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Who are lepton jets?

Example: Lepton Jet Topology

Back to the SM...

Tuesday, November 2, 2010

� LJ is a cluster of collimated light charged particles: e±, µ± etc.
� LJs arise in models with a hidden sector composed of unstable particles

with the masses in the MeV to GeV range decaying to SM particles. For
light hidden sector particles only the lightest SM states (neutrinos,
electrons, maybe muons, pions, kaons) are available

� At high energy colliders (LEP, Tevatron and LHC) light hidden particles
are produced with large boosts, causing their visible decay products to
form jet-like structures.

� Motivation for those models was recently provided by certain
astrophysical anomalies (PAMELA, Fermi). But the existence of light
hidden sectors is a more general possibility that can be tested in
colliders (the hidden valley, Strassler,Zurke [hep-ph/0604261] ,Han et
al [0712.2041] )
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Dark matter via the hypercharge portal

One way to explain PAMELA is to introduce "dark photon" zµ that mixes
with hypercharge, Arkani-Hamed et al [0810.0713] , Holdom [1985]

L ∼ −(γd
µν)2 + m2

γd (γd
µ)2 + εγd

µνBµν ε ≤ 10−3

bµ
l−

l+

After field redefinition, Aµ → Aµ + εzµ, dark photon mili-couples to the
electromagnetic current, εzµQiψiγ

µψi

Dark photon decays into a pair of charged SM states

Roughly the same coupling to electrons, muons, pions (except at
threshold or vector-meson resonance) so roughly democratic decay
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Constraints on dark photons 4
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FIG. 4. Top: Background-only model p-value versus A� mass.
Middle: Shaded gray region denotes 90% confidence limit, 50%
power-constrained allowed region [23]. 90% confidence upper limit
is shown in solid blue (dotted blue) when it is above (below) the ex-
pected limit (gray dashed). Red solid line denotes the best-fit for
the number of signal events S. For comparison, dot-dashed line in-
dicates contribution of statistical uncertainty to expected sensitivity,
if background shape were known exactly. Bottom: 90% confidence,
50% power-constrained, and expected limits as above, here quoted in
terms of ratio of signal strength upper-limit to the QED background,
B, in a 1-MeV window around each A� mass hypothesis.

candidate masses within 15 MeV of the upper or lower bound-
aries, for which a window of equal size touching the boundary
is used. A binned profile likelihood ratio (PLR) is computed
as a function of signal strength S at the candidate mass, using
0.05 MeV bins. The PLR is used to derive the local prob-
ability (p-value) at S = 0 (i.e. the probability of a larger
PLR arising from statistical fluctuations in the background-
only model) and a 90%-confidence upper limit on the sig-
nal. We define the sensitivity of the search in terms of a 50%
power-constraint [23], which means we do not regard a value
of S as excluded if it falls below the expected limit. This pro-
cedure is repeated in steps of 0.25 MeV. A global p-value,
corrected for the “look-elsewhere effect”, (the fact that an ex-
cess of events anywhere in the range can mimic a signal), is
derived from the lowest local p-value observed over the full
mass range, and calibrated using simulated experiments.

We find no evidence of an A� signal. The p-value for the
background model and upper bound on the absolute yield
of A� → e+e− signal events (consistent with the data and
background model) are shown in Fig. 4. The invariant-mass-
dependent limit is � 200 − 1000 signal events at 90% confi-
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FIG. 5. The 90% confidence upper limit on α�/α versus A� mass
for the APEX test run (solid blue). Shown are existing 90% confi-
dence level limits from the muon anomalous magnetic moment aµ

(fine hatched) [7], KLOE (solid gray) [14], the result reported by
Mainz (solid green) [18], and an estimate using a BaBar result (wide
hatched) [2, 12]. Between the red line and fine hatched region, the
A� can explain the observed discrepancy between the calculated and
measured muon anomalous magnetic moment [7] at 90% confidence
level. The full APEX experiment will roughly cover the entire area
of the plot.

dence. The most significant excess, at 224.5 MeV, has a local
p-value of 0.6%; the associated global p-value is 40% (i.e. in
the absence of a signal, 40% of prepared experiments would
observe a more significant effect due to fluctuations).

