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*in a broad sense – e.g. including neutrino experiments, LHCb, Belle II, 
forward auxiliary detector proposals at LHC, …  

• What are dark sectors, and why are they 
exciting? 

• Why are small and multi-purpose 
Intensity Frontier* accelerator-based 
experiments essential to confront this 
landscape?

Goals for This Talk
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What is a Dark Sector?
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Simply: 
New physics neutral under Standard 
Model forces (EM, weak, strong) 

Typically focus on low mass scales (≲ 
GeV) where any new physics must be SM-
neutral – hence a dark sector
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Simply: 
New physics neutral under Standard 
Model forces (EM, weak, strong)

Mass

Interaction 
strength

Need Energy

Need
Intensity, 
Sensitivity, 
Lifetime, … Core physics of RF6



Why Dark Sectors?
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A rich new window for physics beyond the 
Standard Model and dark matter in particular

Dark Matter

Systematic 
Exploration

Possible 
Complexity

Three intertwined 
motivations – each 
shedding different 
light on searches 
and possible 
signals 
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A rich new window for physics beyond the 
Standard Model, including dark matter

✤ Viable, predictive, and discoverable models of light dark 
matter are a key motivation and anchor 

✤ Symmetries of Standard Model provide a framework for 
systematic exploration of weakly-coupled new physics 

✤ These arguments motivate possibility of complexity in 
dark sector, which we could discover experimentally 

Three intertwined motivations: 
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• Many grassroots workshops since ~2009: 
• Dark Forces and Dark Sectors @ SLAC,  

Dark Interactions @ BNL, DM at Accelerators in Italy 
• Significant momentum in last few years on community-wide 

planning in small experiments relevant to dark matter,  
including accelerator searches for dark sectors
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Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
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Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
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Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43
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Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16
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Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing
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Summary of the High Energy Physics Workshop on Basic Research 
Needs for Dark Matter Small Projects New Initiatives 

October 15 – 18, 2018 
 

Basic Research Needs (BRN) 
workshop 2018: non-FACA panels 
charged by DOE with identifying 
priority science in Dark Matter 
scope, achievable with small US-
based experiments



BRN Priority Research Directions
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PRD 1

PRD 2

PRD 3

Success!
Experiments in all 3 PRDs received 
planning funds through 2019 FOA
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PRD 1

PRD 2

PRD 3

Success!
Experiments in all 3 PRDs received 
planning funds through 2019 FOA

Thrust 1 (near term): 
Through 10- to 1000-fold 
improvements in sensitivity 
over current searches, use 
particle beams to explore 
interaction strengths 
singled out by thermal dark 
matter across the electron-
to-proton mass range.  

Thrust 2 (near and long 
term): Explore the structure 
of the dark sector by 
producing and detecting 
unstable dark particles. 

CCM, LDMX

non-DMNI funding



Systematic Exploration Rich PossibilitiesDark Matter

The Balance of the Universe

Bulge
Disk

Halo

(Dark Matter)
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5%

27%68%

Known Matter  
(the Standard Model)



Systematic Exploration Rich PossibilitiesDark Matter

The Balance of the Universe

Bulge
Disk

Halo

(Dark Matter)
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5%

27%68% +? 

Dark Matter is made of unfamiliar 
ingredient(s) – must extend the 
“periodic table” of the Standard Model!



Systematic Exploration Rich PossibilitiesDark Matter

Dark Matter
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Cosmological evidence ➝ bulk properties of dark matter:

– mass density ρDM

– cosmological longevity τDM ≳ 1018 s

– low pressure pDM ≪ ρDM


– decoupled from baryonic plasma before recombination

–  …


These imply bounds on particle properties, but not 
measurements… and direct searches to date just 
strengthen these bounds



Systematic Exploration Rich PossibilitiesDark Matter

Dark Matter Particle Properties
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Constituent Mass?

Boson or Fermion? 
Non-gravitational 
interactions? 

Conserved charge? 

10–22 eV 1019 eV
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10–22 eV 1019 eV

Constituent Mass?

Boson or Fermion? 

Conserved charge? 

Bulk properties can inform guesses

Non-gravitational 
interactions? 
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Boson or Fermion? 

Conserved charge? 
Yes? (it’s cosmologically stable)

Bulk properties can inform guesses

Non-gravitational 
interactions? 
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10–22 eV 1019 eV

Constituent Mass?

