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We present the first search for pair production of isolated jets of leptons in association with large
missing transverse energy (E/T ) at a hadron collider, using 5.8 fb−1 of D0 Run II data. No excess
above multijet backgrounds is observed. Upper limits are set on the production cross section for
supersymmetric (SUSY) chargino and neutralino pairs where the lightest SUSY particle decays into
hidden sector particles giving jets of leptons and E/T , as a function of the dark photon mass.
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I. INTRODUCTION

Hidden valley models [1] introduce a new, hidden sector, very weakly coupled to the standard model (SM) par-
ticles. Recently, these types of models with light particles in the hidden sector have been shown to give a cohesive
interpretation [2, 3] of astrophysical [4–6] and direct dark matter search anomalies [7, 8]. High energy colliders may
be able to produce these new particles [9–13]. Although details of the hidden sector can change the phenomenology
significantly, several common features have emerged. The force carrier in the hidden sector, the dark photon (γD),
must have a mass below ∼2 GeV and generally decays into SM charged fermion (or pion) pairs. In many models the
γD lifetime is small, and it does not travel an observable distance before decaying.

If R-parity conserving supersymmetry (SUSY) is realized, the lightest SUSY particle in the SM sector (SMLSP) can
promptly decay into particles in the hidden sector. D0 has previously reported [14] on a search where this decay can
give rise to either a photon or γD. However, the SMLSP could decay predominantly into the hidden sector, producing
two or more dark particles in each event, see Figure 1. Pair produced hidden sector particles could also occur through
rare decays of Z and Higgs boson(s) [13]. Single dark photons could also be directly produced, analogous to prompt
SM photon production, in association with a QCD jet. However, this process is difficult to detect at a hadron collider,
and analyses from higher luminosity, lower energy machines should be more sensitive [15, 16].

Since the hidden particles are light and highly boosted, decays into the hidden sector result in jets of tightly
collimated particles from γD decays. If m(γD) < 2 ·m(π±), the jets consist exclusively of leptons. Even for larger γD

masses the lepton content of the jets is high, so we refer to them as leptonic jets (l-jets). Every SUSY event in this
scenario will have at least two l-jets and large E/T , from the LSP in the hidden sector (X̃). Radiation in the hidden
sector [9] can dilute the l-jet signature; particles in the l-jets become softer, less tightly collimated, and less isolated.

In this Letter, we present the first search for events with two l-jets and large E/T at a hadron collider. Investigation
of possible hidden sector signatures without significant E/T is left for future analyses. Data from Run II of the Fermilab
Tevatron Collider recorded with the D0 detector [17] are used, corresponding to an integrated luminosity of about
5.8 fb−1. �
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FIG. 1: A Feynman diagram of chargino + neutralino production, with decays into SMLSPs, which then decay into hidden
sector SUSY particles (X̃) and dark photons (γD).

II. LEPTONIC JET SELECTION

Depending whether the γD of highest pT decays to muons or electrons, the l-jet can appear as a “muon l-jet” or
“electron l-jet” in the detector. To reconstruct muon l-jets, we start by demanding a muon track candidate with
consistent hits in all three muon system layers matched to a central track with pT >10 GeV. Electron l-jets must have
a track with pT >10 GeV spatially matched to an EM cluster within R =

√
(∆η)2 + (∆φ)2 < 0.2 [18] with E >15

GeV and not be already reconstructed as a muon l-jet. EM clusters are built using the simple cone algorithm of radius
R = 0.4, by requiring that the fraction of the energy deposited in the EM section of the calorimeter, EMfrac, is above
95% and the calorimeter isolation variable Ie = [Etot(0.4)−EEM (0.2)]/EEM (0.2) is less than 0.2, where Etot(0.4) is
the total energy in a cone of radius R = 0.4, corrected for the underlying event contribution, and EEM (0.2) is the EM
energy in a cone of radius R = 0.2, which is taken to be the EM cluster energy. The seed track is required to have
at least one hit in the silicon detector. The seed for any new l-jet must also be R > 0.8 from the seed of any other
previously found l-jet candidate in the same event. Next, a companion track of opposite charge from the seed track
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ET scale: 123 GeV
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FIG. 2: A MC signal event, with a muon l-jet and an electron l-jet.

originating from a z position along the beamline within 1 cm from the seed track, and with pT >4 GeV is required
within R < 0.2 of the seed track. If more than one such track exists, the closest in R is chosen.

We exploit the tight collimation of l-jets to distinguish them from the large (mostly heavy flavor) multijet background
using track and calorimeter isolation. Track isolation is defined as the scalar sum of all track pT in the area 0.2 < R <
0.4 from the seed track with pT >0.5 GeV and z within 1 cm from the seed track. Muon l-jet calorimeter isolation,
Iµ, follows [19], where the transverse energies of all calorimeter cells within R < 0.4 are added, excluding cells within
R < 0.1 of either the seed muon or companion track. For electron l-jet isolation we employ the EM cluster isolation,
Ie .

