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A case for more small-scale experiments



Scientists can generate ideas for experiments at a far higher rate (and far lower cost) 
than they can build them!
• Small projects are key to demonstrating new technologies and measurement strategies.
• Pathfinder experiments can establish the key methodologies at low cost, while building 

domestic expertise in tomorrow’s state-of-the-art.

Accelerating science from Theory to Reality
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LDMX
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LDMX: 4 1014 EOT H4 GeVL on 10%W Hme=1,1 yrL
Extended: 1.6 1015 EOT H8 GeVL on 40% Al Hme=2,2 yrL

aD=0.5, mA'=3 mc
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Extended LDMX Sensitivity

FIG. 76: The blue line is the sensitivity of the “Phase I” LDMX discussed throughout this whitepaper,
conservatively assuming 0.5 background events. A scaling estimate of the sensitivity of the scenario de-
noted by the “*” line in Table XIV is illustrated by the red line. We have again assumed low background,
which is consistent with the expected reductions (relative to our 4 GeV study) in both the yield of potential
background, and improved rejection power at higher energies.
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Light Dark Matter eXperiment (LDMX)

Missing momentum search for MeV-GeV Dark Matter 
DOE-HEP experiment being developed for operation at SLAC LESA beamline by SLAC-led consortium with 
contributions by Sweden (Lund University) 

! uses 4/8 GeV LCLS-II electron beam and mature detector technologies to detect dark matter or other 
invisible dark sector states via missing momentum (or energy) in the production reaction 

Prototyping and Technical Design: $1.5M FY20-22(planned), $1.05M (received) 
                                                                      $150K(5/20)+$150K(7/21)+$250K(9/21)+$500K(10/21) 

R&D: ongoing physics studies to optimize design (outside DMNI-scope: required scientific effort not 
supported through DMNI funds.)

Izaguirre, Krnjaic, Schuster, Toro 
Phys. Rev. D 91, 094026 (2015)
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

“Testing GeV DM with fixed-
target missing momentum”

Light Dark Matter 
Experiment whitepaper Prototype beam test LDMX discovers 

Dark Matter ??



Large projects can propel the development of cutting-edge technologies, which 
can often emerge as powerful, general-purpose devices.
• E.g. Silicon sensors: fine pitch, precise timing, high-rate and rad-hard readout electronics.

– Sophisticated technologies, developed & validated by large teams of experts!

Once developed, these technologies can enable entirely new experimental concepts.
• One-time costs of technical innovation can power concepts across scientific domains.

Natural connection between large- and small-scales
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32 GeV 
electron

CPAD 2019Zoltan Gecse

Technology Choices

• Dissipated power ~250kW 
• Removed with two-phase CO2 cooling operated at -35C

!4

CMS Experiment develops 
High-Granularity Endcap 
Calorimeter (Si/CuW) 
for High-Luminosity LHC
• Radiation tolerant
• Excellent e- ID

33

TABLE II: The layout and resolution of the recoil tracker.
Layer 1 2 3 4 5 6
z-position, relative to target (mm) +7.5 +22.5 +37.5 +52.5 +90 +180
Stereo Angle (mrad) 100 -100 100 -100 - -
Bend plane (horizontal) resolution (µm) ⇡6 ⇡6 ⇡6 ⇡6 ⇡6 ⇡6
Non-bend (vertical) resolution (µm) ⇡60 ⇡60 ⇡60 ⇡60 - -

The thinner axial-only layers, at z = +90 mm and z = +180 mm, are mounted on a separate
support structure at the downstream end of the magnet bore as described in Section IV B. They
have a somewhat different module design as shown in Figure 21. Each consists of a pair of sensors,

FIG. 21: The target and recoil tracker.

glued end-to-end, with an APV25-based FR4 hybrid circuit board at each end of this structure to
read out the two sensors. The sensors are standard p+- in - n silicon microstrip sensors, but are
somewhat shorter and wider than those used in the stereo modules and therefore require six APV25
chips to read out each sensor instead of five. The modules are supported at both ends by screw
attachment of the hybrids to castellated support blocks attached to the cooled support structure.