Boson or Fermion? 

Conserved charge? 
Yes? (it’s cosmologically stable)

Yes? (to explain how it 
got here)

Bulk properties can inform guesses

Non-gravitational 
interactions? 
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Dark Matter Particle Properties
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10–22 eV 1019 eV

Constituent Mass?

Boson or Fermion? 

Conserved charge? 
Yes? (it’s cosmologically stable)

Yes? (to explain how it 
got here)

Bulk properties can inform guesses

Simple, familiar production 
mechanisms work here

Non-gravitational 
interactions? 



Systematic Exploration Rich PossibilitiesDark Matter

Thermal Freeze-Out 
• Simple explanation of DM  

origin from hot bath of  
Standard Model particles  

• Implies close, direct, recent 
contact between DM and SM 

• Therefore, especially predictive:

 13

ΓA ~ nDM σA v Γexp ~ H 

vs. 

+ ρDM ⇒ σA
standard 
cosmology

X

e–X

e+
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A Strong Candidate: The WIMP
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U(1)Y SU(2)L SU(3)C
L �1/2 2 -
ec +1 - -
Q +1/6 2 3
uc �2/3 - 3̄
dc +1/3 - 3̄
h -1/2 2 -

<latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit>

DM from a new row in Standard Model table

Simple, familiar particle content gW gSM

weak forcenew matter



Systematic Exploration Rich PossibilitiesDark Matter

A Strong Candidate: The WIMP
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WIMP XX

EM-neutral 
component of 

new weak 
multiplet

U(1)Y SU(2)L SU(3)C
L �1/2 2 -
ec +1 - -
Q +1/6 2 3
uc �2/3 - 3̄
dc +1/3 - 3̄
h -1/2 2 -

<latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit>

DM from a new row in Standard Model table

Simple, familiar particle content gW gSM

weak forcenew matter



Systematic Exploration Rich PossibilitiesDark Matter

10-30 GeV
WIMP window

known  particles

e p W/Z/h

1019 GeV

A Strong Candidate: The WIMP
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Simple, predictive cosmology

Simple, familiar particle content gW gSM

weak forcenew matter

SuperCDMS
LZ

T. Shutt - LZ, ULCA DM, Feb 20, 2016

• 3D imaging rejects external 
backgrounds


• Electron-recoil backgrounds 
distinguished by ratio of 
charge / light  ratio


• High purity LXe target


• Single photon and electron 
sensitivity

Principle of Operation

Strong experimental 
program

LHC

Weak-scale mass and coupling yield 
ballpark <σAv> matching abundance
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10-30 GeV
WIMP window

known  particles

e p W/Z/h

1019 GeV

A Strong Candidate: The WIMP

 15

Simple, predictive cosmology

Simple, familiar particle content gW gSM

weak forcenew matter

SuperCDMS
LZ

T. Shutt - LZ, ULCA DM, Feb 20, 2016

• 3D imaging rejects external 
backgrounds


• Electron-recoil backgrounds 
distinguished by ratio of 
charge / light  ratio


• High purity LXe target


• Single photon and electron 
sensitivity

Principle of Operation

Strong experimental 
program

LHC

Weak-scale mass and coupling yield 
ballpark <σAv> matching abundance

Weak-force assumption is under pressure from data!  
 
Next steps in WIMP searches are important – and 
it’s time to broaden the lamppost
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WIMPs➝ Dark Sectors
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U(1)Y SU(2)L SU(3)C
L �1/2 2 -
ec +1 - -
Q +1/6 2 3
uc �2/3 - 3̄
dc +1/3 - 3̄
h -1/2 2 -

<latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit>

DM from a new column in SM table?
Dark Force

Simple, familiar particle content

–
–
–
–
–
–

DM X
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WIMPs➝ Dark Sectors
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Immediate rewards for DM charged under 
new force

Simple, familiar particle content

gD gSM

New force

–Stable due to new conserved charge

–Dark because no common charges with SM

–Nontrivial miracle: Generic, small cross-talk 
(“portals”) between SM and dark sector extends 
WIMP-like thermal freeze-out to lighter DM

10-30 GeV 1019 GeV
WIMP windowDark sector  

thermal DM

known  particles

e p W/Z/h
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Organizing Dark Sectors
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• Setting aside dark matter – how do you find a 
dark sector? 

