiency.

Cross-feed efficiency

The fraction of cross-feed that ends up in the signal Gaussian is determined
by comparing the fit results on the data obtained with either the nominal
likelihood function or with a modified version that incorporates an extra
PDF that represents the shape of the cross-feed contribution, as determined
from MC. The additional signal yield obtained in the nominal fit is taken
to correspond to an increase of 5.5% in the signal efficiency with respect
to the efficiency obtained with truth-matched decays only. The number of
cross-feed events included in the signal Gaussian are consistent with those
obtained in toy MC studies. These studies indicate that the distribution in
the number of cross-feed events has an R.M.S. close to the average number
of cross-feed events. Therefore, we assign an uncertainty of +100% in the

additional efficiency due to the signal cross-feed contribution.

Fermi motion model

The parameters of the Fermi motion model are set to the values that best de-
scribe inclusive b — s decays measurements at CLEO [28]: pp = 410 MeV/c
and m, = 0. Uncertainties in the parameter pr can be extracted using mea-

surements of HQET parameters from measurements of hadronic moments in
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semileptonic decays: A\; = —0.24 £ 0.11 GeV? [29] and from inclusive b — s
decays: A = 0.35 4+ 0.13GeV [28]. These can be related to the parameters
of the Fermi motion model, see Ref. [30], to yield pr = \/m = 0.4073%
GeV and pp = (v/7/2)A = 0.31 £0.11 GeV. As a result, the range of Fermi

motion parameter pg is thus 200 to 480 MeV.

Fraction of B — K{¢*¢/~ and B — K*¢*{~ decays

The signal model requires knowledge of the ratio between the branching frac-
tions for exclusive B — K/{¢*¢~ and B — K*¢/*t/~ decays and inclusive
b — sf*¢~ decays. It relies on the calculations and uncertainties from Ref. [1],
as shown in Table 2. We assume the branching fractions for B — K/¢*¢~ and
B — K*{*{~ to be fully correlated (Gudrun Hiller indicates that these are
more correlated than they are uncorrelated). We therefore vary both branch-

ing fractions together by £1o.

Transition point between K* to higher mass hadronic states
The signal model assumes that the hadronic system near the K* resonance
is saturated by it below My, = 1.1 GeV (and above the kaon mass). The

transition point is varied by +0.1 GeV.

Hadronization

The inclusive Monte Carlo generator relies on Jetset to fragment and hadronize
the system consisting of the final state s quark and the spectator quark from
the B meson. Since the signal efficiencies depend strongly on the particle
content of the final state, uncertainties in the fraction of charged and neutral
kaon and pions translate into a significant uncertainty in the signal efficiency
(for mx, > 1.1 GeV). We use measurements of various particle production

observables (see below) performed in the semi-inclusive B — X, v BaBar
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analysis [31] to determine this uncertainty.

First, the ratio between modes containing a K? and those containing a
charged K is varied according to K?/K = 0.50+0.05, to account for possible
isospin violation. The resulting relative uncertainty is +0.5% in both electron
and muon channels. Second, the ratio between modes containing one 7% and
those containing none is varied according to 7%/7 = 1.0 4+ 0.5. Third, the
ratio between two-body and three-body hadronic systems is varied according
to 2 — body/3 — body = 0.5 £+ 0.3. The overall hadronization uncertainty in

the electron and muon channels is +4.0% and +3.3%, respectively.

The last two variations are motivated by the fact that the b — sy data
indicates the need for the fragmentation model to increase the ratio between
modes including a 7% and those without 7% by a factor of 1.5, and decrease

the ratio between 2- and 3-body hadronic states by a factor of 0.4.

Missing modes

The 10 modes selected in this analysis only capture about 50% of the full set
of final states. Approximately half of the missing modes is due to final states
with a K? meson and can be determined from the K modes. However, we
need to account for the uncertainty in modes with too many pions or kaons
(2 extra kaons may be produced via s§ popping), as well as for modes with

photons that do not originate from 7% decays but rather from 7, n’, w, etc.

The fraction of modes with > 2 7% is varied around the generator MC value

of 0.20 (for mx, > 1.1 GeV/c?) by +£50%.

The fraction of modes with either 0 7° and > 3 charged pions or 1 7% and > 2
charged pions is varied around the generator MC value of 0.26 (for my, > 1.1

GeV/c?) by +50%.
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The fraction of modes with more than 1 kaon is varied around the generator
MC value of 0.034 (for mx, > 1.1 GeV/c?) by £50%.

