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•  My	  specific	  field	  of	  exper8se	  is	  the	  search	  for	  supersymmetric	  
par8cles	  with	  the	  ATLAS	  detector	  

•  The	  ques8on	  I’d	  like	  to	  discuss	  here	  is	  what	  we	  can	  say	  about	  
a	  supersymmetric	  explana8on	  to	  the	  Dark	  MaHer	  	  

•  In	  what	  follows,	  I	  will	  focus	  on	  the	  lightest	  neutralino	  as	  
candidate	  Dark	  MaHer	  par8cle	  

Some	  words	  as	  introduc8on	  



SUSY	  
parameters	  

Masses	  
σ(pp=>XX=>NN+XX)	  

N1	  mass	  
σ(	  N1N=>N1N)	  

Hadron	  collider	  	  
experiments	  

Direct	  detec8on	  	  
experiments	  

§  Now	  each	  set	  of	  SUSY	  parameters	  predict	  the	  observables	  measured	  at	  colliders	  and	  direct	  
detec8on	  experiments	  (ok,	  with	  some	  uncertain8es)	  
§  So	  in	  principle	  if	  all	  SUSY	  parameters	  value	  are	  considered	  one	  can	  say	  (assuming	  no	  

observa8on,	  otherwise	  things	  get	  much	  more	  interes8ng)	  	  
§  x%	  of	  the	  parameter	  space	  yields	  a	  relic	  density	  consistent	  with	  measurements	  
§  y%,z%,w%	  of	  this	  parameter	  space	  is	  excluded	  by	  LHC,	  XENON,	  LHC+XENON	  data	  
§  y’,z’,w’%	  of	  the	  remaining	  space	  will	  be	  probed	  by	  future	  LHC,	  XENON,	  LHC+XENON	  data	  

(or	  any	  facili8es	  under	  considera8on)	  
§  If	  w’	  =	  100%	  neutralino	  DM	  is	  ruled	  out	  
§  Also	  interes8ng	  is	  a	  statement	  like:	  for	  remaining	  solu8ons,	  mN1	  >	  X	  TeV,	  because	  this	  has	  an	  

impact	  on	  SUSY	  as	  solu8on	  for	  the	  hierarchy	  problem	  and	  on	  accessibility	  at	  lepton	  collider	  
§  Now	  the	  above	  is	  not	  possible	  because	  there	  are	  hundreds	  of	  con8nuous	  SUSY	  parameters	  
§  In	  fact	  it	  is	  probably	  possible	  because	  direct	  detec8on	  signals	  and	  some	  collider	  signals	  

depend	  on	  very	  few	  parameters	  	  

Connec8ng	  collider	  and	  direct	  detec8on	  

~	  ~	   ~	  ~	   ~	   ~	  



•  The	  gaugino	  mass	  spectrum	  depends	  on	  M1,	  M2,	  µ,	  tan	  β	

•  For	  bino-‐like	  neutralinos	  (M1	  <<	  M2,µ)	  the	  relic	  density	  is	  too	  high,	  need	  a	  

mechanism	  to	  reduce	  it	  	  
–  s-‐channel	  annihila8on	  via	  Z,	  h	  :	  need	  a	  (fine	  tuned)	  mass	  half	  that	  of	  the	  boson	  

(the	  Higgs	  can	  be	  the	  known	  or	  one	  of	  the	  yet	  undiscovered	  states)	  	  
–  Coannihila8on:	  need	  an	  other	  par8cle	  (lepton,	  squark,	  gluino)	  close	  in	  mass	  to	  the	  

neutralino,	  the	  mass	  difference	  must	  have	  a	  precise	  value	  
•  For	  wino-‐like	  or	  higgsino-‐like	  neutralino	  (the	  other	  cases)	  the	  relic	  density	  

is	  too	  low	  
–  I’ve	  seen	  axion-‐neutralino	  mixing	  suggested	  to	  get	  the	  relic	  density	  right.	  	  

•  A	  careful	  mixture	  of	  eigenstates	  (well	  tempered	  neutralino)	  is	  also	  ok.	  This	  
predicts	  the	  gaugino	  spectrum	  as	  a	  func8on	  of	  the	  N1	  mass.	  

