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Kaoru	  

	  is	  a	  great	  theorist,	  	  
	  	  	  	  	  	  	  mentor,	  	  
	  	  	  	  	  	  	  supporter,	  	  
	  	  	  	  	  	  	  good	  friend,	  	  
	  	  	  	  	  	  	  my	  old	  colleague	  at	  KEK	  	  

My	  first	  postdoc	  posiBon	  at	  KEK:	  1998-‐2001	  	  
Tenured	  posiBon	  at	  KEK:	  2002-‐2009	  	  	  

CollaboraBons	  with	  Kaoru	  (Chair)	  for	  SUSY	  2004	  
conference	  at	  KEK,	  Tsukuba	  
	  
The	  conference	  was	  successful	  with	  232	  parBcipants	  	  



SUSY	  2004	  conference	  poster	  	  (a	  scrap)	  	  
SUSY	  2004	  conference	  @Tsukuba	  

According	  to	  the	  oldest	  history	  
book	  of	  Japan	  wriTen	  in	  8’th	  
century,	  Izanagi	  (god)	  and	  
Izanami	  (goddess)	  jointly	  sBrred	  
mud	  with	  a	  pike,	  and	  a	  drop	  of	  
spearhead	  started	  our	  world.	  	  

The	  original	  idea	  of	  the	  post	  is	  
given	  by	  Satomi	  Okada,	  and	  the	  
poster	  was	  designed	  by	  an	  arBst,	  
Kazuyuki	  Asakura	  of	  Studio-‐R	  in	  
Shibuya	  

Kaoru	  and	  I	  visited	  Studio-‐R	  several	  
Bmes	  to	  discuss	  the	  poster	  



KAERU	  =	  frog	  in	  Japanese	  	  
=	  Kaoru’s	  favorite	  animal	  

	  and	  
UnificaBon……	  
Supersymmetry	  



I	  was	  thinking	  about	  
my	  talk	  @	  KAERU….	  
something	  related	  to	  
Kaoru’s	  work	  	  
	  
One	  day	  I	  got	  KAERU	  
conference	  poster	  
	  
Something	  familiar	  to	  
me……	  	  

Aha,	  SUSY!	  
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What	  happened	  for	  SUSY	  a^er	  SUSY	  2004,	  or	  for	  physics	  
beyond	  the	  SM	  in	  general?	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11	  years	  have	  passed!	  	  

Neutrino	  oscillaBon	  experiments	  	  
	  
Ø  Reactor	  angle	  measurement	  	  
	  	  	  (Double	  Chooz,	  Daya	  Bay,	  	  
	  	  	  	  	  RENO)	  

42 14. Neutrino mixing
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Figure 14.9: The regions of squared-mass splitting and mixing angle favored or
excluded by various experiments based on two-flavor neutrino oscillation analyses.
The figure was contributed by H. Murayama (University of California, Berkeley, and
IPMU, University of Tokyo). References to the data used in the figure can be found
at http://hitoshi.berkeley.edu/neutrino.
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14. Neutrino mixing 43

γ-catcher is a buffer layer filled with mineral oil. An outer veto detector is filled with
purified water (Daya Bay and RENO) or LS (Double Chooz). Double Chooz is planning
to have a near detector in 2014.

The Daya Bay experiment [31,35] measured ν̄es from the Daya Bay nuclear power
complex (six 2.9 GWth reactors) in China with six functionally identical detectors
deployed in two near (470 m and 576 m of flux-weighted baselines) and one far (1648
m) underground halls. Initially, Daya Bay reported [31] 5.2σ evidence for non-zero θ13
with live time of 55 days. More recent Daya Bay results [35] with live time of 139
days showed that the ratio of the observed to expected number of ν̄es at the far hall is
R = 0.944±0.007±0.003 and the rate-only analysis in a three neutrino framework yielded
sin22θ13 = 0.089 ± 0.010 ± 0.005. This result excludes the no-oscillation hypothesis with
a significance of 7.7σ [35]. In Ref. 36 the Day Bay collaboration reported their latest
results based on live time of 217 days. In particular, from the rate+spectra oscillation
analysis, sin22θ13 = 0.090+0.008

−0.009 is obtained.

The RENO experiment [32] measured ν̄es from six 2.8 GWth reactors at Yonggwang
Nuclear Power Plant in Korea with two identical detectors located at 294 m and
1383 m from the reactor array center. Initially with 229 days of running time, RENO
reported [32] the ratio of the observed to expected number of ν̄es in the far detector
of R = 0.920 ± 0.009 ± 0.014, and sin22θ13 = 0.113 ± 0.013 ± 0.019 obtained from a
rate-only analysis. This result excluded the no-oscillation hypothesis at the 4.9σ level. In
September, 2013, RENO reported [37] a new result of sin22θ13 = 0.100 ± 0.010 ± 0.012
from 403 live days of data, based on improved data analysis.

The Double Chooz experiment [30,33] measured ν̄es from two 4.25 GWth reactors with
a far detector at 1050 m from the two reactor cores. Double Chooz initially reported [30]
sin22θ13 = 0.086 ± 0.041 ± 0.030 with 101 days of data, and more recently [33]
sin22θ13 = 0.109 ± 0.030 ± 0.025 with 227.93 live days of running, by analyzing the rate
and energy spectrum of prompt positrons using the reactor ν̄e spectrum of Ref. 160
and Ref. 156 and the Bugey4 rate measurement [148]. The latter data exclude the
no-oscillation hypothesis at 2.9σ. Double Chooz also measured θ13 using inverse β-decay
interactions with neutron capture on hydrogen (H-capture) [149], or from combined fit of
Gd-capture and H-capture rate+spectrum, etc. [150], and consistent results are obtained.
A near detector at 415 m from the cores will be operational in 2014.

In the accelerator neutrino oscillation experiments with conventional neutrino beams,
θ13 can be measured using νµ → νe appearance. By examining the expression for the
probability of νµ → νe oscillations in matter (given by Eq. (14.45)) it is understood that
subleading terms could have rather large effects and the unknown CP-violating phase δ
causes uncertainties in determining the value of θ13. Actually, from the measurement of
νµ → νe appearance, θ13 is given as a function of δ for a given sign and value of ∆m2

31,
and values of θ23, ∆m2

21 and θ12. Therefore, a single experiment with a neutrino beam
cannot determine the value of θ13, although it is possible to establish a non-zero θ13.

In 2011, experimental indications of νµ → νe oscillations and a non-zero θ13 have
been reported by the T2K [28] experiment. The T2K [28] Collaboration observed, with
1.43×1020 POT, six νe candidate events having all characteristics of being due to νµ → νe
oscillations, while the expectation for θ13 = 0 is 1.5 ± 0.3 events. This result implies a
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Daya	  Bay	  (217	  days	  live	  Bme)	  



CMB	  ObservaBons:	  Cobe	  à	  WMAPà	  Planck	

The	  observaBonal	  
cosmology	  is	  now	  a	  
precision	  science!	

Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

which do not depend strongly on ⌧ are consistent between the TT
and T E spectra to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Note that the T E
and EE entries in Table 3 do not use any information from the
temperature in the low multipole likelihood. The tendency for
higher values of �8, As, and ⌧ in the Planck TT+lowP solution is
driven, in part, by the temperature power spectrum at low multi-
poles.

Columns [4] and [5] of Table 3 compare the parameters of
the TT likelihood with the full TT,T E, EE likelihood. These
are in agreement, shifting by less than 0.2�. Although we have
emphasized the presence of systematic e↵ects in the Planck
polarization spectra, which are not accounted for in the errors
quoted in column [4] of Table 3, the consistency of the TT and
TT,T E, EE parameters provides strong evidence that residual
systematics in the polarization spectra have little impact on the
scientific conclusions in this paper. The consistency of the base
⇤CDM parameters from temperature and polarization is illus-
trated graphically in Fig. 6. As a rough rule-of-thumb, for base
⇤CDM, or extensions to ⇤CDM with spatially flat geometry,
using the full TT,T E, EE likelihood produces improvements in
cosmological parameters of about the same size as adding BAO
to the Planck TT+lowP likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-

ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵ emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2014). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are com-
parable to the statistical error in the WMAP ⌧ measurement.
In particular, at the time of the WMAP9 analysis there was
very little information available on polarized dust emission. This
situation has been partially rectified by the 353 GHz polariza-
tion maps from Planck (Planck Collaboration Int. XXII 2014;
Planck Collaboration Int. XXX 2014). In PPL13, we used pre-
liminary 353 GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013 compared to
⌧ = 0.089 ± 0.013 using the WMAP dust model.12 However,
given the preliminary nature of the Planck polarization analysis
we decided to use the WMAP polarization likelihood, as pro-
duced by the WMAP team, in the Planck 2013 papers.

In the 2015 papers, we use Planck polarization maps based
on low-resolution LFI 70 GHz maps, excluding Surveys 2 and
4. These maps are foreground-cleaned using the LFI 30 GHz

12Note that neither of these error estimates reflect the true uncer-
tainty in foreground removal.
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Direct/Indirect	  Dark	  MaTer	  Search	  

LUX

SuperCDMS

CRESST-II DAMA

Standard Halo Model
Truncated

G.Angloher et al. (2014)

● Dark matter direct detection: astrophysical uncertainties do matter.
       important in low WIMP mass controversy + exclusion/discovery perspectives
(A. Green (2012), R. Catena & P. Ullio (2012), M. Fairbairn & P. Grothaus (2013), N. Bozorgnia, et al. (2013), etc.)

Astrophysics

● Differential
  event rate

Standard astrophysics in direct detection

Goal: check how Galactic escape speed is obtained from RAVE survey (Piffl et al. '14)  
         + potential implications on direct detection
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FIG. 2. 90% CL upper limits on σSI ,p (top figure) and
σSD,p (bottom figure) for hard and soft annihilation chan-
nels over a range of WIMP masses. Systematic uncertain-
ties are included. The shaded region represents an allowed
MSSM parameter space (MSSM-25 [26]) taking into account
recent accelerator [27], cosmological and direct DM search
constraints. Results from Super-K [28], COUPP(exponential
model) [29] , PICASSO [30], CDMS [31, 32], XENON100 (lim-
its above 1TeV/c2 from XENON100 Coll. private communi-
cation) [36], CoGeNT [35], Simple [37] and DAMA [33, 34]
are shown for comparison.

Cube to probe WIMP masses below 50GeV/c2. This has
been accomplished through effective use of the DeepCore
sub-array. Furthermore, we have accessed the south-
ern sky for the first time by incorporating strong vetos
against the large atmospheric muon backgrounds. The
added livetime has been shown to improve the presented
limits. IceCube has now achieved limits that strongly
constrain dark matter models and that will impact global
fits of the allowed dark matter parameter space. This
impact will only increase in the future, as analysis tech-
niques improve and detector livetime increases.
We thank H. Silverwood for his support on SUSY

model scans. We acknowledge the support from the fol-
lowing agencies: U.S. National Science Foundation-Office
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Discovery	  of	  a	  new	  scalar	  parBcle	  (Higgs	  boson)!	  

