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Key ldeas

® Stability/Longevity of Dark Matter (DM)
® | ocal Dark Gauge Symmetry

® Thermal DM through Singlet Portals
(especially Higgs Portal)

® Connections between Higgs, DM and Higgs
Inflation



SM Chapter is being closed

® SM has been tested at quantum level
® EWPT favors light Higgs boson
® CKM paradigm is working very well so far

® | HC found a SM-Higgs like boson around
125 GeV

® No smoking gun for new physics at LHC so far



EWPT & CKM
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SM Lagrangian
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Only Higgs (~SM) and Nothing
Else So Far at the LHC &
Local Gauge Principle Works !



® Dark & visible matter and dark energy, neutrinos
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Inflation models in light of Planck2013 data
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Inflation in light of BICEP2
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Original Higgs inflation and Starobinsky models
are strongly disfavored by BICEP2 (premature?)



Maybe it is right time to
think about what LHC and

Planck data tell us about
New Physics@EWV scale




Origin of EWSB ?

LHC discovered a scalar ~ SM Higgs boson

This answers the origin of EWSB within the
SM in terms of the Higgs VEV, v

Still we can ask the origin of the scale “v”

Can we understand its origin by some
strong dynamics similar to QCD or TC?



Origin of Mass

Massive SM particles get their masses from
Higgs mechanism or confinement in QCD

How about DM particles ! Where do their
masses come from ?

SM Higgs ? SUSY Breaking ? Extra Dim !

Can we generate all the masses as in
proton mass from dim transmutation in

QCD ? (proton mass in massless QCD)



Motivations for BSM

Neutrino masses and mixings

Baryogenesis

Leptogenesis

Inflation (inflaton) |Starobinsky

Nonbaryonic DM Many candidates

? Higgs Inflations

Origin of EWSB and Cosmological Const !

Can we attack these problems ?




New minimal SM (NMSM)

: Davoudiasl, Kitano, Li and Murayama, PLB 609 (2005) |17
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® Organizing principle
- minimal particle content
- the most general renormalizable Lagrangian

® DM stability
assumed by ad hoc. Z,-parity (Where is this frOm?)
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® NMSM parameter space
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New Minimal SM

= Without Gauge Principle in new terms
(cf. SM was guided by gauge principle)

= [/, does not guarantee the stability of DM

= |nconsistent with present data

Any Alternatives !

20



Building Blocks of SM

Lorentz/Poincare Symmetry

Local Gauge Symmetry : Gauge Group +
Matter Representations from Experiments

Higgs mechanism for masses of weak
gauge bosons and SM chiral fermions

These principles lead to unsurpassed
success of the SM in particle physics



Lessons from SM

Specify local gauge sym, matter contents and
their representations under local gauge group

Write down all the operators upto dim-4
Check anomaly cancellation
Consider accidental global symmetries

Look for nonrenormalizable operators that
break/conserve the accidental symmetries of
the model



If there are spin-| particles, extra care
should be paid : need an agency which
provides mass to the spin-1 object

Check if you can write Yukawa couplings to
the observed fermion

One may have to introduce additional Higgs
doublets with new gauge interaction if you
consider new chiral gauge symmetry (Ko,
Omura,Yu on chiral U(l) model for top FB
asymmetry)

Impose various constraints and study
phenomenology



(3,2,1) or SU(3)cXU(l)em ?

® Well below the EWV sym breaking scale, it may
be fine to impose SU(3)c X U(l)em

® At EWV scale, better to impose (3,2,1) which
gives better description in general after all

® Majorana neutrino mass is a good example

® For example, in the Higgs + dilaton (radion)
system, and you get different results

® Singlet mixing with SM Higgs



Issue here is whether
we use
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arXiv:1401.5586 with D.W.Jung
Phys.Lett. B (2014)




In the usual earlier approach, one has

£(f7f7¢)_ fgb ff¢e_¢/f¢

In the new approach, one has

LU Himz) = == LT fh = == LT f(Hico + Hasa),

These two lead to very different predictiontions
for the Higgs phenomenology at the LHC,
especially for H to diphoton, and gg fusion for H
productions (see the paper for the details)



Main Motivations

Understanding DM Stability or Longevity !
Origin of Mass (including DM, RHN) ?

Assume the standard seesaw for neutrino
masses and mixings, and leptogenesis for
baryon number asymmetry of the universe

Assume minimal inflation models :
Higgs(+singlet scalar) inflation, Starobinsky
inflation



® Most studies on DM were driven by some
anomalies: 51| keV gamma ray, PAMELA/
AMS02 positron excess, DAMA/CoGeNT,

Fermi/LAT 135 GeV gamma ray, 3.5 keV
Xray, Gamma ray excess from GC etc

® On the other hand, not so much attention
given to DM stability/longevity in nonSUSY
DM models

® | will be mainly concerned about DM
stability/longevity, postponing the question
of Naturalness Problem

® [hey are independent problems in principle



In QFT

® DM could be absolutely stable due to
unbroken local gauge symmetry (DM with
local Z2, 73 etc.) or topology (hidden sector
monopole + vector DM + dark radiation)

® | ongevity of DM could be due to some
accidental symmetries (hidden sector pions
and baryons)

® | will mainly talk about local Z2, 73 + EWSB
& CDM from strongly interacting hidden
sector (backup slides for monopole DM)



Contents

® Underlying Principles : Hidden Sector DM, Singlet Portals,
Renormalizability, Local Dark Gauge Symmetry

® Scalar DM with local Z3, Z2 : comparison with global models,
limitation of EFT approach, and phenomenology

® Scale Inv Extension of the SM with strongly Int. Hidden
Sector : EWSB and CDM from hQCD; All Masses including DM mass from
Dim Transmutation in hQCD, DM stable due to accidental sym

® Higgs Phenomenology & Higgs Inflation with extra singlet :

Universal Suppression of Higgs signal strength and extra neutral scalar, Higgs

inflation, etc. '
inflation, etc see backup slides

® (un)broken U( | )X . Singlet Portal and Dark Radiation; h-monopole

® Tight bond between DM-sterile nu’s with U(|)x : Dark Radiation

‘Yong Tang’s talk on this issue‘




Based on the works

(with S.Baek, Suyong Choi, P. Gondolo, T. Hur, D.W.Jung, Sunghoon Jung,
J.Y.Lee,W.l.Park, E.Senaha, Yong Tang in various combinations)

Strongly interacting hidden sector (0709.1218 pLe;1103.2571 PRL)
Light DM in leptophobic Z’ model (i106.0s85 prp)

Singlet fermion dark matter (11121847 jep)

Higgs portal vector dark matter (12122131 jHep)

Vacuum structure and stability issues (2094163 jrep

Singlet portal extensions of the standard seesaw models with local dark
symmetry (1303.4280 JHep)

Hidden sector Monopole,VDM and DR 111035
SeIf—interacting scalar DM with local Z3 SYMMeELry (14026449)

And a few more, including Higgs-portal assisted Higgs inflation, Higgs
portal VDM for gamma ray excess from GC, and DM-sterile nu’s etc.



Questions about DM

Electric Charge/Color neutral

How many DM species are there !

Their masses and spins ?

Are they absolutely stable or very long lived ?

How do they interact with themselves and with
the SM particles ?

Where do their masses come from ? Another
(Dark) Higgs mechanism ! Dynamical SB ?

How to observe them ?



