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Outline

• Dark sector physics motivators 

• Why and how to look for dark sectors at accelerators 

• Experimental approaches - schematic organization 

• Takeaway messages and discussion
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Physics drivers
• Dark matter exists 

• Thermal freeze-out DM narrows the mass range to ~MeV-TeV 

• Provides clear milestones  

• WIMP searches thus far no discovery 

• Dark sectors can solve many experimental/theoretical puzzles 

• Dark sectors mean SM-neutral forces (typically < ~GeV) 

• Can include dark matter 

• For parts of phase space, visible (SM) final states needed for discovery
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Thermal Freeze-Out Dark Matter

• We know how much DM there is 

• Thermal freeze-out is a nice origin 
story for dark matter 

• Easily realized, predictive, UV 
insensitive
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The story of the WIMP

From J. Feng

For a thermal relic, you learn precisely one number, namely the annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2



Thermal, but not WIMP
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Thermal, but not WIMP
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MeV GeV TeVkeV

~100 TeV, 
Violate unitarityBBN boundCDM bound

DIRECT DETECTION

COLLIDER

LHC: DIJETS, MONOJETS, 
SUSY, ETC.

B- 
FACTORIES

WHAT ABOUT THIS 
REGION?

NORMAL MATTER LIVES 
HERE, WHY NOT DM?

+ Curious results… 
muon g-2, proton radius puzzle, K0TO anomaly,  
MiniBooNE/MicroBooNE excess, Xenon-1T excess, flavor 
anomalies, neutron lifetime anomaly

Lee-Weinberg bound,  
light DM requires light mediators 

→ Dark Sectors



Dark Sectors
CERN physics beyond colliders
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beams to investigate the muon g-2 anomaly and search generically for light dark matter 83	
physics preferentially coupling to muons. 84	

	85	
Figure	1:	Thermal	relic	dark	matter	targets	for	direct	detection	(left)	and	accelerator-based	experiments	(right)	86	

Figure 2 (left) illustrates the comprehensive capability of LDMX to confront the low- 87	
mass thermal relic hypothesis. LDMX employs a low current 4 to 12 GeV high-88	
repetition-rate electron beam, from, for example, the JLab CEBAF or proposed SLAC 89	
DASEL beamlines. The dark force carrier is produced via dark bremsstrahlung in the 90	
interaction of the electron beam with a thin target. The experimental signature is a soft 91	
wide-angle scattered electron and missing momentum. The detector shown in Fig. 2 92	
(right) is composed of a tracker surrounding the target, to measure each incoming and 93	
outgoing electron individually, and a fast hermetic calorimeter system capable of 94	
sustaining an O(100) MHz rate while vetoing low-multiplicity Standard Model 95	
backgrounds. LDMX leverages mature and developing detector technologies and 96	
expertise from the HPS (Heavy Photon Search) and CMS experiments to achieve the 97	
required detector performance to discover light dark matter.  This proposal focuses on the 98	
LDMX HCal, or hadronic veto system, which plans to leverage Fermilab and CMS 99	
investments in fast electronics and scintillator production. 100	

						 	101	
Figure	2:	Left,	reach	of	the	LDMX	compared	against	current	constraints	and	thermal	relic	targets.	Right,	LDMX	102	

detector	concept	103	
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Accelerators and direct detection
Spin-dependent Spin-independent
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Experimental signatures 
and techniques
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Asterisk 1
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Many of the plots you will see, we’ve been discussing for the last few days 
and thus are not final



Portal benchmarks

(Preliminary) benchmarks
initiated by N.Toro

Bold = BRN benchmark, italic = PBC benchmark, others are new suggestions

S.Gori

Focus: both the DM and the mediator are light (O(GeV) or less)

BRN = basic research needs for DM small projects 

Batell, Han, McKeen, Es Haghi 
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How to make the dark sector 101

Collider Fixed Target

+

Particle beams
e±,p,μ

+

A lot of statistics
(LDM has small couplings)
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How to make the dark sector 101

Collider Fixed Target

+

Particle beams
e±,p,μ

+

A lot of statistics
(LDM has small couplings)

• Electrons/positrons are easy to make and very 
precise 
• You can make a lot of them and control them 

very well 

• Protons make all kinds of stuff, versatile 
production mechanism 
• e.g. mesons, muons, taus, heavy quarks,… 
• Cons: protons make all kinds of stuff, including 

neutrinos 

• Muons are unique window to 2nd generation 
• Heavy (than electrons), clean (minimum ionizing) 
• Cons: muon beams are harder to come by and 

control
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Visible and invisible

