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Abstract

In this note we describe a new method of rejecting e — 7t e candidates that
pass the standard photon identification requirements. This technique is espe-
cially useful in searches for new physics with a photon and H; in the final state,
as it helps reject W — ev — Ypare + Hpevents. It is designed to work even for
events where the standard offline algorithms do not select the correct primary
vertex. In this case, the track isolation variables are not helpful and the Phoenix
tracking cannot provide any additional rejection against tracks. Instead of using
the standard practice of matching an extrapolated track position to the mea-
sured photon position at the calorimeter face, we compare the ¢g and Ngetector OF
the closest reconstructed track to the ¢ and ngetector Of the photon candidate, as
measured in the CES. The match also takes into account the resolution of the
track reconstruction of hard-brem electrons. We find that this method rejects
approximately 73% of electrons that have already passed all the standard iso-
lated photon ID requirements, but is approximately 90% efficient for promptly
produced photons that have passed the same requirements.
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1 Introduction

In this note, we describe a new method of rejecting e — e candidates that pass
the standard photon identification requirements. This technique is especially useful
in searches for new physics with a photon and ;. in the final state because it helps
reject W — ev — Ypre + Hpevents. It is designed to work even for events where
the standard offline algorithms do not select the correct primary vertex. In this case,
the track isolation variables are not helpful ﬂ] and the Phoenix electron rejection
algorithm E] cannot provide any additional rejection against tracks.

This rejection method was constructed for use in a search for new physics in a
v + E final state. That search is motivated by various models based on Gauge Me-
diated Supersymmetry Breaking (GMSB). Section [2] presents some examples and the
corresponding final states in which they would be sensitive.

While W — ev — 9tare + B has been known to be an important background for
a long time, we concentrate on one of the most difficult scenarios for the detector:
where the primary vertex is not reconstructed. In Section 2.3 we briefly overview
the standard electron rejection methods and explain why the standard fake rejection
methods, including Phoenix tracking, are not satisfactory for searches like the Vgelayed +
Hrfinal state. After a description of datasets and photon ID in Section B Section B
shows in more detail how e — 7 candidates are typically produced. Armed with
this understanding, Section E.1] describes our new method for rejecting electrons that
fake photons. In particular, instead of using the standard practice of searching for a
track that points to photon candidates at the face of the calorimeter, we compare the
®o and Ngetector Of the closest reconstructed track to the ¢ and ngetector Of the photon
candidate, as measured in the CES. The match also accounts for the resolution of the
track reconstruction of hard-brem electrons. In Section B we present some results and
checks of the method. We note for now that the method rejects approximately 73% of
electrons that have already passed all the standard isolated photon ID requirements,
but is approximately 90% efficient for promptly produced photons that have passed
the same requirements. In Appendix [A we describe how the photon timing for W —
eV — Yake + K events can be badly mismeasured in such a way as to produce events
which fake the Yqelayea + Hp final state. Finally, in Appendix Bl we consider using
the charge of the track as an additional handle in rejecting fakes using the product of
closest track’s charge ¢ and closest track-EM cluster separation A¢ and compare it
with our main method.
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2 Motivation for e — ke Rejection in Searches
for New Physics with v+ £, in the Final State

2.1 Theoretical Motivations: GMSB Production of Events in
Final States

There are a number new physics models that produce v + F, in the final state.
Among them are several models of GMSB [3] and unified extra-dimensional (UED)
models M] In this note, the former is emphasized. One of the special features of
GMSB models is that in R-parity conserving scenarios ﬂﬂ], sparticle production always
occurs in pairs, which can produce at least one photon and K4 in the final state. This
can occur because any sparticle will eventually decay down to a neutralino x!-the
next-to-lightest SUSY particle (NLSP)—with the subsequent decay to a photon and a
gravitino (G)-the lightest SUSY particle (LSP) that is stable. The gravitino will leave
the detector without interacting, producing K.

The phenomenology of GMSB at the Tevatron has been studied in detail ﬂa] and
can be thought of as having two different types of production mechanisms and two
different types of decay mechanisms (summarized in Table [Il). When combined, these
provide four different final states to be searched for at CDF. We start by discussing the
two different production models. In one model, ¥ pairs are produced at the end of
decay chains of heavier sparticles. The other model involves direct X} pair production,
which was proposed in early 2004 ﬂa], but the results have not yet been published by
CDF.

The first type, models that produce Y — ~G near the the end of a long decay
chain, are the typical models that have been discussed in the literature and searched
for at LEP ﬁ], the Tevatron ﬂé], and the LHC NQ] A typical example is encapsulated in
what is known as the SPS-8 relationships @] In the SPS-8-type scenarios, just above
the current Tevatron exclusion limits, the dominant sparticle production mode at the
Tevatron is X x5 and ¥ x; (Fig. [@). Each will decay to a photon and gravitino,
as well as other high energy particles, in the final state. Thus, the final state is two
photons, K, and other large-energy deposits.

The second production mechanism—corresponding to the second row in Tab. [l-is
that of direct Y pair production, as shown in Fig. @, which can result in a pair of
photons, gravitinos and not much else. We will refer to this mechanism as exclusive
production. There are two types of production diagrams to be considered depending on
the masses of the lightest Higgs and the X! in the model. The first is direct production
through an off-shell Z boson. The other is through resonant production of a Higgs
boson, an h° to be exact. We note that the Higgs production mechanism was not
envisioned in Ref. ﬂa], but is well described in generalized GMSB models ] and can
enhance the overall Y? pair production rate by a factor of about 1,000 if the masses
are favorable. Neutralino pair production via an off-shell Z boson will dominate if the
Higgs doesn’t exist, if the x{s are too massive to be produced by a Higgs, and/or if
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Model TR0 < 1ns 1 <750 <10 ns
SPS-8 GMSB Production vy + Br+ Hr Ydelayed + B+ jets
Higgs-Type Production Exclusive vy + B, Exclusive Yaelayea + Hr

Table 1: We list possible analyses that can be performed to search for GMSB depending
on the masses of the sparticles as well as the lifetime of the neutralino in the model.

the other sparticles are too massive to be produced at the Tevatron.

Equally important to the final state phenomenology is the lifetime (7'5((1)) of the
lightest 9. This lifetime splits the final states into two types: prompt-type searches,
which are most sensitive to a y{ lifetime of the order of < 1 ns, and delayed-type
searches, which are most sensitive to a x? lifetime of the order of 1 to 10 ns. We note
that nanosecond y? lifetimes are also cosmologically favored and favored for low-scale
SUSY breaking [12]. A cartoon version of what a long-lived ¥} would look like inside
the detector, shown in Fig. 3] illustrates why delayed searches have the name they do.

