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1.  lepton jet theory
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Figure 1: An example of a Higgs decay to lepton jets, through the neutralino production portal of

Section 3.1. The hidden sector cascades can lead to many leptons per Higgs decay, in this case 18.

This example uses the particle content and vertices of the minimal U(1)d hidden sector described

in section 2.2. A larger hidden sector can lead to even larger multiplicities. If the neutralinos

are heavy enough to be produced close to rest, their decay products will be well-separated, and

the leptons will partition into 4 distinct lepton jets. Alternatively, if the neutralinos are light and

boosted, the event will consist of two groups of collimated leptons, neutralino jets.

not address the aforementioned anomalies and concentrate instead, on the collider signatures

of such hidden sectors.

As a simple example, we consider a hidden sector with U(1)d gauge symmetry broken at

the GeV scale. U(1)d couples to the visible sector through kinetic mixing with hypercharge,

implying that (i) the hidden photon can decay to the light SM fermions, and (ii) the LVSP

can decay to the hidden sector. Consequently, once the Higgs decays, it initiates a hidden

sector cascade, producing in addition to the true LSP, many hidden photons and scalars

which decay to highly boosted lepton jets. An example of such a Higgs decay is shown in

Fig. 1. To demonstrate that a light Higgs can be accommodated in the above scenario, we

simulate Higgs decays to lepton jets and determine the sensitivity of a wide range of LEP

and Tevatron searches. We consider the experimental observables that are relevant for Higgs
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kinetic mixing portal
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Figure 8: Hidden photon branching ratios to electrons, muons, and hadrons through the elec-

tromagnetic current, as a function of the hidden photon mass. The hadronic branching ratio

is derived from the measured R ⌘ BR(e+e� ! had)/BR(e+e� ! µ+µ�) [40]. We see that

for m�d . 500 MeV, the hidden photon decays dominantly to leptons, including muons for

m�d > 211 MeV.

• Lepton Multiplicity

This observable is extremely sensitive to the details of the hidden sector spectrum. One

important factor is the identity of the lightest hidden neutralino. Since the visible bino

couples to hidden Higgsinos, see Eq. (2.5), model realizations where the hidden bino is

lighter than the hidden Higgsinos have longer cascades, and therefore tend to produce

more visible leptons. Another crucial factor is the ratio of the masses of the lightest

hidden scalar and hidden photon. When mhd
< m�d , the hidden Higgs, hd, dominantly

decays to 2 leptons at one-loop [33], and is stable on collider scales. On the other hand,

for mhd
> m�d the 3-body decays with one on-shell hidden photon are allowed, which

leads to prompt decays of hd into 4 leptons, as long as the mixing parameter ✏ is not

too small. The spectrum of the other hidden scalars is also important. For example,

when mHd
> 2 mhd

the dominant decay mode of Hd is Hd ! 2 hd ! 8 l, while for

m�d < mHd
< 2 mhd

the 4-lepton decay via the hidden photons dominates. Depending

on the mass spectra, the average lepton multiplicities can thus range from zero to a few
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lepton jet production
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lepton jet production
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Ñ1

�d

fd

new heavy states?

�d

�d

fd

fd

z750

• Arkani-Hamed, Weiner 0810.0714  

7’

http://arxiv.org/abs/0810.0714


10-2 10-1 1 101
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

mgd @GeVD

e

displaced lepton jets

 

 ̄

�d

�d

 

 ̄

�⇤
d

e�

e+
✏

 

 

 

 

�⇤
d

  

N N

�⇤
d✏

forbidden annihilations:

self-interactions: direct detection:

indirect detection:

�d

l+,⇡+

l�,⇡�

prompt

displaced

E�d = 30 GeV

c⌧�d > 1 cm

c⌧�d < 1 cm

�ll ⇡
1

3
↵✏2m�d

8



2.  experimental status
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2.  experimental status
# published searches:

D0 2

CDF 1

CMS 3

ATLAS 5

(prompt + displaced)
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dark photons at low energy experiments
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nario where the Higgs boson decays to a pair of neutral hidden
fermions ( fd2) each of which decays to one long-lived �d and
one stable neutral hidden fermion ( fd1) that escapes the detec-
tor unnoticed, resulting in two lepton jets from the �d decays
in the final state (see Fig. 1). The mass of the �d (0.4 GeV) is
chosen to provide a sizeable branching ratio to muons [14].
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Figure 1: Schematic picture of the Higgs boson decay chain, H!2( fd2 !
fd1�d). The Higgs boson decays to two hidden fermions ( fd2). Each hidden
fermion decays to a �d and to a stable hidden fermion ( fd1), resulting in two
muon jets from the �d decays in the final state.