Thermal Dark Matter Targets in the MeV-GeV Range
• Vector (A’) portal most viable; scalar portal 

largely excluded 

• Electron beams are attractive for direct 
production: clean, easy to produce 

• Can either search for visible decays of 
mediator or DM 

A0 �

�̄

�

e+

e�
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<latexit sha1_base64="vVH0BhXsUTb3L9PrhwVKXFODE4k=">AAAB6nicdVDLSgNBEOyNrxhfUY96GAyCp2VWUeMtqAePCZoHJEuYncwmQ2YfzMwKYcknePGgiFc/wu/w5s1PcbKJoKIFDUVVN91dXiy40hi/W7m5+YXFpfxyYWV1bX2juLnVUFEiKavTSESy5RHFBA9ZXXMtWCuWjASeYE1veDHxm7dMKh6FN3oUMzcg/ZD7nBJtpOt+97JbLGH7GDtnJxhhG2fISNk5cpAzU0qV3dfaBwBUu8W3Ti+iScBCTQVRqu3gWLspkZpTwcaFTqJYTOiQ9Fnb0JAETLlpduoY7Rulh/xImgo1ytTvEykJlBoFnukMiB6o395E/MtrJ9ovuykP40SzkE4X+YlAOkKTv1GPS0a1GBlCqOTmVkQHRBKqTToFE8LXp+h/0ji0HWw7NZPGOUyRhx3YgwNw4BQqcAVVqAOFPtzBAzxawrq3nqznaWvOms1sww9YL59OyZAF</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="xwOYl7dVgeUyYoi2Ltgw1ZDBGBE=">AAAB6nicdVDLSgMxFM34rPVVdalIsAiuhkRR666oC5ct2ge0Q8mkmWlo5kGSEcrQpUs3LhRx60f0O9z5Df6E6bSCih64cDjnXu69x40FVxqhd2tmdm5+YTG3lF9eWV1bL2xs1lWUSMpqNBKRbLpEMcFDVtNcC9aMJSOBK1jD7V+M/cYtk4pH4Y0exMwJiB9yj1OijXTtdy47hSKyjxE+O0EQ2ShDRkr4CEM8VYrlnVH14253VOkU3trdiCYBCzUVRKkWRrF2UiI1p4IN8+1EsZjQPvFZy9CQBEw5aXbqEO4bpQu9SJoKNczU7xMpCZQaBK7pDIjuqd/eWPzLayXaKzkpD+NEs5BOFnmJgDqC479hl0tGtRgYQqjk5lZIe0QSqk06eRPC16fwf1I/tDGycdWkcQ4myIFtsAcOAAanoAyuQAXUAAU+uAeP4MkS1oP1bL1MWmes6cwW+AHr9RMtDpFr</latexit><latexit sha1_base64="YAGHUC7WKJ1nTvDe1/VLlrrpgLg=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GhJFrbuiLlxWtA9oh5JJM9PQTGZIMkIZ+gluXCji1i9y59+YTkdQ0QMXDufcy733+Ing2iD04ZQWFpeWV8qrlbX1jc2t6vZOW8epoqxFYxGrrk80E1yyluFGsG6iGIl8wTr++HLmd+6Z0jyWd2aSMC8ioeQBp8RY6TYcXA2qNeSeIHx+iiByUY6c1PExhrhQaqBAc1B97w9jmkZMGiqI1j2MEuNlRBlOBZtW+qlmCaFjErKepZJETHtZfuoUHlhlCINY2ZIG5ur3iYxEWk8i33ZGxIz0b28m/uX1UhPUvYzLJDVM0vmiIBXQxHD2NxxyxagRE0sIVdzeCumIKEKNTadiQ/j6FP5P2kcuRi6+QbXGRRFHGeyBfXAIMDgDDXANmqAFKAjBA3gCz45wHp0X53XeWnKKmV3wA87bJz7PjcA=</latexit>