Ø  A	  new	  scalar	  parBcle,	  most	  likely	  the	  Higgs	  boson,	  has	  been	  
discovered	  independently	  by	  ATLAS	  and	  CMS	  collaboraBons	  	  

	  
Ø  First	  announcement	  on	  July	  4th,	  2012	  	  
	  	  	  	  	  “Higgsdependence”	  Day	  	  	  	  
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4.1 Mass of the observed state 11
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denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. In this combination, the relative signal strength for the two decay modes is set to
the expectation for the SM Higgs boson.
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together with all other nuisance parameters. (Right) Scan of the test statistic q(mgg
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versus the difference between two individual mass measurements for the same model used in
the left panel.
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CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2014/07/03

Precise determination of the mass of the Higgs boson and
studies of the compatibility of its couplings with the

standard model

The CMS Collaboration

Abstract

Properties of the Higgs boson with mass near 125 GeV are measured in proton-proton
collisions with the CMS experiment at the LHC. A comprehensive set of production
and decay measurements are combined. The decays to gg, ZZ, WW, tt, and bb
pairs are exploited, including studies targeting Higgs bosons produced in associa-
tion with a pair of top quarks. The data samples were collected in 2011 and 2012
and correspond to integrated luminosities of up to 5.1 fb�1 at 7 TeV and up to 19.7
fb�1 at 8 TeV; the final detector calibration and alignment are used in the event re-
construction. From the high-resolution gg and ZZ channels, the mass of this Higgs
boson is measured to be 125.03 +0.26

�0.27 (stat.) +0.13
�0.15 (syst.) GeV, with the precision domi-

nated by the statistical uncertainty. For this mass, the event yields obtained in the
different analyses tagging specific decay modes and production mechanisms are con-
sistent with those expected for the standard model Higgs boson. The combined
best-fit signal strength, relative to the standard model expectation, is found to be
1.00 ± 0.09 (stat.) +0.08

�0.07 (theo.) ± 0.07 (syst.) at the measured mass. Various searches
for deviations in the magnitudes of the Higgs boson scalar couplings from those pre-
dicted for the standard model are performed. No significant deviations are found.

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2014-122
Submitted to: Physical Review D

Measurement of the Higgs boson mass from the H ! �� and
H! ZZ⇤! 4` channels with the ATLAS detector using 25 fb�1 of

pp collision data

The ATLAS Collaboration

Abstract

An improved measurement of the mass of the Higgs boson is derived from a combined fit to
the invariant mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. The analysis uses the
pp collision data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at
center-of-mass energies of 7 TeV and 8 TeV, corresponding to an integrated luminosity of 25 fb�1.
The measured value of the Higgs boson mass is mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV. This
result is based on improved energy-scale calibrations for photons, electrons, and muons as well as
other analysis improvements, and supersedes the previous result from ATLAS. Upper limits on the
total width of the Higgs boson are derived from fits to the invariant mass spectra of the H ! �� and
H!ZZ⇤! 4` decay channels.

c� 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Michael Duehrssen Higgs combination 7

ATLAS+CMS Higgs mass combination

… and the ATLAS+CMS combined Higgs boson mass is:

(0.19% precision!)

Compatibility of the 4 m
H
 measurements with the combined mass: 7-10%

Talk	  by	  Duehrssen	  @	  Moriond	  2015	  
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SUSYσ95% CL limits.  
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1-lepton + jets + MET
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arXiv: 1405.7875

arXiv: 1308.1841

arXiv: 1407.0600

ATLAS-CONF-2013-062

arXiv: 1407.0603

arXiv: 1404.2500

SUSY	  search	  @	  LHC	  

Example)	  CMSSM	  parameterizaBon	  

No	  sparBcle	  signal	  at	  LHC	  so	  far	  



However,	  SUSY	  is	  sBll	  our	  favorite	  way	  of	  SM	  extension	  

MSSM	  is	  beTer	  than	  SM	  

Ø RadiaBve	  electroweak	  symmetry	  breaking	  	  

Ø Higgs	  mass	  predicBon	  	  

Ø Successful	  gauge	  coupling	  unificaBon	  
	  	  
Ø Dark	  maTer	  candidate	  (LSP	  neutralino/graviBno)	  

	  although	  fine-‐tuning	  issue	  becomes	  more	  serious	  as	  	  	  	  
	  sparBcle	  mass	  bounds	  go	  up	  	  	  	  



Impact	  of	  Higgs	  mass	  measurement	  on	  MSSM	  
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Figure 4
Constraints on sleptons and electroweak gauginos from Drell–Yan production at CMS at the LHC with L = 9.2 fb−1 and

√
s = 8 TeV

(56). (a) Limits in the (mℓ̃, mχ ) plane from pp → ℓ̃Lℓ̃∗
L, where ℓ = e, µ, followed by ℓ̃L → ℓχ , leading to 2ℓ + ̸ET events. (b) Limits in

the (mχ±
1

= mχ0
2
, mχ ) plane from pp → χ±

1 χ0
2 , followed by χ±

1 → W χ and χ0
2 → Zχ , leading to 2 j 2ℓ + ̸ET and 3ℓ + ̸ET events.

Abbreviation: NLO, next-to-leading order.

requiring mẽ , mµ̃ ! 275 GeV and mχ±
1

= mχ0
2

! 330 GeV for mχ = 0. Note, however, that these
limits do not apply to staus, they degrade significantly for larger mχ and more degenerate spectra,
and they bound superpartner masses that are not highly constrained by naturalness in the absence
of additional theoretical assumptions.

3.2. The Higgs Boson
The Higgs boson, or at least an eerily similar particle, has been discovered at the LHC (17, 18).
Figure 5 shows constraints on the Higgs boson mass and the signal strength in the h → γ γ and
h → ZZ∗ → 4ℓ channels. Early hints of slight inconsistencies between the mass measurements
and signal strengths in various channels have now largely disappeared. At ATLAS, the γ γ mass
is slightly larger than the ZZ∗ mass, and both signal strengths are slightly above SM expectations.
None of these discrepancies is significant, however, and the results of the two experiments are
also quite consistent (Figure 5).

At present, the most pressing concern for supersymmetry is simply the Higgs boson mass.
In the MSSM, the Higgs boson is generically light because the quartic coupling in the scalar
potential is determined by the electroweak gauge couplings. Indeed, the tree-level value mh(tree) =
mZ| cos 2β| cannot exceed the Z boson mass. However, the Higgs boson mass may be raised
significantly by radiative corrections (59–61). For moderate to large tan β, a two-loop expression
for the Higgs boson mass is (62, 63)
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, 8.

where v ≃ 246 GeV, M S ≡ √mt̃1 mt̃2 , X t ≡ At − µ cot β parameterizes the stop left–right
mixing, and αs ≈ 0.12. Several codes incorporate two-loop (64–66), or even three-loop (67, 68),
corrections.
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Ø  Tree-‐level	  <	  m_Z	  	  +	  SUSY	  breaking	  correcBons	  
	  
Ø  Higgs	  mass	  125-‐126	  GeV	  gives	  constraints	  on	  so^	  SUSY	  

breaking	  parameters	  	  
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Constraints on sleptons and electroweak gauginos from Drell–Yan production at CMS at the LHC with L = 9.2 fb−1 and

√
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(56). (a) Limits in the (mℓ̃, mχ ) plane from pp → ℓ̃Lℓ̃∗
L, where ℓ = e, µ, followed by ℓ̃L → ℓχ , leading to 2ℓ + ̸ET events. (b) Limits in
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, mχ ) plane from pp → χ±

1 χ0
2 , followed by χ±

1 → W χ and χ0
2 → Zχ , leading to 2 j 2ℓ + ̸ET and 3ℓ + ̸ET events.

Abbreviation: NLO, next-to-leading order.

requiring mẽ , mµ̃ ! 275 GeV and mχ±
1

= mχ0
2

! 330 GeV for mχ = 0. Note, however, that these
limits do not apply to staus, they degrade significantly for larger mχ and more degenerate spectra,
and they bound superpartner masses that are not highly constrained by naturalness in the absence
of additional theoretical assumptions.

3.2. The Higgs Boson
The Higgs boson, or at least an eerily similar particle, has been discovered at the LHC (17, 18).
Figure 5 shows constraints on the Higgs boson mass and the signal strength in the h → γ γ and
h → ZZ∗ → 4ℓ channels. Early hints of slight inconsistencies between the mass measurements
and signal strengths in various channels have now largely disappeared. At ATLAS, the γ γ mass
is slightly larger than the ZZ∗ mass, and both signal strengths are slightly above SM expectations.
None of these discrepancies is significant, however, and the results of the two experiments are
also quite consistent (Figure 5).

At present, the most pressing concern for supersymmetry is simply the Higgs boson mass.
In the MSSM, the Higgs boson is generically light because the quartic coupling in the scalar
potential is determined by the electroweak gauge couplings. Indeed, the tree-level value mh(tree) =
mZ| cos 2β| cannot exceed the Z boson mass. However, the Higgs boson mass may be raised
significantly by radiative corrections (59–61). For moderate to large tan β, a two-loop expression
for the Higgs boson mass is (62, 63)
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where v ≃ 246 GeV, M S ≡ √mt̃1 mt̃2 , X t ≡ At − µ cot β parameterizes the stop left–right
mixing, and αs ≈ 0.12. Several codes incorporate two-loop (64–66), or even three-loop (67, 68),
corrections.
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Figure 6
Values of top squark parameters that give 123 GeV < mh < 127 GeV in viable minimal supersymmetric
standard models (MSSMs) (69). The parameters are mt̃1 , the mass of the lighter stop, and X t/M S, where
X t ≡ At − µ cot β parameterizes left–right stop mixing and M S ≡ √mt̃1 mt̃2 is the geometric mean of the
physical stop masses.

flavor and CP. For example, for the left-handed down-type squarks, the mass matrix m2
i j , where

i, j = d̃L, s̃L, b̃L, generically has off-diagonal entries that mediate flavor violation and complex
entries that violate CP. Flavor and CP violation may also arise from all of the other mass matrices,
as well as from the supersymmetry-breaking A terms.

The constraints from low-energy flavor violation have been analyzed in many works. In Ref-
erence 71, for example, the authors derived constraints by requiring that the supersymmetric
box diagram contributions to meson mass splittings not exceed their observed values, and the
supersymmetric penguin diagram contributions to radiative decays ℓi → ℓ j γ not exceed current
bounds. A small sample of these results include
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Parameter	  scan	  in	  viable	  MSSM	   Cao	  et	  al.,	  JHEP	  1203	  (2012)	  086	  

to satisfy MD3
= MU3

and Ab = At.