Events are required to have at least two l-jet candidates of either the muon or electron type, and the three classes,
µµ, µe, and ee are analyzed separately. Each event (in data and MC) is allowed in just one class, with preference
given to µµ, then µe, then ee, since muon l-jets have less background. All recorded events are used, but most events
selected have passed a single or di-lepton trigger [17]. Trigger efficiency is >90% for signal events passing the offline
selections.

The main backgrounds are multijet events and, for electron l-jets, direct photon production with subsequent con-
version to e+e−. Estimates of these backgrounds from simulations are highly unreliable, so they are determined from
data. It is critical that the l-jet isolation requirements do not bias the kinematics of the background, such as the
E/T or l-jet pT ’s, otherwise the background will be difficult to estimate. Isolation in the tracker for both muon and
electron l-jets is required to be below 2 GeV, which does not significantly bias the background kinematics. We then
tune l-jet calorimeter isolation requirements so they also do not bias the kinematics of the background. The isolation
cuts are chosen as linear functions of l-jet pT , such that the fraction of rejected background is large but minimally
dependent on E/T . For EM objects we choose IEM < 0.085 · pT − 0.53, which rejects 90% of background. For muon
l-jets we take the scalar sum of the muon and companion track pT as the measure of the l-jet pT , and the chosen
cut is Iµ < 0.066 · pT + 2.35, which rejects 94% of the background. To verify that the rejections of these isolation
cuts do not depend on the E/T , we compare the E/T distribution in the sample with just one isolated l-jet to the total
(non-isolated) two l-jet sample. The two shapes are very close, which indicates that the kinematic bias is small. We
can therefore use the shape of the E/T distribution in the non-isolated sample to predict the background shape in the
sample with two isolated l-jets, which is still dominated by the same multijet processes.

Finally, we require E/T >30 GeV, where E/T is calculated using the calorimeters only and not corrected for muons,
since muon reconstruction is unreliable in l-jets due to the nearby tracks. We scale the E/T distribution in the non-
isolated data sample so the total number of events with E/T < 15 GeV matches that in the isolated data sample, see
Figure 3. If the track multiplicity in the l-jet is not large, the leading track and its companion track are likely to come
from the decay of the same dark photon, so we also examine the invariant mass of the seed and companion track for
events selected in the three high E/T analysis channels above (Figure 4).
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FIG. 3: The E/T distribution in events with two isolated muon l-jets (top), a muon and electron l-jet (middle), or two electron
l-jets (bottom) is shown with black points. The shaded bands represents the expected backgrounds, with purple showing
the correlated part of the systematic uncertainty from normalization and yellow the full uncertainty. The SPS8 signal MC
distribution (see text) is scaled to have an integrated content of 10 events. The highest bin contains all events with E/T >100
GeV as well.

III. SIMULATION

MadGraph [20] with Pythia [21] showering and hadronization was used to simulate signal events, which were
processed with the full GEANT3-based [22] D0 detector simulation and event reconstruction. SUSY events with the
SPS8 [23] parameters (a GMSB model) were generated as a benchmark. Production is dominated by lightest chargino
pairs and lightest chargino in association with second neutralino, which cascade to the lightest neutralino (SMLSP),
through decays involving either W/Z/h bosons or sleptons. The cross section is ∼20 fb, but the l-jet kinematics and
thus detection efficiency would be very similar for other allowed points in SUSY parameter space with slightly lighter
charginos and neutralinos, thus higher cross sections. The efficiency to reconstruct many tightly collimated tracks is
hard to verify with real data. Therefore as a baseline model we consider the case where neutralinos decay only into a
dark photon and a dark gaugino LSP (X̃) with mass of 1 GeV, which escapes as E/T . More complicated hidden sector
scenarios are studied using MC simulation and discussed below.
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FIG. 4: Invariant mass of dark photon candidates with two isolated l-jets and E/T > 30 GeV, for muon (top) and electron
(bottom) l-jets. Each candidate event contributes two entries, one for each l-jet. The purple band shows the mass distribution
for events with E/T < 20 GeV, normalized to the number of entries with E/T > 30 GeV. The lines show the shape of MC signals,
arbitrarily scaled to an integrated content of 8 events, for m(γD) = 0.3, 0.9, and 1.3 GeV.

TABLE I: Events observed and expected from background for each channel, acceptance for the chosen SPS8 SUSY MC point,
the reconstruction efficiency, and the total efficiency. The systematic uncertainty on the total efficiency is 20%.

