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CHAPTER 1 : INTRODUCTION
1.1 Overview
In the Standard Model, quark flavor changes only between an up−type quark and a down−
type quark with a charged W boson coupled to the quark flavor changing vertex. In other
words, the Flavor Changing Neutral Current (FCNC) decay is forbidden at tree level in the
Standard Model. The lowest order Feynman diagrams contributing to FCNC decays are
one−loop diagrams with charged W bosons. Such higher order processes are suppressed
by the Glashow−Iliopoulos−Maiani (GIM) mechanism [1] and the amplitudes are sensitive to
any massive quark flavor running around the loop. Such processes are of interest because
the highly suppressed rate provides a good place to study higher order interactions in the
Standard Model, and an unusually large rate indicates there may be new physics beyond
current understanding. Historically, FCNC decays have played a major role in the
development of the present electroweak interaction theory and in predicting the existence of
new physics [2].
1.2 Motivation and Strategy
While studies of the K and B systems have drawn and will continue to draw most attention in
flavor changing interaction physics, charm is still the only up−type heavy quark accessible to
current experiments. D0 → µ+µ− is a charm changing neutral current decay1. It does not
violate any conservation law in the Standard Model. The branching ratio (BR) for D0 → µ+µ−,
the probability of one D0 decaying into two unlike sign muons, due to short distance
contributions is significantly smaller than other rare D meson decays because of additional
helicity suppression [3]. Even with long range effects, within the context of the Standard
Model the branching ratio is anticipated to be about 10−13. This extremely low rate leaves an
immaculate and unexplored region for testing the Standard Model and searching for new
physics. For example, in some Supersymmetry (SUSY) models the contribution to the short
range processes can boost the branching ratio to about 10−6 [4].
1 Throughout this thesis, "D0" represents both D0 and D0 unless stated otherwise.
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This analysis is done with the HERA−B data taken in year 2000. To measure
BR(D0→ µ+µ−), we first have to know how many D0’s are produced. There are three different
methods used by previous experiments to determine the number of produced D0’s (Table 1−
1):
1. multiplying the integrated luminosity by the D0 cross section;
2. dividing the number of D0 decays to a well known and kinematically similar
channel by the branching ratio of that channel, e.g. D0 → K+π−;
3. by the number of reconstructed J/Ψ→µ+µ− and the cross sections of J/Ψ and D0.
The first method is straightforward, i.e., the number of D0 is simply LσD0αD 0 where L
is the luminosity, σD0 is the total D0 production cross section, and αD0 is the detector
acceptance and efficiency. However, this method is not suitable for this study since one
essential parameter, the luminosity L, is not well determined for year 2000 run. The second
method is the most preferred because many experimental uncertainties largely cancel out,
such as detector efficiency and integrated luminosity. But this method does require a trigger
with sensitivity to both purely hadronic and dimuon decays, which is not available yet in the
HERA−B year 2000 run.
The best strategy for this study is to use the last method since there are nearly 4000
J/Ψ collected with the two−muon trigger. We can use the same data set and normalize the
number of D0 to the number of reconstructed J/Ψ→µ+µ−. In this case, the luminosity is
factored out and the branching ratio limit of D0 → µ+µ− can be written as

0

A

BR D → µ µ

B

≤

n cl

αJ ⁄Ψ σ J ⁄Ψ

N J ⁄Ψ αD σ D
0

A

BR J ⁄ Ψ →µ µ

B

1−1
,

0

where ncl is the number of observed D0 or a confidence limit, NJ/Ψ is the number of observed
J/Ψ→µ+µ−, α J/Ψ(D0) is the acceptance and efficiency for J/Ψ→µ+µ−(D0 → µ+µ−), and σJ/Ψ(D0) is
the production cross section for particle J/Ψ(D0 ). How this equation is applied is discussed
in detail in Chapter 7. Monte Carlo simulation will be used to study the acceptances and
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efficiencies, as well as the properties of D0 → µ+µ− since we expect to find no or few signal
events.
1.3 Previous Measurements
Many experiments have set limits on the branching ratio for D0 → µ+µ−. The results are
summarized in Table 1−1. The current best experimental limit is 4.1×10−6 from BEATRICE in
1997. During the preceding 15 years, the upper limit on this branching ratio was decreased
by 2 orders of magnitude. Due to improvements in electronics and detector techniques, with
more data collected, it is very possible that the limit can be further lowered by several orders
of magnitude in a few years. Even though this is still far short of the Standard Model
prediction, it is close to the estimated branching ratio of several extensions to the Standard
Model, which predict much higher probabilities for this decay.
(year) Experiment

Interaction

Branching
Ratio

comment

σD

0

(1985) EMC [5]

280 GeV µ+ − H,D

3.4×10−4

3

9.8×10−3

(1986) E615 [6]

225 GeV/c π± − W

1.1×10−5

3

7.7

(1988) ARGUS [7]

e+e− ≈

7.0×10−5

2

(1994) E789 [8]

800 GeV/c p−− Pt

3.1×10−5

3

20.9

(1995) E653 [9]

600 GeV/c π−− emulsion

4.4×10−5

3

22.05

7.6×10−6

2

10 GeV

π−−

(1995) BEATRICE [10]

350 GeV/c

(1996) CLEOII [11]

e+e− ≈ ϒ(4S)

3.4×10−5

2

(1996) E771 [12]

800 GeV/c p − Si

4.2×10−6

1
2

π−−

Cu, W

(1997) BEATRICE [13]

350 GeV/c

Cu,W

4.1×10−6

(1999) E791 [14]

500 GeV/c π−− Pt, C

5.2×10−6

2

(2000) E789 [15]

800 GeV/c p − Au, Be

1.56×10−5

2

20.9

Table 1−1 : The measured upper limit of BR(D0 → µ+µ−). The results are listed
chronologically. The ‘‘comment’’ column notes the methods used to calculate the number of
produced D0 for determining the BR:
1:by integral luminosity and D0 cross section;
2:normalized to D0 → K+π−;
3:normalized to J/Ψ→µ+µ−.
For cases 1 and 3, the D0 cross section ( σ D , in µb/nucleon) used is also listed.
0
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CHAPTER 2 : THEORY
In the Standard Model, there are three classes of particles − the constituents of matter are
made of the two types of fermions (spin ½), quarks and leptons, and the interactions (forces)
between these fermions are mediated by gauge bosons (spin 1). There are six quarks
(flavors) grouped in three generations of doublets. The three up−type quarks (u, c, and t)
have electric charge +2/3 and the three down−type quarks (d, s, b) have electric charge
−1/3 (Table 2−1).

Charge

I

II

III

A2 ⁄ 3

up (u)

charm (c)

top (t)

B 1⁄ 3

down (d)

strange (s)

bottom (b)

Table 2−1 : Quark flavors grouped in three generations.

The quark flavor changing vertex only couples to the charged current, W± bosons, of
the weak interaction. In other words, an up (down) type quark always changes into a down
(up) type quark in a flavor−changing interaction. The quantum numbers determining the
quark flavor are conserved in all other interactions, including the one coupling with a neutral
Z0 boson of the weak interaction, i.e. the flavor−changing−neutral−current vertex does not
occur in the SU(2)xU(1) standard model. The lowest order Feynman diagrams contributing
to FCNC decays are one−loop diagrams involving W± bosons (Figure 2−1). This makes the
expected rate much smaller than processes at tree level. Such interactions are interesting
because they offer the possibility to study higher order processes, and an anomalously large
rate (a few orders of magnitude larger than the Standard Model prediction) may indicate the
presence of tree−level flavor−changing neutral currents from physics beyond the Standard
Model.
The charm FCNC processes refer to D0 → l+l−, γγ, and D0 → Xγ, Xl+l−, Xν ν , where
l = e or µ and X is a meson. In K and B FCNC decays the short distance dominance of the
Standard Model transitions is ensured by the presence of the heavy top quark (mt ≈ 180
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GeV/c2). Because of the simultaneous smallness of mb and of the CKM factor VcbVub*, a
similar phenomenon cannot occur in c−>u transitions. As a result, the charm FCNC decays
cannot be used to make precision tests of the CKM mechanism. Nevertheless, they can be
used to probe new physics scenarios in cases where it is possible to set a firm upper bound
on the long−distance contributions [4]. In this analysis, I will focus on one particular charm
FCNC decay D0 → µ+µ−. This two body decay does not violate any conservation law in the
Standard Model. However, there is a big window between the Standard Model prediction
and the current experimental limit for probing new physics.
2.1 The Standard Model Contributions
Flavor−changing decays played an important role in predicting quark flavor mixing in the
weak interaction and the existence of the charm quark. In the Standard Model, the quark
eigenstates coupling to the charged current (W±) of the weak interaction are not the physical
mass eigenstates of quarks but a mixture of them. The mixing allows quark mass
eigenstates to couple across different generations. The amplitude of the charged weak
interaction is proportional to the charged current

_

Vud Vus Vub

Jweak ∝ u c t

Vcd Vcs Vcb

_

_

Vtd

Vts

Vtb

d
s ,
b

where the 3x3 CKM matrix transforms from the quark mass eigenstates to the weak
eigenstates. For example, in Figure 2−1, the three contributions to the D0 → µ+µ− decay
involve the CKM elements:
_

u →d →c ∝ V ud V*cd ,
_

*
u →s →c ∝ V us Vcs
, and
_

u →b →c ∝ V ub V*cb .
In the limit that the d, s, and b quark masses are identical, these three contributions will
cancel exactly due to the unitarity of the CKM matrix. Since they are not identical, the
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Figure 2−1 : Box Feynman diagram for D0 → µ+µ− decay. The intermediate d, s, b, and νµ
can also be their antiparticles, depending on time order of vertices.

cancellation is not complete resulting in a small but non−zero decay amplitude. This
suppression due to the quark mixing is called the GIM mechanism, named after the creators
of the concept2 [1].
The charged current of the weak interaction only couples to left−handed fermions
and right−handed anti−fermions. The helicity (handedness) of a particle is defined as the
spin projection along its direction of motion, divided by the magnitude of its spin. For spin−
1/2 fermions (e.g. µ+ and µ−), this projection is either +½ ħ or −½ ħ , corresponding to
positive or negative helicity and the states are called right−handed or left−handed
respectively (Figure 2−2). Since the D0 is a spin 0 particle, the conservation of angular
momentum requires both of the muons (spin ½) to have the same handedness in the center
of mass frame of the D0. Therefore one of the muons has the wrong helicity for coupling to
the W±, producing additional suppression in this decay channel. The suppression factor for
particles at high energy is approximately proportional to
2

m
,
E
where m is the fermion mass and E is its energy [16]. This dependence in the decay
amplitude on the lepton mass overwhelmingly favors the µ+µ− final state over that of e+e−.

2 S. L. Glashow, J. Iliopoulos, and L. Maiani
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p

p

s

s

(a) left handed

(b) right handed

Figure 2−2 : Helicity of a particle with spin s and linear momentum p.

The overall contribution to the decay amplitude from the short distance interaction is
estimated to be of order 10−18. However, the contribution from off−shell long distance
interactions, mainly from the two−photon unitarity contribution, can enhance the branching
ratio to the order of 10−13 [4].
2.2 Potential of New Physics Contributions
Since the Standard Model expectation for D0 → µ+µ− is well beyond experimental reach for
the foreseeable future, observation of this decay is an indication of new physics. To be
clearly identified, the new physics should produce an order−of−magnitude enhancement
over the long−distance Standard Model prediction.
The minimal supersymmetric extension of the Standard Model (MSSM) consists of
supersymmetric partners to every particle in the Standard Model. Every ordinary Standard
Model particle has a "s−particle" partner in Supersymmetry. In addition, the MSSM contains
two hypercharge Higgs doublets. The MSSM possesses R−parity invariance, where
R = B1

3 BBL A2S

for a particle with baryon number B, lepton number L and spin quantum

number S [17]. All the ordinary Standard Model particles have even R−parity (R=1),
whereas the corresponding supersymmetric particle ("sparticle" for short) have odd R−parity
(R=−1). Generally R−parity is conserved as a consequence of B−L invariance in the MSSM.
As a result the sparticles can only be produced in pairs and a stable lightest sparticle (LSP)
exists. However, the R−parity conservation is an ad hoc assumption to fit the experimental
upper limit of proton decay rate. There is no deep theoretical justification for it [18]. Other
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symmetries can be invoked to keep either the baryon parity or the lepton parity and allow the
other to be violated, thus prohibiting fast proton decay and allowing R−parity violation [19].
As a consequence of R−parity violation the LSP is no longer stable and will decay into
ordinary Standard Model particles. It is estimated that the branching ratio for D0 → µ+µ− is
boosted to the 3.5×10−6 level when R−parity breaking induces flavor violation in the up−type
quark sector [4]. This prediction, which is just below the current experimental limit, makes
this channel extremely interesting. With increased statistics in the near future, we will be
able to either see a signal due to the R−parity violation or put a constraint on it.
Besides the MSSM with R−parity violation, there are several other extensions of the
Standard Model, including multiple Higgs doublets, and extra heavy down−type quark. For
these we predict the branching ratio for D0 → µ+µ− in the 10−9 to 10−11 range [4]. This range is
still distinguishable from the Standard Model contribution, but more statistics are needed to
test these models.
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CHAPTER 3 : THE HERA−B EXPERIMENT
HERA−B is a fixed target experiment at the Deutsches Electronen−Synchrotron (DESY) in
Hamburg, Germany. It is located on the Hadron−Elektron−Ring−Anlage (HERA) accelerator
ring which consists of a 6.3 km long underground tunnel with a proton and a positron beam.
An overview of the HERA storage ring is shown in Figure 3−1. Unlike most fixed−target
experiments, HERA−B uses a unique beam and target configuration. The detector is located
directly on the proton ring of the accelerator and observes interactions of protons in the halo
of the stored beam with one of several wire targets. The halo protons are not useful for the
other experiments at HERA, and therefore freely available for HERA−B. The positrons are
not used by HERA−B. The protons are injected from the PETRA ring and boosted to 920
GeV/c giving a center of mass energy

s = 41.6 GeV for p−nucleon collisions. The protons

in the HERA accelerator are packed in bunches which are separated by 96 ns. Typically,
only 180 of the possible 220 bunches are filled. This gives an average interaction rate of 8.5
MHz if there is one interaction per bunch crossing.
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e
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O
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Figure 3−1 : The experiments on the HERA storage ring (left). The pre−accelerator to fill
HERA is magnified on the right.
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Figure 3−2 : The HERA−B detector. The vertex detector, magnet, main tracker, and muon
detectors are used for this analysis.
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3.1 The HERA−B Spectrometer
The HERA−B experiment is located at Hall West on the DESY main campus (Figure 3−1).
The experiment proposal was approved in February 1995 for studying CP violation in rare B
meson decays [20]. Figure 3−2 shows the schematic layouts of the HERA−B spectrometer
in two views. We define the laboratory coordinates such that the z axis is aligned with the
HERA proton beam which enters from the left side of the figure and passes the target wires.
The proton beam is about 6° tilted from the horizontal. The y axis points upward and
perpendicular to the beam, and the x axis points horizontally toward the center of the HERA
ring. The whole spectrometer covers from 10 mrad polar angle to about 200 mrad in x and
160 mrad in y, corresponding to about 90% solid−angle coverage in the center of mass
system. During the year 2000 run, the small angle components were not fully commissioned.
This reduced the geometric acceptance by about 35%.
Here I will give a brief description of the sub−components used in this analysis. I
begin at the target and proceed through the detector to the muon system, and then to the
trigger and data acquisition system. I participated in the construction, commissioning, and
operation of the muon system. In the next section, I will describe more about my work on the
front end readout electronics of the muon system. A more comprehensive description of
HERA−B can be found in [21,22].
3.1.1 Target
The HERA−B target consists of eight target wires in two stations. The material and
dimensions of each wire are listed in Table 3−1. Figure 3−3 is a schematic of the target
configuration. The target wires are installed around the proton beam and can be moved
individually transverse to it to intercept the halo of the proton beam. The interaction rate is
constantly monitored by a collection of scintillator counters and the wire positions adjusted to
maintain a constant interaction rate during data taking. The separation between the two
target stations is about 4 cm which is much larger than the decay lengths of B and D
mesons. This allows us to identify the primary production wires unambiguously.
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inner 2 : C (12)
100 µm x 1000 µm

P

below 1 : Ti (48)
50µm x 500 µm

Station 2

Station 1

Figure 3−3 : The target wire configuration for the 2000 run. The first station is closer to the
HERA−B spectrometer. The inner 2 and below 1 wires were used for the data of this
analysis.