A. Implication of mh ≃ 125GeV in generic SUSY

In order to study the implication ofmh ≃ 125GeV in generic SUSY, we relax the soft mass

parameters to 5 TeV and perform an extensive random scan over the following parameter

regions:

1 ≤ tan β ≤ 60, 90 GeV ≤ mA ≤ 1 TeV, 100 GeV ≤ µ ≤ 2 TeV,

100 GeV ≤ MQ3
,MU3

≤ 5 TeV, |At| ≤ 5 TeV,

100 GeV ≤ ml̃ ≤ 1 TeV, 50 GeV ≤ M1 ≤ 500 GeV, (15)

for the MSSM, and

0 < λ ≤ 0.2, 0 < κ ≤ 0.7, 90 GeV ≤ MA ≤ 1 TeV, |Aκ| ≤ 1 TeV,

100 GeV ≤ MQ3
,MU3

≤ 5 TeV, |At| ≤ 5 TeV,

1 ≤ tan β ≤ 60, 100 GeV ≤ µ,ml̃ ≤ 1 TeV, 50 GeV ≤ M1 ≤ 500 GeV, (16)

for the NMSSM. In our scan, we only keep the samples satisfying the requirements listed

in the text (including 123GeV ≤ mh ≤ 127GeV). To show the differences between the

MSSM and the NMSSM, we also perform a scan similar to Eq.(16) except that we require

λ > mZ/v ≃ 0.53. In Fig.1, we show the correlation of the lighter top-squark mass (mt̃1) with

the ratio Xt/MS (MS =
√
mt̃1mt̃2) for the surviving samples in the MSSM and NMSSM.

As expected from Eq.(3), in order to predict mh ≃ 125GeV in the MSSM, a large Xt is

needed for a moderate light t̃1, and with t̃1 becoming heavy, the ratio Xt/MS decreases,

but is unlikely to vanish for mt̃1 < 5TeV. These features are maintained for NMSSM with

λ ≤ 0.2 (see the middle panel) but changed for NMSSM with a large λ, where Xt can

possibly vanish even for mt̃1 ∼ 1TeV. Fig.1 also shows that a t̃1 as light as 200GeV is still

able to give the required mh. But in this case Xt is large (Xt/
√
mt̃1mt̃2 >

√
6), which leads

to a large mass splitting between two stops (mt̃2 ≫ mt̃1). Note that a t̃1 as light as 200GeV

does not contradict the recent SUSY search result of the LHC [28].

Since in heavy SUSY the radiative correction δ2 is usually very large, mh ≃ 125GeV is

unlikely to impose tight constraints on other parameters of the models. Considering heavy

8

Require	  to	  saBsfy	  a	  variety	  of	  
phenomenological	  constraints:	  
DM,	  B-‐phys,	  XENON100	  	  
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Ø  If	  Xt	  contribuBon	  is	  large,	  the	  lighter	  stop	  mass	  can	  be	  less	  
than	  1	  TeV,	  otherwise	  the	  stop	  mass	  scale	  is	  mulB-‐TeV	  

Example:	  Minimal	  Gauge	  MediaBon	  Scenario	  
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SuperWIMP dark matter and 125 GeV Higgs boson in the minimal GMSB

Nobuchika Okada
Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA

Recently, both the ATLAS and CMS experiments have observed an excess of events that could be the first ev-
idence for a 125 GeV Higgs boson. We investigate an implication of the CP-even Higgs boson with mass around
125 GeV in the context of the minimal gauge mediated supersymmetry breaking (mGMSB). In mGMSB, grav-
itino is the lightest sparticle (LSP) and hence the dark matter candidate. We consider the so-called superWIMP
scenario where the dark matter gravitino is non-thermally produced by the decay of the next-to-LSP (NLSP)
bino-like neutralino after its freeze-out. For a given tan β and the number of the messengers (Nm) fixed, we find
that the rest of the mGMSB parameters, the SUSY breaking parameter and the messenger scale, are completely
fixed by the conditions of simultaneously realizing the observed dark matter abundance and the 125 GeV Higgs
boson mass, leading to the NLSP neutralino mass around 1.5−2 TeV and the gravitino mass around 3−7 GeV,
depending on the values of tan β and Nm. The lifetime of the NLSP is found to be shorter than 1 sec, so that
the success of the big bang nucleosynthesis remains intact. The non-thermally produced gravitino behaves as
the warm dark matter with the free-streaming scale found to be λFS ≃ 0.1 Mpc, whose value is reasonable for
observations of the power spectrum on both large and sub-galactic scales in the Universe.

The low energy supersymmetry (SUSY) is arguably one of
the most promising candidates for new physics beyond the
Standard Model (SM). The minimally supersymmetric exten-
sion of the SM (MSSM) provides us with not only a solution
to the gauge hierarchy problem but also various interesting
phenomena such as the successful SM gauge coupling unifi-
cation, the radiative electroweak symmetry breaking, predic-
tion of the SM-like Higgs boson mass, and a candidate for the
dark matter in our Universe. It has been expected that some
of sparticles can be discovered in the near future, most likely
at the Large Hadron Collider (LHC).

As well as the discovery of new particles, the discovery of
the Higgs boson is another major goal of the physics program
at the LHC, in order to confirm the origin of the electroweak
symmetry breaking and the mechanism of particle mass gen-
eration. Recently, the ATLAS [1] and CMS [2] experiments
have reported an excess of evens that could be the first evi-
dence of the Higgs boson with mass of around 125 GeV [3].
The observations are supported by recent analysis of the Teva-
tron experiments [3]. The 125 GeV Higgs boson has a great
impact on SUSY phenomenology, because the MSSM has a
prediction of the SM-like Higgs boson mass as a functions
of soft SUSY breaking parameters, in particular, stop masses.
Detailed studies for realizing the Higgs mass around 125 GeV
is a current hot topic in SUSY phenomenology [4]. In most
of the studies, the constrained MSSM (CMSSM) or slight ex-
tention of the CMSSM is adopted for the boundary conditions
on the soft SUSY parameters at the scale of the grand unified
theory (GUT).

Although the CMSSM or more generally, the context of su-
pergravity mediated SUSY breaking is a very simple bench-
mark in examining the sparticle mass spectrum, this scenario
potentially suffers from the SUSY flavor problem [5]. The
gauge mediated SUSY breaking (GMSB) [6] offers the com-
pelling resolution for the SUSY flavor problem due to the
SUSY breaking mediation via the flavor-blind SM gauge in-
teractions. In this paper, we investigate an implication of the
125 GeV Higgs in the context of the mGMSB. There were

several studies on this context [7], and very recently a more
comprehensive studies with the parameter scan has been per-
formed [8]. Although these studies identified a parameter
space to realize the Higgs mass around 125 GeV, phenomenol-
ogy of the gravitino dark matter has not been studied in detail.
In this paper, we complete our study on the mGMSB by con-
sidering not only the realization of 125 GeV Higgs mass but
also the the gravitino dark matter phenomenology, in partic-
ular, the so-called superWIMP scenario. We will show that
once the values of tanβ and the number of messengers (Nm)
are fixed, the sparticle mass spectrum is completely deter-
mined and the resultant sparticle mass spectrum is consistent
with all phenomenological constraints.

In the mGMSB, we introduce the superpotential for the
messenger sector,

Wmess =
Nm
∑

i=1

SΦiΦi, (1)

where S is a chiral superfield in the hidden sector with ⟨S⟩ =
M + θ2F , and Φi and Φi are a vector-like pair of messengers
of the 5̄+5 representation under the SU(5) GUT gauge group.
For simplicity, we use the SU(5) GUT notation throughout
the paper. In order to maintain the successful SM gauge cou-
pling unification, a pair of messengers should be in a complete
SU(5) representation and have an SU(5) invariant mass term.

Soft SUSY breaking terms can be extracted from the SUSY
wave function renormalization coefficients with the thresh-
old corrections by the messengers [9]. The MSSM gaugino
masses at a scale µ ≤ M is given by (we assume F ≪ M2)

Mi(µ) =
αi(µ)

4π
ΛNm, (2)

where i = 1, 2, 3 correspond to the SM gauge interactions
of SU(3), SU(2) and U(1)Y , respectively, and Λ = F/M
is the SUSY breaking parameter. When we neglect Yukawa
coupling contributions, the MSSM scalar squared masses at
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SuperWIMP dark matter and 125 GeV Higgs boson in the minimal GMSB

Nobuchika Okada
Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA

Recently, both the ATLAS and CMS experiments have observed an excess of events that could be the first ev-
idence for a 125 GeV Higgs boson. We investigate an implication of the CP-even Higgs boson with mass around
125 GeV in the context of the minimal gauge mediated supersymmetry breaking (mGMSB). In mGMSB, grav-
itino is the lightest sparticle (LSP) and hence the dark matter candidate. We consider the so-called superWIMP
scenario where the dark matter gravitino is non-thermally produced by the decay of the next-to-LSP (NLSP)
bino-like neutralino after its freeze-out. For a given tan β and the number of the messengers (Nm) fixed, we find
that the rest of the mGMSB parameters, the SUSY breaking parameter and the messenger scale, are completely
fixed by the conditions of simultaneously realizing the observed dark matter abundance and the 125 GeV Higgs
boson mass, leading to the NLSP neutralino mass around 1.5−2 TeV and the gravitino mass around 3−7 GeV,
depending on the values of tan β and Nm. The lifetime of the NLSP is found to be shorter than 1 sec, so that
the success of the big bang nucleosynthesis remains intact. The non-thermally produced gravitino behaves as
the warm dark matter with the free-streaming scale found to be λFS ≃ 0.1 Mpc, whose value is reasonable for
observations of the power spectrum on both large and sub-galactic scales in the Universe.

The low energy supersymmetry (SUSY) is arguably one of
the most promising candidates for new physics beyond the
Standard Model (SM). The minimally supersymmetric exten-
sion of the SM (MSSM) provides us with not only a solution
to the gauge hierarchy problem but also various interesting
phenomena such as the successful SM gauge coupling unifi-
cation, the radiative electroweak symmetry breaking, predic-
tion of the SM-like Higgs boson mass, and a candidate for the
dark matter in our Universe. It has been expected that some
of sparticles can be discovered in the near future, most likely
at the Large Hadron Collider (LHC).

As well as the discovery of new particles, the discovery of
the Higgs boson is another major goal of the physics program
at the LHC, in order to confirm the origin of the electroweak
symmetry breaking and the mechanism of particle mass gen-
eration. Recently, the ATLAS [1] and CMS [2] experiments
have reported an excess of evens that could be the first evi-
dence of the Higgs boson with mass of around 125 GeV [3].
The observations are supported by recent analysis of the Teva-
tron experiments [3]. The 125 GeV Higgs boson has a great
impact on SUSY phenomenology, because the MSSM has a
prediction of the SM-like Higgs boson mass as a functions
of soft SUSY breaking parameters, in particular, stop masses.
Detailed studies for realizing the Higgs mass around 125 GeV
is a current hot topic in SUSY phenomenology [4]. In most
of the studies, the constrained MSSM (CMSSM) or slight ex-
tention of the CMSSM is adopted for the boundary conditions
on the soft SUSY parameters at the scale of the grand unified
theory (GUT).