Underlying Principles

Hidden Sector CDM thermalized by
Singlet Portals (including Higgs portal)
Renormalizability (with some caveats)

Local Dark Gauge Symmetry (unbroken or
spontaneously broken) : Dark matter feels
gauge force like most of other particles &
DM is stable for the same reason as
electron is stable

(Alternative models by Asaka, Shaposhnikov et al.)




New Physics Scale ?

® No theory for predicting new physics scale,
if our renormalizable model predictions
agree well with the data

® Only data can tell where the NP scales are

® Given models working up to some energy
scale, we can tell new physics scale if
Unitarity is violated, or Landau pole or
Vacuum Instability appears

® Otherwise we don’t know for sure where
is new physics scale



Neutral Kaon System

Often said that the charm is predicted in order to
solve the quadratic divergence in Delta MK

This is not really true, since this comes from
anomalous model (SM with three quarks and
leptons are anomalous)

If we imposed anomaly cancellation, we would have
no quadratic div in Delta MK and no large FCNC
from the beginning

Important to work within theoretically consistent
model Lagrangian to get correct phenomenology



Guiding Principles

® Data driven problems : New particles or new
phenomena (DM, Neutrino masses and mixings,

baryon # asymmetry, etc)

® Theoretical problems : Unitarity, Anomaly Cancellation,
(Renormalizability) Very important to keep them

® Fine tuning problems : Higgs mass, Strong CP,
Cosmological Constant, etc >> << Let me postpone
considering these problems for the moment, since it
does not violate any theoretical principles >>
Anthropic principle (?) >><<We may miss some
interesting possibilities if we stick to this principle too
much in this era of LHC and many other expt’s>>



Principles for DM Physics

® | ocal Gauge Symmetry for DM

- can make DM absolutely stable
- all the known particles feel gauge force

® Renormalizability with some caveat
- does not miss physics which EFT
can not catch.

® Singlet portals

- allows communication of DS to SM
(thermalization, detectability, ...)



Hidden Sector

Any NP @ TeV scale is strongly constrained by
EWPT and CKMology

Hidden sector made of SM singlets, and less
constrained, and could be CDM

Generic in many BSM’s including SUSY models
E8 X E8’ : natural setting for SM X Hidden
SO(32) may be broken into GsM X Gh



Hidden Sector

Hidden sector gauge symmetry can stabilize
hidden DM

There could be some contributions to the dark
radiation (dark photon or sterile neutrinos)

Consistent with GUT in a broader sense

Can address “QM generation of all the mass
scales from strong dynamics in the hidden

sector’ (alternative to the Coleman-Weinberg) : Hur and Ko, PRL (201 1)
and earlier paper and proceedings



How to specify hidden sector ?

® Gauge group (Gh) :Abelian or Nonabelian
® Strength of gauge coupling : strong or weak

® Matter contents : singlet, fundamental or
higher dim representations of Gh

® All of these can be freely chosen at the
moment :Any predictions possible !

® But there are some generic testable features in
Higgs phenomenology and dark radiation



Known facts for hCDM

® Strongly interacting hidden sector
® CDM :composite h-mesons and h-baryons

® All the mass scales can be generated from
hidden sector

® No long range dark force

® CDM can be absolutely stable or long lived

T. Hur, D. -W. Jung, P. Ko and J. Y. Lee, Phys. Lett. B 696, 262 (2011) [arXiv:0709.1218 |[hep-ph]];
T. Hur and P. Ko, Phys. Rev. Lett. 106, 141802 (2011) [arXiv:1103.2571 [hep-ph]].

P. Ko, Int. J. Mod. Phys. A 23, 3348 (2008) [arXiv:0801.4284 [hep-ph]]; P. Ko, AIP Conf. Proc. 1178,
37 (2009); P. Ko, PoS ICHEP 2010, 436 (2010) [arXiv:1012.0103 [hep-ph]]; P. Ko, AIP Conf. Proc.
1467, 219 (2012).




® Weakly interacting hidden sector
® | ong range dark force if Gh is unbroken

® |[f Gh is unbroken and CDM is DM, then no
extra scalar boson is necessary (*)

® |f Gh is broken, hDM can be still stable or
decay, depending on Gh charge assighments

® More than one neutral scalar bosons with signal
strength = | or smaller (indep. of decays)
except for the case (*)

® Vacuum is stable up to Planck scale
S.Baek, PKo,W.l.Park, E.Senaha, JHEP (2012)



Higgs signal strength/Dark radiation/DM

in preparation with Baek and W.I. Park

Unbroken
Models Unbroken L ocal 72 Unbroken SU(N)
U()X SU(N) .
(confining)
| I |
0.08 <| ~0.08% |  ~0
Scalar DM ' ~0 ' .
complex complex |composite
real scalar
scalar scalar hadrons
<| < <] <|
Fermion 0.08 -0 ~0.08*# ~0
DM Dirac . Dirac |composite
. Majorana .
fermion fermion | hadrons

# :The number of mass

ess gauge bosons




Singlet Portal

® |f there is a hidden sector and DM is
thermal, then we need a portal to it

® There are only three unique gauge singlets
in the SM + RH neutrinos

W(—)@ BW,E(—} Hidden S

NRH]?ZLI




Generic Aspects

® [wo types of force mediators :
* Higgs-Dark Higgs portals (Higgs-singlet mixing)

» Kinetic portal to dark photon for U(l) dark gauge sym
(absent for non-Abelian dark gauge sym@renor. level)

* Naturally there due to underlying dark gauge symmetry

® RH neutrino portal if it is a gauge singlet (not in the
presence of U(l) B-L gauge sym)

® These (especially Higgs portal which has been often
neglected) can thermalize CDM efficiently



General Comments

Many studies on DM physics using EFT

However we don’t know the mass scales of
DM and the force mediator

Sometimes one can get misleading results

Better to work in a minimal renormalizable
and anomaly-free models

Explicit examples : singlet fermion Higgs
portal DM, vector DM, Z2 scalar CDM



Why renormalizable models ?

&
Limitation of EFT for DM



Higgs portal DM as examples
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Higgs portal DM as examples

All invariant
under ad hoc
Z2 symmetry

1 1 A A
Locatar = 50uSO"S — Zm3S* - 12{5 HYHS? — 554
AHqp
Lfermion = @b [27 0 — mw] w — THTH ¢¢
1 1
Looctor = —ZVWVW + §m%/VMV“ + ZAV(VNV“F n §AHVH‘LHVMV“.
® Scalar CDM :looks OK, renorm. .. BUT .....

® Fermion CDM : nonrenormalizable

® Vector CDM

:looks OK, but it has a number of

problems (in fact, it is not renormalizable)




Usual story within EF T

® Strong bounds from direct detection exp’s put
stringent bounds on the Higgs coupling to the
dark matters

® 5o, the invisible Higgs decay is suppressed

® There is only one SM Higgs boson with the
signal strengths equal to ONE if the invisible
Higgs decay is ignored

® All these conclusions are not reproduced in
the full theories (renormalizable) however



Singlet fermion CDM

Baek, Ko, Park, arXiv:1112.1847

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

This simple model has not been studied properly !!



