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What is the current sfatus of the WIMP paradiom?
How far can we cover the WIMP paradigm in fufure?
What is the leffover remaining as unexplored regions?

Purpose of the project is 1o answer these questions
without relying on any specific new physics models,
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a WIMP hypothesis 2

Dark matter is a electromagnefically neutral and stable particle with the
mass of roughly 1006GeV. and it has a usual coupling fo SM parficles

. J




WIMP hypothesis

Particle dark matter

/é <4 | / P 1050

1/15

- — : : : > eV

& WIMP hypothesis

Dark matter is a electromagnefically neutral and stable particle with the
mass of roughly 1006GeV. and it has a usual coupling fo SM parficles

\_

~N

J

/ WIMP dark matter \

! : : ! > GelV

W R R > 10°
Well-moftivated region!
(close fo EWSE scale)



2/15
WIMP hypothesis
WIMP hypothesis

Dark matter is a electromagnefically neutral and stable parficle with the
mass of roughly 1006GeV. and it has a usual coupling fo SM particles, 5

\_

v Neutrality --- By definition
v Stability --- By definition (There must be some symmefry behind it)
v Coldness - WIMP decouples from thermal bath when non-relativistic
v’ Abundance - It is predicted tfo be Qp, P ~ 01 (Ipb/<ov>) & FTFT/
. : SM
ﬁy is WIMP attractive? [ . ]
Theoretically, the mass of WIMP and QUanks g epans, SHiges 2 Wi e

the origin of EWSE can be the same/
Experimentally, there exists a lof of
opportunities fo defect WIMP. since
the coupling between WIMP and SM
particles are not suppressed

J

Is there some framework fo discuss
WIMP detfections systemafically w, o
Wena’ing on any specitic BSM?




Covering WIMP Theory Space by the Patches i

WIMP(2) = >, zi [xi(@)|n.c. with 7, [z:]2 =1

Once the spin of WIMP is fixed. the WIMP field can always be written
as a linear combination of colorless representafions of the SM gauge
group, viz. SUZ), xU(1),. which must involve EM neutral components:
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Covering WIMP Theory Space by the Patches

WIMP(2) = >, zi [xi(@)|n.c. with 7, [z:]2 =1

Once the spin of WIMP is fixed. the WIMP field can always be written
as a linear combination of colorless representafions of the SM gauge
group, viz. SUZ), xU(1),. which must involve EM neutral components:

( Singlet-like Patch — Doublet-like Patch )

eg. eg.
Bino-like in SUSY Higgsino-like in SUSY
\KK photon in UED Iner+ Higgs in 2HDM )

edg.
Wino-like in SUSY |

Quintet-like Patch
ed.
Minimal dark matter




g3/15

Covering WIMP Theory Space by the Patches

WIMP(2) = >, zi [xi(@)|n.c. with 7, [z:]2 =1

Once the spin of WIMP is fixed. the WIMP field can always be written
as a linear combination of colorless representafions of the SM gauge
group, viz. SUZ), xU(1),. which must involve EM neutral components:

( Singlet-like Patch \—

eg.
Bino-like in SUSY

\KK photon in UED

" $-D Mixed Patch

edg.
@ino—Higgsino WIMP

eg.

LD—T mixed Patch
iggsino-wino WIMP

Doublet-like Patch )

eJg.
Higgsino-like in SUSY
Inert Higgs in ZHDM 0

edg.
Wino-like in SUSY |

Quintet-like Patch
ed.
Minimal dark matter
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Basic strategy

1. Constructing the effective Lagrangian in each pafch with particle
contents as minimal as possible lf should include all inferactions
that can be responsible for the relic abundance calculation

2 Considering various constraints from WIMP searches as well as
the relic abundance limit fo figure ouf viable paramefer space

WIMP search results Relic abundance limit
Giving upper limits on Giving lower limits on
the WIMP inferactions, the WIMP inferactions.