Although the CMSSM or more generally, the context of su-
pergravity mediated SUSY breaking is a very simple bench-
mark in examining the sparticle mass spectrum, this scenario
potentially suffers from the SUSY flavor problem [5]. The
gauge mediated SUSY breaking (GMSB) [6] offers the com-
pelling resolution for the SUSY flavor problem due to the
SUSY breaking mediation via the flavor-blind SM gauge in-
teractions. In this paper, we investigate an implication of the
125 GeV Higgs in the context of the mGMSB. There were

several studies on this context [7], and very recently a more
comprehensive studies with the parameter scan has been per-
formed [8]. Although these studies identified a parameter
space to realize the Higgs mass around 125 GeV, phenomenol-
ogy of the gravitino dark matter has not been studied in detail.
In this paper, we complete our study on the mGMSB by con-
sidering not only the realization of 125 GeV Higgs mass but
also the the gravitino dark matter phenomenology, in partic-
ular, the so-called superWIMP scenario. We will show that
once the values of tanβ and the number of messengers (Nm)
are fixed, the sparticle mass spectrum is completely deter-
mined and the resultant sparticle mass spectrum is consistent
with all phenomenological constraints.

In the mGMSB, we introduce the superpotential for the
messenger sector,

Wmess =
Nm
∑

i=1

SΦiΦi, (1)

where S is a chiral superfield in the hidden sector with ⟨S⟩ =
M + θ2F , and Φi and Φi are a vector-like pair of messengers
of the 5̄+5 representation under the SU(5) GUT gauge group.
For simplicity, we use the SU(5) GUT notation throughout
the paper. In order to maintain the successful SM gauge cou-
pling unification, a pair of messengers should be in a complete
SU(5) representation and have an SU(5) invariant mass term.

Soft SUSY breaking terms can be extracted from the SUSY
wave function renormalization coefficients with the thresh-
old corrections by the messengers [9]. The MSSM gaugino
masses at a scale µ ≤ M is given by (we assume F ≪ M2)

Mi(µ) =
αi(µ)

4π
ΛNm, (2)

where i = 1, 2, 3 correspond to the SM gauge interactions
of SU(3), SU(2) and U(1)Y , respectively, and Λ = F/M
is the SUSY breaking parameter. When we neglect Yukawa
coupling contributions, the MSSM scalar squared masses at

µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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imated as [18]

ΩB̃h
2 ≃

8.7× 10−11 GeV−2 (n+ 1)xn+1
f√

g∗σB̃

, (7)

where n = 1, xf = mB̃/Tf ∼ 20 is the freeze-out tem-
perature, and σB̃ is the pair annihilation cross section of the
bino-like neutralino through the exchange of the right-handed
charged sleptons in the t-channel,

σB̃ ≃
3g4 tan4 θW r(1 + r2)

2πm2
ẽR
(1 + r4)

(8)

with r = (M1/mẽR)
2. Using Eqs. (2) and (3), we can check

that the factor r(1 + r2)/(1 + r4) is almost constant ∼ 0.12
for various values of Nm = O(1) and M = 1012−14 GeV.
Thus, we find

ΩG̃h
2 ≃ ΩB̃h

2 ×
(

mG̃

M1

)

∝ m2
ẽR

mG̃

M1
∝ MΛ2. (9)

Since sfermion masses logarithmically depend on the messen-
ger scale (see Eq. (3)), the predicted Higgs mass determined
by stop masses is almost independent ofM = 1012−14 GeV.
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FIG. 2: Contours on the (M,Λ)-plane for tan β = 10 and Nm =

1, 2, 3, 4. The solid lines correspond to the region satisfyingΩG̃h
2
=

0.112, from left to right forNm = 1, 2, 3, 4, respectively. Along the
dashed lines the SM-like Higgs boson mass is predicted to bemh =

125 GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.

We repeat the similar numerical analysis for various val-
ues of Nm and tanβ. Fig. 2 depicts the results for Nm =
1, 2, 3, 4, with tanβ = 10. The solid lines show the contours
along which ΩG̃h

2 = 0.112 is satisfied, from left to right cor-
responding to Nm = 1, 2, 3, 4, respectively. All lines are very
close to each other except that the line forNm = 4 is substan-
tially deviating from the other lines for M ! 5 × 1013 GeV.
This is because for such a parameter region, the NLSP bino-
like neutralino becomes more degenerate with lighter stau as
M is lowered, so that the co-annihilation process of the NLSP
with the stau becomes more effective and reduces the abun-
dance. In order to compensate this reduction and achieve the

tan β 10 45

Nm 1 2 4 1

M 9.16 × 10
12

2.66 × 10
13

8.28 × 10
13

1.51× 10
13

Λ 1.23× 10
6

6.73 × 10
5

3.47 × 10
5

1.05 × 10
6

h0 125

H0 7123 6304 5607 4418

A0 7123 6304 5607 4419

H±
7123 6304 5608 4419

g̃ 7726 8300 8424 6719

χ̃0
1,2 1693, 3141 1856, 3424 1909, 3509 1454, 2707

χ̃0
3,4 5147, 5148 4717, 4719 4365, 4369 4370, 4372

χ̃±
1,2 3141, 5149 3424, 4719 3509, 4369 2707, 4372

ũ, c̃1,2 9227, 10123 8491, 9193 7837, 8389 7983, 8757

t̃1,2 7274, 9260 6829, 8455 6413, 7745 6296, 7695

d̃, s̃1,2 9034, 10123 8346, 9193 7733, 8389 7812, 8757

b̃1,2 8990, 9258 8308, 8452 7698, 7742 7107, 7693

ν̃e,µ 4989 4242 3580 4330

ν̃τ 4976 4231 3571 4084

ẽ, µ̃1,2 3305, 4990 2783, 4243 2290, 3581 2895, 4330

τ̃1,2 3267, 4977 2750, 4232 2262, 3572 2070, 4087

mG̃ 2.66 4.24 6.81 3.77

ΩG̃h
2

0.112

TABLE I: Particle mass spectra (in GeV) for variousNm and tanβ.
The fundamental parameters in the mGMSB, M and Λ, have been
fixed so as to satisfy two independent conditions, ΩG̃h

2
= 0.112

andmh = 125 GeV.

observed relic abundance, a relatively higher neutralino mass,
equivalently a larger Λ is needed. The dashed horizontal lines
correspond to the Higgs boson mass prediction mH = 125
GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.
We find that stau becomes the NLSP for Nm ≥ 5. The anni-
hilation process of the NLSP stau is very efficient, so that the
suppression factor mG̃/mX makes the gravitino abundance
too small. Hence, we do not consider the case with Nm ≥ 5.
In Fig. 2, we can pin down the parameter sets (M,Λ)which

simultaneously satisfy the two conditions,ΩG̃h
2 = 0.112 and

mh = 125 GeV, at the intersections of the solid and dashed
lines, for each Nm value. In Table 1, we list particle mass
spectra for Nm = 1, 2, 4. Here we also list the result for
Nm = 1 and tanβ = 45 as another sample.
In the superWIMP scenario, the NLSP has a long lifetime

and its late-time decay is potentially dangerous for the success
of big bang nucleosynthesis (BBN). In our scenario, the NLSP
is bino-like neutralino and its lifetime is estimated as [11]

τB̃ ≃ 0.74 sec×
( mG̃

1 GeV

)2
(

1 TeV

mB̃

)5

(10)

for its main decay mode B̃ → γ + G̃. For the parameter
sets we have determined, the formula leads to τB̃ < 1 sec.
Therefore, the NLSP neutralinos decay before the BBN era
∼ 1 sec and the success of BBN remains intact.

3

Sample	  mass	  spectrum	  

To	  obtain	  125	  GeV	  Higgs	  mass,	  sparBcle	  masses	  1	  TeV	  -‐10	  TeV	  



Ø Neutralino	  mass	  is	  1.5-‐2	  TeV	  à	  over	  abundance	  

Ø  But,	  in	  GMSB,	  LSP	  is	  not	  neutralino,	  but	  graviBno	  

SuperWIMP	  scenario	  

µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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Feng,	  Rajaraman	  &	  Takayama,	  PRL	  91,	  011302	  (2003)	  
Feng,	  Su	  &	  Takayama,	  PRD	  70,	  075019	  (2004)	  

Ø Neutraino	  behaves	  like	  WIMP	  DM	  

Ø  Late-‐Bme	  decay	  of	  relic	  neutralino	  

Ø  LSP	  graviBno	  abundance	  is	  calculable	  

imated as [18]

ΩB̃h
2 ≃

8.7× 10−11 GeV−2 (n+ 1)xn+1
f√

g∗σB̃

, (7)

where n = 1, xf = mB̃/Tf ∼ 20 is the freeze-out tem-
perature, and σB̃ is the pair annihilation cross section of the
bino-like neutralino through the exchange of the right-handed
charged sleptons in the t-channel,

σB̃ ≃
3g4 tan4 θW r(1 + r2)

2πm2
ẽR
(1 + r4)

(8)

with r = (M1/mẽR)
2. Using Eqs. (2) and (3), we can check

that the factor r(1 + r2)/(1 + r4) is almost constant ∼ 0.12
for various values of Nm = O(1) and M = 1012−14 GeV.
Thus, we find

ΩG̃h
2 ≃ ΩB̃h

2 ×
(

mG̃

M1

)

∝ m2
ẽR

mG̃

M1
∝ MΛ2. (9)

Since sfermion masses logarithmically depend on the messen-
ger scale (see Eq. (3)), the predicted Higgs mass determined
by stop masses is almost independent ofM = 1012−14 GeV.
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FIG. 2: Contours on the (M,Λ)-plane for tan β = 10 and Nm =

1, 2, 3, 4. The solid lines correspond to the region satisfyingΩG̃h
2
=

0.112, from left to right forNm = 1, 2, 3, 4, respectively. Along the
dashed lines the SM-like Higgs boson mass is predicted to bemh =

125 GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.

We repeat the similar numerical analysis for various val-
ues of Nm and tanβ. Fig. 2 depicts the results for Nm =
1, 2, 3, 4, with tanβ = 10. The solid lines show the contours
along which ΩG̃h

2 = 0.112 is satisfied, from left to right cor-
responding to Nm = 1, 2, 3, 4, respectively. All lines are very
close to each other except that the line forNm = 4 is substan-
tially deviating from the other lines for M ! 5 × 1013 GeV.
This is because for such a parameter region, the NLSP bino-
like neutralino becomes more degenerate with lighter stau as
M is lowered, so that the co-annihilation process of the NLSP
with the stau becomes more effective and reduces the abun-
dance. In order to compensate this reduction and achieve the

tan β 10 45

Nm 1 2 4 1

M 9.16 × 10
12

2.66 × 10
13

8.28 × 10
13

1.51× 10
13

Λ 1.23× 10
6

6.73 × 10
5

3.47 × 10
5

1.05 × 10
6

h0 125

H0 7123 6304 5607 4418

A0 7123 6304 5607 4419

H±
7123 6304 5608 4419

g̃ 7726 8300 8424 6719

χ̃0
1,2 1693, 3141 1856, 3424 1909, 3509 1454, 2707

χ̃0
3,4 5147, 5148 4717, 4719 4365, 4369 4370, 4372

χ̃±
1,2 3141, 5149 3424, 4719 3509, 4369 2707, 4372

ũ, c̃1,2 9227, 10123 8491, 9193 7837, 8389 7983, 8757

t̃1,2 7274, 9260 6829, 8455 6413, 7745 6296, 7695

d̃, s̃1,2 9034, 10123 8346, 9193 7733, 8389 7812, 8757

b̃1,2 8990, 9258 8308, 8452 7698, 7742 7107, 7693

ν̃e,µ 4989 4242 3580 4330

ν̃τ 4976 4231 3571 4084

ẽ, µ̃1,2 3305, 4990 2783, 4243 2290, 3581 2895, 4330

τ̃1,2 3267, 4977 2750, 4232 2262, 3572 2070, 4087

mG̃ 2.66 4.24 6.81 3.77

ΩG̃h
2

0.112

TABLE I: Particle mass spectra (in GeV) for variousNm and tanβ.
The fundamental parameters in the mGMSB, M and Λ, have been
fixed so as to satisfy two independent conditions, ΩG̃h

