
J
H
E
P
0
1
(
2
0
1
9
)
0
0
1

Published for SISSA by Springer

Received: October 2, 2018

Accepted: December 13, 2018

Published: January 2, 2019

Dark tridents at off-axis liquid argon neutrino

detectors
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Abstract: We present dark tridents, a new channel for exploring dark sectors in short-

baseline neutrino experiments. Dark tridents are clean, distinct events where, like neutrino

tridents, the scattering of a very weakly coupled particle leads to the production of a

lepton-antilepton pair. Dark trident production occurs in models where long-lived dark-

sector particles are produced along with the neutrinos in a beam-dump environment and

interact with neutrino detectors downstream, producing an on-shell boson which decays

into a pair of charged leptons. We focus on a simple model where the dark matter particle

interacts with the standard model exclusively through a dark photon, and concentrate on

the region of parameter space where the dark photon mass is smaller than twice that of

the dark matter particle and hence decays exclusively into standard-model particles. We

compute event rates and discuss search strategies for dark tridents from dark matter at the

current and upcoming liquid argon detectors aligned with the Booster beam at Fermilab

— MicroBooNE, SBND, and ICARUS — assuming the dark sector particles are produced

off-axis in the higher energy NuMI beam. We find that MicroBooNE has already recorded

enough data to be competitive with existing bounds on this dark sector model, and that

new regions of parameter space will be probed with future data and experiments.
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1 Introduction

The nature of dark matter remains a fascinating puzzle for particle physics and cosmology.

Its resolution seems to point, almost unambiguously, to the existence of degrees of freedom

not accounted for in the standard model of particle physics. On the particle physics side,

terrestrial and astrophysical searches for a dark matter fundamental particle have yet to

bear any fruit. The current situation strongly suggests broadening the search strategy,

exploring options outside of the traditional ones. On a separate front, the discovery of

neutrino masses has also demonstrated that the standard model is incomplete. Many

experiments have been, and are being, built in order to fully explore the new physics

revealed by neutrino oscillation experiments. Over the past several years, experiments that

make use of intense neutrino beams have been exploited as potential laboratories for dark

matter searches [1–7]. Most of these proposals and searches focused on neutral-current-

like dark matter-nucleus scattering in the near detectors of present and future neutrino

experiments. The current and next generation of neutrino detectors, particularly those

using liquid argon technology, boast excellent tracking, particle ID, and resolution, and are

capable of conducting a broader set of searches for new phenomena (see [8–11] for some

recent proposals). This paper aims to further explore these capabilities.

We introduce and discuss the dark trident, a new channel for searches for light and

weakly-coupled dark sector particles in neutrino-beam experiments. The signal, depicted

in figure 1, consists of the production of one or more lepton-antilepton resonances in a near

detector. This is not unlike neutrino trident production, ν +N → ν +N + `+ + `−, where

N is some nuclear state and ` is a charged lepton, hence the denomination. The dark

trident topology is expected to be clean and, under the right circumstances, the irreducible

standard model backgrounds are very small. We discuss these issues in detail in section 4.

We comment on multi-trident production in section 5.
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Searching for new physics in dilepton resonances in fixed target experiments is com-

monplace [12–15]. In the simplest models, the new resonance is produced at the target and

decays inside or near an instrumented detector volume. Neutrino facilities, where the near

detector is usually placed hundreds of meters downstream of the target, have sensitivity

to regions of parameter space where the new resonance is long-lived enough to reach the

detector. This implies small couplings and in turn suppressed production rates (though

some sensitivity remains if the backgrounds are low [2]). Probing models with stronger

couplings, where the typical decay lengths are of order a few meters, requires detectors lo-

cated very close to the target region (see for example [15]) while probing models where the

decay is even more prompt requires different experimental strategies, such as thin targets

(see, for example, [12–14]).

Here, instead, we explore a different scenario, motivated by the possibility that the

dark matter particle (or one of the dark matter particles) is a light weakly-interacting

massive particle (we consider masses between an MeV and a GeV). In this case, if the dark

matter particle is a thermal relic — i.e., if at any point in the universe’s history it was

in thermal equilibrium with the standard model particles — one must also postulate the

existence of new interactions associated to equally light mediators (see e.g. [16, 17]).1 We

consider the simplest such model, described in detail in section 2. The dark matter particle

is a standard model singlet charged under a new U(1)D gauge interaction. None of the

standard model particles are charged under U(1)D but, assuming the U(1)D symmetry is

broken, kinetic mixing allows the new gauge boson — the dark photon — to interact with

charged standard model particles.

In this scenario,2 it is possible to produce dark photons in the near detectors of neutrino

beam experiments and have the dark photon decay predominantly and promptly into a

lepton-antilepton pair, as depicted in figure 1. First, a dark matter particle χ is produced

at the target. It is very long-lived and weakly interacting so it easily finds its way to

the detector unperturbed, regardless of how far away it is. Second, the dark photon A′

is produced on-shell by in the collision of a dark matter particle with a nucleus. The

dark photon decays promptly in the detector. The relevance of the dark trident channel

depends dramatically on the parameters of the model. First, the branching ratio of the

dark photon into leptons must be large. This can only be achieved if the decay of the dark

photon into dark sector particles, including the dark matter particle, is forbidden, i.e.,

mA′ < 2mχ. Second, the probability of emitting a dark photon during χ scattering must

be large. This requires the dark coupling constant to be large or the dark photon mass

to be very small. Third, the dark matter production rate should not be too small. Here,

the condition mA′ < 2mχ is a hindrance as it implies that dark matter production involves

off-shell dark photon intermediate states. The literature reveals [23, 24] that it is possible

to produce enough dark matter particles when the dark photons are off-shell, an issue we

discuss in detail in section 3. Previous studies considered only leading-order dark-matter-

1Dark matter models with light mediators have also been proposed in other contexts [18–20].
2This type of signal is not endemic to dark matter models. Frameworks in which a heavy sterile neutrino

is produced in neutrino beams and then proceeds to decay to a dark photon have been recently proposed

to explain the MiniBooNE low energy excess [21, 22]. These also lead to similar phenomenology.

