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 Higgs is more like an elementary scalar

Higgs can be fit by the simplest implementation 

 V = - mhiggs2/2 h†h + λ/4 (h†h)2  

mhiggs = λ1/2 v  [ v=174.1GeV]

λ ~ 0.5mhiggs ~ 125GeV

( We knew v=174.1GeV before the discovery of Higgs )
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mh2

H

H† H

H† λ is expected to be very large (≃ 4π)

(Exceptional models : NGB Higgs 
→ Top Yukawa coupling is difficult...)

e.g.) Naive composite Higgs : 

 Higgs exists

What have we learned from LHC results ?



 No New Physics beyond the SM has been confirmed …

Wide range of alternatives to the Standard Model have been 
excluded… 

[ Some tentative hints are/were reported though ]

[ e.g. Higgsless models ] 

What have we learned from LHC results ?



Could the Standard Model Be the Ultimate Theory?

Quantum Gravity 

Neutrino Masses

Dark Matter

Baryon Asymmetry of the Universe 

Inflation

Strong CP problem

Answer is NO

Are some of these entries accessible at the LHC ?

Possibly, but not sure…

Most of the above entries can be solved in decoupled (ultra-violet) 
theories… 

There should be new physics which addresses at least 

Anomalies ( muon g-2, B-physics etc )



We want to know why the weak scale << MPL .

Let us suppose that the Higgs couples to X in the UV theories.

ΔL = λX |h|2 |X|2

→ Even aside from the quadratic divergence, the Higgs boson mass is sensitive 
to the UV scale mX !

→

If MW << MPL is explainable, there should be new physics close to MW which 
renders the SM being UV insensitive.

→ New Physics Accessible at the LHC !

Why New Physics at the LHC ?

[ No verifiable conflicts happen even if no new physics exist…]



Standard Model Superparticles

supersymmetry

Supersymmetric Standard Model
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Higgs mass term = Higgsino mass term 
Higgsino mass term can be protected by chiral symmetries!
Hierarchy problem is solved if SUSY breaking is around Mw.

Higgs mass term can be protected !

same properties 
except for spins!

x2 x2

[ ’79 Maiani, ’81 Witten, ’81 Kaul ]

We just enlarge spacetime symmetry to supersymmetry !



Just by introducing the superpartners at around TeV, gauge coupling 
unification becomes more precise! 

Big Bonus !

Supersymmetric standard model is perfectly consistent with GUT !

SM MSSM (TeV)

Supersymmetric Standard Model



Searchable at the LHC !

Supersymmetry = Spacetime symmetry

All the Standard Model particles are accompanied by superpartners.
→ Lots of colored new particles (gluino, squarks)

at 13TeV, the cross section is x10 larger !

Supersymmetric Standard Model



Big Blow ? 

 V = - mhiggs2/2 h†h + λ/4 (h†h)2  

A combination of the  
SUSY breaking masses 
and the Higgsino mass

λ= (g’2+g2)/2 cos22β
from gauge couplings

mH = λ1/2 v  ~ mZ cos2β

The predicted Higgs boson mass is around Z-boson mass,

at the tree-level.

In the MSSM, the tree-level Higgs boson mass is given by the gauge coupling 
constants.

The Higgs boson ~ 125GeV requires multi-TeV SUSY ?



The Higgs boson ~ 125GeV requires multi-TeV SUSY ?

Tree-level quartic term: One-loop log enhanced:

-
One-loop finite:

[’91 Okada, Yamaguchi, Yanagida, ’91 Haber, Hempfling, ’91 Ellis, Ridolfi, Zwirner ]
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The Higgs boson mass larger than mZ can be obtained for larger SUSY breaking 
effects!

The radiative corrections to the Higgs boson mass logarithmically depend on 
the stop masses.
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Big Blow ? 



The Higgs boson ~ 125GeV requires multi-TeV SUSY ?

The simplest interpretation: mH ~ 125 GeV suggests that the sfermion (stop) 
masses are above O(10-1000)TeV !

mh<115.5GeV

mh>127GeV
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[’12, MI, Matsumoto,Yanagida (μH=O(Msusy))] 

 mH ~ 125 GeV with O(1)TeV SUSY?

A large stop A-term (trilinear coupling)

Singlet extension (NMSSM) 

Extra vector-like matter

U(1) extension

Model building becomes complicated though.

Big Blow ? 



Direct SUSY search at the LHC.

Proton stability
Baryon asymmetry of the universe

known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [60, 61].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [62] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (5.1). This new symmetry is called
“R-parity” [7] or equivalently “matter parity” [63].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (5.10)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (5.7) and (5.8) is thus forbidden, while the good and necessary terms in
eq. (5.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of a given
supermultiplet have the same matter parity. The advantage of matter parity is that it can in principle
be an exact and fundamental symmetry, which B and L themselves cannot, since they are known to be
violated by non-perturbative electroweak effects. So even with exact matter parity conservation in the
MSSM, one expects that baryon number and total lepton number violation can occur in tiny amounts,
due to non-renormalizable terms in the Lagrangian. However, the MSSM does not have renormalizable
interactions that violate B or L, with the standard assumption of matter parity conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (5.11)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries are often encountered in the model-
building literature; they should not be confused with R-parity, which is a discrete Z2 symmetry. In fact,
the matter parity version of R-parity makes clear that there is really nothing intrinsically “R” about
it; in other words it secretly does commute with supersymmetry, so its name is somewhat suboptimal.
Nevertheless, the R-parity assignment is very useful for phenomenology because all of the Standard
Model particles and the Higgs bosons have even R-parity (PR = +1), while all of the squarks, sleptons,
gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

35

We assume R-parity (or B-L parity)

The lightest superparticle (LSP) is stable (at least inside detectors).

The neutral LSP (neutralino, gravitino): 

We look for missing transverse momentum

The charged LSP (charged stau) : 

We look for heavy charged track.
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Gaugino searches. 
DM Cosmic ray ? 
EDM

TeV
Getting 
excluded by 
the LHC…

Large A-term 
NMSSM 
Other 
extensions

sub% Tuning 
( low scale 
mediation is 
preferred ? )

Unification is OK 

The LHC will discover the 
SUSY  (MSUSY < 3TeV ) ! 
Or merged into high-scale 
SUSY…

Light 
Stop& 

Higgsino 

Stop <TeV 
DM : Higgsino 

Enhancement 
is required!

Better than 
O(1)%   
if Mgulino < TeV

Most models have 
tensions with the 
GUT…

Searchable!  
Gluino/Stop search will 
be discovered !

Compressed 
Spectrum

Loophole in 
the LHC 
searches! 

Enhancement 
is required!

Can be better 
than the 
simple TeV 
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GUT relation in the 
gaugino masses are 
not favored 
(exception: Mirage 
Mediation )

Searchable!  
ISR jet ? 

ISR photon ?  
soft lepton ? 

This table is an extended version of 
http://www2.yukawa.kyoto-u.ac.jp/~fumihiro.takayama/YITP_ws2012March_BSM/talks/SUSY_sub.pdfNaturalUnnatural 

Direct SUSY search at the LHC.
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Direct SUSY search at the LHC.



Supersymmetry in the TeV ranges

[ATLAS:1507.05525, 8TeV]

Current limit from pTmiss search :

Mgluino > 1.8 TeV for Msquark ⨠ TeV  (13TeV,13.3fb-1)

[ATLAS Summary, 13TeV ]

[ Future discovery reaches:  Mgluino ~ Msquark ~ 2.8 TeV (14TeV, 300fb-1) 
                   Mgluino ~ Msquark ~ 3.2 TeV (14TeV, 3000fb-1) 
　　　　　　　　　             Mgluino ~ Msquark ~ 6.8 TeV (33TeV, 3000fb-1) ]

Mgluino ~ Msquark >1.8 TeV (Run1)

[arXiv:1310.0077]

missing pT search (the neutralino LSP )



Supersymmetry in the TeV ranges

missing pT search (the gravitino LSP with m3/2 << O(1)keV )

Figure 1: Typical production and decay-chain processes for the gluino-pair production GGM model for which the
NLSP is a bino-like neutralino.

case, the final decay in each of the two cascades in a GGM event would be predominantly �̃0
1 ! � + G̃,

leading to final states with �� + Emiss
T .

In addition to the bino-like �̃0
1 NLSP, a degenerate octet of gluinos (the SUSY partner of the SM gluon) is

taken to be potentially accessible with 13 TeV pp collisions. Both the gluino and �̃0
1 masses are considered

to be free parameters, with the �̃0
1 mass constrained to be less than that of the gluino. All other SUSY

masses are set to values that preclude their production in 13 TeV pp collisions. This results in a SUSY
production process that proceeds through the creation of pairs of gluino states, each of which subsequently
decays via a virtual squark (the 12 squark flavour/chirality eigenstates are taken to be fully degenerate)
to a quark–antiquark pair plus the NLSP neutralino. Other SM objects (jets, leptons, photons) may be
produced in these cascades. The �̃0

1 branching fraction to � + G̃ is 100% for m�̃0
1
! 0 and approaches

cos2 ✓W for m�̃0
1
� mZ , with the remainder of the �̃0

1 sample decaying to Z + G̃. For all �̃0
1 masses, then, the

branching fraction is dominated by the photonic decay, leading to the diphoton-plus-Emiss
T signature. For

this model with a bino-like NLSP, a typical production and decay channel for strong (gluino) production
is exhibited in Figure 1. Finally, it should be noted that the phenomenology relevant to this search has a
negligible dependence on the ratio tan � of the two SUSY Higgs-doublet vacuum expectation values; for
this analysis tan � is set to 1.5.

2 Samples of simulated processes

For the GGM models under study, the SUSY mass spectra and branching fractions are calculated us-
ing SUSPECT 2.41 [15] and SDECAY 1.3b [16], respectively, inside the package SUSY-HIT 1.3 [17]. The
Monte Carlo (MC) SUSY signal samples are produced using Herwig++ 2.7.1 [18] with CTEQ6L1 parton
distribution functions (PDFs) [19]. Signal cross sections are calculated to next-to-leading order (NLO) in
the strong coupling constant, including, for the case of strong production, the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [20–24]. The nominal cross section and
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Figure 9: Exclusion contours at the 95% confidence level for the gauge-mediated supersymmetry-breaking model,
based on results from the 2⌧ channel. The red solid line and the blue dashed line correspond to the observed and
median expected limits, respectively. The yellow band shows the one-standard-deviation spread of expected limits
around the median. The e↵ect of the signal cross-section uncertainty in the observed limits is shown as red dotted
lines. The previous ATLAS result [14] obtained with 20.3 fb�1 of 8 TeV data is shown as the grey filled area.

9 Summary

A search for squarks and gluinos has been performed in events with hadronically decaying tau leptons,
jets and missing transverse momentum, using 3.2 fb�1 of pp collision data at

p
s = 13 TeV recorded

by the ATLAS detector at the LHC in 2015. Two channels, with either one tau lepton or at least two
tau leptons, are separately optimised. The numbers of observed events in the di↵erent signal regions are
in agreement with the Standard Model predictions. Results are interpreted in the context of a gauge-
mediated supersymmetry breaking model and a simplified model of gluino pair production with tau-
rich cascade decay. In the GMSB model, limits are set on the SUSY-breaking scale ⇤ as a function of
tan �. Values of ⇤ below 92 TeV are excluded at the 95% CL, corresponding to gluino masses below
2000 GeV. A stronger exclusion is achieved for large values of tan �, where ⇤ and gluino mass values are
excluded up to 107 TeV and 2300 GeV, respectively. In the simplified model, gluino masses are excluded
up to 1570 GeV for neutralino masses around 100 GeV, neutralino masses up to 700 GeV are excluded
for all gluino masses between 800 GeV and 1500 GeV, while the strongest neutralino-mass exclusion
of 750 GeV is achieved for gluino masses around 1400 GeV. A dedicated signal region provides good
sensitivity to scenarios with a small mass di↵erence between the gluino and the neutralino LSP.

24

neutralino NLSP (missing pT + photons)

stau NLSP (missing pT + tau)

Mgluino  >1.6 - 1.8 TeV
( Msquark  >> TeV )

[arXiv:1607.05979]
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Figure 1: Diagrams illustrating the two SUSY scenarios studied in this analysis. In the GMSB model, the scalar
lepton ˜̀ is preferentially a scalar tau ⌧̃1 for high values of tan �.

