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Abstract

We perform the first search for single excited electron production at
the D@ experiment. The electrons are assumed to be produced via contact
interactions, leading to an electron and an excited electron: pp — ee*+X.
For the subsequent decay we consider the electromagnetic decay mode e* —
e, resulting in the final state ee~y. The analysis is based on data taken
at /s = 1.96 TeV in Tevatron Run Ila, corresponding to an integrated
luminosity of 1013 £ 61 pb~1.

Since no excess is observed in the data with respect to the Standard
Model expectation, upper limits on the excited electron production cross
section times branching fraction are derived. These limits correspond to
a lower limit of me» > 756 GeV at 95% CL for a compositeness scale
A = 1TeV. We also interpret the result in terms of limits on A as a
function of me«.



1 Introduction

Several models attempt to explain the observation of three families of fundamen-
tal fermions, by postulating quarks and leptons to be composed of scalar and
spin-1/2 particles. Due to the underlying substructure, compositeness models [1]
imply a large spectrum of excited states [1, 2]. Exchange of these substructure
particles leads to so called ‘contact interactions’ (CI) between quarks and leptons
2].

In this analysis, single production of excited electrons via CI is considered,
and their subsequent electroweak decay into electron and photon (Fig. 1). This
decay mode provides a very characteristic signal, for which the Standard Model
(SM) background is small.

Figure 1: Feynman graph for the process qqg — e*e — ee.

The gauge particle mediated (GM) production cross section of excited elec-
trons is neglected since it is smaller than 1% of the CI cross section [3]; however,
since the acceptance and efficiency for events produced via the two production
mechanisms are very similar [4], the current results can easily be interpreted in
scenarios where GM interactions dominate.

Decays of excited electrons via CI yield three fermions in the final state -
this channel is not selected in the present analysis. The contribution of the CI
decays to the total width is significant, however; it is taken into account as a
corresponding reduction of the branching fraction of the channel e* — e+, using
the BF as given by [2].

The relevant parameters for excited electron production are the excited elec-
tron mass m.+ as well as the compositeness scale parameter A. Both are important
also for the correct description of the decay branching fractions. The parton-level
cross section for e e* production via CI is given by [2]:
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Here § denotes the center of mass energy of the gq system. The total width
is I' > 1GeV for mg > 100 GeV thus lifetime effects can be neglected in this
analysis. We use Pythia [5] to simulate excited electron states of this kind.




me- [GeV] | 051, (LO)[pb] | BF | 051, (NNLO) x BF[pb] | # events
100 91.8 0.27 34.8 4250
200 24.6 0.21 7.29 5000
300 10.4 0.15 2.22 4250
400 4.37 0.11 0.67 5000
500 2.01 0.082 0.23 3750
600 0.92 0.061 0.078 3750
700 0.31 0.049 0.021 3250
800 0.12 0.037 0.0061 5000
900 0.035 0.031 0.0015 5000
1000 0.010 0.027 0.00037 4500

Table 1: The signal production cross section in LO and in NNLO with A = 1TeV,
where the latter includes the effect of a reduced BF to account for CI decays.
The same k-factors as for the Drell-Yan process are applied, using m(e*e) instead
of the boson mass.

Typical values of cross sections and branching fractions are shown in Tab. 1,
assuming A = 1 TeV.
The partial width for the gauge-mediated decay is [2]

1 g2 Y md. m2\” m?
where T3 is the third component of the weak isospin of the (excited) electron and
Y the hyper-charge. The parameters f and f’ are determined by the composite
dynamics and control the coupling between photons, excited electrons and excited
neutrinos. All branching fractions are calculated for the GM decay parameters
f=r=1[

This analysis is based on the diploma thesis of V. Vorwerk [3] and follows the
D@ search for excited muons [6, 7]. The current document is an update of DO
Note 5296.

Limits on heavy excited electrons have previously been set at LEP [8], HERA
9], and by CDF [10]. Only the CDF limit is directly comparable to the present
analysis because the LEP and HERA results assume production via GM and

depend on the relevant couplings. Due to the center-of-mass energy available,
the direct lower LEP limits are typically ~ 200 GeV, and ~ 250 GeV for HERA.

2 Monte Carlo Simulation

PyYTHIA version 6.313 [5] was used for the signal generation together with the
parton density function (PDF) CTEQG6L1 [11, 12]. For simulation of the SM



processes official MC requests generated with PYTHIA version 6.319 and 6.323
were used.

In the detector simulation the effects of multiple interaction are included
through the overlay of zero bias events with a luminosity profile similar to the
data. The signal Monte Carlo events for the production via CI were produced
with the DO Run II release version p17.09.06. For the SM background, Monte
Carlo events were produced with p17.06.02, p17.09.01, and p17.09.06.

The response of the detector is not simulated perfectly in the MC. Correction

factors for electrons )
efficiency gata
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are applied to tune the simulation. They have been obtained using the tag-and-
probe method [13] and are provided by a CAF processor [14]. An example is

shown in Fig. 2 (a) in dependency of 7. Similar correction factors for photons
(Fig. 2 (b)) are described later.
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Figure 2: Correction factors for (left) electrons €, in dependency of n and for
(right) photons in dependency of pr [15] for CC.

2.1 Standard Model Background Processes
2.1.1 Z/~* — ee Drell-Yan Channel

The main background contribution is expected to come from the Drell-Yan pro-
cess where an additional photon is radiated (ISR or FSR). In Tab. 2 the leading
order (LO) cross sections oo are listed for Z/v* — ee for different invariant
masses of the produced boson. The given cross sections include the BF for the
decay into an electron-positron pair (BF(Z/y* — ee) = 0.0336 at the Z reso-



nance) [16]. In the right column the numbers of generated inclusive! Drell-Yan

events are listed.

