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WIMP Dark Matter
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“What’s Dark Matter?

» Stable
* Weakly Interacting
* Cold

* Correct Production Mechanism
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Candidates

* Axion
* (Primordial) Black hole
* WIMP

e Others...



“WIMP Dark Matter

Weakly Interacting Massive Particle
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“WIMP Dark Matter

Weakly Interacting Massive Particle

~Electroweak ~100 GeV - 10 TeV
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Ab U n d a n Ce (conventional case)

DM annihilation rate ‘ Abundance

in early Universe
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“WIMP Miracle

Qh220.1< i) )1

10720 cm? /s

g 1

10720 em? /s ~ 1077 GeV ™2 ~ 72
4 mpg

mpy = O(1) TeV leads to correct DM abundance

Good Target of LHC
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WIMP Detection
WIMP annihilation
>
DM SM A
WIMP scattering
DM SM
<€

WIMP Production
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/M/ore on WIMP Detection

SM DM DM SM
SM X DM DM X SM
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“More on WIMP Detection

DM
SM SM

SM SM

(Virtual) DM affects the SM process

¥

Precision measurement EW, Flavor, CP...



“WIMP Search Strategy

. DM SM
» Cosmic ray ><
e anti-matter : PAMELA, AMS-o2... DM SM

e gamma: Fermi, CTA...

* Scattering
* XENON, LUX...

e Production

SM SM
« LHC, ILC, FCC @

* Precision SM SM

* EW process: ILC
* CP violation: Electric dipole moment (EDM)
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Antiproton: Conservative

1 —22

10—2?

Fermi constraints:

Free form of BG assumed

" Thermal Cross Section

100

1000
ﬂlr[)_\-j |GCV]

Hayashi, Ichikawa, Matsumoto, Ibe, Ishigaki, Sugai, 16

/
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Ibe, Matsumoto, SS, Yanagida 15

Astrophysical
Model dep.



" Antiproton: Conservative

Hall, Nomura, SS, 12

10—22 .
BG modeling+
prop. model fix

10—23

T_' 10—2-1 . .
o Simultaneous fit
= B/C, '°Be/9Be...
s 10-2°
10—26
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“WIMP Search Strategy

. DM SM
» Cosmic ray ><
e anti-matter : PAMELA, AMS-02 DM SM

e gamma: Fermi, CTA.

* Scattering
* XENON, LUX...

e Production

SM SM
« LHC, ILC, FCC @

* Precision SM SM

* EW process: ILC
* CP violation: Electric dipole moment (EDM)



Cross Ssection to Proton [c m2]
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Scattering: Past and Future
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“Production: Past and Future
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~EDM: Past and Future

Electron EDM ecm
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/Sig/nal Interplay

DM

» Cosmic ray

* anti-matter : PAMELA, AMS-o02
e gamma: Fermi, CTA.

* Scattering
* XENON, LUX...

e Production
 LHC, ILC, FCC

* Precision

* EW process: ILC
* CP violation: Electric dipole moment (EDM)

DM><SM

SM



*“Signal Interplay

e Cosmic ray
] : A, AMS-o02

e gamma: Fermi, CTA.

* Scattering
* XENON, LUX...

e Production
e LHC, ILC. ECC

* Precision
* EW process: ILC

 CP violation: Electric dipole moment (EDM)




—_ _—

// °
Cosmic Ray and EDM

Bae, Macaluso, Nagata, Ruderman, Shih, SS, to appeaer

Ex: Singlet-doublet model, c.f. bino-higgsino in SUSY DM

~

£ DM, majorana fermion H, H; SU(2) doublet fermion

1 oee ~ 1, o~
ﬁint — _ﬁgzl;:HTHuB — \_ﬁ.gngH(iB

DM annihilation in halo

B H

B HT
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Cosmic Ray and EDM
DM annihilation in halo ol = a,”UO T b(TJ/C)Q 4o
E H S-wave P-wave
v/c~ 1077
B HY



" Cosmic Ray and EDM .,

DM annihilation in halo ov @ b(?)/C)Q 4o
5 H

S-wave P-wave
X v/e~ 1077
B 2l
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" Cosmic Ray and EDM .,