As in previous ATLAS searches [13, 14], the GMSB model is probed as a function of ⇤ and tan �, and
the other parameters are set to Mmes = 250 TeV, N5 = 3, sign(µ) = 1 and Cgrav = 1. For this choice
of parameters, the NLSP is the lightest scalar tau (⌧̃1) for large values of tan �, while for lower tan �
values, the ⌧̃1 and the superpartners of the right-handed electron and muon (ẽR, µ̃R) are almost degenerate
in mass. The squark–antisquark production mechanism dominates at high values of ⇤. A typical GMSB
signal process is displayed in Fig. 1(a). The value of Cgrav corresponds to prompt decays of the NLSP.
The region of small ⇤ and large tan � is unphysical since it leads to tachyonic states.

The other signal model studied in this analysis is a simplified model of gluino pair production [19] in an R-
parity-conserving scenario. It is inspired by generic models such as the phenomenological MSSM [20,21]
with dominant gluino pair production, light ⌧̃1 and a �̃0

1 LSP. Gluinos are assumed to undergo a two-step
cascade decay leading to tau-rich final states, as shown in Fig. 1(b). The two free parameters of the model
are the masses of the gluino (mg̃) and the LSP (m�̃0

1
). Assumptions are made about the masses of other

sparticles, namely the ⌧̃1 and ⌫̃⌧ are mass-degenerate, and the �̃0
2 and �̃±1 are also mass-degenerate, with

m�̃±1 = m�̃0
2
=

1
2

(mg̃ + m�̃0
1
) , m⌧̃1 = m⌫̃⌧ =

1
2

(m�̃±1 + m�̃0
1
). (1)

Gluinos are assumed to decay to �̃±1 qq̄0 and �̃0
2qq̄ with equal branching ratios, where q, q0 denote generic

first- and second-generation quarks. Neutralinos �̃0
2 are assumed to decay to ⌧̃⌧ and ⌫̃⌧⌫⌧ with equal

probability, and charginos �̃±1 are assumed to decay to ⌫̃⌧⌧ and ⌧̃⌫⌧ with equal probability. In the last step
of the decay chain, ⌧̃ and ⌫̃⌧ are assumed to decay to ⌧�̃0

1 and ⌫⌧�̃0
1, respectively. All other SUSY particles

are kinematically decoupled. The topology of signal events depends on the mass splitting between the
gluino and the LSP. The sparticle decay widths are assumed to be small compared to sparticle masses,
such that they play no role in the kinematics.

4

Mgluino  >2 - 2.3 TeV
( GMSB : Nm = 3 )

Mgluino  >1.5 - 1.6 TeV
( Msquark  >> TeV )

ATLAS-CONF-2016-066

via gluino production 

via gluino,squark 
                     production 

via gluino production 



Supersymmetry in the TeV ranges

stable stau search (GMSB with m3/2 > O(100)keV )

12 7 Results

Table 6: Summary of the pT, Ias, 1/b, and mass thresholds, the observed and predicted yields
passing these criteria, and the resulting expected (Exp.) and observed (Obs.) cross section limits
for modified Drell–Yan models of various charge signals. The signal efficiency and theoretical
(Th.) cross section are also listed.

Mass Requirements Yields Signal s (pb)
pT ( GeV) Ias 1/b M ( GeV) Predicted Data Eff. Th. Exp. Obs.

Modified Drell–Yan |Q| = 1e particles with the tracker+TOF analysis
200 65 0.175 1.250 80 0.226 ± 0.046 0 0.304 1.1E-01 4.4E-03 4.4E-03
400 65 0.175 1.250 200 0.014 ± 0.003 0 0.417 7.3E-03 3.2E-03 3.2E-03
600 65 0.175 1.250 320 0.002 ± 0.000 0 0.462 1.2E-03 2.9E-03 2.9E-03
800 65 0.175 1.250 460 0.000 ± 0.000 0 0.486 2.6E-04 2.8E-03 2.8E-03
1000 65 0.175 1.250 590 0.000 ± 0.000 0 0.486 7.6E-05 2.9E-03 2.9E-03
1800 65 0.175 1.250 1010 0.000 ± 0.000 0 0.250 1.0E-06 5.5E-03 5.5E-03
2600 65 0.175 1.250 1230 0.000 ± 0.000 0 0.026 0.0E+00 5.6E-02 5.6E-02

Modified Drell–Yan |Q| = 2e particles with the tracker+TOF analysis
200 65 0.175 1.250 0 0.901 ± 0.182 0 0.211 3.0E-01 8.7E-03 6.1E-03
400 65 0.175 1.250 90 0.164 ± 0.033 0 0.410 2.3E-02 3.2E-03 3.2E-03
600 65 0.175 1.250 200 0.014 ± 0.003 0 0.482 3.5E-03 2.8E-03 2.8E-03
800 65 0.175 1.250 300 0.003 ± 0.001 0 0.488 8.0E-04 2.6E-03 2.6E-03
1000 65 0.175 1.250 370 0.001 ± 0.000 0 0.450 2.4E-04 3.0E-03 3.0E-03
1800 65 0.175 1.250 420 0.001 ± 0.000 0 0.141 4.0E-06 9.6E-03 9.6E-03
2600 65 0.175 1.250 540 0.000 ± 0.000 0 0.040 0.0E+00 3.3E-02 3.3E-02
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Figure 4: Cross section upper limits at 95% CL on various signal models for the tracker-only
analysis (left) and tracker+TOF analysis (right) at

p
s = 13 TeV. In the legend, ’CS’ stands for

charged suppressed interaction model.
via gluino production  
(assuming GMSB with Nm = 3)

via direct (Drell-Yan) production  
(assuming GMSB with Nm = 3)

Mstau > 480 GeV 
via gluino,squark production 

(GMSB Nm = 3, Mgluino > 3.3TeV)

Mstau > 340 GeV (Run1)
via Drell-Yan production 

(Mgluino,squark  >> TeV )

CMS PAS EXO-15-010
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V = (mHu2+ |μH|2) |Hu|2 + (mHd2+ |μH|2) |Hd|2   + BμH HuHd + h.c.

Supersymmetry with light stop and light Higgsino 

Why light stop/ light Higgsino ?

Higgs mass terms in the MSSM

μH : Higgsino mass
mHu2, mHd2 , BμH  : soft SUSY breaking Higgs mass

Soft SUSY breaking mass receives large contributions from the stop mass

→ mstop , μH  ~ Mweak is favorable for naturalness 
[Model building with consistent Higgs boson mass is very difficult though…]



Supersymmetry with light stop and light Higgsino 

Mstop < 800 GeV has been excluded  
             (when stop → top + χ0 mode is open )

 [GeV]stopm
200 400 600 800 1000 1200 1400

 [G
eV

]
LS

P
m
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800
900

1000
ATLAS Simulation Preliminary

=14 TeVs

0 and 1-lepton combined

 discoveryσ>=60) 5µ (<-1300 fb
>=60) 95% CL exclusionµ (<-1300 fb

 discoveryσ>=140) 5µ (<-13000 fb
>=140) 95% CL exclusionµ (<-13000 fb

ATLAS 8 TeV (1-lepton): 95% CL obs. limit
ATLAS 8 TeV (0-lepton): 95% CL obs. limit

[ATL-PHYS-PUB-2013-011 ]

Prospect :  
       Discovery could be possible for Mstop = 1 - 1.2 TeV (14TeV).                                            
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Summary & Conclusions

 Stop searches updated with 

available run 2 data.

 Many final states & simplified 

models covered.

 No observation of SUSY...

 … but some excesses that 

will be interesting to follow as 

more data is recorded!

Current limit :
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High Scale SUSY at 10TeV - PeV

The simplest interpretation: mH ~ 125 GeV suggests that the sfermion (stop) 
masses are above O(10-1000)TeV !

Model building is ridiculously simple !

Consistent with cosmology (good DM candidate, no Polonyi problem)

MSSM sector

R sector

Pure Gravity Mediation model

Fine-tuning problem between O(10-1000)TeV and O(100)GeV…

SUSY sector

They are connected by generic 
Planck suppressed operators with 
each other.

1000TeV

10TeV

1TeV

100GeV

sfermions
Heavy Higgs bosons
Higgsino

Gluino

Bino

Wino

Higgs boson

}

Fine-tuning

~ m3/2 = O(10-103)TeV

Gaugino Masses are One-
Loop Suppressed !

[’04 Wells, 06’MI,Moroi,Yanagida,12 MI, 
Yanagida, ’12 Arkani-hamed, Gupta, 
Kaplan, Weiner, Zorawski…]

Gaugino Masses in the TeV range can be naturally obtained.
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Figure 3: (Left) The ratios of the wino and bino masses with and without the Higgsino

contributions for given values of L. We have used a phase convention that m
3/2 is real

and positive. The red lines show the |L| dependences for given phases of L, while the blue

lines show the arg[L] dependences for given values of |L|. (The dashed blue lines show the

values of |L| in between the ones for the two solid lines.). In the gray shaded region for

|L/m
3/2| & 3, the wino is no more the LSP. (Right) The L dependences of the gaugino

masses for m
3/2 = M

SUSY

= 50TeV for L > 0 (arg[L] = 0) and L < 0 (arg[L] = ⇡).

Higgsino contributions for given values of L (left panel). The figure shows that the

wino mass can be about twice as heavy as the anomaly mediated contribution for

|L/m
3/2| ' 1 which is expected in the pure gravity mediation model. It should be

noted that the wino becomes no more the LSP where the Higgsino threshold contri-

bution dominates. In such cases, the relic density of dark matter easily exceed the

observed one due to the highly suppressed annihilation cross section of the bino for

O(100)GeV. Fortunately, however, the figure shows that the bino becomes LSP only

for |L/m
3/2| > 3 which is less likely in the pure gravity mediation model. Therefore,

in the pure gravity mediation model, the LSP is mostly wino-like, although the wino

mass obtains a comparable contribution from the Higgsino threshold e↵ects.7

In Fig. 4, we show the contour plot of the wino mass. In the figure, the blue shaded

region shows the current experimental constraints on the wino mass m
wino

� 88GeV

7 In general, a relative phase between L and m3/2 is a free parameter, and hence, the three

gauginos have di↵erent phases. Such gaugino phases, however, do not cause serious CP-problems,

since the Higgsinos as well as the sfermions are expected to be very heavy in the pure gravity

mediation model. Interestingly, the relative phase of O(1) may lead to the visible electron electric

dipole moment of de/e ⇠ 10�30 cm [22] for the µ-term in the tens to hundreds TeV range, which

can be reached in future experiments [26].
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Gaugino Masses = Loop-suppressed (AMSB + Heavy Higgs Mediation)

Gluino
Bino

Wino

L/m3/2

mgluino = 2.5x10-2m3/2

mwino = 3.0x10-3( m3/2 + L )
mbino = 9.6x10-3( m3/2 + L/11 )

for m3/2 =O(100)TeV.

The wino is the LSP in the most 
parameter space.

The gluino can be lighter than the 
prediction in AMSB for L/m3/2 = O(1).

[’12, MI, Matsumoto,Yanagida (μH=O(Msusy) )] 

Purely AM
SB

High Scale SUSY at 10TeV - PeV

L = O(m3/2) : Higgsino mediation effect



Current limits via gluino production

Multi-jets + Missing pT search
(conventional SUSY search)

mgluino > 1.8 TeV or mwino > 600GeV

For gluino→tt+wino or bb+wino, the 
constraints get a little more stringent. 

[@95%CL: ATLAS-CONF-2015-062 13TeV, 3.2fb-1]
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Prospects ?

Mgluino ~ 2.3 TeV (14TeV,300fb-1) 
Mgluino ~ 2.7 TeV (14TeV,3000fb-1) 
Mgluino ~5.8 TeV (33TeV, 3000fb-1)

[arXiv:1310.0077]

High Scale SUSY at 10TeV - PeV

13TeV&13.3fb-1(ICHEP2016)
put by hand



Indirect search by gamma-ray from dwarf Spheroidal galaxies are promising !