2
= 0.112

andmh = 125 GeV.

observed relic abundance, a relatively higher neutralino mass,
equivalently a larger Λ is needed. The dashed horizontal lines
correspond to the Higgs boson mass prediction mH = 125
GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.
We find that stau becomes the NLSP for Nm ≥ 5. The anni-
hilation process of the NLSP stau is very efficient, so that the
suppression factor mG̃/mX makes the gravitino abundance
too small. Hence, we do not consider the case with Nm ≥ 5.
In Fig. 2, we can pin down the parameter sets (M,Λ)which

simultaneously satisfy the two conditions,ΩG̃h
2 = 0.112 and

mh = 125 GeV, at the intersections of the solid and dashed
lines, for each Nm value. In Table 1, we list particle mass
spectra for Nm = 1, 2, 4. Here we also list the result for
Nm = 1 and tanβ = 45 as another sample.
In the superWIMP scenario, the NLSP has a long lifetime

and its late-time decay is potentially dangerous for the success
of big bang nucleosynthesis (BBN). In our scenario, the NLSP
is bino-like neutralino and its lifetime is estimated as [11]

τB̃ ≃ 0.74 sec×
( mG̃

1 GeV

)2
(

1 TeV

mB̃

)5

(10)

for its main decay mode B̃ → γ + G̃. For the parameter
sets we have determined, the formula leads to τB̃ < 1 sec.
Therefore, the NLSP neutralinos decay before the BBN era
∼ 1 sec and the success of BBN remains intact.

3

µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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, tan�, sgn(µ) (17)

mh = 124� 126 GeV (18)

⌦h2 = 0.1120± 0.0056 (19)

1

µ ≤ M are given by

m2
f̃
(µ) =

∑

i

2Ci

(

αi(µ)

4π

)2

Λ2 Nm Gi(µ,M), (3)

whereGi(µ,M) = ξ2i +
Nm

bi
(1−ξ2i )with ξi = αi(M)/αi(µ).

Here bi are the beta function coefficients for different SM
gauge groups, Ci are the quadratic Casimir, and the sum is
taken corresponding to the representation of the sparticles un-
der the SM gauge groups. The messenger has no contribution
to A-parameter at the messenger scale, A(M) = 0. In the fol-
lowing numerical analysis, we employ the SOFTSUSY 3.3.1
package [10] to solve the MSSM RGEs and produce mass
spectrum, where the following free parameters are defined at
the messenger scale:

Nm,M,Λ, cgrav, tanβ, sign(µ). (4)

For simplicity, we set µ > 0. In our analysis we assume
cgrav = 1, which means F is the dominant SUSY breaking
source. In this case, gravitino mass is given by

mG̃ =
MΛ√
3MP

, (5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
Since flavor-dependent supergravity contributions to sfermion
masses are estimated as ∆m2

f̃
∼ m2

G̃
, we need to set m2

G̃
≪

m2
f̃
, equivalently, M ≪ 1016 GeV, to make the flavor-

independent GMSB contributions dominant. Therefore, grav-
itino is always the LSP and hence the dark matter candidate.
From Eqs. (2) and (3) we see that the NLSP is most likely
bino-like neutralino for Nm = O(1).
As is well known, stop loop corrections play a crucial role

to push up the SM-like Higgs boson mass from its tree-level
value, mh ≃ mZ cos 2β. Since the corrections logarithmi-
cally depend on stop mass, a large stop mass of O(10 TeV)
is necessary to realize mh ≃ 125 GeV. This corresponds to
Λ ∼ 106 GeV from Eq. (3) and mass of the NLSP bino-like
neutralino to bemB̃ ∼ 1 TeV from Eq. (2), forNm = O(1).
Now let us consider phenomenology for the gravitino dark

matter. This is quite different from the usual one with the dark
matter as a weakly interacting massive particle (WIMP), be-
cause gravitino couples to the MSSM particles super-weakly
and (unless the gravitino is light, say mG̃ ! 1 keV) it has
never been in thermal equilibrium in history of the Universe.
This fact brings uncertainty in evaluating the relic abundance
of the dark matter and thus one may think this scenario less in-
teresting. However, there is a very appealing possibility with
a super-weakly interacting dark matter particle, the so-called
superWIMP scenario [11, 12] (see also [13] for the super-
WIMP scenario in non-standard cosmology). In this scenario,
the superWIMP dark matter is mainly produced via the decay
of a long-livedWIMP, so that its relic abundance is given as

ΩDMh2 = ΩXh2 ×
(

mDM

mX

)

, (6)

where ΩXh2 would be the thermal relic abundance of the
long-lived WIMP (X) if it were stable. In this scenario, nev-
ertheless the superWIMP has never been in thermal equilib-
rium, its relic abundance is calculable as in the usual WIMP
dark matter scenario.
We adopt the superWIMP scenario in the mGMSB, where

the superWIMP is the LSP gravitino and the WIMP X is
the bino-like neutralino. Note that bino-like neutralino, if it
were the LSP, tends to be over-abundant because of its small
annihilation cross section. Therefore, the suppression factor
mG̃/mB̃ ≪ 1 can work well to adjust ΩDMh2 to be the ob-
served value [14]. With a fixed tanβ and Nm, we first cal-
culate particle mass spectrum by SOFTSUSY 3.3.1 package
for various values ofM and Λ. Then, the relic abundance of
the NLSP neutralino is calculated by using the micrOMEGAs
2.4.5 [15] with the output of SOFTSUSY in the SLHA for-
mat [16]. Multiplying by the factor mG̃/mB̃, we finally ob-
tain the relic abundance of the gravitino dark matter.
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FIG. 1: Contours on the (M,Λ)-plane for tan β = 10 andNm = 1.
The dark shaded region (in red) and the horizontal shaded region (in
yellow) satisfy the constraints of the observed dark matter abundance
(0.1064 ≤ ΩG̃h

2 ≤ 0.1176) and the SM-like Higgs boson mass
(124 GeV ≤ mh ≤ 126 GeV), respectively.

Fig. 1 shows our numerical results in the (M,Λ)-plane, for
tanβ = 10 and Nm = 1. In the dark shaded region (in red),
the resultant gravitino relic abundance is consistent with the
observed value [17], ΩG̃h

2 = 0.1120± 0.0056. The parame-
ter sets in the horizontal shaded region (in yellow) predict the
SM-like Higgs boson mass in the range of 124 GeV ≤ mh ≤
126 GeV. The dashed lines correspond to the gravitino mass
mG̃ = 1, 2, 3, 4, and 5 GeV, respectively, from left to right.
The parameter region which simultaneously satisfies the ob-
served Higgs boson mass and the dark matter relic abundance
can be pined down by the overlap of the two shaded regions,
(M,Λ) ≃ (9.2× 1012 GeV, 1.2× 106 GeV).
Here we give a semi-analytical explanation of our results.

The relic abundance of the bino-like neutralino is well approx-
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imated as [18]

ΩB̃h
2 ≃

8.7× 10−11 GeV−2 (n+ 1)xn+1
f√

g∗σB̃

, (7)

where n = 1, xf = mB̃/Tf ∼ 20 is the freeze-out tem-
perature, and σB̃ is the pair annihilation cross section of the
bino-like neutralino through the exchange of the right-handed
charged sleptons in the t-channel,

σB̃ ≃
3g4 tan4 θW r(1 + r2)

2πm2
ẽR
(1 + r4)

(8)

with r = (M1/mẽR)
2. Using Eqs. (2) and (3), we can check

that the factor r(1 + r2)/(1 + r4) is almost constant ∼ 0.12
for various values of Nm = O(1) and M = 1012−14 GeV.
Thus, we find

ΩG̃h
2 ≃ ΩB̃h

2 ×
(

mG̃

M1

)

∝ m2
ẽR

mG̃

M1
∝ MΛ2. (9)

Since sfermion masses logarithmically depend on the messen-
ger scale (see Eq. (3)), the predicted Higgs mass determined
by stop masses is almost independent ofM = 1012−14 GeV.
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FIG. 2: Contours on the (M,Λ)-plane for tan β = 10 and Nm =

1, 2, 3, 4. The solid lines correspond to the region satisfyingΩG̃h
2
=

0.112, from left to right forNm = 1, 2, 3, 4, respectively. Along the
dashed lines the SM-like Higgs boson mass is predicted to bemh =

125 GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.

We repeat the similar numerical analysis for various val-
ues of Nm and tanβ. Fig. 2 depicts the results for Nm =
1, 2, 3, 4, with tanβ = 10. The solid lines show the contours
along which ΩG̃h

2 = 0.112 is satisfied, from left to right cor-
responding to Nm = 1, 2, 3, 4, respectively. All lines are very
close to each other except that the line forNm = 4 is substan-
tially deviating from the other lines for M ! 5 × 1013 GeV.
This is because for such a parameter region, the NLSP bino-
like neutralino becomes more degenerate with lighter stau as
M is lowered, so that the co-annihilation process of the NLSP
with the stau becomes more effective and reduces the abun-
dance. In order to compensate this reduction and achieve the

tan β 10 45

Nm 1 2 4 1

M 9.16 × 10
12

2.66 × 10
13

8.28 × 10
13

1.51× 10
13

Λ 1.23× 10
6

6.73 × 10
5

3.47 × 10
5

1.05 × 10
6

h0 125

H0 7123 6304 5607 4418

A0 7123 6304 5607 4419

H±
7123 6304 5608 4419

g̃ 7726 8300 8424 6719

χ̃0
1,2 1693, 3141 1856, 3424 1909, 3509 1454, 2707

χ̃0
3,4 5147, 5148 4717, 4719 4365, 4369 4370, 4372

χ̃±
1,2 3141, 5149 3424, 4719 3509, 4369 2707, 4372

ũ, c̃1,2 9227, 10123 8491, 9193 7837, 8389 7983, 8757

t̃1,2 7274, 9260 6829, 8455 6413, 7745 6296, 7695

d̃, s̃1,2 9034, 10123 8346, 9193 7733, 8389 7812, 8757

b̃1,2 8990, 9258 8308, 8452 7698, 7742 7107, 7693

ν̃e,µ 4989 4242 3580 4330

ν̃τ 4976 4231 3571 4084

ẽ, µ̃1,2 3305, 4990 2783, 4243 2290, 3581 2895, 4330

τ̃1,2 3267, 4977 2750, 4232 2262, 3572 2070, 4087

mG̃ 2.66 4.24 6.81 3.77

ΩG̃h
2

0.112

TABLE I: Particle mass spectra (in GeV) for variousNm and tanβ.
The fundamental parameters in the mGMSB, M and Λ, have been
fixed so as to satisfy two independent conditions, ΩG̃h