C. Forward Electromagnetic Calorimeter

A high granularity, Si-W sampling calorimeter will be used for the ECal of LDMX. Its compo-
nents and design draws on the High Granularity Calorimeter (HGC) for the forward calorimeter
upgrade of the CMS experiment for the HL-LHC [43]. In particular, the hexagonal sensors, front-
end readout electronics and front-end trigger architecture will be the same. This is facilitated by
the fact that the sampling time for the CMS HGC is comparable to that planned for LDMX.

An ECal that is based on silicon pad sensors is well-suited to the LDMX experiment whose

8 GeV e-

HGCal fulfills central requirements for LDMX
• Radiation hardness (1016 electrons on target)
• Fine segmentation for background rejection

6/27/23



Small projects trickle up to benefit large ones too.
• Directly establishing new measurement techniques, 

science goals e.g.
– Fixed target, missing-momentum at collider experiments.

– Explosion in the number of Dark Sector papers at 
ATLAS/CMS, interest in this science.

Natural connection between large- and small-scales (II)
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Searching for muonic forces with the ATLAS detector

Iftah Galon,1, ⇤ Enrique Kajamovitz,2, † David Shih,1, ‡ Yotam Soreq,3, 2, § and Shlomit Tarem2, ¶
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The LHC copiously produces muons via di↵erent processes, and the muon sample will be large
at the high-luminosity LHC (HL-LHC). In this work we propose to leverage this large muon sample
and utilize the HL-LHC as a muon fixed-target experiment, with the ATLAS calorimeter as the
target. We consider a novel analysis for the ATLAS detector, which takes advantage of the two
independent muon momentum measurements by the inner detector and the muon system. We show
that a comparison of the two measurements, before and after the calorimeters, can probe new force
carriers that are coupled to muons and escape detection. The proposed analysis, based on muon
samples from W and Z decays only, has a comparable reach to other proposals. In particular, it
can explore the part of parameter-space that could explain the muon g � 2 anomaly.

Introduction
The Standard Model (SM) of particle physics has been
successful in describing the known elementary particles
and their interactions and is directly tested by experi-
ments up to the TeV scale. Nevertheless, the SM is not
a complete description of Nature, and should be aug-
mented by new physics (NP) degrees of freedom which
account for neutrino oscillations, dark matter (DM), and
the matter/anti-matter asymmetry of the Universe.

One possible manifestation of NP are new particles
with masses in the MeV–to–GeV range and suppressed
couplings to the SM. Such new particles could be part
or all of DM, or act as mediators to a dark sector.
Muonic Force Carrier (MFC) mediators, X, are partic-
ularly interesting. These mediators have flavor-specific
couplings [1–4], couple to the SM only through muons
and may decay predominantly to DM. MFCs poten-
tially explain inconsistencies in low-energy observations
such as the anomalous magnetic dipole moment of the
muon [5, 6], and the possible anomaly in the measure-
ment of the proton radius in muonic hydrogen [7, 8].

Existing constraints on the existence of dark sector
mediators are predominantly derived from beam-dump,
fixed-target, or collider experiments [9–11]. The con-
straints are weaker for models where the mediator cou-
plings to electrons or protons are suppressed. Specifically,
MFC mediators are only weakly constrained [2]. Models
where mX > 2mµ and X dominantly decays back to
µ+µ� are constrained by the BaBar analysis [12]. Data
from rare B decays also constrain MFC mediators [13],
but with larger model dependency.