The fraction of modes with at least one photon that does not originate from

0

the decay of a 7° is varied around the generator MC value of 0.011 (for

myx, > 1.1 GeV/c?) by +50%.

The overall systematic error due to missing mode uncertainties is 3.2% and

2.5% in the electron and muon modes, respectively.

e Monte Carlo statistics
The finite signal MC statistics translates into a relative uncertainty of 1.6%,

1.8%, and 1.3% in the electron, muon, and electron+muon channels.

e Number of BB events

This is taken to be (88.9 4 1.0) x 10°.

The signal model uncertainties amount to T12-6% in the electron modes, 7228% in
16.3 ) —18.3

the muon modes, and T{2.3% in the combined e + y modes. The other uncertainties
in the efficiency amount to £9.9%, +9.5%, and £9.7%, respectively. The total
uncertainties in the signal efficiency is T357% (e), T253% (1), and *752% (e+p)-
Relative uncertainties in the signal yields are 4.3% (e), 8.0% (u), and 4.4% (e-+p).

Tables 21, 22 and 10.1 summarize the results of the systematics studies.
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Table 21: List of systematic uncertainties (in %) affecting the branching frac-
tion calculation: uncertainties in the signal yield, the signal effi-
ciency, and the number of B mesons.

Source Xsetew Xoputp~ X 000~
Signal shape +4.23 +2.77 +3.74
Peaking bkg +0.78 +7.52 +2.25
Signal yield total +4.31 +8.02 +4.36
Tracking efficiency +4.10 +4.05 +4.08
Lepton ID efficiency +1.70 +3.20 +2.17
Kaon ID efficiency +0.76 +0.77 +0.76
7+ ID efficiency +0.94 +0.90 +0.93
K? efficiency +0.85 +0.77 +0.82
7Y efficiency +0.67 +0.57 +0.64
LR cut efficiency +3.86 +3.32 +3.69
Cross-feed efficiency +5.53 +5.53 +5.53
Detector model subtotal =~ +£8.23 +8.40 +8.25
Fermi motion model  10h 4% %
B(B — K*{t(™) +15.58  +17.86 +16.30
K*—X, transition +4.68 +4.08 +4.49
Signal model subtotal RRFeH s oo
Hadronization +4.05 +3.28 +3.80
Missing modes +3.24 +2.52 +3.01
MC statistics +1.63 +1.84 +1.26
Efficiency total Tloos  Tes  ligno
BB counting +1.13 +1.13 +1.13
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Table 22: List of systematic uncertainties (in %) affecting the branching frac-
tion calculation in the different hadronic mass ranges (see Table 19):
uncertainties in the signal yield, the signal efficiency, and the number
of B mesons.

Source m(X,) bin 1 m(X;) bin 2 m(X;) bin 3 m(X;) bin 4
Signal shape +4.79 +0.72 +5.09 +3.31
Peaking bkg +2.93 +1.77 +2.21 +1.98
Signal yield total +5.61 +1.91 +5.55 +3.86
Tracking efficiency +3.62 +4.42 +4.26 +4.55
Lepton ID efficiency +2.22 +2.29 +2.15 +2.10
Kaon ID efficiency +0.77 +0.83 +0.74 +0.76
7% ID efficiency +0.88 +0.62 +1.00 +0.91
Kg efficiency +0.00 +1.24 +1.17 +1.61
70 efficiency +0.00 +0.57 +0.87 +1.35
LR cut efficiency +3.69 +3.69 +3.69 +3.69
Cross-feed efficiency +1.93 +6.32 +8.54 +9.26
Detector model subtotal +6.06 +9.02 +10.63 +11.42
Fermi motion model 0.00 000 000 760
B(B — K*{t¢) +0.00 +0.00 +0.00 +2.34
K*-X, transition +0.00 +0.00 +0.01 +10.61
Signal model subtotal o0 o0 oo s
Hadronization +0.00 +0.00 +0.00 +17.08
Missing modes +0.00 +0.00 +0.00 +12.62
MC statistics +0.47 +8.44 +1.35 +5.37
Efficiency total 608 T1oss 071 699
BB counting +1.12 +1.12 +1.12 +1.12
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Table 10.1: List of systematic uncertainties (in %) affecting the branching fraction calculation in different dilepton mass
ranges (see Table 19): uncertainties in the signal yid] the signal efficiency, and the number of B mesons.