Channel Data Background SPS8 Acc. Reco. eff. Total eff.

ee 7 10.2± 1.7 0.45 0.20 8.9 %

eµ 11 17.5± 4.2 0.53 0.15 7.8 %

µµ 3 8.6± 4.5 0.50 0.12 5.8 %

IV. RESULTS

We split the detection efficiency into three parts (see Table I). First, the probability for an event to have at least
two l-jets in a given combination (i.e. ee, eµ, or µµ), derived from the γD branching fractions [14]. Second, the
acceptance for both l-jets to have the seed and companion tracks within |η| < 1.1 for electrons and 1.6 for muons and
with pT >10 and 4 GeV, respectively, and true E/T , calculated as the vector sum of transverse momenta of all stable
MC particles in the hidden sector, neutrinos, and muons, above 30 GeV. Third, the efficiency to reconstruct both
l-jets in acceptance, pass isolation for both l-jets, and have reconstructed E/T in excess of 30 GeV. The acceptance
and reconstruction efficiency did not vary significantly with m(γD).

Since no excess of events is observed above expected backgrounds at large E/T , limits on l-jet production cross section
are calculated, using a Bayesian approach with a flat prior for the signal cross section [24]. Limits are calculated
separately for ee, eµ, or µµ channels using the observed number of events, predicted background, and the detection
efficiency and acceptance, see Figure 5. Systematic uncertainties are also included for the signal efficiency (20%),
background normalization (20-50%), and luminosity (6.1%). The signal efficiency uncertainty is driven by our ability
to verify the tracking efficiency for very nearby tracks in data. The background uncertainty is dominated by the
remaining kinematic bias on E/T from the isolation cuts. Cross section limits are also calculated using the l-jet mass
windows as shown in Table II. The backgrounds are normalized by scaling the events with E/T < 20 GeV to data,
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TABLE II: Mass windows for the resonance search, with efficiencies for electron and muon l-jets to be within the windows,
after all other selections. Also shown is the BR into electrons and muons for each dark photon mass.

m(γD) (GeV) BR(ee)(µµ) M low
reco-M

high
reco (GeV) Eff. e Eff. µ

0.15 1 0 0.0 - 0.3 0.81 -

0.3 0.53 0.47 0.1 - 0.4 0.82 0.88

0.5 0.4 0.4 0.3 - 0.6 0.81 0.89

0.7 0.15 0.15 0.4 - 0.8 0.85 0.89

0.9 0.27 0.27 0.6 - 1.1 0.82 0.91

1.3 0.31 0.31 0.9 - 1.4 0.72 0.79

1.7 0.22 0.22 1.0 - 1.8 0.73 0.76

2.0 0.24 0.24 1.3 - 2.2 0.73 0.83
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FIG. 5: Top: Cross section limits for individual channels (ee, eµ, and µµ) for acceptance of 1, and combined limits corrected
for SPS8 acceptance from Table I. Bottom: Cross section limits from also using the measured invariant masses of the seed and
companion tracks in both l-jets.

outside of the mass windows. The limit calculation method is not suitable in cases where the background is determined
with an uncertainty of &30%, so in these cases we conservatively take the expected background to be zero.

The dependence of the l-jet reconstruction and identification efficiency on several parameters of the hidden sector
was studied using MC simulation, for muon and electron l-jet flavors. Additional MC samples were produced where
the neutralino decays into a dark Higgs boson which then decays into two dark photons (see Figure 6b), leading to
more, but softer, leptons in the l-jets. Efficiency in these samples was unaffected at small m(γD), but up to 50%
lower at large m(γD), for both electron and muon l-jets (see Figure 7). The point m(γD)=0.7 also had 50% lower
efficiency, due to the large pion branching fraction. MC was also produced with additional radiation in the hidden
sector (see Figure 6a). Raising the dark coupling, αD, from 0 to 0.3 reduced efficiency by up to 20%, independent
of m(γD). These efficiencies suffer high uncertainties since it is difficult to verify the detector simulation’s accuracy
for multi-track l-jets. However, it is encouraging that according to the MC simulation, the l-jet identification criteria
maintain efficiency even for more complicated hidden sector behavior.
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FIG. 6: a) Neutralino decay with extra radiation in the hidden sector around the X̃ and dark photon. b) Neutralino decay
into a dark Higgs boson, which then decays to dark photons, all of which forms a single l-jet.
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FIG. 7: Ratio of total efficiency for HD l-jets to the standard γD l-jet total efficiency vs. m(γD), for electron (blue band) and
muon (red band) l-jets. Dark Higgs boson (HD) decays produce l-jets with more particles and are wider.

V. SUMMARY

We performed a search for events with two tightly collimated jets of mainly leptons and large missing transverse
energy using 5.8 fb−1 of data. The invariant mass of the l-jets, formed by the seed track and companion track, was
also searched for a resonance. No evidence for these signals was observed, and upper limits were set on the production
cross-section of SUSY events decaying to two l-jets with E/T , as a function of m(γD).
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FIG. 8: Lego view of a two electron l-jet candidate event in data with large E/T .

ET scale: 52 GeV
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FIG. 9: XY view of a two electron l-jet candidate event in data with large E/T .

VI. APPENDIX A

Figures 8-10 show a candidate event in data with two isolated electron l-jets and large E/T .
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FIG. 10: Zoom XY view of a two electron l-jet candidate event in data with large E/T .


