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What i1s Wino

* Majorana fermion /V\[//
* Hypercharge Y=0
* SU(2). triplet o

e Mass < 3 TeV

[Hisano, Matsumoto, Nagai, Saito & Senami, 06]



Why Wino.

Most minimal dark matter.

« Only one free parameter.

Natural prediction of anomaly mediation in SUSY model.

Randall & Sundrum '98
Giudice, Luty, Murayama & Rattazzi '98

 SUSY models consistent with flavor/CP, Higgs mass and GUT.

Rich signature at direct/indirect dark matter search.

« Within a few decades, both searches can cover all the region.

Rich signature at LHC.
 LHC search technology is also applicable to broad BSM.
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Minimal WIMP Dark Matter

Weakly Interacting Massive Particle

Minimal setup of DM:
Adding a DM particle to Standard Model

SM + W
Correct DM is realized via Electroweak interaction

Wino is Most minimal WIMP DM
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SUSY Standard Model

Standard Model (SM) SUSY Partner
Lepton Scalar Lepton
Quark Scalar Quark
Scalar Higgs Higgsino
Gauge Boson Gaugino

gluon gluino
weak boson wino

photon bino



Higgs and SUSY at LHC
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£ S i, i +Z 3eu(2) 15 mEd) v 1706.03986
Bl +h 12en 4b GeV 1706.03986
. -1 Bl g, IE8) 2en 0 ATLAS-CONF-2017-039
2000 V\s=7TeV, |Ldt=4.81b R ) 2em 0 ™ 310.5(m(E ) emED) ATLAS-CONF-2017-039
’ ¥ S, X (e, B trom) 27 - miE)=0, m(r,71=0.5(mE)mit)) 170807875
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c S8 stavle  Rhadron trk - - 32 160605129
o) 5E  Metastable  R-hadron dEfdx trk - : 32 m(E})=100 GoV, 7105 1604.04520
> g’a Metastable § R-hadron, §—gq¥} displ. vix - Yes 328 7(2)=0.17 ns, m&}) = 100GeV 1710.04901
L E GMSB, stable 7, £ —7(2, i)+(e. ) 12p = =191 10<tang<50 14116795
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R, XWX —seev, e, pav dep : Yes 133 MU>400GeY, dioxs0 (k= 1,2) ATLAS-CONF-2016-075
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100 110 120 & 0 4S5large-Rjets - 36.1 SUSY-2016-22
Tep 81004 - 361 TV, 41270 170408493
fep 810jetsi0-4b - 361 170408493
0 2jets+2b - 367 17007171
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1

*Only a selection of the available mass limits on new states or 10! ]
Pphenomena is shown. Many of the limits are based on Mass scale [TeV]
simplified models, c.f. refs. for the assumptions made.

Higgs Discovered! SUSY Constrained!

mp — 125.18 £ 0.16 GeV mg Z 2 TeV
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SUSY Higgs

Higgs potential

V(H) = %(HH‘L — 0v?)?

In minimal SUSY model

1

A= (g} + g3) cos(26)

mp = myz cos(20) < 91 GeV

This is clearly less than observed 125 GeV Higgs!

A= )\MSSM + )\SUSY breaking + )\new interaction

8



SUSY after 125 GeV Higgs

SUSY New Interaction
< >
Scalar top “4-th” family NMSSM
Lambda SUSY
Large mass Fat higgs
A-term

New Gauge Interaction



SUSY after 125 GeV Higgs

§DS¥ New Interaction
< >
Scalar top “4-th” family NMSSM
Lambda SUSY
Large mass Fat higgs
A-term

New Gauge Interaction

< >
Simple? Natural?

10



Higgs Mass from Stop

tan [3

10

125 GeV Higgs OK regions
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Mini-Split Mass Spectrum

— 1000
. - q.1.H G
Tree level Gravity Mediation —_—
- —— — 100
Mo ~ M3 /2 h
Mass
— 10 [TeV]
Loop suppressed: Anomaly Mediation
P g
a ™ ms/o - — 1
Ar 3/ B
Randall, Sundrum '98 W
Giudice, Luty, Murayama, Rattazzi '98 RO — 0.1

12
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Gaugino Mass

3 1
Mbino = 11 % gﬂ X m3/2
85
Mwino - — X
Ar m3/2
@7
Mgluino = —3 X ﬁ X Mmg/9

In anomaly mediation, the \Wino is the lightest particle.