Z/v* mass [GeV]

o(LO) x BF [pb]

Request ID (data set)

# events

15 - 60

336

CSG_CAF-MCv2-25012
CSG_CAF-MCv2-25013
CSG_CAF-MCv2-25014
CSG_CAF_MCv3-40668

CSG_CAF_MCv3-40677

2221638

60 — 130

181

CSG_CAF_MCv2-26511
CSG_CAF_MCv2-26512
CSG_CAF_MCv2-26513
CSG_CAF_MCv2-26514
CSG_CAF_MCv3-30034
CSG_CAF_MCv3-30036
CSG_CAF_MCv3-30037
CSG_CAF_MCv3-30038
CSG_CAF_MCv3-38770
CSG_CAF_MCv3-38772

CSG_CAF_MCv3-38784
CSG_CAF_MCv3-34871
CSG_CAF_MCv3-34872
CSG_CAF_MCv3-34873

4379291

130 — 250

1.37

CSG_CAF_MCv2-24047
CSG_CAF_MCv2-24964

207000

250 — 500

0.115

CSG_CAF_MCv2-24052
CSG_CAF_MCv2-24967

52750

> 500

0.0046

CSG_CAF_MCv2-24262
CSG_CAF_MCv2-24970

36000

Table 2: Cross sections for Z/y* — ee inclusive in leading order [17].

The k-factors for next-to-next-to-leading order (NNLO) corrections are listed
in Tab. 3 and have been multiplied with the LO cross section values [18, 19].

Since the simulated DY process from Pythia does not match the transverse
momentum spectrum of the di-lepton system observed in the data, a reweight-
ing was performed [20]. This yields a larger weighting of MC events with high
transverse momentum of the Z/v* bosons. A high transverse momentum arises

nclusive means initial and final state radiation are turned on in these samples.



Z/v* mass [GeV] | NNLO k-factor || Z/+* mass [GeV] | NNLO k-factor
20 1.23 008 250 1.41 7002
30 1.25 T 300 1.41 00
40 1.28 +00 400 1.40 *oo1
50 1.30 £o0° 500 1.39 £000
75 1.34 £00° 600 1.38 0%
91.1 1.36 T oon 700 1.38 T
100 1.37 £00 800 1.37 +00%
150 1.40 *o01 900 1.39 +0:0%
200 1.42 000 1000 1.37 F o1t

Table 3: NNLO k-factor for the Drell-Yan process. The values as well as the
uncertainties are taken from [18].

because the Z boson recoils against jets. Thus, the proportion of jets is expected
to increase as well.

Misidentified Photons

If a jet fakes a photon, the final state is the same as for the signal. To estimate
the amount of events where a jet fakes a photon, the Drell-Yan MC samples were
separated on parton level into events with a ‘true’ photon and those without.
The probability for a jet to be reconstructed as a photon is likely not properly
described by the simulation, therefore additional input is needed to correctly
estimate the background from Drell-Yan without a genuine hard photon.

We estimate the absolute contribution of jets misidentified as photons in the
Drell-Yan sample using the results from the published analysis described in [21].
The probability focp for an EM-like jet to be misidentified as a photon is derived
as a function of Er:

focp = 0.008 + 0.344 . ¢~ 00T1-Er/GeV, n

EM-like jets are selected using the same cuts as for the photon selection (see
section 3.2.1), but without applying the final selection criteria on the shower
width in the third layer of the EM calorimeter and the isolation in the tracking
system. The fake probability focp can then be applied to a sample of di-electron
events with an additional EM-like jet to obtain the absolute contribution of di-
electron plus fake photon events to the di-electron plus photon sample. Details
of this procedure are described in [21].

The photon selection criteria in [21] and the present analysis are identical, as
well as the definition of EM-like jets.



The absolute normalization of the DY+jet background is applied as a scale
factor (~ 2.5) to the DY+jet Monte Carlo. In Fig. 3 the pr distributions of fake
photons estimated from the data are compared with the Monte Carlo prediction.
The agreement is good within statistics.
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Figure 3: Comparison of the py distributions of fake photons in di-electron events
determined from data with the Monte Carlo prediction. The black dots show
the absolute prediction and shape as obtained from data (see text), while the
histogram is the shape predicted from the simulation, normalized to the data.

2.1.2 Z/~* — 771 Drell-Yan Channel

A small contribution originates from the process Z/v* — 77 where the taus
decay into electrons, and a photon is radiated (ISR or FSR). The same pro-
duction cross sections and NNLO corrections as for the Z/v* — ee process are
used. 3087300 events have been generated (request ID: CSG_CAF _MCv3-39216 -
CSG_CAF_MCv3-39230, CSG_CAF_MCv3-44117, CSG_CAF _MCv3-35711, and
CSG_CAF_MCv3-35712).

2.1.3 WW Di-boson Channel

If the two W-bosons decay in the electron channel, the signature can be, together
with ISR or FSR of a photon, the same as for the signal process, i.e. eey. But
also radiation of a quark or a gluon by one of the initial partons, resulting in a
jet, can fake the signature, if the jet was misidentified as a photon.



The NLO cross section for pp — WW is [22]
O'NLO:O'Lo'k:8.14pb'1.42:11.5pb. (5)

The NLO correction factors for this process as well as for the W Z production
(Sec. 2.1.4) and ZZ production (Sec. 2.1.5) are taken from [22]. For this sample,
200750 events have been generated (request ID: CSG_CAF _MCv3-33682).

2.1.4 WZ Di-boson Channel

The process qg — W Z can lead to an instrumental background. It has the same
signature as the signal process, in the case of W and Z decaying in the electron
channel and one electron being misidentified as a photon. If no track match is
required, photons and electrons are both identified as electromagnetic objects
(EM objects).