• How much does the search depend on the 
precise content of the dark sector  
(e.g. Does it have just one matter species?  
Is it as complex as the SM?)

with an Abundance Mindset
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Organizing Dark Sectors
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with an Abundance Mindset

U(1)Y SU(2)L SU(3)C
L �1/2 2 -
ec +1 - -
Q +1/6 2 3
uc �2/3 - 3̄
dc +1/3 - 3̄
h -1/2 2 -

<latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit><latexit sha1_base64="fZuSbgncVkjoEz7xjB6FWVZwXlI="></latexit>

Standard Model Sector Dark Sector
U(1)X SU(N)A SU(M)B

a Qa ⇤
b Qb

c Qc ⇤ ⇤
d Qd ⇤̄

. . .
<latexit sha1_base64="6VeIE0hT2QjjJjPWjDoevTfE+OY="></latexit><latexit sha1_base64="6VeIE0hT2QjjJjPWjDoevTfE+OY="></latexit><latexit sha1_base64="6VeIE0hT2QjjJjPWjDoevTfE+OY="></latexit><latexit sha1_base64="6VeIE0hT2QjjJjPWjDoevTfE+OY="></latexit>

• Interactions relevant at low energies are those whose 
coupling has non-negative mass dimension (operator 
dimension ≤ 4)  

• Interactions must be Lorentz-invariant, SM gauge-invariant,  
and HS gauge-invariant 

•

?
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with an Abundance Mindset

U(1)Y SU(2)L SU(3)C
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Standard Model Sector Dark Sector
U(1)X SU(N)A SU(M)B

a Qa ⇤
b Qb
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. . .
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?

SM gauge-invariant  
dimension dSM≤3

Same-Lorentz-structure  
DS gauge-invariant 

dimension dHS≤4-dSM

x
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Standard Model Sector Dark Sector
?

Bµ⌫
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|h|2
<latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit>

hL
<latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit>

qif̄i�µfi
<latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit>

x (if it exists)

Same-Lorentz-structure  
DS gauge-invariant 
dimension dHS≤4-dSM
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✏/2F 0µ⌫
<latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit>

Organizing Dark Sectors
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Standard Model Sector Dark Sector
?

x

(mixed kinetic term with dimensionless coeff ϵ) 
…if dark sector has a massive Abelian gauge 
boson

e.g. Bµ⌫
<latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit>

Holdom, Okun 1980s 
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The Scale of Mixing
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A0γ 

X A0γ 

"Everything not forbidden is compulsory” – Gell-Mann

Loops of heavy particles charged 
under both U(1)s generate small 
couplings 

✏

2
Bµ⌫F

0µ⌫

<latexit sha1_base64="olSZqUQ8aNvMnw04ANmfs9DBhxw="></latexit><latexit sha1_base64="olSZqUQ8aNvMnw04ANmfs9DBhxw="></latexit><latexit sha1_base64="olSZqUQ8aNvMnw04ANmfs9DBhxw="></latexit><latexit sha1_base64="olSZqUQ8aNvMnw04ANmfs9DBhxw="></latexit>

✏ ⇠ gDe

16⇡2
⇥ log(. . . ) ⇠ 10�2 � 10�6

<latexit sha1_base64="JhOcoS/O6NTbLWhgsxcOWyznV1s="></latexit><latexit sha1_base64="JhOcoS/O6NTbLWhgsxcOWyznV1s="></latexit><latexit sha1_base64="JhOcoS/O6NTbLWhgsxcOWyznV1s="></latexit><latexit sha1_base64="JhOcoS/O6NTbLWhgsxcOWyznV1s="></latexit>

Non-perturbative effects can generate smaller couplings
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✏/2F 0µ⌫
<latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit><latexit sha1_base64="J/RE3fOIPocWtHkB6La19vYtRVY="></latexit>

The Portals
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Standard Model Sector Dark Sector
?

