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Introduction

+ What do we learn from the discovery?
1. Higgsless models are almost excluded !
2. Higgs is more like an elementary scalar!
In the simplest implementation... AV

V: - mhiggsz/z hTh + )\/4 (hTh)Z

Mhiggs = A2V [v=174.1GeV]
Mhiggs ~ 125GeV —» A~ 0.5
%L»h

mp?

+ The quartic coupling A is small and this simple elementary scalar
Higgs description works consistently !

The Minimal Standard Model works !



Introduction

+ Naturalness ?

The mass of the elementary Higgs boson is not
protected by any symmetries...

Why mhpiggs? < Mcut?, Mpranck? ?

' ltis quite reasonable to expect new physics behind
the Standard Model at around O(7100)GeV - O(1)TeV'!

< Supersymmetric Standard Models ?

< Extra Dimensional Models ?

+ Composite Higgs Models ?

These are very exciting possibilities to be tested at the 7147eV
run of the LHC, at the ILC, at the 700TeV collider experiments !



Introduction

' So far, we have no direct observational data which support these
possibilities from collider experiments...

cf.) No supersymmetric particles have been discovered at the LHC;
squark/gluino mass > 1.8 TeV
gluino mass >1.4 TeV for squark >> TeV

Negative pressure on Supersymmetry as a solution to the
Naturalness problem...

A\ We have no imminent need to give up the Naturalness problem
as a guidingprretpte strategy at all.

As Andrew emphasized in his talk, we might need to start thinking
differently.

The success of the simplest Higgs mechanism might suggest that

Simplicity is a more important guiding strategy in constructing
models of new physics...

What can we think of if we impose Simplicity on dark matter ?



Introduction

v We take SU(2). charged dark matter, so-called minimal dark
matter, as an example of Simple dark matter model.

Y # 0: hypercharged minimal dark matter
— aviable WIMPZILLA candidate for Mpy > 107 GeV.

+ Next generation direct detection experiments reach to
Mpy = 1070-11GeV.

' Through the direct detection experiments we can determine
the reheating temperature to Tz ~ 1072GeV (Mpu/2x107°GeV) .

[ cf. Y =0: minimal dark matter o5 Cirelli, Fornengo, Strumia ]

— a viable WIMP candidate but difficult
to be detected at direct detection experiments ]



Putting Simplicity on Dark Matter

+ How to impose Simplicity on the dark matter sector ?

No unique definition of simplicity...
There are tons of ways...,

« Let us explore the extreme cases :

The dark sector sector consists of just a single new particle with the
charges under the Standard Model gauge group.

[cf. neutral single dark matter with new higgs interactions
('04 Davoudiasl, Kitano, Li, Murayama; Joseph's talk)]

« (Integer) Charged dark matter

Neutron star lifetime ['90 Gloud et.al.],
— Mpm > O(1077) GeV [e.g. 01 Perl et.al.]

+ Colored dark matter (SIMP)
constrained by direct detection experiments, Earth heating

— Mpm > O(1076) GeV [e.g. 07 Mack et.al.]



Putting Simplicity on Dark Matter

« How about SU(2), charged dark matter ?

The dark matter particle is the neutral component in k-tuplet of
SU(2) with U(1)y hyperchargeY.

Q=T73+Y=0

ex) doublet (k=2):|Y|=1/2 triplet (k=3):|Y|=0,1
quartet (k=4):|Y|=1/2,3/2 quintet (k=5):|Y|=0,1,2

SU(2). charged Y =0: minimal dark matter

['05 Cirelli, Fornengo, Strumia ]
dark matter

Y # 0 : hypercharged minimal dark matter

Stability? We simply assume there is a Z; symmetry.

For k > 5 (7), fermionic (scalar) dark matter is automatically stable due to
an accidental symmetry ['05 Cirelli, Fornengo, Strumia ]...



Putting Simplicity on Dark Matter

+ SU(2). charged dark matter can be a good candidate of weakly
interacting massive particle (WIMP) !

>

oM I DM is for T > Mp.
Thermal equilibrium >‘\ ® For Mpy < T, DM is no more created
DM <5 SM DM M1 e DM is still annihilating for Mpu < T for a while...