These opposite requirements make the WIMP paramefer space finife/

In this falk we will focus on a fermionic WiIMP
in the S-D mixed & the Singlef-like pafches/

lioht WIMPs/
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Constraints on the WIMP parameter.space

/ DM relic abundance limit

Putting a (lower) limit on dark matter
inclusive annihilation cross section,

mep hZ = OIZ (mep hz = OIZ)

The dark matter abundance today is
assumed 1o be determined by thermal

\ e " (+ a non-thermal) production, /
/ Direct DM detection constraints \

Putting upper limits on the scattering
cross section between DM and nucleon,

e Present status:
. LUX for SI/SD, and PICO-60 for SD,

Particle

g Future prospects:
e LZ for SI/SD,, and PIC0250 for SD,
(assuming no signals de+ec+ed,)/
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Constraints on the WIMP parameter.space

Indirect DM detection constraints
A o M apn \

s000 | 11 Jiozemys 1 Putting an upper limit on dark matter

WMAP ——— |

4000 |

(semi-inclusive) annihilation X-section,

PLANCK (DM ann, @ recombination era)

Other indirect detections have yet
large systematic uncertainties, /

3000

2000 |

1(+1)C, 2 [LK?] \

1000 1
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/ Constraints from collider experiments

Putting upper limits on the producﬁon\
cross section of the DM particle,

Invisible Z decay (LEP), Mono- jet (LHC)

Invisible H decay (LHC/ILC),

Mono-y (LEP/ILC), Others (LHC)
(electroweakino, multi- jets, e+c,)/

All these constraints are taken into account in the likelihood analysis
based on the Markov Chain Monte Carlo (MultiNest Sampling) method.



WIMP in the S-D mixed patch [

Minimal contents: 1, 2., 2_,, (Anomaly cancel)
Patch coverage: 242 < 0.95 & [z,2 < 0.95
v Effective lagrangian for the contents is

1 -
"%SD — "%kin_ iMSSS '|' MDDI ' Dz +yISD1 H"'yzSDz H '|' H.C.

(Z, symmetry is assumed to make WIMP stable.)

v Model parameters are (3 neutral Majorana + 1 charged Dirac)

M; : Singlet mass parameter (Corresponding to M;  in MSSM)
M, : Doublet mass parameter ( " 10 p in » )
v,=vcos0 : U-type Yukawa coupling ( " toycosBin n )
y2=ysin6 : D-type YuKawa coupling ( " toysingin »n )

: wit i =g /2%
v Model parameter space is —S— ithy beingy =g /2
Ms >0, My, y>0and n/4<6 <nm/2(tanf >1o0r0<cot < 1)

CP invariance is assumed. y = ] is also assumed in our analysis!



Present.status in the S-D mixed patch [
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(The likelihood function is now projected onto the (Myy, M;) -plane,)
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Present.status in the S-D mixed patch

Profile Likelihood Singlet-Doublet Mixing

1600

68% C.L.
-l —— 95% C.L.
- .
800F _
: omm
=) S
—_— g L
2 £ =
O o 3 T -
c K]
Q T =
= S =
. @ c
& 3
—800F S
H-blind spot region \\
—1600L sl Ll
10

2 3
10 M, (Gev)™©

Present status

(The likelihood function is now projected onto the (Myy, M;) -plane,)



Future prospects.in the S-D mixed patch [
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Future prospects.in the S-D mixed patch

Profile Likelihood Singlet-Doublet Mixin
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(The likelihood function is now projected onto the (Myy, M;) -plane,)
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Future prospects.in the S-D mixed patch

Profile Likelihood Singlet-Doublet Mixin
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(The likelihood function is now projected onto the (Myy, M;) -plane,)
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Future prospects.in the S-D mixed patch

Profile Likelihood
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Only coannihilation regions survives after 0(])ton level experiments!

