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D a r k  s e c t o r s  i n  2 0 2 0

The key di f ference today is  that  we’ve most ly f inal ly 
disabused ourselves of  the notion that  an answer to 

what dark matter  is  “should” or “wil l”  show up in 
the “most  l ikely” places 

• Old-school WIMPs in tension 
• Weak-scale SUSY a no-show so far  

Even ~five years ago st i l l  had people saying that  a 
dark sector model needed to be “elegant” or “well-
motivated”,  two words that  mean whatever you want 

them to mean 

However,  the universe doesn’t  care whether we think 
i ts  laws are elegant or not

h

g

s

⌫e

⌫µ
⌫⌧e

µ

⌧
W Z

�
b

dt
c

u

H
+�

G⇤

�̃0

�d

H
1,2...

Z 0

?

?

?

?

?

?

S n ow m a s s  2 0 2 1  —  6  O c t o b e r  2 0 2 0

St i l l  in the same epistemic dark-sector boat as we were 
10 or 15 years ago 
• Dark matter  exis ts  and interacts  gravi tat ional ly 
• We don’t  know what i t  is ,  nor how else i t   

interacts ,  i f  at  al l
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D a r k  s e c t o r s  i n  2 0 2 0
The worthiness cr i ter ion for dark sector ideas in 2020 
is  *not*,  “ Is  your idea well-motivated?”,  but  instead 
• Is  your idea impossible? 
• Does i t  confl ict  with current  observat ions? 
• Does i t  horr ibly violate known laws of  physics? 
• Is  i t  ruled out yet?

If  you can answer No  to al l  of  these,  then we should and 

wil l  look for  evidence of  your idea 

In this  sense,  the portal  f ramework and ideas l ike new 

generic or SM-l ike vector gauge bosons are good, 
because they focus on what’s  possible and not ruled out 

But more complicated,  non-minimal dark sectors are just  

as “motivated” as anything and should be f ront-and-
center for  searches,  as well  

Yes,  we must  look everywhere;  i f  we don’t ,  we’l l  s imply 

never know 

The guiding principle for  dark sector searches in the 

future is ,  “Explore everywhere” 

As evidenced by the number,  scope, and breadth of  the 
dark-sector-related Snowmass LoIs  received, this  lucki ly 

seems to be the dominant mindset!  

Obviously,  the energy and accelerator f ront iers  play a 
central  exploratory roleT.  Lin,  1904.07915

https://arxiv.org/abs/1904.07915


J a m e s  B e a ch a m  [ D u k e ] S n ow m a s s  2 0 2 1  p l a n n i n g  m e e t i n g  —  6  O c t o b e r  2 0 2 0  4

C o l l i d e r s  a t  t h e  e n e r g y  a n d  a c c e l e r a t o r  f r o n t i e r s

LHC 
27 km — 13 TeV 

CERN, 2010

Future Circular  
Coll ider (planned) 
80-100 km — 100 

TeV? 
CERN, 2040s?

CEPC (planned) 
50-70 km — 240 GeV? 

China,  2040s?

Circular Linear

Also discussed: LHeC and HE-LHC 
CEPC —> SppC

CLIC and ILC
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C o l l i d e r s  a t  t h e  e n e r g y  a n d  a c c e l e r a t o r  f r o n t i e r s
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Several  proposed projects  at  
the energy /  accelerator 
f ront iers  
• Higgs/Z factories col l iding 

e+e- at  f ixed, ~100s of  GeV 
to few TeV energies ( ILC, 
CLIC, FCC-ee,  CEPC, muon 
coll ider)  

• High-energy pp discovery 
machines (FCC-hh and SppC 
at  100/150 TeV, 500 TeV 
Coll ider in the Sea)

But the present and near future are packed with ideas and experiments,  too 
• HL-LHC encompasses a wide range of  projects  and sub-projects  
• Fixed target  /  beam dump accelerator projects  not shown here that  ei ther use exis t ing faci l i t ies to search for dark 

sectors or wil l  be ent i rely new projects  
• SeaQuest ,  SHiP,  NA62, NA64, LDMX, AWAKE, KLEVER, X@JLab, Mainz,  Frascat i ,  many others — this  talk is  a sampling

http://ias.ust.hk/program/shared_doc/2020/202001hep/conf/20200120_lt_Geoffrey_TAYLOR.pdf
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D a r k  s e c t o r s  a t  t h e  e n e r g y  a n d  a c c e l e r a t o r  f r o n t i e r s

How do EF and AF projects  probe dark sectors? 