– 2 –



J
H
E
P
0
1
(
2
0
1
9
)
0
0
1

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

�̄
<latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit>

⇡0, ⌘, . . .
<latexit sha1_base64="BckLZBXk/rlHpe3CKqfurnO9mJk=">AAAB+nicbVDLSgMxFM34rPU11qWbYBFcSJkRQd0V3bis4NhCO5ZMeqcNzTxI7ohl6K+4caHi1i9x59+YtrPQ1gMJh3PuITcnSKXQ6Djf1tLyyuraemmjvLm1vbNr71XudZIpDh5PZKJaAdMgRQweCpTQShWwKJDQDIbXE7/5CEqLJL7DUQp+xPqxCAVnaKSuXemk4sE5oR1AZu5egrprV52aMwVdJG5BqqRAo2t/mRzPIoiRS6Z123VS9HOmUHAJ43In05AyPmR9aBsaswi0n093H9Mjo/RomChzYqRT9XciZ5HWoygwkxHDgZ73JuJ/XjvD8MLPRZxmCDGfPRRmkmJCJ0XQnlDAUY4MYVwJsyvlA6YYR1NX2ZTgzn95kXintcuac3tWrV8VbZTIATkkx8Ql56RObkiDeISTJ/JMXsmbNbZerHfrYza6ZBWZffIH1ucP2X6TOQ==</latexit><latexit sha1_base64="BckLZBXk/rlHpe3CKqfurnO9mJk=">AAAB+nicbVDLSgMxFM34rPU11qWbYBFcSJkRQd0V3bis4NhCO5ZMeqcNzTxI7ohl6K+4caHi1i9x59+YtrPQ1gMJh3PuITcnSKXQ6Djf1tLyyuraemmjvLm1vbNr71XudZIpDh5PZKJaAdMgRQweCpTQShWwKJDQDIbXE7/5CEqLJL7DUQp+xPqxCAVnaKSuXemk4sE5oR1AZu5egrprV52aMwVdJG5BqqRAo2t/mRzPIoiRS6Z123VS9HOmUHAJ43In05AyPmR9aBsaswi0n093H9Mjo/RomChzYqRT9XciZ5HWoygwkxHDgZ73JuJ/XjvD8MLPRZxmCDGfPRRmkmJCJ0XQnlDAUY4MYVwJsyvlA6YYR1NX2ZTgzn95kXintcuac3tWrV8VbZTIATkkx8Ql56RObkiDeISTJ/JMXsmbNbZerHfrYza6ZBWZffIH1ucP2X6TOQ==</latexit><latexit sha1_base64="BckLZBXk/rlHpe3CKqfurnO9mJk=">AAAB+nicbVDLSgMxFM34rPU11qWbYBFcSJkRQd0V3bis4NhCO5ZMeqcNzTxI7ohl6K+4caHi1i9x59+YtrPQ1gMJh3PuITcnSKXQ6Djf1tLyyuraemmjvLm1vbNr71XudZIpDh5PZKJaAdMgRQweCpTQShWwKJDQDIbXE7/5CEqLJL7DUQp+xPqxCAVnaKSuXemk4sE5oR1AZu5egrprV52aMwVdJG5BqqRAo2t/mRzPIoiRS6Z123VS9HOmUHAJ43In05AyPmR9aBsaswi0n093H9Mjo/RomChzYqRT9XciZ5HWoygwkxHDgZ73JuJ/XjvD8MLPRZxmCDGfPRRmkmJCJ0XQnlDAUY4MYVwJsyvlA6YYR1NX2ZTgzn95kXintcuac3tWrV8VbZTIATkkx8Ql56RObkiDeISTJ/JMXsmbNbZerHfrYza6ZBWZffIH1ucP2X6TOQ==</latexit>

A0⇤
<latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit>

�
<latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit><latexit sha1_base64="VNOLMmk11Nk4YovNtEk1FRQe8Ac=">AAAB7HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvQi8cIbhJIltA7mU3GzGOZmRXCkn/w4kHFqx/kzb9xkuxBEwsaiqpuurvilDNjff/bW1ldW9/YLG2Vt3d29/YrB4dNozJNaEgUV7odg6GcSRpaZjltp5qCiDltxaPbqd96otowJR/sOKWRgIFkCSNgndTsDkAI6FWqfs2fAS+ToCBVVKDRq3x1+4pkgkpLOBjTCfzURjloywink3I3MzQFMoIB7TgqQVAT5bNrJ/jUKX2cKO1KWjxTf0/kIIwZi9h1CrBDs+hNxf+8TmaTqyhnMs0slWS+KMk4tgpPX8d9pimxfOwIEM3crZgMQQOxLqCyCyFYfHmZhOe165p/f1Gt3xRplNAxOkFnKECXqI7uUAOFiKBH9Ixe0ZunvBfv3fuYt654xcwR+gPv8wfzBI7o</latexit>

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

�̄
<latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit><latexit sha1_base64="0p/xhwtC1DuAKrwsfIpCRdrcOVM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtoQplsN+3SzSbd3Qgl9E948aDi1d/jzX/j9gPR1gcDj/dmmJkXpoJr47pfTmFldW19o7hZ2tre2d0r7x886CRTlHk0EYlqhaiZ4JJ5hhvBWqliGIeCNcPBzcRvPjKleSLvzShlQYw9ySNO0Vip5YeofNrnnXLFrbpTkB9SWyQVmKPRKX/63YRmMZOGCtS6XXNTE+SoDKeCjUt+plmKdIA91rZUYsx0kE/vHZMTq3RJlChb0pCp+nsix1jrURzazhhNXy96E/E/r52Z6DLIuUwzwySdLYoyQUxCJs+TLleMGjGyBKni9lZC+6iQGhtRyYaw9PIy8c6qV1X37rxSv56nUYQjOIZTqMEF1OEWGuABBQFP8AKvztB5dt6c91lrwZnPHMIfOB/faJ6Pvw==</latexit>

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

�
<latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit><latexit sha1_base64="35AhcGyCls1bwmtZJNqtyAP5y+E=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQLGF2MpsdMo9lZlYIS37BiwcVr36RN//G2SSIJhY0FFXddHdFKWfG+v6XV1pZXVvfKG9WtrZ3dveq+wcPRmWa0IAornQnwoZyJmlgmeW0k2qKRcRpOxrdFH77kWrDlLy345SGAg8lixnBtpB6JGH9as2v+1OgH9JYJDWYo9WvfvYGimSCSks4Nqbb8FMb5lhbRjidVHqZoSkmIzykXUclFtSE+fTWCTpxygDFSruSFk3V3xM5FsaMReQ6BbaJWfQK8T+vm9n4MsyZTDNLJZktijOOrELF42jANCWWjx3BRDN3KyIJ1phYF0/FhbD08jIJzupXdf/uvNa8nqdRhiM4hlNowAU04RZaEACBBJ7gBV494T17b977rLXkzWcO4Q+8j29uEY4G</latexit>