For this channel, 95500 events were generated (request ID: CSG_CAF _MCv3-
30488 and CSG_CAF_MCv3-30488) with a cross section of [22]

oNLO = 2.45pb - 1.46 = 3.58 pb. (6)

2.1.5 ZZ Di-boson Channel

In the case of ZZ production the decay of both bosons into an electron pair is
possible. This resembles the signal signature if one electron was not detected
and, like in the case of W Z production, one of the three remaining electrons was
misidentified as a photon.
102750 Events were generated (request ID: CSG_CAF _MCv3-30486) with a
cross section of [22]
onro = 1.03pb - 1.39 = 1.42pb. (7)

2.1.6 W — evr Channel

For the W — ev channel 4543690 events were generated with a cross section [22]
of

ONNLO — 2580 pb. (8)
The request IDs are the same as in [17]. The contribution by this channel is
found to be negligible. In order for events in this channel to contribute to the
final sample, in addition to a (real or fake) photon a misidentified electron would
have to be present.

2.1.7 tt Channel

Another background is the ¢f channel in the case that both W decay into electrons
and an additional photon is radiated. With a cross section of [23]

onNLo = 6.77 pb, 9)

8



A total of 597280 events were generated (request ID’s CSG_CAF _MCv3-35437,
CSG_CAF_MCv3-35438, and CSG_CAF_MCv3-35439).

2.1.8 QCD

QCD background is possible through a process with two (or more) jets and a pho-
ton, where the jets are misidentified as electrons. To estimate this background, a
QCD sample is extracted from the data using an inverse H-Matrix requirement
(see Sec. 3.1).

2.2 The Signal Process

Events for the signal process (pp — ee* — eey) were generated privately with
excited electron masses from 100 GeV up to 1 TeV, in steps of 100 GeV. In Tab. 1
the signal cross section is listed for leading order as well as including NNLO
corrections and a decay via GM, i.e. the branching fraction for the e* decay into
photon and electron. The numbers of generated events are listed for each mass.
Also the branching fractions BF are listed, which account for the decay e* — ey
relative to all possible decay modes, both via GM and CI.

The compositeness scale was chosen to be A =1TeV. For the NNLO QCD
correction the same k-factors as for the Drell-Yan process are used [18, 19]. This
is a reasonable assumption because the signal and the Drell-Yan process differ
only in their out-going leptons, and follows previous publications [10, 6].

3 Data Sets and Event Selection

Data from Run Ila taken in the years 2002 until early 2006 and corresponding to
an integrated luminosity of 1013 + 61 pb~! were analyzed [24, 25] (see Tab. 4).

We use the three following skims which are provided by the common sample
group (CSG) [26].

e CSG_CAF_2EMhighpt PASS3_p17.09.03
e CSG_CAF_2EMhighpt PASS3_p17.09.06
e CSG_CAF_2EMhighpt_PASS3_p17.09.06b.

At least two electromagnetic objects [27] with a transverse momentum larger
than 15 GeV are required. All single [28] and di-electron [29] triggers have been
used. The triggers for electromagnetic objects are almost 100% efficient [28, 29].
Runs which are marked as bad for SMT, CFT, calorimeter or muon systems
as well as luminosity blocks marked as bad by the Jet/MET group are removed,
using the data quality packages dq_defs v2006-11-30 and caf_dq v02-01-01.



Trigger list Trigger | Good recorded luminosity [pb~?]

V8.0 - V9.0 EM_MX 5.8
V9.0 - V10.0 EM_MX 24.8
V10.0 - V11.0 | EM_MX 10.8
V11.0 - V12.0 | EM_MX 65.2

V12.0- V13.0 | E1_.SH30 232.0
V13.0 - V13.3 | E1_SHT22 55.4
V13.3-V14.0 | E1I_SHT22 320.1
V14.0 - V15.0 | E1_SHT25 333.0
Sum 1047

Table 4: Recorded luminosity used in this analysis, after data quality selection
and removal of duplicate events. The specified unprescaled trigger has been used
for the calculation of the integrated luminosity in each data taking period. The
inefficiency of 3.2% due to the rejection of calorimeter noise is not included in
the luminosity numbers in the Table.

Events flagged as containing calorimeter noise (noon noise, ring of fire, co-
herent noise, and empty crate) are removed by these packages. The use of the
calorimeter event quality flags yields an inefficiency of 3.2% [30], compatible with
another study in [31].

Duplicate events are removed in data and MC.

3.1 Pre-Selection

At least two electrons are required; they must both fulfill the following certified
requirements for tight_hmx_trk [14] electrons:

e |[EM-ID| =10 or 11 ( Ep > 1.5 GeV, emfrac > 0.9) and iso < 0.2.
The two objects have to satisfy the requirements for electromagnetic ob-
jects [27].

o [N4et| < 1.1 (CC) or 1.5 < |ne| < 2.5 (EC).

e pr > 15GeV and at least one with pr > 25 GeV.
Both electrons are expected to have high transverse momenta. Since for the
signal the leading pr electron has almost always a transverse momentum
larger than 25 GeV, at least one electron is required with pr > 25 GeV.

e HMx7 < 12 for CC and HMx8 < 20 for EC.
The shower shape should be electromagnetic to suppress background from
jets.
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e Prob (Xgpatial—trk) > 0.0L.
To distinguish between electrons and photons a track match is required.

e AR > 04.
The two electrons have to be separated to assure a good reconstruction
inside the electromagnetic calorimeter.

e No ECN/ECS combinations.
For signal events where both electrons are detected in the endcaps, the
electrons are almost always in the same endcap. Therefore, events with
both electrons in different endcaps are rejected.