Fermi-LAT 6 years data excluded the 
triplet dark matter in 

mtriplet < 400 GeV (classical dSphs)

[For recent J-factor estimation ’16 Hayashi, 
Ichikawa, Matsumoto, MI, Ishigaki, Sugai]

Courtesy of S.Matsumoto
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Figure 7. EW multiplets with CTA. Continuous black lines: theoretical prediction
of the cross section into monochromatic photons h�vi��+�Z/2, for Wino DM (left) and
MDM 5plet (right). Overlaid lines: mean expected CTA sensitivities for 50 hours of
observation of Draco (dot-dashed ocra) and Triangulum-II(dotted ocra), and for 100
hours of observation of the GC, for a Burkert (dot-dashed magenta) and an Einasto
(dotted magenta) profiles. Vertical shadings as in fig. 1. The horizontal lines within the
vertical shading represent the improvement in sensitivity of each target, at that mass
value, from taking into account the lower energy photon continuum spectra, on top of
the �-ray line.

or discover, both thermal candidates. This last statement is however subject to a
collection of more kinematical data regarding Triangulum-II, necessary to con-
firm or disprove its potential for DM indirect detection. Draco has instead only
the potential to marginally test the MDM 5-plet. The prospects of CTA searches
for monochromatic �-ray lines, for values of MDM others than the thermal ones,
are alse readable o↵ fig. 7. Concerning CTA prospects for � lines from the GC, in
recent literature they have been given for both Wino [96, 97] and fiveplet [20, 98]
DM. The mild di↵erences with respect to our work are ascribable to the use of
previous determinations of CTA sensitivities by those works [93,99], as well as to
the choice of di↵erent DM profiles.

For the specific thermal mass values, and for the specific predictions of the
Wino and fiveplet, we show also the results of a continuum plus line analysis, see
secs. 3.1 and 4.2. One sees in fig. 7 that such a model-dependent analysis has the
potential to improve the sensitivities by a few tens of percent, with respect to
the sensitivities to �-ray lines only. We conservatively choose not to include the
prospects for this specific analysis in the case of a Burkert profile, because searches
for a �-ray continuum from the GC have so far required a morphological analysis.
This is based on the ON-OFF technique for signal vs background discrimination,
which is only reliable for cuspy DM profiles [41, 94].
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Future prospect at CTA

[’16 Lefranca, Moulina, Panci, Sala, Silk]

Dwarf looks better target than the 
galactic center by taking the DM profile 
of the galactic center into account!

DM is Pure Wino Dark Matter !

High Scale SUSY at 10TeV - PeV



squark 
mass

SUSY 
spectrum

Higgs EW Naturalness GUT 10 years from now?

⨠ PeV
DM ?? 
wino<3TeV 
Higgsino <2TeV

mHiggs 
≫125GeV

We need to 
rethink… 

Unification is OK as 
long as 
 Mgaugino < O(TeV)

Stopping Gluinos ?

10TeV-
PeV

One-loop 
suppressed 
Gaugino mass 

mHiggs 
~125GeV 
in the MSSM

We need to 
rethink… 

Unification is OK as 
long as 
 Mgaugino < O(TeV)

Gaugino searches. 
DM Cosmic ray ? 
EDM

TeV
Getting 
excluded by 
the LHC…

Large A-term 
NMSSM 
Other 
extensions

sub% Tuning 
( low scale 
mediation is 
preferred ? )

Unification is OK 

The LHC will discover the 
SUSY  (MSUSY < 3TeV ) ! 
Or merged into high-scale 
SUSY…

Light 
Stop& 

Higgsino 

Stop <TeV 
DM : Higgsino 

Enhancement 
is required!

Better than 
O(1)%   
if Mgulino < TeV

Most models have 
tensions with the 
GUT…

Searchable!  
Gluino/Stop search will 
be discovered !

Compressed 
Spectrum

Loophole in 
the LHC 
searches! 

Enhancement 
is required!

Can be better 
than the 
simple TeV 
scenarios

GUT relation in the 
gaugino masses are 
not favored 
(exception: Mirage 
Mediation )

Searchable!  
ISR jet ? 

ISR photon ?  
soft lepton ? 

This table is an extended version of 
http://www2.yukawa.kyoto-u.ac.jp/~fumihiro.takayama/YITP_ws2012March_BSM/talks/SUSY_sub.pdfNaturalUnnatural 

Direct SUSY searches at the LHC.



Split Supersymmetry : Squark Mass ⨠ PeV  

MSSM fermions = O(TeV) ≪ MSSM scalars 

Bino, Wino, Higgsinos are good candidate for dark matter 
Coupling Unification is OK

[’04 Arkani-Hamed, Dimopoulos,Giudice,Romanino]

Severe fine-tuning problem… 

Higgs mass tends to be larger than 125GeV .

Gaugino Masses are generically 10-2 x MSSM scalars…

Gluino may have a long lifetime !

τgluino = 5 x10-9 sec 
             x ( TeV / mgluino )5  x ( msquark / 104 TeV )4

Current limit from heavy charged track search :  
Mgluino > 1.4-1.6 TeV.

12 7 Results

Table 6: Summary of the pT, Ias, 1/b, and mass thresholds, the observed and predicted yields
passing these criteria, and the resulting expected (Exp.) and observed (Obs.) cross section limits
for modified Drell–Yan models of various charge signals. The signal efficiency and theoretical
(Th.) cross section are also listed.

Mass Requirements Yields Signal s (pb)
pT ( GeV) Ias 1/b M ( GeV) Predicted Data Eff. Th. Exp. Obs.

Modified Drell–Yan |Q| = 1e particles with the tracker+TOF analysis
200 65 0.175 1.250 80 0.226 ± 0.046 0 0.304 1.1E-01 4.4E-03 4.4E-03
400 65 0.175 1.250 200 0.014 ± 0.003 0 0.417 7.3E-03 3.2E-03 3.2E-03
600 65 0.175 1.250 320 0.002 ± 0.000 0 0.462 1.2E-03 2.9E-03 2.9E-03
800 65 0.175 1.250 460 0.000 ± 0.000 0 0.486 2.6E-04 2.8E-03 2.8E-03
1000 65 0.175 1.250 590 0.000 ± 0.000 0 0.486 7.6E-05 2.9E-03 2.9E-03
1800 65 0.175 1.250 1010 0.000 ± 0.000 0 0.250 1.0E-06 5.5E-03 5.5E-03
2600 65 0.175 1.250 1230 0.000 ± 0.000 0 0.026 0.0E+00 5.6E-02 5.6E-02

Modified Drell–Yan |Q| = 2e particles with the tracker+TOF analysis
200 65 0.175 1.250 0 0.901 ± 0.182 0 0.211 3.0E-01 8.7E-03 6.1E-03
400 65 0.175 1.250 90 0.164 ± 0.033 0 0.410 2.3E-02 3.2E-03 3.2E-03
600 65 0.175 1.250 200 0.014 ± 0.003 0 0.482 3.5E-03 2.8E-03 2.8E-03
800 65 0.175 1.250 300 0.003 ± 0.001 0 0.488 8.0E-04 2.6E-03 2.6E-03
1000 65 0.175 1.250 370 0.001 ± 0.000 0 0.450 2.4E-04 3.0E-03 3.0E-03
1800 65 0.175 1.250 420 0.001 ± 0.000 0 0.141 4.0E-06 9.6E-03 9.6E-03
2600 65 0.175 1.250 540 0.000 ± 0.000 0 0.040 0.0E+00 3.3E-02 3.3E-02
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Figure 4: Cross section upper limits at 95% CL on various signal models for the tracker-only
analysis (left) and tracker+TOF analysis (right) at

p
s = 13 TeV. In the legend, ’CS’ stands for

charged suppressed interaction model.
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Summary

 The Higgs boson mass at 125GeV disfavors very natural 
and simple SUSY models.

The Standard Model is in very good shape... 
( Higgs can be fit by the simple elementary doublet. )

In view of 125GeV Higgs boson mass, the null SUSY results 
so far are not very surprising/discouraging. 

Although naturalness arguments become arguable than 
before, still SUSY is the most attractive model beyond the 
Standard Model.

[ SUSY can be consistent with the SM Yukawa intereactions. 
SUSY can be consistent with cosmology including inflation 
and baryogengesis such as leptogenesis. ]

We still have a lot of chances to see TeV SUSY at the LHC !

Other channels such as DM searches are getting more important !



Although we have no strong hints at this point, we must 
keep seeking/thinking beyond the Standard Model ! 

picture from http://www.vecteezy.com

Don't give up, we don't know how near we are with new physics!
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Neutralino Dark Matter

tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =
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2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter
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Figure 10: Phase diagram of neutralino DM in the (M
1

,M
2

) plane, keeping µ fixed and less
than 1 TeV. The red, green, and blue regions correspond to DM that is mostly bino, wino,
or Higgsino-like. The thermal abundance, ⌦(th)

� , equals the observed abundance, ⌦
obs

, along
the brown curve, which resides at the boundary of the bino region and wino/Higgsino regions.
Within the bino-like region, the thermal abundance is too large and dilution is required; within
the wino and Higgsino regions the thermal abundance is too small and additional neutralino
production is required.

small couplings to the Higgs and Z bosons. While mixed bino/wino dark matter has been
explored in the past [11, 12, 13, 14, 15, 64], it has received substantially less attention than other
limits of neutralino dark matter. Part of the reason for this neglect is theoretical prejudice. In
particular, since thermal bino/wino dark matter originates via coannihilation, working models
typically require M

1

' M
2

, which is disfavored by gaugino unification. Moreover, as discussed
in Sec. 3, the coannihilation region is exponentially sensitive to the mass splittings in the theory.
Obviously, non-thermal or multi-component bino/wino dark matter require no such constraint
on the masses, and have greater freedom to evade bounds.

In this section we present a detailed study of non-thermal, multi-component, and thermal
bino/wino DM, focusing on present limits and future reach. Once again, we remove the physical
phases in the neutralino parameters by assuming CP conservation. In contrast with the previous
section, however, there are now two physical, relative signs in the theory. We continue to take �

25

Main component of the LSP

Pure Bino LSP : too small cross section to be WIMP

Pure Wino LSP :  WIMP cross section at Mwino ~ 3TeV

Pure Higgsino LSP :  WIMP cross section at MHiggsino ~ 1TeV

[’12 Cheung, Hall, Pinner, Ruderman]

For WIMP with Mχ < TeV, we need appropriate mixing !

→ couplings to Higgs and Z tend to be unsuppressed

→ Direct detection cross sections are rather     
unsuppressed.

Thermal Relic Dark Matter
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Figure 1: Present limits (filled or solid) and future reach (dashed) for SI/SD scattering of
DM, shown in terms of the cross-section (left axis) or DM Higgs/Z coupling (right axis). For
SI scattering we show the current limit from XENON100 [1] as well as the projections for
LUX [4], SuperCDMS [5], and XENON1T [3]. For SD scattering we show the current limit
from XENON100 [6] on DM-neutron scattering, as well as the current limit from IceCube [2]
on DM-proton scattering, assuming annihilations into W+W� or tt̄ (estimated). We also show
our estimate for the reach of XENON1T [7] for DM-neutron scattering.

like to ask: what is the characteristic size for the SI and SD cross-sections expected of neutralino
DM which couples through the Higgs and Z bosons? Given the interactions,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are
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= 3⇥ 10�39 cm2
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. (3)

While �
SD

is typically considerably larger than �
SI

, SI experimental constraints are commensu-
rately stronger than SD, so these two limits are comparable in strength [21, 22]. Note that �

SI

depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
analysis we adopt the lattice values of [20]. A more technical discussion of the strange quark
content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe
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content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe

6

liquid argon, or the upgrades of the PandaX liquid xenon
experiment [45]: it first aims at a 500 kg detector, followed
by an even larger stage.