A0⇤
<latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit><latexit sha1_base64="PF5u0shNoytuzsGJ2YUtSnjXsqY=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0UUF2FSNW12VTcuKxhbaGOZTCft0MmDmYlQQn/BjQsVt36RO//GSVtBRQ9cOJxzL/fe4yecSYXQh1FYWFxaXimultbWNza3yts7tzJOBaEuiXks2j6WlLOIuoopTtuJoDj0OW35o8vcb91TIVkc3ahxQr0QDyIWMIJVLp0f3h33yhVkWlXbrp5AZNpOre7YmiDbsc/q0DLRFBUwR7NXfu/2Y5KGNFKEYyk7FkqUl2GhGOF0UuqmkiaYjPCAdjSNcEill01vncADrfRhEAtdkYJT9ftEhkMpx6GvO0OshvK3l4t/eZ1UBXUvY1GSKhqR2aIg5VDFMH8c9pmgRPGxJpgIpm+FZIgFJkrHU9IhfH0K/ydu1XRMdH1aaVzM0yiCPbAPjoAFaqABrkATuICAIXgAT+DZCI1H48V4nbUWjPnMLvgB4+0TCEGNyA==</latexit>

A0
<latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit><latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit><latexit sha1_base64="Ykxb1xAbd1eqMVvQXRbw2GoOIj0=">AAAB6HicdVDLSsNAFJ34rPVVdelmsIiuwqRq2uyqblxWMbbQhjKZTtqhk0mYmQgl9A/cuFBx6ye582+cPgQVPXDhcM693HtPmHKmNEIf1sLi0vLKamGtuL6xubVd2tm9U0kmCfVJwhPZCrGinAnqa6Y5baWS4jjktBkOLyd+855KxRJxq0cpDWLcFyxiBGsj3ZwfdUtlZDsV162cQGS7XrXmuYYg13PPatCx0RRlMEejW3rv9BKSxVRowrFSbQelOsix1IxwOi52MkVTTIa4T9uGChxTFeTTS8fw0Cg9GCXSlNBwqn6fyHGs1CgOTWeM9UD99ibiX14701EtyJlIM00FmS2KMg51Aidvwx6TlGg+MgQTycytkAywxESbcIomhK9P4f/Er9ieja5Py/WLeRoFsA8OwDFwQBXUwRVoAB8QEIEH8ASeraH1aL1Yr7PWBWs+swd+wHr7BO+RjSw=</latexit>

e�
<latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit><latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit><latexit sha1_base64="eS2LtIJXQn7LP4Kg2TcklegVLIo=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxbCRgHoLevEY0TWBZA2zk95kyOzsMjMrhCWf4MWDilf/yJt/4+QhxFdBQ1HVTXdXkAiujet+OLmFxaXllfxqYW19Y3OruL1zq+NUMfRYLGLVDKhGwSV6hhuBzUQhjQKBjWBwMfYb96g0j+WNGSboR7QnecgZNVa6xrujTrFUKbsTEPcX+bJKMEO9U3xvd2OWRigNE1TrVsVNjJ9RZTgTOCq0U40JZQPaw5alkkao/Wxy6ogcWKVLwljZkoZM1PmJjEZaD6PAdkbU9PVPbyz+5bVSE576GZdJalCy6aIwFcTEZPw36XKFzIihJZQpbm8lrE8VZcamU5gP4X/iHZfPyu5VtVQ7n6WRhz3Yh0OowAnU4BLq4AGDHjzAEzw7wnl0XpzXaWvOmc3swjc4b59WM41c</latexit>

e+
<latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit><latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit><latexit sha1_base64="x8GRq/un8r5F95Dm3AzCp310aMU=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCGEjAfUW9OIxomsCyRpmJ73JkNnZZWZWCEs+wYsHFa/+kTf/xslDiK+ChqKqm+6uIBFcG9f9cHILi0vLK/nVwtr6xuZWcXvnVsepYuixWMSqGVCNgkv0DDcCm4lCGgUCG8HgYuw37lFpHssbM0zQj2hP8pAzaqx0jXdHnWKpUnYnIO4v8mWVYIZ6p/je7sYsjVAaJqjWrYqbGD+jynAmcFRopxoTyga0hy1LJY1Q+9nk1BE5sEqXhLGyJQ2ZqPMTGY20HkaB7Yyo6euf3lj8y2ulJjz1My6T1KBk00VhKoiJyfhv0uUKmRFDSyhT3N5KWJ8qyoxNpzAfwv/EOy6fld2raql2PksjD3uwD4dQgROowSXUwQMGPXiAJ3h2hPPovDiv09acM5vZhW9w3j4BUy2NWg==</latexit>

Ar
<latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit>

Ar
<latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit><latexit sha1_base64="Lppey50Sn1vG/Fwqi6nS/nH9b3g=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9RLx4juEkgWcLsZDYZM49lZlYIS/7BiwcVr36QN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0IAornQ7woZyJmlgmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZOaXS3Qte6VK37VnwEtk1pOKpCj0St/dfuKpIJKSzg2plPzExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPLMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCLXFl5dJcFa9qvr355X6TZ5GEY7gGE6hBhdQhztoQAAEHuEZXuHNU96L9+59zFsLXj5zCH/gff4AeBuOlw==</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

gD
<latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit><latexit sha1_base64="PSc/9tTm+icCBnyNJx2+hTzn3Og=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FPXisaGyhDWWznaRLN5uwuxFK6E/w4kHFq//Im//GbZuDVh8MPN6bYWZekAqujet+OaWl5ZXVtfJ6ZWNza3unurv3oJNMMfRYIhLVCahGwSV6hhuBnVQhjQOB7WB0NfXbj6g0T+S9GafoxzSSPOSMGivdRf3rfrXm1t0ZyF/SKEgNCrT61c/eIGFZjNIwQbXuNtzU+DlVhjOBk0ov05hSNqIRdi2VNEbt57NTJ+TIKgMSJsqWNGSm/pzIaaz1OA5sZ0zNUC96U/E/r5uZ8NzPuUwzg5LNF4WZICYh07/JgCtkRowtoUxxeythQ6ooMzadig2hsfjyX+Kd1C/q7u1prXlZpFGGAziEY2jAGTThBlrgAYMInuAFXh3hPDtvzvu8teQUM/vwC87HN3wHjXU=</latexit>

"
<latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit>

"
<latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit><latexit sha1_base64="QMlYJJ7r2wVM/fuoPMtySbfkxI8=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSQiqLeiF48VjC20oWy2k3bpZjfsTgol9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZelApu0PO+ndLa+sbmVnm7srO7t39QPTx6MirTDAKmhNLtiBoQXEKAHAW0Uw00iQS0otHdzG+NQRuu5CNOUggTOpA85oyilTrdMdWQGi6U7FVrXt2bw10lfkFqpECzV/3q9hXLEpDIBDWm43sphjnVyJmAaaWbGUgpG9EBdCyVNAET5vOTp+6ZVfpurLQtie5c/T2R08SYSRLZzoTi0Cx7M/E/r5NhfB3mXKYZgmSLRXEmXFTu7H+3zzUwFBNLKNPc3uqyIdWUoU2pYkPwl19eJcFF/abuPVzWGrdFGmVyQk7JOfHJFWmQe9IkAWFEkWfySt4cdF6cd+dj0Vpyiplj8gfO5w8jspFa</latexit>

Figure 1. Dark trident production in the benchmark dark sector model, described in the text.