Source / m(£*¢") bin binl bin2 bin3 bind binb5 bin6  bin7
Signal shape 6.14 +4.75 B899 +249 4+3.25 £511 B.25
Peaking bkg £.64 £1.57 BI98 BI96 £521 £2.80 +£5.21

Signal yield total +9.04 +5.00 +5.64 +4.68 +6.14 +583 H£.14

Tracking efficiency +4.28 +4.06 +£4.10 +£4.10 +£3.96 £4.08 B.95
Lepton ID efficiency +2.02 +2.00 +2.12 +247 +£2.29 +2.03 +2.29
Kaon ID efficiency +0.75 +0.72 +0.76 £0.79 £0.77 £0.75  £0.77
7t ID efficiency +0.95 +1.07v £091 080 £0.87 £0.98 +0.87
K? efficiency +1.17 +086 £0.84 +0.78 £0.57 £0.85 +0.57
70 efficiency +0.86 +0.81 £0.69 +0.54 £0.30 £0.76 +0.30
LR cut efficiency B.69 B69 B69 BHB69 £3.69 B69 B.69

Cros-feed efficiency +44.87 £2.75 +4.32 H53 +9.66 B.I98 +£9.66

Detector model subtotal +45.31 4£.69 +7.49 +£9.01 +£11.38 £7.28 +£11.38

Fermi motion model 00, 30 B 0% U% @ W
B(B— K*("¢) +18.52 +18.84 +£15.99 +12.69 +559 +18.64 B.38

K* X transition +11.37 £8.02 B.60 +£1.76 +3.61 H64 B.45

Signal model subtotal  T555"  §%"  §56” 1705 iieo  ows ' sro

Hadronization +5.84 +£5.03 +495 +2.41 £0.34 +494 +0.44

Missing modes +8.17 £591 4+294 £1.72 +£1.74 +£5.09 +1.22

MC statisticS +4.63 +247 £2.22 4412 4146 +1.62 +1.14

Bifciency total S (ol il il il Y A

BB counting +1.12  +1.12  +£1.12 +1.12 +1.12 +1.12 +1.12




10.3 CP asymmetry systematics

All systematic errors cancel by definition in the measurement of the CP asym-
metry, except for systematic effects which are different for b and b final states. The
effect of these differences is to fake a CP asymmetry. There are many known ef-
fects which can give rise to the fake CP asymmetry. We determine the systematic
uncertainty using the charmonium veto sample. As a cross check, we also study
the impact of individual detector modeling uncertainties.

In the following section, we will first describe the charmonium veto sample method

and then the itemized method.

Charmonium veto sample method

We use the charmonium veto sample to estimate the CP asymmetry systematic
uncertainty. We consider the difference in the peaking component of B and B
charmonium veto sample as the uncertainty, assuming the CP asymmetry in B
decays to charmonium to be zero. The advantage of this method is that since
the uncertainty is directly estimated from data, all effects that may fake a CP
asymmetry are included, except mis-ID biases (however this effect is very small as
described later). This is of course only strictly valid in the dilepton mass regions of
the charmonium veto cuts but we assume this restricted range to be representative
of the full range included in the analysis. The result of separate fits to the B and B
data is shown in Fig. 75. We find the bias to be Acp(J/tp ¥(2S)) = —0.005+0.016,

where the error is statistical only.
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Figure 75: Distributions of mgg for combined electron and muon data in self-
tagged B (top) and B (bottom) decays from the charmonium veto
sample. The red line is the result of the fit, with the total back-
ground component shown in the dashed blue line.
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Table 23: Apparent C'P asymmetry in reconstructed signal events due to track-
ing, kaon ID and pion ID efficiencies biases. The corresponding sta-
tistical error and the error due to tracking, kaon ID and pion ID
efficiencies errors are shown for the computed CP asymmetry.

Acp
Trk eff.  0.0094 £ 0.0076 £ 0.0017
Kaon ID 0.0027 £ 0.0076 £ 0.0002
Pion ID  0.0002 £ 0.0076 £ 0.0016

Itemized method

We will first describe the fake CP asymmetry due to detector biases which affects
the signal events, then we will describe the mis-tagged events and the corresponding

asymmetry and finally we will investigate the CP asymmetry in cross—feed events.

e CP asymmetry in signal events due to efficiency biases The detector
efficiency is not perfectly symmetric for positive and negative charged tracks.
Tracking efficiency differences can arise from the opposite curvature of the
tracks in the solenoidal field. In the Drift Chamber this couples to the drift
electron direction, which is distorted by the Lorentz angle effect. This can
affect both the track reconstruction and the dE/dx particle identification
information. The other major source of asymmetry is the different strong
interaction rates of positive and negative particles. This leads to tracking

efficiency asymmetries and particle identification asymmetries.