Target Wire

Material(Atomic weight)

Dimensions

Above 1

Ti (47.9)

50 µm × 500 µm

Below 1

Ti (47.9)

50 µm × 500 µm

Inner 1

Ti (47.9)

50 µm × 500 µm

Outer 1

Ti (47.9)

50 µm × 500 µm

Above 2

Al (27.0)

50 µm × 500 µm

Below 2

W (183.8)

50 µm × 500 µm

Inner 2

C (12.0)

100 µm × 1000 µm

Outer 2

Ti (47.9)

Round with diameter 50 µm

Table 3−1 : HERA−B target configuration of the year 2000 run. Each wire is a 3 cm long
ribbon with the transverse width (perpendicular to the beam direction) and thickness (in the
beam direction) listed in the table. The number in the first column represents the target
station. The "Above/Below" wires are located above/below the proton beam, i.e. in +/− y
region. The "Inner/Outer" wires refers to location inside/outside the circumference of the
HERA ring. Thus, the inner wires are 3 cm long in the y direction and located on the +x side
of the beam.
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Figure 3−4 : A schematic layout of the vertex detector system (VDS). Each quadrant of each
superlayer consists of two double−sided silicon microstrip detectors which are positioned at
four stereo angles of ±2.5° and 90°± 2.5°. The last superlayer (8) is mounted right behind
the 3 mm thick aluminum exit window of the vertex vessel. During the dimuon−trigger data
taking in 2000, only three stereo views − one single−sided and one double−sided detectors
− were installed for the first three superlayers.
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Figure 3−5 : The VDS acceptance in the 2000 run. Only the first seven superlayers are
shown.
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The multi−wire target was successfully operated at interaction rates from about 1
MHz to 100 MHz. During the year 2000 data taking, we ran mainly at an interaction rate of 4
to 5 MHz using only one or two wires.
3.1.2 Vertex Detector
The vertex detector system (VDS) is located just downstream of the target stations. It
consists of 52 double−sided and 12 single−sided silicon microstrip detectors arranged in
eight superlayers around the proton beam axis (Figure 3−4). The silicon sensors have a
readout pitch of 50 µm. As we were not utilizing the small angle tracking systems during the
2000 data taking, the VDS modules were positioned at a larger distance from the beam, 15
mm instead of the design value 10 mm, in order to reduce the risk of radiation damage. At

Figure 3−6 : The VDS vessel with the Roman pot system. The two target stations are
integrated inside the VDS vessel. The first three VDS superlayers are mounted on one
Roman pot and moved together. The eighth superlayer is installed immediately outside the
exit window of the vessel. There is no beam pipe inside the vessel. Four steel ribbons are
installed around the beam axis inside the VDS vessel, starting from the target stations, for
RF shielding.
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Figure 3−7 : The stainless steel RF shielding around the beam axis. Also shown in this
picture are the target stations. The proton beam comes from the right side of this picture and
interacts with the target wires. The metal around the beam axis behind the target stations is
an extension of the proton beam pipe. The other ends of the RF ribbons are connected to
the exit window of the VDS vessel.

these locations, the VDS acceptance covers polar angles from 20 to 250 mrad (Figure 3−5).
The first seven superlayers are installed in ‘‘Roman pots’’ which allow them to be
positioned close to the beam during data taking and retracted to a safe distance during
beam manipulation (Figure 3−6). The Roman pots are mounted on a 2.6 m long vacuum
vessel. The silicon is kept in a secondary vacuum, separated from the accelerator vacuum
by 150 µm thick aluminum "caps" which also serve to reduce the RF pick−up. Besides the
target wires and VDS modules, four 12.7 mm wide and 5 µm thick aluminum coated
stainless steel bands surround − at square cross section − the proton beam axis for RF
shielding inside the VDS vessel (Figure 3−7). They extend over 2 m from the targets to the
vessel exit window. To avoid rupture, they are kept away from the beam axis at least 9 mm
during data taking. About two−thirds of the tracks used for primary vertex fitting pass
through at least one RF ribbon at an average path length of 0.6% of a radiation length. The
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multiple scattering contribution from this is roughly equivalent to half of one VDS superlayer.
The VDS provides precise track information for determining the locations of primary
and secondary vertices, and impact parameters. During the 2000 run, the VDS worked at
efficiencies greater than 95% for most of the planes. The system was well aligned internally
to within 7 µm transversely and 250 µm longitudinally. The stereo angle uncertainties are
less than 0.6 mrad. The hit resolution is about 15 µm and the impact parameter resolution is
estimated to be 35 µm in the plane transverse to the beam direction [23].
3.1.3 Magnet
The spectrometer magnet is located behind the VDS system (Figure 3−2). The HERA−B
magnet is a normal−conducting dipole magnet with field pointing in the +y direction (Section
3.1). The 2.1 T−m field integral provides a transverse momentum kick of about 0.64 GeV/c
in the horizontal plane to singly−charged particles. The HERA−B magnet is incorporated into

Figure 3−8 : The HERA−B magnet. This picture was taken before chambers were installed
inside the magnet. The proton beam goes from the right to the left in this picture. The lower
pole face has been cut out in a half cylinder shape around the electron beam pipe. The
electron beam pipe shield consists of three iron cylinders, which are tapered at the ends,
and a series of compensation coils.
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the proton beam lattice of HERA with the addition of three beam line magnets placed
upstream of the experiment to compensate for the deflection of the proton beam due to the
spectrometer magnet. In order to preserve the polarization of the HERA electron beam, a
series of compensation coils and magnetic shielding were installed around the electron
beam pipe (Figure 3−8) where it passes through the HERA−B magnet. The shielding
reduces the residual magnetic field within the electron beam pipe below the level that would
adversely affect the electron ploarization.
3.1.4 Main Tracking System
The main tracking chambers are located between the VDS and the electromagnetic
calorimeter (ECAL). Together with the VDS and magnet, the tracking system provides
charged particle track reconstruction and momentum determination. It consists of two gas−
based systems, the inner (ITR) and the outer (OTR) trackers. Both have chambers arranged
in three stereo views of 0°, and ±5° with respect to the vertical direction in each superlayer
(except MC5 of the outer tracker, see the caption of Figure 3−10). Some tracking stations
contribute to the first−level trigger system, and all stations behind the magnet are used by
the second level trigger.

Figure 3−9 : Schematic view of the inner tracker MSGC/GEM detector. The chambers
intended for triggering are equipped with double layer detectors to increase the efficiency.
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3.1.4.1 Inner Tracker
The inner tracking detector (ITR) is based on micro−strip gas chambers (MSGC) combined
with a gas electron multiplier (GEM) foil (Figure 3−9). It covers the area around the beam
pipe between radii of 6 and 30 cm. There are 184 chambers in total, each with 768 anode
strips, distributed among 10 tracking stations. 75% of the chambers were installed during
year 2000, and they had operating efficiencies of 91−97%. The internal alignments were
within 200 µm transverse to the beam. The ITR system was not ready for the trigger
commissioning during the running period − they are used in offline track reconstruction [24].
This recovers the lost geometric acceptance very slightly.
3.1.4.2 Outer Tracker
The outer tracking system (OTR) covers from a distance of 20 cm from the beam up to 250
mrad in the horizontal plane and 160 mrad in the vertical plane, as shown in Figure 3−2. It is
subdivided into 13 superlayers distributed along the beam from the VDS to the ECAL, as
depicted in Figure 3−10. The superlayers are given one of three designations according to
their purpose and position:


magnet chamber (MC) : located before and inside the magnet region,



pattern recognition chamber (PC) : located between the magnet and the ring
imaging Cherenkov counter (RICH),



trigger chamber (TC) : located between the RICH and the ECAL detectors.

The MC chambers are intended to find and fit the curved tracks inside the magnet.
For the 2000 data, the MC chambers were used for track finding to match VDS and OTR
track segments but not for track fitting. The PC chambers are primarily used for pattern
recognition of straight tracks behind the magnet. The two TC layers are mainly used,
combined with PC1 and PC4 layers, for track following toward MC chambers and the VDS
by the first level trigger (FLT) and for extrapolating tracks to the ECAL and the muon
systems during the offline reconstruction.
Each superlayer is composed of detector layers oriented at stereo angles of 0° and
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Figure 3−10 : Isometric view of the outer tracker superlayers. The upper−right (+x, +y)
quadrant is cut away to show the detail around the beam pipe. The proton beam comes from
the upper−right of this figure. The whole setup is about 10 m long. Due to lack of space,
superlayer MC5 has only one 0° layer. All other superlayers contain three layers of stereo
angles 0° and ±5° with respect to the vertical direction. The sizes of the superlayers range
from about 1×1.2 m2 to 6×4.5 m2.

±5° to vertical except one superlayer inside the magnet region − MC5 has only one vertical
layer. The basic structure of a detector is shown in Figure 3−11. The honeycomb−shaped
cathode tubes are made of half−hexagonal polycarbonate foils (75 µm thick Pokalon−C)
which are coated with a 50 nm underlayer of copper followed by 40 nm of gold. A 25 µm
diameter gold−plated tungsten anode wire is strung in the middle of each cathode cell.
Fiber−glass strips are used to provide support to long wires. To have roughly constant
occupancy (below 20%) over different regions of a superlayer, cells of two diameters are
used: 5 mm in the sections near the proton beam and 10 mm for the outer modules. There
are about 120 thousand readout channels in total [25].
During the year 2000 run, the OTR system suffered high voltage instability caused
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signal wires
Pokalon-C foil
endpiece
G10 strip

double layer

single layer
5 mm / 10 mm

Figure 3−11 : Honeycomb structure of OTR chambers. Double layer chambers are used in
detectors incorporated in the first level trigger (FLT) to increase the efficiency.

cathode wall

*
*

ions
**

electrons
*
*

HV

primary ionization
sense wire
charged particle

Figure 3−12 : Schematic of an OTR drift tube. The applied electric field prevents
recombination of the electron−ion pairs created by the passage of a charged particle.
Generally there is more than one primary ionization along the track path and the measured
drift time is for the avalanche produced by the electrons closest to the anode wire. Thus the
drift time is a measurement of the distance between the particle trajectory and the sense
wire. The signal from the ions is filtered out and only the electron current is used for drift
time measurement.
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mainly by arcing on the HV distribution boards. By the end of the run, about 15% of the
channels were dead due to HV failure, broken wires, or readout electronics problems.
Another 5% of channels were noisy. The measured average cell efficiency per superlayer of
the working channels varies between 90% and 98%.
The OTR detector records the drift time with time−to−digital converters (TDCs). The
drift time is the time difference between the passage of an ionizing particle and the arrival of
the electron signal on the anode wire (see Figure 3−12). The relation between the distance
and the drift time is called the rt−relation. It is a function of the ionizing gas mixture
(Ar/CF4/CO2), the pressure and temperature of the gas, and the applied high
voltage(1700/1900 V for 5/10 mm cell). The rt−relation and t0−offset (the time delay in the
readout electronics) have been calibrated. Together with the alignment and other minor
corrections, the spatial resolution is estimated to be about 400±50 µm for chambers in the
field−free region. The resolution of the MC chambers is significantly worse, probably
because of a less precise alignment [26].
3.1.5 The Muon Detector
The main purpose of the muon detector (MUON) is to identify muons and generate muon
trigger candidates in the real−time trigger system. It consists of hadron absorbers and four
superlayers of muon chambers as shown in Figure 3−13. The total thickness of the hadron
absorbers in the central region is 19 interaction lengths. These absorbers stop most of the
hadrons and set a momentum threshold for muons at about 4.5 GeV/c.
Each superlayer consists of an outer system and an inner system. The outer system
covers a region of about 15 to 160 mrad in the vertical plane and a horizontal range of 20 to
220 mrad. The first two superlayers are composed of three sublayers of proportional "tube"
chambers, arranged in 0°, −20°, and +20° stereo angles with respect to vertical. A
schematic drawing of the tube chambers is shown in the top of Figure 3−14. One tube
chamber has 32 cells. A gold−plated tungsten anode wire of 45 µm diameter is stretched
inside each cell. The detection region of each tube cell is approximately 3 m long and 14 mm
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Figure 3−13 : The HERA−B MUON detector. One quadrant (−x, +y) is removed from this
drawing. Four superlayers of chambers (MU1 to MU4) are interspersed with hadron
absorbers. The hadron absorbers are made of armored concrete (density 5.2 g/cm3) and
iron blocks. The total thickness of the first three absorbers is about 310 cm. The 5 cm thick
iron wall between MU3 and MU4 covers only about one fourth of the MU4 area near the
beam. One additional 5 cm thick iron wall behind the fourth superlayer shields particles
coming from the backside of the detector. The whole system is located at 15 to 20 m
downstream of the target.

wide. The geometric sensitive region of one single layer is about 85% due to the 2 mm wide
aluminum wall between tube cells. To compensate for this loss, the 32 channels are
arranged in two layers with a half cell shift. At a 5 MHz interaction rate, the average
occupancy per cell is about 0.7% in the first superlayer and 0.1% in the second.
The last two MUON superlayers consist of "pad" chambers and are designed for
triggering. Each of them has one layer of pad chambers mounted vertically. A pad chamber
consists of two monolayers of aluminum profiles (Figure 3−14 bottom), each having 60
(MU3) or 58 (MU4) cathode pads in 2 columns and 16 tube cells. A pad is about 13 cm in x
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Figure 3−14 : Cross−section of a MUON tube (top) and pad (bottom) chamber. The
chamber bodies are made of extruded aluminum. Each chamber consists of two 16−tube
layers. The chamber gas is injected into one layer and flows through all the 16 cells then to
the next layer. For the pad chamber, one side of the tube cells is closed with a copper
coated phenolic board which is used for the cathode pad readout. Each pad covers 8 tube
cells in the x direction. The signals from two corresponding pads (at the same y position) are
tied together at the input of the pad card (Figure 3−20).

and 10 cm in y. There is a shift of approximately one half pad vertically between the pads of
the third and fourth superlayers. The tube cell works just like the tube chamber of the first
two superlayers − the signal of the avalanche of electrons is read out from the gold−plated
anode wire of 45 µm diameter. The cathode pad signal is first amplified by a preamplifier
which is mounted inside the chamber. To reduce the number of readout channels, a pad
from one profile layer is combined with a pad from the other one [27].
The inner system uses gas pixel chambers and covers polar angles from 10 mrad
up to 16 mrad in y and 21 mrad in x. There are four pixel chambers per superlayer, one for
each quadrant. The inner system was not included in the trigger system during the year
2000 run. It was running mainly for pixel chamber and pretrigger commissioning. The
estimated chamber efficiency per superlayer is above 85% [28].
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3.1.5.1 Muon Detector Efficiency
During the 2000 run, the muon detector efficiency per sublayer was above 97% for the first
two superlayers (Table 3−2). However, the muon system suffered from low pad efficiency
and various electronics and high voltage problems. The pad efficiency is about 70% on
average and only 85−90% even for the best regions (working channels with nominal high
voltage and no obvious electronics problem). It was determined to be due predominantly to a
mismatch between the preamplifier and the readout electronics. Various proposals and
alternatives have been studied to find the best remedy [29]. Besides the low pad efficiency,
about 2% of channels were not working due to open connection or electronics problems and
1% of channels were too noisy even with high readout threshold [30].
The efficiencies were determined by stand−alone track reconstruction algorithms.
To find the efficiency of a tube layer, tracks start from pad coincidences and propagate from
MU4 to MU1 [31]. The track propagation is based on the Kalman filter. A track is required to
have hits in all tube layers except the one in question. The efficiency is the number of tracks

residual

MU1, 2, & 3 wire hits required for a track

+x
+z

MU1

MU2

MU3

MU4

Figure 3−15 : Schematic representation of the algorithm used to determine the pad
efficiency, as discussed in the text.
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region

good regions

all regions

single

double

single

double

MU1 0°

85.3

96.6

89.4

MU1 +20°

85.4

97.8

95.0

MU1 −20°

84.8

97.5

76.2

MU2 0°

82.5

97.4

97.3

MU2 +20°

82.2

98.3

97.9

MU2 −20°

84.2

98.3

95.5

MU3 0°

84.4

83.2

MU4 0°

84.0

83.9

MU3 pads

85

75

MU4 pads

85

68

Table 3−2 : Muon detector efficiencies (in percentage). "Good regions" means the
efficiencies of regions where most channels are working and the "all regions" means the
efficiencies of a whole layer. "Single" means the single layer efficiency of a double layer
chamber, and "double" means the double layer efficiency.

with hits in that layer divided by the total number of tracks. For pad layer efficiencies, the
track finding algorithm uses hits only in the 0° chambers of all four superlayers (Figure 3−
15). An isolated double−hit in MU1 is paired with hits in MU2 within a certain acceptance
angle. The track "seed" is then extrapolated to the last two superlayers. If a MU3 (MU4) hit
is found within 10 cm of this track, then the smallest tube hit residual in MU4 (MU3) is
histogrammed. A second histogram is filled for the wires which have coincident pad hits.
After background subtraction (using sidebands) of both histograms, the pad efficiency is
determined as the ratio of the "wire and pad" signal to the wire signal [22]. The determined
tube and pad efficiencies for year 2000 run are given in Table 3−2.
3.2 The Front End Electronics of the Muon System
The front end electronics (FEE) is the readout electronics system to amplify and discriminate
the detector signals. The Wayne State University High Energy Physics group (WSU−HEP)
was responsible for building, installing, and commissioning the FEE system of the HERA−B
MUON detector. We designed three kinds of FEE cards, together with their power and
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Shielded coaxial cable

+HV
+2.5V
Tube chamber body

1M

.1uF
IN6263

Flexible wire ~6cm
A
220pF
Signal wire (anode)

ASD08

Output

B

Threshold voltage
0 to +2.5V

-2.5V

.1uF

Figure 3−16 : Schematic diagram of one tube readout from anode wire to ASD input. One
tube card consists of 32 such channels. For a pad (cathode) readout, there is no high
voltage applied and two pad outputs are combined in the input stage of the ASD channel.
The dashed line around the ASD represents the boundary of the tube card.

control systems, for the three different chambers (tube, pad, and pixel) [32]. All three kinds
of FEE readout cards use 8−channel−in−1 fast amplifier−shaper−discriminator (ASD−8)
chips which are designed for short measurement time and low operational threshold [33].
Figure 3−16 is a schematic diagram of one ASD−8 channel for tube chamber readout. The
anode wire is connected to one of two differential inputs of an ASD−8. The threshold
voltages of the discriminator of each ASD−8 channel are set through a micro−controller and
converted from digital to analog value by an 8−bit D−to−A converter (DAC) on the readout
board. Every ASD−8 channel has its own DAC. An erasable programmable read−only
memory (EPROM) on every microcontroller card holds the control program [34].
Communication between the microcontroller and the FEE cards is based on Philips
Semiconductors’ Inter IC (I2C) bus while the communication to the experimental slow control
computers uses the RS485 (differential) serial interface. For the tube and pad systems, one
microcontroller card can have up to 4 power distribution cards. Each power distribution card
fans out low voltage to a maximum of 4 FEE cards (Figure 3−21).
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3.2.1 Test of the Muon FEE
All the muon FEE are manufactured in the US. For quality control before installation, we set
up a series of test procedures in the lab at WSU. The first step is to test every ASD−8 chip
before it is sent to an outside company for mounting on FEE readout cards [35]. The next
step is to test the stuffed FEE cards in our lab. A diagram of the FEE card test setup is
shown in Figure 3−17. We wrote a program, CALFEE, written in Microsoft Visual C for
Windows 3.11, running on a personal computer (PC) to control all the testing procedures
and to record the results. The FEE card is setup inside a test box and fed with simulated
signals. The simulated signals are created by differentiating a square pulse. The FEE output
is converted to emitter coupled logic (ECL) levels by our custom receiver module and sent to

HPIB
CAMAC
Inhibit

SCSI
RS232

.