Protons on target produce mesons whose decays produce pairs of dark matter particles, χ and χ̄.

Some of the dark matter particles will reach the detector (not to scale) and will scatter with the

argon nuclei that fill the detector. The scattering event can lead to the emission of one (or several)

dark photon(s) A′, which decays to a pair of charged leptons (electrons in the case of the figure).

nucleus scattering as the detection signal. One narrow interpretation of our contribution

is that we are exploring the benefits of the rarer, but much more distinct, detection signal

in the region of parameter space where dark matter production is suppressed.

The dark trident signal provides ample experimental handles. In the remainder of this

manuscript, we study the phenomenology of the signal and show that, for our benchmark

dark matter model, off-axis liquid argon detectors, including the ones currently running or

under construction at Fermilab, have improved sensitivity because neutrino backgrounds

can be suppressed [5]. The kinematics of dark trident events, including angular distribu-

tions, invariant mass, as well as particle identification will be useful in further suppressing

backgrounds.

2 A benchmark model

We consider the model where a fermionic dark matter particle χ with mass Mχ interacts

with those in the standard model through a massive dark photon A′ with mass MA′ and

its kinetic mixing with the photon. The Lagrangian takes the form

L = LSM + χ̄iγµ(∂µ − igDA′µ)χ−Mχχ̄χ−
1

4
F ′µνF

′µν − ε

2
FµνF

′µν +
1

2
M2
A′A

′
µA
′µ , (2.1)

where ε is the kinetic mixing parameter and gD is the gauge coupling associated to the dark

U(1)D. We define the dark fine-structure constant αD ≡ g2D/(4π). The new interactions

are such that χ can only be pair produced, rendering it absolutely stable and a dark matter

candidate.

As far as the relic density of the χ particle is concerned, when MA′ > Mχ, χ annihilates

exclusively to SM fermions through the kinetically mixed dark photon. The relic density
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Figure 2. Solid lines: regions of MA′ vs. ε2 parameter space for which we expect 10 signal events

after 8 × 1021 protons on the NuMI target have been accumulated. The gold line corresponds to

the SBND detector, the black line to the MicroBooNE detector, and the red line to the ICARUS

detector. The dashed black line corresponds to the region for which 10 signal events are expected at

MicroBooNE, assuming 1021 POT. The top (bottom) row corresponds to αD = 0.1 (αD = 1). The

left (right) panels corresponds to Mχ = 0.6MA′ (Mχ = 2MA′). Here we assume the dark matter

relic abundance is symmetric. See text for more detail regarding existing limits.

is set by the dark matter annihilation cross section,

σannv =
6g2DMχ

(4M2
χ −M2

A′)
2
ΓA′(2Mχ) , (2.2)

where ΓA′(2Mχ) is the decay width of A′ to SM fermions, evaluated when its mass is equal

to 2Mχ, which in turn is related to the R ratio. Figures 2 (left) and 3 (left) depict —

gray dot-dashed line — the region of MA′ × ε2 parameter space where the thermal relic

abundance of χ makes up all of the dark matter, for Mχ = 0.6MA′ and αD = 0.1 (top) or

1 (bottom). For points in the parameters space that lie above these lines, the thermal relic

density of χ particles is too small to make up all of the dark matter. Nonetheless, because

we are interested in small (sub-GeV) dark matter masses, there are strong constraints on
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Figure 3. Similar to figure 2 but for the case of asymmetric dark matter. In order to efficiently

deplete the symmetric relic density, the annihilation cross section needs to be above the thermal

one. For the left panels, this corresponds to values of ε larger than those of the thermal (blue,

dot-dashed) curves. The xenon direct detection experiments excluded the green-colored regions.

χ+ χ̄-annihilations during the formation of the cosmic microwave background (CMB) [25].

The Planck experiment sets a lower limit on ε which excludes the orange-line-bounded

region in figure 2 (left) [26, 27]. These CMB constraints, however, would be absent if the

dark matter candidate were a boson instead of a fermion, since the annihilation is p-wave

suppressed in the case of a boson.

When MA′ < Mχ, χ’s can annihilate to two dark photons and, in the limit where ε is

small, the relic density is exclusively determined by the parameters of the dark sector. This

scenario is known as secluded dark matter [16]. Quantitatively, in the non-relativistic limit

σannv =
g4D

16πM2
χ

(
1− M2

A′
M2
χ

)3/2

(
1− M2

A′
2M2

χ

)2 . (2.3)

For the annihilation cross section at arbitrary center-of-mass energy, see [28]. For the

– 5 –



J
H
E
P
0
1
(
2
0
1
9
)
0
0
1

dark-sector parameters of interest here — large gD, sub-GeV masses — this annihilation

cross-section is very large and the thermal relic density of χ particles is always very small.

For this reason, there is no dot-dashed line or orange line in the right-hand panels of

figures 2 and 3, which depict the region of MA′ × ε2 parameter space where Mχ = 2MA′ .
3

We are interested in the region of parameter space where the thermal relic abundance

of χ is just right or relatively too small. In this case, χ either makes up only a fraction of the

dark matter of the universe or the χ relic abundance is not trivially related to its thermal

relic abundance. For example, it could be a consequence of a dynamically generated χ–

χ̄ asymmetry: asymmetric dark matter [31, 32]. In this case, the “larger-than-thermal”

cross section may be important for removing the symmetric dark matter component. If χ

does constitute all of the dark matter, direct detection limits with electron scattering from

XENON10 [33] and XENON100 [34] apply. These are depicted as green-shaded regions

in figure 3. The distinction between figures 2 and 3 is as follows. In figure 2, we assume

χ to be a thermal, “symmetric” relic and, for the parameters of interest here, χ makes

up only a small fraction of the dark matter. In figure 3, we assume χ to be asymmetric

dark matter and assuming it makes up all the dark matter, direct detection bounds are

formidable competitors to the signal we will ultimately discuss here.