We use the efficiency tables for positive and negative charged tracks, kaons
and electrons, provided by the Tracking Efficiency Task Force, to analyze the
apparent CP asymmetry due to the particle reconstruction bias. The results

are shown in Table 23. There is no evidence of bias within the errors.
e (P asymmetry in mis—tagged signal MC events due to mis—ID biases
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Some signal events are not properly tagged in the correct flavor due to detector
effects. This can generate a fake CP asymmetry. We study only those events
that are still classified as “true” signal events, i.e. reconstructed in the same
or opposite flavor. Events reconstructed with opposite flavor are what we call

“mistagged” events.

In the following, first we study the mis-tag rate in our events, then we inves-

tigate the corresponding flavor asymmetry.

We estimate the mis-tag rate using reconstructed signal MC event. The
mis-tag rate is defined as the percentage of times the wrong b—flavor is re-
constructed with respect to all the events which pass the selection. We find
the mis-tagged rate ayqy = 0.0002 £ 0.0076, where the error is statistical only.

The mis-tagged rate is very small.

In order to estimate the flavor asymmetry in the misidentified events, we
compute the asymmetry of the wrongly reconstructed b flavor events versus
the wrongly reconstructed b events, normalized by the total events which pass
the selection. The result is Acp(Mis-tagged rate) = —0.0002 £ 0.0076, where
the error is statistical only. The asymmetry is consistent with zero. We also
check the fake CP asymmetry in mis-tagged events due to K* < 7% and
K* ¢ p* mis-IDs by using PID look up tables for positive and negative
charged particles. The results are summarized in Table 24. The asymmetries

are zZero.

CP asymmetry in cross—feed MC events due to detector effects There
can also be a CP asymmetry in the cross—feed events due to detector biases.

In this section we consider only the “peaking” component of the cross—feed.

There are no recipes available for estimating the rates for replacing or adding
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Table 24: Fake Acp in mis-tagged events due to K* < 7% and KT < pu*
mis-IDs. The corresponding statistical error and the error due to
K* < 7% and K* < p* mis-ID errors are shown for the computed
CP asymmetry.

Acp
K* < 7% mis-id  —0.0000 & 0.0076 £ 0.0000
K* < p* mis-id  —0.0000 =% 0.0076 £ 0.0000

Systematic
Trk eff. 1.12
Kaon ID 0.28
Pion ID 0.18

Mis-tag rate 0.02
K* < 7% mis-id  0.00
K* ¢ p* mis-id  0.00

MC stat 0.76
Total 1.49

Table 25: List of fractional systematic uncertainties (in %) affecting the Acp
calculation.

particles, so we use the peaking component of the cross—feed events from the
reconstructed signal MC samples. Result of the difference in the peaking com-
ponent of b and b cross-feed events is considered as a bias of the asymmetry.
We obtained the bias from the cross—feed events to be Agp(cross—feed) =
0.14 £ 0.18., where the error is statistical only. As the statistical error is
very large (i.e. we do not expect many events from the peaking background

components) we do not observe any asymmetry.

We summarize the list of systematic uncertainties for CP asymmetry with the

itemized method in Table 25.
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CHAPTER 11

Summary

We have observed the inclusive b — s/~ process in the B — X, ee™ and
B — X, ptp channels with a sum of exclusive modes technique. The inclusive

branching fraction is determined to be

B(B — X, £"07) = (5.6 + 1.5(stat) & 0.6(exp syst) & 1.1(model syst)) x 107,

(11.1)
for my > 0.2 GeV. Tables 26 and 27 summarize the other results of the analysis.
These agree with the theoretical prediction of (4.2 4+ 0.7) x 1076 [32] for my > 0.2
GeV, (1.63 £ 0.20) x 107% [33] for 1 < my < 2.45 GeV, and (0.40 + 0.08) x
1078 [33] for my > 3.795 GeV. We determine the direct CP asymmetry to be
Acp = —0.22 £ 0.26(stat) + 0.02(syst), in agreement with the vanishingly small
asymmetry expected in the SM [25].