When R, is suppressed, indirect DM detections will be very important,
(Controlling systematic errors of the experiments will be mandatory)

When R, is not suppressed, future ete- colliders will be very important,
(To cover entire region, TeV-scale lepton colliders will be mandatory,)



WIMP in +he Singlet-like patch L

Minimal content: 1, (One Majorana fermion)

Singlet WIMP cannot interact with SM particles
by alone because of the Z, symmetry making the
WIMP stable, so that some other new particles
must be introduced. Assuming those are heavy
enough, we introduce higher dim. operators,
Small mixing effects are automatically involved i

Patch coverage: 1 - 0(vZ/A2) < |zf2 < 1
(v is the VEV of Higgs field)

v Effective lagrangian for the content is

c : 1 £ CH i '
WH? + =2 (xivsx) | H 2 +ZoAz T5x) (f f)+2AF'[f,(,\7‘“,~5/\)(HT'HTH)

Ab (

v Many model parameters, so that we impose simplifying assumptions:
- Common suppression scale (A; = A) with A > [3mpy,, 300 GeV].
* All coupling constants c; are smaller than one,
- Flavor blindness ([c,];; = ¢;) and CP invariance (cp, = 0).
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WIMP in #he Singlet-like patch

The EFT description is of limited applicability 1o discuss WIMP signals
at energetic colliders, so that we consider a general simplified model
which reproduces the EFT at large intermediate particle mass limits.

- cs .. D) o ) 2 Cf . Foor
Lot D 5= (VOIH [ + 5= (Xirs) 1 H] +§sz‘,\3’<\, 5X)(Frf) + 575
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WIMP in #he Singlet-like patch

The EFT description is of limited applicability 1o discuss WIMP signals
at energetic colliders, so that we consider a general simplified model
which reproduces the EFT at large intermediate particle mass limits.
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WIMP in the Singlet-liKe patch
The EFT description is of limited applicability 1o discuss WIMP signals

at energetic colliders, so that we consider a general simplified model
which reproduces the EFT at large intermediate particle mass limits.
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Using these simplified models 1o take collider constraints into account!
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Present.status in the Singlet-like patch [t
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(The likelihood function is now projected onto the (Mpy, A)-plane)
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Future prospects.in the Singlet-like patch i
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Future prospects.in the Singlet-like patch i
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Future prospects.in the Singlet-like patch i
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Future prospects.in the Singlet-like patch [t
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0(10)ton level direct detection cover the H resonance region entirely,

The Z resonance region will be widely covered by SD direct detections.
(Remaining part could be covered by luminous lepton colliders, Giga-2)

The 4-Fermi region has already been restricted 1o be below A <10mpy,
(Hadron and Lepton colliders can efficiently cover the remaining part)
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0(10)ton level direct detection cover the H resonance region entirely,
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Summary

v' The era of serious WIMP searches has begun!

What is the current status of the WIMP paradiom?
How far can we cover the WIMP paradiom in future?
What is the leffover remaining as unexplored regions?

We have proposed a framework in order to answer these questions
without relying on any specific new physics models beyond the SM.
v' Direct dark matter detections & LHC are playing important roles!

We have focused on a fermionic WIMPs in
the S-D mixed & the Singlet-like patches.

* In the S-D mixed patch, the coannihilation
region remains after LZ & LHC experiments.

* In the single-like patch, the Z resonance &
4-Fermi (lepton) regions remains after LZ
& LHC when a mediator particle is heavy.

« Further studies are needed for the singlet-
like WIMP with a light mediator particle,

v' Experiment probing other WIMP interactions (ILC) will be important,




Backup (Constraints from LHC)

We use Ly, & L,,_ instead of L to evaluate constraints from colliers,

v Invisible Higgs decay @ LHC: Sensitive to the scalar type coupling.
v Invisible Z decay @ LEP: Sensitive 1o WIMP-Higgs current coupling.
v Mono-y search @ LEP: Sensitive to WIMP-Lepton & Higgs couplings.
v Mono-jet search @ LHC: Sensitive o WIMP-Quark couplings.

Decay widths of mediator particles are fixed as '=A/2 in the analysis,

3 &

> Radiative corrections (off-shell contributions) from the mediators,
Mediator particles may contribute to some SM processes (e.g. SM
4-Fermi couplings). The contribution could be, however, alleviated
by introducing other new particles coupled only o SM particles.

> On-shell productions of the mediator particles at the LHC.
Some single productions (and decays into WIMP) are included.
For Z,-even mediators, single productions into Zjets are weaker.
For Z,-odd mediators, pair productions give weaker signals.