DM annihilation in halo ov @ b(?)/C)Q 4o
5 H

S-wave P-wave

v/~ 1077

i
CP odd CP even

ol

(B+°B)(H'H)



\/
" Cosmic Ray and EDM .,

DM annihilation in halo ov @ b(?)/C)Q 4o
5 H

S-wave P-wave
D
v/e~ 107"

CP odd CP even



" Cosmic Ray and EDM

S-wave = CP violation = EDM

_9¢G 9 mDM de
~ 10720 3 ( ) .
(70) /5 \ 100 Gev) \ 1072 eem

EDM-cosmic ray relation as Smoking gun
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- WIMP Detection Summary

DM SM

O 0.1 [T
10720 ¢m3 /s

DM SM

DM abundance “guarantees” strength of SM-DM interaction

4

Various approaches to DM
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Three exceptions

|Griest ,Seckel, 1991]

e Coannihilation
* Forbidden Channel

e Resonant Annihilation
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Three exceptions

|Griest ,Seckel, 1991]

Qoannihilation)

e Forbidden Channel

e« Resonant Annihilation



Coannihilation at LHC

based on works with N. Nagata and H. Otono



“Mass Spectrum

BSM models may provide several particles in addition to DM.

BSM sector
A . Examples:
. SUSY
Neutralino, Chargino, Gluino....
DM**
Extra Dimension
DM*
Am, KK photon, KK gluon....
DM

Am < mpy\j ‘ Coannihilation



“Coannihilation 1

Assumption (for simplicity)
DM* (active)
Am ODM << ODM*
DM (sterile)

DM SM DM* SM

<<

DM SM DM* SM
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Coannihilation 2

In early universe,

transition DM <-> DM* is rapid

DM () DM*

1

Thermal Plasma




“Coannihilation 3

DM SM

DM*

DM*

DM SM

In thermal plasma, DM annihilation rate effectively enhanced



/annihilation 4 |

DM abundance v.s. mass difference
1000 £ = DM: 1TeV

100

f—
o=

observed

o
—

Dark Matter Abundance 242
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0.001 ' ' '
0 50 100 150 200

Mass Difference Am [GeV|
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“Coannihilation 5

DM* (active)

Am

DM (sterile)

Requirements for successful coannihilation

* Small mass difference
* Large annihilation of DM*

* (“Rapid” DM*<-> DM conversion )



ﬁCSignal

e Small mass difference
» DM* may be long-lived
[ (Dl\s’I* — Dl\f‘l) x Am¥

DM* SM
e Large annihilation of DM* >:<
» Large DM* production at LHC  pp» SM

P
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" LHC Signal

gluon

DM*

DM*(meta-stable)

— DM

<€

Displaced vertex
SM (soft)

Characteristic DV + MET Signals



/Cb/ncrete Model

Gaugino coannihilation

DM* = gluino or wino DM = bino

gluino

gluino (meta-stable)

— bino

<€

Displaced vertex

Soft jets
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Example: Gaugino Coannihilation
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Minimal SUSY Standard Model (MSSM)

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

gluon gluino
weak boson wino

photon bino



/iggs” Discovered!

A “H
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Events / 2 GeV

Events-Fit
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A “Higgs” Discovered!

/ Tweets/day
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125 GeV Higgs@twitter
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A “Higgs” Discovered!

/ Tweets/day \
e —

125 GeV Higgs@twitter 1 Discovery
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" SUSY Higgs

Higgs potential
A ..
V(H) = S(HH' = ?)
In MSSM )
L 5
A= f(gé + —g%) cos*(2/3)
4725

my, = mycos(28) <91 GeV

This is clearly less than observed 125 GeV Higgs!