2
= 0.112

andmh = 125 GeV.

observed relic abundance, a relatively higher neutralino mass,
equivalently a larger Λ is needed. The dashed horizontal lines
correspond to the Higgs boson mass prediction mH = 125
GeV, from top to bottom for Nm = 1, 2, 3, 4, respectively.
We find that stau becomes the NLSP for Nm ≥ 5. The anni-
hilation process of the NLSP stau is very efficient, so that the
suppression factor mG̃/mX makes the gravitino abundance
too small. Hence, we do not consider the case with Nm ≥ 5.
In Fig. 2, we can pin down the parameter sets (M,Λ)which

simultaneously satisfy the two conditions,ΩG̃h
2 = 0.112 and

mh = 125 GeV, at the intersections of the solid and dashed
lines, for each Nm value. In Table 1, we list particle mass
spectra for Nm = 1, 2, 4. Here we also list the result for
Nm = 1 and tanβ = 45 as another sample.
In the superWIMP scenario, the NLSP has a long lifetime

and its late-time decay is potentially dangerous for the success
of big bang nucleosynthesis (BBN). In our scenario, the NLSP
is bino-like neutralino and its lifetime is estimated as [11]

τB̃ ≃ 0.74 sec×
( mG̃

1 GeV

)2
(

1 TeV

mB̃

)5

(10)

for its main decay mode B̃ → γ + G̃. For the parameter
sets we have determined, the formula leads to τB̃ < 1 sec.
Therefore, the NLSP neutralinos decay before the BBN era
∼ 1 sec and the success of BBN remains intact.

3
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Ø  125-‐126	  Higgs	  mass	  may	  indicate	  heavy	  sparBcles	  with	  mass	  
a	  few	  -‐	  10	  TeV	  

Ø No	  sparBcle	  signature	  at	  LHC	  so	  far	  	  	  

Is	  there	  any	  indicaBon	  of	  low	  mass	  sparBcle?	  	  

1 Introduction

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have independently
reported the discovery [1, 2] of a Standard Model (SM)–like Higgs boson resonance of mass
mh ' 125 � 126 GeV using the combined 7 TeV and 8 TeV data. This discovery is
compatible with low scale supersymmetry, since the Minimal Supersymmetric Standard
Model (MSSM) predicts an upper bound of mh . 135 GeV for the lightest CP-even Higgs
boson, if the superparticle masses are assumed to not exceed several TeV [3]. On the other
hand, no signals have shown up for supersymmetric particles at the LHC first run, and the
current lower bounds on the colored sparticle masses

mg̃ & 1.4 TeV (for mg̃ ⇠ mq̃) and mg̃ & 0.9 TeV (for mg̃ ⌧ mq̃) [4, 5] (1)

have created some skepticism about naturalness arguments for the Higgs mass based on
low scale supersymmetry.

Although the sparticle mass bounds in Eq. (1) are mostly derived for R-parity con-
serving constrained MSSM (cMSSM), they are applicable to a wider class of low scale
supersymmetric models. There exist regions in the MSSM parameter space where the
bounds in Eq. (1) can be relaxed by introducing R-parity violating couplings that break
baryon number [6], but if the mass of the top quark superpartner, the stop, is below a TeV,
the Higgs mass would be unacceptably small. Furthermore, neutralino dark matter will be
lost in this case, owing to the violation of R-parity. Low scale supersymmetry can indeed
accommodate a Higgs boson with mass mh ' 125 GeV in the MSSM while preserving
neutralino dark matter, but it requires either a large, O(few � 10) TeV, stop mass, or a
relatively large soft supersymmetry breaking (SSB) trilinear At-term, along with a stop
mass of around a TeV [7].

One of the most popular assumptions in low scale supersymmetric theories is that of
universal soft supersymmetry breaking mass terms for the three generations of sfermions.
This assumption is mainly motivated by the constraints obtained from flavor-changing neu-
tral currents (FCNC) processes [8], with inspiration from minimal supergravity Lagrangian
[9]. A practical outcome of three family universality of soft masses is that it would lead to
heavy sleptons in the spectrum, since the stop should be heavy to fit the Higgs boson mass.
Note, however, that the universality assumption does not follow from any symmetry prin-
ciple, and as we elaborate here, may be relaxed in a controlled fashion based on underlying
symmetries. Such a framework is referred to here as sMSSM, for flavor symmetry-based
minimal supersymmetric standard model.

The Standard Model prediction for the anomalous magnetic moment of the muon,
aµ = (g � 2)µ/2 (muon g � 2) [11], has a discrepancy with the experimental results [10]:

�aµ ⌘ aµ(exp)� aµ(SM) = (28.6± 8.0)⇥ 10�10 . (2)

If supersymmetry is to o↵er a solution to this discrepancy, the smuon and gaugino (bino
or wino) SSB masses should be O(100) GeV. Thus, it is hard to simultaneously explain
the observed Higgs boson mass and resolve the muon g � 2 anomaly if universality of all
sfermion soft masses is imposed at the grand unified theory (GUT) scale, as in cMSSM.

Recently there have been several attempts to reconcile this (presumed) tension between
muon g�2 and Higgs boson mass within the MSSM framework by assuming non-universal
SSB mass terms for the gauginos [12] or the sfermions [13] at the GUT scale. A simul-
taneous explanation of mh and muon g � 2 is possible [14] even with t � b � ⌧ Yukawa

2

Muon	  g-‐2	  anomaly	  

Hagiwara,	  Liao,	  Nomura	  &	  Teubner	  	  
J.	  Phys.	  G	  38	  (2011)	  085003	  
Davier,	  Hoecker,	  Malaescu	  &	  Zhang	  	  
Eur.	  Phys.	  J	  C71	  (2011)	  1515	  

Muon	  (g-‐2)	  CollaboraBon	  	  	  
PRD	  73	  (2006)	  072003;	  	  
PRD	  80	  (2009)	  052008	  



1 Introduction

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have independently
reported the discovery [1, 2] of a Standard Model (SM)–like Higgs boson resonance of mass
mh ' 125 � 126 GeV using the combined 7 TeV and 8 TeV data. This discovery is
compatible with low scale supersymmetry, since the Minimal Supersymmetric Standard
Model (MSSM) predicts an upper bound of mh . 135 GeV for the lightest CP-even Higgs
boson, if the superparticle masses are assumed to not exceed several TeV [3]. On the other
hand, no signals have shown up for supersymmetric particles at the LHC first run, and the
current lower bounds on the colored sparticle masses

mg̃ & 1.4 TeV (for mg̃ ⇠ mq̃) and mg̃ & 0.9 TeV (for mg̃ ⌧ mq̃) [4, 5] (1)

have created some skepticism about naturalness arguments for the Higgs mass based on
low scale supersymmetry.

Although the sparticle mass bounds in Eq. (1) are mostly derived for R-parity con-
serving constrained MSSM (cMSSM), they are applicable to a wider class of low scale
supersymmetric models. There exist regions in the MSSM parameter space where the
bounds in Eq. (1) can be relaxed by introducing R-parity violating couplings that break
baryon number [6], but if the mass of the top quark superpartner, the stop, is below a TeV,
the Higgs mass would be unacceptably small. Furthermore, neutralino dark matter will be
lost in this case, owing to the violation of R-parity. Low scale supersymmetry can indeed
accommodate a Higgs boson with mass mh ' 125 GeV in the MSSM while preserving
neutralino dark matter, but it requires either a large, O(few � 10) TeV, stop mass, or a
relatively large soft supersymmetry breaking (SSB) trilinear At-term, along with a stop
mass of around a TeV [7].

One of the most popular assumptions in low scale supersymmetric theories is that of
universal soft supersymmetry breaking mass terms for the three generations of sfermions.
This assumption is mainly motivated by the constraints obtained from flavor-changing neu-
tral currents (FCNC) processes [8], with inspiration from minimal supergravity Lagrangian
[9]. A practical outcome of three family universality of soft masses is that it would lead to
heavy sleptons in the spectrum, since the stop should be heavy to fit the Higgs boson mass.
Note, however, that the universality assumption does not follow from any symmetry prin-
ciple, and as we elaborate here, may be relaxed in a controlled fashion based on underlying
symmetries. Such a framework is referred to here as sMSSM, for flavor symmetry-based
minimal supersymmetric standard model.

The Standard Model prediction for the anomalous magnetic moment of the muon,
aµ = (g � 2)µ/2 (muon g � 2) [11], has a discrepancy with the experimental results [10]:

�aµ ⌘ aµ(exp)� aµ(SM) = (28.6± 8.0)⇥ 10�10 . (2)

If supersymmetry is to o↵er a solution to this discrepancy, the smuon and gaugino (bino
or wino) SSB masses should be O(100) GeV. Thus, it is hard to simultaneously explain
the observed Higgs boson mass and resolve the muon g � 2 anomaly if universality of all
sfermion soft masses is imposed at the grand unified theory (GUT) scale, as in cMSSM.

Recently there have been several attempts to reconcile this (presumed) tension between
muon g�2 and Higgs boson mass within the MSSM framework by assuming non-universal
SSB mass terms for the gauginos [12] or the sfermions [13] at the GUT scale. A simul-
taneous explanation of mh and muon g � 2 is possible [14] even with t � b � ⌧ Yukawa

2

Ø  SUSY	  is	  a	  primary	  candidate	  which	  can	  fill	  the	  gap	  

Moroi,	  PRD	  53	  (1996)	  6565	  

Realistic fermion masses are induced in the model through the Yukawa superpotential

WYuk = 16316310H + 16i16310H

 
�j + �j

M⇤

!
✏ij + 16i16j✏

ij10H

✓
45H

M⇤

◆
+ ... (6)

Here ellipsis stands for higher order terms suppressed by more powers of M⇤, which is
presumable the Planck scale, much larger than |u| and h45Hi ⇠ MGUT. The coupling
16i16j✏ij10H will not be allowed if the full SO(10) symmetry is utilized, however the
term shown with an additional 45H , used for GUT symmetry breaking, would be allowed
because of its antisymmetric property. We see that only the third generation acquires a
mass at the renormalizable level, while the lighter family masses are suppressed by inverse
powers such as |u|/M⇤. After some rotations, the fermion mass matrices resulting from Eq.
(6) can be written in the form

Mf =

0

@
0 c 0
�c 0 b
0 b0 a

1

A

f

(7)

for f = u, d, `, ⌫D, which fits the observed masses and mixings of quarks and leptons quite
well [23]. CP violation can have a spontaneous origin in this context, which would make all
SUSY breaking parameters real, and thus solve the SUSY CP problem arising from limits
on the electric dipole moments of the electron and the neutron. The CKM phase can be
still be of order one, if some of the fields, such as the 45H of Eq. (6), acquire complex
VEVs [17].