To translate the limit on signal events into an upper limit on
the coupling α� with minimal systematic errors from accep-
tance and trigger efficiencies, we use a ratio method, normal-
izing A� production to the measured QED trident rate. We dis-
tinguish between three components of the QED trident back-
ground: radiative tridents Fig. 1 (b), Bethe-Heitler tridents
Fig. 1 (c), and their interference diagrams (not shown). The
A� signal and radiative trident fully differential cross sections
are simply related [2], and the ratio f of the radiative-only
cross section to the full trident cross section can be reliably
computed in Monte Carlo: f varies linearly from 0.21 to 0.25
across the APEX mass range, with a systematic uncertainty of
0.01, which dominates over Monte Carlo statistics and pos-
sible next-to-leading order QED effects. The 50% power-
constrained limit on signal yield Smax and trident background
yield per unit mass, ∆B/∆m, evaluated in a 1 MeV range
around mA� , determines an upper limit on α�/α,

�
α�

α

�

max

=

�
Smax / mA�

f · ∆B/∆m

�
×
�

2 Neff α

3π

�
,

where Neff counts the number of available decay chan-
nels (Neff = 1 for mA� < 2mµ, and increases to � 1.6 at
mA� � 250 MeV). The resulting limit, accounting in addition

Limits from e+e- colliders, (g − 2)µ,e, beam dump, and supernovae, see
Bjorken et al [0906.0580] for review
mA

>∼ 100 MeV allowed if mixing small enough, typically ε < 10−3

More parameter space currently probed by APEX in JLAB, Abrahamyan
et al [1108.2750] , and by A1 in MaMi Merkel et al [1101.4091]
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FIG. 5: The layout of the experimental setup — see text for
details.

positron and one of the electrons, gives a spectrometer
efficiency of ∼ 0.14%.

IV. EXPERIMENTAL SETUP

In this section, we describe the experimental setup of
the APEX experiment in JLab Hall A. Many of these
features are also readily adaptable to other experimental
facilities.

The APEX experiment will measure the invariant mass
spectrum of e+e− pairs produced by an incident beam
of electrons on a tungsten target. The experiment uses
the two high-resolution spectrometers (HRS) [82] avail-
able in Hall A at JLab (see Table I for design specifica-
tions), together with a septum magnet constructed for
the PREX experiment [26], see Figure 5. The physical
angle of the HRS with respect to the beam line does not
go below ∼ 12◦, but the septum allows smaller angles to
be probed down to ∼ 4◦ − 5◦ by bending charged tracks
outward. The detector package in each HRS available in
JLab Hall A includes two vertical drift chambers (VDC),
the single photo-multiplier tube (PMT) trigger scintilla-
tor counter (“S0 counter”), the Gas Cherenkov counter,
the segmented high-resolution scintilator hodoscope, and
the double-layer lead-glass shower counter.

The electron beam has a current of 80 µA (correspond-
ing to ∼ 7 C on target per day!), and will be incident on
a solid target located on a target ladder in a standard
scattering chamber. The target will be made of tungsten
wires strung together in a horizontal plane orthogonal to
the beam direction. The target plane will be mounted at
an angle of about 10 mrad with respect to the horizontal
plane. The beam will be rastered by ±0.25 mm in the
horizontal and ±2.5 mm in the vertical direction to avoid
melting the target.

The electron will be detected in the the right HRS
(HRS-R) and the positron will be detected in the left
HRS (HRS-L). The trigger will be formed by a coinci-
dence of two signals from the S0 counters of the two arms
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FIG. 6: The top view of the tilted target. The beam is
rastered over an area 0.5×5 mm2 (the latter is in the ver-
tical direction). The beam intersects the target in four areas
spread over almost 500 mm. Pair components will be de-
tected by two HRS spectrometers at a central angle of ±5◦.
Each zig-zag of the target plane is tilted with respect to the
beam by 0.5◦ and consists of a plane of parallel wires perpen-
dicular to the beam. This reduces the multiple scattering of
the outgoing e+e− pair (produced in a prompt A� decay), as
described in the text.

and a coincidence of the signal in the S0 counters with
a signal from the Gas Cherenkov counter of the HRS-L
(positive polarity arm). A timing window of 20 ns will be
used for the first coincidence and 40 ns for the second co-
incidence. The resulting signal will be used as a primary
trigger of data acquisition (DAQ). An additional logic
will be arranged with a 100 ns wide coincidence window
between signals from the S0 counters. This second type
of trigger will be prescaled by a factor 20 for DAQ, and
is used to evaluate the performance of the primary trig-
ger. Most of the DAQ rate will come from events with
a coincident electron and positron within a 20 ns time
interval.