As far as laboratory constraints are concerned, it is important to distinguish whether

the dark photon can or cannot decay to dark matter. When MA′ > 2Mχ, dark matter can

be produced by A′ decays. This can lead to relatively intense dark matter beams in fixed

target setups [1], allowing for interesting dark matter search strategies [3–7]. If, instead,

MA′ < 2Mχ, dark matter is, phenomenologically speaking, darker since its production

requires an off-shell dark photon. This region is the focus of this work. There are several

existing laboratory constraints on this model, including limits from rare pion decays at

NA48/2 [35], beam dump experiments such as E137 [36], E141 [37], and E774 [38], as well

as searches for promptly decaying dark photon events at BaBar [39]. These translate into

the labelled purple and blue excluded regions of the MA′ × ε2 parameter space, depicted

in figures 2 and 3.

Previous studies have considered DM production through an off-shell A′ at LSND [24]

and E137 at SLAC [23], with detection occurring through a neutral-current-like scattering.

As the beam energy at LSND was only 800 MeV, DM production occurs overwhelmingly

through π0 decay and the bounds are weak for higher A′ and χ masses [24]. The beam en-

ergy at E137 [23] was 20 GeV and DM pairs were produced mostly through bremsstrahlung.

The E137 bounds are subdominant to those coming from LSND. The bounds from [24] are

depicted as green-shaded regions in figure 2.4 We omit these curves from figure 3, since

they are surpassed by those from direct detection.

3As pointed out in [29, 30], for very light dark-sector particles, this annihilation channel may efficiently

deplete the dark matter relic abundance even when Mχ < MA′ and χχ̄ → A′A′ annihilation relies on

non-zero temperature effects. This is significant when the mass ratio Mχ/MA′ is close enough to one and

the dark photon quickly and dominantly decays into standard model particles, which can be satisfied even

for very small ε2 ∼ 10−14. For the mass ratios Mχ/MA′ chosen in the left-hand panels of figures 2 and 3,

these concerns do not apply.
4In comparison with ref. [24], we include a scaling factor on the bounds from LSND (on the parameter

ε2) of 3.62 for αD = 0.1 to correct for errors in previous works [40]. This conversion factor is determined

by comparing refs. [24] and [11].
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In figures 2 and 3 we present the outcome of our dark matter trident analysis, the

details of which are contained in the following sections. In each case, the region above the

solid black, gold, and red line corresponds to the part of parameter space where we expect

MicroBooNE, SBND, and ICARUS, respectively, to produce 10 or more dark trident events

after 8×1021 protons on target (POT) delivered. We assume in these plots that the detector

efficiency is 100%. We address this assumption below. In the case of MicroBooNE, we also

show the region with at least 10 events after 1021 POT, which is the amount of data the

experiment has already recorded from the NuMI beam. We see that, with the exception

of a non-thermal dark matter relic with Mχ/MA′ = 2, an analysis of existing MicroBooNE

data will supersede the present experimental constraints and in some cases future analysis

can even close the gap to the cosmological constraints, ruling out completely a range of

dark matter masses.

3 Off-axis dark matter beam

In a proton fixed-target environment, light dark matter (masses below several hundred

MeV) is most efficiently produced in the decay of neutral hadrons. These facilities benefit

from a large number of high energy POT, each of which produces several neutral mesons.

For the parameter space of interest here (MA′ < 2Mχ, MA′ . 100 MeV), the most im-

portant production channels involve light neutral mesons, see the Feynman diagram in

figure 1 (left),

π0 → γχχ̄, η → γχχ̄ . (3.1)

These processes occur via an off-shell dark photon A′ and its kinetic mixing with the

photon. The production via ρ-meson decay, ρ0 → χχ̄, is less important given its very

broad width. In addition to meson decay, dark matter particles are also pair-produced via

the Drell-Yan process. For center-of-mass energies above ∼ 1.7 GeV, this production rate

can be safely calculated using the parton model. Given the masses and couplings of interest

here, we find the Drell-Yan production rate to be several orders of magnitude smaller than

that of meson decays and will not include the contribution of this channel.

The dark matter beam produced in our scenario is significantly broader than the neu-

trino beam. This is due to two effects. (1) The parent particles of the neutrinos are charged

pions/kaons, which are focused by the magnetic horns. More precisely, the magnetic horns

only focus one charge of pions while the other sign is defocussed; the net effect is still

to increase the forward neutrino flux. The parents of the χ particles are neutral mesons

which are unaffected by the magnetic horn. (2) Neutrinos are predominantly produced in

two-body decays (e.g. π+ → µ+ + ν), while the χ’s are produced in three-body decays.

As a result, detectors located away from the proton beam axis will have a larger signal to

background ratio and potentially improved reach. This preference for off-axis detectors is

a useful approach to reducing the beam-induced neutrino backgrounds in a large class of

exotic searches.

Quantitatively, we consider the NuMI beam at Fermilab — a 120 GeV proton beam

striking a graphite target — and simulate the production of meson m = π0, η using PYTHIA8.
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Figure 4. The differential distribution of χ particle (left) and neutrino (right) production as a

function of the particle energy and production angle in arbitrary units. The model parameters used

here are ε = 10−3, Mχ = 30 MeV and MA′ = 50 MeV. In the insert we show the energy-integrated

χ particle flux as a function of the production angle, 684 meters away from the NuMI target, due

to π0 (blue) and η (orange) decays as well as the off-axis angular distribution of the neutrino flux

(gray). The neutrino flux has been rescaled by 10−9. A larger fraction of χ’s are produced off-axis

as compared to neutrinos.

For every POT, roughly cπ0 = 4.5 π0s and cη = 0.5 η mesons are produced. As a result,

the number of dark matter particles produced for each parent meson channel is

Nχ ' 2cmBr(m→ γγ)ε2αDNPOTI

(
M2
χ

m2
m

,
M2
A′

m2
m

)
, (3.2)

where the dimensionless function I(x, y) is related to the ratio of partial widths Γ(m →
γχ̄χ)/Γ(m→ γγ). Explicitly,

I(x, y) =
2

3π

∫ 1

4x
dz

√
1− 4x

z

1− z
(z − y)2

(
12x3 + 6x2(3z − 2) + x(5z − 2)(z − 1) + z(z − 1)2

)
.

(3.3)

This function is O(1) over most of the parameter range of interest. In the limit mm �
2Mχ &MA′ , however, I ∼ logm2

m/M
2
χ due to soft or collinear infrared effects. We simulate

the NuMI dark matter angular distributions and energy spectra from π0, η decays on an

event-by-event basis. The double-differential distributions are depicted in figure 4 (left),

for ε = 10−3, Mχ = 30 MeV and MA′ = 50 MeV. Here θχ is the off-axis angle and Eχ is the

dark matter energy, both in the lab frame. The χ angular distribution is largely insensitive

to Mχ as long as it is well below the kinematic threshold of the decay.