After all pre-selection cuts the number of events in the data sample and the
predicted SM background are:

Data: 62930
SM background: 61870 + 220 (stat.) £ 5680 (syst.)

Measurement and theoretical prediction agree well.
Tab. 5 shows the signal efficiency of the cuts for the di-electron event selection,
examplarily for a low (300 GeV) and a high (800 GeV) excited electron mass.

Signal efficiency [%]
Cut Mmex = 300 GeV | me- = 800 GeV
2 EM objects, 2 tracks, pr > 15 GeV 44.4 49.0
HMz7/8 < 12/20 41.7 45.8
AR > 0.4 41.6 45.8
no ECN/ECS 41.1 45.6
pr(el) > 25 GeV 41.1 45.6

Table 5: The cut flow for the signal efficiency is given exemplarily for masses of
300 GeV and 800 GeV. A complete cut flow listing all backgrounds separately
can be found in Appendix A

The invariant mass of the two selected electrons is shown in Fig. 4 and Fig. 5.
The data were subdivided in three different combinations of regions in the electro-
magnetic calorimeter where the EM objects were detected, i.e. CC/CC, CC/EC,
and EC/EC. One can notice that not only the total number of data and SM
background events match well, also the shapes in Fig. 4 and in Fig. 5 (a) show
a good agreement for data and SM background, taking into consideration the
scaled QCD sample.

To obtain the QCD sample, the shower shape cut for two EM objects was
inverted (HMx7 > 12 and HMx8 > 20). In the case that one EM object is not
track-matched, it is required to not fulfill the photon-ID cuts (see Sec. 3.2.1).
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DO Run 111.0 fb?t ® DATA

event /5 GeV

T IIIII|T| T IIIII|T|_|_

10

100 200 300 400 500 600 700
m,,, (ee) (CC/CC) [GeV]

102

Figure 4: The invariant mass of the two pre-selected electrons for the case that
both electrons were detected in the central region of the electromagnetic calorime-
ter.

This yields a sample orthogonal to the signal selection, and it provides a sample
with an invariant mass spectrum shape of mis-identified electrons and genuine
QCD background.

We adapted the method to obtain a QCD sample describing the data from [32]:
The shape of the QCD sample pr spectrum was reweighted to match the data.
This was done for the leading pr electron and second electron, and independently
for CC and EC. This method is motivated by the fact that EM objects with
broader shower shapes (larger H-Matrix) suffer from lower trigger efficiency for
lower pr. Afterwards, the QCD sample was scaled with a global factor, which was
obtained from a y?-fit, such that the scaled QCD sample and the SM background
describe the shape of the di-electron invariant mass distribution of the data. The
QCD contribution increases to lower invariant masses. The fit is applied in the
lower mass region, from 30 GeV to 65 GeV. In this region, the signal contribution
is negligible and is thus not affecting the fit.

The QCD sample is obtained separately for the central and endcap regions,
because the shower shape requirements are different for CC (HMx7) and EC
(HMx8). Thus, the global fit was performed for the three possible combinations

12



DO Run 111.0 fb?t e DATA

-DY—>ee
-DY—>TT

B vwwwzizz inc.

D ttbar incl.

D QCD (from DATA)

event /5 GeV

1 1 1 I 1 1 1 1
100 200 400 500 600 700
m,..(ee) [GeV] (CC/EC)

(a)

2 DO Run 11 1.0 fb! o DATA
O] 103
0 e
E 5 - DY - 11
$10 Bl vwwzizzine.
I:I ttbar incl.
10
|:| QCD (from DATA)
|:| QCD (from DATA) (same EC)
1

10

10

[ R B R |

300 350 400
m,,,(ee) [GeV] (EC/EC)

Figure 5: The invariant mass of the two pre-selected electrons: (a) one electron
is detected in the central region, a second electron in the endcap region, (b)

both electrons are detected in the same endcap region of the electromagnetic
calorimeter.
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of detection regions, i.e. CC/CC, CC/EC, and EC/EC.

3.2 Final Sample

From the pre-selection di-electron sample the final sample is obtained by requiring
an additional photon.

3.2.1 ee7vy Selection

Additional requirements for the photon were used as suggested by the photon-ID
group [15]:

e Third EM object with Ep > 15GeV and Prob (X3 usia—ti) < 0.001, with
[Naet| < 1.1 or 1.5 < [nger| < 2.5;

e emfrac > 0.97,;

e is0 < 0.07;

e in-n-fiducial;

e AR > 0.4 between the photon and either of the EM objects;

e (EM cluster width)? in 7 X ¢ and 7 space:
r x ¢ width: o_¢_EM3 < 14 cm? for CC,
r X ¢ width: o_.¢p_ EM3 < (2.74 - |n|* — 16.3 - || 4+ 25.0)cm? for EC,
r width: o_r EM3 < (5.96 - [n|* — 30.6 - || + 40.7)cm? for EC.
The width squared (r x ¢ and r) of the EM cluster in the third layer acts
as an additional requirement to distinguish between EM objects and QCD
background.

e Track isolation.
The sum of transverse momenta of all tracks within a hollow cone around
the photon direction of flight of 0.05 < AR < 0.4 has to be smaller than
2 GeV.

The cut flow for the eey selection is shown in Tab. 6. The efficiency is listed
for excited electron masses of 300 GeV and 800 GeV. The SM background MC
and the QCD background (both included in the column SM BG) describe the

data within uncertainties in the final sample:

Data: 259
SM background: 239 + 4 (stat.) £ 36 (syst.)