Figure 76 shows the results in terms of number of signal events (errors are
statistical only) as a function of hadronic mass and dilepton mass. The figure
shows that higher mass hadronic states contribute a significant portion of the total
signal. Similarly, Fig. 77 shows the differential branching fraction as a function of
hadronic and dilepton mass. In this case, systematic uncertainties in the branching

fractions are included in quadrature in the outermost vertical error bars.
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Table 26: Summary of results: signal yield, signal significance, signal efficiency
and branching fraction. In the case of the signal yield, the first error
is statistical and the second error is systematic. In the case of the
signal efficiency, the first error corresponds to the experimental sys-
tematic uncertainty arising from detector modeling, hadronization,
BB counting, and Monte Carlo statistics, whereas the second error
corresponds to the uncertainties in the signal model. In the case of
the branching fraction, the first, second, and third errors correspond
to statistical, experimental systematic, and signal model systematic
uncertainties, respectively.

Sample Nsig Signif. e (%) B (x107%)

Xsetew 29224+ 828 +1.26 4.0 274£027£049 6.00£1.70£0.65+1.09
Xsptp~ 1125+ 6.19 £+ 0.90 2.0 1.26 £0.12+£0.25 5.04+£2.77 £ 0.63 £ 1.01
X 10~ 40.06 +10.35 £ 1.75 4.3 2.00£0.19£0.37 5.64£1.46+£0.60+1.06

Table 27: Summary of branching fractions, where the first error is statistical,
the second is systematic excluding signal model uncertainties, and
the third is from signal model systematics.

Sample B (x107°) | Total o,yq
5.9987+ 16991 +0E00 LI [ #1300
prpo 5.0373 & 2.7742 05162 £o.s066 | 110090
ere 5.6396 & 1.4571 05578 +0igara | itass
m(X;)(GeV/c?)

0.4—0.6 0.5279 £ 0.1719 £:9355 £9-9900 | 40-0929
0.6 —0.8 0.3223 4 0.2407 £3:9432 4-0.0000 | 40.0432
0.8 —1.0 0.6442 4 0.4018 £9:9826 4-0.0001 | 40.082
1.0—-1.8 3.4960 + 2.0605 49992 404230 | 9944
m(£T07)( GeV/c?)

0.2—1.0 0.0776 & 0.3650 £5-0542 400209 [ 4.0.0677
1.0 — 2.0 1.6343 £ 0.6354 +3-1988 40497 | 01554
2.0 —mypy 1.7508 & 0.8394 £0363¢ 03878 | 03203
Mg = Ty 0.9786 + 0.8450 £0:1006 £0.1361 | 0158
My — 5.0 0.6356 4 0.3175 £9:9804 +-0-0809 | 401206
1.0 —2.45 1.8466 4 0.7163 £9-2268 4-04452 | 4.0.1996
3.795 — 5.0 0.4976 4 0.2486 £9:0695 4-0.0462 | 40.0835
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Figure 76: Number of fitted signal events in bins of mx; (left) and my; for elec-
tron and muon channels combined for data (points) and MC signal
(histogram). The error bars represent the statistical uncertainty

only.
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Figure 77: Differential branching fraction as a function of hadronic mass (left)
and dilepton mass (right), averaged over electron and muon chan-
nels for data (points) and signal Monte Carlo (histogram).
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APPENDIX A

Signal efficiency tables

The tables in this section show the MC signal efficiency for different stages of
the analysis. The numbers correspond to number of events in 81.9 fb™'. The
entries in [%] show the efficiency of the corresponding step. The last column lists

the overall efficiencies.
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A.1 Background rejection tables

In this section we list the background suppression rates for different stages
of the analysis, as estimated in the MC. The table entries are in the mgg range
5.20 < mps < 5.29 GeV. The numbers correspond to number of events in 81.9
fb~!. The entries in [%] show the efficiency of the corresponding step. The last

column lists the overall efficiencies.
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032796