Ratiocination

Mixing and Eigenstates of Higgs-like bosons
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Ratiocination

® Signal strength (reduction factor)

" T G, Br(h — SM)
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Constraints

EWV precision observables
Peskin & Takeuchi, Phys.Rev.Lett.65,964(1990)
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Constraints

® Dark matter to nucleon cross section (constraint)
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® We don’t use the effective lagrangian approach
(nonrenormalizable interactions), since we don't
know the mass scale related with the CDM

(o ),
Leg = | Mg 1 A w. or

Breaks SM gauge sym

- Only one Higgs boson (alpha = 0)

- We cannot see the cancellation between two Higgs scalars in
the direct detection cross section, if we used the above
effective lagrangian

- The upper bound on DD cross section gives less stringent
bound on the possible invisible Higgs decay



Discovery possibility

® Signal strength (r_2 vsr_1)
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Main Decay and Production Modes
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Vacuum Stability Improved
by the singlet scalar S
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Low energy pheno.

® Universal suppression of collider SM signals

[See 1112.1847, Seungwon Baek, P Ko & WIP]
® |f“mn>2 my”’, non-SM Higgs decay!
® Tree-level shift of Ansm (& loop correction)

2
m
1+ (;b — > sin” a} A
My

» If “my> my”, vacuum instability can be cured.

.................................
0.08 My =125C
3¢ bands in
— M, = 173.1 £ 0.7 GeV
= 9% a,(Mz) = 0.1184 + 00007
e
=
g 004
=
2
Qv
§ o002
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L~
>
§ 0.00 _
- . (M) = 01208
02f SM e _a(Mp) = 0163 ]
M, =1753GeV |
1) 2 3 T T T T VO T W WY S SN SN SN W . =
[T 1] ———_

10° 100 10* 10" 10" 107 10" 10 10" 10¥
RGE scale y in GeV

[G. Degrassi et al., 1205.6497] [S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)]



Similar for Higgs portal Vector DM

A A
L=-mpV,V" = = SHHV, V" — ZE(V, V)’

® Although this model looks renormalizable, it is
not really renormalizable, since there is no agency
for vector boson mass generation

® Need to a new Higgs that gives mass to VDM
® Stueckelberg mechanism ?? (work in progress)

® A complete model should be something like this:



4 )

1 A 02\ ?
Lvpyr = — 7 Xuw X" + (D, @) (Dr®) — Z‘I’ (<I>T<I> — 51’)

?}2 ’02
—AHo (HTH - 7H) (cb’fcb - %’) ,

(0]¢x|0) = vx + hx(x)

There appear a new singlet scalar h_X from phi_X , which
mixes with the SM Higgs boson through Higgs portal

The effects must be similar to the singlet scalar in the
fermion CDM model

Important to consider a minimal renormalizable model to
discuss physics correctly

Baek, Ko, Park and Senaha, arXiv:1212.2131 (JHEP)



New scalar improves
EWV vacuum stability

(a) ml(:125 GCV) <m»,

C\/]\
S
)
N
a,
b
10~ - .‘.-',.. S . - “ ’ ,
10~ ‘ | I : ! ‘ . |
10 20 50 100 200 500 1000
My (GeV)
(b) mi<m,(=125GeV)
10-%
10~
(‘G.\ 10—44 :
=
)
b& 10~ 46
. P I 200 400 600 800 1000
10-4 o ."-:-.: Sh A S Sl
- 50 | | | | Wl . 1 o . . N
10 10 20 50 100 200 500 1000 Figure 8. The vacuum stability and perturbativity constraints in the a-msy plane. We take

myp = 125 GeV, gy = 005, MX = m2/2 and Vo = MX/(QXQ{))-
My (GeV) *

Figure 6. The scattered plot of o, as a function of Mx. The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 o, while the red-(black-)colored points gives r; > 0.7(r; <
0.7). The grey region is excluded by the XENON100 experiment. The dashed line denotes the
sensitivity of the next XENON experiment, XENONI1T.



DM relic density

SFDM

m,=120( GeV), m,=150( GeV),a=n/4

my (GeV)

P-wave annihilation

VDM

m,;=125(GeV),m,=150( GeV),a=n/4

S-wave annihilation

Higgs-DM couplings less constrained due to
the GIM-like cancellation mechanism



Higgs portal DM as examples

»Cscalar
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Crossing & WIMP detection

Correct relic density = Efficient annihilation then

m S
— CA
-0 X X - P
2 @ o9
- O =
gm - O
Q 5 © O
o =. EQ
® 3 S G
® QO < T
o 5 0 O
G =
@) —_—— LL
=

Efficient scattering now
(Direct detection)



Crossing & WIMP detection

Correct relic density = Efficient annihilation then

m S

=3 ‘ X X | 0
2 @ N\ / o 2
However, this crossing relation could
lead to incorrect physics quite often !

Better to be careful, and work in more

complete models for ID or CS.
2 — N

Efficient scattering now
(Direct detection)



Fermi-LAT y-ray excess

® Gamma-ray excess in the direction of GC

Total Flux Residual Model (x3)

10.0 x 104
7
v 25 =~ 8.0
@)
< I 6.0 '
C 0 4.0 Sun
© ( () >
o -2.5° .
=
\"»'-‘ y - : 5 - e 3 : = _ y s . . """ /
~ . 3 Disc /
> " == F——C pe————
4 ]

T TTe o )

GC:b~1<0.1°

- Ay

extended

-2.5°

3.16 - 10 GeV

P
4.0 v
GeV scale excess!

r Aoy 0* -25° 25* 0* -25°

[1402.6703,T. Daylan et.al.]



A ,\2

® A DM interpretation
DM+ DM - 2 with oo 17X 107 e’/

300r-"'l."7""7 ............. ""'7 ( Y

Full Sky, |b|>1° 20.10-6 L 1, J NFW, 7=1.26 -
Southern Sky, |b|>1°/ ' 258 W

200 - /-

100 & .

E® dN/dE (GeV/ (rm2,~"’s,~*’sr)
o
o
[e]
<o

mpy = 35.25 GeV "-}-‘f'

P B B B B 1.0-1076 ——L .. . PP B \ PR
1.0 1.1 1.2 1.3 1.4 1.5 05 1.0 50 10.0 50.0

Inner Profile Slope, ¥ E, (GeV)

* See “1402.6703,T. Daylan et.al.” for other possible channels

® Millisecond Pulars (astrophysical alternative)

It may or may not be the main source, depending on

- luminosity func.
- bulge population
- distribution of bulge population

* See “1404.2318, Q.Yuan & B. Zhang” and “1407.5625, |. Cholis, D. Hooper & T. Linden”



GC gamma ray in VDM

[1404.5257, P. Ko, WIP &Y.Tang]
To appear in JCAP (2014)

VH b/7
Hys 2 : 125 GeV Higgs
""" | :absent in EF

Vv b/T

VH + Hy %5 + Hy VH

VY \ Hl Vv \ Hl Vv S o Hl Vv N, Hl

Figure 3. Dominant s/¢-channel production of His that decay dominantly to b + b



Importance of VDM
with Dark Higgs Boson

y spectrum
10 ‘ ‘ SR o~ T 100 - —
my=40 GeV, m,;=59 GeV, VV—>f{*2 ——
my=80 GeV, =75 GeV, W ¢
| my,=80 GeV, m¢=50 GeV,W—=¢p ¢ —eo—
o 01—~ E
S .
001 | £>
N'O
w
0.001
—4 . . . I . . . I . . . I . . .
10 20 40 60 80 100

100

my[GeV] : - o

Figure 4. Relic density of dark matter as function of my for mj, = 125, mg = 75GeV, gx = 0.2,
and a = 0.1. Figure 5. Illustration of v spectra from different channels. The first two cases give almost the same
spectra while in the third case 7y is boosted so the spectrum is shifted to higher energy.