Recent studies suggest that MFCs could be searched
for in muon-fixed-target experiments [2, 14, 15], in kaon
decays at the NA62 experiment [16] or in Belle II [17].
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ID<latexit sha1_base64="Cmf7diFTh0zSBnIMlPGy1QcvQ00=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHvQWwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVFtmJIPdpzQUOCBZDEj2Dqp2dUC3d30yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm107QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18GWZMJqmlkswXxSlHVqHp66jPNCWWjx3BRDN3KyJDrDGxLqCSCyFYfHmZNM+qgV8N7s8rtas8jiIcwTGcQgAXUINbqEMDCDzCM7zCm6e8F+/d+5i3Frx85hD+wPv8AdISjp4=</latexit><latexit sha1_base64="Cmf7diFTh0zSBnIMlPGy1QcvQ00=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHvQWwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVFtmJIPdpzQUOCBZDEj2Dqp2dUC3d30yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm107QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18GWZMJqmlkswXxSlHVqHp66jPNCWWjx3BRDN3KyJDrDGxLqCSCyFYfHmZNM+qgV8N7s8rtas8jiIcwTGcQgAXUINbqEMDCDzCM7zCm6e8F+/d+5i3Frx85hD+wPv8AdISjp4=</latexit><latexit sha1_base64="Cmf7diFTh0zSBnIMlPGy1QcvQ00=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHvQWwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVFtmJIPdpzQUOCBZDEj2Dqp2dUC3d30yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm107QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18GWZMJqmlkswXxSlHVqHp66jPNCWWjx3BRDN3KyJDrDGxLqCSCyFYfHmZNM+qgV8N7s8rtas8jiIcwTGcQgAXUINbqEMDCDzCM7zCm6e8F+/d+5i3Frx85hD+wPv8AdISjp4=</latexit><latexit sha1_base64="Cmf7diFTh0zSBnIMlPGy1QcvQ00=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHvQWwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVFtmJIPdpzQUOCBZDEj2Dqp2dUC3d30yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm107QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18GWZMJqmlkswXxSlHVqHp66jPNCWWjx3BRDN3KyJDrDGxLqCSCyFYfHmZNM+qgV8N7s8rtas8jiIcwTGcQgAXUINbqEMDCDzCM7zCm6e8F+/d+5i3Frx85hD+wPv8AdISjp4=</latexit>

pout
<latexit sha1_base64="xodzpXxCXp9pxj1LNBuD2A+RwV8=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NXrJk9/bYnRPCkZ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxqW50ZxltMS206EbVcioS3UKDkndRwqiLJH6Px7cx/fOLGCp084CTloaLDRMSCUXRSN+3nPaOIznDar9b8uj8HWSVBQWpQoNmvfvUGmmWKJ8gktbYb+CmGOTUomOTTSi+zPKVsTIe862hCFbdhPj95Ss6cMiCxNq4SJHP190ROlbUTFblORXFkl72Z+J/XzTC+DnORpBnyhC0WxZkkqMnsfzIQhjOUE0coM8LdStiIGsrQpVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBAw3P8ApvHnov3rv3sWgtecXMMfyB9/kDgQaRYg==</latexit><latexit sha1_base64="xodzpXxCXp9pxj1LNBuD2A+RwV8=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NXrJk9/bYnRPCkZ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxqW50ZxltMS206EbVcioS3UKDkndRwqiLJH6Px7cx/fOLGCp084CTloaLDRMSCUXRSN+3nPaOIznDar9b8uj8HWSVBQWpQoNmvfvUGmmWKJ8gktbYb+CmGOTUomOTTSi+zPKVsTIe862hCFbdhPj95Ss6cMiCxNq4SJHP190ROlbUTFblORXFkl72Z+J/XzTC+DnORpBnyhC0WxZkkqMnsfzIQhjOUE0coM8LdStiIGsrQpVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBAw3P8ApvHnov3rv3sWgtecXMMfyB9/kDgQaRYg==</latexit><latexit sha1_base64="xodzpXxCXp9pxj1LNBuD2A+RwV8=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NXrJk9/bYnRPCkZ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxqW50ZxltMS206EbVcioS3UKDkndRwqiLJH6Px7cx/fOLGCp084CTloaLDRMSCUXRSN+3nPaOIznDar9b8uj8HWSVBQWpQoNmvfvUGmmWKJ8gktbYb+CmGOTUomOTTSi+zPKVsTIe862hCFbdhPj95Ss6cMiCxNq4SJHP190ROlbUTFblORXFkl72Z+J/XzTC+DnORpBnyhC0WxZkkqMnsfzIQhjOUE0coM8LdStiIGsrQpVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBAw3P8ApvHnov3rv3sWgtecXMMfyB9/kDgQaRYg==</latexit><latexit sha1_base64="xodzpXxCXp9pxj1LNBuD2A+RwV8=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NXrJk9/bYnRPCkZ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZelEph0fe/vdLa+sbmVnm7srO7t39QPTxqW50ZxltMS206EbVcioS3UKDkndRwqiLJH6Px7cx/fOLGCp084CTloaLDRMSCUXRSN+3nPaOIznDar9b8uj8HWSVBQWpQoNmvfvUGmmWKJ8gktbYb+CmGOTUomOTTSi+zPKVsTIe862hCFbdhPj95Ss6cMiCxNq4SJHP190ROlbUTFblORXFkl72Z+J/XzTC+DnORpBnyhC0WxZkkqMnsfzIQhjOUE0coM8LdStiIGsrQpVRxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBAw3P8ApvHnov3rv3sWgtecXMMfyB9/kDgQaRYg==</latexit>

