
Dark showers  
and dark QCD

Dark Showers Benchmarks  
Snowmass LoI  Meeting  

15 October 2020

Experiences f rom the  
LLP Community ini t iat ive

James Beacham 
Duke Universi ty

Past ,  present,  future



J a m e s  B e a ch a m  [ D u k e ] D a r k  s h ow e r s  b e n ch m a r k s  m e e t i n g  —  1 5  O c t o b e r  2 0 2 0  2

D a r k  s h o w e r s  w i t h i n  T h e  L L P  C o m m u n i t y  i n i t i a t i v e
Th e  L o n g - L i ve d  Pa r t i c l e  C o m m u n i t y  ( L H C  

e x p e r i m e n t s ,  t h e o r y / p h e n o ,  f i x e d - t a r g e t  e x p e r i m e n t s  

a r o u n d  t h e  wo r l d ,  f u t u r e  e x p e r i m e n t s ,  e t c . )  i n i t i a t i v e  

wa s  f o r m e d  a t  t h e  L H C  i n  2 0 1 6  a s  a  c o l l a b o ra t i v e  

p l a t f o r m  t o  e n s u r e  w e  d o n ’ t  m i s s  L L P  s i g n a t u r e s  a t  

t h e  L H C  a n d  b e yo n d  —  a n d  d a r k  s h ow e r s  h ave  b e e n  

o n e  o f  t h e  m a i n  t o p i c s  o f  i n t e r e s t  f r o m  d ay  o n e

F i r s t  L H C  L L P  M i n i - wo r k s h o p ,  2 0 1 6  

Fo c u s  o f  L L P  C o m m u n i t y  h a s  b e e n  s i g n a t u r e - b a s e d  r a t h e r  t h a n  

m o d e l - b a s e d  f r o m  t h e  b e g i n n i n g  —  wh a t  d e t e c t o r  s i g n a t u r e s  a r e  
w e  ove r l o o k i n g  o r  s u b o p t i m a l l y  c ove r i n g ?  —  a n d  n o t  a s  m u ch  

o n  ch o o s i n g  b e n ch m a r k  m o d e l s  o r  m o d e l  p o i n t s  t o  c o m p a r e  

l i n e s  o n  p l o t s  

Fo r  d a r k  s h ow e r s ,  t h i s  r e q u i r e s  s o m e  c r i t i c a l  t h i n k i n g …

P.  S ch wa l l e r,  D a r k  S h ow e r s  W G  t a l k ,  
A p r i l  2 0 1 7  wo r k s h o p  

http://cern.ch/longlivedparticles
https://indico.cern.ch/event/517268/
https://indico.cern.ch/event/607314/contributions/2542322/attachments/1448763/2233195/Dark_Showers_CERN.pdf
https://indico.cern.ch/event/607314/contributions/2542322/attachments/1448763/2233195/Dark_Showers_CERN.pdf
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W h a t  w e  t a l k  a b o u t  w h e n  w e  t a l k  a b o u t  d a r k  s h o w e r s

But how  complicated is  the dark sector? 

We have no clue.   But i t ’s  ent i rely plausible that  the reason we 
haven’t  discovered i t  is  that  i t ’s  usual ly s tuck in some kind of  
hidden val ley scenario (only accessible at  high-energy col l iders)  

with some kind of  confining dynamics — could somehow be 
similar  to QCD —> dark QCD —> dark proton? —> DM candidate!

Q C D D a r k  Q C D

The SM is  a bi t  
complicated 

Why would we expect 
the dark sector,  with 
dark matter  (DM) 
representing 5x the 

universal  energy budget 
of  baryons in the SM, to 
be *less* complicated?