HOST PC

8 Digits Counter
IN

Gate

Reset

Timing GEN
(Kinetic System 3655 )

32 Channel
Scalar
(Phillips 7132H)

SCSI BUS
Crate Controller
(Jorway 73A)
RS232 - RS485
converter

SYNC

Signal Source
Enable

(HP 8165A)
Trigger

GATE
652 Controller

Gate/Delay GEN
(Phillips 794)
(gate width .1 sec)

Oscilloscope
(Tektronix TDS 340)

Receiver Modules

channel 17 - 32
TEST BOX
(pulse distribution network
and ASD board)

channel 1 - 16

I2C
Power
Distribution
Card

Figure 3−17 : The MUON front−end−electronics (FEE) test system. The PC communicates
with the FEE control system (652 Controller) through a serial port and a RS232−to−RS485
converter. The programmable signal source (HP 8165A) which is controlled by PC via a
HPIB (Hewlett Packard Interface Bus) was later replaced with a manual controlled pulse
generator HP8082A. The oscilloscope is to monitor the input and output signals of individual
channels and the counter is to visually monitor the system.
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a computer automated measurement and control (CAMAC) based scaler. The receiver
module also has NIM outputs for monitoring on an oscilloscope. The basic idea of the FEE
test is to measure the efficiency of each channel as a function of injected charge and ASD−8
threshold voltage. The efficiency is defined as the number of output pulses divided by the
number of pulses injected into one ASD−8 channel. The number of input pulses is
determined by the input pulse frequency (1 MHz) multiplied by the counting time (we
typically used 0.1 sec) controlled by a gate/delay generator. The PC communicates with the
CAMAC system by small computer system interface (SCSI) bus to trigger the gate/delay
generator and read out the results from the scaler. To avoid crosstalk between adjacent
channels, only odd or even channels are tested at one time. On the first pass, about 25% of

x 10 2
2250

10

2000

9

1750

8

1500

7

1250

6

Charge (fC)

ASD-8 output signal number

tube and pad cards had at least one malfunctioning channel, mainly due to false soldering or

5

1000

4

750

3

500
2

250
1

0

0.4

0.6

0.8

1

1.2

threshold (V)

Figure 3−18 : Test result of one FEE channel. The efficiency is the solid line value (left
scale) divided by the input pulse number. The dotted line is the sensitivity (in terms of input
charge, scale on the right) versus threshold voltage. For a given threshold voltage, the
sensitivity is the input charge with a 50% efficiency.
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ASD−8 chip failure. These were easily fixed and the tests were repeated.
Figure 3−18 is one example of the test results of one tube card channel: the number
of output pulses from the ASD−8 as a function of the injected charge and threshold voltage.
The injected charge is determined from the voltage of the input rectangular pulse. We
require a good channel to turn−off at threshold above 1.4 volt. The lowest threshold of 100%
efficiency plateau, with the highest input pulse height, has to be .65 volt or below. This value
is relevant for the tube card test since most of the pad card channels are still in the plateau
even at threshold lower than 0.4 volt. Finally, a characteristic curve of the channel efficiency
is determined from the relationship between the input charge and the threshold for 50%
efficiency. The test program fitted this curve by an empirical function (hyperbolic tangent)
and stored the result into an EEPROM on the FEE card [36].

Figure 3−19 : The muon tube readout card mounted on a chamber. The top cover of the RF
shielding is removed. The gas tubes and all cables (high voltage, signal, and FEE control)
are connected. The four black squares on the tube card are ASD−8 chips. The FEE control
cable supplies the readout card power (+5V, ±2.5V, and GND) and the signal to set the
ASD−8 thresholds via DAC. The connections from the chamber anode wires to the tube
card input are also visible. In this picture, the copper foils from the tube card to the chamber
body are not installed yet.
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Figure 3−20 : The muon pad FEE mounted on one end of a pad chamber. The tube card
mounted on the other end of the pad chamber, which looks similar to Figure 3−19, is not
seen. The top picture is before the two monolayers are closed. The pre−amplifiers as well as
the signal cables to the pad FEE are present. The bottom picture is a closed pad chamber
with fully installed rf shielding box and all cabling. The gas flows in and out of the chamber at
the tube readout end. At the pad readout end, the gas is connected from one monolayer to
the other.
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The test of power distribution and microcontroller cards checked the command
communication and power transmission. Every FEE, power distribution, and microcontroller
card had to pass testing before it was shipped to DESY for assembly on the detector.
3.2.2 Assembly of MUON FEE on Chambers
Every tube and pad FEE card has 4 ASD−8 chips yielding 32 readout channels. One tube
FEE card is enough for either a tube chamber or a pad chamber, each having 32 tube cells.
Two pad FEE cards are needed for one pad chamber since there are 60 (MU3) or 58 (MU4)
pad channels per chamber.
Figures 3−19 and 3−20 show how the tube and pad FEE cards are mounted on the
chambers. RF shielding boxes shield the tube and pad readouts to reduce noise. To improve
grounding and reduce interference between the ASD−8 output and input, two copper foils
are soldered to the ground of the tube card, one on top and one on bottom, and attached to
the chamber body. There is no additional copper foil applied to the pad card because of its
better pickup immunity.
The chambers were mounted on the superlayer frame in an assembly hall at DESY.
After assembly, the entire frame was tested and problems fixed before moving the frame to
the experiment hall for installation. The FEE control system is interfaced to a CETIA
computer module running the LYNX operation system (Figure 3−21). Every chamber was
tested for noise performance and threshold setting after the FEE card was mounted. After all
the chambers of one superlayer were assembled (Figure 3−22), it was transported to the
HERA−B experimental area and a final test was done. The threshold voltage of each
channel was tuned at this step to get the noise rate (usually done without HV due to the
additional complications with gas supply) below about 1 in 104 events [37]. The nominal
threshold is 0.9 volt for a tube channel and 0.7 volt for a pad channel. Figure 3−23 and 3−24
show typical examples of the average signal occupancies per channel per event for the
outer region muon detector during the production run in 2000.
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Figure 3−21 : Block diagram of the muon FEE control system at HERA−B. The CETIA
computer and serial ports are based on the Versa Module Eurocard (VME) bus. The
microcontroller and power distribution cards are mounted on the superlayer frame. One
serial line has 6 to 11 microcontroller cards. A total of 8 serial lines are used, 4 for the +x
side chambers and 4 for the −x side ones. The FEE output is connected to a FED through
twisted−pair cables up to 20 m long.

Figure 3−22 : The muon superlayer MU1. After all the chambers were mounted, the
superlayer frame was lifted to a vertical position to check the weight balance, opening and
closing of the two halves, and all the cabling. This is a back view of this superlayer. The right
half is the +x side part. The small boxes near the top and bottom of the frames hold the
microcontroller and power distribution cards. The pixel chambers were not mounted yet.
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Figure 3−23 : Occupancies for the first two muon superlayers. The x−axis units are
chambers and each bin is one readout channel. Each sublayer (with the same stereo angle)
is divided into two parts; the top (bottom) half is located above (below) the proton beam
pipe. A description of the numbering scheme is given in [38]. This plot is from about 40k
events of run 16665 (single carbon wire run). Bad channels or chambers are spotted by their
very high or very low occupancies compared to adjacent channels.
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Figure 3−24 : Occupancies in the last two muon superlayers. The top four plots are for the
tube readouts, similar to the readouts of Figure 3−23. The bottom two plots are for the pad
readouts. Each bin is a readout channel. There are 66 columns per superlayer; each column
has 60 (MU3) or 58 (MU4) channels which are separated into top and bottom halves
−overlaid with the top and bottom tube readouts. The central hole in the pad plots is for the
proton beam pipe; the hole below and to the right of the proton beam pipe is for the electron
beam pipe.
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3.3 Data Acquisition and The Real Time Trigger System
To have enough events of interest per year, the HERA−B experiment is designed with the
capability of operating at an average interaction rate of order 107 Hz. However, it is not
feasible to store and reconstruct the information of every event with current technology at a
reasonable cost. On the other hand, it is not practical to do so either, since the cross section
of charm production is only of order 10 µb/nucleon and much less for beauty production.
Therefore, the best strategy is to have real time event selection before reconstructing and
storing the events.
The idea is to select events with properties we are interested in and discard the
others. To this purpose, HERA−B is equipped with a sophisticated four−level real−time
trigger system. The performance of the trigger system is critically important for HERA−B
physics. It is designed to have high background rejection and reduce the event rate from the
10 MHz interaction rate to about 10 Hz for the final output. The trigger starts from a
pretrigger seed: either a muon seed or an electron seed. The muon pretrigger seed requires
a hit coincidence between the last two muon pad superlayers. Each succeeding trigger level
examines only events passing the previous one and refines the trigger decision by including
more information from the detector.
The data acquisition system (DAQ) is the hardware and software structure that
extracts the data from the detector. It operates in concert with the trigger system. A
simplified schematic of the trigger architecture is shown in Figure 3−25. The outputs of the
detector readout electronics for every event are fed to the front end drivers (FEDs). Every
FED buffers 128 events in a pipeline memory to await a trigger decision by the first level
trigger (FLT). The fast control system (FCS) synchronizes the pipeline storage of each
subdetector with the bunch structure of the HERA proton beam. For the events passing the
FLT, the pipelined data are passed to the second level buffer (SLB). A fast Super Havard
ARChitecture (SHARC) switch system collects data from the SLB and distributes them to
the second level processors (SLP). During year 2000 run, there is no third level trigger (TLT)
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Figure 3−25 : The scheme of the HERA−B DAQ system for 2000 muon trigger run. The fast
control system synchronizes the whole DAQ system to the HERA accelerator. The right side
gives the event input rate at various stages in the muon trigger channel. The event input rate
to the SLT is only about 13 kHz due to the DAQ dead time. The total data logging rate
(including electron trigger, random trigger, and by pass events) is about 10 Hz.
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applied in the muon channel. Events passing the second level trigger (SLT) are passed to
the Fourth Level Trigger (4LT). In the end, events are reconstructed in the 4LT then written
to magnetic tapes. Each level of the trigger is described in more detail in the following
sections.
The data used in this analysis were acquired with a dimuon trigger. The idea is to
find two muon tracks by linking hits from the pad chambers of the muon detector back
through the outer tracker and vertex detector to the target region. In the following sections, I
will describe how this is accomplished.
3.3.1 Pretrigger
The pretrigger system provides track seeds to the FLT. HERA−B has three types of
pretrigger systems for different kinds of particle candidates: muons, electrons or photons,
and charged particles with high transverse momentum. It is possible to use different
pretrigger schemes simultaneously. During year 2000, the first two pretrigger types were
used.
Since I am looking for a two−muon decay for this study, I use the data triggered with
two muon candidates. The FEDs of the last two MUON superlayers fan out the pad readout

y

z

MU4
x

MU3
Figure 3−26 : Pad coincidence scheme for the muon pretrigger. The pads in MU4 have
about a half cell shift vertically to the MU3 pads. If one pad channel of superlayer MU3 is
fired, the muon pretrigger checks the six pads of MU4 behind it to look for a pad
coincidence.
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signals to the muon pretrigger system. Since there is only a small amount of material
between the last two muon superlayers, a muon penetrating the first three absorbers will
likely hit the two layers at approximately the same x, y positions. The muon pretrigger
system looks for a coincidence in pad hits between the last two muon superlayers (Figure
3−26). Each pad coincidence defines a starting position of a muon candidate for the track
search in the next trigger level.
3.3.2 The First Level Trigger
During the year 2000 run the FLT was configured to trigger on events with two muon
pretrigger seeds. At the 5 MHz interaction rate that was used, the dimuon FLT output rate
was 100 kHz, and had to be prescaled by a factor of 4 to reduce this to a more acceptable
25 kHz.
3.3.3 The Second/Third Level Trigger
To keep up with the high interaction rate, customized hardware was designed for the
pretrigger and FLT systems. The more sophisticated trigger algorithms are implemented in
the second level trigger. The second level trigger (SLT) is a computer farm executing the
second level trigger algorithm. The computer farm consists of 240 Linux−platform Pentium II
PCs. Every PC runs one copy of the second level trigger process (SLP) independently which
accesses the data stored in the SLB through the SHARC switch for one event at a time. The
event input rate of the SLT is 13 kHz from the muon trigger channel due to about 45%
deadtime of the DAQ. (Additionally, the event rate from the electron trigger channel is about
3.5 kHz.)
The SLT was designed to make a decision based on advanced tracking and track
refits of track candidates. This includes using hit information from the OTR/ITR and
extending the track through the magnet to the VDS. The SLT is flexible to adopt more
complex algorithms since it is programmable and can access the whole event information.
Due to the late commissioning of the FLT in year 2000, the SLT algorithm was adjusted to
start from the pretrigger seeds rather than FLT track candidates. In the muon channel
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Figure 3−27 : The 2000 run trigger scheme in muon channel. The muon pretrigger finds pad
coincidence for FLTm seeding. The tracks found by FLTm proceed through the OTR to the
VDS. The SLT requires at least two muon tracks found. To compensate the detector
inefficiency, the SLT allows missing hits in some layers of the OTR and VDS.

(Figure 3−27), a routine emulating the FLT on muon tracking (FLTm) was used. Because
the two pretrigger seeds might actually come from one muon hitting near the boundary
between two adjacent pads, the FLTm first rejects coincidence pairs where the distance
between the two pads is less than 50 cm on MU3. A study shows this separation
requirement removes approximately half the events with no loss of efficiency for J/Ψ → µ+µ−
decay [39]. The FLTm then looks for hits in the 0° chambers of the first two muon
superlayers in a region of interest (RoI) projected from each pad coincidence. To reject the
background due to hadronic showers that leak into MU1, it required:


two adjacent hits from two layers of MU1;



the hits must be isolated, that is, the cells next to the hits must be empty;



the distance between two tracks must be larger than 30 cm on MU1.

These requirements, especially the adjacent hits in MU1, drop the efficiency of this
algorithm to about 35% in a Monte Carlo study with 100% detector efficiency. This loss is
mainly due to the insensitive region of the aluminum walls between cells (see Sec. 3.1.5).
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Sample

I

II

Geo. Acceptance

30.8

30.8

Pad Efficiency

100

52.2

Pad Coverage

96.5

50.1

Muon Pretrigger

97.2

95.4

FLTm

34.8

25.9

OTR

75.1

43.4

VDS

96.8

91.3

7.3

0.79

Total Efficiency

Table 3−3 : The J/Ψ→µ+µ− trigger efficiency (in percentage) with the MUON+SLT algorithm
for I) ideal detector conditions and pure signal sample, and II) realistic detector conditions
and an average of 0.5 inelastic events overlapping with signal. The statistical error on the
total efficiency is about 5% of the efficiency.