DM number in comoving volume

DM 5 5M : . : :
* DM is also diluted by the cosmic expansion
Freeze out
: DM %5.5M * DM cannot find each other and stop
N\ Increasing (o) annihilating at some point

M/ * DM number in comoving volume is

The WIMPs works for the annihilation cross section: (ov) ~ 1077GeV ™~
10~ GeV_2>

QDMh2 ~ (0.1 X
(ov)

+ Minimal dark matter annihilate into the vector bosons and the fermions!
(g5(2 + 17k? — 19) + 4Y*g5 (41 + 8Y?) + 16g5 g% (k* — 1))
256k7TkM12)M
— good candidate for the WIMP for Mpy = O(1)TeV!

(ov) ~



Hypercharged Minimal Dark Matter

+ Direct dark matter detection experiments have put severe constraints
on hypercharged minimal dark matter!

III Illg

Nucleus scattering rate via Z-boson exchange

XENON100 (2012)
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The strongest limit from the XENON100 experiment :

Y

oyxXe = 6 X 107%%cm? x ) — Mpm > 30 PeV x (2Y)?

Hypercharged minimal dark matter cannot be a WIMP candidate...



Hypercharged Minimal Dark Matter

For comparison...

« Direct dark matter detection experiments of minimal dark matter
(Y=0)

+ The scattering is highly suppressed at the tree-level, due to the
absence of tree-level interactions with Z nor Higgs.

+ Atthe higher loop level, the cross section on a nucleon is estimated
to be O(1047)cm2, which is two-orders of magnitude smaller than
the current limit...

o 2 One-loop diagrams which contribute
W g ?N to the triplet DM-nucleon scatterings.

['10 Hisano, Ishiwata, Nagatal]

Minimal dark matter (Y=0) is a viable candidate of the WIMP !



Hypercharged Minimal Dark Matter

[ Y=0:minimal dark matter
SU(2). charged ) — a viable WIMP candidate!

dark matter Y # 0 : hypercharged minimal dark matter
— excluded as a WIMP candidate !

Are hypercharged minimal dark matter scenarios excluded ?

+ Let us simply discard the assumption that dark matter has attained
thermal equilibrium after inflation...

' Instead, let us assume that the dark matter density is determined by a
delicate choice of the dark matter mass and the temperature after
inflation assuming Mpy > Tr.

(]

ERY

e Thermal equilibrium
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o
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Hypercharged Minimal Dark Matter

[ Y=0:minimal dark matter
SU(2). charged — a viable WIMP candidate!

4
dark matter Y #0: hypercharged minimal dark matter

— excluded as a WIMP candidate!

Are hypercharged minimal dark matter scenarios excluded ?

+ Letus simply discard the assumption that dark matter has attained
thermal equilibrium after inflation...

' Instead, let us assume that the dark matter density is determined by a
delicate choice of the dark matter mass and the temperature after
inflation assuming Mpy > Tr.

Hypercharged minimal dark matter is revived as the so-called

WIMPZILLA without extending the dark matter sector at all!

[ WIMPZILLA ['98 Kolb,Chung, Riotto]: weakly interacting very heavy dark matter ]

Hyercharged minimal dark matter can be also revived by introducing mass splitting
between Dirac neutral components to avoid the constraint from direct detection
experiments... no more Simple though.



Hypercharged Minimal Dark Matter

+ Dark Matter production during reheating between Tuaxand T
4
During reheating After reheating
Q v H=Hg(a/ar)>3? v H=Hg(a/ar)?
o | a’¥?_. Inflaton
- v T=Tr(a/agr)38 « T=Tgr(a/ar)’
......... Twmax = Tr (Hint/Hg)/*#
a# [ When the inflaton feels significant back-reaction
radiation Reheating Inflaton from the thermal bath, .the evolutions of pinfaton
T r and pr get more complicated...
) at H=[inflaton |Og a .
End of Inflation (e.g.’12 Mukaida & Nakayama) |
\

Boltzmann Equation :

d
St 3Hn = — (ov) (n® — ngq)  (nea=2 (MomT/21)32Exp[-Mpwm/T])

with boundary condition : n = 0 at the end of inflation.




Hypercharged Minimal Dark Matter

+ Dark Matter has attained thermal equilibrium?