Prompt decays produce the vy + E, final state ﬂg] that has been searched for
in the SPS-8 style processes at LEP é], Tevatron ﬂﬁ] and LHC ﬂg], exclusive vy +
Ky, as would be expected from exclusive Y? pairs, has not yet been published at
CDF. Delayed searches have been described in detail in Ref. ﬂa] and ] In this
case, one of the y? is likely to leave the detector before decaying and the other one
will decay as in Figure 3] producing a Ygelayed + Hrin the final state. Each of the
two different production mechanisms thus produce two final states: SPS-8 produces
the Ydelayed + Ky + jet final state and the exclusive production mechanism produces
exclusive Yqelayed + 7. The Vaelayea + Hp + jet final state has been searched for at the
Tevatron ] The exclusive Yaelayea + H search is described in Ref. ﬂﬂ]
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Figure 1: The dominant GMSB sparticle production mechanisms at the Tevatron in
SPS-8 versions of GMSB E] that can produce a photon and H in the final state. Just
above the current exclusion limits the Y7 and Y3 are light enough to be produced

at the Tevatron, and these processes will dominate. If they are too massive to be
produced, then the diagrams in Fig. 2l may dominate.
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Figure 2: These are the dominant sparticle production mechanisms assuming that all
spartices other than the x{ and the gravitino are too massive to be produced at the
Tevatron. On the right, if the Higgs is light enough to be produced on shell and the
X" is light enough so that this decay can occur (i.e., Miiges 2 2M5o ), then this process
can dominate. In this case, the ratio of the production cross-sections can be about
1:1000 [11].
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Figure 3: This is an illustration of a long-lived ¥ that decays in flight to a photon
and a gravitino inside the detector [15]. In this case, the second x! typically escapes
the active detector volume. This can produce the Yaeayea + Hp final state.
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2.2 Why W — ev — Ypake + B is a Particularly Difficult Back-
ground

Now that we have described the four different final states in Table [I we focus on
why electrons from W — ev — e + B require special attention in these searches.
This is because (1) they are difficult to reject and (2) electrons that are not typically
rejected are especially susceptible to having badly mismeasured timing. This latter
issue is discussed in detail in Appendix [A] and CDF note 9924.

The W — ev — ke + Hp process is a considerable background to any search with
a v+ Hy in the final state. To really understand why it is particularly difficult and
important to reject, we focus on the exclusive v+ K final state?. In the exclusive y+ Ky
final state, the lack of other final state particles means that there are fewer tracks to
produce a vertex. This means that the collision is both less likely to be reconstructed
as a vertex and less likely to be selected as the highest ¥ Pr vertex, which is used in
timing measurements B] and photon ID @]

There are a number of reasons why the incorrect selection of the primary vertex is
a problem. The main ones are:

e Incorrect selection of the vertex gives an incorrect sin # used in the measurement

e Incorrect selection of the vertex results in mismeasured/biased timing (see Ap-

pendix [Al).

e The standard rejection techniques used in photon ID are not as powerful when
we most need them. Specifically, the track isolation cut currently requires the
tracks considered be within 5 cm of the primary vertex ﬂ]

e As we will see, the Phoenix Tracking algorithms @], which are premised on the
correct selection of the primary vertex, cannot be used effectively to assist us.

In subsections and [4.], we describe the dominant mechanism by which electrons
fake photons and illustrate how and where this occurs in the detector. This will more
explicitly explain why the various electron rejection techniques won’t help when the
vertex is not correctly identified. Our new method for rejecting electrons will be dis-
cussed in Section M after a description of the photon ID and the datasets used in our
study (Section [B]). This method shows excellent rejection, even when the wrong vertex
is selected. We note for now that our method is general enough to be extended to other
physics searches with v+ H in the final state, or any analysis where the correct vertex
is not identified. It should also work well against jets that fake photons, although this
has not been studied in detail.

2Tt is true that e = Ypke candidates affect each process differently, but it is most difficult to cope
with in the exclusive v + E final state for reasons that will be discussed below.
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2.3 Why the Standard Electron Rejection Methods Aren’t
Satisfactory, Especially for Exclusive vdelayed—l—lZ’T Searches

The natural starting point for rejecting electron events that pass photon ID cuts is to
alter the existing photon identification cuts to be more stringent in a manner that would
help reject e — Ve candidates. For example, we could consider loosening the Pr cut
of the standard photon track rejection cuts (Table [2) or to use Phoenix tracking @] to
reject e — Ve candidates. However, by understanding the typical manner in which
electrons fake photons we will readily see why neither approach is suitable in our case,
especially when the correct vertex is not correctly identified or used in the offline/ID
algorithms.

As we will show in more detail in Section [4], the dominant way that electrons fake
photons is when there is a hard-brem in the detector material. A cartoon of the
process is shown in Fig. [l As an electron travels through the detector material, a hard
interaction can cause it to lose a large fraction of its energy to a photon. The electron’s
trajectory is severely affected by the energy and momentum loss; it may either leave
a much lower energy deposition in a calorimeter or be swept away completely by the
magnetic field of the solenoid. The bulk of the energy of the photon candidate in the
calorimeter is thus due to the brem’d photon.

\ * Yrake /

brem y,:

detector
material

Figure 4: This is an illustration of an electron interacting with the material in the
detector and having a hard interaction which gives most of the energy to the photon.
The low-Pr electron is highly curved in the magenetic field and will not be matched
at the calorimeter face. Note that pre- and post-brem trajectory can sometimes be
reconstructed as a single, low Pr track.

We can now see why there are photon candidates remaining after the standard N3D
track requirement of the standard photon ID cuts. For electrons where the post-brem
electron loses most of its initial momentum and is left with a low enough Pr track,
the track is significantly curved away from the final location of the photon candidate in
the calorimeter. Since the ¢ position of the low-Pr track at the face of the calorimeter
is far from the reconstructed ¢ position of the photon candidate, it can be outside the
window to be “matched” to the photon candidate by the offline photon reconstruction
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algorithms @] For all EM clusters, the standard photon identification matching algo-
rithm searches for the presence of tracks that have an extrapolated calorimeter position
near the cluster centroid at the face of the calorimeter. To be considered as “matched,”
tracks are required to point to the EM cluster within 25 cm in Az and 38 cm in Az,
where Ax and Az are measured between the center of the seed EM calorimeter and
the extrapolated track position. This corresponds to a distance of one tower in x and
two towers in z. We find that a low-Pr brem’d track can end up at least three towers
away from the EM cluster. The standard photon track selection cuts require either
either 0 or 1 3D tracks pointing at the EM cluster. In the case of only one 3D track
being found, it is required to have Pr < 0.025 - Er. This is very effective for rejecting
electrons in general since the charged track is readily identified and rejected. However,
in the case of a hard bream, loosening the Pr cut does not help, since a looser cut
would only admit more tracks that have no association with the e — 7.1 candidate.

An additional rejection method for electrons and jets that fake photons is track
isolation, which rejects any photon candidate if there is greater than 5 GeV of track
Pr in a cone of AR < 0.4 around the centroid of the photon cluster. This could
provide additional rejection against electrons @] However, the standard requirement
is for the tracks to be matched to within 5 cm of the primary vertex. This does not
work when the vertex that produces the electron is not selected for the photon ID
algorithms.

A second, more sophisticated, approach of identifying the e — ¢, candidates that
pass the standard photon ID requirements is the Phoenix method (for more details
on the method see Refs. ﬂﬂ, ]) The Phoenix algorithm looks for the evidence of
SVX hits along the path between the primary vertex z position and the CES cluster
position. These hits are then used to guide the SVX pattern recognition software in
reconstructing tracks using Kalman filtering techniques ﬂﬁ] If a track is successfully
reconstructed, a photon candidate is rejected as it appears to be from an electron.
For the case where the collision that produces the electron also produces the primary
vertex, this algorithm rejects about 60% of photon candidates ], with an efficiency
for real photons of 92%. This is very helpful in principle, but in practice it only helps
in cases where the right vertex is selected. Events with a correctly reconstructed vertex
do not constitute a significant background to searches for vqelayed + Ky events, as they
rarely fall into our signal timing region (see Appendix [Al for more details about the
timing for wrong vertex events). We also note that the wrong vertex can be selected
in 25% of exclusive W — ev — ~pie + Hpevents. This occurs because we reject
against events with jets produced in association with the W, and this lowers the vertex
Y Pr. The vertex may not be reconstructed and even if it is, additional minimum bias
collisions in the event can produce a vertex which is selected as the primary vertex. As
shown in Ref. ] this can happen a significant fraction of the time. The bottom line
is that the Phoenix algorithm is often inefficient for our purposes, and since Phoenix
tracking only works in the case when the right vertex is reconstructed as the primary
vertex, it only helps when we don’t need it, and doesn’t help when we do.