A = AMSSM  +ASUSY —breaking +Anew—interaction
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SUSY after 125 GeV Higgs
JUSY New Interaction
<€ —>
Scalar top “4-th” family NMSSM
< Large mass < Laml?da SUSY
Atorm Fat higgs

New Gauge Interaction
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SUSY after 125 GeV Higgs
JUSY New Interaction
<€ —>
Scalar top “4-th” family NMSSM
‘ < Laml?da SUSY
Atorm Fat higgs

New Gauge Interaction



" Higgs Mass from Stop

125 GeV Higgs OK regions
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~Mini-Split Mass Spectrum
A
— 1000
e a1, H G
Gravity Mediation _
- — 100
[mo| ~ || ~ mgs h
Mass
— 10 [TeV]
Anomaly Mediation
- g
@ -
M. ~ —ma — 1
4 ; '_7} 2 —
Y 4w Y B
Randall, Sundrum ’98 W
Giudice, Luty, Murayama, Rattazzi '98 R0 — 0.1
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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
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Benefit and demerit of SUSY
Benefit
¢« Hierarchy Problem

~/ * GUT unification
~ DM

Possible demerit

~/ ° Flavor/CP Problem
~/ * Cosmological Gravitino Problem

v/« Model building



“Mini-Split Mass Spectrum
Theory papers \

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

After Higgs
Hall, Nomura, SS, "Spread SUSY” series
Ibe, Matsumoto,Yanagida,.., " Pure Gravity Mediation” series

Arvanitaki, et.al., "Mini-Split"
Arkani-Hamed, et.al, "Simply Unnatural SUSY"

and various literatures...

\_ /
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" Mini-Split Mass Spectrum

Citation history

250
200 _ .
Mini Split ———
Spread ———
150 |- Unnatural ———
Pure Gravity =——
100
50
O [
I P T Y T T T Y T
A U U U S G S G S G
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" Mini-Split Mass Spectrum

Citation history digamma(750)

Mini Split

Spread
150 - Unnatural
Pure Gravity
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~Mini-Split Mass Spectrum

Gravity Mediation

[mo| ~ || ~ mgs

Anomaly Mediation

_ (Y B
M; ~ 4—#-3;13;2

i

e

h

L

— 1000

— 100

— 10

— 0.1

Mass
TeV]



Gaugino Mass
: 3(11
ﬂ[l — J_l“ (J_J_mgp +L)
M, = zj(n 3o+ L),
J[g — “—2(—3?}2-3/2)(1 + ({J,)

A7t



Higgsino correction

3/2 l@ Squark correction

+ High energy sector, such as Axion, also affects



Higgsino correction

3/2 1@ Squark correction

+ High energy sector, such as Axion, also affects

‘ Free gaugino mass relation
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DM in Mini-split SUSY
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Three Possibilities

Wino DM

gluino

bino

Wwino

gluino

wino

bino

Bino-wino
coannihilation

wino

gluino

bino

Bino-gluino
coannihilation
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"BinoDM 1

Bino interactions are tiny;
suppression by heavy higgsinos and sfermions

sfermion 100 GeV\? /M, \*
stfel'11111_111} 2 A(10 s
B ! ( ) X ( 1 [B ) (l T(.‘\’?)

S'VZnggg,jnof 2 0(100) v tan 3 2 ( J )2
B ZI 10 1 TeV

B [’Vi: ZU: f: h'o
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" Bino DM 2

Bino interactions are tiny;
suppression by heavy higgsinos and sfermions

» Too much abundance without coannihilation

Tiny constraints from CRs and direct detection.

- Astrophysical probe is hard

LHC search is most important!
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Three Possibilities

Wino DM

gluino

bino

Wwino

gluino

wino

bino

Bino-wino
coannihilation

wino

gluino

bino

Bino-gluino
coannihilation
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Bino-Gluino Coannihilation
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" Bino-Gluino Coannihilation 1

Dark matter abundance

10 = [

E .

g

=

2 B Observed DM
>

k=

-

=001 |

] -

1 TeV bino
0.001 | | |
0 50 100 150 200

Mass Difference Am [GeV]
Gluino-bino mass difference
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Bino-Gluino Interaction