x
Similarly, dark scalars and neutral fermions can 
mix with SM Higgs and neutrinos:

e.g. Bµ⌫
<latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit><latexit sha1_base64="MaeKKZeF5G8IoZZkA2kb3zu1eoY=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuwqRYbXelblxWsA9sQplMJ+3QySTMQyihf+HGhSJu/Rt3/o3TNoKKHrhwOOde7r0nTDlTGqEPZ2V1bX1js7BV3N7Z3dsvHRx2VGIkoW2S8ET2QqwoZ4K2NdOc9lJJcRxy2g0nV3O/e0+lYom41dOUBjEeCRYxgrWV7pqDzI+NL8xsUCojt1JF9RqCyEULWFJFXv3Cg16ulEGO1qD07g8TYmIqNOFYqb6HUh1kWGpGOJ0VfaNoiskEj2jfUoFjqoJscfEMnlplCKNE2hIaLtTvExmOlZrGoe2MsR6r395c/MvrGx3VgoyJ1GgqyHJRZDjUCZy/D4dMUqL51BJMJLO3QjLGEhNtQyraEL4+hf+TTsX1kOvdnJcbzTyOAjgGJ+AMeOASNMA1aIE2IECAB/AEnh3lPDovzuuydcXJZ47ADzhvnwI8kSI=</latexit>

|h|2
<latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit><latexit sha1_base64="/70LuvM8cLCPlVaAYcSYtcbi7DE=">AAAB7HicdVBNTwIxEJ3FL8Qv1KOXRmLiiXSJKNyIXjxi4gIJrKRbCjR0u5u2a0KA3+DFg8Z49Qd5899YYE3U6EsmeXlvJjPzglhwbTD+cDIrq2vrG9nN3Nb2zu5efv+goaNEUebRSESqFRDNBJfMM9wI1ooVI2EgWDMYXc395j1Tmkfy1oxj5odkIHmfU2Ks5E2H07tSN1/AxVIZVysY4SJewJIydqvnLnJTpQAp6t38e6cX0SRk0lBBtG67ODb+hCjDqWCzXCfRLCZ0RAasbakkIdP+ZHHsDJ1YpYf6kbIlDVqo3ycmJNR6HAa2MyRmqH97c/Evr52YfsWfcBknhkm6XNRPBDIRmn+OelwxasTYEkIVt7ciOiSKUGPzydkQvj5F/5NGqejiontzVqhdpnFk4QiO4RRcuIAaXEMdPKDA4QGe4NmRzqPz4rwuWzNOOnMIP+C8fQL6/o7K</latexit>

hL
<latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit><latexit sha1_base64="/zSauF12W0rHwUcVv4PASeE8rBU=">AAAB6XicdVBNSwMxEJ31s9avqkcvwSJ4WrLFansrevHgoYr9gHYp2TTbhmazS5IVSuk/8OJBEa/+I2/+G9N2BRV9MPB4b4aZeUEiuDYYfzhLyyura+u5jfzm1vbObmFvv6njVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQ581v3TGkeyzszTpgfkYHkIafEWOl2eN0rFLFbKuNqBSPs4jksKWOveuYhL1OKkKHeK7x3+zFNIyYNFUTrjocT40+IMpwKNs13U80SQkdkwDqWShIx7U/ml07RsVX6KIyVLWnQXP0+MSGR1uMosJ0RMUP925uJf3md1IQVf8Jlkhom6WJRmApkYjR7G/W5YtSIsSWEKm5vRXRIFKHGhpO3IXx9iv4nzZLrYde7OS3WLrI4cnAIR3ACHpxDDa6gDg2gEMIDPMGzM3IenRfnddG65GQzB/ADztsnqSKNcA==</latexit>

qif̄i�µfi
<latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit><latexit sha1_base64="+9eyy+AB3jze2csDZO3CtptUlio=">AAACBHicdVA9TwJBEN3DL8Qv1JJmIzGxIntEFDqijSUmgiRALnPLHmzYvTt390wIobDxr9hYaIytP8LOf+MeYKJGX/XmvZnMzPNjwbUh5MPJLC2vrK5l13Mbm1vbO/ndvZaOEkVZk0YiUm0fNBM8ZE3DjWDtWDGQvmDX/ug89a9vmdI8Cq/MOGY9CYOQB5yCsZKXL9x4HHd9UDhIyQCkBK8rk7T08kVSKldIrUowKZEZLKkQt3biYnehFNECDS//3u1HNJEsNFSA1h2XxKY3AWU4FWya6yaaxUBHMGAdS0OQTPcmsyem+NAqfRxE9pIoNHimfp+YgNR6LH3bKcEM9W8vFf/yOokJqr0JD+PEsJDOFwWJwCbCaSK4zxWjRowtAaq4vRXTISigxuaWsyF8fYr/J61yySUl9/K4WD9bxJFFBXSAjpCLTlEdXaAGaiKK7tADekLPzr3z6Lw4r/PWjLOY2Uc/4Lx9AsPUl4k=</latexit>