e
<latexit sha1_base64="iwCDN5oMuuZd6k91cuvVwPpMsrY=">AAAB6HicdZDLS0JBFMbPtZfZy2rZZkiCVjK3qGwRSW1aKuQDVGTueNTJuQ9m5gYiQvs2LYpo2z/Tvl3/TePVoKI+GPj4fecw5xwvkkIbSj+c1Nz8wuJSejmzsrq2vpHd3KrqMFYcKzyUoap7TKMUAVaMMBLrkULmexJr3uByktduUWkRBtdmGGHLZ71AdAVnxqIytrM5mj+i7ukxJTRPEyWm4B66xJ2R3Plb5uwOAErt7HuzE/LYx8BwybRuuDQyrRFTRnCJ40wz1hgxPmA9bFgbMB91a5QMOiZ7lnRIN1T2BYYk9HvHiPlaD33PVvrM9PXvbAL/yhqx6RZaIxFEscGATz/qxpKYkEy2Jh2hkBs5tIZxJeyshPeZYtzY22TsEb42Jf+b6kHepXm3THPFC5gqDTuwC/vgwgkU4QpKUAEOCPfwCE/OjfPgPDsv09KUM+vZhh9yXj8BaO2O1A==</latexit><latexit sha1_base64="SY/hUUe52M853caEzD9IZNs1iv8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZRa0LsejGZQu2FdqhZNIzbWzmQpIRSukTuHGhiFt9GPduxLcxnVZQ0R8CP99/Djnn+IngShPyYeVmZufmF/KL9tLyyupaYX2jruJUMqixWMTyyqcKBI+gprkWcJVIoKEvoOH3z8d54wak4nF0qQcJeCHtRjzgjGqDqtAuFIlzQNzjQ4KJQzJlpuTuu9idkuLpq32SvLzblXbhrdWJWRpCpJmgSjVdkmhvSKXmTMDIbqUKEsr6tAtNYyMagvKG2aAjvGNIBwexNC/SOKPfO4Y0VGoQ+qYypLqnfmdj+FfWTHVQ8oY8SlINEZt8FKQC6xiPt8YdLoFpMTCGMsnNrJj1qKRMm9vY5ghfm+L/TX3PcYnjVkmxfIYmyqMttI12kYuOUBldoAqqIYYA3aJ79GBdW3fWo/U0Kc1Z055N9EPW8ydafJBI</latexit><latexit sha1_base64="SY/hUUe52M853caEzD9IZNs1iv8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZRa0LsejGZQu2FdqhZNIzbWzmQpIRSukTuHGhiFt9GPduxLcxnVZQ0R8CP99/Djnn+IngShPyYeVmZufmF/KL9tLyyupaYX2jruJUMqixWMTyyqcKBI+gprkWcJVIoKEvoOH3z8d54wak4nF0qQcJeCHtRjzgjGqDqtAuFIlzQNzjQ4KJQzJlpuTuu9idkuLpq32SvLzblXbhrdWJWRpCpJmgSjVdkmhvSKXmTMDIbqUKEsr6tAtNYyMagvKG2aAjvGNIBwexNC/SOKPfO4Y0VGoQ+qYypLqnfmdj+FfWTHVQ8oY8SlINEZt8FKQC6xiPt8YdLoFpMTCGMsnNrJj1qKRMm9vY5ghfm+L/TX3PcYnjVkmxfIYmyqMttI12kYuOUBldoAqqIYYA3aJ79GBdW3fWo/U0Kc1Z055N9EPW8ydafJBI</latexit><latexit sha1_base64="hSOEKns7no4IH223gvYNufj+WEs=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgackqar0VvXhswX5Au5RsOm1js9klyQpl6S/w4kERr/4kb/4b0+0KKvpg4PHeDDPzglhwbQj5cApLyyura8X10sbm1vZOeXevpaNEMWiySESqE1ANgktoGm4EdGIFNAwEtIPJ9dxv34PSPJK3ZhqDH9KR5EPOqLFSA/rlCnHPiHd5TjBxSYaMVL1TD3u5UkE56v3ye28QsSQEaZigWnc9Ehs/pcpwJmBW6iUaYsomdARdSyUNQftpdugMH1llgIeRsiUNztTvEykNtZ6Gge0MqRnr395c/MvrJmZY9VMu48SAZItFw0RgE+H513jAFTAjppZQpri9FbMxVZQZm03JhvD1Kf6ftE5cj7heg1RqV3kcRXSADtEx8tAFqqEbVEdNxBCgB/SEnp0759F5cV4XrQUnn9lHP+C8fQL5po0H</latexit>

