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Introduction 

If	
  dark	
  maYer	
  parBcles	
  scaYer	
  on	
  nuclei	
  to	
  give	
  	
  	
  	
  
a	
  (direct	
  detecBon)	
  signal,	
  we	
  also	
  expect	
  to	
  see	
  
related	
  processes	
  with	
  disBncBve	
  signatures	
  

Dark	
  maYer	
  annihilaBon	
  

Dark	
  maYer	
  producBon	
  Da
rk
	
  m
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er
	
  sc
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g	
  

Experiments	
  
searching	
  for	
  

these	
  signatures	
  	
  	
  
can	
  constrain	
  the	
  
direct	
  detecBon	
  

cross	
  secBon	
  	
  

3 



Introduction 

Problem:	
  SeparaBon	
  of	
  scales	
  
•  Dark	
  maYer	
  direct	
  detecBon	
  probes	
  the	
  non-­‐
relaBvisBc	
  limit	
  (vDM	
  ≈	
  10-­‐3),	
  while	
  the	
  LHC	
  
probes	
  the	
  TeV	
  scale.	
  

•  InteracBons	
  that	
  look	
  very	
  similar	
  at	
  the	
  LHC	
  
(e.g.	
  coupling	
  to	
  the	
  vector	
  and	
  axial	
  current)	
  
may	
  look	
  very	
  different	
  in	
  direct	
  detecBon	
  
(spin-­‐independent	
  and	
  spin-­‐dependent).	
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Effective operators 

•  To	
  compare	
  bounds	
  from	
  the	
  LHC	
  to	
  direct	
  
detecBon,	
  we	
  describe	
  interacBons	
  between	
  
DM	
  and	
  quarks	
  with	
  effecBve	
  operators,	
  e.g.	
  

	
  
•  Such	
  an	
  interacBon	
  would	
  arise	
  from	
  the	
  
exchange	
  of	
  a	
  vector	
  mediator	
  with	
  mass	
  mR	
  
and	
  couplings	
  gq	
  to	
  quarks	
  and	
  gχ	
  to	
  DM:	
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Effective interactions 

talks	
  by:	
  S.	
  Caron	
  &	
  A.	
  Tapper	
  

•  For	
  sufficiently	
  heavy	
  mediators	
  (mR	
  >	
  few	
  TeV),	
  
effecBve	
  interacBons	
  are	
  valid	
  even	
  at	
  the	
  LHC	
  

	
  
	
  
•  We	
  can	
  directly	
  compare	
  LHC	
  
searches	
  for	
  dark	
  maYer	
  to	
  	
  	
  
direct	
  detecBon	
  experiments	
  

σ	
  (j	
  +	
  MET)	
  ~	
  1/Λ4	
  ~	
  σp	
  	
  
•  Current	
  monojet	
  bounds	
  give	
  	
  
	
  	
  	
  Λ	
  >	
  700	
  GeV,	
  corresponding	
  to	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σp	
  ≈	
  10-­‐39	
  cm2	
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Two problems with EFT 

Shoemaker,	
  Vecchi,	
  arXiv:1112.5457	
  
Fox,	
  Harnik,	
  Primulando,	
  Yu,	
  arXiv:1203.1662	
  

1.  Problems	
  with	
  perturbaBvity:	
  	
  
	
  From	
  gq,	
  gχ	
  <	
  (4π)1/2	
  we	
  get	
  mR	
  <	
  2.5	
  TeV	
   	
  	
  
	
  for	
  Λ	
  =	
  700	
  GeV,	
  so	
  we	
  require	
  √s	
  <	
  2.5	
  TeV.	
  

2.  Problems	
  with	
  unitarity:	
  
	
  The	
  requirement	
  

	
  	
  
	
  holds	
  only	
  for	
  √s	
  <	
  2.7	
  Λ	
  ≈	
  1.9	
  TeV.	
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Resonant production 

•  EffecBve	
  operators	
  may	
  not	
  be	
  valid	
  at	
  the	
  LHC	
  
•  It	
  is	
  quite	
  possible	
  that	
  the	
  mediator	
  mass	
  is	
  
comparable	
  to	
  LHC	
  energies	
  (mR	
  ~	
  TeV)	
  

•  The	
  LHC	
  can	
  produce	
  such	
  a	
  mediator	
  on-­‐shell:	
  
σ	
  (j	
  +	
  MET)	
  ~	
  σ	
  (pp	
  à	
  R	
  +	
  j)	
  ×	
  BR	
  (R	
  à	
  invisible)	
  

•  As	
  a	
  consequence,	
  the	
  monojet	
  cross	
  secBon	
  is	
  
no	
  longer	
  propor2onal	
  to	
  the	
  direct	
  detecBon	
  
cross-­‐secBon	
  and	
  the	
  analysis	
  is	
  more	
  involved	
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How to get a bound 

gq:	
  	
  Coupling	
  to	
  quarks	
  
gχ:	
  Coupling	
  to	
  the	
  DM	
  parBcle	
  
mR:	
  Mass	
  of	
  the	
  mediator	
  
μχn:	
  Reduced	
  mass	
  

Constrained	
  by	
  monojet	
  searches	
  More	
  difficult	
  to	
  constrain	
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Decay channels 