Owing to the SU(2)H flavor symmetry, the soft masses of the scalars in the (16, 2)
multiplet are all the same (denoted as m1,2), while members of the (16, 1) would have a
common mass that is di↵erent (denoted as m3). The gaugino masses are unified because of
the SO(10) symmetry. There is no reason for the soft masses of the MSSM Higgs doublets
Hu and Hd to be equal to m1,2 or m3, as these fields belong to di↵erent representations of
SO(10) such as 10 and 16. These two Higgs soft masses have been traded in Eq. (3) with
µ and mA. Finally, in the sMSSM framework it is not required that the trilinear A-terms
be proportional to the respective Yukawa couplings. Nevertheless, these A-terms would
exhibit the same hierarchy as the Yukawa couplings, and non-proportionality does not
result in excessive SUSY induced flavor violation. For low energy collider phenomenology,
only the third family A-terms are relevant, which we denote as A0 at the GUT scale. In
a more general setting this A0 can break into At

0, A
b
0 and A⌧

0, which need not be all the
same. Such a di↵erence will be relevant only for the case of large tan�. In our analysis we
define A0 = A0

t = A0
b = A0

⌧ , which is realized in at least some versions of sMSSM.

3 The Muon Anomalous Magnetic Moment in sMSSM

The leading contribution from low scale supersymmetry to the muon anomalous magnetic
moment, applicable to sMSSM, is given by [24, 25]:

�aµ =
↵m2

µ µM2 tan �

4⇡ sin2 ✓W m2
µ̃L


f�(M2

2/m
2
µ̃L
)� f�(µ2/m2

µ̃L
)

M2
2 � µ2

�

+
↵m2

µ µM1 tan �

4⇡ cos2 ✓W (m2
µ̃R

�m2
µ̃L
)


fN(M2

1/m
2
µ̃R
)

m2
µ̃R

� fN(M2
1/m

2
µ̃L
)

m2
µ̃L

�
, (8)
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If supersymmetry is realized in nature, there will be corrections to g-2 of the muon
due to loop diagrams involving the new particles. Amongst the leading corrections
are those depicted here: a neutralino and a smuon loop, and a chargino and a muon
sneutrino loop. This represents an example of "beyond the Standard-Model"
physics that might contribute to g-2.

Protons, neutrons, and many nuclei have spin and magnetic moments, and therefore associated g-factors. The
formula conventionally used is

where μ is the magnetic moment resulting from the nuclear spin, I is the nuclear spin angular momentum, μN
is the nuclear magneton, and g is the effective g-factor.

Muon g-factor

The muon, like the electron
has a g-factor from its spin,
given by the equation

where μ is the magnetic
moment resulting from the
muon’s spin, S is the spin
angular momentum, and mμ
is the muon mass.

The fact that the muon g-
factor is not quite the same as
the electron g-factor is
mostly explained by
quantum electrodynamics
and its calculation of the anomalous magnetic dipole moment. Almost all of the small difference between the
two values (99.96% of it) is due to a well-understood lack of a heavy-particle diagrams contributing to the
probability for emission of a photon representing the magnetic dipole field, which are present for muons, but
not electrons, in QED theory. These are entirely a result of the mass difference between the particles.

However, not all of the difference between the g-factors for electrons and muons are exactly explained by the
quantum electrodynamics Standard Model. The muon g-factor can, at least in theory, be affected by physics
beyond the Standard Model, so it has been measured very precisely, in particular at the Brookhaven National
Laboratory. As of November 2006, the experimentally measured value is 2.0023318416(13), compared to the
theoretical prediction of 2.0023318361(10).[4] This is a difference of 3.4 standard deviations, suggesting
beyond-the-Standard-Model physics may be having an effect. The Brookhaven muon storage ring is being
transported to Fermilab where the g-2 experiment will use it to make more precise measurements of muon g-
factor.[5]

Measured g-factor values



To	  explain	  the	  discrepancy,	  
	  
Ø  Smuon	  mass	  ,	  wino/neutralino	  mass	  =	  O(100	  GeV)	  	  

Ø  But,	  125-‐126	  GeV	  Higgs	  à	  heavy	  squark	  	  

Reconciling	  these	  facts,	  we	  may	  consider	  
	  	  	  	  	  	  	  	  mass	  spliwng	  between	  squark	  &	  slepton	  and	  EWino	  	  

Squark	  	  ~	  mulB	  TeV	  
	  
	  
Slpton/Ewino	  
~	  O(100	  GeV)	  

For	  realizaBon,	  see,	  for	  example,	  
Evanse,	  Ibe,	  Shirai	  &	  Yangida,	  	  
PRD	  85	  (2012)	  095004	  
“generic	  gauge	  mediaBon”	  

DM	  candidate:	  graviBno	  



Model	  with	  geometrical	  spliwng	  of	  so^	  masses	  

5D	  MSSM	  with	  Randall-‐Sundrum	  background	  

the model and allow us to make predictions on the sparticle mass spectrum as well as on its

flavor-violating effects. A similar setup was proposed in [6] as a 5D realization of “flavorful

supersymmetry” [7].

Our model is a simple 5D extension of the MSSM in the RS spacetime, but has the ability

to simultaneously provide a viable SUSY breaking mechanism and explain the hierarchical

structure of Yukawa couplings. Since the sparticle mass spectrum and the Yukawa coupling

hierarchy are rooted on the same 5D setup, this model has a strong predictive power on both

of flavor-conserving and flavor-violating soft SUSY breaking terms.

In the next section, we write down a general form of MSSM in the bulk of RS spacetime

equipped with gaugino-mediated SUSY breaking. In section 3, we assume that all couplings in

5D theory are of O(1), and any hierarchical structure in 4D theory originates from 5D geometry.

Based on this assumption, we determine 5D disposition of matter superfields from the observed

fermion masses, Cabibbo-Kobayashi-Maskawa (CKM) matrix and neutrino oscillation data.

In section 4, we make general remarks on the SUSY breaking mass spectrum. In section 5,

we discuss the difference between our model and minimal flavor violation. In section 6, we

calculate a sample of mass spectra and study experimental bounds on them. In section 7,

we discuss a signature of the model, that is, unusual next-to-lightest sparticle (NLSP) and its

flavor-violating decay. The last section is devoted for conclusion.

2 Setup

We consider 5D warped spacetime with the metric [1]:

ds2 = e−2k|y|ηµνdx
µdxν − dy2 , (1)

where y is the 5th dimension compactified on the orbifold S1/Z2 : −πR ≤ y ≤ πR , and k is

the AdS curvature that is of the same order as the 5D Planck scale M5. Assuming that the

warp factor, e−kRπ, is much smaller than 1, we have the following relation for k and M5 :

M2
∗ =

M3
5

k
(1− e−2kRπ) ≃ M3

5

k
, (2)

where M∗ is the 4D reduced Planck mass. This relation implies k ∼ M5 ∼ M∗ . We put a UV

brane at y = 0 and an IR brane at y = πR. The fundamental scale on the UV brane is M5,

while that on the IR brane is M5e−kRπ. Note that in our model, M5e−kRπ is not necessarily at

TeV scale, but is at an intermediate scale between M∗ and TeV.

All MSSM superfields reside in the bulk. However, for simplicity, the Higgs superfields are

assumed to be localized on the IR brane. We adopt Polonyi model [8] for the SUSY breaking

2

A 5D N = 1 hypermultiplet is expressed in terms of two 4D N = 1 chiral superfields

Φ,Φc that are in conjugate representations of some gauge group. We assume that the former is

Z2-even and the latter Z2-odd. Taking the basis of diagonal bulk mass, we have the following

action for 5D N = 1 hyper-multiplets:

S5D chiral =

∫

dy

∫

d4xe−4k|y|

[
∫

d4θe2k|y| (Φ†
ie

−VΦi + Φc
ie

V Φc †
i )

+

∫

d2θek|y| Φc
i{∂y − χ/

√
2− (3/2− ci)k}Φi + h.c.

]

, (4)

where i is a flavor index and ci denotes the 5D bulk mass in unit of AdS curvature k. Only Φi

has a massless mode in 4D picture, which will be written as φi(x, θ)e(3/2−ci)k|y|.

Let us write down the low-energy 4D effective action of the fields in the bulk, which is

described with the massless modes of 5D N = 1 gauge multiplets and 5D N = 1 matter

hyper-multiplets. After integrating over y, we obtain the following 4D effective action:

S4Deff. =

∫

d4x

[

2πR

4ga25

∫

d2θ W aαW a
α + h.c. +

∫

d4θ 2
e(1−2ci)kRπ − 1

(1− 2ci)k
φ†
i e

−V φi

]

,

(5)

where the dimensionful 5D gauge coupling, ga5 , is connected to 4D gauge coupling ga4 by the

relation: ga5 =
√
2πRga4 .

Next we consider the theory on the IR brane. The IR scale, M5e−kRπ, is a free parameter

of the model and is only assumed at an intermediate scale between the 5D Planck and the

electroweak scales.

On the IR brane, we introduce Polonyi model for SUSY breaking:

SIR ⊃
∫

d4x

[
∫

d4θ e−2kRπ ( X†X + ... ) +

∫

d2θ µ2
XX + h.c.