2. The ATLAS Detector

ATLAS is a multi-purpose detector [16] at the LHC, consist-
ing of an inner tracking system (ID) embedded in a supercon-
ducting solenoid, which provides a 2 T magnetic field parallel
to the beam direction, electromagnetic and hadronic calorime-
ters and a muon spectrometer using three air-core toroidal mag-
net systems1. The trigger system has three levels [21] called
Level-1 (L1), Level-2 (L2) and Event Filter (EF). L1 is a
hardware-based system using information from the calorime-
ter and muon spectrometer, and defines one or more Regions
of Interest (ROIs), geometrical regions of the detector, identi-
fied by (⌘, �) coordinates, containing interesting physics ob-
jects. L2 and the EF (globally called the High Level Trigger,
HLT) are software-based systems and can access information
from all sub-detectors. The ID, consisting of silicon pixel and
micro-strip detectors and a straw-tube tracker, provides pre-
cision tracking of charged particles for | ⌘ |  2.5. The elec-
tromagnetic and hadronic calorimeter system covers | ⌘ |  4.9
and, at ⌘ = 0, has a total depth of 9.7 interaction lengths (22 ra-
diation lengths in the electromagnetic part). The MS provides
trigger information (| ⌘ |  2.4) and momentum measurements
(| ⌘ |  2.7) for charged particles entering the spectrometer. It
consists of one barrel and two endcap parts, each with 16 sec-
tors in �, equipped with precision tracking chambers and fast
detectors for triggering. Monitored drift tubes are used for pre-
cision tracking in the region | ⌘ |  2.0 and cathode strip cham-
bers are used for 2.0  | ⌘ |  2.7. The MS detectors are ar-
ranged in three stations of increasing distance from the IP: in-
ner, middle and outer. The air core toroidal magnetic field al-

1 ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point (IP) in the centre of the detector and the z-axis coinciding
with the beam pipe axis. The x-axis points from the IP to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates (r,�) are used in
the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2).

lows an accurate charged particle reconstruction independent of
the ID information. The three planes of trigger chambers (re-
sistive plate chambers in the barrel and the thin gap chambers
in the endcaps) are located in middle and outer (only in the bar-
rel) stations. The L1 muon trigger requires hits in the middle
stations to create a low tranverse momentum (pT) muon ROI or
hits in both the middle and outer stations for a high pT ROI.
The muon ROIs have a spatial extent of 0.2⇥0.2 (�⌘ ⇥ ��) in
the barrel and of 0.1⇥0.1 in the endcap. L1 ROI information
seeds, at HLT level, the reconstruction of muon momenta using
the precision chamber information. In this way sharp trigger
thresholds up to 40 GeV can be obtained.

3. Signal and background simulation

The set of parameters used to generate the signal Monte
Carlo samples is listed in Table 1. The Higgs boson is
generated through the gluon-gluon fusion production mech-
anism which is the dominant process for a low mass Higgs
boson. The gluon-gluon fusion Higgs boson production cross
section in pp collisions at

p
s = 7 TeV, estimated at the

next-to-next-to-leading order (NNLO) [22], is �SM = 24.0 pb
for mH = 100 GeV and �SM = 12.1 pb for mH = 140 GeV.
The PYTHIA generator [23] is used, linked together with
MadGraph4.4.2 [24] and BRIDGE [25], for gluon-gluon fusion
production of the Higgs boson and the subsequent decay to
hidden-sector particles.
As discussed in the introduction, the signal is chosen to enable
a study of rare, non-SM, Higgs boson decays in the (possibly
extended) Higgs sector. To do so we choose two points which
envelope a mass range covering the 126 GeV resonance. The
lower mass point, mH = 100 GeV, is chosen to be compat-
ible with the decay-mode-independent search by OPAL at
LEP [26]. The higher mass point, mH = 140 GeV, is chosen
well below the WW threshold, where a sizeable branching ratio
into a hidden sector may be naturally achieved. The masses of
fd2 and fd1 are chosen to be light relative to the Higgs boson
mass, and far from the kinematic threshold at mfd1 +m�d = mfd2 .
For the chosen dark photon mass (0.4 GeV), the �d decay
branching ratios are expected to be [14]: 45% e+e�, 45% µ+µ�,
10% ⇡+⇡�. Thus 20% of the Higgs H! �d �d + X decays are
expected to have the required four-muon final state.
The mean lifetime ⌧ of the �d (expressed throughout this Letter
as ⌧ times the speed of light c) is a free parameter of the model.
In the generated samples c⌧ is chosen so that a large fraction of
the decays occur inside the sensitive ATLAS detector volume,
i.e. up to 7 m in radius and 13 m along the z-axis, where
the trigger chambers of the middle stations are located. The
detection e�ciency can then be estimated for a range of �d
mean lifetime through re-weighting of the generated samples.