For comparison, we produced a rough estimate of the angle and energy distribution

for the neutrino beam, depicted in figure 4 (right). Neutrinos are produced mainly from

the decay of charged pions and kaons, one sign of which are focused in the forward direc-

tion. We estimate the double-differential distribution of the neutrino flux as follows: we

obtain the positively charged pion and kaon energies and momenta from the fixed-target
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Detector MicroBooNE ICARUS SBND

Off-axis angle (rad) 0.13 0.1 0.5

Distance from NuMI target (m) 684 789 409

Active LAr mass (ton) 89 476 112

χ rate × detector mass (MicroBooNE units) 1 6.2 0.1

Table 1. Parameters of the three Fermilab SBN liquid argon detectors with respect to the NuMI

beamline (120 GeV protons).

collision using PYTHIA8, and then, as an approximation of focussing, modify their direc-

tion so they are moving along the ẑ axis before decaying into neutrinos. Neutrinos from

negatively charged pions are ignored. This estimate is meant for illustrative purposes only.

It overestimates both the focussing of right-sign pions and the defocussing of wrong-sign

pions. We do not use the neutrino information depicted in figure 4 (right) elsewhere in this

manuscript. Instead, when we discuss background estimates, we use the NuMI neutrino

flux at MicroBooNE reported by the collaboration [41].

As expected, the dark matter beam is less focused than the neutrino beam. The insert

in figure 4 depicts the different angular distributions (the energy integral of the correspond-

ing double-differential distributions) for χ and for neutrinos, where the neutrino differential

distribution is multiplied by 10−9 so it fits in the same display window. Detectors located

off-axis with respect to the neutrino beam direction witness an enhanced dark matter flux

to neutrino flux ratio. This is useful for suppressing the neutrino background in the dark

matter detection. Furthermore, the NuMI beam is 120 GeV compared to the 8 GeV Booster

Neutrino Beam. This allows for production of higher energy dark matter beams.

There are three liquid argon (LAr) detectors aligned with the Booster Neutrino Beam

at Fermilab and off-axis relative to the higher energy NuMI beam: MicroBooNE, ICARUS

and SBND. MicroBooNE is currently taking data, ICARUS is being installed and com-

missioned, and SBND is in the design and construction phase. MicroBooNE has already

collected over 1021 POT from NuMI. By 2024, we expect each experiment to be exposed

to almost 1022 POT from NuMI [42]. All are designed for reconstructing and measuring

charged tracks and efficiently discriminating different final-state particles, including elec-

trons, photons, muons, pions, and protons. Table 1 lists the off-axis angle, distance from

the NuMI target, and active LAr mass for each detector. Their off-axis angles are also

indicated in figure 4 (solid, vertical lines).

The number of χ particles that reaches a point-like detector from the NuMI target is

Nχ@det '
Adet

R2
det

dNχ

dΩχ

∣∣∣∣
det

, (3.4)

where Rdet is the distance to the detector and Adet is its cross sectional area. For reference,

in the mass range of interest, approximately 10−5 of the χ particles produced at NuMI pass

through the MicroBooNE detector. The signal event rate is proportional to the number of

dark matter particles traversing the detector multiplied by the probability that it interacts

in the detector volume, which is proportional to the geometric depth of the detector and
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the number density of scatterers. The area in eq. (3.4) combines with the depth to yield a

volume, which multiplied by the number density is proportional to total mass. The figure

of merit for the rate of any signal is thus proportional to the χ production rate at the

detector’s angle times the detector mass. Table 1 also lists this figure of merit for each

detector, normalized to that of MicroBooNE. ICARUS has a relative advantage due to its

larger mass while SNBD sees a smaller dark matter flux because of the relatively large

off-axis angle. In the following section, we focus on the dark trident signal, its rate, and

its various properties that are relevant for all of these detectors. A detailed understanding

of the idiosyncrasies of each individual experiment, required in order to properly compare

the sensitivity of the different LAr detectors along the Fermilab Booster Beam, is beyond

the scope of this manuscript.

4 Dark trident signal

The incoming beam of relativistic dark matter can scatter off an argon nucleus via a t-

channel dark photon exchange, mimicking the neutral current interaction of a neutrino

with argon. At higher order in the dark gauge coupling gD, there are processes where

this scatter is accompanied with additional dark photon emission. We consider here the

case where a single dark photon is radiated off the initial or final-state χ and leave the

discussion of multiple emissions to section 5. Since we consider the regime MA′ < 2Mχ,

the emitted dark photon(s) will decay to e± or µ± pairs. The case of single A′ emission

the final state is a dark trident, the corresponding Feynman diagram depicted in figure 1

(right). In what follows we will use three benchmarks to illustrate kinematic distributions

and efficiency rates. We consider MA′ = 100 MeV, 50 MeV, 10 MeV, and Mχ/MA′ = 0.6.

The results are similar for other values of Mχ/MA′ . Although the lightest MA′ point is

already ruled out, we believe it is still useful in order to estimate how the results evolve

with mass.

For a light A′, the scattering on argon is largely coherent and is enhanced by a factor of

Z2
Ar ∼ 300. However, as the magnitude of the exchanged momentum q ≡

√
|q2| increases,

coherence is lost. This is accounted for through the inclusion of a form factor, F (q2), and

here we adopt the Helm form factor [43]

F (q2) =
3j1(qR1)

qR1
e−q

2s2/2 , (4.1)

where j1 is the spherical Bessel function of the first kind, R1 =
√
c2 + 7π2a2/3− 5s2,

c = (1.23A1/3 − 0.6) fm, s = 0.9 fm, and a = 0.52 fm. The atomic number of the target

argon nucleus is A = 40. Numerically, we find that this form factor suppression becomes

significant for q & 150 MeV, see figure 5. With the inclusion of the form factor, the

total event rate is given by the convolution of the scattering cross section for the process

χ+Ar→ χ+Ar+A′, σ(Eχ), for fixed incoming χ energy, Eχ, and the number of incoming

DM particles at each energy, eq. (3.4),

Nsignal =
Mdet

R2
det

∫
dEχ

∫
dq2

∣∣F (q2)
∣∣2 d2Nχ

dEχdΩχ

∣∣∣∣
det

dσ(Eχ)

dq2
. (4.2)
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Figure 5. The distribution of the momentum transfer to the argon nucleus for six dark matter

and dark photon mass combinations. The dark matter to dark photon mass ratio is set to 0.6 (2)

in the left (right) plot. The black curves in the same plots show the Helm form factor F (q2). In

the left plot F (q2) has been scaled by 0.6 for clarity.

We have assumed the detector is effectively point like so the total rate depends upon

the angular location, Ωdet, and its total mass, Mdet = nArAdetLdet, but not its orientation.