•  For	  each	  of	  the	  solu8ons	  above,	  the	  relic	  density	  is	  a	  func8on	  of	  one	  or	  
two	  theory	  parameters	  

•  ScaHering	  cross	  sec8on	  and	  the	  signals	  from	  pair	  produc8on	  at	  LHC	  of	  the	  
SUSY	  par8cles	  whose	  mass	  depend	  only	  on	  those	  one/two	  parameters	  are	  
also	  predicted	  –	  the	  predic3ons	  can	  be	  tested	  at	  colliders	  and	  
underground	  experiments	  (in	  principle)	  



•  The	  plot	  for	  a	  MSSM	  scan	  
illustrates	  the	  concept	  

•  What	  are	  the	  minimum	  
LHC	  signals	  for	  each	  of	  the	  
points	  in	  the	  plot	  ?	  	  
–  Minimum	  in	  the	  sense	  that	  

does	  not	  depend	  on	  other	  
theory	  parameters	  
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Figure 9: The pMSSM fit (left panel) in (MDM, �SI) plane and the corresponding DM generation
mechanisms (right panel) in the colour code analogous to Fig. 4 except for three new regions:
the pink dots denote “well-tempered” bino/wino; the dark red dots the Z-resonance at MDM ⇡
MZ/2; the orange dots denote the light-higgs resonance at MDM ⇡ mh/2.

panel for tan � = 10). The region with M1 ⇡ µ ⇡ MZ was allowed, but its large direct detection
cross section is now disfavored by Xenon100 (gray region). An improvement of the Xenon100
bound by a factor of few would fully exclude the whole “well-tempered” neutralino scenario,
unless the local DM density or the nuclear matrix element f of eq. (12) are significantly lower
than what is assumed in our computation.

The minor tilt at MDM ⇡ mt is due to the top quark threshold. At lower masses, the cosmo-
logically allowed region of Fig. 8 is a↵ected by the Z and Higgs resonances (2MDM = MZ or mh

respectively, indicated as red curves). At larger masses, the “well-tempered” neutralino region
terminates at µ ⇡ 1TeV, where the (almost) pure higgsino becomes a good DM candidate.

5.4 Supersymmetry beyond the CMSSM: pMSSM

In order to relax the theoretical constraints of the CMSSM on the SUSY mass spectrum, we also
performed a similar analysis for free low energy SUSY parameters of the MSSM. The low energy
phenomenological MSSM, pMSSM, is characterized by the three gaugino masses M1,M2,M3,
the higgsino mass µ, the common squark masses mq̃, the left and right-handed slepton masses
mL̃,mẼ, the Higgs mass parameter mA and by tan �. We randomly scan all these parameters.

Fig. 9 shows our results, in the same notations as the corresponding CMSSM figure, Fig. 4.
Because the squark and slepton masses are not related any more via the GUT relations, light
sleptons become available for a good fit of (g � 2)µ that dominates the fit. At the same
time, heavy squarks can suppress any new contributions to b ! s�. Therefore a wider range
of parameters becomes allowed by the global fit, with still a preference for relatively light
DM mass, that again mostly corresponds to neutralino/slepton coannihilations (blue dots in
Fig. 9b). Again the region disfavored by the new Xenon100 data mostly corresponds to the
“well-tempered” bino/higgsino (upper red dots in Fig. 9b). Two new regions appear: “well-
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Red	  points:	  well	  tempered	  neutralino.	  	  
Dark	  red:	  neutralino	  has	  half	  the	  Z	  mass	  
Orange:	  CP-‐even	  Higgs	  resonance	  
Green:	  Heavy	  Higgs	  resonance	  
Blue:	  slepton	  co-‐annihila8on	  
Magenta:	  stop	  co-‐annihila8on	  
Light	  blue:	  neutral	  Higgses	  with	  tan	  b	  
enhanced	  couplings	  
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Abstract

We perform a fit to the recent Xenon100 data and study its implications for Dark
Matter scenarios. We find that Inelastic Dark Matter is disfavoured as an explana-
tion to the DAMA/LIBRA annual modulation signal. Concerning the scalar singlet
DM model, we find that the Xenon100 data disfavors its constrained limit. We
study the CMSSM as well as the low scale phenomenological MSSM taking into
account latest Tevatron and LHC data (1.1/fb) about sparticles and Bs ! µµ.
After the EPS 2011 conference, LHC excludes the “Higgs-resonance” region of DM
freeze-out and Xenon100 disfavors the “well-tempered” bino/higgsino, realized in
the “focus-point” region of the CMSSM parameter space. The preferred region
shifts to heavier sparticles, higher fine-tuning, higher tan � and the quality of the
fit deteriorates.