An additional 9% efficiency drop occurs when the actual channel efficiency is taken into
account.
The SLT requires at least one pair of tracks satisfying the FLTm. The tracks are
then projected to the OTR region. The region of interest (RoI) in TC2 is computed by track
position on MU1 and assuming a transverse momentum between 0.7 and 2.5 GeV/c. Then
the SLT performs a fast tracking algorithm through the OTR superlayers, the magnet, and
the VDS. The algorithm Slicer carries out a fast ghost track rejection by refining the RoI and
requiring the hits to lie on a straight line. It divides each end of the RoI (the first OTR layer
after the magnet and the last layer before the ECAL) into 8 equal divisions horizontally then
checks the hits in all the 64 possible regions bounded by the divisions on both ends. To
compensate for efficiency and alignment of the detector, Slicer allows missing hits in some
layers.
After Slicer, a tracking algorithm performs a track refit in the x and y directions
separately (the SLT does not read out hits from the stereo chambers until doing the track
refit in the y direction). Since the SLT is designed to find track parameters with modest
precision, it does not need the drift time information. The track fitting is based on a simplified
Kalman filter algorithm which ignores the multiple scattering in the detector.
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In the last step of the SLT, the tracks are propagated through the magnetic field to
the VDS according to pre−simulated bending parameters. The tracking program L2Sili starts
from the last superlayer inside the VDS vessel and follows the tracks toward the target all
the way to the first VDS layer. For speed reasons, the tracking in x and y are done
independently.
The efficiencies of the 2000 SLT algorithm at different steps are listed in Table 3−3.
The total efficiency is about 7.3% if the detectors are 100% efficient. Using realistic detector
efficiencies, the calculated efficiency is about 10% of that value. The loss is mainly due to
the efficiencies in the OTR chambers and MUON pad chambers [39].
It may be worth mentioning in the HERA−B design there is a third level trigger (TLT)
which shares the same computer farm with the SLT. Originally the TLT is supposed to be
seeded from the SLT and perform advanced calculations, such as including particle
identification information and reconstructing vertices of the trigger particles. For the year
2000 run, there was no clear boundary between the SLT and TLT. A cut of 2 GeV/c2
invariant mass was applied in the di−electron trigger in the SLT selection, but nothing was
done in the muon channel.
3.3.4 The Fourth Level Trigger
To generate a timely trigger decision, the level one to level three triggers deal with only the
trigger tracks originating from the pretrigger seeds. Each starts from the knowledge acquired
in the previous level. In the last step of the trigger chain, the fourth level trigger (4LT), the
event is fully reconstructed from the beginning: application of the best known calibration and
alignment constants, pattern recognition, track reconstruction, particle identification, and
vertex reconstruction. The reconstruction program used by the 4LT is the standard package
for offline analysis and will be described in the next chapter. It is possible to execute a final
selection in the 4LT to keep events for particular studies and reduce the output rate to a
level suitable for data logging but it was not needed for the 2000 runs. All events coming to
the 4LT are reconstructed and logged to tape. Each event is labeled with a classification flag
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which allows quick selection for analyses.
The 4LT algorithm runs on a computer farm of 93 dual−CPU Linux PCs (eventually
100 will be available). The final data logging rate was about 10 Hz. The same farm system is
used for reprocessing with refined detector constants. Reprocessing ran similarly to online
processing except that the data was retrieved from tape instead of from the trigger system.
3.3.5 Detector Operation and Data Monitoring
Various monitoring systems are installed to check the detector performance and data taking
status in real time. This was particularly important for the 2000 run, since much of the
construction and commissioning of the detector was still underway during the run period.
The DAQ system itself monitors the usage of trigger nodes and event flow rates at
different trigger levels. Two other monitoring systems watch the detector operation and the
data quality online. The slow control system controls and monitors the pressure and quality
of gases, high voltages, and detector thresholds of every subsystem to maintain optimal
operation. The data quality monitoring (DQM) system works with the 4LT and checks the
readout situation in almost every part of the detector. Since the events are fully
reconstructed in the 4LT, the DQM can also check the mass spectrum for the triggered track
pairs. All of these are to quickly catch any malfunction in the hardware, check the data
quality, and maintain the detector operation at high efficiency.
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CHAPTER 4 : EVENT RECONSTRUCTION
When a proton collides with a nucleus in the target, a lot of new particles are produced.
Some of them further decay into more particles, e.g. D0 → µ+µ−. Most of these particles fall
into the detector’s geometric acceptance and interact with the detector material. What we
really get from each subdetector is a record of hit information (space position or drift time). It
could be from particles passing through the detector channels or just random noise in the
electronics. The first step to do an analysis is to build the particle tracks from the hits they
leave, which is called track reconstruction. Track reconstruction determines a particle’s path
through the detector, its momentum, and in some cases, the species of the particle.
After the tracks are reconstructed, we can find the position where a primary
interaction (primary vertex) or a particle decay (secondary vertex) occurred. For a D0 → µ+µ−
decay, the two muon tracks come from a secondary decay vertex. The main background is
due to muons from π/K decay in flight or misidentification as muons. Pions and kaons are
produced copiously in the interaction. Accurate vertex position reconstruction (within certain
errors) allows us to differentiate a real D0 reconstructed by its two muon daughters from
random combinatoric background by requiring a separation between the secondary and the
primary vertices.
During data taking, every event passing to the 4LT farm is fully reconstructed by the
standard HERA−B reconstruction software, ARTE, then stored on tape, including the
digitized readout information, trigger information, and reconstructed results. This allows us to
quickly check the detector performance, data quality, and preliminary physics results.
However, the online reconstruction is based on the knowledge of the detector and state of
the reconstruction software at the time of the data taking. It might not be the best for physics
analysis. With refined software packages and more understanding of the detector conditions
(hot channels, drift time calibration, and detector alignments) one can retrieve the data from
tape and reprocess them offline.
This chapter briefly describes the track and vertex reconstruction algorithms in
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ARTE. For this analysis, I use the tracks reconstructed in the second reprocessing of the
year 2000 data, which uses ARTE version 03−08−r5. For the primary and secondary vertex
reconstruction, I use the HERA−B standard vertex reconstruction package, GROVER, with
slight modification for this analysis, from ARTE version 03−09−r5. The modifications made
for this analysis are described in section 4.2.
4.1 Track Reconstruction
The track reconstruction uses the most elaborate and precise spatial information available:
spatial coordinates calculated from the OTR drift time or from VDS and MUON hits, together
with alignment corrections. After the "hit preparation" procedure, tracking is first performed
within the VDS and OTR subsystems individually. In the field−free regions, the tracks are
described by straight line motion with Gaussian disturbances. Though the tracking
algorithms used in this analysis are all based on the Kalman filter [40], different approaches
to pattern recognition and track evolution are used for different subsystems to achieve the
best performance [41].
Once the standalone reconstruction is performed, the track segments of the OTR
and VDS are combined to form "long reconstructed tracks" (RTRA), the momenta are
determined, and the particle identification likelihoods are assigned.
4.1.1 VDS Segment Reconstruction
The standalone VDS segment reconstruction is performed by the package CATS, a Cellular
Automaton for Tracking in Silicon for the HERA−B vertex detector [42]. It employs an
approach combining a segment−based cellular automaton for track finding and a track fitting
algorithm based on a discrete Kalman filter. Hits are first clustered within each superlayer to
form space points then segments are built by connecting two space points in different
superlayers. Because the detectors have high efficiency, a segment is allowed to skip just
one superlayer. The track finding algorithm builds up track candidates by grouping the
segments. Tracks are required to hit at least three superlayers. The longest and smoothest
tracks are chosen and fitted. The reconstruction efficiency is interaction rate and track
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momentum dependent. At an average of one interaction per event, the efficiency is around
99% for tracks with momentum above 1 GeV/c.
4.1.2 Main Tracker Segment Reconstruction
The track reconstruction in the main tracker (ITR/OTR) is crucial to analyses which need
track momentum information. The OTR drift time is used to give better hit resolution
therefore providing more precise track reconstruction. How the momentum is estimated is
described in the next section. The tracking in this region is performed by the RANGER
package [43]. The RANGER algorithm uses a "concurrent track evolution" strategy which is
a track following method based on the Kalman filter. It allows efficient tracking in a multi−
planar tracker even in a dense environment.
The tracking starts from a seed then propagates and fits the track candidates
through the detector layer by layer. The track evolution strategy evaluates the available hit
combinations for a track candidate concurrently to find the optimal solution, while keeping all
plausible combinatorics at a reasonable level. To handle the quick growth in the number of

µ− (pxz )
∆θk
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Figure 4−1 : Deflection of a muon through a magnetic field. The horizontal dotted line is the
z−axis. Zc is the center z location of the magnet. The bending angle ∆θk is the difference of
the track directions (in the x−z plane) after and before the magnet. In a thin lens
approximation, we can think of the magnet as a bending plane at z=zc and the track
segments are straight lines before and after the bending plane.
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track candidates with high multiplicity and hit density, a quality estimator routine optimizes
the population of track candidates in each evolution step. This is a compromise between
keeping just the best combination and keeping all possible combinations of hits forming a
track in order to optimize both the tracking efficiency and the computing time. When no
further growth is possible, the best remaining candidate is selected and stored.
In standalone mode, RANGER starts from scratch to find track seeds usually with
poor track directions and momentum estimates. To improve the performance, the pattern
recognition of RANGER was expanded to use the information of SLT tracks, obtained from
Slicer/Refit, as tracking seeds. After the trigger tracks are reconstructed, RANGER starts
track searching among the remaining hits. This SLT−seeded mode results in higher
efficiency and execution speed.
4.1.3 Track Segment Matching and Particle Identification
After the standalone reconstruction in each subdetector is done, a track segment is
described by space points (x, y, z) and slopes (tx, ty) at its beginning and end positions,
where tx= px/pz and ty = py/pz. A matching between the track segments is performed by the
MARPLE package [44] to build long RTRAs through the entire detector. This is particularly
important for particle identification and momentum determination.
For the particle identification components, RICH and ECAL, the standalone
reconstruction provides likelihoods for assigning different particle species to tracks. To
assign the likelihood to a track reconstructed in the VDS and OTR, one has to match the
track with the slopes measured in the RICH or space position in the ECAL. The standalone
reconstruction of the other particle identification subdetector, MUON, is basically used for
detector performance study only. How the MUON detector is used for the particle
identification in this analysis is described in the next section.
The key component for momentum determination is the magnet. When a charged
particle passes through the magnetic field region, its direction changes but the magnitude of
its momentum stays the same. The direction of the deflection determines the sign of the
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particle’s charge (plus or minus) and the magnitude of the deflection is related to the
particle’s momentum. When the deflection is small, the bending angle in the x−z plane, θk, is
approximately related to its x−z momentum, pxz, by (Figure 4−1)
p xz ≈

pk
∆ θk

4−1
,

where pk is the change of pxz from its original direction, related to the charge of the particle
and the field integral along the path of the charged particle. For a singly charged particle, pk
is approximately 0.64 GeV/c.
Equation 4−1 provides a good estimate of the track momentum in the standalone
reconstruction of the post−magnet components (OTR, RICH, and ECAL) by modeling the
effect of the magnet as a pT kick occuring at the center of the magnet, zc = 455 cm. As
shown in Figure 4−1, a track is first extended back to z = zc and assuming the track
segment before the bending plane points back to the target, the bending angle is calculated
and the track momentum is estimated.
To get a more precise momentum determination, we have to match VDS segments
with post−magnet track segments. For the VDS−OTR matching, at first a simple matching
algorithm is applied to selected candidates from VDS and OTR PC segments, which cuts on
the difference of the positions in x and y after both segments are extrapolated to the same z
position: z = zc in the bending plane and z of the front position of the OTR segment in the
non−bending y−z plane. The bending angle is then the difference of the slopes in x and an
estimated momentum is calculated by Equation 4−1.
In a further refinement, the two segment candidates are propagated from both sides
of the magnet to z = zc. The propagation in the inhomogeneous magnetic field region
employs a fifth order Runge−Kutta algorithm and neglects the energy loss and multiple
scattering [45]. The routine returns new track parameters and momenta of the two track
segments after swimming to zc. The routine then repeats the same swimming procedure
with improved momentum estimates until the difference of the track slopes in the bending
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plane at z = zc is less than 0.01 mrad or the number of iterations reaches a specified limit.
Finally, the two track segments have to satisfy matching requirements of ∆x < 2.57 cm
and ∆y < 5.65 cm. The efficiency of this matching algorithm is found to be 92% from a
Monte Carlo study [44].
After the VDS−OTR matching, a refit based on the Kalman filter is applied to the
long RTRA. The track refit uses all the hits except the ones in the MC chambers. Final track
parameters and momenta of each RTRA are determined.
4.1.4 Muon Identification
The purpose of the MUON detector is to differentiate muons from other particles by their
ability to penetrate large amounts of material. Particles that leave identifiable trails through
the layers of the muon detector are deemed to be muons. The MuonID package
extrapolates the tracks reconstructed in the main tracker forward through the muon detector.
A 5 GeV/c momentum cut is applied since this is about the minimum needed to penetrate
the armored absorbers of the muon detector. The track propagation algorithm is based on
the Kalman filter and takes into account the errors due to multiple scattering, hit resolution,
and alignment. All the possible branches from one track seed are collected then a track
quality control routine checks each of them. It requires the χ2 per degree of freedom to be
less than 25 and at least 5 sublayers to be crossed by a branch passing through the outer
region of the muon detector. Among all the qualified branches from one track seed, the one
with highest likelihood is selected [46].
4.2 Vertex Reconstruction
Both the primary and secondary vertices are reconstructed by GROVER (Generic
Reconstruction Of VERtices) [47], a vertex reconstruction package integrated in ARTE. For
this analysis, I have implemented some modifications to the algorithm. First of all, a
calculation of the multiple scattering for the four steel RF ribbons inside the VDS vessel
around the proton beam is implemented in the track propagation routine. As mentioned in
Sec. 3.1.2, even though the ribbon is only 5 µm thick, the multiple scattering due to these
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ribbons is not necessarily negligible since most of the tracks pass through them at glancing
angles. About two thirds of the tracks from primary vertices pass through at least one of the
steel ribbons at an average path length of 6×10−3 of a radiation length (Figure 4−2).
Secondly, momentum de−weighting on certain tracks and a wire constraint are applied to
the primary vertex reconstruction, which will be described further in the following.
4.2.1 Primary Vertex Reconstruction
The primary vertex reconstruction can be divided into three major steps: track−wire
association, track clustering on the wires, and vertex fitting. First of all, the tracks are
extrapolated back to the z location of the individual target wires. A track is associated with a
target wire if the wire lies within 3.5σ⊥ of the track, where σ⊥ is the track error in the x−y
plane at the wire z position. The algorithm then searches for track clusters from the tracks
assigned to the same wire. A track cluster is composed of at least three tracks overlapping
with each other within 3.5σr, where σr is the combination of the two track errors on the wire
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plane. This clustering algorithm is highly efficient at finding primary vertices.
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Figure 4−2 : The distribution of radiation length of scattering material seen by tracks passing
through the RF ribbons. The scattering effects from this material are included in the vertex
reconstruction. The histogram does not include tracks which do not pass through any ribbon.
The data sample is from 5000 events of run 16665.
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The weighted mean position of the tracks in one cluster is used as an initial position
of the vertex. Finally, a vertex fitting routine based on the extended Kalman estimator and
smoother is performed. It is a purely geometrical fit. The track momentum information is not
used. This allows the geometrical information of tracks with poorly determined momentum to
be used in the primary vertex reconstruction. The VDS has larger angular acceptance than
the OTR, so many track segments are reconstructed only in the VDS − the momenta of
these tracks are roughly estimated from their slopes since curvature information is not
available (Section 4.1.3). Generally, more tracks means more reliable results [48].
Besides the track information, good knowledge of the target position aids in the
primary vertex reconstruction. During the data reprocessing, primary vertices are
reconstructed with all possible tracks. Additionally, a wire following algorithm was introduced
to find the positions of target wires. GROVER starts with poorly known wire positions and
updates them with the positions of reconstructed primary vertices from event to event. In
this way, the target wires can be accurately located with less than 100 events if the wires do
not shift drastically which is true most of the time [49].
For this analysis, the two muons from a detached D0 decay are not used for the
primary vertex reconstruction. I redid the primary vertex reconstruction with only tracks in
the following three RTRA categories:


VDS−OTR: tracks with linked VDS and OTR segments, and momentum
determined by their curvature in the magnet;



VDS−RICH: tracks with matched VDS and RICH direction in the vertical plane;
and



VDS−only: tracks with only VDS segments.

The VDS−OTR tracks seeded by the SLT muons are excluded and the momenta of
the tracks in the other two categories are de−weighted by the following equation:
1
1
=
A1 ,
pnew pRTRA
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where PRTRA is the momentum assigned to the reconstructed track. This is because many
tracks where the momentum is not measured are weighted more heavily than well measured
tracks. Though the track momentum is not directly used in primary vertex reconstruction, the
track covariance matrix is changed due to multiple scattering in track propagation.
Momentum deweighting also increases the track usage in the primary vertex reconstruction
since more tracks can overlap one another to form clusters.
During data taking, the target wires moved perpendicularly to the beam direction to
maintain a constant interaction rate. The wire position along the beam direction did not
change very much during the whole run period [50]. To more precisely determine the
position of a primary vertex, we use the knowledge that a primary vertex is associated with a
target wire and constrain the primary vertex to that wire with a "wire constraint". This is done
by adding the target wire z position with errors as an extra measurement of the vertex
(Table 4−1). The z position of the target wire is set to the mean of the target wire position
reconstructed by the wire following algorithm in data reprocessing. The uncertainties of the
"extra measurements" applied to the primary vertex fitting are tuned to give pulltruth
distributions of unit width in the Monte Carlo (Figure 4−3). The Monte Carlo simulation for
HERA−B experiment is discussed in Chapter 5. The pulltruth is defined as the distance
between the reconstructed primary vertex and the true primary vertex divided by the
uncertainty of the reconstructed vertex:

pull truth, u =

u reco B u truth
σu

, u = x, y, z.

Target wire

Wire center

Error constraint

Inner 2 (1000 µm)

−4.94 cm

360 µm

Below 1 (500 µm)

−1.63 cm

160 µm

Table 4−1 : Wire constraint applied to primary vertex reconstruction in z direction. The "wire
center" with an error is treated as an additional measurement of the primary vertex. In the
Monte Carlo, the wire center is set at the center of the true target wire location, which is
−4.80 cm for the inner 2 wire and −1.40 cm for the below 1 wire. The value in the first
column is the wire thickness in z.
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Figure 4−3 : The pulltruth of the primary vertex in (a) x, (b) y, and (c) z directions for Monte
Carlo events. This example is from the single carbon wire Monte Carlo sample. The cores
are fitted by a Gaussian function. The longer tail in y is expected for a vertical wire.
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To see if this wire constraint works well for data, we compare the distribution of a related
quantity, pullwc,z, between the real data and Monte Carlo (Figure 4−4), where pullwc,z is the
distance between the reconstructed primary vertex and the wire center in z divided by the
uncertainty σz of the reconstructed primary vertex,

pull wc, z =

z reco B z wire center
σz

.