As can be seen from figure 1, the number of signal events is proportional to

Nsignal ∝ ε4α3
D . (4.3)

The dark trident signal arises when the final state A′ decays into e+e− (or µ+µ−)

pairs. Henceforth, because we are mostly interested in A′ masses around or below the µ+µ−

threshold, we will consider exclusively the electronic channel, and assume the branching

ratio for A′ → e+e− is one hundred percent. For the parameter space relevant to this work,

the decay of A′ is prompt. The A′ produced through scattering with argon is boosted in

the lab frame so the resulting e+e− are collimated. The four momenta of the outgoing

lepton pair reconstruct the A′ mass. Thus, ignoring the electron mass, the lepton energies,

Ee± , and opening angle, ∆θ, always satisfy the kinematical relation,

4Ee+Ee− sin2

(
∆θ

2

)
= M2

A′ . (4.4)

The existence of a resonance and the different kinematics of the dark matter signal and the

neutrino background will allow separation of signal from background events. We address

the issues of background rate and signal efficiency below, in section 4.1, but point out here

that the true reach can only be determined by each experiment. Here we present the best

case scenario, the region of the ε2−MA′ parameter space for which MicroBooNE, ICARUS,

and SBND will have 10 or more dark trident signal events after a fixed amount of POT in

the NuMI beam, assuming the efficiency for the signal is 100%. We consider two points in

time — the present and the mid-20’s. The MicroBooNE experiment has already collected

over 1021 POT from the NuMI beam. The region of parameter space where MicroBooNE

expected to have already recorded ten signal events assuming maximum signal efficiency

is depicted by the dashed black line in figure 2 and figure 3. On the other hand, the

NuMI beam is expected to run until 2024 and it is not overly optimistic to assume it will
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collect over 8 × 1021 POT. The region of parameter space where the three different LAr

experiments are expected to record ten signal events assuming maximum signal efficiency

is depicted by the solid lines in figure 2 and figure 3, the color coding is indicated in the

figure. As we will argue below, (our estimate of) the efficiency is high for MA′ & 50 MeV

but for lower masses the efficiency drops and one would require more POTs to identify the

same number of events. Taking efficiency into account, the curves in figures 2, 3 can be

thought of as the contours for 10 dark trident signal events with luminosity rescaled by

1/efficiency. We emphasize that efficiencies and background rates will vary by experiment

and can only be reliably determined by them. Furthermore, the ultimate results presented

in figure 2, 3 assume equal exposure for all three experiments.

4.1 Estimates of background rates and signal efficiency

The irreducible background for our signal is SM trident production from the off-axis NuMI

neutrino beam passing through the MicroBooNE detector. The SM neutrino trident pro-

duction cross section is known to be very small [44, 45], σ (Eν . 10 GeV) ∼ 10−6 pb. Using

the officially reported NuMI neutrino flux at MicroBooNE [41] we estimate that there is

less than a 1% chance of one neutrino trident event for 1021 POT. Instead, the domi-

nant background is reducible and comes from the normal neutrino charged current (CC)

or neutral-current (NC) interactions dressed with additional π0 radiation. These dressed

events could fake the trident signal if photons are misidentified as electrons. In addition,

γ emission can also fake the signal. The associated rate is sufficiently small and can be

ignored.

Based on the officially reported NuMI neutrino flux at MicroBooNE [41] and the

ArgoNeuT measurement of the CC scattering cross section on argon [46], we estimate

∼ 6×104(3000) νµ(νe) CC events at MicroBooNE, for 1021 POT. The νe CC events can fake

the signal if dressed by a π0, the rate for which was measured at MINERvA [47]. We expect

∼ 600 events. The νµ CC events will not fake the signal unless a muon is misidentified as an

electron, and the event is dressed with a π0. However, νµ NC events need only be dressed

with a π0 (NCπ0) to fake the signal. The ratio of this rate to the CC rate was measured

at ArgoNeuT [48] and is σNCπ0/σCC ∼ 0.14. Thus, we expect ∼ 8000 such events. Liquid

argon detectors have the capability of precise particle identification. Leveraging features

like energy deposition and the decay length of photons in liquid argon [49], we expect low

misidentification rates, such as ∼ 10−2 for confusing a π0 with an electron or 10−3 for

confusing a π0 with an electron pair. With this level of background rejection, we expect

a total of O(15) background events, before taking into account the invariant mass peak of

the signal we are searching for, which is lacking in the background.

It is interesting to compare the signal and background rates for an off-axis detector

like MicroBooNE to those for a more on-axis detector like NOvA, or in the future DUNE.5

The signal rate for a detector at the same off-axis angle as NOvA (14 mrad) is larger than

that at the angle of MicroBooNE by a factor of 20. On the other hand, backgrounds are

5The DUNE-PRISM proposal [50] for a moveable DUNE near detector to reduce systematic effects in

determining oscillation parameters will function as both an on-axis and off-axis detector, and will be a good

dark trident detector.
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Emin, Emax > 30 MeV Emax > 30 MeV, Emin > 5 MeV

MA′/Mχ 5◦ 8◦ 15◦ MA′/Mχ 5◦ 8◦ 15◦

100 MeV/60 MeV 0.75 0.70 0.55 100 MeV/60 MeV 0.95 0.90 0.75

50 MeV/30 MeV 0.56 0.44 0.26 50 MeV/30 MeV 0.79 0.68 0.49

10 MeV/6 MeV 0.11 0.028 0.001 10 MeV/6 MeV 0.29 0.15 0.04

Table 2. Efficiencies to pass cuts on the e± pair produced in DM trident events, estimated from

Monte Carlo.

roughly 200 times larger. Thus, the search for dark tridents changes from being a statistics-

limited analysis to being a systematics-limited one. Therefore, one must understand the

background rate more precisely than we have.

The DM trident signal is a rich final state providing many observables that LAr de-

tectors can measure precisely, allowing signal to be separated from backgrounds. The two

electron tracks reconstruct a resonance of fixed invariant mass eq. (4.4), the reconstructed

A′ momentum points back to the target, and the arrival of the electrons is in time with the

beam. There may also be additional activity from the recoil of the argon nucleus that can

potentially be observed and is correlated with the electron pair. In particular, the dark

photon, reconstructed from the electron pair, tends to travel along the beam direction while

the argon nucleus is mostly likely to travel in the orthogonal direction to the dark photon.

These correlations are demonstrated in figure 6. For light mediators (MA′ . 100 MeV),

the energy transfer to the argon nucleus is typically well below its binding energy and the

hadronic activity will be small. In this case, we may further suppress the background by re-

quiring very little hadronic activity in the events. Other cuts, such as requiring the charged

leptons to have nearly the same track length, may also aid in reducing background events.