1 Introduction

The best motivated candidates for the cold Dark Matter (DM) of the Universe [1] are Weakly
Interacting Massive Particles (WIMPs) [2]. Indeed, a stable particle with a typical weak inter-
action cross section of 1 pb and a mass of order 100 GeV naturally produces the observed DM
thermal relic abundance. Because the evidence for DM is purely gravitational, there are many
particle physics models for WIMPs. Theoretically most appealing ones among those are the
DM models based on supersymmetry (SUSY) [3] in which the DM is stable due to the existence
of discrete Z2 symmetry – the R-parity [4] or equivalently the matter parity [5]. Because the
matter parity may occur also in the scalar extensions of the standard model (SM) [6], the scalar
DM models are also well motivated from the underlying unified physics point of view.
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Looks	  like	  the	  well	  tempered	  neutralino	  scenario	  is	  out,	  I	  won’t	  comment	  on	  it.	  No8ce	  that	  
it	  predicts	  a	  spectrum	  of	  gauginos	  at	  LHC	  which	  could	  have	  been	  detected	  



Coannihila8on	  scenarios	  
•  If	  there	  is	  a	  charged	  or	  coloured	  par8cle	  which	  is	  

20	  or	  40	  GeV	  heavier	  than	  the	  LSP,	  then	  the	  
slepton(squark)	  pair	  produc8on	  followed	  by	  their	  
decay	  to	  the	  LSP	  might	  be	  observed	  at	  LHC	  

•  Sub-‐categories	  depending	  on	  the	  nature	  of	  this	  
other	  par8cle:	  first	  genera8on	  squark,	  stop,	  first	  
genera8on	  sleptons,	  staus	  are	  separate	  cases.	  	  

•  Experimental	  limits	  on	  first	  genera8on	  squark	  
case	  exist.	  	  

•  The	  stop	  might	  decay	  to	  cN1	  (via	  a	  loop)	  or	  bff’N1	  
(direct	  4-‐body),	  experimental	  limits	  exist	  on	  the	  
first,	  theory-‐calculated	  ones	  on	  the	  second.	  

•  No	  limits	  on	  the	  difficult	  slepton	  and	  stau	  cases	  
yet.	  

•  I	  am	  not	  aware	  of	  any	  future	  LHC	  sensi8vity	  
studies	  for	  any	  of	  the	  above,	  this	  can	  be	  
something	  I	  would	  be	  interested	  to	  study	  with	  
LHC	  MC	  generators	  	  -‐	  up	  to	  which	  N1	  mass	  the	  
future	  hadron	  collider	  (planned	  or	  proposed)	  data	  
would	  be	  sensi8ve	  assuming	  the	  coannihila8on	  
scenario	  ?	  	  
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
the signal cross-sections, are considered. The ±1� lines around the observed limit represent the results
obtained when moving the nominal signal cross-section up or down by the ±1� theoretical uncertainty.
Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the
mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
7 TeV data [35].

[5] A. Neveu and J. H. Schwarz, Quark Model of Dual Pions, Phys. Rev. D4 (1971) 1109–1111.

[6] J. Gervais and B. Sakita, Field theory interpretation of supergauges in dual models, Nucl. Phys.
B34 (1971) 632–639.

[7] D. V. Volkov and V. P. Akulov, Is the Neutrino a Goldstone Particle?, Phys. Lett. B46 (1973)
109–110.
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Figure 8: Left: predicted cross section and experimental limits as functions of the lightest stop
mass. Right: excluded regions in the (m

˜t1
,M

DM

) plane from ATLAS analyses (dotted regions
shaded in yellow), CMS analyses (dot-dashed regions shaded in green), our re-analysis (red).

conclusion applies to compressed stop-neutralino spectra, since the signature in the razor

Had box is the same.

A change in the lepton selection could further increase the sensitivity of these analyses.

The left plot on Fig. 9 shows the distribution of the muon pT for W+jets events selected

by the CMS monojet analysis, before applying the muon veto and the isolated track veto.

This is compared to the equivalent distribution obtained for events with pair-produced stops,

decaying to W ⇤bN , with at least one of the two W ⇤ producing a µ⌫ pair. We consider two

values of the stop mass (m
˜t = 150 GeV and m

˜t = 270 GeV) for �M = 15 GeV. Requiring

one muon with pT < 15 GeV corresponds to reducing the Z(⌫⌫)+jets background to a

negligible level, and to rejecting ⇠ 92% of the other backgrounds.