✏
<latexit sha1_base64="IWifQ3hYqUZpmSfjjJLeV2VvHGA=">AAAB73icdZDLSgMxFIbPeK3jrerSTbAIrkpGUetCLLpxWcFeoC0lk2ba0ExmTDJCGQo+gxsXirj1Sdy7821MpxVU9IfAz/efQ845fiy4Nhh/ODOzc/MLi7kld3lldW09v7FZ01GiKKvSSESq4RPNBJesargRrBErRkJfsLo/uBjn9VumNI/ktRnGrB2SnuQBp8RY1GixWHMRyU6+gIuH2Ds5wggXcabMlLwDD3lTUjh7c0/vAKDSyb+3uhFNQiYNFUTrpodj006JMpwKNnJbiWYxoQPSY01rJQmZbqfZvCO0a0kXBZGyTxqU0e8dKQm1Hoa+rQyJ6evf2Rj+lTUTE5TaKZdxYpikk4+CRCATofHyqMsVo0YMrSFUcTsron2iCDX2RK49wtem6H9T2y96uOhd4UL5HCbKwTbswB54cAxluIQKVIGCgHt4hCfnxnlwnp2XSemMM+3Zgh9yXj8B7EKSCw==</latexit><latexit sha1_base64="994krxD012WqPHokA1AXxlXujvE=">AAAB73icdZDLSgMxFIYz9VbHW9Wlm2ARXA2JotaFWHTjsoK9QDuUTJq2oZnMmGSEMvQl3LhQRHDlk7h3I76N6bSCiv4Q+Pn+c8g5J4gF1wahDyc3Mzs3v5BfdJeWV1bXCusbNR0lirIqjUSkGgHRTHDJqoYbwRqxYiQMBKsHg/NxXr9hSvNIXplhzPyQ9CTvckqMRY0WizUXkWwXisg7QPj4EEHkoUyZKeF9DPGUFE9f3ZP4+d2ttAtvrU5Ek5BJQwXRuolRbPyUKMOpYCO3lWgWEzogPda0VpKQaT/N5h3BHUs6sBsp+6SBGf3ekZJQ62EY2MqQmL7+nY3hX1kzMd2Sn3IZJ4ZJOvmomwhoIjheHna4YtSIoTWEKm5nhbRPFKHGnsi1R/jaFP5vanseRh6+RMXyGZgoD7bANtgFGByBMrgAFVAFFAhwC+7Bg3Pt3DmPztOkNOdMezbBDzkvn93Rk38=</latexit><latexit sha1_base64="994krxD012WqPHokA1AXxlXujvE=">AAAB73icdZDLSgMxFIYz9VbHW9Wlm2ARXA2JotaFWHTjsoK9QDuUTJq2oZnMmGSEMvQl3LhQRHDlk7h3I76N6bSCiv4Q+Pn+c8g5J4gF1wahDyc3Mzs3v5BfdJeWV1bXCusbNR0lirIqjUSkGgHRTHDJqoYbwRqxYiQMBKsHg/NxXr9hSvNIXplhzPyQ9CTvckqMRY0WizUXkWwXisg7QPj4EEHkoUyZKeF9DPGUFE9f3ZP4+d2ttAtvrU5Ek5BJQwXRuolRbPyUKMOpYCO3lWgWEzogPda0VpKQaT/N5h3BHUs6sBsp+6SBGf3ekZJQ62EY2MqQmL7+nY3hX1kzMd2Sn3IZJ4ZJOvmomwhoIjheHna4YtSIoTWEKm5nhbRPFKHGnsi1R/jaFP5vanseRh6+RMXyGZgoD7bANtgFGByBMrgAFVAFFAhwC+7Bg3Pt3DmPztOkNOdMezbBDzkvn93Rk38=</latexit><latexit sha1_base64="tFcToVCKpoaUFXXNPnNTmy02eZw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ6KodVd047KCfUA7lEyaaUMzyZhkhDL0J9y4UMStv+POvzGdjqCiBy4czrmXe+8JE8GNRejDW1hcWl5ZLa2V1zc2t7YrO7sto1JNWZMqoXQnJIYJLlnTcitYJ9GMxKFg7XB8NfPb90wbruStnSQsiMlQ8ohTYp3U6bHEcKFkv1JF/inCF2cIIh/lyEkNn2CIC6UKCjT6lffeQNE0ZtJSQYzpYpTYICPacirYtNxLDUsIHZMh6zoqScxMkOX3TuGhUwYwUtqVtDBXv09kJDZmEoeuMyZ2ZH57M/Evr5vaqBZkXCapZZLOF0WpgFbB2fNwwDWjVkwcIVRzdyukI6IJtS6isgvh61P4P2kd+xj5+AZV65dFHCWwDw7AEcDgHNTBNWiAJqBAgAfwBJ69O+/Re/Fe560LXjGzB37Ae/sEfQqQPg==</latexit>