The next phase of the XENON program is cur-
rently being installed underground at LNGS (Italy): the
XENON1T detector [46] is a dual-phase TPC with a tar-
get mass of 2.0 t of liquid xenon (dimensions: ⇠1 m height
and diameter, total mass: 3.3 t), instrumented by 248 low
background photomultipliers [47]. The background goal
is <1 event for a 1 t⇥ 2 y exposure and will be achieved by
careful selection of low-background materials, shielding
by a 9.6 m diameter water shield operated as muon veto
as well as by liquid xenon, and by using the charge-to-
light ratio for discrimination. Detector commissioning is
planned for the second half of 2015, the sensitivity goal
of 2 ⇥ 10�47 cm2 for m� ⇠ 50 GeV/c2 can be achieved af-
ter 2 years of operation. All major detector components
of XENON1T are designed such that an upgrade to a to-
tal xenon mass of ⇠7 t is straightforward. This phase,
XENONnT, will increase the sensitivity by almost another
factor of 10.

3.2 Spin-dependent Interactions

If the WIMP couples to the unpaired nuclear spins of the
target nucleus via an axial-vector current, the cross sec-
tion does not simply scale with A

2 as for coherent spin-
independent interactions, but depends on a factor �2 =
J/(J+1) (a

p

hS
p

i+a

n

hS
n

i)2, see Eq. (6). This factor is non-
zero only for nuclei with an odd number of protons or neu-
trons, and is maximal for 19F (�2 = 0.86), followed by 7Li
(�2 = 0.11), which both have unpaired proton-spins. Some
of the experiments described in Section 3.1 contain iso-
topes which are sensitive to spin-dependent interactions,
even though to a lesser extent than 19F. These are 23Na
and 127I (unpaired protons) as present in DAMA/LIBRA,
29Si and 73Ge (unpaired neutrons) in CDMS, and 129Xe
and 131Xe (unpaired neutrons) in XENON.

The parameter space of spin-dependent WIMP-proton
couplings (assuming that a

n

= 0 in Eq. (6)) is therefore
dominated by experiments using targets which contain
19F, see Figure 3 (top). The tightest constraints on the
cross section come from COUPP [48], a bubble cham-
ber filled with CF3I, as well as SIMPLE [49] and PI-
CASSO [50]. These consist of superheated droplets of
C2CIF5 and C4F10, respectively, embedded in a gel. The
droplets work as “mini” bubble chambers, where incident
radiation causes the formation of bubbles, which are de-
tected acoustically and – in case of COUPP – also opti-
cally. The advantage of this technology is that the detec-
tors can be made almost insensitive to ER background ra-
diation by choosing the right detector parameters (temper-
ature and pressure), while the characteristics of the sound
signal can be used to partially discriminate between NRs
and ↵-particles [51]. In order to keep this forefront po-
sition also in the future, PICASSO and COUPP recently
merged to form the PICO collaboration, aiming towards a
ton-scale bubble chamber, operated with either a CF3I or a
C3F8 target.

Figure 3. Results on spin-dependent WIMP-nucleon scatter-
ing cross sections, presented assuming that WIMPs would cou-
ple only to proton- or to neutron-spins. (Top) The proton-
only case is dominated by results from experiments which em-
ploy a target containing 19F (COUPP [48], SIMPLE [49], PI-
CASSO [50]). The new results from the directional DRIFT de-
tector [52] and from indirect WIMP searches by IceCube [53] are
also shown. (Bottom) The best limit on neutron-only couplings
is from XENON100 [54] using 129Xe and 131Xe as target nuclei.
Figures adapted from [54], see more references there.

An interesting new result comes from the DRIFT-IId
detector. While all projects discussed so far measure only
the energy of an interaction, as well as the particle type and
multiplicity in some cases, DRIFT also detects the direc-
tion of the recoil in a low-pressure gas TPC. This allows
the distinction of WIMP-induced recoils, whose direction
is expected to be correlated with the rotation of the Earth,
from backgrounds. The detector was filled with a gas mix-
ture of CS2:CF4:O2 at a pressure ratio 30:10:1, searching
for spin-dependent WIMP interactions with 19F. No event
was observed in a background-free run observing 33 g of
fluorine gas over 46 d [52].

About 50% of the naturally abundant xenon isotopes
are the neutron-odd 129Xe and 131Xe, which are sensi-
tive targets for spin-dependent neutron-only interactions

[’14 Schumann]
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Bino/Higgsino DMspace. However, if the two lightest states are nearly degenerate the mixing between them, ✓,
can be appreciable, giving ch��, cZ�� / ✓ with [15] ,
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for bino/wino DM. Both results are valid for a mass splitting �M > MZ ; ✓W is the weak mixing
angle and the signs in Eq. (8) refer to the cases µ ' ±Mi.

For successful thermal freeze-out with ⌦(th)

� = ⌦
obs

some degree of degeneracy is required,
as seen in Fig. (2), so that SI and SD scattering may not be suppressed. However, significant
suppression is expected for typical parameters in the cases of non-thermal or multi-component
DM.

So far we have been considering tree-level scattering, which vanishes for pure gaugino or
Higgsino. But scattering between a pure Higgsino or wino and nuclei is generated by loop
diagrams, for example 1-loop box diagrams with the exchange of two gauge bosons. Naively the
1-loop scattering has a SI cross-section of � ⇠ 10�(47�46) cm2, which could be probed by the next
generation of direct detection experiments. However, an accidental cancellation [43, 44] among
various 1 and 2 loop diagrams leads, for pure Higgsino or wino, to cross-sections too small to
probe at XENON1T, � < 10�47 cm2.

4.2 Suppression from Blind Spots

To obtain a formally vanishing tree-level cross-section through purity, the gauginos or Higgsinos
must be completely decoupled, M

1,2 or µ ! 1. We now consider a di↵erent possibility: special
choices of parameters where the tree-level cross-section vanishes identically. At these blind spots,
the gaugino and Higgsino masses are finite and the mixing is non-zero.

Throughout our analysis, we assume that M
1

, M
2

, and µ are real parameters, but carry
arbitrary signs. However, only two of the three apparent signs are physical, as is clear from the
field redefinition

b̃ ! ib̃ (10)

w̃ ! iw̃ (11)

h̃u,d ! �ih̃u,d, (12)

which is equivalent to simultaneously sending the all the mass parameters M
1

, M
2

, and µ to
minus themselves. In many of our results, we will eliminate the unphysical, overall sign by fixing
the sign of a single theory parameter to be positive.

Let us denote the mass eigenvalues of M� by m�i(v), where i = 1, 2, 3, 4 and m�1 ⌘ m� is
the DM mass. Here we have emphasized the explicit v dependence in the masses. The coupling
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the DM mass. Here we have emphasized the explicit v dependence in the masses. The coupling
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space. However, if the two lightest states are nearly degenerate the mixing between them, ✓,
can be appreciable, giving ch��, cZ�� / ✓ with [15] ,

✓ =
(sin � ± cos �) sin ✓Wp

2

✓
MZ

�M

◆
, (8)

for gaugino/Higgsino DM and

✓ =
sin 2� sin 2✓W

2

✓
M2

Z

µ(M
2

�M
1

)

◆
, (9)

for bino/wino DM. Both results are valid for a mass splitting �M > MZ ; ✓W is the weak mixing
angle and the signs in Eq. (8) refer to the cases µ ' ±Mi.
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� = ⌦
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h̃u,d ! �ih̃u,d, (12)

which is equivalent to simultaneously sending the all the mass parameters M
1

, M
2

, and µ to
minus themselves. In many of our results, we will eliminate the unphysical, overall sign by fixing
the sign of a single theory parameter to be positive.

Let us denote the mass eigenvalues of M� by m�i(v), where i = 1, 2, 3, 4 and m�1 ⌘ m� is
the DM mass. Here we have emphasized the explicit v dependence in the masses. The coupling
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On the brown lines, the dark matter abundance is consistent with observation !
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Figure 3: Contours of the tree-level cross-sections for SI (solid red) and SD (dashed blue)

scattering of bino/Higgsino DM. The brown band denotes regions with ⌦(th)

� within ±3� of ⌦
obs

.
The black dashed line is the SI blind spot, ch�� = 0, arising from the relation M

1

+µ sin 2� = 0.
The central gray region is excluded by LEP.

bino-like or Higgsino-like DM is, at present, rather poorly constrained by direct detection on
account of the relatively small mixing, and therefore small couplings to the Higgs and Z. Con-

15

[’12 Cheung, Hall, Pinner, Ruderman]

Direct detection searches give complemental information to the  
LHC searches and the indirect searches (<σv> ~ 10-9GeV-2).

Neutralino Dark Matter
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Impact on direct detection sensitivity

• First detection of CNS! 
• Diversifying toward solar neutrino physics  
(J. Billard et al., arXiv:1409.0050)

Julien Billard (IPNL) - Moriond EW

(J. Billard et al., PRD 89 (2014))

Figure 4 – The neutrino background to direct DM searches.

So far we observed Dark Matter gravity. We only have upper bounds on any other DM
interaction with matter and among itself. In cosmology, this lack of interactions is what al-
lows DM to cluster forming galaxies, while normal matter is still interacting with non-clustering
photons. Cosmological data are reproduced if DM has a primordial inhomogeneity of adia-
batic type: a single dominant primordial perturbation equal for all components of the universe.
Loosely speaking, this suggests some connection with matter. The assumption that DM is a
thermal relic favours M

DM

<⇠ 100 TeV: then DM could be discovered in direct, indirect, collider
searches around 2010 or maybe later. We passed the golden moment where Pamela, Fermi,
AMS, CDMS, Xenon, LHC started to produce data: backgrounds are starting to become a
limitation.

2.1 Dark Matter searches are reaching the backgrounds

Direct searches for DM with electro-weak mass improved by 3 orders of magnitude in the
past decade and are now 3-4 orders of magnitude above the irreducible ⌫ background, as shown
in fig. 4. This was discussed by J. Billard1 who proposed how, in case of no signal above the
background, we might survive to the crash on the ground, relying on seasonal variations (DM
rates are maximal in June, while solar ⌫ rates are maximal in January), multiple experiments,
directionality of scattered particles. Various authors explore how to improve searches for sub-
GeV DM particles: present bounds are still far from the irreducible ⌫ backgrounds.

Indirect searches aim at detecting in cosmic rays an excess of e+, p̄, � possibly produced
by DM annihilations or decays. In the past years such cosmic rays have been observed at weak
scale energies, and no undisputable evidence of a DM excess above the astrophysical fluxes was
found. The uncertain uncertainties on such backgrounds to DM searches are now the limiting
factor: it will be di�cult to clarify the tentative claims and to improve the searches. Once all
data will be available, it will maybe possible to better understand galactic astro-particle physics,
improving DM searches.

Searches at colliders mostly rely on the classical DM signal

missing energy + something to tag the event (a jet, a �, ...). (7)

At a hadron collider, this signal can be easily seen if DM is produced with QCD-like cross section,
like in supersymmetric models. On the other hand, the same signal can be easily missed below

Wino Dark Matter Search (direct detections, χN→χN )

Coupling to H and Z are highly suppressed for 
μH =O(10-100) TeV at the tree-level.

Wino-Nucleon @ higher loop level  
                       σp-N = (10-47)cm2   
( much smaller than the current reach...)
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Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.

are zero, as

gH(x) ≃ −2π ,

gAV(x) ≃
√
x

6
π ,

gT1(x) ≃
π

3
,

gT2(x) ≃ −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)
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Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)

6

One-loop diagrams which contribute 
to the Wino-nucleon scatterings.

Darwin (multi-ton Argon/Xe detector) will 
reach down to 10-47cm2 for WIMP mass below 
300GeV.

The irreducible background from atmospheric 
neutrinos at about 10-48cm2.    
[arxiv:1003.5530][’10 Hisano, Ishiwata, Nagata]

[’10 Hisano, Ishiwata, Nagata]

DM mass :

σp-N/cm2

Pure Wino Dark Matter



Direct Wino Production
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Figure 5: The wino mass splitting δm as a function of mχ̃0 . The dark green

band shows δm at the one-loop level which is evaluated by Eq. (10) with uncertainty

induced by Q dependence, and the red band shows δm at two-loop which is evaluated

by Eq. (5) in MS scheme. The light green band shows the uncertainty for one-loop

result evaluated by Eq. (16). The uncertainties for the two-loop result induced by

the SM input parameters and the non-logarithmic corrections are negligible (see

Tab. 1). An arrow shows the result of Ref. [29], which is given by δm = 164.4 MeV

for mh = 125 GeV and mt = 163.3 GeV.
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Limits (disappearing track search): 

mwino > 130GeV (7TeV&5fb-1) using TRT
mwino > 270GeV (8TeV&20fb-1) using SCT & TRT

→Prospects:         Mwino ~ 500GeV  (14TeV,300fb-1) 
      Mwino ~ 650GeV  (14TeV,3000fb-1) 
                             Mwino ~ 3TeV        (100TeV,3000fb-1)  
                                                                                        [1407.7058, Cirelli, Sala, Taoso]

Main decay mode :  χ± → χ0 + π± : τwino = O(10-10) sec.