Bino-gluino interaction is suppressed by sfermion mass

‘ Long-lived gluino

Am N\ Mg V!
CTg:O(l)( m ] (10 ° J cm

100 GeV 0 TeV
‘ Too heavy sfermion prevents coannihilation
M, 3/4
Mg <250 )1110] TeV
5~ 40 (1 TeV



g N

B | No- G I U | i In early universe,

transition DM <-> DM* is rapid

M\

DM DM*
gluino i

Thermal Plasma

Bino-gluino interactio

‘ Long-lived gluino

CTgZO(l)( i ]5( Ms )4 cm

100 GeV 100 TeV
‘ Too heavy sfermion prevents coannihilation

M}'. 3/4
M <250 )mo] TeV
5§29 (1 TeV e



" LHC Signals

q q
p gluino bino
p gluino

bino



Prompt Decay Case

5 qaaat’ [ATLAS Col.]
;‘ 1400 B LI T I T T T |. T ] LI | T LI LI T LI | LI I T LI | LI
& - ATLAS Preliminary S = served limit (21 Giliir\;)
— | . miss
E%e 1200— O-lepton + 2-6 jets + ET ?" Expected limit (+16,,)

's=13TeV, 3.2 —— ATLAS 8 TeV, 20.3 o'

1000
All limits at 95% CL

800|— —
600 — —
N N ]

- '-_. ‘\ —

400 — o —
200 7
1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 * ]g 1 l:: E 1 1 1 | 1 1 1 ]

Mass diff = 100 GeV 200 200 600 800 1000 1200 1400 1600 1800 2000

my [GeV]

Very weak constraints
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" LHC Signals

q q
p gluino bino
Low mass ~ 100 GeV DV
+
. MET
p gluino

bino



- Displaced Vertex



Displaced Vertex

Invariant mass > 10 GeV
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~ ATLAS DV Search

[ATLAS, PRD 92 072004]

8 TeV 20.3 fb-1
* MET trigger + event filer > 180 GeV

* DV with impact parameter > 2 mm

* Mass of DV > 10 GeV without DV BG O(10”5)

* # of tracks >4

Channel No. of background vertices (x10~?)
DV+jet 410 £ 7 £ 60

DV Episs 109+0.2+1.5
DV+muon 1.5+0.1+0.2

DV +-electron 207929




ﬁe a rC h [ATLAS web site]

g R-hadron — g/qq g"(? ;my =100 GeV Status: March 2016
> 5400 ATLAS Preliminary -@- Expected
O, - 95% CL Iimits. [Urbedd not.included —e—- Observed
120000 Displaced vertices Phys. Rev. D92, 072004 ;
£ = Stopped gluino Phys. Rev. D88, 112003 18.4-20.3 b™', Y5=8 TeV
c [ @ Stable charged JHEP 01 (2015) 068
o 2000 [~ @ Jets+ET"® ATLAS-CONF-2015-062 .
é C Pixel dE/dx To appear } 321", Vs=13 TeV
= 1800 — )
° - ' i b
& 1600 o - - P
1400 — g P
o : : ‘e
1200 - P
1000 [ - P
800 2 : P o
CE: 1 1 1o He!
Lo : i 3
600 o : ! ! [ Y
éIIIIIII‘ 1 IIIIIH|; l IIIIIII| | I;Illlll lI Iil\l\lll 1 \\IIIH| 1 \IIIIII| | Ii
102 10 1 t10° ¢ 102 10° 10
(r for n=0, By=1) Beampipe iInner Detector Calo M3 7 [ns]
10° 102 107 1 10 102 10*  10°*

ct [m]



Prospects

3000

2500 1
2000 | |
%
o
(=]
= 1500 = 1

1000 « Displaced vertex - 1

8 TeV 20 1| As
Prompt S
~%
500 I L1 | | 1 Lo Q 1 i S P 1
1074 10-° 102 101 1

Extrapolation from ATLAS result [arXiv:1504.05162]
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Bino-Wino Coannihilation
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"Bino-Wino Coanrﬁhilation

50 | | |

45 Required mass difference -

o

2,
Ar 2 -
10 14

5 | | | | | | | | | <
200 400 600 800 1000 1200 1400 1600 1800 2000

M5 [GeV]

A few tens of GeV mass diff.
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" Wino Decay (tree)

b b

(H)
X Small Yukawa
I I h
: : » Long-lived neutral wino
I I

A~

B

Suppressed by Higgsino mass
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~ WIino Decay
e 5 - ‘ Prompt charged Wino decay

x (12 > » Displaced neutral Wino decay

/"}..r
]Tr 0 é . . 5 -/
Wéﬂéi:% o i (£5) T
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g
Mass Spectrum