DM SM

Mediator
decay in
experiments

mA0
<latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit><latexit sha1_base64="OazFZHn6MKTEDYK5BnZZGQ+s+PY=">AAACAHicbVC7TsNAEDyHVwivAAUFjUWCRBXZaaAM0FAGiTykxFjnyyY55c627taIyHLDr9BQgBAtn0HH33B5FJAw0kqjmV3t7gSx4Bod59vKrayurW/kNwtb2zu7e8X9g6aOEsWgwSIRqXZANQgeQgM5CmjHCqgMBLSC0fXEbz2A0jwK73AcgyfpIOR9zigayS8elaWfdhEeUcn0MrvvxopLyMp+seRUnCnsZeLOSYnMUfeLX91exBIJITJBte64ToxeShVyJiArdBMNMWUjOoCOoSGVoL10+kBmnxqlZ/cjZSpEe6r+nkip1HosA9MpKQ71ojcR//M6CfYvvJSHcYIQstmifiJsjOxJGnaPK2AoxoZQpri51WZDqihDk1nBhOAuvrxMmtWK61Tc22qpdjWPI0+OyQk5Iy45JzVyQ+qkQRjJyDN5JW/Wk/VivVsfs9acNZ85JH9gff4ACVqWqw==</latexit>

m�
<latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit><latexit sha1_base64="w5cThhW8S1YUJyvwfWZdwyp2JVQ=">AAAB73icbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeSSwIbPDLEyYxzoza0I2/IQXDxrj1d/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZO6VTHokzGrDsoVv+YvgNZJkJMK5GgOyl/9oSKpoNISjo3pBX5iwwxrywins1I/NTTBZIJHtOeoxIKaMFvcO0MXThmiWGlX0qKF+nsiw8KYqYhcp8B2bFa9ufif10ttfB1mTCappZIsF8UpR1ah+fNoyDQllk8dwUQzdysiY6wxsS6ikgshWH15nbTrtcCvBff1SuMmj6MIZ3AOlxDAFTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwA8MY9s</latexit>

2m�
<latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit><latexit sha1_base64="X2+MKJ4N9SC9+ZL8Ws7pMtkUzAM=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irtc9Ej04hETeRjYkNlhFibMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruihDNjff/bK2xsbm3vFHdLe/sHh0fl45O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczv3OE9WGKflgpwkNBR5JFjOCrZMe61Ux6JMxqw7KFb/mL4DWSZCTCuRoDspf/aEiqaDSEo6N6QV+YsMMa8sIp7NSPzU0wWSCR7TnqMSCmjBbHDxDF04ZolhpV9Kihfp7IsPCmKmIXKfAdmxWvbn4n9dLbXwdZkwmqaWSLBfFKUdWofn3aMg0JZZPHcFEM3crImOsMbEuo5ILIVh9eZ2067XArwX39UrjJo+jCGdwDpcQwBU04A6a0AICAp7hFd487b14797HsrXg5TOn8Afe5w+ue4+o</latexit>
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missing mass: (e.g. PADME @ JLab); missing E, : (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)⃗p

for production of DM
spectrometers: (e.g. APEX, HPS, DarkQuest) 
missing mass: (e.g. PADME @ JLab)

T Nelson
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Snowmass and dark sectors 

Stefania Gori, Mike Williams 
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Missing stuff

DM Scatter
Dark Matter

Visible portal Long-lived particles

Rare prompt decays

Millicharged

Particle beams
e±,p,μ
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How to “see” the dark sector 101
Disclaimer

• For simplicity, I have schematic representations of experiments as fixed 
target experiments.   

• If you instead want to imagine a collider, change your reference frame

20



How to “see” the dark sector 101
DM rescattering

• Detector density helps 

• Fighting ε4 because you need to 
both produce and scatter the DM 

• Synergy with neutrino detectors, 
for example 

• But detection measures both 
production and scattering processes 
(complementary to Missing X)

21



How to “see” the dark sector 101
Long-lived particles

• A cousin of DM scatter experiments 
so often you will see fixed-target 
experiments doing both 

• But in the LLP case, precision and 
low detector mass can be 
important to cover open 
parameter space

22



How to “see” the dark sector 101
Millicharged

• Kind of like DM rescattering, 
but with special detector 
configurations to detect 
fractionally charged particles

23

What?

3

• Inexpensive dedicated detector 

• With Q down to ~10-3e, dE/dx is 10-6 MIP -> need 

long, sensitive, active length to see signal, !(1) PE. 

• ~1 m x 1 m x 3 m scintillator + PMT array, pointing 
back to IP, in well shielded area near CMS/ATLAS   

• With triple coincidence, thought expected 
dominant random background would be 
controlled

• By scintillator array experiments, 
we mean something like that 
which Andy and I advocated in 
Phys.Lett.B 746 (2015) 117-120 

• Dark sector probe using 
distinctive signature 

• “millicharged” particles

1.4
 m

1 m

20 m

IP

Existing LHC Detector 

p p

Existing Counting Room

 ̄

Existing Wall  20 m

FIG. 3: A schematic showing the experimental setup proposed
in this work.