• High-mass mediators /  force-carr iers  inaccessible at  pr ior  faci l i t ies 

• Low-mass,  feebly-coupled mediators that  only show up with high luminosi ty /  larger datasets  

• Missing mass /  energy /  momentum searches 

• Long-l ived part icle s ignatures (ubiquitous in dark sectors)  

• Precis ion measurements,  of ,  e.g. ,  Higgs width 

• Atypical  detector objects  /  phenomenology that  could correspond to dark QCD /  dark showers 
/  r ich dark sectors in general  

• Something unexpected /  deviat ion f rom background expectat ion
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N e w  h i g h - m a s s  m e d i a t o r s  /  f o r c e - c a r r i e r s  a t  c o l l i d e r s

High-energy machines are good at  making new, high-mass SM-to-dark-
sector mediators,  i f  they exis t  (not  shown here:  mono-X searches)

Eur.  Phys.  J .  Spec.  Top. 228, 755–1107 (2019) 
BSM HL-LHC Yellow Report

Maximum 
mass 

sensi t ivi ty 
for  HL-LHC

1910.11775

Z’ decaying to leptons at  an FCC-hh Translat ing jet  f inal  s tates into exclusions on DM mass

Good to see Snowmass LoIs  hopeful ly 
about bet ter  understanding and 

developing comparis ions l ike these

https://doi.org/10.1140/epjst/e2019-900087-0
https://arxiv.org/abs/1812.07831
https://arxiv.org/abs/1910.11775
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L o w ( i s h ) — m a s s ,  f e e b l y - c o u p l e d  m e d i a t o r s
Dark photon (A’)  /  dark Z

Complementari ty is  
key 

Only way to ensure 
adequate and 
corroborable 

coverage is  with 
mult iple experiments 

Not shown here:   
A’ —> invis ible
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https://arxiv.org/abs/1910.11775
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D e d i c a t e d  d e t e c t o r s  a t  t h e  L H C

Modif ied f rom H. Russel l  at  FIPs 2020

If  the dark sector part icle (dark photon, dark pion, heavy neutral  lepton, 
mil l icharged part icle,  etc. )  has such a long l i fet ime that  i t  escapes the 
detector volume of  the central  LHC detectors,  can build dedicated LLP 

detectors near the pp interact ion point

P.  I l t e n

L L P  C o m m u n i t y  wh i t e  p a p e r

Forward 
Physics 
Facility 

LoI

https://indico.cern.ch/event/864648/contributions/3692784/attachments/2093883/3523136/20200831_hrussell_FIPs_v2.pdf
https://indico.cern.ch/event/863077/contributions/3850629/attachments/2043952/3423788/codexb.pdf
https://doi.org/10.1088/1361-6471/ab4574
https://zenodo.org/record/4009641
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D a r k  p h o t o n s  a n d  d a r k  m a t t e r

For a f ixed dark 
photon mass,  can see 

the vi tal  need for 
mult iple experiments 
for,  e.g. ,  this  inelast ic 

dark matter  model

1810.01879

Good to see Snowmass LoIs  
dedicated to exploring and 
expanding these proposals  

— they al l  need to be 

funded and approved as 
soon as possible

https://arxiv.org/abs/1810.01879
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D i s a p p e a r i n g  t r a c k s  f o r  W i n o  /  H i g g s i n o  D M

1901.02987

These s tudies underscore 
the necessi ty of  including 
LLP signatures within the 

s tandard set  of  
benchmarks when 

designing future detectors
Some other s tudies have been done for,  e.g. ,  CLIC, FCC-ee/CEPC, 

and very good to see a Snowmass LoI  about LLPs at  FCC-ee

https://arxiv.org/abs/1901.02987
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF8_EF9-RF6_RF0_Rebeca_Gonzalez_Suarez-147.pdf
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I n v i s i b l e  a n d  e x o t i c  H i g g s  d e c a y s

But searches for  Higgs decays 
to,  e.g. ,  BSM LLPs at  the LHC 
can be powerful  direct  dark 

sector probes

Future col l iders 
wil l  reduce l imits  
on invis ible Higgs 

width to t iny

M. Cepeda at  FIPs 2020 

1905.03764

D. Curt in at  FIPs 2020 (and refs )

h

LLP

LLP

SM

SM

SM

SM

https://indico.cern.ch/event/864648/contributions/3896863/attachments/2096962/3524868/ExoticWidth.pdf
https://arxiv.org/abs/1905.03764
https://indico.cern.ch/event/864648/contributions/3896868/attachments/2097232/3525163/davidcurtin_scalar_FIPs_MATHUSLA_etc_CERN_FIPS_Workshop_2020.09.04_20m_v1.pdf
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H e a v y  n e u t r a l  l e p t o n s  /  s t e r i l e  n e u t r i n o s