Since the standard Phoenix tracking is not designed to help in the case where an



2.3 Why Standard Electron Rejection is Unsatisfactory 11

event with the wrong vertex is chosen, it is useful to consider a modified Phoenix
method to reject these events. Naively modifying the Phoenix algorithm to loop over
all the vertices as a seed and search for SVX hits along each road to the CES could
certainly help for the cases when the right vertex is reconstructed. However, it will
not help in the case when it isn’t reconstructed. Another possibility is to consider all
z collision positions, but this is likely to be very CPU intensive, and in some sense
this procedure would replicate the standalone SVX tracking. We will follow up on this
option in Section 0.3 after we describe our chosen method.

For all the reasons mentioned above, we have developed a new method that takes
advantage of the observation that the majority of the e — 7. candidates are due to
electrons which interact with detector material and brem. As we will see, the track
is often there to be found and can be used to reject the electron. We describe our
new method of looping over all tracks in the event and matching them to the photon
candidate in Section [ after discussing the object identification and Data Samples used
in our study.
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3 Object Identification and Data Samples

In this section, we describe the photon and electron identification requirements (Ta-
bles 2l and B]) as well as the requirements used to select and create a number of subsam-
ples of events. We will use these samples to understand how electrons and promptly
produced photons interact in the detector in such a way as to be identified as photons
and to find the rejection power and efficiency of any algorithm and selection criteria.
The cuts on the data samples were made to be as similar as possible to the exclusive
v+ Ky final state @], which explains the presence of the track, jet, and cosmics veto
cuts. We expect these results to be easily extended to less restrictive cases. Finally,
we will check these results with control samples.

We will consider both data and Monte Carlo (MC) samples. We will begin by focus-
ing on the standard MC CDF samples as they allow us to make pure e — g samples.
Since it is difficult to create pure samples of fake photons from electrons with real data
we will only use them as cross-checks to avoid potential biases. Our first dataset is
an MC sample of W — ev — 7tae + Hp events which we use to both understand how
electrons fake photons, as well as measure how well we reject e — g €vents with any
new algorithm. In order to measure the retention rate of promptly produced photons,
we also select a MC subsample of Zy — vvy — v+ Hy and Yeosmies + Hp events. We
create two samples based on Z’s to help cross check our results. A sample of MC events
with Z — ee — ey as well as a sample of ey events in data allow for a comparison of
the two. A further subsample with an invariant mass close to the Z mass is made in
an effort to create a modestly pure sample of e — Ve events in data. Lastly, an MC
W — ev — e+ Hy sample is used to compare good electrons to the good tracks in
€ = Viake that define AR,y.

We next describe each sample:

e The MC sample of W — ev — Ypae + Hp events was selected from the stan-
dard W — ev sample (weOshe, weOsge, weOseh, weOsie, weOsej) that was
simulated using the PYTHIA @] generator to produce W’s and their decays
to er, and CDFSim ] versions 6.1.4b and 6.1.4f for the different run periods.
For more details on how this sample was created see Ref. ﬂﬂ] Each event was
selected by requiring the photon candidate to pass the selection cuts in Table 2]
the Ve + Hp event selection cuts in Table Hl and the generator-level cuts in
Table [ to ensure that the photon in these events come from an electron rather
than an initial or final state photon. While these requirements are determined
and described in the next subsection, we note for now that we require that the
calorimeter position of the photon candidate be within a cone of AR< 0.4 of the
initial electron direction, and that we require the reconstructed photon energy to
be between 90% and 110% of the initial electron energy.?

3The photon energy as a fraction of the initial electron energy being larger than 1 can be accounted
for by the initial-state radiation (ISR) found inside the isolation cone AR< 0.4, as well as the upward
fluctuations in the photon energy measurement.
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e The standard MC sample of Zvy — vvy — v+ H, events (zx0s0n) was simulated
using the PYTHIA generator to produce the Zv process, with the subsequent
Z decay into vr, with CDFsim 6.1.6f. More sample production details can be
found at ﬂﬂ] All the events are required to pass the cuts in Table [l

e In an attempt to create a modestly pure sample of e — g events in Z — ee —
ey data, we select a set of events with a photon and electron candidate passing all
the tight ID (see Table[d). The events are selected from the bhelbh/bj/bi/bk/bm
streams. The photon candidate is required to pass the cuts in Table 2, and the
electron candidate is required to pass the cuts in Table [3l To create a modestly
pure sample of e — e €vents we create a further subsample of events which are
consistent with having come from a Z — ee — evpe by virtue of an invariant
mass requirement as shown in Table

e The MC sample of Z — ee — e~y events was derived from the standard MC Z —
ee sample (zeOscd, zeOsdd, zeOsed, zeOsee, zeOseh, zeOsei, zeOsej, zels6d,
zelsad). It was simulated using the PYTHIA @] generator to produce Z — ee
events, and CDFSim ] versions 6.1.4b and 6.1.4f for the different run peri-
ods. Each ey event was selected by requiring the photon candidate to pass the
cuts in Table 2 the offline event cuts in Table [l A further subset of these
events are selected using the requirements in Table [ to create an MC sample of
7 — €€ — €Yfake-

e The data sample of Yeosmic + B events are selected from the bhelx stream with
the requirements described in Table @l In order to separate the cosmics from
Standard Model-type collisions, we also require that the raw* EMTiming time
be between 20 and 80 ns and that the candidate not come from a beam halo
candidate. The full set of requirements is summarized in Table [7]

e The standard MC sample of W — ev — e + K, events was simulated in the
same way as above, but each event is required to pass the cuts in Table [8l This
sample is used in Fig. to compare the tracks in e — 7 events to electrons
in W —ev— e+ By

With these datasets and cuts, we next turn to our rejection techniques and the mea-
surement of our efficiency and rejection power.

4We note that no use is made of the vertex in the calculation of the timing.
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Quantity ‘ Selection Cut

EM cluster Er 1 cluster with Er > 30 GeV

Fiducial | XcEs| < 21 ecm and 9 < |Zcgs| < 230 cm
Hadronic fraction Euap/Epm < 0.125

Energy isolation EX 04 <2.0+0.02- (Er —20.)

1st CES cluster ER + EgSt, > 10 GeV

energy (Ecgs cut)

2nd CES cluster The bigger quantity of the CES 2nd cluster strip
energy or wire energies required to be smaller than one

of the two corresponding sliding cuts:

(1) if photon Er < 18 GeV: EZd < 0.14Er

(2) if photon Er > 18 GeV: EZd < 2.4+ 0.01 - By
PMT spike rejection | Apyr = % < 0.6

Track Multiplicity Number of N3D tracks either 0 or 1

Track Pr If N3D=1— Pr <1.0+0.005- Er
Track isolation YPr <5 GeV
Cosmics Rejection Reject events with any of the following:

(1)A¢(7, closest stub) < 30 degrees;
(2)HadE > —0.3 + 0.008 - E2;
(3)CES E/E > 0.2 [28]

Table 2: The good photon selection cuts. Note that these are standard photon ID
cuts for high Fr photons @], with the following exceptions described in Ref. HE] the
standard yZgq cut is removed, and the PMT asymmetry cut to reject PMT spikes, and
two new cuts on HadE and CES E/E to reject cosmics.