To evaluate the potential improvement due to this change, we applied the monojet anal-

ysis to the generated stop-stop samples, and we separate the selected events in two boxes

(as for the razor analysis): the Muon box, including all the events with one muon with

pT < 15 GeV; the Had box, with all the other events. We then distribute the background

in the two boxes as follows: all the Z(⌫⌫)+jets background to the Had box; 8% (92%) of

the other background in the Mu (Had) box. We then evaluate the potential sensitivity of

this modified analysis on a sample of pair-produced stop decays, decaying to W ⇤bN , 20% of

which produce at least one muon in stop decay.

15

Stop	  4-‐body.	  
Coannihila8on	  	  
band	  (in	  green)	  
possibly	  excluded	  
for	  mN1<250	  GeV	  
A.	  Delgado	  et	  al.	  
arXiv:12126847	  
	  

Slepton	  pair	  
produc8on.	  
No	  LHC	  limit	  for	  
the	  coannihila8on	  
band	  (ΔM	  ≈20	  
GeV)	  



Resonance	  scenario	  
•  I	  am	  not	  sure	  it’s	  possible	  to	  observe	  at	  

hadron	  collider	  a	  bino-‐like	  neutralino	  of	  
45	  GeV	  if	  all	  other	  SUSY	  par8cles	  are	  
heavy	  

•  What	  is	  the	  jet+N1N1	  cross	  sec8on	  ?	  	  
–  I	  am	  afraid	  (but	  I	  do	  not	  know	  for	  sure)	  it	  

might	  be	  very	  small	  
–  Good	  sensi8bity	  is	  claimed	  by	  monojet

+EtMiss	  LHC	  analysis	  but	  they	  use	  an	  
effec8ve	  operator	  approach	  which	  is	  valid	  
only	  for	  a	  heavy	  BSM	  mediator	  –	  here	  
interac8ons	  are	  mediated	  by	  Z	  bosons	  	  

•  Can	  we	  probe	  this	  scenario	  with	  direct	  
detec8on	  ?	  The	  plot	  of	  the	  previous	  
slide	  gives	  points	  with	  5	  10-‐46	  <	  σ	  <	  4	  
10-‐44.	  What	  is	  this	  spread	  due	  to	  ?	  	  

•  For	  an	  Higgs	  resonance:	  
–  Predic8on	  of	  the	  invisible	  H(125)	  

decay	  BRs	  ?	  Projected	  LHC	  
sensi8vi8es	  ?	  	  

–  For	  heavy	  Higgs	  resonances,	  
coverage	  from	  the	  invisible	  and ττ 
decay	  modes	  ?	  [dependence	  on	  
mass	  and	  tan	  b,	  anything	  else?]	  

–  From	  the	  previous	  plots,	  the	  
scaHering	  cross	  sec8on	  changes	  
over	  many	  orders	  of	  magnitude.	  
Which	  parameters	  does	  it	  depend	  
on	  ?	  



Pure	  higgsino	  scenario	  
•  Well	  mo8vated	  by	  naturalness	  
•  Difficult	  for	  LHC	  if	  everything	  else	  is	  

heavy	  –	  only	  three	  mass-‐degenerate	  
states	  accessible	  (N1,N2,C1)	  

•  Relic	  density	  is	  not	  right,	  but	  I	  have	  read	  
that	  mixing	  with	  axions	  can	  fix	  the	  
problem	  and	  lead	  to	  well	  defined	  
scaHering	  cross	  sec8on	  

•  Interes8ng,	  that	  sits	  at	  the	  edge	  of	  
Xenon	  1T	  sensi8vity	  

•  LHC:	  VBF	  produc8on	  of	  Higgsinos	  might	  
be	  accessible	  with	  3000	  s-‐1	  at	  14	  TeV	  if	  
the	  higgsino	  is	  light	  (µ	  <	  150	  GeV)	  

But	  again:	  what	  would	  be	  the	  sensi8vity	  of	  high	  energy	  hadron	  collider,	  if	  we	  somehow	  do	  not	  	  
get	  a	  linear	  collider	  ?	  What	  would	  it	  take	  to	  improve	  a	  factor	  of	  5	  over	  Xenon1T(2017)	  ?	  Would	  	  
then	  the	  scenario	  ruled	  out,	  or	  are	  there	  ways	  to	  evade	  these	  limits	  ?	  
If	  Xenon	  1T	  has	  a	  small	  signal	  by	  2017,	  VBF	  produc8on	  at	  LHC(2025)	  would	  test	  the	  higgsino-‐axion	  	  
Interpreta8on	  and	  measure	  the	  mass	  if	  this	  is	  light	  enough.	  	  	  