] Thermallzatlon efﬁaency Thermalized region
10" * E——————— .
Thermallzed Mpm = 708GeV 2.0 ]
I 10 1 ~ 15 Tmax < Tr DM has neverattalned
e g 120 equilibrium
:8 10. s .
S
L o001 =
b o)
Vo107 3
8l v
10_0 01 0.1 1 10 100
x =Mpm/T

The efficiency has a peak at around Xmed = 3 - 4.
[ Even if we take Tumax » Mpu, DM has not necessarily attained equilibrium! ]

The efficiency decreases for a lower Tz for a given x ( efficiency oc T?)

The efficiency decreases for a larger Mpy for a given x ( efficiency oc Mpy ')

In most parameter space, DM has never attained thermal equilibrium
after inflation! = Non-thermal Minimal Dark Matter!



Hypercharged Minimal Dark Matter

+ The relic abundance of non-thermal minimal dark matter :

11; ““““““““““““““““““““““ ‘/“/)—: 2.05“‘“““““““““““‘

1.5 Tr>Toa

Logm[Teff/GeV]

Log,,[Mpu/GeV] LOQ10[M/ TR]

4
QDMh2 ~ — (

6

—2ZTeff

45 )3/ ? 50 (o) M2
(&

8_9* HgMpl

( Xett= Mpm/Tetf, So entropy density at present, Ho= 100km/s/Mpc )

+ The relic abundance depends on Mpy only through xef (<ov>oc Mpy2)

+ The observed dark matter abundance is realized for x. = 26 .



Hypercharged Minimal Dark Matter

+ The relic abundance of non-thermal minimal dark matter :

Logm[ Teff/Ge V]

11F

Logm[MDM/Ge V]

Logm[M/ 7-mazx]

2-0?“““““““w“‘wwwww

15

TR > Tmax

Logm[M/ TH]

+ The relation between Terand Tyax, Tr:

Tei = (Tyea — 1)10g TR
1 :
-3 log [6_12_2xmedf[2x’

med

meax]} (Xmedl — 45)

' Terbecomes independent of Thax (thermalization peaks at Tmed)

Once Mpu is determined by the direct detection experiments :

Tr~ 107°GeV (Mpu/2x1070GeV)




Hypercharged Minimal Dark Matter

+ Can we test Hypercharged Minimal Dark Matter Further ?
Can we distinguish from the Higgs portal dark matter ?

+ The direct detection cross section shows the isospin violating nature
due to the Z-boson exchange'!

o . G%’M?\f}/Q N — . < 2 2
YN — ( (1 4 sin Qw)Z)

Isospin violating
(7-4sin26w) = 0.04

Xe/Ge:3.27 About a 10% Xe/Ge:3.62
Xe/Ar: 10.8 «_difference! _» Xo/Ar:12.4

By comparing signals at different target materials, we can test the
isospin violation !



Hypercharged Minimal Dark Matter

+ Can we test Hypercharged Minimal Dark Matter Further ?
Can we distinguish from the Higgs portal dark matter ?

+ One caveat : We do not know the DM velocity distribution very precisely...

0.004 T g T T T T T T
. k=1

Minimal velocity for Eecoir.

- Vp=230km/s
0.003 - Vo=170km/s

Vo=290km/s recoil

Umin — 2MN

— 0.002"

Velocities for a given Erecoir are
different for different target...

0.001 -

0.000 "

T T S S T IS N N i
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v/km/s

The effects of the isospin violation can be mimicked by the small change
of the velocity distributions in the Xe/Ar comparison.

— We only use Xe/Ge comparison.




Hypercharged Minimal Dark Matter

+ Can we test Hypercharged Minimal Dark Matter Further ?
Can we distinguish from the Higgs portal dark matter ?

90% exclusion of f,, /f,

S — . The effective exposure after backgroun
100 ] . P ground
<%= 2 o T ~ rejection to exclude fp/f,
| ;Q; G212
’ = + o = —EENY(N? 4 £,/ £,2)?

--------------------------------------------- Irreducible background from nuclear
B I scattering by the atmospheric neutrino
becomes non-negligible for O(710-100)
ton.yeat...

_05)

7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
Logo[Mpu/GeV]

With a multi-ton effective exposure (~O(100) events), we can exclude

the isospin preserving model, i.e. fp/fn =1, for hypercharged minimal
dark matter of Mpy < 1089 GeV'!

Multi-ton scale detectors :
V' Ge:superCDMS/GEODM, EURECA... « Xe:Xenon1T, DARWIN...