The time resolution of such scintillators is su�ciently
good (⇡5 ns) that background can be measured during
gaps within the accelerator bunch structure (such as the
abort gap), as well as in beam-o↵ periods. Since the
background rate for single PE pulses from dark-current,
noise, and background radiation is expected to be rel-
atively large (about 100 Hz to 1 kHz depending on the
quality of the detector elements used), we propose to add
extra layers of scintillators to form coincidences with a
signal in the corresponding bar of the first layer within
a narrow time window (⇡5 ns). Muons from either pp
collisions or cosmic rays could be vetoed if more than
a few PE are deposited. Furthermore, by inverting this
veto, these same muons could be used to align and time-
in the experimental apparatus. They would also provide
a “standard candle” against which PE depositions could
be compared.

While the background is expected to come domi-
nantly from the dark-current contribution, additional
background from activity in the scintillator, due to back-
ground radiation and subsequent photo-multiplier after-
pulsing, may also contribute significantly. These addi-
tional backgrounds can hopefully be reduced to manage-
able levels with additional shielding, detector optimiza-
tion, and pulse-shape discrimination. This will have to
be studied with small-scale detector tests in situ. With
regard to the dark-current background, we assume rates
of 550 Hz, 94 Hz, 12 Hz, and 10 Hz for NPE � 1, NPE �

2, NPE � 3, NPE � 4, respectively in a single PMT, ob-
tained from Fig. 65 of Ref. [27]. Assuming an instanta-
neous luminosity of 2⇥ 1034 cm�2s�1, and a trigger live-
time of 1.5 ⇥ 107 s, we can expect ⇠ 1010 background
events in 300 fb�1 for one or more PE in a single PMT.
With 200 bars needed to cover the 1 m2 of area discussed
above, the total background would be ⇠ 1012 events in

300 fb�1, expected to be delivered by 2022. For 3000
fb�1, since it will be delivered with an instantaneous lu-
minosity 1⇥1035 cm�2s�1 the live-time will only increase
by a factor of 2 and the expected background contribu-
tion would remain ⇠ 1010 for one or more PE in a sin-
gle PMT. Additional discrimination can be achieved by
adding two more layers of scintillators and requiring co-
incident PE hits. Assuming 5 ns timing resolution for
the PMTs, requiring a coincidence in the second layer
would reduce the background to 106 coincident events
with NPE � 1 in a PMT pair of back-to-back scintilla-
tor bars. Requiring triple-incidence by adding a third
layer would then bring the background to O(10) events
with NPE � 1, at the cost of a moderate loss in signal
e�ciency. It is possible that the slewing of small sig-
nals and/or time-of-flight di↵erences for photons within
the scintillators could degrade the timing resolution to
⇠ 10 ns, but even in this scenario the total background
contribution would only increase by a factor of ⇠ 4 when
triple-incidence is required. The experimental setup with
three layers is illustrated in Fig. 3.

In Fig. 1 we show the estimated 95% C.L. exclusion
and 3� sensitivity of our proposal, assuming a detector
composed of three 1 m ⇥ 1 m ⇥ 1.4 m layers positioned
45o away from the beam-axis. Each layer would be com-
posed of 200 scintillator bars, and the mCP signal is one
or more PE at each of the three layers within a small
⇡5 ns window of each other. This setup could be re-
alized if the detector is placed in either of the counting
rooms at ATLAS or CMS. We estimate the signal detec-
tion e�ciency by estimating the probability that a mCP
signal leaves one or more PE, which we take to be Pois-
son distributed1. The average number of PE deposited
by a mCP is given by � = ((Q/e)/(2 ⇥ 10�3))2 [5], as-
suming that the mCPs energy loss is described by the
Bethe-Bloch equation [26] 2. Though the Lorentz force
on a mCP due to the magnetic field at either ATLAS
or CMS is suppressed by Q, we estimate that it would
produce a O(0.1 � 100) cm deviation in their trajectory
over 20 m for Q = (0.001 � 0.1)e and a momentum of
10� 100 GeV; we have neglected this e↵ect in the calcu-
lation of the signal acceptance.

In this Letter we proposed a model-independent search
for mCPs, which will extend sensitivity in the mass range
0.1 <

⇠ MmCP
<
⇠ 100 GeV by up to two orders of magni-

tude in electric charge over previous experiments. We
estimated the potential sensitivity of this experiment to

1 The true number of PE created must be fairly large, at least⇠ 10,
but the number we expect to observe with the tube is NPE ⇤ ✏e↵ ,
where ✏e↵ is the e�ciency for detecting a true PE, which is about
10% [5, 27]. Thus, the main e↵ect on the NPE ⇤ ✏e↵ distribution
is from the fluctuations in how many of the true PE get detected,
which is Poisson-distributed.