[arXiv:1310.3675]

[arxiv:1210.2852]

[’12 Ibe,Mastumoto,Sato]

High Scale SUSY at 10TeV - PeV



Supersymmetry in the TeV ranges

stable stau search (GMSB with m3/2 > O(100)keV )

12 7 Results

Table 6: Summary of the pT, Ias, 1/b, and mass thresholds, the observed and predicted yields
passing these criteria, and the resulting expected (Exp.) and observed (Obs.) cross section limits
for modified Drell–Yan models of various charge signals. The signal efficiency and theoretical
(Th.) cross section are also listed.

Mass Requirements Yields Signal s (pb)
pT ( GeV) Ias 1/b M ( GeV) Predicted Data Eff. Th. Exp. Obs.

Modified Drell–Yan |Q| = 1e particles with the tracker+TOF analysis
200 65 0.175 1.250 80 0.226 ± 0.046 0 0.304 1.1E-01 4.4E-03 4.4E-03
400 65 0.175 1.250 200 0.014 ± 0.003 0 0.417 7.3E-03 3.2E-03 3.2E-03
600 65 0.175 1.250 320 0.002 ± 0.000 0 0.462 1.2E-03 2.9E-03 2.9E-03
800 65 0.175 1.250 460 0.000 ± 0.000 0 0.486 2.6E-04 2.8E-03 2.8E-03
1000 65 0.175 1.250 590 0.000 ± 0.000 0 0.486 7.6E-05 2.9E-03 2.9E-03
1800 65 0.175 1.250 1010 0.000 ± 0.000 0 0.250 1.0E-06 5.5E-03 5.5E-03
2600 65 0.175 1.250 1230 0.000 ± 0.000 0 0.026 0.0E+00 5.6E-02 5.6E-02

Modified Drell–Yan |Q| = 2e particles with the tracker+TOF analysis
200 65 0.175 1.250 0 0.901 ± 0.182 0 0.211 3.0E-01 8.7E-03 6.1E-03
400 65 0.175 1.250 90 0.164 ± 0.033 0 0.410 2.3E-02 3.2E-03 3.2E-03
600 65 0.175 1.250 200 0.014 ± 0.003 0 0.482 3.5E-03 2.8E-03 2.8E-03
800 65 0.175 1.250 300 0.003 ± 0.001 0 0.488 8.0E-04 2.6E-03 2.6E-03
1000 65 0.175 1.250 370 0.001 ± 0.000 0 0.450 2.4E-04 3.0E-03 3.0E-03
1800 65 0.175 1.250 420 0.001 ± 0.000 0 0.141 4.0E-06 9.6E-03 9.6E-03
2600 65 0.175 1.250 540 0.000 ± 0.000 0 0.040 0.0E+00 3.3E-02 3.3E-02
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Figure 4: Cross section upper limits at 95% CL on various signal models for the tracker-only
analysis (left) and tracker+TOF analysis (right) at

p
s = 13 TeV. In the legend, ’CS’ stands for

charged suppressed interaction model.
via gluino production  
(assuming GMSB with Nm = 3)

via direct (Drell-Yan) production  
(assuming GMSB with Nm = 3)

Mstau > 480 GeV 
via gluino,squark production 

(GMSB Nm = 3, Mgluino > 3.3TeV)

Mstau > 340 GeV (Run1)
via Drell-Yan production 

(Mgluino,squark  >> TeV )

CMS PAS EXO-15-010
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Figure 3: (Left) The ratios of the wino and bino masses with and without the Higgsino

contributions for given values of L. We have used a phase convention that m
3/2 is real

and positive. The red lines show the |L| dependences for given phases of L, while the blue

lines show the arg[L] dependences for given values of |L|. (The dashed blue lines show the

values of |L| in between the ones for the two solid lines.). In the gray shaded region for

|L/m
3/2| & 3, the wino is no more the LSP. (Right) The L dependences of the gaugino

masses for m
3/2 = M

SUSY

= 50TeV for L > 0 (arg[L] = 0) and L < 0 (arg[L] = ⇡).

Higgsino contributions for given values of L (left panel). The figure shows that the

wino mass can be about twice as heavy as the anomaly mediated contribution for

|L/m
3/2| ' 1 which is expected in the pure gravity mediation model. It should be

noted that the wino becomes no more the LSP where the Higgsino threshold contri-

bution dominates. In such cases, the relic density of dark matter easily exceed the

observed one due to the highly suppressed annihilation cross section of the bino for

O(100)GeV. Fortunately, however, the figure shows that the bino becomes LSP only

for |L/m
3/2| > 3 which is less likely in the pure gravity mediation model. Therefore,

in the pure gravity mediation model, the LSP is mostly wino-like, although the wino

mass obtains a comparable contribution from the Higgsino threshold e↵ects.7

In Fig. 4, we show the contour plot of the wino mass. In the figure, the blue shaded

region shows the current experimental constraints on the wino mass m
wino

� 88GeV

7 In general, a relative phase between L and m3/2 is a free parameter, and hence, the three

gauginos have di↵erent phases. Such gaugino phases, however, do not cause serious CP-problems,

since the Higgsinos as well as the sfermions are expected to be very heavy in the pure gravity

mediation model. Interestingly, the relative phase of O(1) may lead to the visible electron electric

dipole moment of de/e ⇠ 10�30 cm [22] for the µ-term in the tens to hundreds TeV range, which

can be reached in future experiments [26].
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Gaugino Masses = Loop-suppressed (AMSB + Heavy Higgs Mediation)

Gluino
Bino
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L/m3/2

mgluino = 2.5x10-2m3/2

mwino = 3.0x10-3( m3/2 + L )
mbino = 9.6x10-3( m3/2 + L/11 )

for m3/2 =O(100)TeV.

The wino is the LSP in the most 
parameter space.

The gluino can be lighter than the 
prediction in AMSB for L/m3/2 = O(1).

[’12, MI, Matsumoto,Yanagida (μH=O(Msusy) )] 

Purely AM
SB

High Scale SUSY at 100TeV - PeV

L = O(m3/2) : Higgsino mediation effect
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Figure 4: Feynman diagrams contributing to the fermion EDM in Split Supersymmetry.
To better illustrate the structure of the interactions, we consider current eigenstates with
insertions of M2, µ, and ⟨H⟩ denoted by crosses. Two other diagrams with reversed directions
of chargino arrows are not shown.
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3
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Here KQED is the leading-logarithm QED correction in the running from the scale of the

heavy particles to mf (or mn for the neutron EDM) [39]

KQED = 1 − 4α

π
ln

mH

mf
. (124)

We work in a general basis in which g̃u, g̃d, M2, and µ are all complex. The matrices U and

V are defined such that U∗Mχ+V † is diagonal with real and positive entries, where Mχ+ is

the chargino mass matrix

Mχ+ =
(

M2

√
2MW g̃u/g√

2MW g̃d/g µ

)

. (125)

We can explicitly write the matrices U and V as

U =
(

cReiφ1 sRei(φ1−δR)

−sReiφ2 cRei(φ2−δR)

)

V =
(

cL sLe−iδL

−sL cLe−iδL

)

(126)

tan 2θL,R =
2|XL,R|

1 + |XR,L|2 − |XL,R|2
, eiδL,R =

XL,R

|XL,R|
, (127)

XL =

√
2MW (g̃∗

uM2 + g̃dµ∗)

g(|M2|2 − |µ|2)
, XR =

√
2MW (g̃∗

dM2 + g̃uµ∗)

g(|M2|2 − |µ|2)
, (128)

where sL,R ≡ sin θL,R and cL,R ≡ cos θL,R. The phases φ1 and φ2 are chosen such that mχ+
i

are real and positive. Using the diagonalization properties of the matrices U and V , we
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V are defined such that U∗Mχ+V † is diagonal with real and positive entries, where Mχ+ is

the chargino mass matrix

Mχ+ =
(

M2

√
2MW g̃u/g√

2MW g̃d/g µ

)

. (125)

We can explicitly write the matrices U and V as

U =
(

cReiφ1 sRei(φ1−δR)

−sReiφ2 cRei(φ2−δR)

)

V =
(

cL sLe−iδL

−sL cLe−iδL

)

(126)

tan 2θL,R =
2|XL,R|

1 + |XR,L|2 − |XL,R|2
, eiδL,R =

XL,R

|XL,R|
, (127)

XL =

√
2MW (g̃∗

uM2 + g̃dµ∗)

g(|M2|2 − |µ|2)
, XR =

√
2MW (g̃∗

dM2 + g̃uµ∗)

g(|M2|2 − |µ|2)
, (128)

where sL,R ≡ sin θL,R and cL,R ≡ cos θL,R. The phases φ1 and φ2 are chosen such that mχ+
i

are real and positive. Using the diagonalization properties of the matrices U and V , we
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deêe = 10-27cm

deêe = 10-28cm

deêe = 10-29cm

deêe = 10-30cm
tanb = 3
de µ sin2b
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Physical CP-violation is suppressed by O(m3/2).

EDM via one-loop slepton diagrams is suppressed by mslepton-2 .

EDM are dominated by two-loop diagrams in which the light Higgs boson is 
circulating (suppressed by μH-1sin2β)

The current limits de/e < 8.7 x10-29cm is reaching to μH of O(104) TeV !

[’04 Arkani-hamed,Dimopoulos,Giudice, Rommanio]

[1310.7534 ACME : ThO]

High Scale SUSY at 100TeV - PeV For detailed analyses  
[`15 Hisano, Kobayashi,Kuramoto, Kuwahara]
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Impact on direct detection sensitivity

• First detection of CNS! 
• Diversifying toward solar neutrino physics  
(J. Billard et al., arXiv:1409.0050)

Julien Billard (IPNL) - Moriond EW

(J. Billard et al., PRD 89 (2014))

Figure 4 – The neutrino background to direct DM searches.

So far we observed Dark Matter gravity. We only have upper bounds on any other DM
interaction with matter and among itself. In cosmology, this lack of interactions is what al-
lows DM to cluster forming galaxies, while normal matter is still interacting with non-clustering
photons. Cosmological data are reproduced if DM has a primordial inhomogeneity of adia-
batic type: a single dominant primordial perturbation equal for all components of the universe.
Loosely speaking, this suggests some connection with matter. The assumption that DM is a
thermal relic favours M

DM

<⇠ 100 TeV: then DM could be discovered in direct, indirect, collider
searches around 2010 or maybe later. We passed the golden moment where Pamela, Fermi,
AMS, CDMS, Xenon, LHC started to produce data: backgrounds are starting to become a
limitation.

2.1 Dark Matter searches are reaching the backgrounds

Direct searches for DM with electro-weak mass improved by 3 orders of magnitude in the
past decade and are now 3-4 orders of magnitude above the irreducible ⌫ background, as shown
in fig. 4. This was discussed by J. Billard1 who proposed how, in case of no signal above the
background, we might survive to the crash on the ground, relying on seasonal variations (DM
rates are maximal in June, while solar ⌫ rates are maximal in January), multiple experiments,
directionality of scattered particles. Various authors explore how to improve searches for sub-
GeV DM particles: present bounds are still far from the irreducible ⌫ backgrounds.

Indirect searches aim at detecting in cosmic rays an excess of e+, p̄, � possibly produced
by DM annihilations or decays. In the past years such cosmic rays have been observed at weak
scale energies, and no undisputable evidence of a DM excess above the astrophysical fluxes was
found. The uncertain uncertainties on such backgrounds to DM searches are now the limiting
factor: it will be di�cult to clarify the tentative claims and to improve the searches. Once all
data will be available, it will maybe possible to better understand galactic astro-particle physics,
improving DM searches.