26%
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69%

D a r k  
m a t t e r

D a r k  
e n e r g y

B a r yo n s

P l a n ck ,  2 0 1 3

But how  s imilar  to QCD?
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A n a t o m y  o f  a  d a r k  s h o w e r

L L P  C o m m u n i t y  wh i t e  p a p e r   
[  J .  P hy s .  G  4 7  0 9 0 5 0 1  ( 2 0 2 0 )  ] ,  C h a p t e r  7 ;  

i m a g e  a d a p t e d  f r o m  M .  S t r a s s l e r  

S e e  S .  K n a p e n  t a l k  f r o m  M ay  2 0 1 9

https://dx.doi.org/10.1088/1361-6471/ab4574
https://indico.cern.ch/event/792346/contributions/3426214/attachments/1851410/3040063/CERN_dark_showers_05_2019.pdf
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2)  Depending on the 

coupling of  the dark 
gauge group, dark s tates 

can shower and 
hadronize,  leading to 

some kind of  dark-sector 
jet ,  or  a very sof t  

radiat ion pat tern,  or  
something in between — 

this  part  i s  the least  wel l  
understood
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3) Dark sector hadrons 

(or  equivalent )  can 
decay back to the SM 

with a potential ly wide 
range of  l i fet imes,  pT 

spectra,  etc.
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Bet ter  understanding the 
range of  event 

possibi l i t ies f rom 2) is  
essential  to our abi l i ty to 
t r igger on and catch dark 

showers at  the LHC!
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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  

D e p e n d i n g  u p o n  d a r k  Q C D  g a u g e  
g r o u p ,  c o n f i n e m e n t  s c a l e ,  ’ t  H o o f t  
c o u p l i n g ,  n u m b e r  o f  d a r k  c o l o r s  o r  

f l avo r s ,  p r o d u c t i o n  m e ch a n i s m ,  a n d  
p o s s i b l y  u n k n ow n  u n k n ow n s ,  w e  c a n  
p o t e n t i a l l y  g e t  v e r y  d i f f e r e n t  
s i g n a t u r e s  a t  h i g h - e n e r g y  c o l l i d e r s  —  

m o s t  u r g e n t l y  a t  t h e  L H C

D a r k  s h ow e r s  /  d a r k  Q C D  e f f o r t s  w i t h i n  t h e  L L P  C o m m u n i t y  t h u s  n a t u r a l l y  a n d  i m m e d i a t e l y  g r av i t a t e d  
t owa r d  t h e  ve r y  n o n - u n d e r s t o o d  p a r t s :  

1) H ow  c a n  w e  u n d e r s t a n d ,  f r o m  a  t h e o r y  p e r s p e c t i v e ,  t h e  w i d e  p a r a m e t e r  s p a c e  b e t w e e n  w e a k l y - c o u p l e d  
d a r k  Q C D  ( p e n c i l - l i k e  j e t s  s i m i l a r  t o  Q C D )  a n d  s t r o n g l y - c o u p l e d  ( q u a s i - s p h e r i c a l  r a d i a t i o n  p a t t e r n s  

l i k e  S U E P s ) ,  t h e  t wo  r e g i m e s  w e  u n d e r s t a n d  a t  l e a s t  p a r t i a l l y ?  

2) H ow  d o e s  t h e  c o l l i d e r  p h e n o m e n o l o g y  ch a n g e  b e t w e e n  t h e s e  r e g i m e s ?

D a r k  s h o w e r s :  C h .  7  o f  t h e  L L P  C o m m u n i t y  w h i t e  p a p e r

L L P  C o m m u n i t y  wh i t e  p a p e r  [  J .  P hy s .  G  4 7  0 9 0 5 0 1  ( 2 0 2 0 )  ] ,  C h a p t e r  7

https://dx.doi.org/10.1088/1361-6471/ab4574
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QCD 
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Others 
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works 

Model with Pythia 

Hidden Valley module 

Can tr igger on at  LHC
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s t rongly-coupled, less 

l ike QCD 

SUEPs (sof t ,  
unclustered energy 
pat terns) ,  radiat ion 

pat terns 

 Perturbat ion theory 
breaks down 

Understand with 
gauge /  gravi ty duali ty 

(AdS/CFT) 

Modeled by S.  Knapen 

Can tr igger on at  LHC 
( in pr inciple)

Focus of  
this  LoI  

https://dx.doi.org/10.1088/1361-6471/ab4574
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D a r k  s h o w e r s  a n d  t h e  L L P  C o m m u n i t y
S t a r t i n g  i n  2 0 1 6 / 7 ,  c o nve n e d  a  d a r k  s h ow e r s  W G  w i t h i n  t h e  L L P  C o m m u n i t y  
i n i t i a t i v e  t o  t h i n k  a b o u t  t h e s e  i s s u e  c r i t i c a l l y