Heavy BSM neutr inos could explain many 
things,  l ike why SM neutr inos have such t iny 
masses — and in some cases one of  the HNLs 

could be a DM candidate

1612.02728

HL-LHC

FCC-hh

FCC-eh

LHeC

FCC-ee

1901.09966

Current dominant HNL benchmark models can 
be l imit ing — need to include non-minimal 

models — see HNL session at  FIPs 2020

https://arxiv.org/abs/1612.02728
https://arxiv.org/abs/1901.09966
https://indico.cern.ch/event/864648/timetable/#b-360847-feebly-interacting-fe
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D a r k  Q C D  a n d  r i c h  d a r k  s e c t o r s

Emerging jets  —PRD 89, 063522 (2014);  JHEP (2015) 2015: 59; JHEP 02 (2019) 179 
Semi-vis ible jets  /  dark jets  — PRL 115 (2015) 17, 171804  

Sof t ,  unclustered energy pat terns (SUEPs)  — JHEP (2017) 2017: 76 
Classic hidden val ley l i terature — PLB 651:374-379, 2007; JHEP 07 (2008) 008, others 
Dark showers,  Chapter 7 of  the LLP white paper — J .  Phys.  G 47 090501 (2020) 
Recent work — 2004.06125; 2009.08981 
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The SM is  a bi t  complicated 

Why would we expect the dark sector,  5x the universal  
energy budget of  the SM, to be *less* complicated? 

Dark /  hidden sectors with confining dynamics could 
yield a zoo of  dark part icles 

Can also yield very di f ferent  col l ider phenomenology 
than we might original  expect

Q C D - l i k e  o r  - u n l i k e  d a r k  s e c t o r s  u n d e r s c o r e  h ow  m u ch  
w e  d o n ’ t  k n ow  a b o u t  wh a t  w e  d o n ’ t  k n ow  

Wi d e  r a n g e  o f  c o l l i d e r  p h e n o m e n o l o g y,  f r o m  j e t - l i k e  
o b j e c t s  t o  s o f t  r a d i a t i o n  p a t t e r n s  a n d  i n  b e t w e e n  

To  e n s u r e  w e ’r e  n o t  m i s s i n g  a ny t h i n g ,  n e e d  g o o d  
b e n ch m a r k s  ( l i k e  t h e  L o I  a b o u t  j e t - l i k e  o b j e c t s  a t  t h e  

L H C ) ,  b u t  a l s o  b e t t e r  u n d e r s t a n d i n g  o f  t h e  
p h e n o m e n o l o g y  b o t h  a t  t h e  L H C  a n d  b e yo n d

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.063522
https://link.springer.com/article/10.1007/JHEP05(2015)059
https://link.springer.com/article/10.1007/JHEP02(2019)179
https://doi.org/10.1103/PhysRevLett.115.171804
https://link.springer.com/article/10.1007/JHEP08(2017)076
https://www.sciencedirect.com/science/article/abs/pii/S0370269307007721
https://iopscience.iop.org/article/10.1088/1126-6708/2008/07/008
https://doi.org/10.1088/1361-6471/ab4574
https://arxiv.org/abs/2004.06125
https://arxiv.org/abs/2009.08981
https://link.springer.com/article/10.1007/JHEP05(2015)059
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF9_Kulkarni_Suchita-149.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF9_Kulkarni_Suchita-149.pdf
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D a r k  s e c t o r s  a t  a  m u o n  c o l l i d e r

A few to 10s of  TeV muon coll ider could potential ly 
do fantast ic physics ( including dark sector searches)  

without the need to build a new, big tunnel 

Current ly understudied

Talk at  EF10 meeting CERN Courier,  May 2020

The good news: Several  LoIs  about a muon 
coll ider with dark sector implicat ions

https://indico.fnal.gov/event/45679/contributions/197649/attachments/134967/167182/MuonColliderLOI.pdf
https://cerncourier.com/a/sketching-out-a-muon-collider/
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF0_EF0-TF7_TF0-AF4_AF3-IF0_IF0-CompF0_CompF0_Sergo_Jindariani-234.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF0_EF0-TF0_TF0-AF0_AF0_Wulzer-095.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF0_Jayatilaka-225.pdf
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W h a t  I ’ d  l i k e  t o  s e e  e m e r g e  f r o m  S n o w m a s s  2 0 2 1