13
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Strin
SUSY Ing SM

S etu p Breaking Gravity

* Spontaneous SUSY breaking

* No light particles coupling directly both SH8Y and SM sector
* Planck Scale Effects (Gravity or String) communicated

* Global Symmetry to suppress Gaugino Mass
* Necessary condition of SUSY Breaking (Nelson-Seiberg
theorem)

This setup automatically realizes mini-split

14



Mini-Split Models
Theory papers

/ Before Higgs Discovery \

Wells, "PeV-Scale SUSY," 2004
Arkani-Hamed, et.al., “(Minimal) Split SUSY," 2005

After Higgs
Hall, Nomura, "Spread SUSY," 2011
Ibe, Yanagida, " Pure Gravity Mediation," 2011
Arvanitaki, et.al., "Mini-Split," 2012
Arkani-Hamed, et.al, "Simply Unnatural SUSY," 2012

Nomura, Shirai, “SUSY from Typicality," 2014

K and various literatures... /

15




Benefit and demerit of SUSY

Benefit

* Hierarchy Problem
* GUT unification
* DM

Possible demerit

* Flavor/CP Problem
* Cosmological Gravitino Problem
* Model building

16
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Benefit and demerit of SUSY

Benefit

* Hierarchy Problem
~/ * GUT unification

< *DM

Possible demerit

~/ ° Flavor/CP Problem
~/ * Cosmological Gravitino Problem
/' + Model building

17



lavor/CP Constraints

[Altmannshofer,Harnik,Zupan,1308.3653]

tangf

imgl=|myp|=3TeV. |mz/=10TeV
I

Constraint

3{:' Ji ‘_l Fi -
=z = tron
[/ T/ §/ [ e Prospect
3 &
R /
f .(f.r Eaon
/
3
s«f / /
AN
1 VA J J | mixine \

10 102 108
mg=m;=lul (TeV)

For O(100) TeV Sfermion, no Flavor/CP problems

10*

10°
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Constraint from Cosmology

Reheating Temperature (GeV)

[Kawasaki et.al, arXiv:0804.3745]

Cosmological constraints

1010 B\,

109
108
107 &

106 ¢

I

........................

| lJIIJII] | IIJllHl

7=~ 10 /2 - sec
G~ 10 TeV -

Decay before BBN era (~1 sec)

1 11 IIJlIJ

allowed

| IlIJJIIl 1 Illlllll

10°
102

103 104 105
Gravitino Mass (GeV)
For O(100) TeV Gravitno, no BBN problems
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GUT

Sferlmion 1000TeV

60 | 30

50

3 TeV Wino and 30 TeV gluino -
30 \_
20 | a; ]
1010;’/| 162 | 1(‘)4 | 1(|)6 I 158 | 10‘10 | 1(?132 10‘14

Q [TeV]

* Coupling Unification better than Weak Scale SUSY

 Minimal SU(5) GUT is Viable



L 113 (2014) 11, 111801

ypical SUSY

From view point of string landscape,
mini-split is most “typical” spectrum, if

« Cosmological constant and EW scale are tuned,
 Dynamical SUSY breaking,
e Minimal SU(5) GUT.

Probability distribution of sfermion mass
] [ R — —

0.8 - |
0.6 - :
0.4 | |
02 L |
o bt . oo b b
102 10* 10% 10% 101210210 1016

m |GeV]

P(Inm) |arb. unit|
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heoretical view of WIino

e Most Minimal DM
 Prediction of Simplest SUSY scenatrio.
* Minimal assumption of SUSY breaking
e Higgs mass is OK
« Flavor/CP and cosmological problem OK
e Favored by string landscape

22
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Wino Signal



Wino Signal

1%
Direct Detection Indirect Detection
[Hisano, Ishiwata & Nagata, 12] [Hisano, Matsumoto, Nojiri & Saito, 04]
Wino-Nucleon XS ~ 10" cm? WW — ~V
Line Photon
D WWwW — WWwW
W Continuum Photon
Anti-matter

Collider 24



Cosmological/Astrophysical Uncertainties
== 0 w \/\/\/ W

Direct Detection Indirect Detection

isano, Ishiwata & Nagata, 12] [Hisano, Matsumoto, Nojiri & Sait
Wino-Nucle 2 — vV
Nl:ige Photon
. - WW — WW
W Continuum Photon
Anti-matter

Collider 25



Wino Thermal Abundance

[Hisano,Matsumoto,Nagai,Seto,Senami,06]

: - 2
Thermal relic abundance, Qpyih”

0.3

0.2} S

26



Wino Abundance Uncertainty

Wino is Whole Component of DM?