That the distributions are nearly identical gives us confidence that the wire constraint is
properly scaled for data.
4.2.2 Secondary Vertex Reconstruction
In this analysis, only the tracks reconstructed by muon SLT seeding and satisfying the
MUON identification criteria are selected for secondary vertex reconstruction. Like the
primary vertex fitting, the secondary vertex fitting is based on the Kalman filter. The
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difference from primary vertex reconstruction is that a geometric clustering procedure is not
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Figure 4−4 : The pullwc of the primary vertex in z for real data (solid histogram) and Monte
Carlo (dashed histogram).
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needed and the track momenta are used in the vertex fitting. The selected tracks are first
extrapolated to a reference z plane close to the expected vertex location. This does not
apply a strict constraint on the vertex fitting because the initial errors of the vertex position
are set much larger than the track errors. The fitting algorithm iterates several times to make
sure the result converges.
This describes the steps necessary to reconstruct the events selected for this
analysis. In the next chapter, I turn to the simulation of the data, needed to estimate the
acceptance and efficiencies for this analysis. Afterwards, the criteria applied in this analysis
are discussed.
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CHAPTER 5 : HERA−B EVENT SIMULATION
Event simulation of the HERA−B detector is essential to determine detector acceptance,
trigger efficiencies, and reconstruction efficiencies for decays reconstructed in real data.
Since the D0 → µ+µ− signal is expected to be very small, a simulation of this decay is
necessary to study the signal properties and to optimize the significance.
The HERA−B event simulation is based on Monte Carlo techniques. It consists of
three parts: physics process generation, particle interaction with detector material, and
realistic detector performance simulations (Figure 5−1). The first part simulates the
underlying physics processes of a 920 GeV/c proton beam interacting with different target
materials. The second part takes into account all relevant interactions between the particles
and the detector material. The parameters used in the simulation have been adjusted to
reproduce distributions which are well measured in the data. In this step, only the Monte
Carlo IMPact points (MIMPs) on each detector layer are generated.

Beam energy
Target material

PYTHIA
FRITOF

Physics Processes

GEANT

Particle Interaction
with Detector Material

Detector geometry
and material

Realistic Detector Performance
Trigger
Offline reconstruction

Channel efficiency

HERA−B
routines

Analysis
Figure 5−1 : HERA−B Monte Carlo simulation procedure. The software packages used in
the simulation are listed on the left and the information used is listed on the right.
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The last part of the simulation is to convert MIMPs into detector data and pass it
through a simulation of the trigger algorithm. After the trigger simulation, the Monte Carlo
data is basically the same as the real data. To have the same reconstruction efficiency, the
same offline reconstruction procedure as used for real data is also applied to Monte Carlo
data.
5.1 Physics Process Generation
In the first step, the beam energy as well as the target positions and materials are supplied
to the simulation code. The physics processes are generated by a combination of the
packages PYTHIA 5.710 [51] and FRITOF 7.0 [52]. PYTHIA is used for the production and
fragmentation of heavy quarks, for example, the charmonium state for J/Ψ→µ+µ− or open
charm state for D0 → µ+µ−. PYTHIA generates the hard interaction between the beam proton
and target nucleon. Only the fragments associated with the heavy quarks and their decay
products are kept. All the other fragments and particles are ignored.
The energy of the removed particles is adjusted and passed to FRITIOF in fixed
target mode with the selected target nucleus. FRITIOF simulates the proton−nucleus
interactions like energy loss and multiple scattering of partons crossing the nucleus. In the
end, some adjustments and corrections are done by the event generator to conserve total
momentum and energy [53].
The HERA−B Monte Carlo simulation is tuned to reproduce the J/Ψ pT and xF
distributions of previous measurements [54]. Two kinematic parameters of D0, the lifetime
and the transverse momentum at the generator level, are plotted in Figures 5−2 and 5−3.
2
The lifetime agrees well with the value published by the Particle Data Group [17]. The p T

distribution is well fitted with an equation proposed by Frixione et al. [55] to describe the
next−to−leading order (NLO) QCD prediction for the pT dependence of hadroproduced
2

charm quarks. To compare the p T distribution with experimental results, it is fitted to an
2

empirical formula of the form exp( BbpT ). The distribution does not fit with this empirical
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2

formula when pT is larger than 4 GeV2/c4. The value determined, b=1.18, is higher than the
E743 result (31 events from 800 GeV p−p interaction) that b=0.8±0.2 [56] and the E653
A0.10
result (142 events from 800 GeV p−N interaction) that b = 0.84B0.08 [57]. To fit with the

2

experimental result, I reweight the generated Monte Carlo D0 sample so its pT distribution
agrees with the E653 result (Figure 5−3). The systematic error caused by the uncertainty of
parameter b in the final result is discussed in Section 7.3.
5.2 Particle Interaction with Detector Material
To make a full generation of simulated events, one has to simulate the detector response as
well as the physics process under study. In the second part of the simulation, a description
of detector material and geometry is loaded into ARTE [58]. The detector model is based on
the best knowledge of the actual year 2000 detector, including the beam pipe, the stainless
steel RF shielding inside the VDS vessel, various detector layers with their shielding, and the
absorbers in the muon detector. The interaction of particles passing through the detector is
simulated using GEANT 3.21 [59]. The simulation includes all possible effects, such as
bremsstrahlung, strong interaction of hadrons, Coulomb scattering, and energy loss. The
generated Monte Carlo truth information and MIMPs on detector layers are saved into files
for later analysis.
5.3 Realistic Detector Performance Simulation
Particles hitting the detector layers produce MIMP information. The geometric acceptance of
an ideal detector can be studied by looking at the MIMPs directly. To get a full simulation of
the realistic detector, we need to include the detector and trigger efficiencies.
By separating the event generation from the detector performance and trigger
simulation, one Monte Carlo sample can be used for analysis under different detector
conditions or trigger algorithms. For example, during the step to convert MIMPs into
simulated detector signals, information about efficiencies (including hot and dead channels)
is incorporated according to the detector condition when the real data was taken. The hit
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Figure 5−2 : The proper decay time of D0’s at the generation level in the simulation. The
data sample is for D0 → µ+µ− generated on carbon wire. The error is statistical only. The D0
mean life time published by PDG is 0.4117 ± 0.0027 ps.
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Figure 5−3 : D0 true transverse momentum square for the Monte Carlo sample generated on
carbon wire and fitted to a (NLO) QCD prediction equation (dashed curve). The error is
statistical only. The solid curve is fitted to an empirical equation discussed in the text. The
2
dotted histogram is the pT distribution after reweighting to fit with the E653 result.
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information is passed to a software routine simulating the trigger algorithms. Afterwards, the
data is carried through the same reconstruction chain applied to the real data.
5.4 Monte Carlo Sample
For this analysis, I generated 5×105 D0 → µ+µ− events originating from the carbon wire and
3×105 from the titanium wire. To study the acceptance of J/Ψ→µ+µ−, 2×105 events from each
wire were generated. During the reconstruction, simulated minimum bias events are mixed
with signal events to properly simulate the average interaction rate (0.5 per bunch crossing
at 5 MHz run). For the single carbon wire data, the number of minimum bias events (from
the same target wire) overlapped with the signal events is spread out according to a Poisson
distribution with a mean value of one half. Similarly, an average of 0.25 minimum bias
interactions per event from each wire is included in the simulation for two−wire running. The
average number of mixed minimum bias events is calculated for a data subset which has
exactly one D0 → µ+µ− decay per event.
Only 1.3% of D0 → µ+µ− events fall within the geometric acceptance and pass the
trigger simulation when no masking of bad channels is applied. This acceptance is about
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one fourth of the J/Ψ→µ+µ− acceptance. Applying detector masking gives an additional
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Figure 5−4 : Decay length of accepted D0’s. The data sample is for D0 → µ+µ− generated on
carbon wire. The errors are statistical only.
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Figure 5−5 : The reconstructed unlike sign dimuon invariant mass for Monte Carlo samples.
These are from 2×105 of J/Ψ → µ+µ− and 5×105 of D0 → µ+µ− generated events. Both are for
single carbon wire operation. Each mass peak is fitted to a Gaussian.
reduction factor of 3.3 for both decay channels. In Equation 1−1 we only have to know the
relative acceptance between the D0 → µ+µ− and J/Ψ→µ+µ−. In order to get more statistics, I
reconstruct the Monte Carlo samples without masking in this analysis.
The true decay length of the accepted D0 → µ+µ− is shown in Figure 5−4. The mean
decay length is about 2.2 mm in the HERA−B frame. This is much shorter than the distance
between the reconstructed primaries on different targets in two−wire data. It allows us to
associate the secondary vertex with its production target wire unambiguously. In Figure 5−5,
the reconstructed mass peaks for J/Ψ→µ+µ− and D0 → µ+µ− are presented. The masses
used in the generation, 1.865 GeV/c2 for D0 and 3.097 GeV/c2 for J/Ψ, are well reproduced.
The width is 38 MeV/c2 for J/Ψ and 23 MeV/c2 for D0. They roughly satisfy the following
relation:
∆M
M

≈constant.

In the next chapter, we use this relation to determine the mass window for the D0 signal.

5−1
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CHAPTER 6 : DATA ANALYSIS
In this chapter I present the main part of this analysis, which is to search for a D0 → µ+µ−
signal in the real data or to set an upper limit on the BR(D0 → µ+µ−). To understand the
detector acceptance as well as the efficiencies of the trigger and reconstruction, we simulate
events containing the decays of J/Ψ → µ+µ− and D0 → µ+µ−. Both the real data and Monte
Carlo sample are carried through the reconstruction chain described in Chapter 4. We rely
on the Monte Carlo simulation to study the properties of D0 → µ+µ− decays and choose
proper criteria to get the best result since it is a rare decay and we do not expect to see any
in the real data.
6.1 Real Data Production
The dimuon trigger data taking started on June 28, 2000 after the second level trigger
successfully integrated the dimuon trigger with the dielectron SLT. Two different target
configurations were used during the run. The first half of the run used only the inner carbon
wire from the second target station (Figure 3−3). The interaction rate was 5 MHz, an
average of 0.5 interactions per bunch crossing. After the experience of single wire operation,
it was decided to run with two wires in order to study the production from different target
materials. The second half of the run began on July 24 and ended on August 16, 2000. The
below titanium target wire from the first station was included with the carbon wire and the
interaction rate was 5 MHz, an average of 0.25 interactions on each wire per bunch
crossing.
During the whole run, HERA−B collected a total of about 610k SLT dimuon trigger
events. About 45% are from the first run period and 55% from the second run period. The
data were reprocessed afterwards with better understood detector alignment and refined
reconstruction software.
6.1.1 Event Selection
For this analysis, I start with the second reprocessing of this data and select events which
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satisfy the following criteria:


at least two (like sign or unlike sign) SLT tracks are reconstructed;



each SLT track must have matched VDS−OTR segments;



each SLT track must satisfy the MuonID criteria and have a muon likelihood
assigned.

Since the expected rate for D0 → µ+µ− or J/Ψ → µ+µ− per event is very small, at most one
unlike sign dimuon pair is allowed per event. If there is more than one possible unlike sign
pair, the one with the highest quality µ+µ− tracks is selected. For the like sign pairs, at most
two (one µ+µ+ and one µ−µ−) are allowed per event. The muon track quality is determined by
the number of hits in the VDS and OTR, track χ2, and muon likelihood:
Q = hit VDSAOTRA

1
2

1Aχ

A 10×likelihood MuonID .

6−1

This is modified from a previous study which does not include the muon likelihood
information [60]. There is no cut on number of hits applied.
About 190k events in total are selected. The dimuon invariant mass distribution is
shown in Figure 6−1. The J/Ψ mass peak is clearly seen. A total of 3800 J/Ψ → µ+µ− decays
are observed in this data sample. The like sign pairs provide an estimate of the combinatoric
background in the opposite sign pair spectrum, which is mainly from misidentified K/π or
muons from K/π decay in flight. The fall−off of the mass spectrum below 1.8 GeV/c2 is due
to the PT cut in the trigger (Section 3.3.3). The low mass particles, φ(1.019) and
ρ(0.769)/ω(0.782), which decay into µ+µ− are also clearly seen in the spectrum. The
Ψ’(3.686) signal can be observed with further background reduction [61].
6.1.2 Production Wire Association
In the following I will use "dimuon pseudoparticle" to mean the (possibly real) parent of the
dimuon pair. One useful means to distinguish a real D0 → µ+µ− from the combinatoric
background is to require a separation between the primary and secondary vertices. Most of
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Figure 6−1 : Dimuon mass spectrum of the whole data sample. The solid histogram is for
unlike sign dimuon pairs and the dashed histogram is for like sign pairs. Signal peaks are
seen only in the unlike sign pairs. The J/Ψ peak is fitted to a Gaussian function (signal) plus
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combinatoric background.
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the background dimuon pseudoparticles are created by two muons originating from or very
close to the primary vertex. The lifetime of a D0 meson is 0.41 ps (Figure 5−2), so a real D0
will decay a short distance away from the primary vertex. The average decay length of a D0
is about 2.2 mm in the HERA−B detector (Figure 5−4).
To associate a primary vertex with a secondary vertex, I begin by determining the
wire the primary vertex is associated with. The distribution of the z positions of primary and
secondary vertices in the two wire data is shown in Figures 6−2 and 6−3. The 3.1 cm
distance between the two wires is about 14 times the average D0 decay length. The width of
the primary vertex distribution in z is 220 µm for the C wire and less than 100 µm for the Ti
wire, much smaller than the separation between the two wires. The secondary vertices
distribute around the two wires with long tails. To associate a secondary vertex with a
production wire, I simply set a dividing position at zmid = −3.285 cm. All the secondary
vertices located at z ≤ zmid are assigned to the C wire, otherwise to the Ti wire in the 2−wire
data. I also apply the same division on the one wire data. A dimuon pseudoparticle in one
wire data is discarded if it lies at z > zmid. This covers about 7 mean decay lengths of the D0
downstream of the inner 2 wire. The loss of D0 → µ+µ− signal due to this cut is less than 1 in
1000 if the D0 decays exponentially in distance. For J/Ψ→µ+µ−, the loss is even less since it
is dominated by prompt J/Ψ’s.
The number of J/Ψ’s associated with each target in real data is listed in Table 6−1.
The J/Ψ signal in real data is fitted to a Gaussian function plus an exponential background. It
is a binned fit with a bin size of 25 MeV/c2, about half the signal width. The fit range is

Target

Signal

Mass

Mass width

C in 1−wire run

1865±55

3079±2

57±2

C in 2−wire run

900±38

3080±2

49±2

Ti in 2−wire run

1091±46

3082±3

58±3

Table 6−1 : Number of reconstructed J/Ψ in real data after production wire association. The
mass and mass width are in MeV/c2. The average mass width is 55±1 MeV/c2.
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Figure 6−2 : Z position of primary vertices in 2−wire runs. The vertical scale is logarithmic.
Also shown are the central positions and lengths in z of the target wires. The gap between
the two peaks is 3.1 cm, which is much larger than the primary vertex resolution.
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Figure 6−3 : Z position of unlike sign dimuon vertices in two−wire data. This is before the
primary vertex association. The mean z positions and widths of both target wires are also
shown in this plot.
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Wire Number
One−wire

Two−wire

Decay Channel

Reconstructed Signal Number

Mass Width

D0 → µ+µ−(C)

500K

5792±76

22.5±0.3

J/Ψ → µ+µ−(C)

200K

10241±102

38.1±0.3

D0 → µ+µ−(C)

300K

3572±60

22.7±0.3

D → µ µ (Ti)

300K

3466±59

22.4±0.3

J/Ψ → µ+µ−(C)

200K

10246±102

39.0±0.3

J/Ψ → µ+µ−(Ti)

200K

10311±102

38.4±0.3

0

+ −

Table 6−2 : Reconstructed signal number in the J/Ψ → µ+µ− Monte Carlo sample after
production wire association. The mass width is in MeV/c2. The fit mass is 3097 MeV/c2 for
J/Ψ and 1867 MeV/c2 for D0 with error less than 1 MeV/c2. The average mass width is
38.5±0.3 MeV/c2 for J/Ψ → µ+µ− and 22.5±0.3 MeV/c2 for D0 → µ+µ−.

centered at the J/Ψ mass and extends about 10 mass widths on both sides, from 2.5 to 3.7
GeV/c2. The same wire association algorithm is also applied to the J/Ψ→µ+µ− and D0 → µ+µ−
Monte Carlo samples and the results are listed in Table 6−2. The fit of the signal number in
the Monte Carlo sample is to a Gaussian function only since the background is very small.
Figure 6−4 is one example of the signal fit in real data and the Monte Carlo. The
mean value of the signal peak in Monte Carlo, 3.097 GeV/c2, agrees well with the known
mass but in data the result is about 20 MeV/c2 lower. This is understood to be due to non−
optimized detector alignment. The measured signal width in real data is 55±1 MeV/c2 which
is larger than the Monte Carlo predicted width of 38.5±0.3 MeV/c2 . The reason could be due
to detector misalignment and multiple scattering from a larger amount of material in the real
detector than accounted for in the reconstruction.
6.2 Optimization of Signal
To optimize the final result every reconstructed dimuon pseudoparticle is first assigned to a
primary vertex on the associated production wire. Then I split the analysis into three steps.
In the first step, several very soft criteria based on event qualities are applied. In the second
step, additional conditions (cuts) are imposed to separate the signal from the background.
This is done by optimizing the relative signal significance, Sr:
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Sr =

6−2

Ns

,

B

where NS is the number of D0 → µ+µ− Monte Carlo events falling in a D0 mass window and B
is the number of expected background events. I rely on the Monte Carlo to calculate the
signal number NS. In this analysis, I choose two sidebands for the background reference.
How the signal window and expected background are determined is discussed in Section
6.2.1.
If there is still no obvious signal seen in the data after removing most of the
background events, N s ⁄ B might not be a good parameter to rely on since it diverges when