J .  S ch o l t z ,  d a r k  s h ow e r s  W G  t a l k ,  O c t .  2 0 1 7  wo r k s h o p  

https://indico.cern.ch/event/649760/contributions/2689334/subcontributions/239748/attachments/1544585/2423803/DS_Trieste.pdf
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S t a r t i n g  i n  2 0 1 6 / 7 ,  c o nve n e d  a  d a r k  s h ow e r s  W G  w i t h i n  t h e  L L P  C o m m u n i t y  
i n i t i a t i v e  t o  t h i n k  a b o u t  t h e s e  i s s u e  c r i t i c a l l y

J .  S ch o l t z ,  d a r k  s h ow e r s  W G  t a l k ,  O c t .  2 0 1 7  wo r k s h o p  

C o m p l e m e n t a r y  m i n d s e t  
t o  t h a t  o f  t h e  L o I

https://indico.cern.ch/event/649760/contributions/2689334/subcontributions/239748/attachments/1544585/2423803/DS_Trieste.pdf
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J e t - l i k e  d a r k  s h o w e r s
W h e n  yo u ’r e  i n  t h e  r e l a t i v e l y - w e a k - d a r k - Q C D - c o u p l i n g  ( a t  
h i g h - e n e r g y  c o l l i d e r s )  r e g i m e ,  g e t  a  va r i e t y  o f  s i g n a t u r e s  

I n g r e d i e n t s  f o r  ( m o s t l y )  m o d e l - i n d e p e n d e n t  c o l l i d e r  
p h e n o m e n o l o g y  

• C o u p l i n g  t h a t  l e a d s  t o  j e t - l i k e  o b j e c t s  

• H i g h ( - i s h )  m u l t i p l i c i t y  o f  l ow - m a s s  d a r k  h a d r o n s  t h a t  d e c ay  
t o  S M  

• Wi d e  r a n g e  o f  d a r k  h a d r o n  l i f e t i m e s  

Th e n  c a n  g e t  

• E m e r g i n g  j e t s  —  P R D  8 9 ,  0 6 3 5 2 2  ( 2 0 1 4 ) ,  J H E P  ( 2 0 1 5 )  2 0 1 5 :  
5 9  ( a n d  C M S  r e s u l t :  J H E P  0 2  ( 2 0 1 9 )  1 7 9 )  

• S e m i - v i s i b l e  j e t s  —  P R L  1 1 5  ( 2 0 1 5 )  1 7 ,  1 7 1 8 0 4 ;  1 7 0 7 . 0 5 3 2 6  

• S e m i - d i s p l a c e d  j e t s  —  M o d i f i c a t i o n  o f  a b ove  wh e r e  t h e  j e t  i s  
n o  l o n g e r  s o  j e t - l i k e  a t  t r i g g e r  l e ve l  

• E s c a p i n g  j e t s  —  E ve r y t h i n g  i s  d e t e c t o r- s t a b l e

S .  M i s h r a - S h a r m a  t a l k ,  O c t .  2 0 1 7  wo r k s h o p  

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/JHEP05(2015)059
https://link.springer.com/article/10.1007/JHEP02(2019)179
https://doi.org/10.1103/PhysRevLett.115.171804
https://arxiv.org/abs/1707.05326
https://indico.cern.ch/event/649760/contributions/2689334/subcontributions/239749/attachments/1544553/2423729/MishraSharma_SVJ.pdf
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• H i g h ( - i s h )  m u l t i p l i c i t y  o f  l ow - m a s s  d a r k  h a d r o n s  t h a t  d e c ay  
t o  S M  

• Wi d e  r a n g e  o f  d a r k  h a d r o n  l i f e t i m e s  

Th e n  c a n  g e t  

• E m e r g i n g  j e t s  —  P R D  8 9 ,  0 6 3 5 2 2  ( 2 0 1 4 ) ,  J H E P  ( 2 0 1 5 )  2 0 1 5 :  
5 9  ( a n d  C M S  r e s u l t :  J H E P  0 2  ( 2 0 1 9 )  1 7 9 )  