APPENDIX B

Background suppression variables

Figures 78-94 show the background suppression variables used in the likelihood
ratio, for B — X ete and B — X,u"p~ candidates in the four different categories

of events: signal, cross-feed, BB and continuum MC.
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Figure 78: Distributions of AE for B — X, e*e™ candidates in truth-matched
signal (top left), cross-feed (top right), BB (bottom left) and con-
tinuum (bottom right) events. The curves show the result of the
fits to these distributions using the functions listed in Table 5.
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Figure 79: Distributions of AFE for B — X, u" ™ candidates in truth-matched
signal (top left), cross-feed (top right), BB (bottom left) and con-
tinuum (bottom right) events. The curves show the result of the
fits to these distributions using the functions listed in Table 5.
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Figure 80: Distributions of AERCF for B — X, e*e~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 81: Distributions of AEROF for B — X, u*tu~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 83: Distributions of m&2¥ for B — X, u*p~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 84: Distributions of Az between the leptons for B — X, ete™ candi-
dates in truth-matched signal (top left), cross-feed (top right), BB
(bottom left) and continuum (bottom right) events. The curves
show the result of the fits to these distributions using the functions
listed in Table 5.
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Figure 85: Distributions of Az between the leptons for B — X, u*u~ candi-
dates in truth-matched signal (top left), cross-feed (top right), BB
(bottom left) and continuum (bottom right) events. The curves
show the result of the fits to these distributions using the functions

listed in Table 5.
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Figure 86: Distributions of log(Pgy) for B — X, eTe™ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 87: Distributions of log(Ppgy,) for B — X, utpu~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 88: Distributions of cos#,,;,s for B — X, eTe™ candidates in truth-

matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 89: Distributions of cosf,,;s, for B — X, u*u~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 90: Distributions of cosfg for B — X, eTe™ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.

177



Chi2 /ndf =118.8/96

Prob =0.05554
p0  =5729+-12.11 60
pl  =0.5191+ 11.19 Hﬂﬂ I

il

P2 =3.473+-03776 i 50
p3  =-0.0001162 +- 0.346 L J1 -
T C
HH H HH e 40f
i 30
20 r
i 20F
10 o
i 10~
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 01 02 03 04 05 06 0.7 0.8 0.9 0 01 02 03 04 05 06 0.7 08 0.9
cos(Th T) cos(Th T)
240F [chi2 / ndf = 96.22 / 96 70K | Chi2/ndf =52.62/85
220F | Prob =0.4793 L [ Prob =0.9978
[ | p0  =80.73 +- 5.903 F | p0  =0.7476 +- 0.2025
200; pl  =12.02 +- 31.84 60: pl  =0.9249 + 1.974
180 | p2  =1.674+- 1.245 r | p2  =-3.158+-0.8247
160F =3.216 +- 1.004 50| p3 =7.432+-0.8628
140F -
F 40~
120 C
100F 30
80F -
60F- 20r
405— 10:_
20 C
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0- 1 1 111l IIIIIIIIIIIIIIIIIIIIIII
0 01 02 03 04 05 06 0.7 0.8 0.9 0 01 02 03 04 05 06 0.7 08 0.9

cos(Th T) cos(Th T)

Figure 92: Distributions of |cosfr| for B — X eTe™ candidates in truth-

matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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Figure 93: Distributions of |cosfr| for B — X, u*p~ candidates in truth-
matched signal (top left), cross-feed (top right), BB (bottom left)
and continuum (bottom right) events. The curves show the result of
the fits to these distributions using the functions listed in Table 5.
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fits to these distributions using the functions listed in Table 5.
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APPENDIX C

Gamma conversion veto

The ete™ pairs originating from photon conversions in the detector material
must be suppressed in the analysis. The 7 conversion code makes use of the decay
topology of 7 conversions by finding ete™ pairs that have tangential tracks and
small mg+.-.

The module GammaToEE Default uses me-assigned ChargedTracks to generate
a list of v conversion candidates, gammaConversionDefault, with cuts on the dis-
tance between the two POCA P, and P, of the two tracks in the (z,y) plane,
|0zy| < 0.5 cm, the distance along the z axis between P; and P, |6, < 1.0 em,
and me+.- < 30 MeV. Taking into account the location of the beam pipe, we also
require that the radial distance in the (z,y) plane between the decay vertex of the
7 conversion and the primary IP be R;, > 2.0 cm.

The 7 conversion veto is applied after the best B candidate selection. In case
at least one lepton in an eTe™ pair of the B candidate is part of a 7 conversion
candidate’s eTe~ pair, the event is discarded. This veto removes about z.x % of
reconstructed, truth matched signal B — X, ete™ candidates while decreasing the

contamination in those decays by 7y conversion candidates to a negligible level.
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