x µS + �|�|2
<latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="1wp93DlVj5ZcDSZCqT6xKkL08qI="></latexit><latexit sha1_base64="1wp93DlVj5ZcDSZCqT6xKkL08qI="></latexit><latexit sha1_base64="CHJZ/rltroCkVwOS8wTrXcbxEKw="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit><latexit sha1_base64="2dUR+E1YKyGtviHFqSE79lGbweA="></latexit>

yNN
<latexit sha1_base64="SyDu6Avd+OL3dMnRoQZ6YazeWjI="></latexit><latexit sha1_base64="SyDu6Avd+OL3dMnRoQZ6YazeWjI="></latexit><latexit sha1_base64="SyDu6Avd+OL3dMnRoQZ6YazeWjI="></latexit><latexit sha1_base64="SyDu6Avd+OL3dMnRoQZ6YazeWjI="></latexit>

x
gV µ

<latexit sha1_base64="tFPH7zPl5uLrh0usyTGRo2geUWQ=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbB05ItVttb0YvHCvYD2rVk02wbms0uSVYopT/CiwdFvPp7vPlvTNsVVPTBwOO9GWbmBYng2mD84eRWVtfWN/Kbha3tnd294v5BS8epoqxJYxGrTkA0E1yypuFGsE6iGIkCwdrB+Grut++Z0jyWt2aSMD8iQ8lDTomxUnuIWne9KO0XS9gtV3CtihF28QKWVLBXO/eQlyklyNDoF997g5imEZOGCqJ118OJ8adEGU4FmxV6qWYJoWMyZF1LJYmY9qeLc2foxCoDFMbKljRooX6fmJJI60kU2M6ImJH+7c3Fv7xuasKqP+UySQ2TdLkoTAUyMZr/jgZcMWrExBJCFbe3IjoiilBjEyrYEL4+Rf+TVtn1sOvdnJXql1kceTiCYzgFDy6gDtfQgCZQGMMDPMGzkziPzovzumzNOdnMIfyA8/YJFr2PZw==</latexit><latexit sha1_base64="tFPH7zPl5uLrh0usyTGRo2geUWQ=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbB05ItVttb0YvHCvYD2rVk02wbms0uSVYopT/CiwdFvPp7vPlvTNsVVPTBwOO9GWbmBYng2mD84eRWVtfWN/Kbha3tnd294v5BS8epoqxJYxGrTkA0E1yypuFGsE6iGIkCwdrB+Grut++Z0jyWt2aSMD8iQ8lDTomxUnuIWne9KO0XS9gtV3CtihF28QKWVLBXO/eQlyklyNDoF997g5imEZOGCqJ118OJ8adEGU4FmxV6qWYJoWMyZF1LJYmY9qeLc2foxCoDFMbKljRooX6fmJJI60kU2M6ImJH+7c3Fv7xuasKqP+UySQ2TdLkoTAUyMZr/jgZcMWrExBJCFbe3IjoiilBjEyrYEL4+Rf+TVtn1sOvdnJXql1kceTiCYzgFDy6gDtfQgCZQGMMDPMGzkziPzovzumzNOdnMIfyA8/YJFr2PZw==</latexit><latexit sha1_base64="tFPH7zPl5uLrh0usyTGRo2geUWQ=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbB05ItVttb0YvHCvYD2rVk02wbms0uSVYopT/CiwdFvPp7vPlvTNsVVPTBwOO9GWbmBYng2mD84eRWVtfWN/Kbha3tnd294v5BS8epoqxJYxGrTkA0E1yypuFGsE6iGIkCwdrB+Grut++Z0jyWt2aSMD8iQ8lDTomxUnuIWne9KO0XS9gtV3CtihF28QKWVLBXO/eQlyklyNDoF997g5imEZOGCqJ118OJ8adEGU4FmxV6qWYJoWMyZF1LJYmY9qeLc2foxCoDFMbKljRooX6fmJJI60kU2M6ImJH+7c3Fv7xuasKqP+UySQ2TdLkoTAUyMZr/jgZcMWrExBJCFbe3IjoiilBjEyrYEL4+Rf+TVtn1sOvdnJXql1kceTiCYzgFDy6gDtfQgCZQGMMDPMGzkziPzovzumzNOdnMIfyA8/YJFr2PZw==</latexit><latexit sha1_base64="tFPH7zPl5uLrh0usyTGRo2geUWQ=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbB05ItVttb0YvHCvYD2rVk02wbms0uSVYopT/CiwdFvPp7vPlvTNsVVPTBwOO9GWbmBYng2mD84eRWVtfWN/Kbha3tnd294v5BS8epoqxJYxGrTkA0E1yypuFGsE6iGIkCwdrB+Grut++Z0jyWt2aSMD8iQ8lDTomxUnuIWne9KO0XS9gtV3CtihF28QKWVLBXO/eQlyklyNDoF997g5imEZOGCqJ118OJ8adEGU4FmxV6qWYJoWMyZF1LJYmY9qeLc2foxCoDFMbKljRooX6fmJJI60kU2M6ImJH+7c3Fv7xuasKqP+UySQ2TdLkoTAUyMZr/jgZcMWrExBJCFbe3IjoiilBjEyrYEL4+Rf+TVtn1sOvdnJXql1kceTiCYzgFDy6gDtfQgCZQGMMDPMGzkziPzovzumzNOdnMIfyA8/YJFr2PZw==</latexit>