2
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the background B approaches 0. Then, instead of making a measurement of the branching
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Figure 6−4 : The fit of the J/Ψ signal in data and Monte Carlo. This example is from the
single wire data and Monte Carlo samples. The solid curves show the results of the fits. The
shaded histogram is the Monte Carlo sample scaled to the same signal number (1862) as in
the data. The shift of the J/Ψ mass and difference of the width predicted from the Monte
Carlo to that in the data are clear in this plot.
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ratio for D0 → µ+µ−, I will set an upper limit for it. To do that, I directly look at the BR(D0 →
µ+µ−) limit versus cut parameters. The idea is to find a range where the final result does not
depend strongly on the cuts.
6.2.1 Setting the D0 Signal Window and Background Sidebands
Since the J/Ψ mass width predicted by the Monte Carlo is different from that measured in
the data, I set the D0 search window based on the scaled mass width rather than a fixed
interval. The predicted mass width, ∆m, is 38.5 MeV/c2 for J/Ψ and 22.5 MeV/c2 for D0 in the
Monte Carlo. This roughly agrees with the approximation ∆m/M ≈ constant. The J/Ψ signal
width in real data, 55 MeV/c2, is about 42% larger than in the Monte Carlo. The same factor
is expected to also apply to the D0, therefore I estimate the D0 mass width, ∆mD0, to be 32
MeV/c2 in real data. The mass window for D0 → µ+µ− is set to 4∆mD0 wide and centered at
the D0 invariant mass. This covers 95% of the D0 signal if its mass distribution follows a
Gaussian function.
The two mass intervals from 3∆mD0 to 6∆mD0 on both sides of the D0 mass are used
for the background reference region. These ranges are chosen to be close enough to the D0
mass to represent the kinematic properties of the underlying background but not too close to
contain real signal. The probability to have one D0 signal in these sidebands, according to a
Gaussian distribution, is less than 0.3%. The total width of the two sidebands is 6∆mD0. If the
background distribution is assumed to be flat then the expected background in the signal
window (B in Equation 6−2) is two−thirds of the number of events in the two sidebands. The
exact positions of the signal window and the sidebands in real data and Monte Carlo are
listed in Table 6−3.
6.2.2 Primary Vertex Selection
To determine the D0 decay length, we need the originating primary vertex on the associated
target wire. The production wire association is done by looking at the z position of the
secondary vertex, as described in Sec 6.1.2. However, not every event has primary vertices
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search window

sideband

Real data

1.796 − 1.924

1.668 − 1.764
1.956 − 2.052

Monte Carlo data

1.819 − 1.909

−

Table 6−3 : Positions of the search window and sidebands. The signal window and
sidebands are in GeV/c2. There is no sidebands chosen in Monte Carlo.

reconstructed on the production wire. Figure 6−5 is a plot of the event fraction with no
reconstructed primary vertex in one−wire data. The ratio near the J/Ψ invariant mass is
about three times higher than in the background region. This indicates that more J/Ψ→µ+µ−
events have no primary vertex reconstructed than the background events. Figure 6−6 is a
plot of the ratio of
number of events with 1 primary vertex
number of events with 2 primary vertices
versus invariant mass. The ratio is almost double near the J/Ψ mass. The enhancement of
both of these two ratios near the J/Ψ region can be explained by a trigger bias for events
with multiple minimum bias interactions [62]. The trigger requires two muon tracks but it
does not matter whether these two muons are from the decay of a single particle, for
example J/Ψ→µ+µ−, or from two minimum bias interactions in one event. Both Figure 6−5
and 6−6 indicate that triggering on multiple interaction events is enhanced even at a low
interaction rate of 4 to 5 MHz.
To avoid ambiguity in selecting the right primary vertex and to reject events which
have two muon tracks from different primary interactions, I require that only one primary
vertex be reconstructed on the associated production wire. This requirement is applied only
to the dimuon pseudoparticles for determining signal and background, not to determine the
normalization from J/Ψ’s.
There is another factor to consider about the primary vertex reconstruction. When
two primary interactions on a target wire are fairly close to each other, the primary vertex
reconstruction algorithm might merge them into one reconstructed vertex. In other words,
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Figure 6−5 : Fraction of events with no primary vertex versus dimuon invariant mass. The
plot is made from single wire run data. The scaled dimuon mass spectrum (dashed
histogram) is shown for reference.
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Figure 6−6 : Ratio of the number of events having one primary vertex to those with two
primary vertices as a function of dimuon invariant mass. The invariant mass distribution is
shown, scaled, for reference. A jump of this ratio is seen around the J/Ψ mass region. The
data sample is from one−wire runs.
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although I require only one reconstructed primary vertex on the associated production wire,
that primary vertex could actually be from more than one primary interaction. Figure 6−7 is
the distribution of the separation between two primary vertices in single carbon wire data.
The fall of the distribution at the low end implies that two vertices cannot be well resolved
when they are closer than about 600 µm. When this situation happens, the reconstructed
primary vertex is likely to have an incorrect reconstructed position but with small errors
assigned. If the two muons producing the trigger are from the two close primary interactions,
they could make a good (but fake) D0 candidate (Figure 6−8). Criteria applied to remove the
possible "merged primary vertices" background are discussed in Section 6.3.
6.3 Event Quality Criteria
After assigning a primary vertex to every dimuon pseudoparticle, further event requirements
are applied before optimizing the signal significance. These are very soft cuts on track and
vertex qualities. The purpose is to discard events in the tail of the distribution of each
parameter in order to clean up possible "ambiguous background events". The applied event
quality criteria are summarized in Table 6−4 and briefly described below.
Figure 6−9 shows the muon likelihood distribution. Most of the muon tracks have
assigned muon likelihood near unity. A small fraction of tracks in real data has a
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Figure 6−7 : Separation between two primary vertices in one wire data.
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Figure 6−8 : Demonstration of two primary interactions merged into one primary vertex.
Muons coming from separate interactions can appear to originate from a common
secondary vertex.

muon likelihood near zero. To reject the possible fake muon tracks which pass
track selection in Section 6.1.1, a minimum muon likelihood cut at 0.001 is
applied to every muon track. This removes poor tracks with almost no loss of
acceptance for real muons.


In the primary vertex reconstruction, the momenta of tracks with no matched
OTR segments are not well measured. Those tracks have larger uncertainties in
position and slope after the track propagation due to the momentum deweighting
and multiple scattering. To have more accurate primary vertex position, I require
at least 10% of the RTRAs used in a primary vertex fitting have matched OTR
segments.



Cuts are applied to the variances σxx and σyy of primary and secondary vertices
(Figures 6−10 and 6−11) to remove the events in the tails. The average
uncertainty of the primary vertex position in the transverse (x, y) directions, on
the Ti wire is 60 µm and on the C wire is 70 µm for both the data and the Monte
Carlo. For the secondary vertex, it is not wire dependent but depends slightly on
invariant mass, so I compare the real data in both the signal window and
sidebands with the Monte Carlo. It is about 40 µm for the real data and a little
smaller but consistent within the errors in the Monte Carlo. The cut values are
selected to be about 10 times the mean values. An event is rejected if the
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Figure 6−9 : Muon likelihood distribution for real data (solid histogram) and Monte Carlo
(dashed histogram, scaled to the same number of muons in real data). The region near zero
is blown up (with bin size 0.001). The data sample is from single carbon wire only. A
minimum cut at 0.001 is applied in this analysis.

uncertainty in x or y of its primary or secondary vertex is more than three times (
10 ) the mean value.


To reject events with "merged primary vertices" (see Section 6.2.2), cuts on the
number of hits in the VDS and OTR detector and the track multiplicity of the
primary vertex are applied. Figure 6−12 shows the numbers of VDS and OTR
hits with one and two reconstructed primary vertices. Events with more than 600
hits in the VDS and more than 10000 hits in the OTR are rejected. Figure 6−13 is
a plot of track multiplicity in primary vertices. PVXRTRA is the total number of
tracks of the three categories mentioned in Section 4.2.1 and PVXnt is the
number of tracks in the reconstructed primary vertex. In an event with multiple
reconstructed primary vertices, the first reconstructed one tends to have the
largest PVXnt. This indicates that a primary vertex with large PVXnt in an event
with only a single reconstructed primary vertex might actually be from two
primary interactions. Cuts of PVXRTRA<35 and PVXnt<25 are applied.
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Figure 6−10 : Variance of the primary vertex in x (left) and y (right). The distribution in real
data (solid histogram) and D0 → µ+µ− Monte Carlo (dashed histogram, scaled to the same
number of events in real data) agree well with each other. The data sample is from single
carbon wire only. The mean σxx and σyy for the titanium wire in two−wire data (not shown)
are about 3.8×10−4 in both Monte Carlo and real data. Events falling into the hatched regions
are rejected.
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Figure 6−11 : Variance of the secondary vertex in x (left) and y (right). The mean value in
real data (solid histogram) is 50% larger than in D0 → µ+µ− Monte Carlo (dashed histogram,
scaled to the same number of events in real data). The data sample is from single carbon
wire only. Events falling into the hatched regions are rejected.
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Figure 6−12 : Number of hits in VDS and OTR for events with one (solid histogram) and two
(dashed histogram) reconstructed primary vertices in real data. The distributions are
normalized to unity. The data sample is all unlike sign dimuon events within the signal
window and sidebands. Events falling into the hatched regions are rejected.

0.07

percentage/track

0.06

0.05

0.04

0.03

0.02

0.01

0
0

20

40

PVXRTRA

60

0

10

20

30

40

PVXnt

Figure 6−13 : Track multiplicity of primary vertex reconstruction for events with one (solid
histogram) and two (dashed histogram) reconstructed primary vertices in real data. The
distributions are normalized to unity. For the events which have two reconstructed primary
vertices, PVXnt is the larger track multiplicity of a primary vertex. The data sample is all
unlike sign dimuon events within the signal window and sidebands. Events falling into the
hatched region are rejected.
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Parameter
Muon likelihood

Cut
> 0.001

Ratio of VDS−OTR track in
the primary vertex

> 0.1

Primary vertex covariance
elements

σxx < 4.0×10−4
σyy < 4.0×10−4

Secondary vertex
covariance elements

σxx < 1.5×10−4
σyy < 1.5×10−4

OTR/VDS hit no

OTR hit < 10000
OR
VDS hit < 600

Track multiplicity

PVXRTRA < 35
OR
PVXnt < 25

Impact parameter of muon
track to primary vertices on
another wire

Note

ExtImpµ < 500 µm

For events with
single primary
vertex only

For two−wire
data only

Table 6−4 : Event quality criteria applied in this analysis.



In two−wire data, the single primary vertex requirement is applied to the
associated production wire only. There could be multiple primary vertices
reconstructed on the other target wire. Figure 6−14 is the minimum impact
parameter of a muon track to the primary vertices (ExtImpµ) on the other wire. A
peak near zero indicates the muon is very likely to be from a primary vertex on
the other wire instead of a D0 decay. In this analysis, I require the impact
parameter of a muon track to "other" primary vertices has to be larger than 500
µm.

Besides the above cuts, I would like to mention one more condition which I have
studied but in the end found unnecessary. I have checked for muon tracks that lack hits from
the VDS planes before the track’s zf (z coordinate of the front end of the reconstructed
track). We expect a muon from a D0 decay (before the VDS detector) to leave hits on every
VDS layer it passes through since the VDS detector ran with high efficiency. Figure 6−15 is
the zf distribution of muon tracks. It can be as large as 100 cm which is at the position of the
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Figure 6−14 : Minimum impact parameter of muon tracks to primary vertices on another wire
in two−wire data (solid histogram) and Monte Carlo (dashed histogram, scaled to the same
number of events as in real data). Events in the hatched region (impact parameter less than
500 µm) are rejected.
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Figure 6−15 : Distribution of muon track zf positions. The data is for the dimuon pairs which
lie in the signal window and sidebands.
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sixth VDS plane. The large zf tracks are mainly small angle tracks (Figure 3−5), but they can
also be wrongly reconstructed tracks or from K/π decays − even though the probability to
have a K/π decay within the 2 m long VDS detector is small (the mean decay length for a 5
GeV kaon is about 37 m and for a 5 GeV pion is about 280 m).
If a muon crosses more than two VDS detector planes between the target and zf,
that event is rejected. A total of 22 events in real data are rejected by this cut, 9 in the signal
window and 13 in the sidebands. In the Monte Carlo, only 3 events are rejected by this cut.
However, I found all these 22 events in real data are rejected by the analysis cuts discussed
in the next section.
6.4 Signal Significance Optimization
After applying the event quality cuts, the next step is to optimize the signal significance
defined in Equation 6−2. I choose a set of requirements based on the properties of the
production and decay of D0 → µ+µ−, and, in the spirit of an unbiased analysis, avoid the
temptation to apply criteria solely based on properties of a few background events.
Parameters related to the following properties have been studied:
1. proper decay time of the dimuon pseudoparticle;
2. χ2 of the unconstrained secondary vertex fit and its p−value3;
3. muon impact parameter with the associated primary vertex;
4. results of pointing constrained fit of secondary vertex (described in Appendix A);
5. separation between primary and secondary vertices;
6. impact parameter of dimuon pseudoparticle to the associated primary vertex
without pointing constraint;
7. distance of closest approach between two muon tracks;
8. opening angle between muon tracks.
We can think of the significance as a scalar function in a multi−dimensional space.

3 The p−value is an integral of an assumed χ2 probability distribution. See discussion in Sec.
6.4.2.
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The purpose of this step is to find a maximum position of this function in this multi−
dimensional space. The signal significance versus the value of every cut parameter is
checked and the one which gives the maximum signal significance is chosen. Besides that, I
set two additional rules in choosing the cut parameters:
1. if more than one cut parameter gives the same signal significance, I keep the
one with the highest signal acceptance;
2. I use the most orthogonal cuts possible.
Every time a new criterion is applied, the signal significance versus the cuts of all
parameters are checked again to make sure the ones already applied are still in a
reasonable range.
After applying criteria on the first five quantities, I find that the others are completely
correlated with them (or make no further improvement in signal significance) and therefore
are not used. In this section, I will discuss the cuts finally applied in this analysis, including
the ones to optimize the signal significance and the ones to set the confidence limit. One
interesting physics quantity related to the opening angle between muon tracks is mentioned
at the end of this section though it is found not useful for this data sample. The results of the
final step (scanning) will be presented in the next chapter.
6.4.1 Proper Decay Time
A particle with higher momentum tends to have a longer measured decay length. If a dimuon
pseudoparticle has low momentum but long measured decay length, it is more likely to be a
background event than a real D0. To remove such background, I use a cut on the proper
decay time of the dimuon pseudoparticle. The proper decay time is given by:
t proper =

m δr
cp

,

where m is the invariant mass, δr is the decay length in the laboratory frame, p is the
reconstructed momentum, and c is the speed of light. In this analysis, I use the parameter
ctproper which converts the proper decay time into a length.
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Figure 6−16 is the distribution of ctproper for the signal window in Monte Carlo and
sidebands in real data. To determine the minimum cut, I look at how it affects the
significance N s ⁄ B . In Figure 6−17, N s ⁄ B is plotted as a function of the minimum proper
decay time cut, where
Ns
B

=
ct proper cut

∑n
∑n

ct proper>ct proper cut , in the MC signal window

.

ct proper>ct proper cut , in the real data sidebands

(In the following discussion, all the plots of signal significance versus cut strengths are
plotted similarly.) A cut at 0.1 mm is used for minimum ctproper. This is a little bit lower than
one cτ = 0.1234 mm of D0 where τ is the D0 mean life time [17]. It has been checked after
applying all other cuts that this is a very soft requirement.
To maximize the acceptance, there is no upper limit applied to this parameter since
there is already a distance constraint in associating the secondary vertex to the primary
vertex. There is no background found to have ctproper greater than 0.6 mm after applying all
other cuts, which corresponds to about 5 cτ for a D0.
6.4.2 P−value of the Secondary Vertex χ2
The secondary vertex is reconstructed from two selected muon tracks by varying the two
tracks, within their errors, to pass through a common point and minimizing the χ2 which is a
normalized "amount of changing" of the two muon tracks to their errors. Even though there
is a quality selection applied to the muon tracks, it does not guarantee a good secondary
vertex. The two tracks may be well separated or nearly parallel, and the vertex
reconstruction algorithm will still find a secondary vertex. The χ2 of a secondary vertex fit
represents a "goodness−of−fit". It can be converted into a p−value which is the probability to
have the same or larger χ2, assuming that the result is from a set of properly distributed χ2
[17].
Figure 6−18 is the distribution of p−values for reconstructed secondary vertices,
calculated by the CERNLIB routine PROB. This routine assumes the goodness−of−fit
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Figure 6−16 : Distribution of ctproper in real data sidebands (solid histogram) and Monte Carlo
signal window (dashed histogram). Events lying in the hatched region are rejected.
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Figure 6−18 : P−value of the reconstructed secondary vertex for background (solid
histogram) and Monte Carlo signal (dashed histogram, scaled to the same number of events
as in background). The events lying in the hatched regions are rejected.
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statistic follows a χ2 probability distribution function. The distribution is flat for true vertices
with appropriate error estimates. The rise at low p−value corresponds to questionable pairs
and is what I choose to reject. Figure 6−19 is the signal significance as a function of the cut
on minimum p−value of the secondary vertex χ2. A jump near zero is seen and a relatively
flat maximum region from 0.05 to 0.35 is found. I pick a cut value near the low edge of this
maximum region.
6.4.3 Impact Parameter of Individual Muon Track
At the HERA−B energy, D0 mesons originate almost entirely at the primary vertex, with only
a tiny contribution from B decays. The daughter muons tend to have finite impact
parameters to the primary vertex. Muons from the primary vertex have a small impact
parameter. One can require a minimum separation between the individual muon and the
associated primary vertex to reject this type of background. As a cut variable, I use the χ2 of
the impact parameter from a muon track to the associated primary vertex. The χ2 takes into
account the errors from both the primary vertex location and the track reconstruction. A
minimum cut at 4 is applied. This means the impact parameter of the muon track to the
primary vertex is at least about twice as large as the combined uncertainty between them.
6.4.4 Significance of Separation Between Vertices
Most of the D0s decay within a few millimeters of the production vertex in the laboratory
frame. This distance is comparable to the uncertainty of the secondary vertex in the z
direction. To ensure that the secondary vertex is well separated from its associated primary
vertex, we should compare their separation with their uncertainties, formally given by
significance of separation SoSr = ∆ x A UB1 ∆ x,