✓
<latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit><latexit sha1_base64="JqEnYvV6PtsKBJYmBVwEpjIMANw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41rU4NhwbXUpt2xCxIoaCBAiW0EwMsjiS0ovHtzG89gbFCqwecJBDGbKjEQHCGTmp2cQTIeuWKX/XnoKskyEmF5Kj3yl/dvuZpDAq5ZNZ2Aj/BMGMGBZcwLXVTCwnjYzaEjqOKxWDDbH7tlJ45pU8H2rhSSOfq74mMxdZO4sh1xgxHdtmbif95nRQH12EmVJIiKL5YNEglRU1nr9O+MMBRThxh3Ah3K+UjZhhHF1DJhRAsv7xKmhfVwK8G95eV2k0eR5GckFNyTgJyRWrkjtRJg3DySJ7JK3nztPfivXsfi9aCl88ckz/wPn8Ao/ePKA==</latexit>

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

`T (⌘)
<latexit sha1_base64="NnysXXZqkxnFoaYGrHsAw3kzECQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxW6Bc0oWy203bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WNza3tneJuaW//4PCofHzS1nGqGLZYLGLVDalGwSW2DDcCu4lCGoUCO+Hkfu53nlBpHsummSYYRHQk+ZAzaqzk+yhEv1n10dDLfrni1twFyDrxclKBHI1++csfxCyNUBomqNY9z01MkFFlOBM4K/mpxoSyCR1hz1JJI9RBtrh5Ri6sMiDDWNmShizU3xMZjbSeRqHtjKgZ61VvLv7n9VIzvA0yLpPUoGTLRcNUEBOTeQBkwBUyI6aWUKa4vZWwMVWUGRtTyYbgrb68TtpXNc+teY/XlfpdHkcRzuAcquDBDdThARrQAgYJPMMrvDmp8+K8Ox/L1oKTz5zCHzifPzyqkSU=</latexit><latexit sha1_base64="NnysXXZqkxnFoaYGrHsAw3kzECQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxW6Bc0oWy203bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WNza3tneJuaW//4PCofHzS1nGqGLZYLGLVDalGwSW2DDcCu4lCGoUCO+Hkfu53nlBpHsummSYYRHQk+ZAzaqzk+yhEv1n10dDLfrni1twFyDrxclKBHI1++csfxCyNUBomqNY9z01MkFFlOBM4K/mpxoSyCR1hz1JJI9RBtrh5Ri6sMiDDWNmShizU3xMZjbSeRqHtjKgZ61VvLv7n9VIzvA0yLpPUoGTLRcNUEBOTeQBkwBUyI6aWUKa4vZWwMVWUGRtTyYbgrb68TtpXNc+teY/XlfpdHkcRzuAcquDBDdThARrQAgYJPMMrvDmp8+K8Ox/L1oKTz5zCHzifPzyqkSU=</latexit><latexit sha1_base64="NnysXXZqkxnFoaYGrHsAw3kzECQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxW6Bc0oWy203bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WNza3tneJuaW//4PCofHzS1nGqGLZYLGLVDalGwSW2DDcCu4lCGoUCO+Hkfu53nlBpHsummSYYRHQk+ZAzaqzk+yhEv1n10dDLfrni1twFyDrxclKBHI1++csfxCyNUBomqNY9z01MkFFlOBM4K/mpxoSyCR1hz1JJI9RBtrh5Ri6sMiDDWNmShizU3xMZjbSeRqHtjKgZ61VvLv7n9VIzvA0yLpPUoGTLRcNUEBOTeQBkwBUyI6aWUKa4vZWwMVWUGRtTyYbgrb68TtpXNc+teY/XlfpdHkcRzuAcquDBDdThARrQAgYJPMMrvDmp8+K8Ox/L1oKTz5zCHzifPzyqkSU=</latexit><latexit sha1_base64="NnysXXZqkxnFoaYGrHsAw3kzECQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxW6Bc0oWy203bpZhN2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4WNza3tneJuaW//4PCofHzS1nGqGLZYLGLVDalGwSW2DDcCu4lCGoUCO+Hkfu53nlBpHsummSYYRHQk+ZAzaqzk+yhEv1n10dDLfrni1twFyDrxclKBHI1++csfxCyNUBomqNY9z01MkFFlOBM4K/mpxoSyCR1hz1JJI9RBtrh5Ri6sMiDDWNmShizU3xMZjbSeRqHtjKgZ61VvLv7n9VIzvA0yLpPUoGTLRcNUEBOTeQBkwBUyI6aWUKa4vZWwMVWUGRtTyYbgrb68TtpXNc+teY/XlfpdHkcRzuAcquDBDdThARrQAgYJPMMrvDmp8+K8Ox/L1oKTz5zCHzifPzyqkSU=</latexit>
