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Contents of my talk

• Motivation of SUSY standard model(s) 
at O(100) TeV

• How to find the signature for them
That comes from wino!
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SUSY standard model

• Superpartners for the standard model particles are introduced.
• The lightest SUSY particle is stable due to the R parity, which 

comes from proton stability. 
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• Hierarchy problem  

• Gauge coupling unification 

• WIMP dark matter 

Composition of UniverseHierarchy problem 

Leading candidate for BSMs

Grand Unified Theories

SUSY standard model



Higgs mass in the MSSM
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125 GeV Higgs mass may suggest High-scale SUSY 
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(Ibe, Matsumoto, Yanagida (12))

For tanβ~2-5, 125 GeV Higgs mass is well-explained 
in High-scale SUSY (MSUSY=O(102-3)TeV).
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SUSY 

Motivation of Low-scale SUSY (<~1TeV):
• Hierarchy problem
• WIMP dark matter
• Gauge coupling unification

Shortcoming of SUSY :
• FCNC and CP problems
• Gravitino problem in nucleosynthsis
• D=5 proton decay in SUSY GUTs
• 125GeV Higgs mass
These problems favor High-scale SUSY 
(~O(102-3) TeV).Standard model

MSSM @ < O(1) TeV

SUSY GUTs ~ 1016 GeV
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(If CP phases are O(1), squark masses should  be ten 
times larger than above. )

(Gabbiani et al (96))



High-scale SUSY 

Motivation of High-scale SUSY (~O(102-3) TeV).
• Solution of following problems  

– FCNC and CP problems
– Gravitino problem in nucleosynthsis
– D=5 proton decay in SUSY GUTs
– 125GeV Higgs mass

• Easy model building of SUSY breaking 
- Anomaly mediation

• WIMP dark matter
• Improved gauge coupling unificationStandard model

MSSM @  O(102-3) TeV

SUSY GUTs ~ 1016 GeV
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(Randall and Sundrum/ Giudice, Murayama Luty 
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Mass spectrum in High-scale SUSY 
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(Loop suppressed
in anomaly mediation)



Wino dark matter
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Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,
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(Non-rel.) wino pair  annihilation cross 
section into W-boson pair is  large due 
to the SU(2) coupling and also the 
Sommerfeld enhancement. From the 
DM thermal relic abundance, 
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Thermal Wino  dark matter 

Non-Thermal Wino  dark matter 

Gravitino decay provides additional wino DM comp.

�DMh2 = 0.16
⇣ mwino

300GeV
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◆

Thermal leptogenesis (                                       )  favors lighter wino. Treheating > 109GeV

(JH, Matsumoto, Nagai, Senami, Saito (07)) 

(Gherghetta, Giudice, Wells (99),
Moroi, Randall (99))



Mass spectrum in High-scale SUSY 
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(Loop suppressed
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Improving gauge coupling unification 
in High-scale SUSY 

In High-scale SUSY we do not need to introduce sizable threshold 
correction to the gauge coupling constants at GUT-scale.
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(JH, Kuwahara, Nagata(13))

SU(3)C

SU(2)L

U(1)Y

GUT scale moves from 2*1016GeV to 1*1016 GeV due to heavier 
gaugino masses. Proton decay might be accessible?



High-scale SUSY 

Motivation of High-scale SUSY (~O(102-3) TeV).
• Solution of following problems  

– FCNC and CP problems
– Gravitino problem in nucleosynthsis
– D=5 proton decay in SUSY GUTs
– 125GeV Higgs mass

• Easy model building of SUSY breaking 
- Anomaly mediation 

• WIMP dark matter
• Improved gauge coupling unification

From phenomenological view points, High-
scale SUSY works well, while we may have to 
give up naturalness problem. 

Standard model

MSSM @  O(102-3) TeV

SUSY GUTs ~ 1016 GeV
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How to find the signature 
for High-scale SUSY
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Strategy to High-scale SUSY
Lightest SUSY particle (LSP):wino

• If wino mass is lighter than ~1TeV, it might be discovered  at LHC.

• Indirect detection of wino dark matter. Wino pair annihilation is 
enhanced by the Sommerfeld effect. Line gamma rays from 
galactic center will be searched for at CTA.

• Direct detection of wino dark matter. The spin-independent cross 
section is ~  10-47 cm2, which is not suppressed by wino mass itself.