Gauge SM global symmetry 
(not product structure)

“portal 
mediators”
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x

Just 3 interaction types dictate SM coupling to generic DS 
➝ lab and cosmological production

Dark photon and Higgs couple weakly to SM matter, inheriting  
SM flavor structure (QEM / YL,U,D)

Lepton portal is like sterile neutrino, with new flavor structure
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Portals mediate this 
annihilation!

Dark matter annihilation to SM matter was a 
core ingredient of thermal freeze-out, with 

cross-section fixed by DM abundance

X

e–X

e+

X

e–X

e+

Effectively, new 
force weakly 
coupled to SM 
matter



Systematic Exploration Rich PossibilitiesDark Matter

Portals to Dark Matter

 27

Pseu
do-D

irac
Ferm

ion R
elic T

arge
t

Majo
rana

Relic
Targ

et

Elas
tic &

Inela
stic S

calar
Relic

Targ
ets

1 10 102 103
10-16.

10-14.

10-12.

10-10.

10-8.

10-6.

10-4.

mc @MeVD

y
=
e2
a D
Hm
c
êm

A'
L4

Thermal Relic Targets

Lighter DM ⟷ Weaker coupling ϵ1–2 loop2 x  (                 )

…consistent with expectation 
for perturbative kin. mixing 

couplings & 
mass ratios

Interaction strengths needed 
for freeze-out are…
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NA64� 5x1013 MOT …within a factor of 10-1000 
of current experiments’ 
sensitivity over most of the 
mass range 

…accessible with the next 
generation of planned and 
DMNI-supported experiments! 
(see Stefania’s talk)

Scalar portal ruled out by data 
Neutrino portal also supports 
predictive and testable 
models (somewhat less 
explored)

Interaction strengths needed 
for freeze-out are…
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A rich new window for physics beyond the 
Standard Model, including dark matter

✤ Viable, predictive, and discoverable models of light dark 
matter are a key motivation and anchor 

✤ Symmetries of Standard Model provide a framework for 
systematic exploration of weakly-coupled new physics 

✤ These arguments motivate possibility of complexity in 
dark sector, which we could discover experimentally 

Three intertwined motivations: 
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x

If mediator is lighter than any dark-sector matter (or the 
dark sector is minimal – i.e. just a portal mediator) then 
mediator decays also set by portal couplings.

Bµ⌫
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II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.
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The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
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decay length 1 mm

1 m
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Portals On their Own
A Range of Signals
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Portals On their Own
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Systematic Exploration Rich PossibilitiesDark Matter

Thinking Broadly 
What if There’s More?

• Robustness to complicated dark sectors is important! 

• In DM models, DM is  
stab-ilized by “being  
the lightest”. But heavier  
excited states can play  
important roles in DM  
freeze-out and searches.