• S e m i - v i s i b l e  j e t s  —  P R L  1 1 5  ( 2 0 1 5 )  1 7 ,  1 7 1 8 0 4 ;  1 7 0 7 . 0 5 3 2 6  

• S e m i - d i s p l a c e d  j e t s  —  M o d i f i c a t i o n  o f  a b ove  wh e r e  t h e  j e t  i s  
n o  l o n g e r  s o  j e t - l i k e  a t  t r i g g e r  l e ve l  

• E s c a p i n g  j e t s  —  E ve r y t h i n g  i s  d e t e c t o r- s t a b l e

S .  M i s h r a - S h a r m a  t a l k ,  O c t .  2 0 1 7  wo r k s h o p  

Even in the jet- l ike regime, this  is  a 

wide range of  s ignatures and could 
certainly benefi t  f rom benchmarking

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/JHEP05(2015)059
https://link.springer.com/article/10.1007/JHEP02(2019)179
https://doi.org/10.1103/PhysRevLett.115.171804
https://arxiv.org/abs/1707.05326
https://indico.cern.ch/event/649760/contributions/2689334/subcontributions/239749/attachments/1544553/2423729/MishraSharma_SVJ.pdf
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P y t h i a  H i d d e n  V a l l e y  a n d  o t h e r  M C
Effort  within dark showers WG on 
understanding how changing Pythia 
Hidden Valley module parameters 

af fects  total  event shape ( f rom jets  
to,  hopeful ly,  SUEP) 

Immediately found l imitat ions in this  

direct ion

Also looked at  VINCIA (which uses a dipole-antenna parton shower)  
instead of  Pythia,  to compare things l ike spherici ty and thrust  against  

an AdS/CFT-inspired model

J .  S h e l t o n  

NB: Current  s tudent work ongoing adjust ing Nc and 
Nf in Pythia HV to look at  event shapes,  and 
potential ly val idate against  QCD, because you may 

notice one thing…
J .  P hy s .  G  4 7  0 9 0 5 0 1  ( 2 0 2 0 )

https://dx.doi.org/10.1088/1361-6471/ab4574
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V a l i d a t i n g  P y t h i a  H i d d e n  V a l l e y

M. Strassler  pointed out that ,  
as of  May 2018 and to his  
knowledge, no extensive 

val idat ion s tudies of  Pythia8 
Hidden Valley module 

I f  this  has been done since 
then, I ’m happy to be 

informed! 

But seems l ike a f i rs t -order 
task to perform before 
choosing dark showers 

benchmarks using this  module

M .  S t r a s s l e r  t a l k ,  M ay  2 0 1 8  wo r k s h o p  

https://indico.cern.ch/event/714087/contributions/2999882/attachments/1652277/2643225/LLP2018d.pdf
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D a r k  s h o w e r s :  T a l k s  a t  M a y  w o r k s h o p

R e c e n t  wo r k  ( s o m e  i n i t i a l l y  d e ve l o p e d  
w i t h i n  t h e  L L P  C o m m u n i t y )  by  C .  

C e s a r o t t i ,  J .  Th a l e r  ( 2 0 0 4 . 0 6 1 2 5 )  a n d  
C e s a r o t t i ,  M .  R e e c e ,  a n d  M .  S t r a s s l e r  
( 2 0 0 9 . 0 8 9 8 1 )  t o  p h e n o m e n o l o g i c a l l y  
i n t e r p o l a t e  b e t w e e n  j e t s  a n d  S U E P s  
w i t h  a  n e w  e ve n t - s h a p e  o b s e r va b l e ,  
e ve n t  i s o t r o py  ( s e e  a l s o  C a r i ’s  t a l k )