• EDM induced by Barr-Zee diagrams. Even if Higgsino mass is 
100TeV, electron EDM reach to ~  10-30 ecm. 
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Wino in SUSY SM

<latexit sha1_base64="kLfQfC7B3BF3cK/DLbKNSjngCss="></latexit>

�0, �±

Wino 
(I=1, Y=0, S=1/2)

Partners of weak bosons
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Direct Wino search at LHC

Slide of Ibe @KIST
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Sommerfeld enhancement 
of wino pair annihilation to 2 line gammas

(JH, Matsumoto, Nojiri)

From thermal 
relic abundance 

Wino

Higgsino

Wino pair annihilation to line gammas in the universe may be a smoking-
gun of wino dark matter. While the perturbative contribution is 
suppressed due to the one-loop process, the cross section at NR limit is 
enhanced by  the Sommerfeld mechanism.



Line gamma rays from Galactic Center 
CTA Prospect for Wino DM
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Figure 4. Expected upper limits at 95% C.L on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is
marked (cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum
is included in the expected signal. Left panel: Mean expected upper limits at 2� (red solid line) for an Einasto profile are shown
together with the 1� (green band) and 2� (yellow band) containment bands. Mean expected upper limits at 5� (red dashed
line) are also shown. The H.E.S.S.-like 2� sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: The
expected limits are shown for cored DM profiles of size from 300 pc to 5 kpc.

lower 1� expected limit. Accordingly, in Figs. 4 and 6,
we only show the lower 1� expected limit, as the actual
limit, by construction, cannot go below this. We also
compute the 5� mean expected upper limit on h�viline,
which corresponds to q ⇡ 23.7.

The above prescription outlines how to determine the
limit for a given dataset m�,ijk, which could be either ob-
tained from real observations or via Monte Carlo simu-
lations.

Before CTA’s first light, we can estimate the expected
sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this ap-
proach, which we will use in this work, is to instead deter-
mine all of these quantities using the Asimov formalism of
Ref. [116]. Under the Asimov approach, instead of taking
many realizations of the model, calculating the limit each
time, and then determining the mean of those values, we
instead take the mean dataset, which is exactly given
by the model. The model, when used as the dataset, is
then referred to as the Asimov dataset. Of course, as
the model is not strictly an integer, this requires analyt-
ically continuing the Poisson distribution to non-integer
values, which can be accomplished using the � function.
The Asimov approach can also be used to determine the
confidence intervals. In detail, to determine the N -sigma
containment band, instead of evaluating q = 2.71, we

calculate

q =
�
��1(0.95)±N

�2
. (19)

Here � is the cumulative distribution function for the
standard normal, which has µ = 0 and � = 1. Accord-
ingly ��1(0.95) ⇡ 1.64, so that the above result contains
the mean limit as a special case at N = 0.

In the idealized scenario we consider here of data
drawn from a background model known exactly, the
above procedure for calculating limits is su�cient. We
emphasize, however, that when considering the actual
CTA data, our models will be inevitably imperfect. One
consequence of this is that the coverage of our limits, and
the validity of discovery thresholds can deviate from the
simple asymptotic estimates used above, and may need
to be validated and potentially tuned using datasets that
contain an injected signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact of the
endpoint contribution

The CTA sensitivity forecast for Wino DM, expressed
as the mean expected upper limit at 95% C.L. on h�viline
as a function of the Wino mass, is shown in the left panel
of Fig. 4, together with the expected containment bands

(Rinchiuso, Slatyer, et al (20))

The precise evaluation of thermal relic abondance is important since 
the x section to line gamma is quite sensitive to wino mass (Tobias’s talk).

(Resummation of Sudalov double log, continuum emission, endpoint photons, energy 
resolution of CTA are included.) 

<latexit sha1_base64="3hsae3Bznb555DmyGCFzfc5sGfU="></latexit>

�m+ = 164.4MeV
<latexit sha1_base64="3hsae3Bznb555DmyGCFzfc5sGfU="></latexit>

�m+ = 164.4MeV
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Strategy to High-scale SUSY
Lightest SUSY particle (LSP):wino

• If wino mass is lighter than ~1TeV, it might be discovered  at LHC.

• Indirect detection of wino dark matter. Wino pair annihilation is 
enhanced by the Sommerfeld effect. Line gamma rays from 
galactic center will be searched for at CTA.

• Direct detection of wino dark matter. The spin-independent cross 
section is ~  10-47 cm2, which is not suppressed by wino mass itself.

• EDM induced by Barr-Zee diagrams. Even if Higgsino mass is 
100TeV, electron EDM reach to ~  10-30 ecm. 
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Dark matter direct detection experiments 

Experiments are 
sensitive to Spin-
indep. DM-nucleon 
elastic scattering.