 34

(e.g. SIMP cosmology 
studied in 1801.05805)
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Thinking Broadly 
Beyond Dark Matter

• Outside of DM motivation, multi-stage visible decays are 
also possible  

• Finally, generalizations of the basic portals are motivated 
by several anomalies in data

 35



What you Look For Depends 
on What You Want to Find

 36

Explore predictive 
DM models 
(mainly) by 
producing DM 
particles

Systematically 
study minimal  
couplings to dark 
sectors via 
mediator decays 
to SM

Hunt for 
complexity in the 
dark sector 
through mixed 
visible/invisible 
decay chains

𝛘
𝛘

γ
π0,η0

p

p +…

Facilities & portals dictate initial 
& intermediate states – but 
each motivation points towards 
a different type of final state

non-SM SM mixed



*in a broad sense – e.g. including neutrino experiments, LHCb, Belle II, 
forward auxiliary detector proposals at LHC, …  

• What are dark sectors, and why are they 
exciting? 

• Why are small and multi-purpose 
Intensity Frontier* accelerator-based 
experiments essential to confront this 
landscape?

Goals for This Talk

 37



Why Accelerators?
• Fundamentally complementary to direct detection! 

1.Address different questions 
Accelerators can explore the whole dark sector, direct 
detection only sees stable parts 

Direct detection probes cosmological abundance & stability, 
accelerators do not 

Measure different properties – and even more powerful when 
you can use both. 

2.Different kinematics (non-relativistic halo vs. relativistic 
production) ➝ Different parametric sensitivity

 38



Kinematics Matters

 39
But note q≪m𝛘 enhances other 
models' signals ⇒ need both!
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Kinematic similarity to freeze-out 
temperature ⇒ narrow band



Why Intensity?

• Physics crosses frontiers, but also cares about details!  
Low- and high-energy experiments, as well as small and 
multi-purpose experiments, complement each other 
because they have different strengths. 

• A few examples of enabling capabilities & configurations 
for dark-sector discovery experiments

 40



Near, Forward, Specialized 
Detectors

 41

Excellent for low-mass 
displaced vtx sensitivity 
HPS and LHCb VELO at 
LHC hug sides of beam to 
measure shorter decays

p beam: DarkQuest/LongQuest/SpinQuest

e beam: HPS

Unique capability to 
“image” individual beam 
particles for DM search a 
la NA64, LDMX

rely on low bunch charge  
⇒ motivates high repetition rate



Friendlier Environment for 
Low-Energy Final-States

• Belle-II inelastic DM 
production search 
[1911.03176] exploits 
O(50 MeV) energy & 
pair-mass thresholds  

 42

Belle II Detector (Torben Ferber) �5

χ1χ2

γ
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e+
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Vertex detector

Drift chamber

Calorimeter

Muon system

Figure 4: Schematic view of the Belle II detector (xy-plane) and example displaced sig-

nature.

3.4.1 Backgrounds

SM processes can produce a (displaced) lepton or meson pair, a hard photon, and miss-

ing energy only if particles are out of the detector acceptance or if secondary processes

contribute. We consider the following backgrounds, where non-reconstructed particles are

given in parentheses:

1. Direct radiative lepton and meson pair production with two additional initial or final

state radiation photons (e+
e
�

! e
+
e
�
�(�), e

+
e
�

! µ
+
µ
�
�(�), e

+
e
�

! ⇡
+
⇡
�
�(�)),

where one of the photons is out of the detector acceptance,

2. photon conversion � ! e
+
e
� from direct radiative electron pair production (e+

e
�

!

(e+
e
�)��) where both primary electrons are out of detector acceptance, or from

radiative photon pair production (e+
e
�

! ��(�)) where one photon is out of accep-

tance,

3. meson decays, e.g. e
+
e
�

! ��, � ! K
0
S(K0

L), K0
S ! ⇡

+
⇡
�.

Since the cross section of radiative Bhabha scattering is orders of magnitude larger

than muon- or pion-pair production, we assume that e
+
e
�

! e
+
e
�
� and e

+
e
�

! ��� are

the dominant backgrounds.

Unlike searches in high multiplicity hadronic events [65], we expect negligible back-

ground from wrong track combinations that could fake displaced signatures.