14



SM background | Data Signal efficiency [%]
Cut [events] [events] || (300 GeV) | (800 GeV)
37" EM object
(pr > 15 GeV
& track veto
& CC or EC) 438 + (DY-+jet) | 601 32.9 36.6
emfrac > 0.97 373 + (DY+jet) | 493 32.1 35.2
isolation < 0.07 300 + (DY+jet) 361 31.8 35.1
in-n-fiducial 296 + (DY+jet) | 357 31.3 34.5
AR > 0.4 295 + (DY +jet) 357 31.3 34.5
o-¢-EM3 & 0.z EM3 | 240 + (DY+jet) 259 28.5 33.8
Track isolation 239 259 274 32.9

Table 6: Cut flow to obtain the final sample, for the search of an excited electron
with a mass of 300 GeV and 800 GeV. For the data and the SM background, the
number of events that passed the requirement are listed. The DY+jet contribu-
tion due to jets misidentified as photons can only be calculated after applying
all photon ID criteria. In the last row, the DY +jet contribution to the total SM
expectation is 7 events. For the signal, the efficiency is given. A complete cut
flow listing all backgrounds separately can be found in App. A.

The uncertainties are explained in detail in Sec. 4. The different contribu-
tions to the SM background are given in the Appendix. About 95% of the SM
expectation is due to DY — ee events with an additional genuine hard photon.

As recommended in [15], exponential functions are used to describe the photon
inefficiency that occurs due to the selection requirements; in CC:

FMC o ~((122+(0.027)pr/GeV) (10)
FPATA _ q _ o=((095)+(0.026)pr /GeV) (11)
and in EC:
FMC 1 _ o=((0.70)+(0.058)pr /GeV) (12)
fDATA - 1— e—((0.50)+(0.054)~pT/GeV)' (13)

Hence, the correction factor for events containing a photon is

fDATA

el

corr — ch . (14)

This scaling factor depends only on the transverse momentum of the photon and
varies between 92% and 98% for photon transverse momenta between 15 GeV
and 65 GeV (see Fig. 2 b)).
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The invariant mass of the final eey sample is displayed in Fig. 6. The data
are described reasonably well by the SM background including the QCD sample.
The main SM contribution originates from the Drell-Yan process. For m(eey) >
200(300) GeV, 19 (3) events are observed in the data, while 14.2 +2.2(2.9 £ 0.5)
events are expected from SM processes.

>
8 [ DO Runl11.0fp? | * DATA
o [T DY+y - eey
N o
~ 107 B Ov+y - Tty
% - [ DY+jet - ee+jet
s [ Bl Ww/wz/zzZ incl.
|:| ttbar incl.
10 [ ] QCD (from DATA)
1
10t=

100 200 300 400 500
m,,, (eey) [GeV]

Figure 6: The eey invariant mass distribution.

Some kinematic quantities are shown in Fig. 7. The transverse momenta
of the leading pr electron, the second electron, and the photon are displayed in
Fig. 7 (a,c,e), respectively. Fig. 7 (b,d,f) shows the n distribution of the three final
state particles. The photon was identified by the track veto, and it tends to have
a lower transverse momentum than the two electrons. In Fig. 8, the separations
AR between the electrons and the photon are shown. All distributions show a
good description of the data by the SM background.

For a better separation of the signal and the SM background, a cut on the
invariant mass of the photon and one of the electrons is performed. After such
a mass cut, the separation AR between the lower pr electron and the photon
allows for low signal masses m.+ a good discrimination of the signal and the SM
background. See Sec. 5.1 for the optimization of these final cuts.
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v 1 S 1
O 50 DO Run 111.0 fb [ DY+y — eey ~ 30 DO Run 11 1.0 fly [ DY+y — eey
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-~ c
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Figure 7: Control plots for the eey sample. (a) Transverse momenta for the
leading pr electron, (c) for the second electron, and (e) for the photon. In (b)
the n distribution of the leading pr electron is displayed; in (d) and (f) for the
second electron and the photon, respectively.
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® DATA
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Figure 8: The separation (left) between the leading pr electron and the photon,
and (right) between the second electron and the photon.

4 Systematic Uncertainties

The systematic uncertainties are summarized in Tab. 7 and discussed in the
following sections.

Source of uncertainty | Size [%]

EM-ID 2.5 (per electron)

Photon-1D 3.5 (3.7) — 2.0 (1.4) in CC (EC)
Trigger +0.0 / -3.0

Luminosity 6.1

Higher order corr. 2.8 — 9.9 (for SM cross sections)
QCD background 25 (for this background)

Jet faking photon 60 (for this background)

PDF (acceptance) 1.6 - 6.7

Table 7: List of systematic uncertainties.

4.1 Correction Factors

Electron efficiency correction factors [14] are applied to account for differences
between data and MC in the efficiencies of all cut requirements. These factors
suffer from uncertainties, where the maximum uncertainty occurs at high |n|-
regions. For the region considered in this analysis, for each electron the maximum
uncertainty, 2.5%, is taken as a conservative estimate. In particular the high Er
behavior of the chosen EM-ID cuts has been studied in detail in [17].

For the photon the relative uncertainty due to the correction factor depends
on the transverse momentum of the photon [15], e.g. 3.5% (3.7%) for pr = 20 GeV
in CC (EC) and 2.0% (1.4%) for pr > 30 GeV in CC (EC) (for CC see Fig. 2).
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4.2 Trigger

As mentioned in Sec. 3.1, the triggers are almost 100% efficient [28, 29]. The

uncertainties are taken conservatively to be fggz.

4.3 Luminosity

Also the luminosity calculation is affected by uncertainties. The main contribu-
tions originate from uncertainties of the inelastic cross section and the acceptance
of the luminosity detector. The sum in quadrature over all contributions yields
a total luminosity uncertainty of 6.1% [24, 25].