Note that since we want to search for a narrow peak
in the invariant mass spectrum of e+e− pairs, which re-
quires a high level of statistical precision, it is especially
important to have a very small level of systematics and a
smooth invariant mass acceptance. In [1], we show that
APEX has these properties.

A. The long tilted target

The experiment will utilize the standard Hall A scat-
tering chamber as it is used by the PREX experiment,
with a target consisting of a 50-cm-long tilted wire mesh
plane. The concept of the target is presented in Figures 6
and 7. The wires comprising each plane are perpendicu-
lar to the beam-line. The tilt angle of 10 mrad is sufficient
to ensure stability of the beam-target geometry, and at
the same time such a tilt angle is 10 times smaller than
the central angle to the HRS, which results in a reduc-
tion of the path length traversed by the produced e+e−

pairs. The wires comprising of each zig-zag plane are
spaced so that outgoing e+e− pairs coming from prompt
A� decays inside a wire only travel through a single wire
(for some configurations, the outgoing e+e− pair may not
have to traverse any wire if the A� does not decay inside

9
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The rest of this talk: how to search for hidden photons at colliders

If light dark sector particles are produced in colliders and decay promptly
(or at least within detector) to SM states, then spectacular though not
sufficiently studied signatures are predicted

OK, but is it possible th particles in colliders, given that the coupling to
the hidden sector is necessarily so small?

Simplest possibility: from decay of weak scale particles that have a
charge (strong, electroweak, ..) under the SM

The charged particles that can decay to the hidden sector include SUSY
particles and the Higgs
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How to produce hidden sector particles in colliders

One possibility: from the MSSM to the hidden sector via the bino portal
Baumgart et al [0901.0283]

−iεb̃†σ̄µ∂µB̃ − iεB̃†σ̄µ∂µb̃

Induces dark bino shift b̃ → b̃ + εB̃, that leads visible bino mili-coupling
to hidden sector √

2gd (b̃ + εB̃)
(

h†u h̃u − h†d h̃d

)
Effects of bino mass mixing resulting from the shift are down by another
mγd /mZ and can be neglected
Lightest SM superpartner no longer stable but decays into hidden sector!

1 Introduction

Several recent observations of abundances of cosmic electrons and positrons [1–3] have reported unex-
pected large rates. Signals from some direct dark matter detection experiments [4, 5] also show unex-
plained excesses over backgrounds. A new, light (GeV-scale), boson in a hidden sector weakly-coupled
to the Standard Model (SM) has been proposed to explain these anomalies [6]. At high-energy colliders,
the phenomenology of such models has been studied extensively [7–11]. In general the proposed new
boson (the dark photon, γd) has a mass less than ∼2 GeV (to prevent decays to protons), decays into SM
fermion pairs, and in many models decays promptly.

Figure 1: A Feynman diagram demonstrating one of the production mechanisms of lepton-jets from
squark pairs. The lightest supersymmetric particle (shown here as Ñ1) decays to a dark photon (γd) that
produces a pair of leptons, and a dark fermion (fd) (carrying SUSY R-parity) that escapes undetected but
may radiate extra dark photons.

These new proposals have a dramatic impact on SUSY signatures at high-energy colliders since the
Lightest Supersymmetric Particle (LSP) is no longer stable with R-parity conservation. Instead, it is
allowed to decay into the dark sector, producing a dark photon and a dark fermion (carrying SUSY
R-parity), both of which have GeV-scale mass (see Figure 1). As the hidden sector particles are light
compared to the squark masses, they are boosted and their decays result in jets of tightly collimated
particles from the γd . In the case where the dark boson mass ma < 2 ·m(π±) such jets consist exclusively
of leptons. Even for higher γd masses, the lepton content of the jets is high, so we will also refer to them
as lepton-jets. Every SUSY event in this scenario will have at least two tightly collimated lepton-jets, as
well as significant missing transverse energy (Emiss

T ) from the dark fermion. Searches for this final state
were performed by DØ [12], and more recently by CMS [13]. Dark photons could be produced by a
number of processes, such as electrowino pair-production or rare non-SM Z decays. We investigate here
the pair-production of squarks/gluinos, which each cascade-decay to a LSP plus a jet, because the cross-
section is large with respect to other possible processes if the squarks/gluinos are light enough. But we
do not apply any requirements on the Emiss

T in this analysis, since other lepton-jet production processes
could have little Emiss

T .
Radiation of dark photons from the dark fermion may produce more soft leptons [7], thus increasing

the lepton multiplicities. (In closely related models, dark radiation could also come from a dark Higgs
boson, or even the dark photon itself.) The amount of radiation is determined by the parameter αd , the
coupling within the dark sector. Small values of αd will produce a fairly simple lepton-jet with two
leptons. Larger values of αd may produce lepton-jets with additional prompt muon pairs, draining the
boost. We consider benchmark values of αd = 0.0, 0.1, and 0.3 and boson masses of ma = 300 and 500
MeV.

