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



Dark Matter (DM).overview o

& What we know about DM (7 DM established)

v Neutrality
\/ oy
Observations v: Stability
v’ Coldness
& DM candidafe in the sfandard model/? v Abundance

No DM candidate! (Even a single component pBH is excluded)
> DM seems some new particle that is not discovered yef

& Mass range of a particle OM

Z Particle dark matter

>
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de Broglie length < dSph size Compfton length > Schwarzschild radius
(A =2amv) (A =2am) (r=2m/M,?)
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WIMP hypothesis

e WIMP hypothesis R

Dark matter is a electromagnefically neutral and stfable particle whose
% abundance af present is defermined by the usual decoupling mechanism

Y,
Solving The Bolfzmann equation gives  °f < Bolizmann eq. tells
the following behavior of Nyyp/s —> .t ]

QTH h2 ~ (0.1 (1pb/<0’\/>)2 %—10_ freeze out - ._____T___' 0, he-
2xh2 ~0.12 # 0.0015 ¥l Y ]
Decoupling (reaction vs, expansion) : ¥, 1
often plays an important role in U | O |
& Masss range
E WIMP dark matter J
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Particle Physicists: The mass of WIMP may have the same origin of the EWSB/

Experimenters: WIMP must have some inferactions with SM particles, so
that there exists a lof of opportunities fo defect WIMP/
Which SM particle(s) does the WIMP interact with?
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WIMP searches

WIMP is expected 1o be directly produced
at colliders, if its energy is high enough,

Interaction with quarks,
Interaction with leptons,

WIMP can be detected by observing release
energy by the scattering off a nucleus,

Int. with quarks & Higgs,
Int, with quarks & Z boson,

WIMP could be searched for by observing
g annihilation products produced at DM halo.

Int, with all the SM particles
Int, with all the SM particles




Studying WIMP without prejudice iy

Discussing WIMP without relying on any specific new physics models/
[New physics viewpoint is used fo support the region found in the above discussion_]

Which interaction exists g

between WIMP and SM? o e e e ) e

Classifying WIMPs by each interactionis : & & b ' @

not useful due to the consistency of FT. o ' J\hmesbons J{ oo { - shaoe. )
v g : Ol @ @-0.

Classifying WIMPs based on its quantum cecton || mien || v || zoown | &
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number is more useful for our purpose,

. e ®i® @ |:
Weak charge plays an important role!!! © g : Y o

electron muon tau
neutrino neutrino neutrino

WIMPs can be classified info the following three categories,

v' WIMP has a weak charge of (almost) zero. --- Singlet(-like) WIMP
v WIMP has a weak charge close of (half) infeger --- EWIMP
v' WIMP has a mixed weak charge due fo EWSEB --- Well-tempered WIMP

Let us discuss each WIMP using the simplest example fo see what Kind
of straftegy is (expectfed fo be) faken fo defect it atf present (future)
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Well- tempered WIMP 7y

The simplest example = Fermionic singlef-doublet WIMP model
Minimal confents are 1, 25, Z_,, due fo anomaly cancelafion,
3 neutral Majorana and ] charged Dirac fermion infroduced,
Lagrangian assuming Z, symmetry making the WIMP stable is

1 .

Paramefer space are defined by [M, M, y, = ycos@, y, = ysin 6],
corresponding fo [M, ., (2’/2)cos B, (g’ 2)sin B] af the MSSM
[DM inferactions are assumed fo preserve the CP symmefry,]

Such a WIMP is predicted by some natural SUSY scenarios,

Scanning paramefer space using MCMC fo clarify fthe currenf
stafus and future prospects of the WIMP, assuming jy;/ = 1.
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Profile Likelihood

Well-tempered WIMP
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Singlet-Doublet Mixin
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Direct detection is very powerful to explore the well-tempered WIMP!