Higgs mass mfd2 mfd1 �d mass c⌧
[ GeV] [ GeV] [ GeV] [ GeV] [mm]

100 5.0 2.0 0.4 47
140 5.0 2.0 0.4 36

Table 1: Parameters used for the Monte Carlo simulation. The last column is
the �d mean lifetime ⌧ multiplied by the speed of light c, expressed in mm.
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Figure 2: Left for benchmark model 1: 95% CL upper limits from this search for the NMSSM
scenarios with ma1 = 0.25 GeV (dashed curve), ma1 = 2 GeV (dash-dotted curve) and ma1 =
3.55 GeV (dotted curve) on s(pp ! h1/2 ! 2a1)B2(a1 ! 2µ) as a function of mh1 in the range
86 < mh1 < 125 GeV and of mh2 for mh2 > 125 GeV. As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with s(pp ! hi !
2a1) = 0.008 sSM, which yields predictions for the rates of dimuon pair events comparable to
the obtained experimental limits, and B(a1 ! 2µ) = 7.7%. The chosen B(a1 ! 2µ) is taken
from [17] for ma1 = 2 GeV and tan b = 20. Right for benchmark model 2: 95% CL upper
limits (black solid curves) from this search on s(pp ! h ! 2gD + X)B(h ! 2gD + X) (with
mn1 = 10 GeV, mnD = 1 GeV) in the plane of two of the parameters (# and mgD) for the dark
SUSY scenarios, along with constraints from other experiments [42–56]. The colored contours
represent different values of B(h ! 2gD + X) in the range 0.1–40%.

responsible for the vast majority of signal-like events. The points above 125 GeV correspond to
model points for which only h2 (mh2 > mh1 = 125 GeV) is allowed to have a sizeable rate of
observable 4µ events. Finally, for models with mh2 > 150 GeV, the limit at 150 GeV can be used
as a conservative estimate of the production rate limit. In each of these scenarios it is possible
that the other Higgs boson also contributes some fraction of the 4µ signal events, in which case
the limit shown is more conservative than would be given by an exact evaluation.

In the case of the dark SUSY scenario, a 95% CL limit on the product of the Higgs boson
production cross section and the branching fractions of the Higgs boson (cascade) decay to
a pair of dark photons is determined. The limit set in the (mgD, #) plane from this analysis is
shown in Fig. 2 (right), along with limits from other experimental searches, where the lifetime
is directly related to the kinetic mixing parameter # and the mass of the dark photon mgD via
tgD(#, mgD) = #�2 f (mgD), where f (mgD) is a function that depends only on the mass of the
dark photon [77]. The significant vertical structures in the limits visible in Fig. 2 (right) arise
because the total width of the dark photon varies rapidly in those mass regions due to reso-
nant decays to hadrons. This search constrains a large, previously unconstrained area of the
parameter space. Unlike the other results in the figure, the CMS and ATLAS limits are model-
dependent and only valid under the assumption that B(h ! 2n1 ! 4µ + X) 6= 0. The recent
ATLAS analysis [42] focused on highly displaced objects and these searches therefore probe
different regions of the available parameter space.
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efficiency plots helpful for reinterpretation
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uncertainties are statistical only.
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gun MC samples with an sd1 mass of 2 GeV and kinematically allowed �d masses. Only
LJ gun MC samples with two dark photons in the final state are used. The efficiency
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3.  displaced wishlist

• 2011 is the year of susy (limits)
• 2012 will be the year of the higgs
• 2013, year of exotica?

Basics of Exotic Higgs Decays
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Figure 13: A two-dimensional exclusion plot in the dark-photon mass m�d and the kinetic mixing ✏ parameter space,
taken from Ref. [67]. The branching ratios are for H ! 2�d+X decays. The 90% confidence-level exclusion region
for prompt H ! 2�d + X production with 5%, 10%, 20% and 40% branching fractions into 2 �d+ X decay are
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H ! 2�d + X production model with the 90% confidence-level upper limit on the signal expectation. The legend
represents the ATLAS exclusions by both the prompt (this paper) and displaced lepton-jet analyses [18].
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nario where the Higgs boson decays to a pair of neutral hidden
fermions ( fd2) each of which decays to one long-lived �d and
one stable neutral hidden fermion ( fd1) that escapes the detec-
tor unnoticed, resulting in two lepton jets from the �d decays
in the final state (see Fig. 1). The mass of the �d (0.4 GeV) is
chosen to provide a sizeable branching ratio to muons [14].