This mass range of VDM would have been
impossible in the VDM model (EFT)



Colliders connected to
DM direct searches?

® Some scenarios of Higgs portal in EFT

AS

1 1 .. AHS
Lsspm = 50,808 — ;m5S® — 5% - ’2—’55211*11

< ), a Non-renormalizable
Lsrpm = (10 — my ) — "\” v H'H or
1 | AV H - Av . not gauge-invariant,
Lvpm = —=-V, V¥ + —myV,VF — V,.VFH"H — vV, VH)? ,
vou 4 2V 2 g VuV") not unitary!

Observed (expected) upper limits Sl 4T inv miy, f&

my (GeV) ono - B(H — inv)/ogy S-N = m3 02 (My + my)?’
VBF ZH VBF+ZH

115 0.63 (0.48) 0.76 (0.72) 0.55(0.41) oS _N = 16150y M"{. m:{lfi
125 0.65 (0.49; 0.81 20.83) 0.58 20.44; v . ,n-?{vzﬁ(,n‘:l — 4M§’"l%l L 12‘\4;) (MX - "IN)Z
135 0.67 (0.50) 1.00(0.88) 0.63 (0.46
145 0.69 (0.51) 1.10(0.95) 0.66 (0.47) s Sl‘invMi m:{-f[%
200 0.91 (0.69) — — AN= —5 s -
300 131 (1.04)  — — miotp> (My +mn)

[arXiv:1404.1344] S

[';,+ 1S constraied = So is o



® DM-nucleon scattering in EFT Higgs portals

myp = 125GeV, Br(H — inv) < 0.51 at 90% CL

- -1 G 1 LI L 1 1 1 LA L] 1] L L
0 107 ! Combination of VBF and
2 102k ZH, H - invisible CMS
> 3 Vs =8.0 TeV, L= 18.9-19.7 fb" (VBF+ZH)
& w 10 \s=7.0TeV,L=4.9 " (ZH) B(H-» Inv) <0.51 @ 90% CL
@) 10.4 ‘ m,, = 125 GeV
c
o -5 [ .
5 190 my, =2125.5GeV, Br(H — inv) < 0.52 at 90% CL
m 10 L L) L Ll LI A Ll L 1 LI A A L LJ L) LI B A
- -37 | | |
o 107 g 10" E Higgs-portal Model ATLAS
%) 8 L.10% (s=7TeV, [Ldt=4.5f"
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§ 107 510
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- i : 9 10
T 10 c 210% 7
g 10’13 1 L1 1.1 l 1 l 2 o 1 0-45 % oy ’.”'/:.A.," .......................
10 10 E 3106 et
[arXiv:1404.1344] DMN 2 = 1047
1 0‘48 ‘..-"' ) DAMALIBRA 30 @ CRESST 20
E .49 oot COMS 85% CL S CoGeNT
010 5 P e e XENON10 XENON100
10 vevs: ATUAS.veoorOM 5555 ATLAS, fomion W
10-51 ll 1 1 1 L0 1.1 ll 1 1 ] 1 1 1.1 ll ] L 1 1 11
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[arXiv:1402.3244]

DM Mass [GeV]



® However, in renormalizable unitary models

Of H iggs PO I"tal S [arXiv: 1405.3530, Seungwon Baek, P. Ko & WIP]
’

2 more parameters

LSFDM = ‘(,_b(’l,a — My — /\¢,S) - uHsSHfH - ‘A%SS2H1.H

2
' 1 1
1 1 Z As gy % (8a€a)’ ( - )
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Guos = b+ D000 o (8103 ) o (w10 13) (- )
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® However, in renormalizable unitary models

of Higgs portals,

A 2
Lsrpy = ¥ (10 — my — A\yS) — pupsSHTH — '\HS T2 S?HTH ST 5 ( 1 1 )
0p X (8aCa)” | =3 — —5
' )‘ e
+ —a SO"S — tm2s? — 35— Fsgs _ Mg
2 3 4
G = =4t 0,800 2o (00 F) < ro (10 F) (- )

Interpretation of collider data is quite model-
dependent in Higgs portal scenarios.




And this singlet scalar S modifies the Higgs

¢c¢_ 9%

inflation prediction with a larger “r

(see the later part )



General Remarks

Sometimes we need new fields beyond the SM
ones and the CDM,, in order to make DM models
realistic and theoretically consistent

If there are light fields in addition to the CDM, the
usual Eff. Lag. with SM+CDM would not work

Better to work with minimal renormalizable
models

See papers by Ko, Omura,Yu on the top FB asym
with leptophobic Z’ coupling to the RH up-type
quarks only : new Higgs doublets coupled to Z’
are mandatory in order to make a realistic model



DM is stable because...

® Symmetries

- (ad hoc) Z; symmetry
- R-parity
- Topology (from a broken sym.)

® Very small mass and weak coupling

e.g: QCD-axion (m, ~ Aqcp?/fy; fa~10%-12 GeV)

3
. T, ~ 0(10—5)% < Hy ~10"%2GeV
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But for VWIMP ...

® Global sym.is not enough since

r

)\Mi;ZTWF,uV for boson

—Ling = <\ AMiplb’YuDuéLiHT for fermion

Observation requires [M.Ackermann et al. (LAT Collaboration), PRD 86,022002 (2012)]

m¢ 5 C’)(l())ke\/'
me SJ O(l)GeV

= WIMP is unlikely to be stable

DM < 10297 3gec = {

® SM is guided by gauge principle

It looks natural and may need to consider
a gauge symmetry in dark sector, too.

80



Why Dark Symmetry ?

® |s DM absolutely stable or very long lived ?

® |[f DM is absolutely stable, one can assume it
carries a new conserved dark charge,
associated with unbroken dark gauge sym

® DM can be long lived (lower bound on DM
lifetime is much weaker than that on proton
lifetime) if dark sym is spontaneously broken

Higgs can be harmful to weak scale DM stability



Z2 sym Scalar DM

1 1
L= 50,50"S — Sm3S"

; AS g ASH gopri

4] 2

® Very popular alternative to SUSY LSP
® Simplest in terms of the # of new dof’s

® But, where does this Z2 symmetry come
from !

® |s it Global or Local ?



Fate of CDM with Z2 sym

® Global Z2 cannot save DM from decay with
long enough lifetime

Consider Z5 breaking operators such as

! SO« | keeping dim-4 SM

Mpianck operators only

The lifetime of the Zs symmetric scalar CDM S is roughly given by
3 3

ms ms —37
N 10-37GeV
M2, (T00Gev c

(S) ~

The lifetime is too short for ~100 GeV DM




Fate of CDM with Z2 sym

® Spontaneously broken local U(1)x can do the
job to some extent, but there is still a problem

Let us assume a local U(1)x is spontaneously broken by (¢x) # 0 with

Qx(¢x) =Qx(X) =1

Then, there are two types of dangerous operators:

Problematic !