=

Only Thermal Relic? Mixed DM
\ies/ \ No e.g., (thermal) Wino + Axion
3 TeV Wino <3 TeV Wino

+ non-thermal production

e.g., gravitino decay )



Cosmic Ray Signals

10722
10723 L ...
AMSO02 anitiproton
T o107
E
T 10-25 Fermi Gamma ray
1072 :7 7: < > . chermalh2 2< >
_ 1208.5356 _ OV)eff = —Qobs 12 ov
10-27 ‘ ‘ S
100 1000

Mpwm [GeV]

Large Uncertainty of Astrophysical model and DM density

28



How Robust 3 TeV WIno?

107.'51 |
Thermal relic abundance, Qpyh?
0.3 ‘ ‘ ‘ ' ‘

& %
0.27 N )
NG >
< o
0.1 =
I8

1032 | | |

\
2800 2900 3000 3100 3200 3300
mpm [GeV]

 Thermal effect,

e Higher-order Correction,

* Non-perturbative effect (bound state formation...)
can change the thermal abundance.

:> 0(10)% effect on abundance — O(100)% effect on flux

29



Direct Detection

perCOMS Soudan Low Threshold
KEMOMN 10 82 (2013)

10739 s COMS 1l Ge Low Thweshold (2011} S — ~1073
= PN
~40 SRR\ NP -
L ti‘:l. % l‘I:\A . Eﬂ[’:‘gﬁ‘ 110
i o~ o) [
NE 10 41| %1 EIMPLE"E P 01 10 3
(] [ ‘|1 O ot
E :\55’4'. L ':| 2\ DHE“GB ¥ 9
S 1043 e, A4 M . =7
§ = r Q‘?ﬁSNQ o .".L" Txﬂm .. 10
S . e AR Y 1Y em RO
g 107 b4 % 1078
S 5 rl~.IE|;l.'.|'Lrinrcm uﬁggg,, ﬁiﬁ?ﬁ%—"’:—“ .
g 1074 o e SN = iy 10~
5 e SR slugﬂ- :
8 104 o PONL == 10-10
= ‘ " o
El 1o+ ) i ﬂm—ll
= 1074 Dﬁ 10-12
10_49 __10—[3
—a0L A e Y e O R el IR TR PLT T ] 0-—[4
e | 10 100 1000 10

WIMP Mass [GeV/c?]

WIMP-nucleon cross section [pb]
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Hisano, Ishiwata, Nagata & Take

Direct Detection

SuperCOMS Soudsn Low Threshold

10739 s i .EI:.I_?;!ER | Ge Law Theeshold (2011)
AN
B O\ ;“" i -Cooey
1040 SEOCON | \\ S
Léﬁ ;@ ,.r@ _h-.*“ = CGOMS Si ,fﬁ:-

WIMP—nucleon cross section [cm?]

][}—47
10
10-4
=50 : e,
10 1 10
WIMP Mass [GEV,.I"{"'] O.SI — chermalh2 O.SI
eff Qobs h2
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LHC Signatures of WIino

 Mono-jet + missing energy

 (Disappearing) charged tracks

 (Displaced) soft tracks

* Quantum effects to the SM processes

32



Mono-jet Sighatures i

Events / GeV

350 GeV Wino

Data / SM

q 9

\\ m 0

q X3

10T T
ATLAS

Vs =13 TeV, 36.1 fb™

Signal Region .

p,(1)>250 GeV, ET**>250 GeV

10°
10°
10*
10°

102

L B B
¢ Data 2015+2016

#4444+« Standard Model
B Z(— vv) +jets
B W(— Iv) + jets
B Z(— 1) + jets
B i - single top
I Diboson

multijets + ncb

..... m(b, %)°) = (500, 495) GeV
(m (400, 1000) GeV

DM’ Mea)=
ADD, n=4, MD=64OO GeV

10 S R
T
10—1 IIIIIIIIIIIIIIIIIIIIIIII
_ I A B N B B I S I
12T T T T T T T —
- [ ] Stat. + Syst. Uncertaintes + ______________________________ + _________ 7
T PP P — LY L — L * _________________ I
0.8_..l....I....I....I....I....I....I....I....I...._
300 400 500 600 700 800 900 1000 1100 1200

ET™* [GeV]

Not so useful for Wino search

33



Beyond Mono-Jet?

 Combination of jet + photon + MET.

« S/N can be improved by around 50%
[Ismail, Izaguirre & Shuve,1605.00658]

 Mono W or Z.