Data were collected during the 2010 run of proton-proton collisions at the LHC with
√

s = 7 TeV by
the ATLAS detector [14] and correspond to 40 pb−1 of integrated luminosity [15]. We examine events
that have two well-isolated lepton-jets, each containing at least two muons. The isolation is calculated

1

Every susy particle produced could lead to one more lepton jets
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Higgs to lepton jets

� AA,Ruderman,Volansky,Zupan [1002.2952] proposal: Higgs decays
into lepton jets and missing energy, in the MSSM + light hidden sector

h

Ñ1

Ñ1

l−

l−

l−

l−
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E/T

E/T

l− l+

Higgs portal is another possible efficient source of LJs at the Tevatron and
the LHC



What/Why LJ H → LJ LJ searches LJ using EMF End

Search strategies

Spectacular and relatively easy signatures, but new methods/IDs needed to
discover LJs at colliders. Some handles (model dependent):

Soft lepton multiplicity

Jet shapes (lepton jets more narrow than QCD jets)

Invariant mass peaks for close lepton pairs

Missing energy from escaping hidden sector particles

Large ECAL/HCAL for electron jets

Can We Find the Hidden Higgs?
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Existing searches

LJ + MET search in D0, D0 [1008.3356] , see also D0 [0905.1478]
Targets narrowness, MET, and resonances

CDF search for V+ H to LJs, S.Wilbur talk at Boost’11
Targets soft lepton multiplicity

CMS search for LJs, CMS [1106.2375]
Targets dimuon resonances inside LJs

ATLAS search for LJs, ATLAS-CONF-2011-076
Targets narrowness of LJs
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D0 Lepton Jet Search

LJ + MET search at D0 with 5.8 fb-1, D0 [1008.3356] ,

Seed track of pT > 10 GeV matching to EM cluster or to hits in outer
muon system

At least one companion track of pT > 4 GeV within ∆R ≤ 0.2 of the seed

Most events pass single- or di-lepton trigger

Isolation in the 0.2 < ∆R < 0.4 annulus around the seed

Require two such LJ candidates separated by ∆R > 0.8

For H → LJs. we estimate D0 puts a constraint on the Higgs mass up to
<∼ 150 GeV in a subclass of models producing narrow LJs with a small
multiplicity of leptons

5

TABLE I: The ratio R∫ of events with two l-jets and E/T >
30 GeV divided by the number with E/T < 15 GeV in the
non-isolated data sample (see text); events observed and pre-
dicted from background in each channel; the acceptance of
the chosen SPS8 [22] SUSY MC point, and the reconstruction
efficiency, given in %; branching ratios (B) for each channel,
calculated from Be and Bµ in Table II. Finally, limits on cross
sections times B from the inclusive l-jet search.

Chan. R∫ Nobs Npred A(%) ε(%) B σ95% × B, fb

obs. pred.