6−3

where ∆x is the vector from the secondary vertex to the primary vertex and U is sum of the
covariance matrices of the primary and secondary vertices. When the angle of the
reconstructed dimuon pseudoparticle to the z−axis is very small, as is the case in this
analysis, Equation 6−3 is approximately equal to

84

Significance of Separation in z SoSz =

∆z
primary

σ zz

secondary

,

6−4

Aσ zz

where the numerator is the distance between the primary and secondary vertices in z and
the denominator is the square root of the sum of the variances in z. In this step of the
analysis, a cut of SoSz > 4 is applied.
6.4.5 Pointing Constrained Secondary Vertex Fit
One way to further suppress the background is to apply a pointing constraint to the
secondary vertex fit. The basic idea is to constrain the momentum of the reconstructed
dimuon pseudoparticle to point from the secondary vertex to the primary vertex. While
similar in concept to an impact parameter requirement on the reconstructed parent, the
pointing constraint technique makes greater use of all the available information in the event.
The details of this algorithm and how it is implemented in the vertex reconstruction program
is described in Appendix A.
The χ2 of this fit comes from both the primary and secondary vertices since the
positions of both are treated as fit variables. A real D0 will point back to its production vertex
and therefore will contribute less to the χ2 of this fit then background events. Since a cut on
the unconstrained secondary vertex fit is already applied, I use the increase of the χ2 from
the pointing constrained fit as a cut variable in this analysis. A maximum cut at 9 is applied
in this step.
6.4.6 Muon Decay Angle
A variable that was investigated but found not to be useful in this analysis is the muon decay
ˆ , is defined as
angle. The rapidity of a muon relative to the direction of motion of the D0, z’
y =

=

EAp z’
1
ln
2
E B p z’
1Aq×cos θ z’
1
ln
,
2
1 B q×cos θ z’

ˆ direction, E is the muon energy, θz’ is the
where pz is the muon momentum along the z’

85

µ+

µ+
z’

0

D

+
θlab

θcm

_

π−θ cm

µ

z’

z
0

_

D

µ

Figure 6−20 : Opening angle of a muon in the D0 c.m. frame (left) and in the laboratory
frame (right).
ˆ , and q = 1 B m⁄ E
angle between the muon and z’

2

(Figure 6−20). In the center of

µ+
µ−
mass (c.m.) frame of the D0, the two muons emerge in opposite directions and ycm = y cm .

When boosted to the laboratory frame along the direction of the D0 momentum ( ẑ’ ), the two
muons are separated by an angle less than 180° and it can be shown that, using the
approximation of q = 1,
cos θ cm = tanh

∆ ylab
2

,

where ∆ ylab is the difference in rapidity between the two muons in the laboratory frame4.

tanh(x/2)

Figure 6−21 is a plot of a hyperbolic tangent function. Since the D0 meson is a spin 0 particle
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Figure 6−21 : Plot of a hyperbolic tangent function.
4 With the approximation q=1, y is equal to the pseudorapidity η = B ln tan θ⁄2
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Figure 6−22 : Distribution of cos(θcm) : (a) for 2000 run configuration, the number of events
in Monte Carlo signal window (dashed histogram) is scaled to the number of events in real
data sidebands (solid histogram), the event quality criteria are applied on both real data and
Monte Carlo in (a); (b) for a Monte Carlo simulation which includes the acceptance of the
inner region, the signals are from the correct dimuon pairs (dashed histogram) and the
background events are created by mixing two muons from different events (solid histogram).
The signal and background are scaled to the same number of events. Only requirements of
Pt > 0.7 and P > 5 GeV/c of individual muon are applied in (b).
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and decays in no preferred direction, the distribution of cos θ cm is flat from −1 to +1. On
the other hand, the distribution of ∆ ylab is wider for random combinatoric background which
corresponds to having higher probability at cos θ cm

close to ±1. One can apply a cut on

either the cos θ cm or ∆ ylab to differentiate signal from background.
Figure 6−22−(a) is the

cos θ cm

distribution for sideband (background) and

simulated (signal) data. The signal distribution is not flat due to the effects of detector
acceptance. Though the background distribution is more flat in the middle, one can barely
distinguish signal from background at

cos θ cm > 0.4 . Tighter cuts give lower signal

significance. This cut is found to be unnecessary for this analysis. After boosting to the
laboratory frame, the events with high cos θ cm

(corresponding to small θ cm ) are most

likely to be in the central region of the detector, either within the pixel system acceptance or
below the angular coverage of the HERA−B spectrometer.
Figure 6−22−(b) is a Monte Carlo simulation which includes the muon pixel system.
With the acceptance of the inner region (about 10 ~ 20 mrad), a cut on this parameter may
help to reject some background events.
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CHAPTER 7 : RESULT
After applying event quality cuts and the criteria to optimize the signal significance:


ctproper > 1.0 mm,



p−value of the secondary vertex fit > 0.05,



χ2 of individual muon impact parameter to the associated primary vertex > 4,



δχ2pFit < 9, and



SoSz > 4,

there are 22 events left in the sidebands. Assuming the background is flat in mass, this
corresponds to 14.7 expected background events in the signal window. When we look in the
signal window, there are only 12 events, consistent with the expected background (Figure
7−1). (Using the branching ratio limit of 4.1×10−6 at 90% confidence level, the expected
number of signal events is less than 1). Under this circumstance, I try to set a best upper
limit of the BR(D0 → µ+µ−) rather than measure a value for the branching ratio.
Instead of continuing with a blind analysis, I look at the BR(D0 → µ+µ−) limit as a
function of the cut points for the most sensitive cuts. The purpose of such a scan is to
search for a region where the BR(D0 → µ+µ−) limit is at a minimum and does not change very
much when the cut values vary. Two parameters, the significance of separation between the
primary and secondary vertices in z (SoSz) and the increase of secondary vertex χ2 after
applying a pointing constrained fit (δχ2pFit), are used in this step. They are found to be the
most efficient at rejecting the background events.
7.1 Setting the BR(D0 → µ+µ−) limit
To combine different data sets in the calculation of BR(D0 → µ+µ−), I modify Equation 1−1 to

0

A

BR D →µ µ

B

∑
j

N J ⁄Ψ

a D éD A
0

a J ⁄Ψ

7−1

nucleon

σ J ⁄Ψ

n cl

≤

σ nucleon
D

A

BR J ⁄ Ψ →µ µ

B

.

0

α D Bα J ⁄ Ψ
0

0

j

The denominator on the right hand side sums over three production categories: C wire in

Entries
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Figure 7−1 : Dimuon mass spectrum after event selection cuts. There are 13 events in the
left sideband and 9 in the right sideband. Only 12 events remain in the data signal window
and no indication of a signal peak is seen.

Beam
target

Ebeam
(GeV)

σ(species +c.c.)
(µb/nucleon)

xF region

NA32 [63]

pN(Si)

200

σ(D) = 1.5 ± 0.7 ± 0.1

xF>0

1.5 ± 0.7

E769 [64]

pN(W,Cu,Al,Be)

250

σ(D0) = 5.7 ± 1.3 ± 0.5
σ(D+) = 3.3 ± 0.4 ± 0.3

xF>0

9.0 ± 1.5

NA16 [65]

pp(H2)

360

A 7.9
σ(D0) = 10.2 B 4.3

xF>0

15.5 A 8.3

Experiment

σcc

(µb/nucleon)

B 4.6

A 2.4
σ(D+) = 5.3 B1.6

NA27 [66]

pp(H2)

400

σ(D0) =18.3 ± 1.9 ± 1.6
σ(D+) =11.9 ± 1.2 ± 0.8

Whole xF

15.1 ±1.4

E653 [57]

pN(E)

800

σ(D0) = 38 ± 3 ± 13
σ(D+) = 38 ± 9 ± 14

Whole xF

38 ± 11

E743 [56]

pp(H2)

800

σ(D0) = 26 ± 4 ± 6

Whole xF

24 ± 6.0

σ(D ) =
+

22 A 9 ±
B7

5

Table 7−1 : Summary of measurements of the D meson production cross section in proton−
nucleon interactions. For each experiment, I include the beam particle, target nucleus, beam
energy, and xF range for the quoted cross section. The converted c c cross sections (for
whole xF range) are listed in the last column. The errors on σ c c include the contributions
from the statistical and systematic errors in the reported results. The conversion factor is
described in the text.
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one−wire data, C wire in two−wire data, and Ti wire in two−wire data. In Equation 7−1, ncl is
the number of observed D0 or a confidence limit; NJ/Ψ is the number of observed J/Ψ→µ+µ−
listed in Table 6−1; a stands for the detector acceptances and efficiencies for J/Ψ → µ+µ−
and D0 → µ+µ−, as given in Table 6−2; éD is a reduction factor for D0 → µ+µ− due to the
0

selection cuts applied.
The total cross section σ in Equation 1−1 is rewritten as Aασnucleon to include the
target material dependence, where A is the target atomic number (AC = 12.0 and ATi = 47.9).
For J/Ψ, the A dependence, αJ/Ψ, is 0.955 ± 0.005 and the cross section per nucleon,
nucleon

σ J ⁄Ψ

, is 357 ± 8 ± 27 nb/nucleon after scaling to the HERA−B center of mass energy [67].

7.1.1 The D0 Cross Section and A Dependence
The cross section for D mesons at HERA−B energy is not well known. Many fixed target
experiments have measured the inclusive cross section for D mesons in proton−nucleon
collisions at or below 800 GeV. Recent results at different energies are listed in Table 7−1.
For the open charm production, D mesons are spin 0 particles and D* are spin 1 particles. If
we assume the production is equally distributed to each polarization state, we expect to
have a ratio of the inclusive cross sections σ( D 0 AD 0 )/σ(D++D−) ≈ 3 after including the D
mesons from D* decays. However, the experimental results for pN collisions find the ratio is
about 2 at lower energy and 1 at higher energy. The explanation of this fact is not clear [68]5.
To determine the D0 cross section for this analysis, I scaled the measured results to 920
GeV beam energy based on a theoretical prediction of the energy dependence of the cross
section for c c (unbound) pair production, σ c c [69]. The measured D meson cross sections
are converted to σ c c (for all xF) by
σc c =

1
× f XF × σ D AD Aσ D AD ,
2
0

0

+

−

5 The ratio σ( D 0 AD 0 )/σ(D++D−) ≈ 3 more or less agrees with the results from πN
interaction experiments, which have much less errors than the pN interaction results.
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where ½ is to get the pair cross section from the single−inclusive cross section and the
factor fXF is 1 or 2, depending on the xF range of the reported result [70]. In this
approximation, I exclude the possible contribution from Λc and Ds production and assume
the number of produced D mesons per c c pair is not energy dependent.
Figure 7−2 shows the derived σ c c versus beam energy and a theoretical prediction
from Ref.[69]. The charm quark mass used in the calculation is 1.5 GeV/c2 to have a
minimum

∆ σ c c 2 ⁄ érr2 , where ∆σ c c is the difference between the experiment results and

theoretical prediction and ér r is the error in the experimental result. The ratio of σ c c (920
GeV)/ σ c c (800 GeV) is 1.15 and differs less than 6% when the charm quark mass varies

σ (µb/nucleon)

10 3

10 2

10

1

200

400

600

800

1000

Beam Energy (GeV)
Figure 7−2 : Cross section for charm production in p−N collisions. The solid curve is a
theoretical prediction of the cross section for c c pair production. The upper and lower
curves are the results when the renormalization and factorization scales are varied by a
factor of 2. The dotted line shows the position of the HERA−B beam energy.
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Experiment (year)

E743(1988)[56]

E653(1991)[57]

E789(1994) [71]

Beam−Target

pp

p−Emulsion

p−Be, Au

Atomic number

1

26.6 (averaged)

9, 197

Coverage
α (A dependence)
σD0 (µb/nucleon)
σD+ /σD0

−0.1 < xF < 0.4

−0.12 < xF < 0.4

0.0 < xF < 0.08

p2T < 5

p2T < 8.2

pT < 1.1

N/A

Assumed to be 1

1.02 ± 0.03 ± 0.02

38 ± 3 ± 13

17.7 ± 0.9 ± 3.4

1.0 ± 0.2 ± 0.5

N/A

A9

22 B7 ± 5
A0.5

1.2 B0.4 ± 0.4

Table 7−2 : Reported D0 cross section and A−dependence at 800 GeV/c.

from 1.2 to 1.8 GeV/c2. The averaged σ D ⁄ D (800 GeV) from E653 and E743 measurements
0

0

is 27.3 ± 7.7 µb/nucleon. Therefore I use
σ D ⁄ D (920 GeV) = 31.4 ± 8.9 µb/nucleon (for all xF)
0

0

for this analysis.
Besides E653 and E743, experiment E789 used an 800 GeV proton beam colliding
with various target nuclei to study the A dependence of D0 production [71]. This is the only
study of A dependence for D0 cross section near HERA−B energy. Therefore I quote their
result αD0 =1.02 ± 0.04 in Equation 7−1. As a by−product, they reported a D0 cross section
which is lower than (but still consistent with, within errors) the average of the results from
E653 and E743. More details of the configurations of these three experiments are listed in
Table 7−2. The xF coverage of E653 and E743 is closer to that of HERA−B. The E789
experiment has a very limited xF coverage. The extrapolation from the differential cross
section of the E789 result to the whole xF range uses the average acceptance obtained from
the pT and xF parametrization results of E653 and E743. Due to the small xF coverage and
the extrapolation with indirect parametrizations of the acceptance, I do not include this result
in the calculation of the average σ D ⁄ D (800 GeV).
0

0
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7.1.2 Confidence Limit
When the number of observed events in the signal window is comparable to the number of
expected background in the signal window, it is more proper to set a limit rather than quote a
branching ratio. The confidence limit, ncl, can be represented as a function of the number of
observed events in the signal window (Nobs), the number of expected background events
(Nbg), and the confidence level (CL) one would like to take:
ncl =ncl N obs , Nbg , CL .
The confidence level can be thought of as a measure of the degree of belief. For example,
an upper limit of BR(D0 → µ+µ−) at 90% confidence level means the probability for the real
BR(D0 → µ+µ−) to be larger than that upper limit is less than 10% with the same Nbg , Nobs,
and experimental sensitivity. A number of papers have been published on how to set this ncl
by Bayesian and frequentist approaches with small numbers of events [72,73]. There is not
a final agreement on which is more proper to use. Even with the same approach, different
methods give different ncl values for the same inputs Nobs, Nbg, and CL6. In this analysis, I
use a method proposed by Roe and Woodroofe [74]. The probability distribution functions
for both the signal and the background are described by a Poisson function. This method
adopts the idea of the "Feldman−Cousins unified approach" [75] to set Bayesian credible
intervals for the upper and lower limits. It avoids the problem of having unreasonably small
ncl as can happen in the Feldman−Cousins unified approach [76].
Figure 7−3 is the plot of ncl versus Nobs and Nbg for CL=90%. The "phase−transition−
like" dashed curve is the boundary of the region which has a zero lower limit. If one
experiment gets a (Nobs, Nbg) pair in the region above the dashed curve, it will have an upper
limit together with a non−zero lower limit. On the other hand, it is recommended to be
cautious if the result of an experiment finds Nobs much less than Nbg. It raises the suspicion
that either the expected background in the signal window is not properly estimated or the

6 However, both Bayesian and frequentist approaches, ncl is 2.3 for a Poisson process when
there is no event observed in the signal window (if the probability coverage is not a concern).
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Figure 7−3 : 90% confidence level upper limit calculated with the method of [74] as a
function of the numbers of observed events and expected background.

applied cuts remove many more events in the signal window than in the sidebands. In
Figure 7−3, the dotted curve represents the situations in which the probability to have (Nobs,
Nbg) is less than 1%. Outcomes below this curve should be carefully scrutinized.
There is concern about the probability coverage of this method from frequentists.
However, there is no standard way to compensate for it and the correction is relatively small
compared to other uncertainties in this analysis (for example, the D0 production cross
section). In the following discussion, the "BR(D0 → µ+µ−) limit" means the "BR(D0 → µ+µ−)
limit at 90% confidence level".
7.2 Scanning for the Branching Ratio Limit
Figure 7−4 and 7−5 are plots of the BR(D0 → µ+µ−) limit versus the cuts on SoSz and δχ2pFit.
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In each plot, results are shown for scans of one parameter for several choices of the other.
Figure 7−6 is a 3−D plot to give a global view of the branching limit versus these two cuts. I
consider the BR(D0 → µ+µ−) limit as a function of three parameters:
0