Quantity ‘ Selection Cut
EM cluster Er 1 cluster with Er > 45 GeV
Fiducial | XcEs| < 21 ecm and 9 < |Zcgs| < 230 cm

Hadronic fraction EHAD/EEM < 0.055 + 0.00045 - Exnm
Energy isolation | EX° ., <0.1-E:M

cone 0.
2nd CES cluster | B2 < 24+ 0.01 - By
energy
Ly < 0.2

Track Prand E/p | Track Pr> 50 GeV,
if Pr< 50 GeV, require FE/p < 2

Table 3: Good electron selection requirements. Taken from @] Note that these are
standard electron ID cuts, with the exception of yZpg cut, which has been removed.
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Selection Cut

Trigger (applied to data only)

W_NOTRACK or SUPER_PHOTON70 or
PHOTON25_ISO or ULTRA_PHOTON50

Good photon passing the
ID cuts in Table

1 cluster with Ep> 30 GeV

Hy (z=0) > 30 GeV
Veto on any jet not identified | Epr> 15 GeV
as the leading photon

Track veto Pr> 10 GeV

NCotAxSeg(5)> 2
Total number COT hits greater than
0.6 times the hits last COT layer

Vertex selection [26]

Require at least one spacetime [27]
vertex with:

YPr> 5.0 GeV

|Zo| < 60.0 cm

NTracks >3

Table 4: The set of requirements to create the various v + K, samples. Note that
the track and jet vetos were imposed to reproduce the exclusive v + H, final state

search

|, since our method will be used there.

Quantity ‘ Selection Cut
Require photons to pass the cuts in Table
Photon candidate/generator-level AR< 04
electron match
Reconstructed photon energy requirement | 90% < EY_/Es < 110%

Table 5: The set of requirements to ensure that the e — e candidates under

consideration in MC are from electrons.

These cuts will be used to make the MC

W — ev = Yare + B and Z — ee — eyre samples. For more details, see Figs. Bl

and [1
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Quantity

Selection Cut

Trigger (applied to data only) | bhelbh/bi/bj/bk/bm stream selection

Good electron selection

Require 1 electron from Table

Good photon selection

Require 1 photon from Table

Z mass

Require Z mass constraint:
81 < |M.,| < 101 GeV

Table 6: The ey sample selection requirements. This sample is used to try to select
Z — ee — eYpke events for cross-checking of our e — 7gye rejection method. Both
the electron and photon are cut at 30 GeV. We note that only some of the figures
are made with the Z mass requirement. In addition, we will sometimes make the

€ — Yrake F€quirements in Table

Quantity

‘ Selection Cut

An exclusive 7 + K, event passing all the requirements in Table [4]
except for the vertex selection and cosmics rejection.

Raw EMTiming [17]

| [20, 80] ns

Beam halo candidate rejection requirements [29]

Number of CEM Towers

Ncem > 9

Number of PHA Towers

NPHA > 2

Table 7: The Yeosmics + B data selection requirements.

Quantity ‘ Selection Cut

Electron Good electron passing the cuts in Table

Hp(z=0) | > 45 GeV

Table 8: The e + Hy event selection requirements. No trigger requirement is made
since we do not use e + K, events from data.
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4 Rejecting e — Ve Candidates

In the sections that follow, we illustrate the physics of ¢ — e candidates in more
detail. This will illuminate why the standard methods of rejecting electron fakes are
ill-suited for the case when the wrong vertex is selected and in searches for new physics
in the exclusive Ydelayed + o final state. We will then describe our method, its rejection
power and efficiency, and give more details about its effect on the W — erv — vpare +

H sample.

4.1 The Nature of ¢ — ke Candidates and an Overview of
Our Rejection Method

In order to illustrate the nature of e — g candidates, we use an MC W — er sample
with a photon passing all the requirements in Table Bl and the v + H, requirements
of Table [ We start by creating a set of requirements to separate out MC events
where the photon candidate is from an initial or state photon from those where it
comes from an electron. Since an electron resulting from the W — ev decay is highly
boosted, in the event of a bremsstrahlung interaction with the detector material the
outgoing photon and electron have a very small angular separation. Thus, we expect
that the reconstructed energy of the photon to be mostly that of the original electron,
and that the original electron and the outgoing photon will largely be in the same
direction. The ratio of energies vs. the AR between the two (reconstructed photon
and generator level electron), for all events with a reconstructed photon in our sample,
is shown in Figure Bl Most of the events have the reconstructed tight photon around
the same energy as the initial electron (E]../Eg,, ~ 1) and cluster at ARG 0.4. These
observations allow us to impose the set of cuts shown in Table B} from here on out we
will refer to candidates that pass the requirements in Table [l as being ¢ — Yae . As
described in the caption in Figure [ the various AR and energy distributions between
the other combinations of objects in the event show that the rest of the photons are
due to ISR and FSR.

With the subsample of events passing the cuts in Table[H], we can study the processes
by which electrons fake photons. As we will see, the overwhelming majority of events
are due to an electron that has a hard brem in the detector. We follow the generator
electron as it traverses the material in CDFSim ] and observe that most of the fakes
are due to hard brem interactions. There will be many interactions with the material,
but if we select the location of the largest transfer of energy to a single photon we can
get a sense of what is going on. In Figure [6 we plot the fraction of the energy lost
to the photon when we consider the single most energetic brem-interaction. We find
that 93% of the time the electron gives more than 50% of its energy to a single photon.
The remaining 7% are most likely tracking failures. Thus, we focus on hard-brem
interactions as the primary cause of e — Y. candidates.

A simple requirement of fraction of the energy lost to be greater than 50% does
a fine job of selecting hard-brem events and allows us to map out the locations of
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Figure 5: These plots show the relationship between identified photons and generator
electrons in W — ev — ~vH; events. The top left plot shows AR(Yrec, €gen) VS
the ratio of the generator electron energy to the reconstructed photon energy, which
includes the fakes as well as FSR and ISR. The fakes can be seen as having low AR
and an energy ratio near one. Top right: the ratio of Eg,, + EJ,, over the reconstructed
photon energy with AR between the ez and e is less than 0.4. This plot shows
that many of the events with reconstructed photons are from FSR. Bottom left: There
are many events where the photon is at a large angle from the electron. This is the case
where the photon is from ISR. To show this, we plot the events where AR between
the egen and 7iec is less than 0.4 that are not in the FSR sample, showing mostly ISR.
Bottom right: After removing events that are neither FSR, nor ISR, we see that the
remaining events are where the electron faked the photon. As we will see in Figure [6]
these are overwhelmingly hard brem events.

the hard bremsstralung interaction inside the detector. This is shown on the left in
Fig. [ In the right-hand-side of Fig. [ we show the distribution of the integrated
fraction (of the total number of brem events) as a function of polar radius at which
the bremsstrahlung process occurred is shown in the right figure. Both plots show that
most of the brem events occur in the silicon layers and port cards. This is expected as
this is where most of the detector material resides in the tracking chamber.

Since we can reasonably expect to find the electron track in the tracking chambers
in the event of hard brem, we use this idea as the basis for a new method of electron
rejection where we search for the presence of a track that could be associated with an
electron. Since a track associated with an electron before bremsstrahlung is close to
the final location of the resulting EM cluster, we focus on the separation between the
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Figure 6: Fraction of total energy lost by the initial electron to the outgoing photon in
a single interaction for the sample of events passing the requirements in Table 5. We
note that over 93% of the electrons that fake photons have over 50% of their energy
bremmed in a single interaction with the detector material.
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Figure 7: Left: A 2-D plot showing the points inside the detector where electrons
suffered a hard brem, where the outgoing photon takes 50%, or more, of the electron’s
initial energy. Right: An integral plot of the fraction of the events where electron in
the MC W — ev — Vg + B process bremmed as a result of the interaction with the
detector material as a function of radius. Most of the brem events are seen to occur in
the silicon detector and the port cards (dashed lines).

track closest to the identified photon and the photon itself. This is different from the
standard track-matching procedure, which looks for this separation between the photon
and the extrapolated track position at the calorimeter face. To be more explicit, we
use the ¢ at the beamline (¢g) and 74 of the track, then compare to the analogous
coordinates for the photon using the CES. This type of matching allows us to introduce
an appropriate matching cut.