4.4 Higher Order Corrections

The NLO and NNLO corrections to the Drell-Yan and to the e* production cross
sections are included via the k-factors. Their relative uncertainties are shown
in Tab. 8 for the various boson masses and effective center-of-mass energies §,
respectively. The latter are equal to the invariant masses of the excited electron
and the associated electron in the case of e* production.

mes [GeV] | k-factor uncertainty [%]
100 3.3
200 2.8
300 3.3
400 3.9
500 4.6
600 5.4
700 6.3
800 7.3
900 8.5
1000 9.9

Table 8: Uncertainties on the total cross section of the Drell-Yan and the signal
process due to NLO and NNLO corrections [22].

4.5 QCD Background

The QCD sample was reweighted in the pr distribution of both objects and then
globally with a y2-fit to the shape of the di-electron invariant mass distribution
for the different regions of the electromagnetic calorimeter (see Sec. 3.1). The
statistical uncertainties of the scale factors are negligible compared to the sys-
tematic uncertainty of the method by which the QCD sample was obtained. The
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latter is estimated by varying the shower shape cut to HMx7/8> 25, in contrast
to the default of inverted H-Matrix cuts. This yields a relative uncertainty of
25% on the QCD background estimate. We also investigated the impact of the
reweighting procedure on the QCD estimate in the final data sample, and found
it to be negligible (about 4% of the QCD background estimate).

4.6 Jets Misidentified as Photons

As a conservative estimate of the photon misidentification rate [21, 33] we use
the difference observed between the absolute fake rate prediction from data and
simulation. The scale factor is ~ 2.5, therefore the uncertainty estimate is 60%.

4.7 Parton Density Functions

Uncertainties due to the PDF's affect the theoretical production cross sections as
well as the efficiency for the signal.

The uncertainty on the signal cross section is considered in the limit calcula-
tion (see Sec. 5.2).

The k-factor uncertainties are taken from [18], see Tab.8. These are the same
values as for the Drell-Yan process. This is a reasonable assumption because the
higher order sub-processes are very similar for both, the production of excited
electrons and the Drell-Yan process (compare with [19]).

To determine the uncertainties on the signal efficiency, information delivered
by the “pdf reweighting” processor [34] is used. With this processor the events
are reweighted from CTEQ6L (LO) to CTEQ6M (NLO) with respect to their
Bjorken-z. For every incoming proton and anti-proton 20 error functions are
determined. The efficiency deviation from every of the 20 error functions to
CTEQ6M is determined. The quadratical summation of all aberrations yields
the efficiency uncertainty for the signal. This efficiency uncertainty for CTEQ6M
is now assumed for the generated signal events (CTEQGL) [35].

The resulting values are 1.6% for m., = 100 GeV, 4.3% for m., = 500 GeV,
and 6.7% for m., = 1 TeV. For the other masses the uncertainty was interpolated
between these values.

5 Results

After the optimization of the final selection criteria (Section 5.1), the data and the
SM prediction agree and no significant excess is observed. Experimental limits
are set on the contact interaction production cross section of excited electrons
and the subsequent decay into electron and photon. Also for the compositeness
scale A limits are set.
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5.1 Final Sample Selection: e+ Invariant Mass

The eevy invariant mass distribution of the final eey sample is shown in Fig. 9 for
two different signal masses, 300 GeV and 800 GeV. The signal is clearly separated
from the data and the SM background. No excess in data is observed.

The invariant mass of the hypothetical excited electron can be reconstructed
by selecting the photon and one of the electrons (see Fig. 10).

For invariant masses above 200 GeV, out of the two electrons that one is chosen
which, when combined with the photon, results in an invariant mass closest to
the signal mass searched for. In the case of 100 GeV and 200 GeV the electron
with the lower transverse momentum is chosen, which, as has been verified on
parton level, is for these masses with high probability the electron from the e*
decay.

The first method causes a certain distortion of the ey invariant mass distri-
bution for both the data and the MC sample (see Fig. 11). As expected, also the
background contributions are shifted closer to the hypothetical e* mass. How-
ever, comparing the distributions for different e* masses one can see that the
distortion effect due to this selection is negligible, i.e. does not have a negative
impact on the sensitivity, for masses of 300 GeV and above.

Two different methods are compared in order to select the optimal cut region:

1. a symmetrical mass window around the excited electron mass under study;
2. a lower mass cut.

To obtain optimal results, the selection cuts are determined for both methods
by comparing the average expected limit. As a result of the comparision, only
the second method, using a lower mass cut, is applied (see Tab. 9 for numerical
values of the cuts).

We also compared the expected limits with and without rejecting events with
both electrons detected in the calorimeter endcaps. The influence of rejecting
events with a photon in the EC on the expected limit was investigated, too.
For m.- > 300 GeV, where SM backgrounds are very small, all EC electron and
photon combinations were kept in order to maximize the acceptance and keep
the search as general as possible.

The control plots after these cuts are shown in Fig. 12 (compare Fig. 7), for
the case m.- = 100 GeV.

Even after the mass cut, for small excited electron masses the separation AR
between the electron with lower transverse momentum and the photon is a good
quantity to separate signal from background (see Fig. 13). Again, the cut value
was optimized to obtain the best expected limit.

The final selection cuts are summarized in Tab. 9.