Since the e± pair reconstructs a resonance, their energies and the opening angle be-

tween them are related, as discussed in eq. (4.4) and depicted in figure 7. There are

minimum energy requirements for the LAr detectors to accurately measure the electrons’

momentum and energy and the lepton pair must be sufficiently separated to be identified

as two objects. Exactly what these requirements are depends on complicated detector

issues, but it is clear from eq. (4.4) and figure 7 that lighter A′ decays will be harder to

identify as the signal. Rather than attempt a detailed detector simulation, we investigate

the effects of some reasonable requirements on the lepton energies and ∆θ. In table 2,

we list the efficiency for the events to pass a series of requirements on the leptons for a

few benchmarks. We consider two choices for energy cuts: a conservative choice, which

requires both leptons to have E > 30 MeV, and a more aggressive one, which requires only

the leading lepton energy to be above 30 MeV and that the other be above 5 MeV. In each

case we consider requiring separation between the electrons of 5◦, 8◦, or 15◦; these various

cuts are depicted as lines in figure 7. The heavier A′ benchmark passes all choices of cuts

with high efficiency, whereas the lightest A′ benchmark only has reasonable efficiency for

the more aggressive choice, where small angular separations are resolved.
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Figure 6. The angular distributions of the final state A′ with respect to the incoming dark matter

beam direction (θA′−beam) and with respect to the recoiling argon nucleus direction (θA′−Ar), for

three dark matter and dark photon mass combinations. We fix the dark matter to dark photon

mass ratio to be Mχ/MA′ = 0.6. Note the different ranges in the axes of the different panels.
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1 10 102 103 104

Ee±[MeV]

0◦

30◦

60◦

90◦

120◦

150◦

180◦

θ e
+
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MA′ = 100 MeV, Mχ = 60 MeV

Figure 7. The final state e+e− opening angle versus energy distribution for three dark matter and

dark photon mass combinations. We fix the dark matter to dark photon mass ratio to be 0.6. In

each event, the energy of the more (less) energetic charged lepton is represented by an orange (blue)

point. The distributions are obtained by convolving with the energy spectrum of the incoming χ

beam. The patterns in the bulk of each region are numerical artifacts. The vertical line corresponds

to Ee± = 30 MeV. The horizontal lines correspond to θe+e− = 5◦, 8◦, 15◦.

5 Beyond trident: multiple dark photon radiations

Here, we comment on the possibility of “multi-trident” dark matter production,6 where

the incident χ flux generates the process χ + Ar → χ + Ar + nA′, where n ≥ 2. The n

on-shell A′ particles then decay to electron/positron pairs, producing a signal that is even

more striking than a single dark trident event. This process’s cross section depends on two

features: first, MA′ must be light enough to be radiated on-shell; secondly, the coupling

gD must be relatively large. In table 3, we show the relative number of events for n = 2

vs. n = 1 for three different combinations of MA′ and Mχ. We see that the n = 2 cross

section is more relevant for lighter A′, and can be significant if αD ∼ 1. This is opposite

6Ref. [51] previously explored this type of phenomenon at the LHC.
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MA′ (MeV) Mχ (MeV) Nn=2/Nn=1

100 60 0.06αD
50 30 0.14αD
10 6 0.38αD

Table 3. The number of events at MicroBooNE for double-A′ emission relative to single-A′ emis-

sion, for three sets of χ and A′ masses.

to the effects of reconstruction efficiency discussed above: while lighter A′ may be harder

to detect in the single-trident channel, the abundance of multi-trident events could make

these searches more feasible.

The possibility of multi-trident events leads to interesting complications for event re-

construction. As discussed, see figure 7, for boosted A′ decaying to e+e−, the electron

and positron can have a small opening angle, making it difficult to identify a signal event.

This problem is further complicated in multi-trident events, and there is a possibility of

four charged leptons being identified as 1, 2, 3, or 4 independent tracks. Additionally, we

discussed using the invariant mass of the charged lepton pair as a way to reduce neutrino-

related backgrounds. With multi-trident events, combinatorics makes it more difficult to

identify which tracks originated from the same A′, complicating this reconstruction. We

leave an analysis of this more complicated final state to future work.

6 Conclusion and outlook

In this work, we explore a new channel for neutrino experiments to probe the dark sector.

The dark trident signal consists of a resonant dilepton pair from the prompt decay of a dark

photon, which is produced in the collision of a dark state with a nucleus. We consider a

simple model where the dark matter interacts through the dark photon portal. Our study

focuses on the parameter space where the dark photon cannot decay into dark matter

particles and visible decays dominate. In this case, a dark matter beam can be created in

fixed-target collisions through the production of off-shell dark photons. The dark tridents

are then created downstream in DM-nucleus collisions.

Within this model, we have shown that the dark matter beam is broader than the

neutrino beam. As a result, the ratio of dark trident signal to neutrino backgrounds is

larger for detectors that are a few degrees off-axis. We thus consider dark matter produced

at the NuMI target at Fermilab and then travels to the off-axis liquid argon7 detectors, Mi-

croBooNE, ICARUS and SBND. This allows one to search for dark tridents with low back-

ground rates and to probe currently unexplored regions of parameter space, as depicted in

figures 2 and 3. On-axis detectors may also probe this dark sector model, but require a more

precise understanding of the background when compared to the off-axis case. One can also

7While the MiniBooNE detector has also collected data from the NuMI beam, we expect that its sen-

sitivity to this signal is low, as the liquid scintillator Cerenkov detector is less capable of separating two

electron tracks than liquid argon.
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envision dark trident signals induced by new physics in neutrino scattering (e.g. [21, 22]).

In these cases, on-axis detectors would preform better than off-axis ones.

We have studied the expected efficiency for dark tridents based on the planned capabil-

ities of LAr detectors and found interesting complementary effects. When the dark photon

is relatively heavy, of order 100 MeV, the opening angle between the daughter electron

and positron is sizable and the expected reconstruction efficiency is high. In the region

of lighter A′, of order 10 MeV, the leptons are more collinear and harder to reconstruct.

However, in this region of parameter space, the signal rate is expected to be higher. In

addition, we find that in this lighter A′ region the rate for multi-A′ production, which is

likely a more distinct signal, is higher.

Over the next decade or so, several experiments that are sensitive to the dark matter

scenario discussed here will begin collecting data, and these experiments (as a specific

example, Run 3 of the Large Hadron Collider will allow LHCb to probe mA′ ∼ 200 −
500 MeV for ε2 ∼ 10−10 [52, 53]) will be able to probe a similar region of parameter space

to what we have explored. The current and upcoming SBN program at Fermilab has a

promising opportunity to investigate dark sectors in the dark trident channel. The analysis

of MicroBooNE data currently on tape is already capable of probing unexplored regions of

the parameter space.
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