µµ 0.33 3 8.6±4.5 50 12 B2
µ 20 35+26

−21

eµ 0.37 11 17.5±4.2 53 15 2BeBµ 19 30+19
−15

ee 0.04 7 10.2±1.7 45 20 B2
e 13 19+11

−9

from photon production with subsequent conversion to
e+e−. Such backgrounds cannot be calculated reliably
using simulation, and are therefore determined from
data. We exploit the tight collimation of l-jets to dis-
tinguish them from multijet background, through track
and calorimeter-isolation criteria. The “track isolation”
is defined by a scalar sum over pT of tracks with pT >
0.5 GeV, z < 1 cm from the seed track at its distance
of closest approach to the beamline, and within an an-
nulus 0.2 < R < 0.4 relative to the seed track. Muon
l-jet calorimeter isolation (Iµ), defined in Ref. [23], relies
on the transverse energies of all calorimeter cells within
R < 0.4, excluding cells within R < 0.1 of either the seed
muon or its companion track. For electron l-jet isolation,
we employ the EM cluster-isolation Ie defined above. A
reliable estimate of background requires that the l-jet
isolation requirements not bias the kinematics, such as
distributions in E/T or pT of l-jets. Both types of l-jets re-
quire the track isolation to be Il < 2 GeV, which does not
significantly bias the background. Calorimeter-isolation
criteria are chosen as linear functions of pT values of the l-
jet, such that the fraction of rejected background is large,
but weakly dependent on E/T , as discussed below. For
EM clusters, we choose Ie < 0.085 × pT − 0.53 (in GeV
units), which rejects 90% of the background. For muon
l-jets we use the scalar sum of pT values of the muon and
companion tracks as a measure of l-jet pT , and require
Iµ < 0.066×pT +2.35 (in GeV units), which rejects 94%
of the background. We compare the E/T distribution in
data with just one isolated l-jet to those containing two
(not necessarily isolated) l-jets. The two distributions
are observed to be very similar, which indicates that the
kinematic bias on E/T from Ie and Iµ requirements is
indeed small. We therefore use the E/T distribution in
data without isolation requirements as background for
the data with two isolated l-jets, since both samples are
dominated by similar multijet processes.

Finally, we require E/T > 30 GeV for the search sample,
where E/T is calculated using only calorimetric informa-
tion, and not corrected for any detected muons, as muon
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FIG. 2: (color online) The E/T distribution for events with (a)
two isolated muon l-jets, (b) one muon and one electron l-jet,
and (c) two electron l-jets. The data are presented by the
black points, and the shaded bands represent the expected
background, with red showing the correlated part of the sys-
tematic uncertainty from normalization and blue the full un-
certainty. The SPS8 MC contribution for signal (see text) is
scaled to an integrated content of 10 events. The highest bin
contains all events with E/T > 90 GeV.

reconstruction is unreliable in l-jets because of the pres-
ence of nearby tracks. We scale the E/T distribution in
the data sample without isolation criteria so that the to-
tal number of events with E/T < 15 GeV matches that in
the isolated data sample, see Fig. 2. The ratio R∫ de-
fined as the number of events in each search channel with
E/T > 30 GeV divided by the scaled number of events
with E/T < 15 GeV in each respective background is given
in Table I. The value of R∫ is important since if a signal

6

TABLE II: Branching ratio (B) into electrons and muons of
γD as a function of its mass. Mass windows for a search for
γD, and the efficiency for a reconstructed, isolated l-jet to be
found in each mass window, for electron and muon l-jets.

M(γD) (GeV) Be/Bµ ∆M(l-jet)(GeV) Eff. ee/µµ(%)

0.15 1.00/0.00 0.0–0.3 81/−
0.3 0.53/0.47 0.1–0.4 82/88

0.5 0.40/0.40 0.3–0.6 81/89

0.7 0.15/0.15 0.4–0.8 85/89

0.9 0.27/0.27 0.6–1.1 82/91

1.3 0.31/0.31 0.9–1.4 72/79

1.7 0.22/0.22 1.0–1.8 73/76

2.0 0.24/0.24 1.3–2.2 73/83

has a E/T spectrum similar to that of the background,
this analysis would be largely insensitive, regardless of
the size of the signal. The total background for a signal
having f1 events with E/T < 15 GeV and f2 events with
E/T > 30 GeV is a factor of (f1/f2) × R∫ larger than for
the case of no signal. For the benchmark signals consid-
ered, (f1/f2) × R∫ " 1, and the correction is therefore
ignored.

We separate the detection efficiency into three compo-
nents (Table I): (i) the branching ratio (B) for an event
to have at least two l-jets in the µµ, eµ, or ee channel,
obtained from the expected γD branching fractions [13],
(ii) the acceptance (A) for both l-jets to have the seed
and companion tracks within |η| < 1.1 for electrons and
< 1.6 for muons, with pT >10 and 4 GeV, respectively,
and E/T (calculated in MC as the vector sum of transverse
momenta of all stable particles in the hidden sector, neu-
trinos, and muons) > 30 GeV, and (iii) the efficiency
(ε) to reconstruct both l-jets in the acceptance, to pass
the isolation criteria for both l-jets, and to have recon-
structed E/T in excess of 30 GeV. The acceptance and
reconstruction efficiency do not vary significantly with
M(γD).