+

BR D → µ µ

−

=

n cl N obs, N bg
S

at 90% CL

7−2
,

where Nobs and Nbg determine ncl and S is the detector sensitivity which is the combination of
the rest of the terms in Equation 7−1. As more stringent criteria are applied all three
parameters decrease but ncl could become either smaller or larger. Generally, ncl will
decrease only when Nobs is reduced. There is a special condition for ncl in Figure 7−3: when
there is no event observed in the signal window, Nobs=0, ncl is 2.3 and does not depend on
Nbg.
As shown in Figure 7−4 the BR(D0 → µ+µ−) limit does not vary much between the
δχ2pFit cut at 4 and 6 (the change is less than 10% if SoSz > 5.6 is also applied). The final cut
on maximum δχ2pFit is set at the middle of this range:
δ χ2pFit < 5 .
In Figure 7−5, a minimum position occurs near SoSz > 5.6 for all δχ2pFit cut. None of
the data points fall into the region which yields a non−zero lower limit as well as an upper
limit (Figure 7−3). To determine a final result of this scanning step, the results with
δ χ2pFit < 5 are plotted again in Figure 7−7. While the cut value of minimum SoSz is larger
than 5.6, there are no events left within the signal window and the result is not background
dependent. The number of expected background is less than 4 and no data points locate
below the dotted line in Figure 7−3. The BR(D0 → µ+µ−) limit increases monotonically with
the SoSz cut above 5.6, simply due to the decrease of signal acceptance. There is one
event left in the signal window with the SoSz cut from 5.2 to 5.4. To have a result not
strongly data sample dependent, instead of setting the branching ratio limit to be the lowest
result in the scan, I set the limit at the average of "the lowest possible limit with zero events

6

BR(D →µ µ ) at 90%CL (×10 )
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Figure 7−4 : The branching ratio limit versus maximum δχ2pFit at different SoSz cuts.
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Figure 7−5 : The branching ratio limit versus minimum SoSz at different δχ2pFit cuts.
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Figure 7−6 : A 3−D representation of the branching ratio limit versus minimum SoSz and
maximum δχ2pFit requirements (surface). On the top is a projection contour of this surface
plot.
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Figure 7−7 : The branching ratio limit versus minimum SoSz cut with δχ2pFit < 5 applied. The
extrapolation for the segment with one event left is a straight line and for the segment with
null event left is an exponential function.

left" and "the highest possible limit with one event left" in the signal window. In an
approximate way, this is done by extrapolating both the "limit segments" with one and zero
events in the signal window to the SoSz cut of 5.5 then calculating the middle value between
them. This gives a result of 1.3×10−5 for the upper limit of BR(D0 → µ+µ−).
7.3 Systematic Errors
The value of ncl in the numerator of Equation 7−2 represents a statistically true signal
number upper limit (with 90% probability coverage) that would be obtained by an ensemble
of comparable experiments. There is no contribution to "error" from that value (ncl might
need adjustment if the probability coverage is a concern). However, we have to consider the
uncertainty in the detector sensitivity, which is referred to as the "systematic error" in this
analysis. One convenient prescription to introduce the systematic error into the branching
ratio upper limit is given by Cousins and Highland [77]. We can think of ncl as a function of
BR(D0 → µ+µ−) and S (Equation 7−2), then take into account the S uncertainty in
determining ncl . When there is no event observed in the signal window, the corrected
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branching ratio is
7−3

R0 =R00 1A2.3 σ 2sys ⁄ 2 ,

where σ sys is the relative systematic uncertainty and R00 is the branching ratio when there
is no systematic uncertainty.
The total relative systematic error is 30% which is computed from all the contributing
terms in Equation 7−1. The dominant contribution is from the uncertainty in the D0 cross
section (28%). All the other errors are negligible compared to that, including the J/Ψ cross
section (7.8%), A dependance of the D0 cross section (3.5%) and J/Ψ cross section (0.5%),
the branching ratio for J/Ψ→ µ+µ− (1.7%), number of reconstructed J/Ψ in real data (4%),
J/Ψ acceptance (1%), and D0 acceptance and efficiency (5.8%). The error of the D0
acceptance and efficiency includes two comparable contributions:

σa

D

0

éD

0

2
= σ 2stat A σ p

2
T

2
where σ stat is the statistical error and σ p 2 is from the uncertainty of the D0 pT
T

distribution. Both of them are calculated from the Monte Carlo. The statistical error is7

σ stat =

1
n ,
1B
n
N

where n is the number of D0 → µ+µ− in the signal window and N is the number of generated
2
D0 → µ+µ− events. In Section 5.1, the generated D0 is reweighted to fit the pT distribution

2
A0.10
with the E653 result of exp(−b p T ) wiith b = 0.84B0.08 . The contribution due to the

uncertainty of the parameter b is determined by

σp =
2
T

n 0 B n±
n0

,

7 This is treated as a binomial probability distribution. It is approximately equal to a Possion
statistical error since the efficiency n/N is very small.
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where n0 is the number of accepted D0 → µ+µ− after reweighting to b=0.84 and n± is after
varying parameter b by ±σ.
After incorporating the systematic error, according to Equation 7−3, the upper limit
of the branching ratio becomes:
BR(D0 → µ+µ−) ≤ 1.5×10−5 (at 90% confidence level).
This is comparable with a recent result from E789 and is about a factor of 4 worse than the
current best experimental limit (Table 1−1).
7.4 Conclusion
In this analysis I have searched for the charm FCNC decay D0 → µ+µ− using dimuon trigger
events from the HERA−B 2000 run. The data sample consists of about 610k events from
two target configurations. The number of produced D0 mesons is normalized to the number
of reconstructed J/Ψ → µ+µ− events (around 3800). The D0 cross section in proton−nucleon
interactions, used in this analysis, is 31.4 ± 8.9 µb/nucleon (for all xF) and the A−
dependence of the D0 cross section is set to 1.02 ± 0.04.
The predicted branching ratio from the Standard Model is of order 10−13 and the
current experimental limit is 4.1×10−6. Several extensions of the Standard Model predict the
branching ratio to lie in the range 10−6 to 10−11. This makes this decay channel interesting in
probing these new phenomenologies or setting constraints on them.
The dependence of the result on various cuts is carefully studied in the analysis.
After applying various criteria to reject the background, no signal is seen in the D0 signal
window, and I determine an upper limit for the branching ratio for D0 → µ+µ−
BR(D0 → µ+µ−) ≤ 1.5×10−5 (at 90% confidence level).
This analysis serves as a starting point for future HERA−B measurements of this decay
channel. The result is about 4 times the current best experimental result. It is limited mainly
by the sensitivity. With more statistics and improved trigger efficiency, HERA−B should be
able to achieve a result lower than the current limit in the coming runs.
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APPENDIX A : POINTING CONSTRAINED VERTEX FIT IN GROVER8
Jing−Ge Shiu, Robert Harr
Wayne State University
Abstract
To help suppress combinatoric background, it is sometimes useful to include additional
constraints in the reconstruction of a decay vertex. The most familiar, known as a mass
constraint, fixes the invariant mass of the reconstructed parent particle. Also common is a
pointing constraint, where the reconstructed parent’s momentum vector is constrained to
point along the line connecting the reconstructed production and decay positions [79]. In this
note, we derive the pointing constraint algorithm, and describe how it is implemented in
GROVER.
A.1 Motivation
In the search for the FCNC decay D0 → µ+µ−, we need to suppress an abundant
combinatoric background in the region of the D0 mass. The combinatoric background
consists largely of muons from π and K decay. Though mostly suppressed by track quality
and MUON ID requirements, enough background events remain to necessitate further
measures. Since actual D0 decays will point back to the primary vertex, we can use a
pointing constraint as a way to differentiate background from signal.
While similar in concept to an impact parameter requirement on the reconstructed

p
r

θ

decay
vertex

production
vertex
Figure A−1 : Representation of pointing constrained fit. p is the momentum sum of the
decay tracks and r is the space vector from the production to the decay vertex.
8 This is from [78]
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parent, the pointing constraint technique makes greater use of the available data. In fact,
since the pointing constraint is incorporated in the Kalman filter framework of the vertex
reconstruction, it is the optimal linear algorithm.
After a pointing constrained fit, the reconstructed parent points from the production
to secondary vertex. Event rejection is based on the change to the χ2 of the fit.
A.2 Pointing Constraint
We imagine reconstructing a parent particle from n decay particles. The momentum of the
parent particle, p , is
n

p = ∑ p
i ,

A−1

i=1

i is the momentum vector of the i th decay particle. Let r = vs B vp be the vector
where p
from the production to decay vertices.
When reconstructing a decay vertex (Figure A−1), we constrain p to be parallel to
r by requiring:
p×r = 0 .

A−2

It is better to choose p ×r = 0 than 1 B p̂⋅r̂ = 0 ( p̂ and r̂ are unit vectors of p
and r ), since, for small angular differences, p×r is proportional to θ while 1 B p̂⋅r̂ is
proportional to θ2. Since the production vertex position, vp = x p , yp , zp , could be changed
after adding the additional tracks, we treat the coordinates of the production vertex as fit
parameters along with the coordinates of the decay vertex, vs = xs , y s , zs . The constraint
equation becomes:
z s B z p p y B y s B y p pz = 0

A−3

x s B x p p z B z s B z p px = 0

A−4

y s B y p p x B x s B x p py = 0

A−5
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where px, py, and pz are the momentum sum of the decay particles in x̂ , ŷ , and ẑ
directions.
A.3 The Implementation of a Pointing Constraint in Grover
In the following, we present how to implement these constraint equations into Grover [47],
one of the HERA−B vertex reconstruction packages, following the notation used in the
Grover documentation for mass constraint implementation [80]. Note that a production
vertex is part of the pointing constraint so it is brought into the algorithm, as explained
below.
Grover uses the linearized Kalman filter algorithm for vertex reconstruction and
introduces constraints as additional pseudo−measurements. Here we give only a brief
description, more explanation can be found in [49] and [81]. Let us consider a vertex
reconstruction of n tracks with m constraints. The linearized equation for each track is
ζ k = Hk R nAη k ,

k = 1, … , n,

A−6

where the linearized measurement matrix, Hk, relates the parameters of the vertex and n
tracks, Rn, to the measurement vector, ζk. For the unconstrained condition, the Kalman filter
gain, Kk, and the updated covariance matrix, Γk, after the k th track being included are
Kk = Γ kB1 HTk Dk AH k Γ kB1 HTk

B1

A−7

and
Γ k = Γ kB1 B K k H k Γ kB1 ,

A−8

where Dk is the covariance matrix of the measurement error vector ηk. The parameter vector
is updated, after the k th track being included, as :
Rn

new

= Rn AKk ζk B Hk R n .

A−9

To include m constraints in the Kalman filter as pseudo−measurements, we write
each constraint equation in linearized form
hl RnAµ l = 0,

l = 1, … , m,

A−10
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where µl represents the uncertainty in the physical adherence of the l th constraint. These are
treated as another m measurements in the Kalman filter. If there are new parameters in the
constraints, Rn has to be expanded to include them. The measurement vector becomes
ζ1
ζ=

x
ζn

,

A−11

where there are m zeros.

0
x
0
Applying the unconstrained Kalman filter to this combined measurement automatically
includes the constraints in the vertex fit.
To include the coordinates of the production vertex, we expand the fit vector R to a
(3n+6)−dimensional vector, where the decay vertex contains n reconstructed tracks :
R0 = xs ,

R1 = y s ,

R2 = zs ,

R3 = ax1 ,

R4 = ay1 ,

R5 = p1 ,

…,

…,

3k

R = axk ,

R

3k=1

R

3nA1

…,

…,
R

3kA2

= a yn , R

3nA2

= a yk ,

…,

3n

R = axn ,

A−12

= pk ,

…,

R 3nA3 = x p , R 3nA4 = yp ,

= pn ,

R3nA5 = zp ,

where Ri is the i th element of the vector R, axk, ayk, pk are the slopes and momentum of the
kth track in the decay vertex fit, as defined in [80].
The linearized measurement matrix for the k th track, Hk, is the 5×(3n+6) matrix:
1 0 Baxk 0 …

z0 B zs

0 1 Bayk 0 …

0

0

0 0 … 0 0 0

z0 B z s 0 0 … 0 0 0

0 0

0

0 …

1

0

0 0 … 0 0 0 .

0 0

0

0 …

0

1

0 0 … 0 0 0

0 0

0

0 …

0

0

1 0 … 0 0 0

A−13

The elements of the last three columns of Hk are all zero since the track parameters do not
depend on the position of the production vertex explicitly. The covariance matrix, Γk, is
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expanded to (3n+6)×(3n+6) to include the covariance elements of the production vertex
3nA3Aj
i, j
Γ 3nA3Ai,
= Cvproduction
,
k

Γ
Γ

i, 3nA3Aj
k
3nA3Ai, j
k

i, j = 0,1,2

=

0,

i = 0, … , 3nA2,

=

0,

i = 0, 1, 2,

j = 0, 1, 2

A−14

j = 0, … , 3nA2

where Cvproduction is the covariance matrix of the production vertex.
The three components of the momentum sum in Equations (A−3)−(A−5) are
n

n

px = ∑ n xk R3kA2
,
n

n

py = ∑ nyk R3kA2
,
n

k=1

pz = ∑ nzk R3kA2
,
n

k=1

k=1

where nxk, nyk, and nzk are the components in x̂ , ŷ , and ẑ of the k th track’s unit direction
vector
n xk
nk = n yk =
n zk

R3k
n

1
R

3k 2
n

AR

3kA1 2
n

A1

Rn3kA1 .
1

Equation A−3 can be recast as
n

gx Rn = z s B z p

B
∑ nyk R3kA2
n

n

ys B yp

k=1

∑ nzk Rn3kA2 = 0 .
k=1

A−15

It is treated as a pseudo−measurement for the Kalman filter. To get the linearized matrix of
the pseudo−measurement, h, we take the partial derivatives of gx(Rn) with respect to
Ri , i = 0, … ,3nA5 . The results are
h0 = 0,
1
h = Bp z ,
h2 = p y ,
h3k = R 3kA2
nzk ys B yp n zk nxk B zs B z p nxk nyk ,
n
h 3kA1 = R 3kA2
nzk ys B yp n yk nzk A zs B z p 1 B n2yk ,
n
h

3kA2

= B ys B yp nzk A zs B zp n yk ,

3nA3

h
= 0,
h 3nA4 = p z ,
h 3nA5 = B py ,
k = 1, … ,n .

A−16
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The corresponding equations for the other two constraints, Equations A−4 and A−5,
are obtained similarly. The nonzero terms of hj (j = 0, 1, 2, 3n+3, 3n+4, 3n+5) are due to the
positions of the production and decay vertices being involved in the constraints. This is
different from the mass constrained fit which is independent of the vertex positions. In the
code, these three constraints are applied after the geometrical fit (and the mass−constrained
fit if it is applied) in every iteration. 9
The rest of the calculation of the Kalman gain, updated vertex coordinates, and
track parameters proceeds as for the mass constrained fit in Grover. See [80] for details of
the procedure.
A.4 Making a Pointing Constrained Fit
Two public member functions of GroverVertex are implemented in ARTE since version 03−
09−r2 for pointing constrained fit.
int Fitp(float x, float y, float z, float cv[], RVER &newver);
int Fitp(ArtePointer<RVER>, RVER &newver);
The user can give either the position and covariance elements of one reconstructed vertex
or a pointer to one RVER bank to the routine. After the pointing constrained fit, the new
position and covariance of the input vertex will be passed back as newver. The routine does
not check if this input reconstructed vertex is a primary vertex, so it can be used for a
cascade decay, too.
A.5 How to Apply the Three Constraints at One Time
It is also possible to treat the three constraints at the same time. Theoretically, applying
several constraints sequentially or simultaneously should not change the final result. It takes
a little bit more matrix manipulation but makes the procedure more elegant. We write down
the equations here for the curious reader.
To apply the three constraints at one time, the h matrix becomes a 3×(3n+6) matrix
containing the partial derivatives of all three constraint equations. The Kalman gain, Kn, will
9 There is no special reason to apply the pointing constraint after the mass constraint.
Theoretically, it should not make any difference in the result.
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be a (3n+6)×3 matrix
A−17

K n = B Tn σAh B Tn B1

where
Bn = Γ n h

T T

= h Γn

and σ is a 3×3 covariance matrix for the pseudo−measurement. Its elements are adjustable
parameters of the algorithm for the hardness of the constraints. The updated vertex
coordinates and parameters of the tracks are
Rn

new

A−18

= Rn B Kn δ

where
n

zs B zp

B
∑ nyk R3kA2
n

n

ys B y p

k=1
n

δ=

xs B xp

B
∑ nzk R3kA2
n

k=1
n

zx B z p

k=1
n

ys B yp

B
∑ nxk R3kA2
n
k=1

∑ nzk R3kA2
n
∑ nxk R3kA2
n
k=1
n

xs B x p

∑ nyk R3kA2
n
k=1

and the updated covariance matrix of the fit is
Γn

new

= Γ n B Kn B.

A−19
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SEARCH FOR D0−>µ+µ− FLAVOR CHANGING NEUTRAL CURRENT DECAY
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This analysis is to measure the branching ratio for the D0 → µ+µ− flavor−changing−neutral−
current decay. Though this decay is allowed in high order diagrams in the Standard Model,
the branching ratio is highly suppressed by both the GIM mechanism and helicity. The
predicted branching ratio, within the context of the Standard Model, is of order 10−13
including the contribution from long distance interactions. However, in some extensions of
the Standard Model, the branching ratio is predicted between order 10−6 and 10−11 which is
well above the predicted Standard Model contributions. This makes this decay particularly
interesting in testing these new models.
The HERA−B experiment observes the collision of a 920 GeV/c proton beam with
fixed targets ( s = 41.6 GeV). During the year 2000 run we collected 3800 J/Ψ → µ+µ− from
610k dimuon trigger events. With this data, I have determined an upper limit BR(D0 → µ+µ−)
≤ 1.5×10−5 at 90% confidence level. The dependence of the result on the analysis cuts is
carefully studied. The result, mainly limited by the statistics, is about 4 times larger than the
current best limit. With more data coming in the next runs, HERA−B is capable of lowering
the best upper limit of this decay mode.
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