R	
  can	
  decay	
  into	
  fermions,	
  bosons	
  	
  
and	
  new	
  hidden	
  sector	
  states	
  

All	
  of	
  these	
  channels	
  can	
  be	
  constrained	
  by	
  the	
  LHC!	
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Constraints: Fermions 

11 



Constraints: Bosons 
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Combined Constraints 

•  If	
  R	
  decays	
  only	
  into	
  SM	
  parBcles	
  or	
  invisible	
  
states,	
  we	
  can	
  obtain	
  a	
  bound	
  on	
  ΓR	
  

No	
  bound	
  on	
  W+W-­‐	
  

available	
  above	
  	
  
600	
  GeV	
  (as	
  yet)	
  

Narrow-­‐width	
  
approximaBon	
  
no	
  longer	
  valid	
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Direct detection limits 

excluded	
  

14 



Direct detection limits 

Bound	
  for	
  	
  
mR	
  >	
  300	
  GeV	
  
mR	
  <	
  1	
  TeV	
  

Bound	
  for	
  	
  
mR	
  >>	
  1	
  TeV	
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There	
  are	
  strong	
  constraints	
  on	
  the	
  direct	
  detecBon	
  
cross	
  secBon	
  for	
  vector	
  mediators	
  with	
  mR	
  <	
  1	
  TeV.	
  



Possible caveats 

1.  If	
  the	
  mediator	
  is	
  lighter	
  than	
  300	
  GeV	
  it	
  
becomes	
  very	
  difficult	
  to	
  constrain	
  BR(R	
  à	
  qq).	
  

2.  If	
  the	
  DM	
  mass	
  is	
  comparable	
  to	
  the	
  mediator	
  
mass,	
  decays	
  of	
  R	
  into	
  χχ	
  are	
  suppressed.	
  

3.  If	
  R	
  can	
  decay	
  into	
  new	
  hidden	
  sector	
  states	
  with	
  
complicated	
  decay	
  modes,	
  ΓR	
  can	
  be	
  very	
  large.	
  

4.  If	
  gq	
  <<	
  gχ	
  the	
  producBon	
  of	
  R	
  at	
  LHC	
  is	
  
insufficient	
  to	
  constrain	
  ΓR.	
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Example: The dark Z’ 

•  As	
  an	
  example	
  we	
  consider	
  the	
  case	
  where	
  R	
  	
  	
  
is	
  the	
  gauge	
  boson	
  of	
  a	
  new	
  U(1)	
  under	
  which	
  
only	
  the	
  dark	
  maYer	
  parBcle	
  is	
  charged	
  

K.	
  Babu,	
  C.	
  F.	
  Kolda,	
  and	
  J.	
  March-­‐Russell,	
  Phys.Rev.	
  D57	
  (1998),	
  6788–6792	
  
Fox,	
  Liu,	
  Tucker-­‐Smith,	
  Weiner,	
  Phys.Rev.	
  D84	
  (2011)	
  115006	
  	
  
Frandsen,	
  F.K.,	
  Sarkar,	
  Schmidt-­‐Hoberg,	
  JHEP	
  1109	
  (2011)	
  128	
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Example: The dark Z’ 

mR	
  =	
  300	
  GeV	
  

mR	
  =	
  600	
  GeV	
  

mR	
  =	
  1200	
  GeV	
  

•  AYracBve	
  feature:	
  Isospin	
  violaBon	
  (fp	
  ≠	
  fn)	
  
•  fn/fp	
  =	
  –0.7	
  suppresses	
  bounds	
  from	
  XENON100	
  
	
   Frandsen,	
  F.K.,	
  Sarkar,	
  Schmidt-­‐Hoberg,	
  JHEP	
  1109	
  (2011),	
  128	
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Example: The dark Z’ 

For	
  300	
  GeV	
  <	
  mZ’	
  <	
  1500	
  GeV,	
  we	
  can	
  use	
  current	
  
LHC	
  data	
  to	
  constrain	
  direct	
  detecBon	
  cross	
  secBons	
  

fχV	
  =	
  0.1,	
  δm	
  =	
  mZ/2	
  

sin	
  ε	
  >	
  0.8	
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Conclusions 

•  If	
  the	
  LHC	
  can	
  resolve	
  the	
  mediator	
  of	
  dark	
  
maYer	
  interacBons,	
  effecBve	
  operators	
  are	
  
insufficient	
  to	
  interpret	
  monojet	
  bounds	
  

•  Heavy	
  mediators	
  (mR	
  ≥	
  300	
  GeV)	
  can	
  be	
  
tested	
  and	
  constrained	
  by	
  current	
  LHC	
  data	
  

•  AYracBve	
  model:	
  Dark	
  Z’	
  with	
  mixing	
  
•  Lighter	
  mediators	
  are	
  much	
  more	
  difficult	
  to	
  
constrain	
  experimentally	
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Backup 

21 



Non-standard interactions 

•  Collider	
  bounds	
  are	
  largely	
  independent	
  of	
  
low-­‐energy	
  effects	
  (e.g.	
  nuclear	
  coherence).	
  	
  

•  Very	
  strong	
  bounds	
  arise	
  if	
  σp	
  is	
  suppressed.	
  

excluded	
   excluded	
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