With no excess observed above the expected back-
ground at large E/T (see Fig. 2), we set limits on l-jet pro-
duction cross sections, using a likelihood fitter [24] that
incorporates a log-likelihood ratio statistic [25]. Limits
at the 95% CL on cross section times B, calculated sepa-
rately for the µµ, eµ, and ee channels, using the observed
numbers of events, predicted backgrounds, and detection
efficiencies and acceptances, are given in Table I. Sys-
tematic uncertainties are included for signal efficiency
(20%), background normalization (20-50%), and lumi-
nosity (6.1%). The uncertainty on the signal efficiency is
dominated by the uncertainty in the tracking efficiency
for neighboring tracks in data. The background uncer-
tainty is dominated by the small remaining kinematic
bias on the E/T arising from the isolation criteria.

When the track multiplicity in any l-jet is small, the
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FIG. 3: (color online) Invariant mass of dark photon candi-
dates with two isolated l-jets and E/T > 30 GeV, for (a) elec-
tron l-jets (in the ee and eµ channels) and (b) muon l-jets (in
the eµ and µµ channels). Each candidate event contributes
two entries, one for each l-jet. The red band shows the mass
distribution for events with E/T < 20 GeV, normalized to the
number of entries with E/T > 30 GeV. The shaded blue his-
tograms show the shapes of MC signals added to backgrounds,
arbitrarily scaled to an integrated content of 8 signal events,
for M(γD) = 0.3, 0.9, and 1.3 GeV.

leading track and its companion track are likely to orig-
inate from the decay of the same dark photon, so we
also examine the invariant mass of the seed and its com-
panion track (M(γD)) in events with two isolated l-jets
and E/T > 30 GeV (Fig. 3). The backgrounds are normal-
ized by scaling the events passing all selections but with
E/T < 20 GeV to data with E/T > 30 GeV outside of the
mass windows defined in Tab. II, thus R∫ is irrelevant for
this second analysis. The selection of background events
is loosened to E/T < 20 GeV for this resonance search
to increase the statistics of the sample. Limits on cross
sections are calculated in various ranges of l-jet mass,
∆M(l-jet), as shown in Tab. II and Fig. 4.

The dependence of the efficiency for reconstructing and
identifying l-jets on parameters of the hidden sector is
studied using MC simulation. Additional MC samples
are used for examining the neutralino decay into a dark
Higgs boson that decays into two dark photons, leading
to more, but softer, leptons in l-jets. Efficiency for these
states decreases by ≈50% at large M(γD), for both elec-
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CDF Lepton Jet Search

W/Z + Higgs to LJs search at CDF with 5.1 fb-1

Trigger on W/Z associated with the Higgs

Identifies leptons with pT down to 1 GeV for electrons, 3 GeV for muons

Good sensitivity to muons, worse to electrons due to photon conversion
background

For a benchmark with mγD = 0.3 MeV the constraint
σ(pp̄ → VH)Br(H → LJ) < 0.06σ(pp̄ → VH)SM

Results - W

• 2D plot of Nµ vs. Ne, presented in slices of Ne

• Most sensitive in muons, due to photon conversion background
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CMS Lepton Jet Search

CMS LJ search with 35 pb-1
Triggers on a muon with pT > 15 GeV and looks for additional muons
with pT > 5 GeV
Clusters oppositely charged muons with mµ+µ− < 9 GeV into jets
Looks for coincident mµ+µ− in one event
3.4 Efficiencies and Systematic Uncertainties 9
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Figure 3: The 1D and 2D invariant mass distributions of muon pairs for events in each signal
region, compared with the expected background. (a): Events in the single dimuon topology R1

2.
(b): 10 events in the two-dimuon topology R2

22. (c): The single “quadmuon” event in topology
R1

4. (d): The invariant mass of all four muons for the same event. None of the events in the
multi-dimensional topologies fall into the corridor along the diagonal (shown as dashed lines),
which would indicate the presence of signal. The last plot is relevant for the special scenario
with a cascade decay a2 → a1a1 with m(a2) < 2m(a1), leading to the off-shell production of a1.

the parameters of the function are obtained by quantifying the level of agreement between
data and simulation, which is dominated by the statistical uncertainties. For dimuons with
pµµ