M .  Fr e y t s i s  t a l k ,  M ay  2 0 2 0  wo r k s h o p  

R e l e va n t  f o r  t h i s  L o I  i s   
t h e  r e c e n t  wo r k  by  

C o h e n ,  D o s s ,  F r e y t s i s  
e x a m i n i n g  t h e  e f f e c t  

o f  m o d e l i n g  
u n c e r t a i n i t i e s  o n  j e t  

s u b s t r u c t u r e  va r i a b l e s  
t h a t  c o u l d  d i s t i n g u i s h  

b e t w e e n  Q C D  a n d  
d a r k  ( p r o m p t )  j e t s

https://arxiv.org/abs/2004.06125
https://arxiv.org/abs/2009.08981
https://indico.cern.ch/event/863077/contributions/3850761/attachments/2044526/3424844/LLPisotropyCesarotti.pdf
https://indico.cern.ch/event/863077/contributions/3850760/attachments/2045376/3426579/LLPVirt0520.pdf
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D a r k  s h o w e r s :  P l a n s  f o r  N o v e m b e r  w o r k s h o p

N ove m b e r  wo r k s h o p  w i l l  b e  v i r t u a l  a g a i n  

O r g a n i z e d  m o r e  a r o u n d  v i r t u a l  wo r k i n g  g r o u p s  r a t h e r  
t h a n  a  s e r i e s  o f  t a l k s ,  a s  i n  M ay  

D a r k  s h ow e r s  W G  s e s s i o n  ( c o o r d i n a t e d  f r o m  t h e  
o r g a n i z e r s ’  s i d e  by  K .  D i Pe t r i l l o  a n d  m e )  w i l l  l i k e l y  
a d d r e s s  s o m e  s u b s e t  o f  t h e  f o l l ow i n g  t o p i c s  ( o r  
o t h e r s ) :  

• B e n ch m a r k i n g  ( r e l a t e d  t o  t h i s  L o I ) ,  f o r  j e t - l i k e  
o b j e c t s  a n d  p o t e n t i a l l y  i n t e r m e d i a t e  r e g i m e  

• E ve n t  i s o t r o py  a n d  e n e r g y - m ove r ’s  d i s t a n c e  

• S i m u l a t i o n  ( way s  t o  i n c l u d e  e ve n t  i s o t r o py  
i n t e r p o l a t i o n  a p p r o a ch  i n t o ,  e . g . ,  S U E P  c o d e ? )  

• D a r k  s h ow e r s  m e e t  a s t r o p hy s i c s  ( r e l a t e d  t o  t h i s  L o I )  

• Yo u r  i d e a  g o e s  h e r e

R e g i s t r a t i o n  a n d  c a l l  f o r  a b s t r a c t s  o p e n  

h t t p s : / / i n d i c o . c e r n . ch / e / L L P _ N ov _ 2 0 2 0

https://indico.cern.ch/e/LLP_Nov_2020
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C o n c l u s i o n s

Some dark showers references,  very non-exhaust ive 

Classic hidden val ley l i terature — PLB 651:374-379, 2007; JHEP 07 (2008) 008, others 
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; 1707.05326 
Soft ,  unclustered energy pat terns (SUEPs)  — JHEP (2017) 2017: 76 

Recent work — 2004.06125; 2009.08981; 2004.00631, others 

Most  comprehensively in “New Frontiers :  Dark showers”,  Chapter 7 of  the LLP white 
paper — J .  Phys.  G 47 090501 (2020) — and copious references therein

The prospect  of  discovering dark showers /  dark QCD is  exci t ing but also underscores 
how much we don’t  know about what we don’t  know 

Benchmarking the jet- l ike regime could be great ly beneficial  

LLP Community dark showers WG happy to col laborate!

https://www.sciencedirect.com/science/article/abs/pii/S0370269307007721
https://iopscience.iop.org/article/10.1088/1126-6708/2008/07/008
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://arxiv.org/abs/1707.05326
https://link.springer.com/article/10.1007/JHEP08(2017)076
https://arxiv.org/abs/2004.06125
https://arxiv.org/abs/2009.08981
https://arxiv.org/abs/2004.00631
https://doi.org/10.1088/1361-6471/ab4574
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R e s e r v e  s l i d e s
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L H C  L o n g - L i v e d  P a r t i c l e  C o m m u n i t y

… i n  c o l l a b o ra t i o n  w i t h  t h e  t h e o r y / p h e n o  c o m m u n i t y  a n d  M o E DA L ,  
M i l l i Q a n ,  M AT H U S L A ,  FA S E R ,  C O D E X - b ,  A L 3 X ,  A N U B I S ,  C L I C / I L C ,  

F C C / C E P C ,  S H i P,  NA 6 2 ,  NA 6 4 ,  e t c .