2 We checked that for charges near Q ⇡ 2 ⇥ 10�3 — when the
number of interactions reaches O(1) —- requiring one single hard
scatter by the signal that gives 1 PE gives a sensitivity that’s
comparable to that given by the Bethe-Bloch equation.
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How to “see” the dark sector 101
Missing X

• “See” missing mass, momentum, or 
energy by detecting nothing 

• Experimental challenge to measure 
rare missing stuff 

• Scales as ε2 

• Showing missing momentum here 

• Missing energy: target and detector 
are the same 

• Can also include millicharge as 
invisible

24



How to “see” the dark sector 101
Rare prompt decays

• Needs lots of intensity 

• “Traditional” detection but 
precision important to sort out 
from SM backgrounds

25



Physics drivers & experiments
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DM production physics driver
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DM production physics driver
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Dark photon schematic
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Dark photon schematic
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m� as function of mA0 , ✏, and ↵D, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e�N ! e�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N� = 2���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and ✓e > 30 mrad, where ✓e is the angle
of the scattered electron, to obtain �cut

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e� number density
(length) of detector sub-layer i. To pass the trigger, �

LLP - beam dump

Rare prompt 
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Dark photon schematic
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Dark photon schematic
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Visible portals
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~ thermalization and SN 
constraints down here

RPF - EF interface



New flavors and rich structures
Benchmark models 

• Models explaining (g-2)μ 

• Inelastic dark matter - sector structure 
from mass splittings χ1, χ2 

• SIMPs - structure from dark QCD  

• Axions with non-minimal couplings
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New flavors and rich structures
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Invisible Visible

final state/
mediator

Long- 
lived

neutrinos DM photons electrons muons hadrons

vector

no(?) yes yes no no(?)
yes*

no(?)

•              gauge boson:  UV complete, automatic coupling to neutrinos, easy to 
couple to DM.  (*                constrained by dedicated BABAR search)

• Challenging to build viable models with sizable couplings of vector mediator to 
electrons or hadrons (gauge anomalies, constraints from neutrino physics)

scalar

yes
yes yes

yes yes yes yes

• All minimal signatures can be realized in scalar simplified models. 
• UV complete models require new SM-charged states above weak scale with 

special flavor structure (such states can in principle affect (g-2)
• More phenomenological studies needed to chart the parameter space

signature missing momentum prompt or displaced resonance

Lμ − Lτ

νν χχ

Minimal signatures/mediators/models

e+e−γγ ππ, . . .μ+μ−

(mV > 2mμ)

(mS > 2mμ) (mS > 2mπ)(mS < 2mμ)(mS < 2mμ)(mS < 2mμ)

6

mV > 2mμ

credits: B. Batell
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Figure 1. Dark bremsstrahlung signal process for simplified models with invisibly decaying scalar (left) and

vector (right) forces that couple predominantly to muons. In both cases, a relativistic muon beam is incident

on a fixed target and scatters coherently o↵ a nucleus to produce the new particle as initial- or final-state

radiation.

for a larger signal production rate while exploiting the fact that the muons will lose much less energy
than electrons in a similarly-sized target. In analogy with similar processes involving electron beams,
one can take advantage of the distinctive kinematics of the radiated massive scalar or vector particle
S, V to distinguish signal from background (see Fig. 1). The Fermilab muon beam option provides
several advantages over existing proposals for new physics searches with either electron beams or
high-energy muon beams:

• Bremsstrahlung backgrounds suppressed. The principal reducible backgrounds for LDMX
are dominated by hadronic processes initiated by a real bremsstrahlung photon. Relative to elec-
tron beams, the M3 bremsstrahlung rate is suppressed by (me/mµ)2 ⇡ 2 ⇥ 10�5, so background
rejection becomes much simpler for muon beams for an equivalent target thickness.

• Compact experimental design. For mS,V ⌧ Ebeam, the signal production cross section is
largely independent of beam energy. However, compared to the CERN/SPS option [9], with
⇠ 100�200 GeV beam muons, a lower-energy, e.g. 15 GeV, muon beam allows for greater muon
track curvature and, therefore, a more compact experimental design. In particular, percent-
level momentum resolution is possible in M3 with the target placed in the magnetic field region,
reducing acceptance losses from having the magnet downstream of the target.