Well-tempered WIMP < Yukawa interactions — DM-DM-h(Z) couplings

The same conclusion is obtained for the most of well-tempered WIMPs,
for the origin of the mixing and DM-DM-h(Z) couplings are the same,

What we learn: Just waiting future big direct detection experiments!
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EW charged WIMP.(EWIMP)

The simplest example = Fermionic friplef-like WIMP model
Minimal confentis 3, namely Just one representafion,

1 neutral Majorana and ] charged Dirac fermion infroduced,
Lagrangian assuming Z, symmetry making the WIMP stable is

1
L= ﬁSM + §T (D — ﬂfT) 1

Parameter space is simply defined by only one paremefer -,
Such a WIMP is predated by the AMSE (high-scale) scenarios.
Scanning paremefer space is simple because of one paramefer

It is possible fo include higher dimensional operafors fo fake
new physics effects beyond the WIMP info account however,
those do not play importanst roles af WIMP' s phenomenology,



EW charged WIMP.(EWIMP) i
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The WIMP seems difficult 1o be detected at DD searches in near future,
[o5, ~ 2 10~ pb, and, in addition, it may be cancelled by BSM contributions.]
LHC will explore the WIMP mass region below 5006eV. Can it go more?
IDD searches are promising, for the WIMP' s annihilation is enhanced!!!

[The enhancement is from the Sommerfeld effect, Hisano, S.M., Nojiri, 2014.]

y-ray obs. (Fermi, CTA) - 0D (y from dSphs) < DM dist. (PSC, PFS)
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Singlet-like WIMP (i

The WIMP cannoft inferact with SM particles by alone due fo the
SM gauge symmetry and the 2, symmetry, if it is a fermion,

Some the other new particle(s) must be introduced WIMP. which
is called the mediator connecting WIMP & SM (porfal scenario)

Phenomenology of the WIMP depends strongly on the mediafor

When the mediator is heavier enough than the WIMP and the EW
scale, the phenomenology is effectively described by the EFT,

Ccp :
Lyrr D T (Xx) |H|2+— (Vi) [H +Z 7\> () + ‘ "'“;5\)(HT’EH)

where A represents the iyplcal mass scale of the mediator

Parameter space is very complicated = around 10 parameters.
The WIMP is predated in many BSMs of EWSB, v, & dark sector

Scanning paramefer space using MCMC, assuming CP invariance
and the flavor blindness of the WIMP inferaction with jc;/ = 1.
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Direct detection is powerful to explore the H- & Z-resonance regions,

The four Fermi interactions governs the other region with A< 10mp,,
[This region is not so much searched for at DD and LHC exps in near future!]

'LHC results — The four Fermi region < DD (LZ, PICOZ50) results
J
Leptophilic WIMP!

[Itis governed mainly by the interactions with leptons.]
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Summary

v' We discussed fermionic WIMPs w/o relying on specific BSMs.

v' Well-tempered WIMP:
Direct detection searches are (and will be) playing a very
important role to explore the WIMP. What we should do is
1o wait for their results in the near future,

v Electroweakly charged WIMP (EWIMP):
I+ seems 1o be the most motivated WIMP from the particle
physics viewpoint, Indirect detection searches will be the
only way 1o explore the WIMP in near future, requiring a
precision determination of WIMP distribution near by us.

v’ Singlet-like WIMP with heavy Mediator:
Because of LHC and direct detection searches, leptophilic
region will remain unexplored, Experiments sensitive 1o
WIMP -lepton interactions will be very welcome,

v’ Singlet-like WIMP with light Mediator:
Studies are now on-going by many DM people in the world,
via simplified models, Among those, interesting regions are
reported, such as the light WIMP in the dark sector, etc.



Backup (Constraints from LHC)

We use Ly, & L,,_ instead of L 1o evaluate constraints from colliers,

v Invisible Higgs decay @ LHC: Sensitive 1o 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 1o WIMP-Quark couplings,

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

5B

> 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 to 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,
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Studying WIMP without prejudice

Is there a framework fo study WIMP w, o relying on any specific BSM?

Aftfer fixing its spin, the WIMP field is written by a linear combination
of colorless rep. of SU(Z), xU(]), involving & EM neutral component:

WIMP(x) = > z; [xi(2)]n.c. with Y ]z]* =1
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Degenerate

D SM

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