 Most sensitive in some DM model.
[Bai & Tait, 1208.4361]

* Decay of charged Wino

34



WIno Spectrum

1g_“{l‘_.--'+ ﬁ_.-'(]

Radiative correction

Am ~ 165 MeV

0
44 [Ibe,Matsumoto,Sato 12]

—~ —~ Am \ 77
+ 0 4+
ctr(W= — W'r—) ~ 7 cm (165 Me\/)

35



N

Direct LHC Signals

Jet + Missing energy
+

Charged track
+

(Displaced )Soft pion

O(1-10)cm

36



Indirect Signatures

(oBsm — dsm)/Gsm[%)]

Relative correction from 300 GeV Wino

~15 | \

1 | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
V5 |GeV]

Indirect probe of quantum effect of DM

Precision measurement of SM processes

37



DM Search and synergy

BBN
[Kawasaki,Kohri,Moroi, Takaesu,

HESS

AMS-02

Fermi

100 TeV

27 TeV

HL-LHC

8 TeV LHC
|

107 v
Wino mass |GeV]



DM Search and synergy

At collider, we can discover DM-like particles.

But we cannot conclude this is really DM patrticle.

The most important feature of DM is its lifetime

> 10°%" sec

Lifetime measurement is difficult at collider.

39



DM Search and synergy

Biggest advantage of collider:
« Absence of astrophysical/cosmological uncertainty

e Measurement
 Cross section

 Mass spectrum

 Lifetime of DM partner

Cross check of direct/indirect DM signatures is essential.

40
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Summary

* Wino is the most promising candidate for DM

e Simplest SUSY model consistent with every measurement
 Various interesting features:

« Abundance from non-perturbative effect

e Cosmic ray signature

* Direct detection

 LHC signature of exotic tracks

e Synergy reveals Wino model and cosmological history

41



Disappearing track search

T, [ns]

T )ZO, %% production tanp=5,1>0 38.4 fo' (13 TeV)
10@ T 1| 11| |1 |1| LI By [ e e UE S T ) L DL L L
E & i | k= 5 4
K3 : -. : l_jl“"—
45 : 107 =
3 - 3
ok il - CMS ]
- tanp=5u>0 ]
| = B - %° mt) = 100%
i | 1 0 = 1 1 —
B i F 95% CL limit 3
0.43 , | . 95% expected i
el B B o - - ]
02 RN N < . I 68% expected i
. R (RO e e | e Median expected
oty 7 : e - 1E" — Observed E
o - Vs=13TeV, 36.1 fb" ] ; ;
n f ——— Observed 95% CL limit (+15,.,.) ] - -
8-83 R & == Expected 95% CL limit (+1 o,,, ) il 4
DOl 7 2 T ATLAS (8 TeV, 20.3 fb™", EW prod. Obs.)
OHOA] el B Theory (Phys. Lett. B721 (2013) 252) | 107" | | =
ALEPH (Phys. Lett. B533 (2002) 22 ' L -
O 01 | | E - | | S5 el [ | | | B [ e | ( | Iysl Ietlt | 5I3:I; (I 0I0 |) | :I;)I | 200 400 600 800
100 200 300 400 500 600 700 m. [GeV]

mzf [GeV]



oto, SS, Takeuchi, 1711.054 0.12234]

Indirect Probe at LHC

o+

Interference between SM and BSM gives correction

43



Observed Data

Events

=
T

10*

I IIII|T1 I III||T1 [NLL

ATLAS
s =13 TeV, 36.1 fb’’

Dielectron Search Selection

+ Data
12y
Bl Top Quarks
[ Diboson

[ Multi-Jet & W+Jets

—7,(3TeV)
— 7} (4 TeV)
— 7, (5TeV)

IIIIIIJJ IIIIIllJ IIIIIlll|_LLLLlIll| IIIIIll| IIIIIlIJ IIIIIllLI:

200 300

1000 2000

Dielectron Invariant Mass [GeV]
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Correction from DM

Relative correction from 300 GeV Wino

(oBsmM — Osm)/Tsm| /0]

o+

| | | | |

200 400 600 800 1000 1200 1400 1600 1800 2000

V3 [GeV| Dilepton Invariant Mass [GeVl
S |Ge vV




Correction from DM

Relative correction from 300 GeV Wino

1 4dim. 6 — gauge running. ~ log(s)
~ s/m?
0.5 -
= ! ]
>
@
I —0.5
&
—1 =
P——
A~ — (—) %
—1.5 | | 3 | | | | |

|
200 400 600 800 1000 1200 1400 1600 1800 2000
V3 [GeV] Dilepton Invariant Mass [Ge}@