In what follows, we will see that we can improve our rejection of electrons-faking-
photons while retaining high efficiency for real, prompt photons by accounting for the
detector response in An and A¢ to hard-brem events. We can also quantify these



20 4 REJECTING E — ypaxke CANDIDATES

quantities for any choice of selection requirements using our sample, and choose the
combination that is best for our analysis.

As a way of balancing the rejection power for eliminating the fakes vs. the efficiency
of retaining promptly produced photons, we start by considering the photon candidate’s
closest track separation in 7-¢ space for both our MC Z~v — vvy — v + H, sample
and our fake-photon sample MC W — ev — ke + By events. We compare the
distributions of both samples and define the “zeroth-order” selection variables. In the
following subsection, this selection will be refined to account for the detector response
in Anp and A¢. The final cut will be defined in terms of the new variable, which we
will denote AR, We will compare the results to data in Section

4.2 Crude Rejection Using Photon-Track Matching in n — ¢
Space

Our first “zeroth-order” approach identifies fake candidates by looking for a track and
considering its Ngetector and ¢ variables (i.e., its ¢ at closest approach to the beam
line). These variables are then compared to the location of the photon candidate in
the calorimeter as measured in the CES.

We begin by defining four variables: two pertaining to tracks and two pertaining
to the photon candidate. The track variables we use are:

® Ouack = ¢o, corresponding to initial polar angle of the track (£fPhiO in the
TStnTrack class @ﬂﬁ])

® Niack, corresponding to the track’s pseudorapidity relative to the detector origin
(z = 0), also frequently referred to at CDF as 7)getector (transformed from the
event variable fEta in the TStnTrack class using the
TStntuple: :DetEtaFromEta method).

The two photon variables are:

® Ophoton, corresponding to the ¢ coordinate of the photon cluster as measured by
the CES (fPhi in the TStnPhoton class @])

® Tphotons COITesponding to the 7 coordinate of the photon cluster as measured by
the CES, relative to the detector origin (z = 0), also frequently referred to at
CDF as Ngetector (fDteta in the TStnPhoton class).

We note that in this study we use only the coordinates relative to z = 0 of the de-
tector and not to the primary vertex, because the true collision point may either be
misidentified or not reconstructed.

With these definitions, the angular separation between the tracks and photons in
the n-¢ detector coordinate space becomes:

AT} = nphoton — Ttrack (1)



4.3 Accounting For Tracking Response 21

and

A¢ = ¢ph0ton - ¢track- (2)

We will make use of the AR variable defined in a standard way using quantities found
in Eq. @ and

AR = /(An)? + (Ag)? (3)

Our “zeroth-order” approach of identifying fake candidates is straightforward: loop
over all good tracks (defined as tracks with number of axial and stereo COT layers with
five or more hits, NAxSeg(5) > 2 and NStSeg(5) > 2) in the event to find the closest
one in AR. This procedure is run on the events in the MC W — ev — g + B sample
and the MC Z~v — vvy — v+ K, sample. We plot the results in Figs. B and [ as
well as in AR in Fig. [@ left. This approach provides a reasonable separation power
between the photons and the fake candidates, if one chooses to define a cut on AR or
a set of cuts on An and A¢ separately.

On the other hand, for the A¢ distribution in Fig. 8] and even more clearly so in
Fig. [@ right, the detector response in A¢ is significantly broader than in An. This is
not surprising, given the presence of the magnetic field acting in the r-¢ plane. This
impacts the curvature of the electron differently before and after the hard brem. The
tracking algorithm assumption of a single trajectory for this unusual case can cause a
significant mismeasurement of the original Pr and/or ¢o. With this in mind, we set
out to “equalize” the distributions in An and A¢, accounting for the detector response,
thus improving the separation between the fakes and the real photons.

Before proceeding with the description of our final method, we note that we tried
accounting for the charge-curvature relation for charged particles in a magnetic field.
Since the curvature of the electron track is correlated with the charge, the sign of the
product qA¢, where g is the charge associated with the track and A¢ is defined in
Eq. Bl should always be positive for all the events. We found that for the case of
electrons a cut on the sign of gA¢ did not improve the rejection and only slightly
helped the efficiency. This could be employed for high occupancy events where there
are typically more than 100 tracks in the event. For more details see Appendix [Blwhere
we also considered qA¢x Pr.

4.3 Accounting For Tracking Response

As discussed in the previous section, our “zeroth-order” approach to separating e —
YVtake from real photons is powerful, but limited in that it doesn’t account for the different
detector responses. The detector response may be found from the Gaussian fits in An
and A¢ to the bulk of the fake candidate distributions found in Fig. 8 The large tails
are determined to be from uncorrelated tracks. As seen from the results in Fig. 8 the
response in An and A¢ is 0, = 6.3-107% and o4 = 8.1-1072, respectively. We can now
define the new “pull” An and A¢ variables which account for the detector response.
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With the definitions of Eq. [l and 2] we take:

A77pun =

An

n
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Adyun = ﬁ—f (5)

The distributions for the two variables are plotted in Fig.[I0l Their shape is essentially
the same as those in Fig. 8 but with the widths “stretched” by dividing by o, and oy,
respectively.
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Figure 10: The closest track-photon distributions in An,, and A¢pu for the control
sample (red) and the sample of Yees (black).

In analogy with Eq. Bl and using Eq. l and [§, we define another variable, AR,
as:

ARyt = 1/ (D) + (Adpun)2 (6)

We again loop over all good tracks, this time selecting the track with the smallest
ARpu. The AR, distribution (to be compared to the “standard” AR in Fig. [ is
shown in Fig. [[1I], noting that applying the “pull” factors has the effect of equalizing
the detector response in An and A¢. As seen in the figure, AR, distributions allow
for a better separation between the MC Z~v — vvy — vH, sample and the sample of
fakes.
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€ — Vrake Tejection power than simply cutting on AR . Note that both samples are set
to the same normalization.



4.4 Results: Efficiency and Rejection 25

4.4 Results: Efficiency and Rejection

We next consider the efficiency and rejection power as a function of a AR, cut

value. We define the efficiency to be the fraction of events remaining in the MC

Z~y — vvy = v+ B, sample after the AR, cut:
NC(ARpull > ARcut)

pull

N, ’

(7)

Eeff =

where N.(ARpm > ARS™) is the number of events in the MC Zv — vvy — v + Hy

pull
sample passing the AR™ cut and N. is the total number of events in this sample.

pul
Analogously, we define the rejection as the fraction of events rejected by the AR,

from the e — g SAMples as:

Nf(ARpuu < AR )

pull

Eroj = Nf ) ( 8 )

where Np(ARpm < AR;ﬁl) is the number of events in the MC W — ev — Ve +
By sample rejected by the AR,y < ARSY, cut and Ny is the total number of events
in this sample.