® These arguments will apply to all the CDM
models based on ad hoc Z2 symmetry

® One way out is to implement Z2 symmetry
as local U(l) symmetry (arXiv:1407.6588
with Seungwon Baek and Wan-I| Park)

® See a paper by Ko and Tang on local Z3
scalar DM, and another by Ko, Omura and
Yu on inert 2HDM with local U(1) H



Qx () =2, Qx(X)=1 arXiv:1407.6588 w/ WIPark and SBaek

1 1 A
L = Lsm+ —- XWX — -eX,,B" + Duﬁb};(DM?bX - =

4 2 4
AX vty 2 2 i AXH oty prt gy MoxH i frr AXH oty
- (X'X)" — (pX?¢" + Hee.) — — X' XH'H — —==0¢xoxH'H - ==X X\ ox

2
(ijg(ﬁbx — Uﬁ) + D, XTDFX —m%i XTX

4 )
The lagrangian is invariant under X — —X even after

U(1)x symmetry breaking.

\_ J

Unbroken Local Z2 symmetry

S

Xgr — X7y, followed by v, — v —eTe  etc.

The heavier state decays into the lighter state

The local Z2 model is not that simple as the usual
/2 scalar DM model (also for the fermion CDM)




® Some DM models with Higgs portal
> Vector DM Wlth Zz [1404.5257, PKoWIP&YTang]

2
Lyvpm = __XWXW (D, ®) (D ®) — Ao (‘I’HI’ - _)

2
tg _ U ty _ Vh
oy (00— 22 ) (HiH - °H

> Scalar DM with local ZZ [1407.6588, Seungwon Baek, P. Ko & WIP]

L = Lsy— i)‘(u,,f(w - % sineX,,, B* + D,¢D*¢ + D, X DX —m% X1 X + m2¢'¢

Ao (616) = Ax (XTX)? = Aox XT X6 — Agnd'oH H — Ayx XTXHH — p (X261 + H.c.)

- muon (g-2) as well as GeV scale gamma-ray excess explained
- natural realization of excited state of DM
- free from direct detection constraint even for a light Z’

v Qem =

Aaﬂ ~

2
27T COS HW

(fOl" m oz 5 mu)

7

m,. (GeV) 10
[1406.2980, BaBar collaboration]



Model Lagrangian

qx (X : ¢) — (1 : 2) [1407.6588, Seungwon Baek, P. Ko & WIP]

1~ 4 1 A oA
L = Lon — ZXWXW ~ 35 sineX,,, B" + D,¢D"¢ + D, X"DFX — m3% XTX + miﬁbTCb

o (810)" = Ax (XTX)" = Apx XTX 616 — Aol oHH — A\yx XTXHUH — pu (X?¢1 + Hoc) |

® X :scalar DM (Xl and XR, excited DM)
® phi:Dark Higgs

® X mu :Dark photon

® 3 more fields than Z2 scalar DM model

® /2 Fermion DM can be worked out too



Gamma ray from GC

T ™"y — 1N
“h ey <80GeV, L2

2 my

< 0(0.1)

100 F'

® Possible to satisfy thermal
relic density, (in)direct
detection constraints

® For light Z' with small
kinetic mixing, muon g-2

can be accommodated \ \
102 107! 10°
A(bX

o 1 1 1 FIG. 3:  Parameter space for my = 80, my = 75GeV
Slmlla’r to the eXCIted DM with @ = 0.1, vy = 100GeV, satisfying constraints from
. LUX direct search experiment (Green region between thin
mOdEIS by Welnel" et al, etc. green lines: pu = 5GeV. Red region between thin red
f d k H' f Id lines: pu = 7GeV), (0Urel)tot/{0Vre1)26 = 1 (Dot-dashed
green line: p = 5GeV. Dotted red line: pu = 7GeV), and
except or ar Iggs 1€ 1/3 < (0Vrel)gpo/{0Vre1)26 < 1 (Blue region). In the dark

green region, (0Vrel)z/z//{0vre1)26 < 0.1, so the contribution
of Z'-decay to GeV scale excess of v-ray may be safely ig-
nored.



Other possible phenomenology

® Another possibility was to use this model
for 511 keV gamma ray and PAMELA/
AMSO02 positron excess (strong tension
with CMB constraints, however)

® 3.55 keV Xray using endo(exo)thermic
scattering : for future work

® |n any case, the local Z2 model has new
fields with interesting important own roles,
and can modify phenomenology a lot



Main points

® | ocal Dark Gauge Symmetry can guarantee
the DM stability (or longevity, see later
discussion)

® Minimal models have new fields other than
DM (Dark Higgs and Dark Gauge Bosons)
for theoretical consistency

® Can solve many puzzles in CDM by large
self-interactions, and also muon g-2, and
also calculable amount of Dark Radiation



Scalar DM with Local Z3

P, Ko, Y.Tang, arXiv:1402.6449, JCAP (2014)



Scalar DM with local Z3 sym

P, Ko, YTang, arXiv:1402.6449 (JCAP)

Consider U(1)x dark gauge symmetry, with
scalar DM X and dark Higgs phi_X with
charges 1 and 3, respectively.

()
Global Z3 model by Belanger et al /V'
arXiv:1211.1014 (JCAP) X

without phi and Z’ 93




Comparison with global Z3

Vg ~ — p HTH + A (HUH) + 12 XTX + Ax (XTX)" + Agx XTXHTH + p15X°
+ higher order terms + H.c,

* However global symmetry can be broken by
gravity induced nonrenormalizable op’s:

1 v
X E

Global Z3 “X” with EW scale mass will decay immediately and can not be a DM

* Also particle contents different : Z' and H2
DM & H phenomenology change a lot

94



Semi-annihilation

MmicrOMEGASs
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Relic density and Direct Search

QOh?c[0.1145,0.1253], 13<0.02

0.500 : : . .
— =0 7 » Blue band marks the
- 100
-LUX ‘ Global Z; upper bound,
)\ [=XENONIT -l _
.100f + 4+ All points are allowed
AAA? 1 ol .
o] - o e inour local Z3 model,
A S s 1402.6449
£ | 1°® « only circles are
A o ="l 104 .
0010} 11 allowedin global Z3
0005 e, model,1211.1014
This whole region is allowed in
local Z3 case XXX
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U(l)x sym :

Z3 sym :

Comparison with EFT

1 1 _
X'XH'H, 12 (X'D,X) (H'D"H) , 12 (XTD,X) (fA*f), ete. (4.3)
1

1

KX?’HTH, EX?’ ff, etc. (4.4)
1

(or FXSfLHfR, if we imposed the full SM gauge symmetry) (4.5)

e Thereisno Z', H2 in the EFT, and so indirect
detection or thermal relic density

calculations can be completely different

« Complementarity breaks down : (4.3) cannot
capture semi-annihilation
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Cusp vs. Core

150

M, =42 x10" M,

-1 Cusp +baryons COHiSiOﬂlGSS CDM

Core + baryons

WV (km s—1)
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Possible solutions

» Baryonic physics:

gas cooling, star formation,

supernova feedback,...

 Dark Matter:
warm dark matter
Self-Interacting CDM

Spergel et al, Sigurdson et al,
Boehm et al, Kaplinghat et al,

Loeb et al, Tulin et al,
van de Aarseen et al,
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What is SIDM?

 DM-DM scattering cross section is around

* |t can flatten the halo centre, solving the
“cups-core” and “too-big-to-fail” problems.

 |Interaction with relativistic particles can
induce a cut-off in the matter power
spectrum by collisional damping, solving the
‘missing satellites” problem.

100



How?

* MeV mediator can provide the right elastic
scattering cross section for TeV dark matter,

M, =4.2x10" M

Collisionless CDM

—----__
-

Self—interacting DM

r(kpc/h]
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Strong DM self interaction
from Light Mediators

M H> [G@V]
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M X [GGV
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We expect light bosons (H2 and/or Z’)

Can we find them experimentally ?