Ensure that  LLP signatures are posi t ioned within the 
central  set  of  considerat ions for  future detector design 

• IDEA: Innovative Detector for  an Electron-posi t ron 
Accelerator — LoI 

• LLPs at  the FCC-ee — LoI

Better  understanding of  dark-QCD-like 
s ignatures at  current  and especial ly future 
EF and AF projects

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF1_EF4-IF3_IF6-096.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF8_EF9-RF6_RF0_Rebeca_Gonzalez_Suarez-147.pdf
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Clear message that ,  while benchmarks are f ine,  focus should be the physics 
inspirat ion of  the benchmark;  non-minimal benchmarks can be developed and 
centered, as well  

• Dark photon with Higgs coupling 
• Non-minimal HNL scenarios 
• Dark QCD, et  al  

Many pheno papers and experimental  resul ts  and project ions do this  already, 
but sometimes di f ferent  approach taken by community ef for ts

Clear message that  the ent i re s late of  dedicated LLP detectors 
at  the LHC receive ful l  funding and approval ,  to adequately 
explore dark sectors at  the HL-LHC 

• They al l  cover complementary dark sector parameter space 
and are al l  needed
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W h a t  I ’ d  l i k e  t o  s e e  e m e r g e  f r o m  S n o w m a s s  2 0 2 1

More comprehensive considerat ion of  very 
forward-thinking ideas l ike a 500 TeV Coll ider 
in the Sea — or my long-standing idea of  
bui lding a PeV-scale col l ider on the moon in 
col laborat ion with NASA (“NASA is  going back 
to the moon. How could physicis ts  
col laborate?” — J im Siegris t ,  DoE, yesterday)

More comprehensive understanding of  the 
physics potential  of  a muon coll ider 

• Several  LoIs  about this ,  which is  great

https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF4_AF0-069.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF4_AF0-069.pdf
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Automated anomaly detect ion 

• Modern data analysis  /  deep learning techniques could 
great ly assis t  abi l i ty to spot deviat ions f rom SM expectat ions 

• Modest  ef for ts  to invest igate this  at  the LHC so far,  but  
because the future of  part icle physics is  experimental  our 
searches can benefi t  f rom being guided by very model-
independent methods l ike ML /  AI  

• Good to see one LoI about this  in the context  of  the LHC 
Olympics

Clear message that  ful l  ut i l izat ion of  plasma 
wakefield technology is  of  the utmost  importance 

• Robust  research and plenty of  LoIs  in this  
direct ion

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF10-CompF3-028.pdf
https://indico.cern.ch/event/809820/timetable/?view=standard
https://indico.cern.ch/event/809820/timetable/?view=standard
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R e s e r v e  s l i d e s
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L o w ( i s h ) — m a s s ,  f e e b l y - c o u p l e d  m e d i a t o r s
Dark photon /  dark Z

What about here? Is  this  
real ly only for  future 

civi l izat ions with 
centuries to take data?
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https://arxiv.org/abs/1910.11775


D e d i c a t e d  d e t e c t o r s  f o r  l o n g - l i v e d  p a r t i c l e s  a t  t h e  L H C

Fo r wa r d  P hy s i c s  Fa c i l i t y  

Th e  p r o p o s e r s  o f  FA S E R  h ave  a l s o  p r o p o s e d  t h a t  
o n e  o f  t h e  e x i s t i n g  c ave r n s ,  a b o u t  5 0 0  m  f r o m  
AT L A S ,  b e  e n l a r g e d  t o  h o u s e  a n  e n t i r e  f a c i l i t y  

d e d i c a t e d  t o  L L P  s e a r ch e s  i n  t h e  f o r wa r d  r e g i o n  

S i m i l a r  t o  FA S E R ,  n e w  p a r t i c l e s  a r e  p e r h a p s  b e i n g  
c r e a t e d  by  p p  c o l l i s i o n s  t h a t  a r e  b e i n g  l o s t  d u e  t o  

t h e i r  b e i n g  t o o  c l o s e  t o  t h e  L H C  b e a m  a x i s

P r o p o s e d  f o r  t h e  H i g h - L u m i n o s i t y  L H C  ( H L - L H C ) ,  
2 0 2 6  o r  l a t e r  

S n ow m a s s  L e t t e r  o f  I n t e r e s t

https://doi.org/10.5281/zenodo.4009641