Indirect Probe at LHC

100000 - -
10000 & 3
. 1000 = .
100 C -
=10 :
1 C :
1.05
m'_‘ ! ;._ Rt 0-'-" o T 1
= 0.95 [} T | T ?
= e Data/Fit e o ¢ | 1]
A MDM500 GeV ——
0.9 H MDM300 GeV ——— w §
Winol00 GeV — L 4
085 | | | - | | | T | |
200 500 1000 2000



Indirect Probe at LHC

# of SU(2). representation

10

9

T

Wino
“Higgsino” |

| | | | | |
200 400 600 800 1000 1200 1400
Mass [GeV]




Mono-lepton Case

gj:

Mono-lepton signal may be better.

0.02 106 - : : .
sk Data +—e— ]
107 Background ——
0.015 7] 100 £ E
0.01 £10° | 7
B - | = g .
. \-v» e [E 102 % %
2 0005 L L 10 3
SR S 100 [ 4
2= -7 — L A

3 0 S = : : e ;
z - & 1.5 i
0.005 ool E 1 | il 1
—Uu.0us s — :@ 0.5 - T T T N | T | L
’ =~ ) ma= o EIT & \\TH T T _.----—-%- mm =

) £ o Ta.— - e LI
— _ 2 0.5 = o
0.01 A g Data —e— _I_,J-I . |
| . MDM500 GeV  —— l y ||

_0.015 ! | | | | \ | | g 12 \\%D\LIWU 8‘? — i L i
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1000
Transverse Mass |GeV]|

(S
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49



Indirect Probe at LHC

# of SU(2) representation

obsereved 36 {h~!

n

expeceted 3 ab™!

-
-
.=
-

-
-

Wino

“Higgsino”

! \ | ! !
200 400 600 800 1000
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\ \
1200 1400
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------ -
- e
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Indirect Search

* Precision measurements can probe DM, and be as powerful
as mono-jet + MET search.

* Future 100 TeV collider covers even Higgsino DM.
[Chigusa, Ema & Moroi, 1810.07349, and Luzio, Grober & Panico, 1810.10993]

* Applicable to any kinds of BSM particle which has gauge
charge.

* Independent on how particle decays.

51



DM Search and synergy

[1310.8327]

uperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

10722 10—39 ¥ 4CDMS-Il Ge Low Threshold (2011) 10_3
R
1071 BN \ A 104
v N
— %
10723 NE 10—41 \\‘% 10_5 =
o [="
Q P —
o0 v 106 g
g \flf"e,o \ =
—_— 24 8 10—43 “—Q g, \ 10_7 é
T, 107 s 2 otg) S
0 —44 -8 2
" § 10 - 10 g
3 o Neutrinos RENTSE - L N
= —45 -9 =
e~ § 10 Neutrlnos \ 10 8
> —25 =
s 10 S 1074 ‘ 1071 8
~ . g
=
|
|
By 10747 | (Green ovals) Asymmetric DM . w 10711 &
- s
2 (Violet oval) Magnetic DM -7 =
—26 = _ 48| (Blue oval) Extra dimensions 12
10 z 10 (Red circle) SUSY MSSM ‘ ,SuBNe\l‘““ 10 B
19 A MSSM: Pure Higgsino ’A’“e:-\c a“dD -
10 # MSSM: A funnel xmosP! 10~
# MSSM: Bino-stop coannihilation ’ 2
[ 1 & MSSM: Bino-squark coannihilation
—27 . L . L 107 oM
107 - , i 10 100 1000 o
100 1000 10000 )
Mpai [GeV] WIMP Mass [GeV/c*]

Large Wino annihilation rate Wino-Nucleon XS ~ 10" cm?®

[Hisano, Matsumoto, Nojiri, Osamu & Saito, 04] [Hisano, Ishiwata & Nagata, 12]
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Non-thermal Example

If reheating temperature is large, gravitino leads non-thermal Wino

1 x 10712 —
?3;’2
wino
8 x 1071 L .
Freeze-in Gravitino decay

6x10-13 | UV ‘ ‘ -

~ axiw0BL |
/ Wino freeze-out
2 x 10713 | ’ ‘ .
0 \

1019 10% 10 10 102 10° 1072 107*
T [GeV]
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KO+

L

1030 10%2 103 10% 10%
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