T _

W** AMpw == 160 MeV

I~ 10-15 GQN 170

Iir:t,i.

h* Z*, ~(loop)
| 4

oy |p| o |

AM = O(10) GeV
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/Vﬂo Decay

Bino = 400 GeV
Wino = 430 GeV

wo T

10

tan 3

] P Higgs mass OK

| Decay length of neutral wino

\ S

10 100 1000
p [TeV]
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" LHC Signals

bino

bino




" LHC Signals

's=8 TeV, 20.3 fb”’

.5294

ATLAS
;‘ Iiurrl-i\llllllllll}llll
Q XX via WW 2, arXiv:1403.529
O, 250

~+—q
O"‘:_ XX via WZ  21+3l, arXiv:1
1=
&

Mass diff. 30 GeV,

TR

IIII|II||||III

II|IIII|IIII!|IIII

- = = Expected limits
- Observed limits

All limits at 95% CL 7

{ll\lllJ

IIII|IIII|III

00 150 200 250

300

350 400 450
~+ ~0

m(X,, X, ) [GeV]



" LHC Signals

bino

Low mass ~ 10 GeV DV
+

MET

bino




LHC Signals

1000 -

800

400

14 TeV,300 fh—!

8 TeV,20 fb—

5@ Té‘f;

101
CT 0 |m]
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~Coannihilation Summary

* DV + MET search is powerful probe of DM coannihilation.
* In gaugino coanihilation in mini-split,
* Both wino and gluino coannihilation lead to DV.
*1 TeVwino and 2.5 TeV gluino can be probed.

* Low mass DV will be experimentally quite challenging.
» ATLAS started to study this scenario.

* Other examples and generalization..
* e.g., Bound state model for 750 GeV Digamma
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“Conclusion

* Present and future experiments are so powerful
* Further study to fully utilize the experiments

* Improve discovery/exclusion

* DM characterization

* Enjoy golden age for new physics search!



Backup
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“Extrapolation

* 'Trigger:
MET > 100 GeV for 8 TeV -> acceptance ~40%
MET > 200 GeV for 14 TeV -> acceptance ~15%

* DV quality
mDV > 10 GeV and n_track > 4.
Efficiency is estimated from the ATLAS gluino

Oohs(= 0.15 th)
gluino) X ANET>180 GeVigood DV

€oluino = o

* Trigger + DV quality + Efficiency
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~Extrapolation

[]2-5 T T T T 17171 T T T T T T T 17T T T T T T 17T

Efficiency
=

0.05

10—3 10-2 101 1 10

ctau [m]
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/SU/SY Parameters

*Scalar mass
*Gaugino mass
Mu term

*(Gravitino mass



/SU/SY Pa rameters\

Scalar >O(100) TeV
*Scalar mass

Flavor/CP problem

*Gaugino mass

Mu term

*(Gravitino mass
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SUSY Parameters
[Altmannshofer,Harnik,Zupan,1308.3653]

Constraint

Imgl=Imyz|=3TeV. Img|=10TeV

Fi
neuntron Kaon

EDM

mixing

30

g

// ‘A-‘/ ;-/‘ | 'rneutmn : {

;-;E g EDM
j*/ s Prospect

10 | 'ef?: I
[ -‘Ir [ Eacn
g / o
/
//




/SU/SY Pa rameters\

Scalar >O(100) TeV
*Scalar mass

Flavor/CP problem

*Gaugino mass

Mu term

*(Gravitino mass
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- SUSY Parameters

Scalar >O(100) TeV
*Scalar mass

Light fermion

Flavor/CP problem

*Gaugino mass

GUT unification

Mu term

*(Gravitino mass



ﬁSY Parameters

70 T T T T | 32 ‘

! [ ! [
T T T T T T T TTTTT

60 Sfermion 1000TeV

50

40

30

20

10 - 1 | 1 | 1 | | | 1 ‘ 1 | 1 |
10° 102 104 109 10 1010 1012 104
Q [TeV]
3 TeV Wino and 30 TeV gluino
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- SUSY Parameters