The selected data and SM background events as well as the signal efficiency
after all cuts are listed in Tab. 10. For the SM background expectation and the
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Figure 9: The invariant mass of the final state eey for excited electron masses of
(a) 300 GeV and (b) 800 GeV. Note that for me» = 300 GeV events with both
electrons and/or the photon in EC are rejected.
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®  DATA

Signal m(e*)=300 GeV (A = 1TeV)
[ ov+y - eey

I ov+y - Tty
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Figure 10: The invariant mass for the excited electron decay particles e and ~
for masses of (a) 300 GeV and (b) 800 GeV. These distributions were obtained
by selecting the ey combination closest to the searched e* mass. Note that for
me« = 300 GeV events with both electrons and/or the photon in EC are rejected.
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® DATA
Signal m(e*)=100 GeV (A = 1TeV)
[0 o4y - eey

I DY+ - Ty

[ Oviet - eetjet

I \WW/W2z/zZ incl.

[ wbarincl.

[___] QCD (from DATA)

DO Run 1l 1.0 fb* | [ DO Run 1110 fb!

events / 10 GeV
P
o
events / 10 GeV

.
o
(L B AL I AL B AL R LU

L |7

200 250
m,,,(ey) [GeV] (lowM)

200 250
Miny(eY) [GeV]

Figure 11: The invariant mass of the excited electron for m. = 100 GeV. The
left plot is for the best combination of an electron and the photon, the right one
for the combination of the lower pr electron and the photon.

signal efficiency, statistical and systematic uncertainties are shown. Comparing
the event numbers including their uncertainties, no excess is observed. Details
for the two remaining data events are given in the Appendix. They appear to be
compatible with Z + v production.

5.2 Cross Section Limits

Since no excess is observed in the data, exclusion limits are set. For the produc-
tion cross section of single excited electrons upper limits are derived, and for the
mass, lower limits are set. The limits are calculated using the Bayesian approach
and Poisson statistics [36]. The program used (“limit_calculators”) is provided
by [37].

The results of the limit calculation with 95% confidence level are listed in
Tab. 11, as well as the average expected limits. The cross section limits are
confronted with theoretical predictions for the e* production cross section in
Figs. 14 (a) and (b).

In Fig. 14 (a), the production cross sections for several values of the com-
positeness scale (A = me+, 1 TeV, 2TeV, 3TeV, 4 TeV, 5TeV) are shown. The
theoretical uncertainties on the signal cross section are estimated to 10% (dashed
lines in Fig. 14). They have been adopted from Drell-Yan uncertainties [19].

Limits for two different values of A are shown in Fig. 14 (b). We determine
lower limits on m.+ by comparing the observed cross section limits with the
lower boundary of the theoretical expectation. The lower mass limit for excited
electrons was determined to

Mex > 756 GeV at 95% CL

assuming A = 1TeV and f = f/ = 1. For A = m. with and without BF
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Figure 12: Control plots after all cuts except AR(eq, ) for the eey sample and
me» = 100 GeV. (a) Transverse momenta for the leading pr electron, (c) for the
second electron, and (e) for the photon. In (b) the n distribution of the leading
pr electron is displayed; in (d) and (f) for the second electron and the photon,
respectively. At this stage, 7 events are observed in the data while 5.5 events are

expected from SM processes.
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Figure 13: The separation AR of the lower pr electron and the photon after all
other cuts for (left) m. = 100 GeV, (middle) 200 GeV, and (right) 300 GeV.

me [GeV] | m(ez,v)[GeV] | m(ey)?t[GeV] | EC/EC e | EC v | AR(e,7)
100 > 90 - no no < 1.8
200 > 165 - no no < 3.3
300 - > 285 no no all
400 - > 370 yes yes all
500 - > 445 yes yes all
600 - > 515 yes yes all
700 - > 600 yes yes all
800 - > 705 yes yes all
900 - > 800 yes yes all
1000 - > 900 yes yes all

Table 9: The selection cuts optimized with respect to the best expected limit.
The second and the third columns show the lower mass cuts. The fourth column
shows if events with both electrons in EC were rejected, the fifth if events with
photons detected in EC are rejected, and the very right one, the upper value for
the separation between the second electron and the photon. Events where both
electrons were detected in opposite EC’s are always rejected.

correction, i.e. consideration of possible decays via CI, the resulting lower mass
bounds are 796 GeV and 946 GeV, respectively.

The limits for A = m.« with and without BF correction are given to compare
the results with recent ones from the CDF Collaboration [10]. In their work,
decays via CI were neglected and a compositeness scale of A = m,- was chosen.
They set a lower mass limit on the excited electron of 879 GeV. Thus the mass
bound presented here is the most stringent limit derived so far 2.

If we use the central value of the theoretical signal cross sections for the
calculation of the mass limits, the results become m.- > 764 GeV for A = 1TeV,
mes > 802GeV for A = me+; mex > 953 GeV for A = m.+ and neglecting CI

2In addition, the CDF mass limit was derived with a theoretical cross section too large by
a factor of two, due to a bug in older versions of Pythia; later searches for excited muons both
by D@ and CDF, as well as the present analysis, have used the corrected cross section.
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Figure 14: (a) Limits for the production cross section of single excited electrons.
(b) Limits on the production cross section for two different values of the compos-
iteness scale. The limits are at 95% CL.

27



me [GeV] | Data [events] SM BG [events] Signal eff.[%]
100 0 033 £0.09 +£0.03 132+£06+£1.3
200 1 0.52 ==0.16 =£0.05 16.5£0.6 £1.6
300 1 0.32 +£0.12 £0.03 222407422
400 0 0.26 +£0.11 £0.03 283+£0.8+£28
500 0 0.12  +£0.08 £0.01 31.5£1.0+3.1
600 0 0.057 +£0.054 =£0.006 32.3£09+32
700 0 0.00082 £0.00037 £0.00009 | 34.3£1.1+34
800 0 0.00048 £ 0.00028 £ 0.00006 | 32.2 £ 0.8 £ 3.2
900 0 0.00017 £0.00017 £0.00002 | 33.2 £ 0.8 £ 3.3
1000 0 0.00017 £0.00017 £0.00003 | 33.3 £0.9 £ 3.3

Table 10: Selected data and SM background events for different excited electron
mass hypotheses. The efficiency for the signal is listed in the right column. The
first uncertainty is always statistical, the second systematic.

decays.