Wo r k s h o p s  —   
t wo  p e r  ye a r

Join the CERN egroup: lhc-l lp cern.ch/ longlivedpart icles 

Fo r m e d  i n  2 0 1 6  t o  a d d r e s s  o n e  q u e s t i o n :  
H ow  d o  w e  b e s t  e n s u r e  t h a t  w e  d o n ' t  m i s s  B S M  L L P  

s i g n a t u r e s  f o r  t h e  r e m a i n d e r  o f  t h e  L H C  p r o g r a m ?

L H C  L L P  w h i t e  p a p e r :  
P u b l i c  M a r c h  2 0 1 9  —  J .  P h y s .  G  4 7  0 9 0 5 0 1  ( 2 0 2 0 )

https://longlivedparticles.web.cern.ch/node/26
http://cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-llp
http://cern.ch/longlivedparticles
https://dx.doi.org/10.1088/1361-6471/ab4574
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J e t - l i k e  d a r k  s h o w e r s :  E m e r g i n g  j e t s

Th i s  c a n  b e  a ch i e ve d  w i t h  a  d a r k  Q C D  w i t h  Te V- s c a l e  
m e d i a t o r  X d t h a t  c o m m u n i c a t e s  w i t h  b o t h  t h e  d a r k  s e c t o r  

a n d  t h e  S M  a n d  G e V- s c a l e  Q d 

• B a i ,  S ch wa l l e r  P R D  8 9 ,  0 6 3 5 2 2  ( 2 0 1 4 )  

• S t o l a r s k i ,  S ch wa l l e r,  We i l e r  J H E P  ( 2 0 1 5 )  2 0 1 5 :  5 9  

N e w  m a t t e r  i s  i n t r o d u c e d  s u ch  t h a t  Q C D  a n d  d a r k  Q C D  
c o n f i n e m e n t  s c a l e s  a r e  n e a r  e a ch  o t h e r  a t  t h e  G e V  s c a l e  

• L e a d s  t o  d e s i r e d  a s y m m e t r y  

• A l s o  i m p l i e s  n e w  m a t t e r  m u s t  b e  ch a r g e d  u n d e r  b o t h  
d a r k  Q C D  a n d  S M  Q C D  

• L e a d s  t o  p o t e n t i a l l y  d i s c ove r a b l e  p h e n o m e n o l o g y :  

D a r k  h a d r o n  z o o  ( i n c l u d i n g  a  s t a b l e  D M  c a n d i d a t e ,  a  
d a r k  p r o t o n ) ,  s i m i l a r  t o  Q C D,  s o m e  o f  wh i ch  m u s t  
d e c ay  b a ck  t o  t h e  S M

S .  R e n n e r

D a r k  s e c t o r  n e e d s  t o  e ve n t u a l l y  t a l k  t o  t h e  S M ,  o r  a l l  h o p e  i s  l o s t

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.063522
https://link.springer.com/article/10.1007/JHEP05(2015)059
https://indico.cern.ch/event/714087/contributions/3007776/attachments/1652203/2643076/SRennerSlides.pdf
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J e t - l i k e  d a r k  s h o w e r s :  E m e r g i n g  j e t s
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Th u s ,  t h i s  i s  n e i t h e r  
p r o m p t  j e t s  n o r  a  p a i r  

o f  d i s p l a c e d  j e t s  
p o i n t i n g  t o  t h e  s a m e  
d i s p l a c e d  ve r t e x ,  b u t  

e m e r g i n g  j e t s

JH
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P
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q
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Q̄d

D a r k  q u a r k s  
h a d r o n i z e  f i r s t  i n  t h e  

h i d d e n  s e c t o r  a n d ,  
e . g . ,  l o n g - l i v e d  d a r k  
p i o n s  t h e n  d e c ay  t o  

t h e  v i s i b l e  s e c t o r  v i a  
m u l t i p l e  d i s p l a c e d  
ve r t i c e s  o f  va r y i n g  

d i s p l a c e m e n t s  w i t h i n  
t h e  s a m e  j e t  o b j e c t

J e t - l i k e  d a r k  s h o w e r s :  E m e r g i n g  j e t s
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