Searches at colliders mostly rely on the classical DM signal

missing energy + something to tag the event (a jet, a �, ...). (7)

At a hadron collider, this signal can be easily seen if DM is produced with QCD-like cross section,
like in supersymmetric models. On the other hand, the same signal can be easily missed below

Wino Dark Matter Search (direct detections, χN→χN )

Coupling to H and Z are highly suppressed for 
μH =O(10-100) TeV at the tree-level.

Wino-Nucleon @ higher loop level  
                       σp-N = (10-47)cm2   
( much smaller than the current reach...)

h0

χ∼ 0 χ∼ 0 χ∼ 0 χ∼ 0χ∼− χ∼−

W-
W-

W-

q q’ q

(a) (b)

q q

Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.

are zero, as

gH(x) ≃ −2π ,

gAV(x) ≃
√
x

6
π ,

gT1(x) ≃
π

3
,

gT2(x) ≃ −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)
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are zero, as

gH(x) ≃ −2π ,

gAV(x) ≃
√
x

6
π ,

gT1(x) ≃
π

3
,

gT2(x) ≃ −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)

6

One-loop diagrams which contribute 
to the Wino-nucleon scatterings.

Darwin (multi-ton Argon/Xe detector) will 
reach down to 10-47cm2 for WIMP mass below 
300GeV.

The irreducible background from atmospheric 
neutrinos at about 10-48cm2.    
[arxiv:1003.5530][’10 Hisano, Ishiwata, Nagata]

[’10 Hisano, Ishiwata, Nagata]

DM mass :

σp-N/cm2

High Scale SUSY at 100TeV - PeV
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Figure 5. Comparison of J
0.5

(top) and D

0.5

(bottom) calculated from axisymmetric and spherical models. The red symbols denote the
results of this work. the blue, green, yellow and black ones are estimated by Geringer-Sameth et al. (2015b), Bonnivard et al. (2015b),
Ackermann et al. (2015) and Simon et al. (2015), respectively.

c� 2016 RAS, MNRAS 000, 1–17

Dwarf Spheroidal Galaxies !

DM profile can be estimated from motions of stars.

6 K. Hayashi et al.

Table 1. Observational data set for MW dSph satellites.

Object N

sample

RA(J2000) DEC(J2000) M

V

D� b⇤ q

0 Ref.a

[hh:mm:ss] [dd:mm:ss] [kpc] [pc] (axial ratio)

Classical dwarfs
Carina 776 06:41:36.7 �50:57:58 �9.1± 0.5 106± 6 250± 39 0.67± 0.05 1,6
Fornax 2523 02:39:59.3 �34:26:57 �13.4± 0.3 147± 12 710± 77 0.70± 0.01 1,6
Sculptor 1360 01:00:09.4 �33:42:33 �11.1± 0.5 86± 6 283± 45 0.68± 0.03 1,6
Sextans 445 10:13:03.0 �01:36:53 �9.3± 0.5 86± 4 695± 44 0.65± 0.05 1,6
Draco 468 17:20:12.4 +57:54:55 �8.8± 0.3 76± 6 221± 19 0.69± 0.02 1,7
Leo I 328 10:08:28.1 +12:18:23 �12.0± 0.3 254± 15 251± 27 0.79± 0.03 1,8
Leo II 200 11:13:28.8 +22:09:06 �9.8± 0.3 233± 14 176± 42 0.87± 0.05 1,9

Ultra faint dwarfs
Segue 1 73 10:07:04.0 +16:04:55 �1.5± 0.8 32± 6 29+8

�5

0.53± 0.10 1,10
Segue 2 24 02:19:16.0 +20:10:31 �2.5± 0.3 35± 2 35± 3 0.85± 0.13 1,11
Boötes I 37 14:00:06.0 +14:30:00 �6.3± 0.2 66± 2 242± 21 0.61± 0.06 1,12
Hercules 18 16:31:02.0 +12:47:30 �6.6± 0.4 132± 12 330+75

�52

0.32± 0.08 1,13
Coma Berenices 59 12:26:59.0 +23:54:15 �3.7± 0.6 44± 4 64± 7 0.62± 0.14 1,14
Canes Venatici I 214 13:28:03.5 +33:33:21 �7.9± 0.5 224+22

�20

554± 63 0.61± 0.03 1,14

Canes Venatici II 25 12:57:10.0 +34:19:15 �4.8± 0.6 151+15

�13

132± 16 0.48± 0.11 1,14

Leo IV 18 11:32:57.0 �00:32:00 �5.1± 0.6 158+15

�14

152± 17 0.51± 0.11 1,14
Leo V 5 11:31:09.6 +02:13:12 �5.2± 0.4 178± 10 135± 32 0.50± 0.15 1,15
Leo T 19 09:34:53.4 +17:03:05 �7.1± 0.3 417+20

�19

170± 15 ⇠ 1.00 1,14

Ursa Major I 39 10:34:52.8 +51:55:12 �5.6± 0.6 106+9

�8

308± 32 0.20± 0.04 1,14

Ursa Major II 20 08:51:30.0 +63:07:48 �3.8± 0.6 32+5

�4

127± 21 0.37± 0.05 1,14

Reticulum II 25 03:35:42.1 �54:02:57 �2.7± 0.1 32± 3 32+2

�1

0.41± 0.03 2,16

Draco II 9 15:52:47.6 +64:33:55 �2.9± 0.8 20± 3 19+8

�6

0.76+0.27

�0.24

3,17

Triangulum II 13 02:13:17.4 +36:10:42 �1.8± 0.5 30± 2 34+9

�8

0.79+0.17

�0.21

4,18

Hydra II 13 12:21:42.1 �31:59:07 �4.8± 0.3 134± 10 68± 11 0.99+0.01

�0.19

5,19
Pisces II 7 22:58:31.0 +05:57:09 �5.0± 0.5 ⇠ 180 ⇠ 60 0.60± 0.10 1,19

aReferences: (1) McConnachie (2012); (2) Bechtol et al. (2015); (3) Laevens et al. (2015b); (4) Laevens et al. (2015a); (5) Martin et al.
(2015b); (6) Walker et al. (2009a); (7) Walker et al. (2015); (8) Mateo et al. (2008); (9) Koch et al. (2007b); (10) Simon et al. (2011);
(11) Kirby et al. (2013); (12) Koposov et al. (2011); (13) Adén et al. (2009); (14) Simon & Geha (2007); (15) Walker et al. (2009c);
(16) Simon et al. (2015); (17) Martin et al. (2015a); (18) Martin et al. (2016); (19) Kirby et al. (2015);

classical dSphs, the above works in the literature investi-
gated the e↵ect of binary systems on velocity second mo-
ments and concluded that the influence of binary systems
in these dSphs is, in fact, negligible because their intrinsic
velocity second moments are much larger than the velocity
distributions inflated by binaries. Although not all of the
UFD galaxies were investigated for this e↵ect, some authors
considered that a binary star is unlikely to make the mea-
sured velocity second moments dramatically inflated (see Si-
mon & Geha 2007; Simon et al. 2011, 2015; Koposov et al.
2011; Kirby et al. 2013; McConnachie & Côté 2010). There-
fore, we suppose that the velocity data of each dSph is not
a↵ected by the presence of binary stars.

5 FITTING PROCEDURE

Our aim is to obtain the dark matter halo parameters and
determine their uncertainties by fitting our mass models to
the velocity second moments of each dSph. As described
above, the fitting procedure in the current work is di↵er-
ent from those in previous axisymmetric works. HC15 fitted
their mass models to line-of-sight velocity sec- ond moment
profiles built from the individual stellar velocities of dSphs,
whilst our work adopts the Gaussian distribution of the line-

of-sight velocity to compare the observed and theoretical ve-
locity second moments.

First, we assume that the line-of-sight velocity distri-
bution is Gaussian, centred on the systemic velocity of the
galaxy hui. Thus we define the likelihood function as follows,

L =
NY

i=1

1

(2⇡)1/2[�2
u,i

+ v

2(x
i

, y

i

)]1/2
exp

h
�1
2

(u
i

� hui)2
�

2

u,i

+ v

2(x
i

, y

i

)

i
,

(17)

where u

i

and �

u,i

are the line-of-sight velocity and the ob-
servational error of the ith star in the available kinematic
data set, (x

i

, y

i

) are the the two-dimensional sky position
with respect to the centre of the galaxy, and v

2(x
i

, y

i

) is the
theoretical line-of-sight velocity second moment specified by
model parameters (Q, b

halo

, ⇢

0

,�

z

,↵, i) and derived from ax-
isymmetric Jeans equations (see Section 3.1). The six model
parameters are the four parameters of the dark matter halo,
and the two parameters of the stellar properties, for which
we adopt uniform priors. The prior ranges of each parameter
are

• 0.1 6 Q 6 2.0;

c� 2016 RAS, MNRAS 000, 1–17

We observe gamma ray flux from entire dwarf galaxies .

→ less sensitive to the structure of the core region!

Less active, and hence, less background gamma ray.

Indirect WIMP Detection (see more arXiv:1511.08787 )

[’16 Hayashi, Ishikawa, Matsumoto, MI, Ishigaki, Sugai]

http://astronomy.nmsu.edu/tharriso/ast110/class24.html
http://arxiv.org/abs/arXiv:1511.08787
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Figure 6. Comparison of constraints on the dark matter annihila-
tion cross-section estimated from a stacking analysis of 19 dSphs
assuming spherical (dashed line) and axisymmetric (solid line)
mass models. The blue, purple, green and orange lines denote
bb̄, tt̄, W

+

W

� and ⌧

+

⌧

� channels, respectively. The horizon-
tal dashed line is the benchmark value of the thermal relic cross
section (Steigman et al. 2012).

Leo T, Reticulum II, Draco II, Triangulum II, Hydra II, and
Pisces II) to compare fairly between previous spherical and
our non-spherical mass models.7 It is found from this figure
that our analysis with non-sphericity obviously makes each
sensitivity line less stringent than the spherical one. This is
because, as described above, the estimated J-factor values
in our analysis have large 1� errors compared with previous
works due to the inclusion of some systematic uncertainties
such as non-sphericity, and thus, this is why the constraints
on the dark matter annihilation cross-section are relatively
weak.

Before closing this section, let us discuss the implica-
tions of the present analysis. First, let us remind ourselves
that the most generic s-wave cross-section of WIMP dark
matter, i.e. ⇠ 3⇥ 10�26cm3

/s, is one of the primary targets
of the indirect searches for dark matter. In particular, the bb̄,
W

+

W

�(ZZ) and tt̄ channels of this cross-section are highly
motivated as they are achieved for neutralino dark matter in
the supersymmetric Standard Model (Jungman et al. 1996).
The figure shows that the non-sphericity of the dark mat-
ter profile leads to constraints about a factor of two weaker
than the previous constraints. Accordingly, the constraints
on the WIMP mass with a cross-section ⇠ 3 ⇥ 10�26cm3

/s
for the bb̄ channel is weakened by about a factor of two.

It should also be emphasized that the indirect searches
for dark matter using �-rays are the most important chan-
nels in the search for the so-called minimal dark matter
model (Cirelli et al. 2006, 2007). In the minimal dark mat-
ter model, dark matter fills a single SU(2)

L

gauge multiplet
and it couples only to SU(2)

L

gauge bosons in the Stan-
dard Model when it is a fermion. As a prominent feature,
the annihilation cross-section of dark matter is largely en-
hanced from ⇠ 3 ⇥ 10�26cm3

/s by the so-called Sommer-
feld e↵ects (Hisano et al. 2004, 2005, 2006) in the present

7 Since we do not have the kinematical data of Ursa Minor, we do
not include it, which improves the LAT sensitivity ⇠ 30 per cent.

Universe, which makes the indirect searches accessible for a
higher dark matter mass region. In fact, for SU(2)

L

triplet
fermion dark matter, it has been argued that the dark mat-
ter mass up to about 3TeV is in tension with the �-ray
observations of the Galactic Centre in Fermi-LAT and the
HESS telescope (Cohen et al. 2013; Fan & Reece 2013). As
the present analysis shows, however, it is important to take
into account account the systematic uncertainties of dark
halo evaluations including the e↵ects of non-sphericity to
draw a final conclusion.