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FIG. 1: An illustration of the proposed measurement - the
ATLAS detector as muon fixed-target experiment.

MFC production in muon-target interactions would regis-
ter as a momentum di↵erence between the incoming and
outgoing muons which is not accounted for by the en-
ergy deposition in the (instrumented) target. Such ded-
icated apparatuses may be available at CERN by run-
ning the NA64 experiment with a muon beam [2, 18],
and at FermiLab, by leveraging the muon beam-line of
the Muon (g � 2) experiment [19], and constructing the
M3 apparatus [14].

In this Letter, we propose to utilize the ATLAS detec-
tor as a muon fixed-target experiment, which is sensitive
to the missing muon momentum signature and therefore
probes MFCs. The calorimeters serve as an instrumented
target, and the Inner Detector (ID), and Muon Sys-
tem (MS) provide independent muon momentum mea-
surements before and after the target, as illustrated in
Fig. 1. It is important that in ATLAS there is no un-
instrumented material between the calorimeter and the
MS. This ensures that an accurate measurement of the
missing muon momentum signature is possible.

Using muons from Z and W decays, in total O(1010)
muons on target at the high-luminosity LHC (HL-LHC),
we estimate that the proposed analysis is sensitive to
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• Training a next-generation of detector experts, 
who can immediately contribute elsewhere.
– Experienced detector optimization, prototyping, 

testing, production, and data-taking!

– Significant benefits from having local hardware, 
and a US-based experiment.

– E.g. LDMX students have made an huge impacts 
on CMS detector operations.

• A balance of small & large experiments 
encourages wide collaboration, breaks silos!
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Alternating vertical and  
horizontal layers 

Each bar readout by SiPM  
at both ends 