In near future, 
experiments will 
reach close to 
neutrino BG.

<latexit sha1_base64="n87lNSWqz7TwmC1fV9nPFXSw51M="></latexit>

f��N̄N

XENONnT Darwin
Future

LZCurrent Status & Future Prospects on the WIMP/ALPs Searches 5

• XENON1T is currently leading the searches both in 
low & high mass regions 

• DARWIN sensitivity (200 t・yr) will reach “ν-floor”

Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita

Generation3: 2026-

30

DS-20K, ARGO
1707.08145

Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

 LZ,
1802.06039

XENON, 
PRL 121, 111302 (2018) 

PandaX-4 
Nature 2017

1 neutrino event line is well above „ν-floor“ 
ν-floor = „WIMP discovery limit“

• Both XENONnT & LZ can fully confirm or exclude 
1T excess with higher sensitivity

Low-ER excess

ν BG

(Figure from Kazama-san’s presentation in DMNet symp. (21))
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Tree-level contribution to SI interaction
Spin-independent DM-nucleon elastic scattering 

�̃
0 q

q�̃
0

h

�̃
0

�̃
0

g

g

! Higgs

h

Q

�̃
0 q

q�̃
0

Z

! axial-tree

Figure 1: Diagrams via tree-level �̃0-�̃0-Higgs/Z interaction in elastic �̃
0-nucleon scat-

tering. “Higgs” contribution and “axial-tree” contribution are defined in Eqs. (21) and
(24).

are induced via the W/Z boson loop diagrams [26], we obtain
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where mW and mh are the masses for W boson and Higgs boson, respectively. The
coupling of the neutralino with the Higgs boson is denoted by s

h in the above expression,
which is given as

s
h = (Z12 � Z11 tan ✓W )(Z13 cos � � Z14 sin �). (18)

Here ✓W is the weak mixing angle and we take the decoupling limit since the heavier Higgs
bosons have masses much larger than the weak scale. In addition, when M2, |µ| & mW ,
the coupling s

h is approximated as
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Figure 2: Diagrams which are induced by electroweak interaction in elastic �̃
0-nucleon

scattering. “scalar”, “twist-2”, “gluon” and “axial-loop” correspond to each term in the
e↵ective couplings. Their definitions are given in Eqs. (21) and (24). A complete set of
diagrams is given in Ref. [26].

As it is seen in Eqs. (19) and (20), in the case where one mass parameter is much larger
than the other (i.e., M2 ⌧ |µ| or |µ| ⌧ M2), the lightest neutralino becomes almost pure
Wino or Higgsino state. Then the tree-level �̃0-�̃0-Higgs interaction, as well as �̃0-�̃0-Z
interaction which is relevant for the SD scattering, is suppressed. Thus the loop-level pro-
cesses become important. The loop-level e↵ective couplings are calculated in the previous
work [26], where the elastic scattering cross section for generic electroweak-interacting DM
particles (i.e., n-tuplet of SU(2)L with hypercharge Y of U(1)Y ) is evaluated. Pure Wino
corresponds to n = 3 and Y = 0, while pure Higgsino corresponds to n = 2 with Y = 1/2.
The previous results have revealed that the loop-level contributions are sizable when the
DM-particle mass is much larger than those of weak bosons. (See also Ref. [36].) Further,
it has been found that the SI cross section tends to be suppressed with the 125 GeV Higgs
boson mass due to an accidental cancellation. (See Fig. 5 of Ref. [26].) These observations
indicate that both the tree-level and the loop-level contributions are significant in a wide
range of parameter space. Taking the above discussion into account, we calculate the
scattering cross section of the neutralino with nucleon including all the possibly dominant
contributions.

For later discussion, we refer to each term in Eq. (3) as,
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Direct Detection of Wino
Spin-independent DM-nucleon elastic scattering
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Figure 2: Diagrams which are induced by electroweak interaction in elastic �̃
0-nucleon

scattering. “scalar”, “twist-2”, “gluon” and “axial-loop” correspond to each term in the
e↵ective couplings. Their definitions are given in Eqs. (21) and (24). A complete set of
diagrams is given in Ref. [26].
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range of parameter space. Taking the above discussion into account, we calculate the
scattering cross section of the neutralino with nucleon including all the possibly dominant
contributions.
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Higgino

Quintet fermion

(JH, Ishiwata, Nagata (15))

X section of wino is above the neutrino BG, and wino DM can be tested.