With these two definitions, we step through a sequence of AR;‘;&I values, recording
eeff and €,¢; for each. The results are shown in Fig. [[2] left. The rejection vs. efficiency
is shown on the right hand side. To balance the efficiency and rejection, we set the
value of AR;‘&EI > 5, as it is a reasonable approximate position of the inflection point.
With this value we find that we accept roughly 95% of MC Zvy — vvy — v + Hp
sample events, while rejecting approximately 73% of fakes. This rejection is about what
is expected from Phoenix rejection [2] in the assumption that the right vertex has been
selected (using the second electron leg). The efficiency for the Phoenix method is 60%,

while the efficiency of our AR,y cut is 95%.

4.5 Discussion

We next look in more detail at the events rejected by our cut, as well as those that
remain in our sample. Using our MC W — ev — Ve + By sample, we can verify
the earlier claim that the electron conversions in hard-brem events occurred mostly
before the entrance to the COT. This is the case, as illustrated in Fig. The square
markers show the integral fraction of events rejected by the AR,;> 5 cut, while the
circle markers indicate the integral fraction of the total number of events in the sample.
The bottom curve flattens out at roughly 73%, which corresponds to the rejection rate
of the AR,;1> 5 cut. A kink at around 15 cm corresponds to the location of the port
cards where a big fraction of hard-brem events occurred.

In Fig. [I4] we observe that the rejection rate shows no dependence on photon E7
for two MC samples with e — Ypape, one from W — ev — Ypie + By and the other
from Z — ee — eYpre (the latter to be discussed in more detail in Section [5.1]). The
Pr distribution of the good tracks for the sample of W — ev — Ypae + K7 events
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Figure 12: The efficiency and rejection power of our cut as a function of ARSY,. Note
that a cut at AR ;= 5 (red dashed line) results in approximately 95% efficiency of

MC Z~ — vvy — v+ By and 73% rejection of € — g, candidates.

that are rejected by the AR,,;> 5 cut is shown in the left Fig. In the right and
bottom figures, we show the number of axial and stereo COT segments associated with
these tracks along with a comparison of the axial and stereo hit information with those
for a good electron (sample passing the cuts in Table [)). It is clear that these are
well-measured tracks, consistent with our hypothesis that they are low Pr post-brem
electrons.

In Fig. I8, we show the timing distributions for the sample of W — ev — e +
K events before and after the AR,,> 5 cut. Of particular interest is the shape and
normalization of the “wrong vertex” events. A double Gaussian fit shows that the mean
stays roughly the same, but that the normalization goes down significantly. The effect
of the cut is quantified in Table[@ Our signal region (denoted by “SR”) spans the [2,7]
ns interval, while the “wrong-vertex sideband” (NVS) region is [-7,-2] ns. We find that
while the mean of the fit stayed relatively constant, the total number of events in the
signal region has decreased by 67%. Meanwhile, the number of events in the no-vertex
sideband region decreased by a greater fraction, at 72%. This is also evident in the
% ratio, which was 1.50 4+ 0.12 before and 1.88 4+ 0.38 after the cut, both consistent
within errors.
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Figure 14: Rejection rate as a function of Ep for MC Z — ee — e7gae(blue) and MC
W — ev = Ypare + By (red) events. The ratio is flat across the Er spectrum.

Signal region (SR) | Wrong-Vertex Sideband (NVS) ﬁ
[2,7] ns [-7,-2] ns
Events before 45 30 1.50 £0.12
ARpuu cut
Events after 15 8 1.88 £0.38
ARpuu cut

Table 9: Number of events before and after our AR,,;> 5 cut in the signal ([2,7] ns)
and wrong-vertex sideband ([-7,-2] ns) regions for the W — ev — e + Ky sample
with the E$ > 45 GeV cut for both photons and MET(0).
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Figure 15: Left figure: The Pr distribution for tracks in the MC W — ev — Y+ B
sample that are rejected by our algorithm. Note that, as expected, most are low-Pyp
which is consistent with being from a hard-brem interaction with the detector. Number
of axial (top right) and stereo (bottom) COT segments with five or more hits associated
with closest good tracks in e — e events (black), compared to those associated with
good electrons in MC W — ev — e + Hpevents (red). Note that while the number of
events with smaller number of segments is larger for e — 7.1 events, the overwhelming
majority of tracks used for rejection have 4 good segments.
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5 Cross-Checks of the Method

Before concluding, we report on a series of cross-checks of our method. One of our
primary concerns is whether the rejection power and efficiency are the same in data
and in Monte Carlo. While we can create a fairly pure sample of e — 7 in data by
trying to select Z — ee — eype events, this has the disadvantage that this sample is
biased toward events where we are able to reconstruct one of the electrons. Similarly,
it is non-trivial to determine the purity. For this reason, we only use this as a check
rather than the primary method. A second set of independent checks is to address the
concern as to whether the efficiency is insensitive to the number of tracks in the event.
For example, if there are lots of tracks in an event the inefficiency due to a random
track causing a good photon to be rejected can be significant and should rise as a
function of the number of tracks in the event. We will show that this is not a problem
for exclusive v + K, samples by looking at the photon selection efficiency wvs. the
number of tracks in MC Zv — vvy — v+ Hy events. We confirm this by considering
the inefficiency of our cuts on a sample of v + H, events from cosmics as the photon
candidates will not be correlated with any of the tracks in the primary collision; this
is one of the few sources of pure “photons” in real data. For the last cross-check we
will relax the good track requirement used throughout this study, which would allow
including SVX-only tracks to verify whether or not selecting only good COT tracks
adversely affects the rejection power of our method. This will test whether or not the
inclusion of silicon-only tracks, like those used in Phoenix tracking, would significantly
improve our rejection.

5.1 Check of the Rejection Power Using ¢ — Vpkein Z — ce —
ey Events from Data and Monte Carlo

We start the series of cross-checks of our method by comparing our results to data to
the best of our ability. We consider three samples: MC W — ev — Ypye + Hp, MC
Z — ee — ey and data ey. We will consider the rejection for these three samples as
well as the shapes of the An and A¢ distributions to see how well they agree. As we
will see, both MC’s are very consistent, but it’s harder to tell in the data because of the
purity. In particular, we are unable to properly measure the rejection factor, however
the An and A¢ distributions are very consistent.

The event selection for both the data and MC e events to select the Z — ee —
eVake sample is shown in Table [fl We require a good electron and a good photon,
and to improve the purity of events where the electron and photon candidate are
associated with the decay of the Z boson, we require that the invariant mass of both
objects be within 81 < M., < 101 GeV mass window. The invariant mass of the
eViake System before this cut is shown in Fig. [71 The invariant mass distribution
outside this mass window shows that there is significant contribution from events that
are not Z — ee — eV 1he contamination can come from different sources, such
as Zy — eey — ey and Wy — evy in the low H, tail, etc. Figure 18 shows
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the rejection factor as a function of mass. Unfortunately, the contamination makes
it difficult to compute a proper rejection factor. We do observe a significant rise in
rejection as we move into the peak region where the purity of e — . should rise. We
also note that outside the peak region the rejection rate does not decrease to the pure
photon rejection rate due to real e — e candidates contributing to ey events.

While a proper estimate requires a full understanding of the real ey and evgye both
inside and outside the Z mass window, we can compare the shapes of the Any and A¢
distributions. As can be seen in the top two plots in Fig. [[9] (summarized in Table [I0]),
both samples show a remarkable agreement, which results in the agreement in the
AR,y distributions (top Fig. 20). While the agreement between the two different
MC sources of Yy are nearly identical, the An and A¢ agreement is fairly close
visually, but is not as close for the ey sample from data (Fig[I9, bottom) where we
have required events to be within the invariant mass window. Also, as can be seen in
Fig. 20 (bottom) we should not expect a good agreement between the MC samples and
real data after applying the AR, cut.