H

fd2

fd2

fd1

fd1

�d

�d

µ�

µ�

µ+

µ+

Figure 1: Schematic picture of the Higgs boson decay chain, H!2( fd2 !
fd1�d). The Higgs boson decays to two hidden fermions ( fd2). Each hidden
fermion decays to a �d and to a stable hidden fermion ( fd1), resulting in two
muon jets from the �d decays in the final state.

2. The ATLAS Detector

ATLAS is a multi-purpose detector [16] at the LHC, consist-
ing of an inner tracking system (ID) embedded in a supercon-
ducting solenoid, which provides a 2 T magnetic field parallel
to the beam direction, electromagnetic and hadronic calorime-
ters and a muon spectrometer using three air-core toroidal mag-
net systems1. The trigger system has three levels [21] called
Level-1 (L1), Level-2 (L2) and Event Filter (EF). L1 is a
hardware-based system using information from the calorime-
ter and muon spectrometer, and defines one or more Regions
of Interest (ROIs), geometrical regions of the detector, identi-
fied by (⌘, �) coordinates, containing interesting physics ob-
jects. L2 and the EF (globally called the High Level Trigger,
HLT) are software-based systems and can access information
from all sub-detectors. The ID, consisting of silicon pixel and
micro-strip detectors and a straw-tube tracker, provides pre-
cision tracking of charged particles for | ⌘ |  2.5. The elec-
tromagnetic and hadronic calorimeter system covers | ⌘ |  4.9
and, at ⌘ = 0, has a total depth of 9.7 interaction lengths (22 ra-
diation lengths in the electromagnetic part). The MS provides
trigger information (| ⌘ |  2.4) and momentum measurements
(| ⌘ |  2.7) for charged particles entering the spectrometer. It
consists of one barrel and two endcap parts, each with 16 sec-
tors in �, equipped with precision tracking chambers and fast
detectors for triggering. Monitored drift tubes are used for pre-
cision tracking in the region | ⌘ |  2.0 and cathode strip cham-
bers are used for 2.0  | ⌘ |  2.7. The MS detectors are ar-
ranged in three stations of increasing distance from the IP: in-
ner, middle and outer. The air core toroidal magnetic field al-

1 ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point (IP) in the centre of the detector and the z-axis coinciding
with the beam pipe axis. The x-axis points from the IP to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates (r,�) are used in
the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2).

lows an accurate charged particle reconstruction independent of
the ID information. The three planes of trigger chambers (re-
sistive plate chambers in the barrel and the thin gap chambers
in the endcaps) are located in middle and outer (only in the bar-
rel) stations. The L1 muon trigger requires hits in the middle
stations to create a low tranverse momentum (pT) muon ROI or
hits in both the middle and outer stations for a high pT ROI.
The muon ROIs have a spatial extent of 0.2⇥0.2 (�⌘ ⇥ ��) in
the barrel and of 0.1⇥0.1 in the endcap. L1 ROI information
seeds, at HLT level, the reconstruction of muon momenta using
the precision chamber information. In this way sharp trigger
thresholds up to 40 GeV can be obtained.

3. Signal and background simulation

The set of parameters used to generate the signal Monte
Carlo samples is listed in Table 1. The Higgs boson is
generated through the gluon-gluon fusion production mech-
anism which is the dominant process for a low mass Higgs
boson. The gluon-gluon fusion Higgs boson production cross
section in pp collisions at