LOOP

(QCD correction is included)
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Strategy to High-scale SUSY
Lightest SUSY particle (LSP):wino

• If wino mass is lighter than ~1TeV, it might be discovered  at LHC.

• Indirect detection of wino dark matter. Wino pair annihilation is 
enhanced by the Sommerfeld effect. Line gamma rays from 
galactic center will be searched for at CTA.

• Direct detection of wino dark matter. The spin-independent cross 
section is ~  10-47 cm2, which is not suppressed by wino mass itself.

• EDM induced by Barr-Zee diagrams. Even if Higgsino mass is 
100TeV, electron EDM reach to ~  10-30 ecm. 
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Integrating out Higgsinos gives

γ5 interaction is CP violating.

Barr-Zee diagrams contribute to 
electron EDM. 

Current bound on electron EDM:
|de|<1.1×10-29 e cm 

Higgs

Charged partner of WIMPs

γ

γ
e

L = � 1
2�

�̃a(1 + i�5f)�̃a|H|2

(ACME-II, 17) 29

Wino-contribution to electron EDM
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Figure 5: Parameter dependences of de with MS = 1 PeV. The red shaded region is
excluded by the first result of de measurement at ACME-II. The dotted line shows the
future ACME-III sensitivity in both panels. The left panel shows ⌘-µH dependence of de
for fixed M2 = 500 GeV, while the right panel shows M2-µH dependence of de for fixed
sin ⌘ = 1.

In the following analysis, we compute the parton level EDMs as follows. We compute
the gaugino couplings gu and gd at the sfermion scale MS using the two-loop RGEs for
the gauge couplings and the one-loop RGEs for the Yukawa couplings. We note that we
use the beta functions in the SM plus gauginos from the energy scale of mZ to the energy
scale of µH . We then get eCfW (µH) using Eq. (13) while evolving the gaugino couplings

according to the one-loop RGE for them [40] if µH < MS. We obtain eCfW (mZ) by taking
into account the RG evolution down to the energy scale of mZ . Then, we evaluate the
EDMs using Eq. (3) at the energy scale of mZ .

First, we show the renormalization factor, AR = eCfW (mZ)/ eCfW (µH), in Fig. 4 to see
the impact of the RG e↵ects on the electron EDM. As we expected, we easily find that
a larger UV scale µH gives a larger renormalization factor AR. We take M2 = 500 GeV,
sin ⌘ = 1, and the mass of the sfermion to be MS = 103 TeV in this figure; however, AR

does not depend on them, especially MS unless MS  µH . As a reference value, we obtain
AR ' 1.19 when we take µH = 103 TeV.

In Fig. 5, we show the parameter dependences of de including the RG e↵ects. We
here assume that the mass of sfermions is MS = 1 PeV. The right panel shows the M2-
µH dependence with sin ⌘ = 1, whereas the left panel shows the ⌘-µH dependence with
M2 = 500 GeV. The solid lines corresponds to de = 10�29

, 10�30
, and 10�31

e cm from
bottom to top in these panels. The red shaded region is excluded by the first result of
ACME-II [7]; |de|  1.1⇥ 10�29

e cm. The dotted line shows the final goal of ACME-III,
|de| ⇠ 3 ⇥ 10�31

e cm [12]. We find that the broad parameter region will be explored by
the future sensitivity of the ACME experiment.

The future experiments for the nucleon EDMs will also have good sensitivities. In
Fig. 6, we show nucleon EDMs arising from the e↵ective operators in the mini-split SUSY
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Lightest SUSY particle (LSP):wino

• If wino mass is lighter than ~1TeV, it might be discovered  at LHC.

• Indirect detection of wino dark matter. Wino pair annihilation is 
enhanced by the Sommerfeld effect. Line gamma rays from 
galactic center will be searched for at CTA.

• Direct detection of wino dark matter. The spin-independent cross 
section is ~  10-47 cm2, which is not suppressed by wino mass itself.

• EDM induced by Barr-Zee diagrams. Even if Higgsino mass is 
100TeV, electron EDM reach to ~  10-30 ecm. 
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Summary (A dream)
• At 202X, finite values for EDMs are discovered. 

• At 202X, peak on gamma ray spectrum from galactic center are 
discovered around 3TeV at CTA.

• At 202X, DARWIN finds excess of counting rate, which is larger 
than neutrino BGs.

• At 20XX, wino is discovered at 100TeV pp collider. 
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