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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!



SUSY standard model

Standard particles SUSY particles

Hggsino

Quarks ‘ Leplons . Force particles Squarks Q Sleptons 0 SUSY force
particles

e Superpartners for the standard model particles are introduced.

* The lightest SUSY particle is stable due to the R parity, which
comes from proton stability.



SUSY standard model

( Leading candidate for BSMs \

« Hierarchy problem (Mz < Mpiancx)
« Gauge coupling unification (MguT =~ 10'°GeV)
 WIMP dark matter (QDM A 22%)

\- )

74% Dark Energy

e A o W e o SUSY SU(5) Mgur

A | " J yad | J 'l 'l ud Lus
10 10° 10° 10° 10° 10° 10" 16® 10° 1d° 1d" 10% 1d% 1d* 1d* 10'6((130"\/56“
e
Mass Scale



2
mho

<

Y

Higgs mass in the MSSM

Tree level

2 cos® f3

47

3

y2m? sin® B QIOg

One-loop correction

2 2 4
mEgAe LA
2 2 4
mi |[|m;  12m;

/

___lLarge log correction ___

\

Finite correction __




125 GeV Higgs mass may suggest High-scale SUSY
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(N
10? 103 10*

Msysy/TeV

For tanpB~2-5, 125 GeV Higgs mass is well-explained
in High-scale SUSY (MSUSY=0(10%3)TeV).



A
SUSY GUTs ~ 106 GeV

MSSM @ < O(1) TeV

Standard model

SUSY

Motivation of Low-scale SUSY (<~1TeV):
* Hierarchy problem
 WIMP dark matter
e 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(10%3) TeV).



SUSY

SUSY GUTs ~ 10% GeV Motivation of Low-scale SUSY (<~1TeV):

e Hierarchv nroblem

KO_FO mixing constraints on off-diagonal termsh
d-squark mass matrix.
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(Gabbiani et al (96))

mMssm @ (If CP phases are O(1), squark masses should be ten

standard. times larger than above. )




High-scale SUSY

T susy GuTs ~ 1016 Gev Motivation of High-scale SUSY (~0O(10%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

23 (Randall and Sundrum/ Giudice, Murayama Luty
M55M T O0(10%7) Tev and Rattazzi (98))

Standard model

WIMP dark matter
Improved gauge coupling unification



Mass spectrum in High-scale SUSY

Scalar Particles  Gravitino Higgsinos
O @ M=1023Tev

(Loop suppressed Higgsinos can be light

Gauginos . | diati
in anomaly mediation) (additional symmetries)



Wino dark matter
Thermal Wino dark matter

3 2
(Non-rel.) wino pair annihilation cross |, 3Thermal relic abundance, {py

section into W-boson pair is large due o 1/{Tann) .
to the SU(2) coupling and also the 0.0l &0@%
Sommerfeld enhancement. From the N

DM thermal relic abundance, 0.1}

Muwino =~ (2.7 — 3.0)TeV

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

0

Non-Thermal Wino dark matter

Gravitino decay provides additional wino DM comp.

o h2 L 0 16 ( Mwino ) Treheating (Gherghetta, Giudice, Wells (99),
DM — U. Moroi, Randall (99
300GeV/ \ 1010GeV orol, Randall (39)

Thermal leptogenesis ( 7). .auine > 10°GeV) favors lighter wino.




Mass spectrum in High-scale SUSY

Scalar Particles Gravitino Higgsinos
O @ @ M;=1023Tev

(Loop suppressed Higgsinos can be light

Gauginos . v mediati
in anomaly mediation) (additional symmetries)

Thermal relic (2.7-3TeV)

J. Hisano, S. Matsumoto, M. Nagai, O. Saito, M. Senami (2008).



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.
(JH, Kuwahara, Nagata(13))
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GUT scale moves from 2*101°GeV to 1*10'® GeV due to heavier
gaugino masses. Proton decay might be accessible?

13



High-scale SUSY

T susy GuTs ~ 1016 Gev Motivation of High-scale SUSY (~0O(10%3) TeV).

e 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
MSSM @ O(10°%)TeV. « |mproved gauge coupling unification

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



How to find the signature
for High-scale SUSY



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.

e Direct detection of wino dark matter. The spin-independent cross
section is ~ 10’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.



Wino in SUSY SM

Wino
(1=1, Y=0, S=1/2)
Partners of weak bosons

X', X*

(EW radiative
correction)



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.

e Direct detection of wino dark matter. The spin-independent cross
section is ~ 10’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.
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Direct Wino search at LHC

Phenomenology of PGM

Direct Wino Production

['12 Ibe,Mastumoto,Sato] [l s0am @ o
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+ Main decay mode: x* = %+ m* : Twino= 0(107°) sec.

' Limits (disappearing track search):

Muwino > 130GeV (7TeV&5fb ") using TRT [arxiv:1210.2852]
Myino > 270GeV (8TeV&20fb7) using SCT & TRT [ATLAS-CONF-2013-069]

—Prospects:  Muwino ~ 500GeV (14TeV,300fb"7)
Muwino ~ 650GeV (14TeV,3000fb")
Myino ~ 3TeV  (100TeV,3000fb") [1407.7058, Cirelli, Sala, Taoso]

Slide of Ibe @KIST



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’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.

20



Sommerfeld enhancement
of wino pair annihilation to 2 line gammas

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.

(JH, Matsumoto, Nojiri)
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Line gamma rays from Galactic Center

CTA Prospect for Wino DM (Rinchiuso, Slatyer, et al (20))

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



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’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.
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Dark matter direct detection experiments
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(Figure from Kazama-san’s presentation in DMNet symp. (21))

Experiments are 10“‘5%' SRR
sensitive to Spin- R i
indep. DM-nucleon R 3
elastic scattering. E 10_475_‘ .

fXXNN N
In near future, % - o ]
experiments will =107 vee L — k 3
reach close to X ]

10—50|||| I L1l A Lol 1 L

neutrino BG. 10! 10? o,
WIMP mass [GeV/c?]



Tree-level contribution to Sl interaction
Spin-independent DM-nucleon elastic scattering

LOOP

TREE &
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 _ Q
Leading, but suppressed by } - = - h
h

Gaugino-Higgsino mixing.

Subleading, but not suppressed by
Gaugino-Higgsino mixing. The x section is

suppressed by weak boson mass squared.
25



Direct Detection of Wino

Spin-independent DM-nucleon elastic scattering

LOOP

(6666 (QCD correction is included)
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(JH, Ishiwata, Nagata (15))

X section of wino is above the neutrino BG, and wino DM can be tested.
26



Future prospects
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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.

e Direct detection of wino dark matter. The spin-independent cross
section is ~ 10’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.

28



Wino-contribution to electron

Integrating out Higgsinos gives
1

L= —ﬂ?(l + ivs )X H|?

Vs interaction is CP violating.

Barr-Zee diagrams contribute to
electron EDM.

Y
Charged partner of WIMPs

Higg; Y
/ > e

Current bound on electron EDM:

|d|<1.1 X 1022 € cm (acme-I, 17)
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(Kuramoto, Kuwahara, and Nagai (19))



Summary (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.

e Direct detection of wino dark matter. The spin-independent cross
section is ~ 10’ cm?, which is not suppressed by wino mass itself.

* EDM induced by Barr-Zee diagrams. Even if Higgsino mass is
100TeV, electron EDM reach to ~ 1039 ecm.



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.