Scalar >O(100) TeV
*Scalar mass

Light fermion

Flavor/CP problem

*Gaugino mass

GUT unification

Mu term

*(Gravitino mass
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SUSY Parameters

Scalar >O(100) TeV
*Scalar mass

Light fermion

Flavor/CP problem

*Gaugino mass

GUT unification

Mu term Gravitino > 10 TeV

Gravitino problem

*(Gravitino mass
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“SUSY Parameters

Reheating Temperature (GeV)

[Kawasaki et.al, arXiv:0804.3745]

Cosmological constraints
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“SUSY Parameters

Scalar >O(100) TeV
*Scalar mass

Light fermion
Flavor/CP problem
*Gaugino mass
GUT unification
*Mu term Gravitino > 10 TeV
LSP abundance

Gravitino problem

* Gravitino mass
Gaugino or higgsino < O(1) TeV
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“How Rapid Transition Rate Needed?

Transition rate should be larger than Hubble rate

[(Bq— gq) > H |

['(Bq — gq) ~ = H =~ Mp,

Mpy = 2 x 10% GeV

This relation should be kept until freeze-out temperature

M

Ty~

=f Qo

¢

7 < 250 M TeV
M 208 % 1 TeV ’
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Bino-Gluino Coannihilation 2

Required mass difference
250 T T I I I

200 ~ —

E.g.,
For 100 TeV sfermion,

Mass diff. ~ 100 GeV
Decay length ~cm

= Soerd0 TV =10 m

o |
50 1000 1500 2000 2500 3000 3500 4000
M [GeV]
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LHC Signals: gluino production
q q
p gluino bino

Low mass ~ 10 GeV DV
+

MET

]\ bino




LHC Signals
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“Annihilation: Cosmic Ray |

1072

" Wino 3 TeV. ]
: AMS-02 e 1
Antiproton PAMELA +— ]

I S FRIBIEs TG} i, I o
th ol & ik N % Deviation?
= =~ BG? | DM?
& [1504.04276]

ot DM

10—5 1 1 [ R N R 1 1 LA |

T, [GeV]
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Antiproton: Fitting with DM

Ibe, Matsumoto, SS, Yanagida '15 and work in progress

/

//

Astrophysical
Model dep.

=

o6 " Thermal Cross Section
10— -

10—27
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100
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Higgs-portal DM

Effective DM model

1 ~~ 1 ~
~5MpBE + KHHTBB

UV model EDM/Cosmic -ray
scalar-mediation ~0
singlet-doublet model SO-SO
SUSY much

EDM-cosmic ray relation as Smoking gun
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P-wave

(ov) = a+ b(v?) ~ 10729 em? /s
(V%) ~ 0.3

Larger b is required and maybe strong coupling

| ~~ 1 .
~5MpBB + KHHTBB

; 449
pure p-wave QOh? ~ 0.1 ( ) ogr ~ 4 x 10 cm (

1 TeV
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Example: Bound state model for f (750)



Digamma (750) fever

Events / 20 GeV

Data - fitted background

\
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/Dﬁmoton Model with DM

Han, Ichikawa, Matsumoto, Nojiri, Takeuchi

X Colored, Y=4/3, 375 GeV

®pN  Singlet scalar  or YpM Singlet fermion

g Y

OCD bound state 8
(XX) = £ (750)



" LHC Signals

1
—pnm(Xd)(du)
q A
q

/ 1

p X DM 2 (X ¥ (un)

P X DM
gluon a q

Assumption: DM abundance solely comes from coannihilation with X



Fermion DM

1 Am \ A 4
2 ~ 1
pziA o) (uu) - er~ (50 Ge\/) (100 Te\/)

DV search

€@mmm (Charged track




l Scalar DM

Soou(Xd)du) 7~ tam (5 )_7( A )6

60 |

50




“Radiative Wino Decay

Small contribution




(BSM-SM)/(5M)[%]
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Wino DM: Cosmic Ray Signals

Gamma-ray and antiproton constraints

Mpwn |GOVI

M <700 GeV is constrained