3.4.2 Event selection

The strongest background rejection can be achieved by requiring a displaced vertex. We

assume that the Belle II detector can be split into five di↵erent regions in the azimuthal

– 15 –

(buried in pile-up at LHC)



Secondary Beams
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E137

Figure 10. Both plots: filled areas: 90%-CL excluded regions from past experiments (cf. [7, 38]);
contours: projected 90%-CL exclusion capability at present or future experiments. Left: Excerpt
of the limit plot as in Fig 1 but with updated CHARM region (brown): including PFP and ⇡0

contributions from XF bins 5–6, magenta dashed contour: PFP alone). In addition we show three
projections for NA62 at 1.3 ⇥ 1016 POT (1 day): Black dashed: PFP alone, red solid and blue
dotted: Yield from ⇡0 in using XF bins 5–6 and 0–7, respectively. Right: projections for NA62 at
1 ⇥ 1018 POT, as well as SHiP and SeaQuest (Phase I) at 1 ⇥ 1020 POT and 1.44 ⇥ 1018 POT,
respectively. We have checked that the MC statistical uncertainty is negligible compared to the
uncertainties of the PYTHIA/data agreement (see Section 2).

However, as we will see is the next subsection, the inclusion of the meson contribution,
drastically changes the prospect sensitivity for forthcoming searches.

4.2 Current and future set-ups

The NA62 experiment [40] has been built to achieve a precise measurement of the ultra-rare
decay K+

! ⇡+⌫⌫̄. Besides its main goal, NA62 has a rich program to search for exotic
particles, including long-lived particles that can be produced in the up-stream copper beam
collimator, into which the primary SPS proton-beam is fully (in dump-mode) or partially
(in standard, parasitic data-taking) dumped (see, e.g. [62] for more details).

To be sensitive to a fully neutral final state, NA62 has to be run in beam-dump-mode.
In our MC, we model NA62 using the following parameters: The distance between the
beam-defining collimator (used to dump the beam) and the start of the fiducial volume is
d = 82m and the vacuum decay region before the Liquid Krypton Calorimeter (LKr) is
l = 135m long. In addition, we require the following acceptance conditions: Both photons
produced in the ALP decay need to be detected at a minimum mutual distance of 10 cm in
the LKr. Moreover, these photons need to be 15 cm away from the LKr central hole and
their combined energy needs to be above 3GeV. The target material for NA62 is copper
and we show NA62 prospects for two different choices of POT.

In Figure 10 (l.h.s.) we show the sensitivity for NA62 at 1.3⇥1016 POT (corresponding
to a one-day run), using (purple dashed) PFP only, using the full XF range (bins 0–7, blue

– 16 –

1904.02091 Döbrich,Jaeckel, Spadaro 
ALPs from secondary photons

Collimated showers of secondary particles can seed reactions for which 
primary beam particle has insufficient coupling

1804.00661 Berlin, Gori, Schuster, NT  
leptophilic Higgs from secondary muons



Long Baselines & Large 
Instrumented Volumes
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Strong synergy with Energy and Neutrino Frontiers –
 see Brian Battel and Jonathan Feng’s talks  

BDX

FASER

Mini-BooNE DM



High Luminosities

• e.g. 1020  (1023) protons on target at MiniBooNE (COHERENT) 
– Typical proton travels 10s of cm through the dump ➝ luminosities 

at the level of 104–107 ab-1 

– Similar story for electron beam dumps, w/ distinct shielding, 
background, detector size trade-offs 

• This extreme luminosity allows searches for signals with 
inherently tiny efficiency like dark matter scattering in 
downstream detector. 
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4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target
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⇡0
�

⇡0
�
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⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two
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Road to Discovery

• Accelerator-based experiments are needed to explore 
the parameter space of predictive thermal DM models; 
they give complementarity insights into the particle 
physics of the dark sector 

• The broad range of signals that can arise from dark 
sectors calls for targeted experimental designs
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• Dark Sectors, with dark matter as powerful motivation, 
represent a rich new window for physics beyond the 
Standard Model. 

• High-impact parameter-space – including thermal dark 
matter milestones – can be explored within the decade! 

• Small-scale accelerator-based experiments and 
creative analyses of multi-purpose experiments are 
key to exploring this physics and mutually 
complementary

Conclusion
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