.>O
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Global Z3 Local Z3
(Belanger, Pukhov et al) (Ko, Yong Tang)

o SM + X e SM+ X,phi,”Z
® Additional annihilation

® DD & thermal relic >>
channels open

mx > |20 GeV

. ® DD constraints relaxed
® Vacuum stability >> DD

cross section within

Xenon| T experiment * Light mxallowed

® Light mediator phi : strong

® No light mediators . ) ,
8 self interactions of X’s




Gamma ray excess from GC
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FIG. 2: Feynman diagrams for X X semi-annihilation into Hy and Z’.

(arXiv:1407.5492 with Yong Tang)



Gamma ray excess from GC

(arXiv:1407.5492 with Yong Tang)

y-ray spectra at 6=5° y-ray spectra at 6=5°
| data —— | data ——
4e-06 F my=72, my =71, m»=90 —— : 4e-06 F  my=35,my =50, m,=34 —
My=60, my=59, Mz=90 ------ My=30, My>=50, M7=29 -
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FIG. 4: ~-ray spectra from dark matter (semi-)annihilation with Hsy(left) and Z’(right) as final
states. In each case, mass of Hy or Z' is chosen to be close to mx to avoid large lorentz boost.
Masses are in GeV unit. Data points at § = 5 degree are extracted from [1].

Possible only in local Z3, not in global Z3



Antiproton and positron
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FIG. 5: p and e spectra from dark matter (semi-)annihilation with Ha(left) and Z’(right) as final
states. In each case, mass of Hy or Z’ is chosen to be close to mx to avoid large lorentz boost.
Masses are in GeV unit. (o0)ann ~ 6.8(4.4) x 1072%cm? /s for Hy(Z') final states are assumed. Data
point are taken from [53] for anti-proton and [54] for positron fluxes, using the database [55].
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FIG. 6: Antiproton flux dependence on astrophysical parameters. From left to right, MIN, MED
and MAX models are used respectively. See table. I for model parameters.



lInert 2HDM model

Relic density (low mass)

Qe i’ =0.1199+0.0027




Inert 2HDM with U(1)H
gauge symmetry

Relic density (low mass)

Qcpyh® =0.119940.0027

Vot + IDMwU(1),
R _ LUX bound is satisfied.
100 \ﬁ\
[GeV]
""""""""""" AVAVAVAY
>_< ; Ko, Omura, Yu
- rvvv\, arXiv:1405.2138

< New in our inert 2HDM with U(|)x gauge sym




Hidden Sector Monopole,
Stable VDM and Dark Radiation

SU2)n = U(I)x
+

Higgs portal
[S. Baek, P. Ko & WIP, arXiv:1311.1035]

Backup Slides



The Model

® |agrangian

1 1~ e Apre » 28
L=Low— VAV +-D,6- DG "2 (5-8—0%) = ~hg.gHH

't Hooft-Polyakov monopole Higgs portal

® Symmetry breaking
o' = (0,0,v4) = SU(2) = U(1)

® Particle spectra (v'= z0is. v =v i i)
- VDM: my = gxvg
- Monopole: my = my /ax
1

- Higgses: mi12 = 5

2
myy, +ms, F \/(m%h — méqs) — 4méh}



Main Results

h-Monopole is stable due to topological
conservation

h-VDM is stable due to the unbroken U(I)

subgroup, even if we consider higher dim
nonrenormalizable operators

Massless h-photon contributes to the dark
radiation at the level of 0.08-0.1 |

Higgs portal plays an important role



EWSB and CDM from Strongly
Interacting Hidden Sector

All the masses (including CDM mass)
from hidden sector strong dynamics,
and CDM long lived by accidental sym

Hur, Jung, Ko, Lee : 0709.1218, PLB (201 1)
Hur, Ko :arXiv:1103.2517,PRL (2011)

Proceedings for workshops/conferences
during 2007-201 | (DSU,ICFPICHEP etc.)



Nicety of QCD

Renormalizable

Asymptotic freedom : no Landau pole
QM dim transmutation :

Light hadron masses from QM dynamics

Flavor & Baryon # conservations :
accidental symmetries of QCD (pion is
stable if we switch off EWV interaction;
proton is stable or very long lived)



h-pion & h-baryon DMs

® |n most WIMP DM models, DM is stable
due to some ad hoc Z2 symmetry

® |f the hidden sector gauge symmetry is
confining like ordinary QCD, the lightest
mesons and the baryons could be stable or
long-lived >> Good CDM candidates

® |f chiral sym breaking in the hidden sector,
light h-pions can be described by chiral
Lagrangian in the low energy limit



(arXiv:0709.1218 with T.Hur, D.W.Jung and ).Y.Lee)

Basic Picture

\ Messenger Hidden
SM/ \Sector
Singlet scalar S A
RH neutrinos (©@n@n) 7 0

etc.

SM Hidden Sector
Quarks Quarks @y,
Leptons Gluons gy,
Gauge Bosons Others

Higgs boson

Similar to ordinary QCD




Key Observation

® |f we switch off gauge interactions of the
SM, then we find

® Higgs sector ~ Gell-Mann-Levy’s linear
sigma model which is the EFT for QCD
describing dynamics of pion, sigma and
nucleons

® One Higgs doublet in 2HDM could be
replaced by the GML linear sigma model
for hidden sector QCD



Potential for H; and H5

A
V(Hy, Hy) = —ui(H{H1) + 5 (H{H1)* — p3(HyHo)

A
+5 (HyHo)? + As(H{ Hy)(Hy Ho)

Stability : A\; 5 > 0and A; + Ag + 23 > 0 f

. . . Not present in the two-
Consider the following phase: Higgs Doublet model

0 W}J{
= v1+hsum ) Hy = Vo +0n+iT)
V2 V2

Correct EWSB : )\1()\2 -+ CL/Q) — )\1)\/2 > )\g




Relic Density

p
500 . 500 .
450 _tan==1 | g 450 _tan_ i .
400 : g 400 . 2
_ 350 | - 2 _ 350 | 5
> 300 | R 2 300 | 1840
c2£250 - | i-g 9:250 - - @z
? 150 | 17° | ]
100 100
50 r 50
060 80 100 120 140 160 180 200 220 060 80 100 120 140 160 180 200 220
my, [GeV] my, [GeV]
® Q. h*inthe (my,,ms, ) plane for tan 3 = 1 and my = 500
GeV
# Labels are in the log
o Can easily accommodate the relic density in our model
\§

4291d o2 440l 5L



[ Direct detection rate ]

2

o (my N — 7, N) [em

10740 ———— ———— 104 T2 0008
1042 b | - 10 0'096<9h2053§,[1'\:sc2;§ 7777777777777
10744 | E 10:2 i\ — -
100 ¢ i”: 10-44
48 5 r 0
10 _0.096<gﬁzzg:ggg z@ 107 ¢ %%%%*%M
107  CDMS 2007C£1§esct1id g 107 | ;ﬁé; %:‘%‘%
| o] EORGAL
10'54 Supef CDN‘IS-l‘tOI‘l — ' - '- 10 160 2|OO ?TOO ifoi) 5OB 260 7IOO 8IOO 9I()0 1000
10 100 1000 m, (Gev]
ogr(mpp — mpp) as functions of m,, for tan 3 =1 and
tan 3 = 5.
ogy for tan 5 = 1 Is very interesting, partly excluded by
the CDMS-II and XENON 10, and als can be probed by
future experiments, such as XMASS and super CDMS
tan 0 = 5 case can be probed to some extent at Super

CDMS




Model | (Scalar Messenger)

Hur, Ko, PRL (201 1)

Singlet Hidden

" ScalarS QCD

® SM - Messenger - Hidden Sector QCD

® Assume classically scale invariant lagrangian --> No
mass scale in the beginning

® Chiral Symmetry Breaking in the hQCD generates a
mass scale, which is injected to the SM by “S”



Scale invariant extension of the SM
with strongly interacting hidden sector

Modified SM with classical scale symmetry

A A A
Lo = Lin f (HH)? ;H 52 HTH—ZS g

+ (@iHYijD DI+ QAU + T'HYFE

+ ZiﬁlygéyNj + SN CY NI + h.c.)