Summary

[ Y=0:minimal dark matter
SU(2), charged ) — a viable WIMP candidate!

dark matter Y #0: hypercharged minimal dark matter
— a viable WIMPZILLA candidate !

+* Which scenario is more favorable ?

+ The WIMP scenario fits together well with the Naturalness arguments.

« From the view point of Simplicity of the dark matter sector, however,
ooth scenarios are equally acceptable!

' Features of hypercharged minimal dark matter.

+/ Next generation direct detection experiments reach to Mpy
= 1070-11GeV.

< Through the direct detection experiments we can determine the
reheating temperature to Tz ~ 107°GeV (Mpu/2x109GeV) .

+ By collecting O(100) DM signal events on different target materials,

we will get strong hints on the hypercharged DM through the test
of the isospin violation !



Z-boson exchange
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Putting Simplicity on Dark Matter

+ The neutral component is the lightest !

The Coulomb generated by y, Z, W potentials pushes up each masses:

Mvr r=0oo
oM = /d3 [ +%902 T 1 My
ST r—0
. J _—Myr
L 47T7"6
Ex) doublet Y=1/2 v 7 W
XO 0 g2/2cw g:
Xi 1 g>/2¢cw (1-sw?) gz

Mass difference : Mcharged - Mneutrai= a2 sw? Mz /2 = 350 MeV.



Direct Detection @ Tree-level

Recoil nuclear spectrum by neutrinos [arxiv:1003.5530]
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Constraints on the minimal triplet DM

Triplet Dark Matter Search (indirect detections, yy— WW)

: 12 Cholis and Salucci
+ Continuum gamma ray from dSph 100[0; — ];
Robust constraint on the DM annihilation é It
cross section from the Fermi-LAT 2year data 9 S e
of Ursa Minor dSph  ['12 Cholis and Salucci] S 0 nmmes
X
™M
More stringent constraint is obtained with 6 classical \f
and 4 ultra-faint dSphs ['11 Fermi-LAT] 2 1o,
J-factors of the ultra-faint dSphs are not well known. v o | dsf;h

BG from some classical dSphs are not well understood. SN
100 1000

m, (GeV)

The dSph continuum gamma ray search
by Fermi-LAT has excluded the wino mass

------------------------------

Excluded

N
I mwino < 34066\/

2200GeV <mwino < 2500GeV

500 1000 1500 2000 2500 3000
— the whole range (mwino<3TeV) will be WINO Mass

covered if the ultra-faint dSphs are well
understood!

[Figure by Matsumoto san]



Constraints on the minimal triplet DM

Triplet Dark Matter Search (indirect detections, yy— WWw)
' Line gamma ray from GC ['13 Nesti, Salucci]

02kpc OS5kpc lkpc 2kpc 4kpc 8 kpc

The constraints depend on the DM density ool D Tnien]

profile (i.e. the J-factor) ... @ SO

A stringent constraint is obtained by assuming the NFW g > — Q

(cuspy) DM profle ['13 Fan, Reece]. RN \_

The Burket (cored) profile is getting favored now... |

['13 Nesti, Salucci] Le Jann(0) = 2R fl O'S'pir(x)dx, ) -
L2 s 10 20 50 %0 180

The line gamma ray search from GC by H.E.S.S.
has excluded the wino mass in

t1°]

2200GeV <Muino < 2500GeV N
. 10 Burket
assuming the Burket profile. -5
A —
A S N
: o. N
— CTA has a lot of chance to find the winoDM! Vv 10 ‘6'/NFW '
The constraint on the wino mass from the continuum 107 N
gamma ray from GC has been obtained by assuming 1000 1500 2000 2500 3000
NFW ['12 Hooper et.al.]. WINO mMass

BG from the GC is not well understood.



Hypercharged Minimal Dark Matter

SU(2). charged

dark matter

<

\

(Y =0:minimal dark matter

— a viable WIMP candidate!

Y #0: hypercharged minimal dark matter
— a viable WIMPZILLA candidate ?

+* Which scenario is more favorable ?

+ The WIMP scenario fits together well with the Naturalness arguments
(cf. the neutralino in Supersymmetry)

« From the view point of Simplicity of the dark matter sector, however,
both scenarios are equally acceptable!

How hypercharged dark matter works as WIMPZILLA ?

What can we learn if dark matter is hypercharged?