We propose a two-phase experiment, each covering a well-motivated region of parameter space:

• Phase 1: (g � 2)µ search. With 1010 muons on target (MOT) and existing detector technology,
we will show that our setup can probe the entire (g � 2)µ region not currently excluded by
experiments, for vectors with mV . 500 MeV and scalars with mS . 100 MeV which couple
exclusively to muons and decay invisibly.2 Here we are agnostic as to the UV completion of such
a model, and we are simply aiming for an apples-to-apples comparison between a virtual S or V
contributing to (g � 2)µ and a real S or V emitted from an initial- or final-state muon.

• Phase 2: Thermal muon-philic DM search. With a larger flux of 1013 MOT and upgraded
detector performance to reject backgrounds at the level of 10�13, our setup can probe a significant
portion of parameter space for which DM is thermally produced through U(1)Lµ�L⌧ gauge

2
Models with a more complicated dark sector can fail our search criteria, for example an inelastic DMmodel V ! �1�2

where the decay �2 ! �1e+e� is prompt and proceeds through a di↵erent mediator which couples to electrons [16–18].

– 3 –



New flavors and rich structures
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Figure 3: Top: Limits and projections on muon-philic vector (left) and scalar (right) singlets,
assuming only di-muon decays where kinematically allowed. The green/orange bands represent the
parameter space that resolves (g � 2)µ. Existing experimental limits are shaded in gray (Supernova
constraints, not shown, can probe scalar masses up to 20 MeV and couplings up to 4 ⇥ 10�3 [91]).
Projections are indicated with colored lines. The M

3 [92], NA64µ [93], and ATLAS fixed-target [94]
experiments probe invisibly-decaying singlets; projections here assume a 100% invisible branching
fraction (see Sec. 3). The BABAR limits and Belle II projections are computed following the
procedure described in Sec. 4. The LHC limits and HL-LHC projections in the 3µ/4µ channels,
along with the mass range disfavored by UV completions for scalar singlets, are discussed in Sec. 5
and Appendix C. The purple muon collider projections are based on proposed analyses [48] reviewed
in Sec. 5.3. For scalar singlets whose width is determined entirely by the muon coupling (top right),
we also show projections for a S ! �� beam dump search [81] on the minimal assumption that
the scalar-photon coupling arises from integrating out the muon as discussed in Sec. 3.1. Bottom:
Same as the top row, only here we assume that for mS,V > 2mµ, the singlets have the minimum di-
muon branching fraction consistent with unitarity using Eqs. (2.5) and (2.11). The curves which are
unaffected by this change of muonic branching fraction correspond to searches that are insensitive
to the singlet’s decay modes. Projections for M

3, NA64µ, and ATLAS fixed-target experiments
assume a ' 100% invisible branching fraction for mS/V > 2mµ, which is model-dependent.

of singlets in the early universe at temperatures T ⇠ MeV, which increases the expansion
rate during Big Bang Nucleosynthesis (BBN) and spoils the successful SM prediction of

– 8 –



Asterisk 2
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I have glossed over some benchmarks for the sake of time and simplicity.  
There are unrepresented parts of parameter space missing from these 
slides, but there are also significant overlaps with the benchmarks that 

have been shown.



Takeaway messages  
& discussion
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Takeaway messages  
& discussion
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RPF:  
Modest upgrades enable near-term 
transformative dark sector physics



Experiments/facilities summary
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Present

Detector signature → Physics Driver 
🟢  Missing X  → DM, Flavor 
🔴  rescattering → DM, Flavor 
🟣  LLP → Visible, Flavor 
🔵  Millicharged → DM, Visible 
🟠  Rare/Prompt → Visible, Flavor

Modest upgrades enable transformative physics
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Considerations for the summary figure
• Start with your favorite physics drivers 
• Look for experiments that are currently running and forecast how limits 

could evolve in the next couple years 

• Discuss what opportunities for progress remain considering: 
• “Δ physics” - what new space would it cover for a given physics drivers 
• how US can contribute either at US-based facilities or US-driven 

international experiments 
• how mature the concept is and its timeline
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n.b. we are working to simplify our physics driver summary 
figures and take into account above considerations 



Outlook
• We have an excellent opportunity in front of us to make significant impact 

in dark sector physics real-estate of high interest by the next Snowmass 

• Strong connections and complementarity with other frontiers   

• Accelerator, Cosmic, Energy, Neutrino 

• No shortage of ideas and enthusiasm! 

• Different folks driven by different physics 

• Work in progress to provide organizing principles for these exciting efforts 

• Your input is welcome — are we converging on the practically useful summary 
of the information?
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