~N

" Hidden sector lagrangian with new strong interaction

Npgr
1 —_—




3 neutral scalars : h, S and hidden sigma meson
Assume h-sigma is heavy enough for simplicity

['Effective lagrangian far below A; , ~ 47 A, J

[fmixing

2

£h1dden + LsMm + Lmixing

2
V7
—hTr[ﬁ’MZh@“Z}LL] + %TI‘[)\S/L}L(Z}L + Z}:)]

4
A A A
—El(Hjﬂl)? ;SHjﬂlsQ 534

. HIH 2 S
2 A2 1441
_02A - K
R VY PR
sHiH, $3
h ho

—v% /fHH}LHl + kgS? + AhliigS}




Relic density
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O, h? in the (my,, m,,) plane for
(a) v, = 500 GeV and tan 5 = 1,
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( v, = 1 TeV and tan g = 2.




Direct Detection Rate
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osr(mpp — mpp) as functions of m, .
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Updates@LHCPby Pich

Signal Strengths

W,ZH — bb
\s=7TeV: [Ldt=4.7 "
\s=8TeV: |Ldt= 131"
H- 1t

\s=7TeV: [Ldt=46 1"
\s=8TeV: [Lat (=.)13fb"
H—- WW ' - iviv
\s=7TeV: [Lat=461"
\s=8TeV: |Ldt =20.7 b
H- vy

\s=7TeV: [Ldt= 481"
\s=8TeV: J.L(q‘t)= 20.7 16
H—ZZ'" — 4l
\s=7TeV: [Ldt= 46"
\s=8TeV: |Ldt=20.7 b

I l | |
ATLAS Preliminary

l l |
i m,=125.5 GeV

—_— H

Combined
\s=7TeV: [Lat=46-48f"
\s=8TeV: Ldt = 13- 20.7 fb”'

| | I

w=1.30+0.20

e

-1 0 +1
Signal strength (u)

Combined

u=080+0.14

H — bb

u=1.15+0.62

H—o1t

u=1.10+ 0.41

H— vy

p=077+0.27

H— WW

1 = 0.68+ 0.20

H— ZZ

u=0.92+0.28

O' .

Br

0=

O-SM

- Br

SM

\s=7TeV,L<5.1fb' \s=8TeV,L<19.6 fb"

CMS Preliminary m,=125.7 GeV

Decay Mode

ATLAS

(MH = 125.5 GeV)

CMS

(MH = 125.7 GeV)

H — bb
H— 77
H =y
H— WW*
H— Z/*

—0.4=+1.0
0.8 0.7
1.6 0.3
1.0£0.3
1.54+0.4

1.154+0.62
1.10+=0.41
0.77 =0.27
0.68 = 0.20
0.924+0.28

Combined

1.30 = 0.20

0.80 = 0.14

Higgs Physics

A. Pich -

LHCP 2013

() = 0.96 -

15 2 25
Best fit G/O'SM

-0.12



Naturalness Problem ?

® Scale Symmetry is explicitly broken only by
dim-4 operators (beta functions)

® Our model is renormalizable when dim
regularization is used, and no quadratic
divergence

® | ogarithmic sensitivity to high energy scale

® OK up to Planck scale as long as no new
particles at high energy scale



Comparison w/ other model

Dark gauge symmetry is unbroken (DM is absolutely
stable), but confining like QCD (No long range dark
force and no Dark Radiation)

DM : composite hidden hadrons (mesons and baryons)

All masses including CDM masses from dynamical sym
breaking in the hidden sector

Singlet scalar is necessary to connect the hidden
sector and the visible sector

Higgs Signal strengths : universally reduced from one



Similar to the massless QCD with the
physical proton mass without finetuning
problem

Similar to the BCS mechanism for SC, or
Technicolor idea

Eventually we would wish to understand the
origin of DM and RH neutrino masses, and
this model is one possible example

Could consider SUSY version of it



More issues to study

® DM :strongly interacting composite
hadrons in the hidden sector >> self-
interacting DM >> can solve the small scale
problem of DM halo

® JeV scale seesaw :1eV scale leptogenesis,
or baryogenesis from neutrino oscillations

® Better approach for hQCD ? (For example, Kubo,
Lindner et al use NJL approach)



Impact of dark higgs

-Cosmo.
(Higgs-portal assisted Higgs inflation)

[arXiv: 1405.1635, P. Ko & WIP]



Higgs Inflation in SM

® |argrangian

1
2K

2
L = (1—|—§h_)R—|—£h, where £ > 1

Mg

h2
Conformal tr.: g.. — Q% where Q? = L¢3

A (2 22 0001 f|oe v,
Vi =7 (h" =07 {0
.: 10 6 r
U — h 2 _ .2 ._—j -9 l'
%) Q(x)* 4 (x)* —v*) :
E y—12 r
dx _ /1+&(1+66)h?/Mp 015
dh 1 + &h2 /M3,

10 0.00] 001 01



® Parameters and observables of Higgs inflation

00 = g3 (B =)’ ‘ {n

Potential[ M} ]

dU/dx) 4M3
3&2h4
5 52 — € —1)
2d U/dx ~4AMp 4
 3¢h?

ns =1 — 6€+ 21 ~ 0.96

1
=>n >~ — — 1
=5 )
3 2
= e~ —(ng—1
€ 16(n )

2

= r~16e~3(n,—1)° ~5x 107°

1074 0.00] 001 0.1



Higgs Inflation in SM

(after BICEP2)

reicep2 ~ 0.1 @) Is Higgs inflation ruled out? No!

)\ 2 2 2 2
U(h) = o (% — o) ﬁ&‘;ﬁ (h? — %)

[Hamda, Kawai, Oda and Park, 1403.5043; Bezrukov and Shposhnikov, 1403.6078]

Effects of running on slow-roll parameters

€ —

M3 (dhdU\® 1 ¢, B\ M/ 1, B\ M 7
2 \dxdh) 2 An/) /2 +6€2h2 /M3, 12 Au) &2hA
_ M3 dhd (dhdU
U dxdh \dy dh
~ (44 [3,\) M3, 0? 1 Ba 1 dIn (Bx/Am) /dlng _+_3_2dan2 3 € (1 + 6€) h? /M3,
B i) h? Q% +662h2/ME | Q2 Ay 4+ B/ u dinh 14 &(14 6€) h2/M2,
12 2 _
~ Y (g B\ Mp [ My B ) dinpa/dIng — Br/An (18
3 A ) Eh? 2{’12 AH 4 + B,\//\H

e & n are independent



5.x1078 l """""""""""""
4.)( 10_8 r o g

3 %1078 |
2.x1078 | NI
1.x107% | ,

0 1 2 3 4 5

[Bezrukov and Shposhnikoyv, 1403.6078]

m, GeV
171.2 1714 171.6 171.8
1. 7 1 r 0.2
N
098 -
= 096 ¢ 10.1
094 -
092 - - 0.