5.3 Limits on the Compositeness Scale A

The choice for the compositeness scale A = 1TeV is quite arbitrary, since the
underlying interaction is not known.

The limits on the cross section can be interpreted directly as limits on A.
Therefore, the lower mass limit for different values of A is determined and dis-
played in Fig. 15.

5.4 Limits within a Gauge Interaction Model

With moderate assumptions, the limits presented here can be interpreted within
a model where both production and decay proceed via gauge interactions. From
the published CDF results [10, 4], we know that the cross section limits in the
GM model are very similar to the CI model — in fact, the GM limits are slightly
better. Therefore it is a conservative assumption to use the same acceptance,
i.e. the same cross section limits.

Using the GM NNLO cross sections [4, 38] for different e* masses, we have
translated the cross section limits from Tab. 11 into limits on f/A within the
GM model [2]. The results are summarized in Tab. 12. In Fig. 16, these limits
are compared with previously obtained limits by the LEP experiments, H1 and
ZEUS, and CDF.
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expected

Mme+ [GeV] Ug’?gﬁrved X BF(e* — ev) [pb] Torod X BF(e* — ev) [pb]
100 0.023 0.027
200 0.027 0.023
300 0.021 0.016
400 0.011 0.012
200 0.0098 0.0103
600 0.0095 0.0098
700 0.0089 0.0089
800 0.0095 0.0095
900 0.0092 0.0092
1000 0.0092 0.0092

Table 11: Upper cross section limits for the production of single excited electrons
with 95% CL. The average expected limits are shown in the right column.

Mme- [GeV] | M (NNLO) [pb] | f/A[GeV ]
100 3.498 8.3-1071
125 0.9534 —

150 0.3827 —
175 0.1844 —
200 0.09920 2.3-1073
225 0.05716 —
250 0.03457 —
275 0.02162 —
300 0.01386 4.1-1073

Table 12: Upper limits on f/A within the GM model for different values of me-.
Also given are the NNLO cross sections within this model.
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A Cut flow for the pre-selection and the final
sample

Expected and selected numbers of events are listed in Tab. A.
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Figure 15: The limit on the compositeness scale A at 95% CL as a function of
the excited electron mass.

B Candidate Events

At the end of the event selection, two events remain in the data, one each for the
hypothetical e* masses of 200 GeV and 300 GeV, respectively. Details for these
events are given in Tab. 14, and event displays are shown in Figs. 17 and 18.

C Mass Spectra with and without QCD Reweight-
ing

See Fig. 19.
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Figure 17: Event display: run number 202101, event number 35629781
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Figure 19: The invariant mass of the two pre-selected electrons: (a) both electrons
are detected in the central region, (c) one electron is detected in the central region,

a second electron in the endcap region. (b) and (d) show the same distributions
but without the QCD reweighting applied.
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8¢

-ordures Teury o[} pue U0r}09[es-0Id o) I0] MO D YT, ‘€T O[qRT,

Ww SM Signal eff. [%]
DY(ee) | DY(ee) |DY(r7) | +WZ | tt | QCD | Bgrd. | Data || me = Mer =

Cut + + jet +Z27Z Sum 300 GeV | 800 GeV
2 EM objects,
2 tracks,
pr > 15 GeV 69906 390 118 |37 | — | 70452 | 99726 44.4 49.0
HMz7/8 < 12/20 64762 296 105 | 29 | 4491 | 69682 || 70731 41.7 45.8
AR > 0.4 64762 296 105 |29 | 4490 | 69681 || 70720 41.6 45.8
no ECN/ECS 64627 296 104 |29 | 4488 | 69543 || 70534 41.1 45.6
pr(el) > 25GeV 58895 199 101 | 28 | 2656 | 61868 | 62930 41.1 45.6
377 EMobj
(pr > 15GeV)
& track veto
& CC or EC) 309 | 120 (MC) | 1 4 |2 32 | 567 | 601 32.9 36.6
emfrac > 0.97 347 72 (MC) 1 3 1 21 445 493 32.9 35.2
isolation < 0.07 288 25 (MC) 1 2 0 9 325 361 31.8 35.1
in-n-fiducial 284 23 (MC) 1 2 0 9 319 357 31.8 34.5
AR > 0.4 283 23 (MC) 1 2 0 9 318 357 31.3 34.5
o9 EM3 & oz EM3 233 4 (MC) 1 1 0 5 244 259 28.5 33.8
Track isolation 226 | 7 (scaled) 1 1 0 4 239 259 27.4 32.9




me- = 200 GeV me- = 300 GeV
Run number 202101 174429
Event number 35629781 13763152

el: pr, 1, ¢7 q
e2: pr, 1, ¢7 q
v pry M, @
m(e* candidate)
m(el, e2)
m(el, )
m(e2,7y)
m(el, e2,7)

63.7 GeV, —0.800, 3.105, +
46.9 GeV, —1.768, 1.599, —
94.1 GeV, 0.199, —0.675
194.6 GeV
92.8 GeV
167.8 GeV
194.6 GeV
273.2 GeV

124.1 GeV, 0.606, —1.334, —
24.8 GeV, 0.128, 3.067, +
103.1 GeV, —1.073, 1.714

310.6 GeV
93.6 GeV
310.6 GeV
90.3 GeV
336.8 GeV

Table 14: Details about the two candidate events.
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