p
s = 7 TeV, estimated at the

next-to-next-to-leading order (NNLO) [22], is �SM = 24.0 pb
for mH = 100 GeV and �SM = 12.1 pb for mH = 140 GeV.
The PYTHIA generator [23] is used, linked together with
MadGraph4.4.2 [24] and BRIDGE [25], for gluon-gluon fusion
production of the Higgs boson and the subsequent decay to
hidden-sector particles.
As discussed in the introduction, the signal is chosen to enable
a study of rare, non-SM, Higgs boson decays in the (possibly
extended) Higgs sector. To do so we choose two points which
envelope a mass range covering the 126 GeV resonance. The
lower mass point, mH = 100 GeV, is chosen to be compat-
ible with the decay-mode-independent search by OPAL at
LEP [26]. The higher mass point, mH = 140 GeV, is chosen
well below the WW threshold, where a sizeable branching ratio
into a hidden sector may be naturally achieved. The masses of
fd2 and fd1 are chosen to be light relative to the Higgs boson
mass, and far from the kinematic threshold at mfd1 +m�d = mfd2 .
For the chosen dark photon mass (0.4 GeV), the �d decay
branching ratios are expected to be [14]: 45% e+e�, 45% µ+µ�,
10% ⇡+⇡�. Thus 20% of the Higgs H! �d �d + X decays are
expected to have the required four-muon final state.
The mean lifetime ⌧ of the �d (expressed throughout this Letter
as ⌧ times the speed of light c) is a free parameter of the model.
In the generated samples c⌧ is chosen so that a large fraction of
the decays occur inside the sensitive ATLAS detector volume,
i.e. up to 7 m in radius and 13 m along the z-axis, where
the trigger chambers of the middle stations are located. The
detection e�ciency can then be estimated for a range of �d
mean lifetime through re-weighting of the generated samples.

Higgs mass mfd2 mfd1 �d mass c⌧
[ GeV] [ GeV] [ GeV] [ GeV] [mm]

100 5.0 2.0 0.4 47
140 5.0 2.0 0.4 36

Table 1: Parameters used for the Monte Carlo simulation. The last column is
the �d mean lifetime ⌧ multiplied by the speed of light c, expressed in mm.

2

displaced dark photons produced by 
heavy particles

z750

• higher p�d

T

• decay products more collimated

15



takeaway
• lepton jets are a signal of light hidden sectors
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•  there was awesome progress at 8 TeV! 
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Figure 2: Left for benchmark model 1: 95% CL upper limits from this search for the NMSSM
scenarios with ma1 = 0.25 GeV (dashed curve), ma1 = 2 GeV (dash-dotted curve) and ma1 =
3.55 GeV (dotted curve) on s(pp ! h1/2 ! 2a1)B2(a1 ! 2µ) as a function of mh1 in the range
86 < mh1 < 125 GeV and of mh2 for mh2 > 125 GeV. As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with s(pp ! hi !
2a1) = 0.008 sSM, which yields predictions for the rates of dimuon pair events comparable to
the obtained experimental limits, and B(a1 ! 2µ) = 7.7%. The chosen B(a1 ! 2µ) is taken
from [17] for ma1 = 2 GeV and tan b = 20. Right for benchmark model 2: 95% CL upper
limits (black solid curves) from this search on s(pp ! h ! 2gD + X)B(h ! 2gD + X) (with
mn1 = 10 GeV, mnD = 1 GeV) in the plane of two of the parameters (# and mgD) for the dark
SUSY scenarios, along with constraints from other experiments [42–56]. The colored contours
represent different values of B(h ! 2gD + X) in the range 0.1–40%.

responsible for the vast majority of signal-like events. The points above 125 GeV correspond to
model points for which only h2 (mh2 > mh1 = 125 GeV) is allowed to have a sizeable rate of
observable 4µ events. Finally, for models with mh2 > 150 GeV, the limit at 150 GeV can be used
as a conservative estimate of the production rate limit. In each of these scenarios it is possible
that the other Higgs boson also contributes some fraction of the 4µ signal events, in which case
the limit shown is more conservative than would be given by an exact evaluation.

In the case of the dark SUSY scenario, a 95% CL limit on the product of the Higgs boson
production cross section and the branching fractions of the Higgs boson (cascade) decay to
a pair of dark photons is determined. The limit set in the (mgD, #) plane from this analysis is
shown in Fig. 2 (right), along with limits from other experimental searches, where the lifetime
is directly related to the kinetic mixing parameter # and the mass of the dark photon mgD via
tgD(#, mgD) = #�2 f (mgD), where f (mgD) is a function that depends only on the mass of the
dark photon [77]. The significant vertical structures in the limits visible in Fig. 2 (right) arise
because the total width of the dark photon varies rapidly in those mass regions due to reso-
nant decays to hadrons. This search constrains a large, previously unconstrained area of the
parameter space. Unlike the other results in the figure, the CMS and ATLAS limits are model-
dependent and only valid under the assumption that B(h ! 2n1 ! 4µ + X) 6= 0. The recent
ATLAS analysis [42] focused on highly displaced objects and these searches therefore probe
different regions of the available parameter space.

•  unexplored signature space is 
waiting for 13 TeV data 
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