and the lightest two neutralinos at leading order are determined by [13]

mχ̃±
1

−mχ̃0
1
=

M2
W

2M2

(

1− sin 2β −
2µ

M2

)

+
M2

W

2M1
tan2 θW (1 + sin 2β), (2)

mχ̃0
2
−mχ̃0

1
=

M2
W

2M2

(

1− sin 2β +
2µ

M2

)

+
M2

W

2M1
tan2 θW (1− sin 2β) . (3)

This in turn implies that light electroweak gauginos in the natural MSSM are nearly degener-

ate higgsino-like states with a mass differences of about 3− 10 GeV (for M1 = M2 ∼ 0.5− 2

TeV). Therefore, a direct search for light higgsinos may serve as a sensitive probe of the

natural MSSM.

For such light higgsinos the electroweak production rates for Z → χ̃0
1χ̃

0
1 and Z → χ̃0

2χ̃
0
2

are suppressed, while the production rates for Z/γ∗ → χ̃+
1 χ̃

−
1 , Z → χ̃0

1χ̃
0
2, W

± → χ̃±
1 χ̃

0
1 and

W± → χ̃±
1 χ̃

0
2 are expected to be reasonably large, reaching pb-level at the LHC. However,

since the light higgsinos are nearly degenerate, the products of their subsequent decays,

χ̃±
1 → W±∗χ̃0

1 and χ̃0
2 → Z∗χ̃0

1, will carry small energies and, hence, the currently adopted

search strategy for electroweak gauginos through their direct pair production is not appli-

cable to this case[9, 10]. Recently, a new search channel based on the wino pair production

with a same-sign diboson plus missing transverse energy ( /ET ) final state has been proposed

for the 14 TeV LHC in [11]. Also, it has been pointed out that for (mχ̃±
1

−mχ̃0
1
) ! 1 GeV

the wino may have a long life-time and such long-lived charged particle is already excluded

by the LHC data [12].

FIG. 1: Feynman diagrams depicting monojet production in the natural MSSM at the LHC.

3

FIG. 4: The dependence of significance on the higgsino mass µ at 14 TeV HL-LHC with L = 3000

fb−1.

naturalness, can be probed at 2σ significance. However, it should be mentioned that, since

the realistic detector performances of the HL-LHC are still not available, we can expect our

analysis can be improved by optimizing signal extraction strategies and better understand-

ing of the backgrounds uncertainties through the dedicated analysis of the experimental

collaborations at HL-LHC.

FIG. 5: Scatter plot of samples survived the constraints from (1)-(6) in the text. The horizon-

tal lines show the 90% C.L. bound from XENON100 [44], future sensitivities at LUX [45] and

XENON1T [46], respectively. The vertical dashed line is the sensitivity of monojet signals at 2σ

significance at 14 TeV LHC with L = 3000 fb−1.

As a complementary searches for the light higgsinos, we also investigate the probing ability
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•  LHC	  and	  direct	  detec8on	  can	  probe	  neutralino	  Dark	  MaHer	  
without	  assump8ons	  on	  non-‐DM	  related	  SUSY	  parameters	  	  

•  Quite	  some	  informa8on	  is	  available	  in	  literature	  
•  As	  far	  as	  I	  am	  aware,	  sensi8vity	  from	  future	  data	  from	  hadron	  

collider	  is	  studied	  only	  for	  a	  few	  cases,	  and	  always	  by	  theorists	  
(experiments	  have	  focused	  on	  a	  few	  easier	  scenarios	  than	  those	  
relevant	  here)	  	  

•  I	  would	  also	  like	  to	  understand	  the	  spread	  in	  the	  scaHering	  cross	  
sec8on,	  which	  parameters	  does	  depend	  on	  

•  What	  would	  it	  take	  to	  exclude	  neutralino	  Dark	  MaHer,	  if	  possible	  ?	  
•  In	  case	  of	  an	  observa8on,	  what	  informa8on	  can	  we	  get	  from	  direct	  

and	  LHC	  measurements	  ?	  	  


