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Based	  on	  	  
“Leading	  QCD	  correc>ons	  for	  indirect	  
dark	  maDer	  searches:	  A	  fresh	  look”	  

Phys.	  Rev.	  D	  93,	  043529	  
	  

with	  Torsten	  Bringmann	  and	  Ahmad	  Galea	  



Dark Matter!
What we know?
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What?	  
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1.  Electrically neutral
2.  No strong interactions
3.  Massive
4.  Stable
5.  Collisionless
6.  Relic density
7.  Structure Formation

Desired Properties
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Standard	  model	  par>cles	  cannot	  make	  the	  DM	  



New Particles?
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1. Supersymmetry 
2. Extra Dimensions
3. Non-thermally 

produced, 
Axions, FIMPs

1. Primordial black holes
2. Axions
3. Sterile neutrinos
4. Weakly interacting 

Massive Particles 
(WIMPs) And	  many	  more!	  

Theories	  Cons>tuents	  	  

For	  this	  talk	  we	  will	  consider	  WIMPs	  in	  MSSM	  framework	  



MSSM
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R-‐Parity	  



Neutralinos
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Neutralinos	  

For	  this	  talk,	  the	  lightest	  neutralino	  is	  DM	  



Higgs 
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In	  MSSM	  we	  have	  two	  complex	  doublets,	  
meaning	  8	  d.o.f.	  

A_er	  EWSB	  

Now	  we	  know	  that,	  



LHC constraints

30/03/16,	  UiO	  
9	  

P.	  Walia	  From	  ATLAS	  public	  results,	  March	  2016	  



Squarks
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S.	  Chatrchyan	  et	  al.	  (CMS),	  JHEP	  06,	  055	  (2014)	  	  
	  

G.	  Aad	  et	  al.	  (ATLAS),	  JHEP	  10,	  054	  (2015)	  	  
	  

Doesn’t	  constrain	  highly	  degenerate	  squark	  scenario!	  



DM Interactions
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Neutralino annihilation to fermions
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S-‐wave	   P-‐wave	  
Velocity	  

suppression	  
Helicity	  	  

Suppression	  



Gauge boson bremsstrahlung
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S-‐wave	  

L.	  Bergström,	  Phys.	  LeD.	  B	  232,	  377	  
(1989)	  



Neutralino annihilation to quarks

30/03/16,	  UiO	  
14	  

P.	  Walia	  

Tree	  level	  diagrams	  in	  non-‐rela>vis>c	  limit	  	  
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Figures	  from	  B.	  Herrmann	  et	  al.,	  2009	  

Neutralino annihilation to quarks



Non-Relativistic limit
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Table	  from	  T.	  Weiler,	  AIP	  Conf.	  Proc.	  1534,	  165	  (2013)	  	  

For	  Majorana	  pair	  



Pseudoscalar approximation
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with	  



Pseudoscalar approximation
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Where	  we	  have	  defined	  

NLO	  result	  



!
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Pseudoscalar approximation

Resumming	  the	  leading	  logarithms	  

NLO	  result	  

Resummed	  result	  

E.	  Braaten	  and	  J.	  Leveille,	  Phys.Rev.	  D22,	  715	  (1980).	  	  
M.	  Drees	  and	  K.	  Hikasa,	  Phys.LeD.	  B240,	  455	  (1990).	  	  
	  	  
	  

First	  derived	  in	  
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Pseudoscalar approximation
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What scale to use?

are	  using	  For	   MicrOMEGAs	   and	  
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Figures	  from	  B.	  Herrmann	  et	  al.,	  2009	  

Neutralino annihilation to quarks
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Figures	  from	  B.	  Herrmann	  et	  al.,	  2009	  
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Final	  state	  radia>on	  

Counter	  terms	  

Neutralino annihilation to quarks
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Figures	  from	  B.	  Herrmann	  et	  al.,	  2009	  

Neutralino annihilation to quarks
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Figures	  from	  B.	  Herrmann	  et	  al.,	  2009	  

Neutralino annihilation to quarks
	  

Virtual	  Internal	  Bremsstrahlung	  

All	  others	  are	  helicity	  suppressed	  



30/03/16,	  UiO	  
26	  

P.	  Walia	  

VIB	  
VIB	  dominates	  the	  total	  cross	  sec>ons	  for	  the	  case	  when	  

1.	  	  	  	  	  	  	  	  	  

2.	  Squarks	  and	  neutralino	  are	  highly	  degenerate.	  

For	  totally	  degenerate	  case	  

Decreases	  by	  a	  factor	  of	  2(3)	  for	  mass	  differences	  of	  10%	  (20%)	  
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Error estimation	  

NOTE:	  DM@NLO	  unable	  to	  handle	  zero	  velocity	  limit	  

Models	  from	  B.	  Herrmann	  et	  al.,	  2009	  
	  	  

Model	  I	  :	  A	  exchange	  
Model	  II	  &	  V:	  Z	  exchange	  
Model	  III	  &	  IV:	  squark	  exchange	  



Relic Density
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Relic Density
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Co-annihilations
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Relic Density
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Typical decoupling Temperatures 

Including	  VIB	  can	  make	  the	  first	  term	  comparable	  to	  the	  second	  

The	  suppression	  is	  



Relic Density
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1.	  For	  significant	  VIB	  contribu>on	  
The	  obstacles-‐	  

Top	  and	  Electroweak	  boson	  final	  states	  possible,	  which	  are	  “unsuppressed”	  

2.	  Small	  mass	  spliqng	  between	  neutralino	  and	  squark	  masses	  required	  

Co-‐annihila>ons	  dominate	  in	  this	  parameter	  region	  



Relic Density
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also	  contains	  gluon	  pair	  contribu>on,	  which	  is	  unsuppressed.	  	  Note:	  

All	  the	  spar>cle	  masses	  other	  than	  squarks	  and	  neutralino	  have	  been	  set	  very	  high.	  

Now	  implemented	  in	  	  
For	  Bino-‐like	  neutralino	  
on l y	   one	   d i a g ram	  
contributes	  at	  tree	  level	  



Relic Density
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Conclusion:	  Co-‐annihila>ons	  would	  always	  dominate	  over	  VIB	  	  	  

The	   plot	   shows	   the	  
values	   of	   neutralino	  
and	   squark	  masses	   to	  
achieve	   the	   correct	  
relic	  density	  



Indirect detection
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Indirect searches
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Antiproton and photon spectrum
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Maximal	  VIB	  case	  

Using	  PYTHIA	  8.2,	  107	  	  runs	  



Indirect searches
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An>proton	  spectrum	  

Gamma-‐ray	  spectrum	  



Indirect searches
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Inaccuracy	  <10%	  	  

Inaccuracy	  <3%	  	  

Now	  implemented	  in	  	  



Limits
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Bino	  masses	  upto	  60	  GeV	  are	  excluded	  
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Summary	  
•  Pseudoscalar	  approxima>on	  is	  a	  good	  approxima>on	  and	  

saves	  computa>on	  >me	  significantly.	  
•  Relic	  density	  is	  always	  dominated	  by	  coannihila>ons	  for	  

degenerate	  squark	  scenario,	  hence	  rendering	  VIB	  
contribu>on	  insignificant.	  

•  Cross	  sec>ons	  from	  DM@NLO	  are	  not	  good	  in	  zero	  velocity	  
limit.	  	  

•  Indirect	  detec>on	  limits	  improved	  by	  a	  factor	  of	  5	  for	  
an>protons	  by	  including	  VIB	  contribu>ons.	  
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Takk!	  