Samples
MC W = ev = Ve + Hp | MC 7 — €€ = €Ytare ey (data)
OAn 0.0058 £ 0.0002 0.0058 £ 0.0002 0.0061 £ 0.0002
N 0.070 £ 0.003 0.066 £ 0.003 0.057 £ 0.003

Table 10: A comparison of the widths of An and A¢ values for the MC W — ev —
Veake + By, MC Z — ee — eV and ey data samples (with Z selection) as measured
from Fig. All the values of W — ev — Ypake + Hpand Z — ee — eypape  sets are
in close agreement. The ey data shows a significant discrepancy from the other two
sets which is likely due to purity issues discussed in the text. The errors quoted are
statistical only.
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5.2 Efficiency Cross-Checks

Next we compare the efficiency of our cuts between data and MC, as well as a function
of the number of tracks in the event. In principle, the presence of a large number of
random extra tracks ought to reduce the efficiency of our cut since the probability of
a track randomly pointing in the direction of the photon goes up. We next consider
whether this is true for the typical numbers of tracks in our events. To study this
we consider two samples: MC Zy — vvy — v+ K, events and a sample of photon
candidates in cosmics events taken from real data (see Table[7). Since there is no good
sample of pure photons in data, we select photon candidate events from cosmics since
they are not likely to be from jets or electrons which would introduce an inefficiency
bias due to the production of tracks in association with the calorimeter cluster. Note
that these events are selected using the same requirements as the v + H, events
passing all the cuts in Table 3 where we have added the a timing window requirement
of 20 < tray < 80 ns, well separated from the [-5, 5] ns interval, where the bulk of the
pp collisions occur (see, e.g, Fig. 12 in Ref. [33]).

The efficiency of the AR, cut as a function of the total number of tracks in the
event is shown in Figs. 21l and The overall average is ~ 95%, but decreases slightly
in a linear fashion over the number of tracks. Generally speaking, the probability of any
random track falling within the AR,,; cut is very low. This is not surprising as the
photon candidates are already selected (see Table ] by virtue of track isolation and an
N3D track cut. However, as the total number of tracks increases, the efficiency drops
because of the greater probability that a random track will fall within the AR,
cut. This implies that our method is robust and may be used for other types of
analyses involving the standard tight photon selection. In Fig. 22, we show the AR,
distribution for the cosmics events superimposed on the MC Zv — vvy — v + Hyp
events. We note that the cosmics sample is distributed more heavily at lower AR,
values than the MC Zv — vvy — v + B, events. This is explained by the NTrack
distribution in the same figure which indicates that the cosmics sample also has a
relatively stronger distribution at the higher NTrack values—an example of how events
with many tracks will randomly have one in close proximity to the photon, yielding
a relatively low AR, value. The overall efficiency of the AR, cut in the cosmics
(Z~v — vvy = v+ By) sample is 89% (92%) in exclusive samples (see Table [2).
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5.3 Check of the Rejection Power with Looser Track Quality
Requirements and Standalone SVX Tracks

We next check the robustness of our good track assumption (i.e., requiring NAxSeg(5)
> 2 and NStSeg(5) > 2) and ask whether making a much looser selection on other
tracks, like allowing standalone SVX tracks, would significantly improve our rejection
power, without reducing the efficiency. To test this idea we eliminated the axial and
stereo COT segment cuts and considered any track in the STNtuple to be the track
closest to the photon in AR, regardless of its quality. This looser selection also
includes SVX-only tracks. We observe that we add, on average, about 20% more
tracks. We find that the rejection increases by about 1% (as measured in our MC
W — ev = Ypae + B sample), while the efficiency decreases by about 1% (as measured
in Zv — vvy — v+ Ky sample). Thus, a looser selection, such as this one, does not
add much rejection power, while at the same time it lessens the efficiency of the cut,
since any poorly measured track can cause a real photon candidate to be rejected. We
thus choose to keep the good track requirement in place, mostly for robustness reasons.
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6 Summary

We have developed a new method to reject e — Y candidates that pass the standard
tight photon identification requirements. This is particularly useful for events where
the primary vertex is not reconstructed, making the standard photon ID less powerful
and makes the Phoenix tracking unhelpful. We need these additional handles especially
in searches for new physics in v + H, events. The new method matches tracks and
photon candidates using beam-line properties of the tracks and takes into account the
track reconstruction angular resolution for hard-brem electrons. Our method rejects
¢ — Yake candidates ~ 73% of the time while keeping real photons =&~ 90% of the
time. This is consistent with the rejection and efficiency of the Phoenix method when
the vertex that produced the electron is reconstructed as the primary vertex, but
has the advantage that it works even if the vertex that produced the electron isn’t
reconstructed.
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A Appendix: Timing for Photons from e — 7¢ke

One of the dominant Standard Model backgrounds to the search for exclusive Ygelayed +
Hr , regardless of the production source of the photon candidate, is the choice of an
incorrect vertex. The problem of wrong vertex selection has been discussed in detail
in Ref. ] In this appendix we provide more detail on the motivation for removing
events which might pick the wrong vertex, in particular it has a significant impact
on the timing distribution. For this reason we describe the timing measurement and
then continue with two of the biases that come from W — ev — e + K, events. To
understand why these problems occur we start with the variable definitions used in
delayed photon searches. These variables have been well described elsewhere ﬂﬂ] This
variable provides good separation power between prompt and delayed photon.

The variable t.,, is defined to be the difference between the measured time of
arrival recorded by the calorimeter EMTiming systems ﬂﬂ] and the collision time,
recorded using the COT and vertexing algorithms, and the expected times of flight of
the photon between the assumed primary vertex []3] as measured from the position in
the CES and vertex respectively. We take

_ |7y — i

tcorr = (tf - tz) fa (9)

where t; —t; is the true time of flight between the arrival point in the calorimeter and
the collision point, respectively, and ‘ff—;f‘ is the measured distance |7} — ;| between
the arrival point and the assumed vertex position, respectively, divided by the speed
of light, ¢. With this definition, assuming perfect measurements and the selection of
the correct vertex, a prompt photon would have t.,, = 0; a long-lived ¥! that decays
to a photon, as shown in Fig. Bl would have a measured t.,; > 0. In other words, it
would arrive delayed relative to expectations. True measurement uncertainties smear
the teorr of promptly produced photons to be a Gaussian centered at zero with a width
of 0.65 ns. The selection of the wrong vertex (yielding uncorrelated values of z; and
t;) is problematic and has a width of 2.05 ns for most scenarios ﬂﬁ] The mean of the
distribution is typically zero, but can be biased for various reasons ﬂﬁ] The typical
search for delayed photons selects events with f..,> 2 ns, which cuts away from the
majority of the SM background events with a correctly selected vertex, regardless of
their source. Thus, the dominant background source is events with a wrong vertex
(and cosmics). The amount of wrong vertex event can be estimated from the number
of events with t.,,< —2 ns, if the mean of the timing distribution is well measured

and/or understood M] :