In regard to the SU(2)
L

triplet fermion dark matter,
let us also emphasize that it is also motivated in the so-
called anomaly-mediated supersymmetry breaking models
in the supersymmetric standard model. There, the SU(2)

L

triplet fermion dark matter is naturally achieved as the light-
est gaugino (the superpartner of the gauge boson) and is
called the wino. After the discovery of the Higgs bosons by
the Large Hadron Collider experiments, the models with
anomaly-mediated gaugino mass are considered to be one of
the most attractive candidates in conjunction with the high-
scale supersymmetry breaking (Wells 2005; Ibe et al. 2007;
Ibe & Yanagida 2012; Ibe et al. 2012; Hall & Nomura 2012;
Hall et al. 2013; Nomura & Shirai 2014; Arkani-Hamed et al.
2012). This class of models explains the observed Higgs bo-
son mass about 125GeV (Okada et al. 1991a,b; Ellis et al.
1991a,b; Haber & Hempfling 1991) in addition to a good
dark matter candidate (i.e. the wino) simultaneously. To
have a better understanding of the systematic uncertainties
of dark halo evaluations, is quite important to find a hint
from the fundamental laws of physics such as supersymme-
try.

7 CONCLUDING REMARKS

The Galactic dSphs are ideal targets for constraining par-
ticle candidates of dark matter through indirect searches
for their annihilations and decays. To obtain robust limits
on dark matter particle candidates, understanding the true
dark matter distribution of these galaxies is of substantial
importance. In particular, the non-sphericity of the lumi-
nous and dark components of these galaxies is one of the
major systematic uncertainties of the astrophysical factors
for annihilations and decays. In this paper, by adopting non-
spherical mass models developed by HC15, we present non-
spherical dark halo structures of seven classical and 17 UFD
galaxies and estimate their astrophysical factors.

In our analysis, Triangulum II and Ursa Major II are
the most promising targets for an indirect search of dark
matter annihilation, even though they have large uncertain-
ties. The Draco classical dSph has a J factor only a factor
of three lower than those of the above two UFD galaxies but
with the very small uncertainties due to the larger number
of the sample data. For dark matter decay, Draco may be
the most detectable and reliable target among all the ana-
lyzed dSphs. Meanwhile, Ursa Minor classical dSph, which
we do not analyse due to not having data, may also be an
important object as reported by some works in the litera-
ture. Thus, we should investigate the dark matter structure
in this galaxy and evaluate its astrophysical factors in the
near future. We compare our results for astrophysical fac-
tors with other previous studies based on spherical works.

c� 2016 RAS, MNRAS 000, 1–17

Indirect WIMP Detection (see more arXiv:1511.08787 )
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FIG. 2: Gamma ray spectrum from DM annihilation into various channels for a 100GeV DM fermion.

2 below. Here, the dimensionless parameter x is the gamma ray energy scaled by the dark matter mass. Analysis of
many models requires calculation of di↵erential gamma ray spectra from particles produced in non-symmetric pairs,
for example, in the analysis of models of section IV we have calculated the di↵erential spectrum of the Z� final state.
Limits are obtained by binned comparison of total expected flux from all DM annihilations to our combined upper
bounds.

MODELS WITH INDEPENDENT ANNIHILATION CHANNELS

We will now discuss the method of constraining the parameter space of models with multiple independent annihi-
lation channels. We will first assume an e↵ective Lagrangian which is the sum of several independent operators, each
of which couples Dark Matter to one and only one pair of SM particles. Therefore the Lagrangian has the form

L
f

= ⌃
i

O
i

= ⌃
i



⇤n

i

��X
i

X
i

. (3)

Here the � is the Dark Matter, and X is some Standard Model particle with particle index i. Any specific operator
will be gauge and Lorentz invariant and will have coe�cient /⇤n

i

, where the e↵ective cut-o↵ ⇤ appears with the
appropriate power to make the operator dimension 4.

The full parameter space of the EFT consists of the Dark Matter mass m
�

and the i operator coe�cients /⇤n

i

.
Each point in this parameter space specifies a total DM annihilation rate, the specific ratios of the i final state
annihilation channels, and the resultant �-ray flux. There are various slices of parameter space which can be studied.
The first one we will consider is slices of the parameter space on which the total DM annihilation rate is held constant.
Below we will show that along planes of parameter space with fixed annihilation rate, we will rule out masses and
e↵ective cut-o↵s below certain scales.

Fixed Annihilation Rate

The total annihilation rate, h�vi
tot

, is simply a linear sum of the thermally averaged annihilation cross sections
h�viOi to particle X

i

due to operator O
i

,

h�vi
tot

= Nh�vi
Th

= h�viO
1

+ h�viO
2

+ · · · (4)

We will first fix the desired total annihilation rate. This rate may be anything we like, for simplicity we will
consider it some numerical factor times the thermal annihilation rate Nh�vi

Th

. This constraint drops us 1 dimension
in parameter space; certain coe�cient values /⇤n

i

will satisfy the constraint for any specific DM mass. Having
fixed the total annihilations rate, we may then determine the limits of the operator coe�cients which saturate the
Fermi-LAT photon-flux bounds for any given Dark Matter mass.

A natural choice for the total annihilation rate is the thermal rate. However, in the spirit of model independence,
we will show Fermi-bounds on models with various annihilation rates which will correspond to models with various
non-thermal histories. The complete theory will have to account for this history, as well as the presence (and absence)
of specific operator coe�cients. We note that models where the total visible annihilation rate is below the thermal
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[’15 Carpenter, Colburn, Goodman ]

WIMP cross section has been excluded for mDM < 100GeV annihilating into bb!

[’16 Hayashi, Ishikawa, Matsumoto, MI, Ishigaki, Sugai]

http://arxiv.org/abs/arXiv:1511.08787


The Higgs boson ~ 125GeV requires multi-TeV SUSY ?

The simplest interpretation: mH ~ 125 GeV suggests that the sfermion (stop) 
masses are above O(10-1000)TeV [’91 Okada, Yamaguchi, Yanagida]. 
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( mstop = 173.2 ± 0.9 GeV )
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The Higgs boson ~ 125GeV with a few TeV SUSY ?

[’12 Arvanitaki, Craig, Dimopoulos, Villadoro]

A large stop A-term (trilinear coupling) can enhance the Higgs boson mass !

Having a large stop A-term (trilinear coupling) 
at the low energy scale is not very easy.

which defines¶ running parameters at, ab, and aτ . In this approximation, the RG equations for these
parameters and b are
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The β-function for each of these soft parameters is not proportional to the parameter itself, because
couplings that violate supersymmetry are not protected by the supersymmetric non-renormalization
theorem. So, even if at, ab, aτ and b vanish at the input scale, the RG corrections proportional to
gaugino masses appearing in eqs. (5.51)-(5.54) ensure that they will not vanish at the electroweak scale.

Next let us consider the RG equations for the scalar squared masses in the MSSM. In the approx-
imation of eqs. (5.2) and (5.50), the squarks and sleptons of the first two families have only gauge
interactions. This means that if the scalar squared masses satisfy a boundary condition like eq. (5.18)
at an input RG scale, then when renormalized to any other RG scale, they will still be almost diagonal,
with the approximate form

m2
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⎞

⎠ , (5.55)

etc. The first and second family squarks and sleptons with given gauge quantum numbers remain
very nearly degenerate, but the third-family squarks and sleptons feel the effects of the larger Yukawa
couplings and so their squared masses get renormalized differently. The one-loop RG equations for the
first and second family squark and slepton squared masses are

16π2 d

dt
m2
φi

= −
∑

a=1,2,3

8Ca(i)g
2
a|Ma|2 +

6

5
Yig

2
1S (5.56)

for each scalar φi, where the
∑

a is over the three gauge groups U(1)Y , SU(2)L and SU(3)C , with
Casimir invariants Ca(i) as in eqs. (5.28)-(5.30), and Ma are the corresponding running gaugino mass
parameters. Also,

S ≡ Tr[Yjm
2
φj

] = m2
Hu

− m2
Hd

+ Tr[m2
Q − m2

L − 2m2
u + m2

d
+ m2

e ]. (5.57)

An important feature of eq. (5.56) is that the terms on the right-hand sides proportional to gaugino
squared masses are negative, so∥ the scalar squared-mass parameters grow as they are RG-evolved from

¶Rescaled soft parameters At = at/yt, Ab = ab/yb, and Aτ = aτ/yτ are commonly used in the literature. We do not
follow this notation, because it cannot be generalized beyond the approximation of eqs. (5.2), (5.50) without introducing
horrible complications such as non-polynomial RG equations, and because at, ab and aτ are the couplings that actually
appear in the Lagrangian anyway.

∥The contributions proportional to S are relatively small in most known realistic models.
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The β-function for each of these soft parameters is not proportional to the parameter itself, because
couplings that violate supersymmetry are not protected by the supersymmetric non-renormalization
theorem. So, even if at, ab, aτ and b vanish at the input scale, the RG corrections proportional to
gaugino masses appearing in eqs. (5.51)-(5.54) ensure that they will not vanish at the electroweak scale.
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etc. The first and second family squarks and sleptons with given gauge quantum numbers remain
very nearly degenerate, but the third-family squarks and sleptons feel the effects of the larger Yukawa
couplings and so their squared masses get renormalized differently. The one-loop RG equations for the
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An important feature of eq. (5.56) is that the terms on the right-hand sides proportional to gaugino
squared masses are negative, so∥ the scalar squared-mass parameters grow as they are RG-evolved from

¶Rescaled soft parameters At = at/yt, Ab = ab/yb, and Aτ = aτ/yτ are commonly used in the literature. We do not
follow this notation, because it cannot be generalized beyond the approximation of eqs. (5.2), (5.50) without introducing
horrible complications such as non-polynomial RG equations, and because at, ab and aτ are the couplings that actually
appear in the Lagrangian anyway.

∥The contributions proportional to S are relatively small in most known realistic models.
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[e.g. GMSB realization ’11 MI, Evans, Yanagida]
[see ’15 Kitano, Murayama, Tobioka with KK-effect]

Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan � for a Higgs mass
fixed at 125.5 GeV for no and maximal stop mixing. The 1� error bands coming from the top
mass measurement (which dominate over other uncertainties) are also shown.

high scale SUSY breaking models (as in gravity or anomaly mediation). The gluino RG e↵ects
become stronger as ⇤ is pushed up and it gets harder to have a stop much lighter than the gluino.

The bounds on the tuning from current direct stop searches are not competitive with the gluino
ones, and thus do not pose a significant constraint on the parameter space. When m�3 � mt̃1 ,
additional tuning is required because of the large correction to the stop mass from the gluino.
Making the LSP heavier than 400 GeV to evade the gluino bounds does not improve the situation;
a heavy LSP implies a large µ-term which increases the tree-level tuning of the theory. Fig. 2
finally shows that the small window left for naturalness in SUSY will be probed already by the
end of the 8 TeV LHC run, when the gluino searches are pushed above 1.5-1.8 TeV mass range.

The absence of evidence for sparticles suggests that either low-energy SUSY theories have to be
tuned, or sparticles are absent from the weak scale altogether. Why, then, does supersymmetric
unification work so well if the sparticles responsible for it are not present? An answer to this
question comes from Split SUSY [7, 8], a theory motivated by the multiverse. In Split SUSY,
scalar sparticles are heavy—at the SUSY breaking scale m0—whereas fermions (gauginos and
higgsinos) are lighter as they are further protected by the R-symmetry whose breaking scale can
be lower than m0. Choosing the fermion masses near a TeV, as dictated by the WIMP “miracle”,
reproduces successful unification independent of the masses of scalar sparticles. So in Split only
the gauginos and higgsinos may be accessible to the LHC, whereas the scalar masses can be
anywhere between the GUT and the weak scale.

