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News ! « Apart from the 2TeV excess, both ATLAS and CMS reported
an excess at 750GeV in di-photon search (2015/12/15)!
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(Ouy model can be tuned to explain this 750GeV signal.)
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750GeV Diphoton Resonance (ICHEP 2016)
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Thermal Relic Dark Matter Beyond the Unitarity Limit
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« Thermal Relic Dark Matter!

DM number in comoving volume

\ DM . SM
Thermal equilibrium DM : M
DM+ SM
DM +5 SM
DM +5 SM
l Increasing (ov)
> M/T

* DM is in thermal equilibrium for T > M.

* For M< T, DM is no more produced efficiently.
* DM s still annihilating for M < T for a while...

* DM is also diluted by the cosmic expansion

* DM cannot find each other and stop
annihilating at some point

* DM number in comoving volume is frozen

+ Dark Matter density does not depend on the initial condition!

4 ltis determined by the annihilation cross section.

ex) For s-wave annihilation mode
10~ GeV_2>

QDMh2 ~ (.1 X (

(o)




« Upper Limit on thermal relic dark matter mass

The heavier the DM is, the larger couplings are required.

T a2
2

<OV> ~ ~ 109GeV2

Mpm
— Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

Each partial wave cross section is limited from above

167 (20 + 1)

S Urel

O ¢Urel S

( spineless case for simplicity)

— Mpu < 300 TeV

Thermal Relic Dark Matter mass range : O(10)MeV < Mpu < 300TeV



Excess in PeV neutrino in IceCube neutrino spectrum

' lceCube experiment observed excesses
€ et o (oo £ in the PeV range.

104 g

S

+/ The excess can be explained by decays
of DM with a mass in the PeV range.

S

Events per 1,347 days

S

[1303.7302 : Feldstein, Kusenko, Mastumoto, Yanagida]

104
Deposited EM-equivalent energy in detector (TeV)

Thermal Relic Dark Matter mass range : O(10)MeV < Mpu < 300TeV

We need complicated thermal history to achieve correct abundance
to explain the PeV excesses by DM ?



+ Can we go beyond the unitarity limit ?

+ When dark matter annihilates as extended objets, the cross section can
be a geometric cross sections, o ~ mR2 (1990 Griest & Kamionkowski ) !

\ R Lmax~MpmVR
Laax LMAX

ZU€<Z 2€+1

MZ%MUZ

T
<M consistent with unitarity limit |

particles
y == For R >> 1/(Mpm v), we may have

thermal relic dark matter much

% heavier than O(100)TeV !
SM

particles Can we construct a model ?
like a water balloon!



New strong interaction

+ SU(N.) gauge theory with one-flavor of Weyl Fermion (U, U).

' Fermion (U, U) has a mass My (« in the PeV region)

Pure-SU(N,.)

OO0 « OO0

Breaks up when L >> My/Adyn?

+ Baryons are the dark matter candidate !

BO X EiliQmiNc Uil Uig U ( Spin Nc/2)

Nec

( cost of parallel spins : anc* My)
( cost of spacial excitation : an My)



Thermal History (early stage)

« Atthe very early universe, U’s are in the thermal equilibrium.

+ At T~My/0O(10), U's decouple from the thermal bath as in the usual
thermal relic dark matter.

After decoupling, typical distance between Quarks are much
longer than T .

O ¢ ©O o ©

U o o O O O
° .I D(T) >> T

U e e o e O

o © e e




Thermal History (at around T)

' Below the critical temperature T¢ ~ Agyn , SU(N.) becomes strong .

— U’s are confined into Hadrons !

Below the critical temperature T¢ ~ Aayn , U's are pulled by
the flux-tube and form the bound states.

» % M

O

[ When they are pulled by they lose their potential energies
by the friction of the gluons (glueballs) in the thermal bath. ]

Heavy quarks are bounded by (see e.g. hep-ph/0001312)

4 Py (T)r k= Cp=(N2—1)/(2N,)

Fne: tension of flux tube Oxx@



Fate of Baryons

« Baryons spend most of their time as excited states.

' Baryons collide with each other with a geometric cross section.

quark velocity at T ~ Adyn
vy ~ (Adyn/MU) 172
qguark stays in the overlapped region

At ~ R/vy ~ (Mu/Nayn3) 172

bound states are well stirred
Avy ~ Fne/ My At~ (Adyn/My)'/2

[see also ‘06 Kang, Luty, Nastri]

+ We expect the annihilation into mesons occurs with O(7) probability
at each collision!

B+B—-M+M+M+(S)+--

The inverse process is negligible since M decays immediately!



-« Boltzmann equation:

ng +3Hng ~ — (opv)nyg .

op = ATR*(T,) A = O(1)

Relic Density

Oh% ~ 0.1 x Ne My \*7 Adyn 7 (100
' A \ 106 GeV 103 GeV s

Relic density does not depend on the density at T > Adyn.

L1111
107

MU/Ge\1/0
( dark matter mass Mpy = 3xMy)

Blue Shaded Region: Qh2~0.1forA=0.3-3
(LightBlue Shaded Region : Qh2 ~ 0.1 for A=0.1 - 10)

Pink Shaded Region : SU(N,) is too strong at u ~ K anc My.

Gray Shaded Region : most stats are in ground state : ny(E1)/ny> 0.5

PeV thermal relic dark matter is possible !



Application : Excess in IceCube neutrino spectrum

02| S s ' lceCube experiment observed excesses
| SSoiSiEiieinthePeVrange.
50|
3 ‘, ++ |« The excess can be explained by decays
g 10° . .
5 of DM with a mass in the PeV range.

S

[1303.7302 : Feldstein, Kusenko, Mastumoto, Yanagida]

10° 104
Deposited EM-equivalent energy in detector (TeV)

' In our model, we can explain the lceCube excess by thermal relic dark matter!

For N. = 3, the Baryonic dark matter has spin 3/2

1 -
L=—(LiD,H)v"v",

M,
Mpm=2.4PeV (My=0.8PeV) M:=5x1034PeV (T=10?8sec)