T < 150 GeV/c, the reconstruction efficiency in the barrel region is nearly flat as a function
of η, has an average value of 95 ± 1%, and is driven by the efficiency in finding and matching
stubs in the muon system. The efficiency decreases to about 92% for mµµ close to 2mµ because of
muon trajectories becoming nearly collinear. In the endcap region, there is a slight lowering of
efficiency towards high |η| because of muon trajectories overlapping in the muon system. The
systematic uncertainty on the efficiency in the endcap region is 3% as obtained from compar-
isons of reconstruction efficiencies for simulated events with overlapping and non-overlapping
muons, both with each other and with the data. For higher momentum dimuons, tracking ef-
fects become important as the overlaps of the trajectories lead to high sharing of hits and de-
creased efficiency. This effect is especially pronounced for mµµ of 0.4–0.6 GeV/c2, where the
efficiency decreases to 85 ± 5% at pµµ

T ≈ 250 GeV/c and to 75 ± 10% at pµµ
T ∼ 350 GeV/c be-

cause of events in which muon trajectories bend towards each other in the magnetic field and
remain close to each other for a substantial part of their paths through the tracker. For muon
pairs with mµµ outside of this range, the efficiency is nearly flat until pµµ

T ≈ 250 GeV/c, where it
starts a slow descent as pµµ

T increases; it is about 85 ± 5% at pµµ
T ≈ 350 GeV/c. The uncertainties

quoted account for possible inaccuracies in modelling the size of the tracker hit clusters in the



What/Why LJ H → LJ LJ searches LJ using EMF End

ATLAS Lepton Jet Search

ATLAS LJ search with 35 pb-1

Triggers on dimuons with pT > 6 GeV

Iteratively clusters muons within ∆R < 0.1

Demands at least 4 muons in at least 2 isolated LJs
≥ 2 muon ≥ 4 muons ≥ 4 muons w/ ≥ 3 HQ 2 LJets 2 Isolated LJets

data 174450 246 84 3 0
all bkg 200000±15000 200±50 81±20 1.74±0.48 0.20±0.19
QCD 160000±14000 188±50 73±20 1.46±0.42 0.19±0.19
ϒ 2100±120 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00
J/Ψ 22100±3700 3.4±1.9 0.95±0.43 0.24±0.23 0.00±0.00
W+Jet 332±11 0.40±0.40 0.00±0.00 0.00±0.00 0.00±0.00
Z+Jet 14420±42 2.00±0.50 1.37±0.41 0.00±0.00 0.00±0.00
tt̄ 357±1.4 4.31±0.16 3.47±0.14 0.041±0.016 0.012±0.008
Diboson 16.577±0.070 1.640±0.013 1.557±0.013 0.00033±0.00019 0.00033±0.00019
Squark Signal Samples
αd = 0.0, ma = 300 8.26±0.27 3.52±0.18 2.38±0.15 1.76±0.12 1.38±0.11
αd = 0.0, ma = 500 6.90±0.25 2.62±0.15 1.87±0.13 1.35±0.11 1.04±0.10
αd = 0.1, ma = 300 15.16±0.37 9.14±0.28 7.58±0.26 4.77±0.21 2.90±0.16
αd = 0.1, ma = 500 15.97±0.38 8.38±0.27 6.99±0.25 4.08±0.19 2.33±0.14
αd = 0.3, ma = 300 9.60±0.38 6.89±0.32 5.99±0.30 3.28±0.22 1.25±0.14
αd = 0.3, ma = 500 11.75±0.32 7.88±0.26 7.01±0.25 3.29±0.17 1.11±0.10

Table 4: The number of events in Data and MC at each stage of the analysis requirements. In the last three
columns, the QCD background has been estimated using the QCD event weights to predict the effect of
the high-quality muon requirements. HQ refers to high-quality muons in the table, αd the dark-sector
showering parameter, and ma the dark photon mass. The reported errors are statistical only.

Systematic Signal QCD J/Ψ ϒ W+Jet Z+Jet tt̄ Di-boson
Luminosity 3.4% 3.4% 3.4% 3.4% 3.4%
Trigger 1% 1% 1% 1% 1%
Reconstruction 2.9% 2.9% 2.9% 2.9% 2.9%
∆R Efficiency 8%
Muon Smearing 1% 1% 1% 1% 1% 1% 1% 1%
σ W 12%
σ Z 1%
σ tt̄ 7%
σ Di-boson 4%

Table 5: The systematic uncertainties on the event yields for each sample. Note that we list here the
systematics even for samples that are negligible after all requirements.

ratio test statistic, considering the statistical and systematic uncertainties of each sample. The results of
the limit calculation are reported in Table 6. They are shown separately for the two mass points in
Figure 11 for the cross-section times branching ratio to four muons, and in Figure 12 for the absolute
cross-section.