]

. (6)

where the “...” term is for stabilizing the scalar potential of X at the origin. µX satisfies

e−2kRπµ2
X ∼ M5e

−kRπ × TeV , (7)

which is equivalent to

µX

M5
∼

√

TeV

M5e−kRπ
, (8)

so that it gives rise to gaugino masses at TeV scale through the VEV of FX . Note that the scale

of µX is between the 5D Planck and the IR scales. This scale is put in by hand, as in tree-level

SUSY breaking models, or is generated through a dynamical SUSY breaking mechanism [9], of

4

C_i	  >	  1/2	  :	  localized	  around	  y=0	  	  	  	  
C_i	  <	  1/2	  :	  localized	  around	  y=pi	  R	  

EffecBve	  4D	  cutoff	  

(1)	  ConfiguraBon	  of	  bulk	  chiral	  mulBplet:	  

(2)	  ConfigulaBon	  of	  bulk	  gauge	  mulBplet:	  flat	  	  

C_i>1/2	   C_i<1/2	  
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There are three identical equations for the soft right handed sneutrino masses [12,13],
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localize	  them	  around	  the	  hidden	  brane,	  we	  can	  achieve	  	  
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Outputs	  at	  low	  energy	  

LSP	  neutralino:	  	  261	  GeV	  	  
	  	  
NLS	  smuon:	  	  307	  GeV	  	  

1 Introduction

ΩDMh
2 ≃ 0.12

V (φ) =
1

4
λ(φ)

(
φ2 − v2

)2
(1)

mh = 126 GeV (2)

Mt = 173.34 GeV (3)

αs(MZ) = 0.1184 (4)

λ(µ ≃ 1010 GeV) = 0 (5)

λ ≃ 0.13 (6)

∆m2
H = (7)

≃ − Y 2
t

16π2
Λ2 (8)

∆mψ ∼ mψ logΛ (9)

m2
φ +∆m2

φ = (mψ +∆mψ)
2 (10)

WY = Y ij
D N c

i HuLj (11)

λBL (12)

ψ (13)

ΛI = ωMP (14)

ω = e−kRπ (15)

m̃ (16)

m̃× 1

RM5
(17)

m̃× ωα (18)

m2
q̃ ≫ m2

ℓ̃
,m2

χ (19)

ΛIR = ωMP (20)

ΛIR = 100 TeV (21)

mg̃(ΛIR) = 1.2 TeV,
Mi

g2i
= const (22)

mℓ̃1,2
(ΛIR) = 350 GeV (23)

mℓ̃3
(ΛIR) = 482 GeV (24)

mq̃(ΛIR) = 11 TeV (25)

mHu(ΛIR) = 3.5 TeV (26)

mHd
(ΛIR) = 3.0 TeV (27)

µ = 1.7 TeV (28)

1

1 Introduction

ΩDMh
2 ≃ 0.12

V (φ) =
1

4
λ(φ)

(
φ2 − v2

)2
(1)

mh = 126 GeV (2)

Mt = 173.34 GeV (3)

αs(MZ) = 0.1184 (4)

λ(µ ≃ 1010 GeV) = 0 (5)

λ ≃ 0.13 (6)

∆m2
H = (7)

≃ − Y 2
t

16π2
Λ2 (8)

∆mψ ∼ mψ logΛ (9)

m2
φ +∆m2

φ = (mψ +∆mψ)
2 (10)

WY = Y ij
D N c

i HuLj (11)

λBL (12)

ψ (13)

ΛI = ωMP (14)

ω = e−kRπ (15)

m̃ (16)

m̃× 1

RM5
(17)

m̃× ωα (18)

m2
q̃ ≫ m2

ℓ̃
,m2

χ (19)

ΛIR = ωMP (20)

ΛIR = 100 TeV (21)

mg̃(ΛIR) = 1.2 TeV,
Mi

g2i
= const (22)

mℓ̃1,2
(ΛIR) = 350 GeV (23)

mℓ̃3
(ΛIR) = 482 GeV (24)

mq̃(ΛIR) = 11 TeV (25)

mHu(ΛIR) = 3.5 TeV (26)

mHd
(ΛIR) = 3.0 TeV (27)

µ = 1.7 TeV (28)

Ωχ̃0h
2 = 0.113 (29)

∆aµ = 28.4× 10−10 (30)

1

1 Introduction

ΩDMh
2 ≃ 0.12

V (φ) =
1

4
λ(φ)

(
φ2 − v2

)2
(1)

mh = 126 GeV (2)

Mt = 173.34 GeV (3)

αs(MZ) = 0.1184 (4)

λ(µ ≃ 1010 GeV) = 0 (5)

λ ≃ 0.13 (6)

∆m2
H = (7)

≃ − Y 2
t

16π2
Λ2 (8)

∆mψ ∼ mψ logΛ (9)

m2
φ +∆m2

φ = (mψ +∆mψ)
2 (10)

WY = Y ij
D N c

i HuLj (11)

λBL (12)

ψ (13)

ΛI = ωMP (14)

ω = e−kRπ (15)

m̃ (16)

m̃× 1

RM5
(17)

m̃× ωα (18)

m2
q̃ ≫ m2

ℓ̃
,m2

χ (19)

ΛIR = ωMP (20)

ΛIR = 100 TeV (21)

mg̃(ΛIR) = 1.2 TeV,
Mi

g2i
= const (22)

mℓ̃1,2
(ΛIR) = 350 GeV (23)

mℓ̃3
(ΛIR) = 482 GeV (24)

mq̃(ΛIR) = 11 TeV (25)

mHu(ΛIR) = 3.5 TeV (26)

mHd
(ΛIR) = 3.0 TeV (27)

µ = 1.7 TeV (28)

Ωχ̃0h
2 = 0.113 (29)

∆aµ = 28.4× 10−10 (30)

1

ü SM-‐like	  Higgs	  mass:	  
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ü Muon	  g-‐2:	  	  
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Future	  prospects	  

What	  if	  	  
	  	  	  	  colored	  new	  parBcles	  are	  unfortunately	  out	  of	  reach	  of	  LHC,	  	  
	  	  	  	  but	  color-‐singlet	  new	  parBcles	  are	  relaBvely	  light?	  	  
	  
Ø  Color	  singlet	  parBcle	  search	  becomes	  more	  important	  	  

Ø  LHC	  search	  is	  not	  easy	  with	  small	  cross	  secBon	  &	  large	  background	  	  

ILC	  is	  ideal	  for	  this	  purpose	  

Ø Well-‐defined	  iniBal	  state	  	  	  
Ø  Clean	  environments	  
Ø  Adjustable	  energy	  	  
Ø  Polarized	  beam	  

History	  
	  JLC	  (Japan	  Linear	  Collider)	  	  
	  	  	  	  Kaoru	  led	  many	  theorists	  &	  	  
	  	  	  	  experimentalists	  
	  J(Joint)	  LC	  ,	  GLC	  
	  
	  ILC	  	  



ILC	  study	  study	  	  
	  	  	  Example)	  discriminaBon	  of	  dark	  maTer	  modes	  	  

Asano,	  Saito,	  Suehara,	  Fujii,	  Hundi,	  Itoh,	  Matsumoto,	  	  
NO,	  Takubo	  &	  Yamamoto	  ,	  PRD	  84	  (2011)	  115003	  

Variety	  of	  WIMP	  DM	  models,	  in	  which	  DM	  parBcle	  is	  
accompanied	  by	  “charged	  partner”	  	  

DM	  parBcle	  producBon	  at	  ILC	  

Abstract

The large hadron collider (LHC) is anticipated to provide signals of new

physics at the TeV scale, which are likely to involve production of a WIMP

dark matter candidate. The international linear collider (ILC) is to sort out

these signals and lead us to some viable model of the new physics at the TeV

scale. In this article, we discuss how the ILC can discriminate new physics

models, taking the following three examples: the inert Higgs model, the super-

symmetric model, and the littlest Higgs model with T-parity. These models

predict dark matter particles with different spins, 0, 1/2, and 1, respectively,

and hence comprise representative scenarios. Specifically, we focus on the pair

production process, e+e− → χ+χ− → χ0χ0W+W−, where χ0 and χ± are

the WIMP dark matter and a new charged particle predicted in each of these

models. We then evaluate how accurately the properties of these new parti-

cles can be determined at the ILC and demonstrate that the ILC is capable

of identifying the spin of the new charged particle and discriminating these

models.

2

SUSY:	  	  fermions	  
LiTle	  Higgs	  with	  T-‐parity:	  vectors	  	  	  
Inert	  Higgs	  model:	  scalars	  	  

30/33	  



W energy [GeV]
0 100 200 300 400 500

0

1000

2000

3000

4000 IH−like

SUSY−like
LHT−like
Background

(a) 200 fb with bg.

E
v
e
n
ts
 /
 1
0
 G
e
V
 b
in

W energy [GeV]
0 100 200 300 400 500

0

1000

2000

3000

4000
IH−like
SUSY−like
LHT−like

(b) 200fb with fit 

E
v
e
n
ts
 /
1
0
 G
e
V
 b
in

W energy [GeV]
0 100 200 300 400 500

0

200

400

600

800
IH−like
SUSY−like
LHT−like

(c) 40fb with fit 

E
v
e
n
ts
 /
1
0
 G
e
V
 b
in

Figure 6: (a) W energy distributions for the signal (σs = 200 fb) and background

with Lint = 500 fb−1 in the Point II study. (b),(c) Results of the mass fit for σs = 200

fb and 40 fb after background subtraction, respectively.
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Monte-‐Carlo	  simulaBon	  study	  
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Detector Performance Coverage

Vertex detector δb ≤ 5⊕ 10/pβ sin3/2 θ (µm) | cos θ| ≤ 0.93

Central drift chamber δpt/p2t ≤ 5× 10−5 (GeV/c)−1 | cos θ| ≤ 0.98

EM calorimeter σE/E = 17%/
√
E ⊕ 1% | cos θ| ≤ 0.99

Hadron calorimeter σE/E = 45%/
√
E ⊕ 2% | cos θ| ≤ 0.99

Table 3: Detector parameters used in the Point II study.

reconstructed particles are clustered into 4-jet configuration using the Durham al-

gorithm [23]. A neural-net based flavor tagging algorithm [24] is applied to the jets

after the jet clustering.

For Point II, we use a fast simulator code [25], which implements the GLD ge-

ometry and other detector performance related parameters [26]. In the simulator,

hits by charged particles at the vertex detector and track parameters at the central

tracker are smeared according to their position resolutions, taking into account corre-

lations due to off-diagonal elements in the error matrix. Since calorimeter signals are

simulated in individual segments, a realistic simulation of cluster overlap is possible.

Track-cluster matching is performed for the hit clusters in the calorimeter in order

to achieve the best energy flow measurements. The resulting detector performance

in our simulation study is summarized in Table 3.

4 Results from simulation study

In this section, we present results from our simulation study for e+e− → χ+χ− →
χ0χ0W+W− process in the case of the IH-like, the SUSY-like, and the LHT-like

models. We take two cross section points: σs = 200 fb and 40 fb as examples. The

simulation was performed at
√
s = 500 GeV for Point I, and 1 TeV for Point II. An

integrated luminosity Lint = 500 fb−1 is assumed in each point for all the following

study except for threshold scans.

4.1 Study for Point I with
√
s = 500 GeV full simulation

4.1.1 Signal Selection

Point I employs mχ± = 232 GeV and mχ0 = 44.0 GeV, which can be investigated

at the
√
s = 500 GeV ILC. We select signal events with both W ’s decaying into two

quarks (qqqq events), whose branching fraction is about 46%, since the W energies
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Mass	  determinaBon	  
accuracy	  is	  	  
	  	  	  	  	  	  	  	  	  ~	  	  0.2	  %	  



Summary	  
Ø 11	  years	  a^er	  SUSY	  2004	  
Ø Lots	  of	  progress	  in	  experiments	  and	  theories	  	  
Ø LHC	  	  Higgs	  discovery	  (expected)	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Higgs	  mass	  ~	  125	  GeV	  (unexpected)	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  no	  SUSY	  signal	  (unexpected)	  	  
Ø Higgs	  mass	  may	  indicate	  very	  heavy	  squarks	  	  
Ø Muon	  g-‐2	  anomaly	  may	  indicate	  light	  EWinos	  &	  
sleptons	  	  

Ø Color-‐singlet	  sparBcle	  search	  will	  become	  more	  
important	  	  

Ø Hopes:	  	  LHC	  Run	  2	  and	  High	  Luminosity	  LHC	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  InternaBonal	  Linear	  Collider	  	  
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