This uncertainty in m0, which has been blurring the phenomenology and model building of
Split, has come to an end with the discovery of the Higgs [4]. The Higgs mass mh correlates with
m0 [7, 8] as shown in Fig. 3 [9], and for mh = 125.5 GeV the scalar sparticle masses are in the
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Figure 3: Comparison between the EFT computation (lower blue band) and two existing codes: FeynHiggs [41]
and Suspect [39]. We used a degenerate SUSY spectrum with mass m

SUSY

in the DR-scheme with tan� = 20.
The plot on the left is mh vs m

SUSY

for vanishing stop mixing. The plot on the right is mh vs Xt/mSUSY

for
m

SUSY

= 2 TeV. On the left plot the instability of the non-EFT codes at large m
SUSY

is visible.

due to the missing 2-loop corrections in the top mass7. Note that, as discussed in the previous
section, the uncertainty in the EFT approach is dominated by the 3-loop top matching conditions,
the 2-loop ones are thus mandatory in any precision computation of the Higgs mass. We checked
that after their inclusion, the FeynHiggs code would perfectly agree with the EFT computation
at zero squark mixing. At maximal mixing the disagreement would be reduced to 4 GeV, which
should be within the expected theoretical uncertainties of the diagrammatic computation.

For comparison, in fig. 3 we also show the results obtained with a di↵erent code (Suspect [39])
which uses a diagrammatic approach but unlike FeynHiggs, does not perform RGE improvement
and its applicability becomes questionable for mSUSY in the multi TeV region.

3 Results

After having seen that the EFT computation is reliable for most of the relevant parameter space
we present here some of the implications for the supersymmetric spectrum. Given the generic
agreement with previous computations using the same approach, we tried to be as complemen-
tary as possible in the presentation of our results, putting emphasis on the improvements of our
computation and novel analysis in the EFT approach.

3.1 Where is SUSY?

Fig. 4 represents the parameter space compatible with the experimental value of the Higgs mass in
the plane of (m1/2,m0) for zero (blue) and increasing values (red) of the stop mixing. For simplicity
we took degenerate scalar masses m0 as well as degenerate fermion masses m1/2 = M1,2,3 = µ. All

7It was brought to our attention that a similar observation was also made in [42].
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mh=125.5GeV
bands : top mass 

uncertainties

fixed top mass 
band : computational  
uncertainties

[’15 Vega, Villadoro]

→ As a whole, msquark > TeV is required

[Extra matter can also enhance A-term  
  see ’16 Moroi, Yanagida, Yokozaki]   

Big Blow to supersymmetry? 



The Higgs boson ~ 125GeV with a few TeV SUSY ?

Extra Vector Matter  (e.g. 10  representation [’92 Moroi, Okada] )

for extra low energy matter multiplets beyond the above mentioned messenger. That is,

keeping perturbative unification at the GUT scale, we can still add

• up to one pair of 5̄+ 10

• up to three pairs of 5+ 5̄

• up to one pair of 10+ 1̄0

along with an arbitrary number of gauge singlets.2

In the above lists, the first set of fields corresponds to a fourth-generation of matter.

The CMS collaboration, however, has ruled out a fourth generation for a Higgs boson

mass in the range 120� 600GeV at a 95%C.L. due to the Higgs production cross section

being too large [10]. Since we are interested in the Higgs boson mass in the range of

120 � 140GeV, we do not pursue this possibility, but rather concentrate on the other

two possibilities with vector-like multiplets3 (see discussion on the Higgs production cross

section in the case of vector-like extra matter in the appendixA). We assume that the

masses of these vector like fields are similar to the Higgsino masses, i.e. the so-called

µ-term, otherwise their masses should naturally be at the GUT scale.

The addition of a 10+ 1̄0 is particularly interesting, since the doublet Higgs Hu may

couple to this extra matter via W = Hu1010. From this additional Higgs interaction, the

lightest Higgs boson mass can be increased due to radiative corrections [11]. The 5+ 5̄

mentioned above can also couple to Hu if we also introduce a singlet 1, W = Hu 5̄ 1. In

the following, however, we mainly concentrate on the model with an extra 10+ 1̄0. This

matter content is more advantageous since the gauge mediated contribution to the soft

masses of the 10+ 1̄0 are much larger.

2.1 Constraints on extra matter

Here we concentrate on the constraints on the additional matter,

10 = (QE, ŪE, ĒE) , 1̄0 = (Q̄E, UE, EE) , (1)

where their Standard Model charge assignments should be clear. In terms of these fields,

the Yukawa interaction W = Hu1010 and invariant mass term W = MT10 1̄0 can be

2 In this paper, we assume that the extra matter forms a complete multiplet.
3 We may allow a pair of 5̄+ 10 and 5+ 1̄0 keeping the perturbative unification when the messenger

scale is very high. This set of extra matter corresponds to a vector-like fourth generation of matter.

3

rewritten as,

W = MT Q̄EQE +MT ŪEUE +MT ĒEEE + �uHuQEŪE , (2)

where �u denotes a coupling constant. As a result of the Higgs coupling, the masses of

the additonal up-type quarks are split,

M
up�type

' MT ± �u sin �v

2
, (3)

with the Higgs vacuum expectation value v ' 174GeV. The masses of the other extra

matter multiplets remain degenerated and are given by MT .

As we will show in the next section, the lightest Higgs boson mass is considerably

enhanced for �u ' 1. From this point on, we will assume that tan � = hHui / hHdi =

O(10), since we are interested in models with a relatively heavy lightest Higgs boson.4

In the superpotential in Eq. (2), we have implicitly assumed that the extra matter

does not mix with the matter multiplets of the MSSM. These couplings can be forbidden

by assuming some type of parity for which the extra matter is odd. If the mixing between

the MSSM and the extra matter are completely forbidden, however, some of the extra

charged particles can be stable, which conflicts with cosmological constraints. To avoid

such di�culties, we assume that the additional matter has a small amount of mixings

with the MSSM matter multiplets (5̄i=1�3

,10i=1�3

), such as

W = ✏iHu10i10+ ✏iHd5̄i10. (4)

Even with this small additional mixing the extra matter in 10 can decay into the MSSM

fields. The 1̄0 field can also decay into the MSSM fields through the mass terms in

Eq. (2).5 Particulary, the lightest additional colored particle, which is an up-type quark,

can decay into a W -boson and a down-type quark.

The most stringent collider constraint on the mass of these heavy up-type quarks is

M
up�type

> 358GeV . (5)

4In our discussion, we could also include another Yukawa interaction W = �dHd1̄0 1̄0. This interac-
tion, however, does not change our discussion even for �d ' �u as long as tan� = O(10).

5 The amplitudes of the FCNC process such as K0� K̄0 mixing caused by these terms are suppressed
by ✏4. Thus, these terms do not cause FCNC problems for ✏ . 10�3.

4

Higgs quartic potential receives an additional radiative contributions !

→ 125GeV Higgs mass can be achieved as long as the extra matters  
have large SUSY soft masses in the TeV range.

If the soft masses of the MSSM and the extra matter have the same origin, 
the squarks are also in the TeV range though…

Big Blow to supersymmetry? 



The Higgs boson ~ 125GeV with a few TeV SUSY ?

Singlet Extension (NMSSM)

W = λNHuHd +
1
3
κN3

We add a tree-level quartic term to the Higgs scalar potential :

16

3.7. Higgs-boson phenomenology

In contrast to the minimal supersymmetric extension of the SM we have in the next-to-minimal extension, NMSSM,
due to the additional singlet superfield Ŝ two additional Higgs bosons as well as one additional singlino. In particular
the phenomenology of the Higgs bosons may be very di↵erent compared to the MSSM. This di↵erence is pointed out
in this subsection. We start with considering one of the advantages of the NMSSM over the MSSM, namely the much
less restricted Higgs-boson sector. In the MSSM the lightest scalar Higgs boson is predicted to not exceed the Z-boson
mass,

(mMSSM
H1

)2 < m2
Z cos2(2�) . (3.36)

This bound is softened through quantum corrections. One-loop corrections to the lightest Higgs boson where stud-
ied [60–63] as well as dominant two-loop corrections [41, 63]. The largest contribution comes from virtual top and
stop loops, where the one-loop corrections read

(�mMSSM
H1

)2 = c
m4

t

v2
ln

✓
mt̃L

mt̃R

m2
t

◆
, (3.37)

with c of the order 1. Confronted with the experimental data, that is, LEP searches for light Higgs bosons in the
MSSM we have the lower bound [64]

mMSSM, exp
H1

> 92 GeV . (3.38)

That is, we need, considering (3.36) and (3.37) rather large stop masses, which enter only logarithmically in
the radiative corrections, in order to increase the mass of the lightest scalar Higgs-boson in the MSSM. On
the other hand, a large violation of the degeneracy of the superpartner top and stop masses reintroduces a
new kind of unnatural fine-tuning. This is in particular disturbing since one of the main motivation for the
introduction of supersymmetry is to avoid this unnatural large quantum corrections to the scalar Higgs-boson
mass, which occur in the SM. Let us note that there is some debate about this argument and refer the reader to
the discussion in Martin [22]. We notice, that a large mass splitting of the superpartners would reintroduce the
initial naturalness problem we encounter in the SM. Therfore, we expect the superpartner particle masses not to
exceed the scale of 1 TeV too much to be considered as natural. Another argument for superpartner masses not to
exceed the scale of 1 TeV too much is the unification of gauge couplings, which is spoiled by very large mass splittings.

The situation in the NMSSM is quite di↵erent. Firstly, the tree-level mass bound (3.36) for the lightest Higgs boson
is no longer valid in the NMSSM. In the CP-conserving Higgs-boson sector case the lower bound is changed to [65]

(mNMSSM
H1

)2 < m2
Z

✓
cos2(2�) +

2|�|2 sin2(2�)
g21 + g22

◆
. (3.39)

Thus, the upper limit of the lightest CP-even Higgs-boson mass is in general lifted compared to the MSSM (3.36).
Secondly, the experimental bound (3.38) is also much weaker in the NMSSM [66–68]. This can be easily understood:
the main detection strategy of the lightest scalar Higgs in the MSSM is based on Higgs-strahlung o↵ a Z-boson with
subsequent decay of the Higgs boson according to H1 ! bb̄ and b-tagging in the detector; see Fig. 1. But in the
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FIG. 1: Higgs-boson production via Higgs-strahlung and subsequent decay into a bb̄ quark pair, as searched for at the LEP
experiment [64]. The coupling of the Higgs boson to the Z bosons is denoted by gHZZ and given for the NMSSM in App. D.

NMSSM the additional decay channel into a pair of pseudoscalar Higgs bosons, H1 ! A1A1, is open, reducing in

Accordingly, the tree-level Higgs mass is lifted :

Still, we need some radiative contributions to 
achieve 125GeV from the squarks in a TeV range.

( λ < 0.7 from perturbativity )
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[see ’10 Maniatis for review]

[ For the scenarios where the lightest Higgs is not the observed one see  
’13 Christensen, Han, Liu, Su ] .

Big Blow to supersymmetry? 

→

( Rough estimation )

mh = 125GeV



The Higgs boson ~ 125GeV with a few TeV SUSY ?

Extended Gauge Symmetry [’06 Maloney, Pierce, Wacker]

If the gauge symmetry of the MSSM is extended, the Higgs obtains 
tree-level quartic D-term potential 
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Figure 3.3: Supersymmetric gauge interaction vertices.

tion of Figure 3.1c is exactly of the special type needed to cancel the quadratic divergences in quantum
corrections to scalar masses, as discussed in the Introduction [compare Figure 1.1, and eq. (1.11)].

Figure 3.2 shows the only interactions corresponding to renormalizable and supersymmetric vertices
with coupling dimensions of [mass] and [mass]2. First, there are (scalar)3 couplings in Figure 3.2a,b,
which are entirely determined by the superpotential mass parameters M ij and Yukawa couplings yijk,
as indicated by the second and third terms in eq. (3.50). The propagators of the fermions and scalars
in the theory are constructed in the usual way using the fermion mass M ij and scalar squared mass
M∗

ikM
kj. The fermion mass terms M ij and Mij each lead to a chirality-changing insertion in the

fermion propagator; note the directions of the arrows in Figure 3.2c,d. There is no such arrow-reversal
for a scalar propagator in a theory with exact supersymmetry; as depicted in Figure 3.2e, if one treats
the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.

Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only
when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term
in eq. (3.57). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.59) and (3.65)-(3.67) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.72)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
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superpartner of  
would-be NGB-

MZ’ : Mass of new gauge boson

If the soft masses of the MSSM and the gauge breaking sector have  
the same origin, the squarks are again in the TeV range.

We need a rather large g and at least TeV soft mass to the gauge symmetry 
breaking sector.

Big Blow to supersymmetry? 