7 Conclusion

We have presented a search for prompt, highly-collimated pairs of muons (lepton-jets), possibly along
with softer, radiated leptons and/or mesons. The search was performed in 40 pb−1 of data, collected with
the ATLAS detector in 2010.

The limits are calculated for specific parameters of our benchmark signal samples. We strove to keep
the analysis as generic as possible, eschewing placing requirements on additional quantities such as the
number of jets or Emiss

T , while at the same time keeping requirements such as those on the isolation of
the lepton-jet as loose as possible.

13
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LJs: the story so far

Several classes of LJ models targeted

For models predicting narrow lepton jets, or LJs with dimuon
resonances, or LJs with high multiplicity of muons, the LHC cross
section constrained to be less than ∼ 0.1− 0.5 pb

Purely electron LJs less constrained, unless accompanied by large
missing energy
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Another idea

AA,Ruderman,Volansky,Zupan [1007.3496] : using electromagnetic
fraction (EMF) and charge ratio (CR) to target electron LJs

EMF = EEM (j)
Etot (j)

CR =
∑

pT (j)
EEM (j)

Obviously, for lepton jets we expect EMF ∼ 1 and CR ∼ 1...
QCD jets consist mostly of π± (who deposit in ECAL and HCAL) and
π0’s (who promptly decay to photons, therefore deposit mostly in ECAL)
Precise particle content of jets varies wildly on event-to-event basis
EMF distribution further broadens by fluctuations of EM and Hadronic
cascade and detector smearing
Jets with high π0 content can have EMF ∼ 1, much like LJs
But those jets have few charged particles, therefore CR� 1, unlike LJs

Fast Calorimeter Tuning
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Methodology

Concentrate on W+h and Z+h Higgs production channels (gg → h
swamped by dijet background) at Tevatron’s D0 and LHC’s ATLAS

Main background from W + 2j , Z + 2j .

Signal and background generated at parton level in MadGraphv4 and
BRIDGE, then showered and hadronized in Pythia 6.4.21

Track pT simulated in PGS4.

PGS is too simplistic for simulating EMF and CR; instead we used a
private MC (tomersim), taking into account parametrization for EM and
hadronic showers in detector material, non-compensating effects (e/h)
and detector smearing

Simulation is tuned to D0 and ATLAS using dijet EMF data
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Analysis and Cuts

Exactly two jets ∆R(j1, j2) > 0.7

Z+h: 2 opposite sign same flavor isolated leptons (l = e, µ): pT (l) > 10
GeV, |m(l+, l−)−mZ | < 10 GeV

W+h: 1 lepton and missing pT : pT (l) > 20 GeV, pT ,miss > 20 GeV

Ntrack (j) ≥ 4 (to cut down photon conversions in tracker)

EMF cut: 0.95 < EMF < 1.05 for D0, while for ATLAS 0.99 < EMF < 1

CR cut: 0.9 < CR < 1.9 for Z+h and 0.95 < CR < 1.25 for W+h.
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Results

W + h Z + h
mh = 120 GeV Signal(Eff.) Bckg Signal(Eff.) Bckg

Tevatron Kinematic 87 (18%) 4.4× 105 10.6 (18%) 2.8× 104

(10 fb−1) EMF+CR 14.4 (3%) 5.9 3.5 (6%) 1.4
LHC Kinematic 35(17%) 4.9× 105 5.2 (25%) 3.6× 104

(1 fb−1) EMF+CR 4.9 (2%) 0.7 1.5 (7%) 0.7

In Z+h Higgs mass can be reconstructed assuming missing energy aligned
with the jets (much as in H → ττ )
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Reach
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Some work left to do

Experimental searches for purely electron lepton jets

Largely hadronic lepton jets (may occur e.g for dark photon mass close
to ρ resonance). Hopeless?

Lepton jets with displaced vertices
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Summary


 Light hidden sectors could be around. They can be probed via
astrophysics, atomic physics, high luminosity colliders. High energy
colliders provide another possible road to a discovery


 Lepton jets produce a new class signatures in hadron colliders: easy
when you’re prepared, but easily missed if not specifically targeted


 Searching for electron lepton jets using EMF and CR gives a good
sensitivity to a wide class of models with lepton jets.
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