A.1 Promotion Effect in W — ev — Ypaye + £ Events

It turns out that W — ev — 7pke + B events often have the wrong vertex selected
and do so in ways that further exacerbate problems in searches for GMSB in exclusive
Ydelayed T Hpevents. Specifically, the ways that electrons fake photons, and the Er
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distribution of electrons from W — ev — ~pie + K events can both bias the mean of
the wrong-vertex timing distribution as well as significantly change the content of the
sample. We explain this next, following the discussion in Ref. |, but note for now
that equally important is that in addition to affecting the t¢....in Eq the selection of
the wrong vertex affects the photon’s Er measurement. The measurement of £ and
the timing for photon candidates are correlated for wrong vertex events. For photons
we define By as Ep = E'sinf, where E is measured from the calorimeter, and @ is
measured using the CES position in the calorimeter and the presumed vertex position in
z. Consider, for example, the configuration in Fig. where the vertexing algorithm
does not select the correct collision point either because it is not reconstructed or
because a higher ¥ Prvertex from min-bias exists. In this case we have 0 casured > Gtrue,
so that |77 — Zreasured| < |TF — Tirue|, Tesulting in ¢gmeasured > girue iy Fg. [ (ignoring
the contribution from ¢;). At the same time, since Oy easured > Girue, We find Ejnﬂmasumd >
Efve. The converse is also true: a configuration with a mismeasured vertex, where
Omeasured < Girue, would lead to a lower measured value of t.,,, and lower measured
value of Ep. To summarize: when pmeasured - pfrue gmeasured o ylrue. oopyergely, for
tmeasured ~, yhrue - pmeasured - pitrue - Thyg misidentification of vertices leads to values of
teorr and Ep being shifted in the same direction.

The migration of Er values due to the incorrect vertex selection can also signifi-
cantly affect the composition of the events in the sample. This is readily seen because
a typical analysis requires Emeasured > peut - Thyus events that have EFUC < EXt <
Emeasured wil] enter the sample, as well as have ¢measured > girue n other words, events
that just make it into the sample will be biased toward larger times. At the same time,
the events with Eive > pout » pmeasured wil] Jeave the sample and for these events
tmeasured - gtrue -5 gacond bias towards smaller times. In other words, events that mi-
grate into the sample have large times and events that leave the sample have smaller
times. While this might not be a big effect in principle, the number of events entering
and leaving around an Ep cut is frequently asymmetric. A striking example of this is
seen in an MC sample of W — ev — Ypape + B events with a cut of E%loasumd > 45 GeV,
as seen in Fig. Since there are more events with small EY"® than large EY"®, more
events events make it past the value of ES™, resulting in a higher average value of top
when the wrong vertex is selected. At 45 GeV the slope of the Ef"e distribution is

very sharp around the cut boundary, so the migration effect is very significant.

A.2 Path Length Effects for Electrons

The second effect that impacts the mean of the wrong-vertex timing for W — ev —
Veake + B events is that an electron is more likely to fake a photon if its path length
from its collision point to the calorimeter face is longer. A longer path length means
that [T} — Tmeasured| < |Zf — Zirue|, producing a bias towards ppeastred > pirue and thus
measured g0t g the same bias arguments hold. When both effects are combined,
the mean timing shift can be of the order of 800 ps (see Fig. 24]), which can more than
double the number of events in the signal timing window (2 ns < t.,,< 7 ns), relative
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to the no-vertex sideband region at negative times (-7 ns < teo,< -2 ns).

The bottom line is that W — ev — ~pie + B backgrounds are significant in all
searches with final state photons and H; but particularly problematic in events where
we consider the timing of the photon and have problems picking the correct vertex.
All these problems are present in the search for GMSB with Higgs production in the
exclusive Yqelayed + B final state.

True .

ET _ESln(eTrue)
Measured .

E T = E sin (e Measured)

CDF Calorimeter (xf, tf)

~. +*Right

Wrong “\Ve rtex
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Figure 23: A cartoon drawing of a W — ev — e + By event with a misidentified
vertex. In this case, the wrong vertex selection leads to an angle 6,,casurea larger than
the real angle 6., which results in a larger measured value of ET(E}ncaS“md > [lme).
If the wrong vertex is selected, then the apparent path is shorter than the true path,
leading to the incorrect conclusion that the photon took longer to arrive than a direct
path would imply ﬂﬁ]
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Figure 24: Left: Promotion and demotion of E7 values around the Er > 45 GeV cut
for an MC sample of W — ev — Ve + Hp events. The unshaded histogram is the true
Er for electrons that fake photons, the solid histogram (shown in green) is the true
Er for electrons that were identified as photons, and passed the Eipeasued > 45 GeV
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distribution for the sample of simulated W — ev — Ype + Hp events that pass the
Emeasured > 45 Gev cut. (More details on how this sample is created in Section B, Table
[A). The two Gaussian distributions are calculated with the old, naive assumption that
their mean is centered around t.,,, = 0 ns ﬂﬁ] but normalized between -7 ns and 2 ns.
Note the “expected” excess for times between 2 and 7 ns. For the sample, the average
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B Appendix: On the Possibility Using the ¢A¢
Method to Reject Fakes

As noted in Section 1] the direction of A¢, as defined in Eq. B is correlated with the
charge of the electron. Thus, it is natural to think that taking into account the charge
of the track can provide additional rejection power. If the track is well reconstructed,
the product of A¢ and the charge associated with the track will be always greater
than zero due to the direction of the magnetic field. As can be seen in Fig. 3 top left,
which shows electrons selected using the W — ev — e+ H, sample, selected using the
requirements in Table [§], this is indeed the case for good electrons and positrons.

We attempted to see whether making a gA¢-related cut might help improve the
rejection without sacrificing the efficiency. To this end, we used the MC W — ev —
Veake + Hpand Zy — vvy — v+ Ky control samples. In the top right figure we show
qA¢/0.081 distributions (0.081 being the same value used in defining the AR ;< 5
cut), but without any cut on An. While the peak is sharp, there are tails to negative
times even for e — Ype events. However, these are from events where the right track
isn’t reconstructed at all so it might be that they can be ignored. To check this we
require |An| < 0.006. Next we examined two other potential selections: the gA¢
distribution after applying the An = 0.006 cut and (¢A¢@)pr (second and third row
of Fig. 27l respectively). The left and right sides of the middle row show the results
before and after the An < 0.006 cut, the same value used in defining the AR, ;< 5
cut. We see that the tail is cleaned up, but that the RMS of the distribution isn’t
significantly helped compared to the regular A¢ distribution. However, the width of
the gA¢ distribution is less important than the tails, we can get back some efficiency
only by requiring gA¢ > 0. By tightening the cut to get the same efficiency for a
better rejection doesnt help much since there isnt much background here. Thus, since
it does not offer any additional rejection power as compared to our chosen AR, cut,
the combination of An and gA¢ cuts was not chosen as our preferred cut. We note
that for events with large number of tracks, where the inefficiency might get large, this
might be a useful additional cut.

One final idea was to consider the (qA¢)pr distributions as they should be a
constant for a constant magnetic field in an attempt to achieve better W — ev —
Veako+ By and Zy — vvy — v+ B separation. The idea that the track from a fake pho-
ton might be significantly lower in Pr than a random track for the Zy — vvy — y+Hy
sample. It can be clearly seen that gA¢ is a better distribution to make a cut on than
(qA@)pr because the pr is not well measured for the track (being due to a Brem) since
the Zv — vvy — v+ B, background is broader in the former case, affecting the
efficiency less.
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Figure 25: The distributions involving ¢A¢ variable (see text for more details). Top
left: The gA¢ distribution for good electrons. Top right: The ¢A¢/0.081 distributions
for the MC W — ev — Ypake + By (black) and Zy — vy — v+ Hp samples (red).
Middle: The gA¢ distributions before (left) and after (right) the |An| < 0.006 cut for
the MC W — ev — Yake + Brand Zy — vvy — v+ By, Bottom: (qA¢)pr before
(left) and after (right) the |An| < 0.006 cut for the MC W — ev — e + Ky and
Zy = vvy = v+ By
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