125.6 126 126 4
M h GeV

* Flat inflection points requires
a precise choice of m¢ and M, e.g.,

my =~ 17T1.XXXX, Mp =~ 12X. X XXX

B )\~ afew 10°°

r ~ 0.1 with ng = 0.96 only for
my ~ 171.0 XXX, My ~126.2XXX

However m:and M, are tightly constrained!



Pole top mass M, in GeV
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* Higgs inflation in SM may not be possible
at the first place.

* However SM seems to be extended
somehow.

* Higgs portal with dark Higgs saves Higgs
inflation



Riggs portal interaction

V D \ep|®|?HTH »

Scalar mixing

) Ay > AP for my > my, & a # 0

> Vacuum instability is easily removed.

> Higgs inflation becomes possible for
a wide range of m¢ and M

Higgs portal interaction disconnect m¢ and M
from inflationary observables.
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nggs-portal nggs mflatlon
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Spectral running!?

® Planck observation

dns/d In k

0.03

0.00

—-0.03

—-0.06
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1.00
< 099 [
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| | |

ACDM-+running
ACDM-+-running-+tensors
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I | I I I | I I I | I
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nS

0.0

1 |
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ACDM-running+-tensors

1.00

Blue spectrum at large scale is possible.



® Prediction of SM Higgs inflation
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® Prediction of Higgs portal assisted Higgs inflation

dns Mp 02 ( _ By _dInfy )
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A smaller h+ allows a larger |ns’|.



Q. Is it possible to have x ~ y ~ -3.x?

d\ 3
ﬁl_ - [24/\%1 - 6?/;1 -+ g (293 + (gf -+ gg)z) — ’\H (Qgg + 39% . 122%2) + /\(sz

dln p 167r2

Typically,
Bx~107° - 1077
By ~107° —10"*
By ~1077 —107°

Since “x ~ y ~ -3.x” implies _tuning!

A~afew 107° = B\ ~ —107° = 3}

~ a few 107°

we can have a fully consistent scenario.




Conclusion

® Renormalizable and unitary model (with
some caveat) is important for DM
phenomenology (EFT can fail completely)

® Hidden sector DM with Dark Gauge Sym is
well motivated, can guarantee DM stability,

solves some puzzles in CDM paradigm, and
open a new window in DM models

® Especially a wider region of DM mass is
allowed due to new open channels



Dynamics dictated by local gauge principle
Invisible Higgs decay into a pair of DM

Non Standard Higgs decays into a pair of light
dark Higgs bosons, or dark gauge bosons, etc.

Additional singlet-like scalar “S” : generic,
improves EVV vac stability, helps Higgs
inflation with larger tensor/scalar ratio >>
Should be actively searched for

Searches @ LHC & other future colliders !



In addition, in this first series of
presentations it was stated that the
Standard Model of Cosmology must be
extended to account for the latest
observations about neutrinos and dark
matter. Some really unexpected proposals
were discussed, such as the model described
by Pyungwon Ko, an expert in theoretical
high energy physics from the Korea Istitute
for Advanced Study (KIAS). Ko explained
that we assume the stability of the electron
due to the conservation of electric charge,
closely related to the existence of the
photon. “In the model I have described, dark
matter is stabilized by some unknown ‘dark
charge’ conservation. I assume that some
kind of ‘dark photon’ exists, very similar to
the usual photon, but interacting only with
dark matter”. These new proposals could

NEWSLETTER - 3
ICHEP 2014. Valencia, Spain.

also bring new interesting consequences
about the Higgs field, describing some new
‘Dark Higgs field’ responsible for the origin
of matter; in this particular case, dark
matter. The question is set for these future
days.

The most reasonable way to
understand the stability of

EW scale DM, and has
many virtues for phenomenology
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Singlet Portal Extension of the Standard
Seesaw Model with Unbroken Dark Sym

An Alternative to the new minimal SM

(based on a work with S. Baek, P. Ko, 1303.4280, |HEP)

1 49




A minimal(?) model

® [he structure of the model

4 )

Portals

SU(3) x SU(2), x U(1)y \®/

\_ J

150



® Symmetry
SU(3) X SU(Q)L X U(l)y X U(l)X

(SM is neutral under U(1)_X)

® |agrangian

L = [,Kinetic + EH—portal + ERHN—portal + EDS 1
_ 1 1 .
Liinetic = i7" Dytp + [Dp X[ — ZXWXW 9 sin e X, B"” |
1
_EH—portal — 5)\HX |X|2HTH

1 — S o
—LRHN—portal = iMz'N}%NRz' + [V Npilr;H + N'Npip X' + H.c.]
1

—Lps = mypth + mx | X|? + 1

Ax|X|*

(qr,qx): N =(1,0), v =(1,1), X = (0,1)

G. Shiu et al. arXiv:1302.5471, PRL for millicharged DM from string theory
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Constraints

Our model can address

* Some small scale puzzles of CDM (Dark matter self-interaction) (0tx, mx)
* CDM relic density (Unbroken dark U(1)x) (A, Anx, mx,)

*Vacuum stability of Higgs potential (Positive scalar loop correction) (Anx)
* Direct detection (Photon and Higgs exchange)(€, Anx)

* Dark radiation (Massless photon)(0(x)

* Lepto/darkogenesis (Asymmetric origin of dark matter) (Yy, A, M|, mx)

* Inflation (Higgs inflation type) (Anx, Ax)

In other words, the model is highly constrained.
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® |nteraction vertices of dark particles (X, )

. . . . . oIl 7
Kinetic term diagonalization: B* 1\ _ [ 1/cose0 B
XH —tane 1 XH

—> Lps_sm = 9xqxteb v (ew Ay — swZ,) + 1[0, — igxaxte (cw Ay — swZ,)] X|°

Annihilation

scatterlng

B

(= Relic density, direct/indirect searches)

Decay of Nr and P or X

(= Lepto/darkogenesis?)
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® Constraints on dark gauge coupling

. 16mas 1 m?x(w)vg
or ~ —5 n In

Mx(p) ¥ _\/47T,0X(¢)04§<
From inner structure and kinematics of dwarf galaxies,
o Imam < 35 cm? /g

Yy

[Vogelsberger, Zavala and Leb, 1201.5892]

w If stable, Q2 ~ 10* (300GeV /my) > Q25 =~ 0.26.

“my > mx” = V¥ decays.
“X”(the scalar dark field) = CDM

m For Oix close to its upper bound, X-X" can explain some puzzles of collisionless CDM:

(i) cored profile of dwarf galaxies.
(i) low concentration of LSB galaxies and dwarf galaxies. [Vogelsberger, Zavala and Leb, 1201.5892]
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® CDM relic density

The late-time decay of Y

U

X forms a symmetric DM.
(Non-) thermal freeze-out of X via Higgs portal

Thermal(ij > T ) : <0v>X _ <O.U>therma1

annmn ann

Nonthermal(Tff < Tf)Z() ; <UU>X ~ inb/”c))})s

ann

we w0t
my[TeV]
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Higgs quartic coupling A(u)

® Vacuum stabil |t)' (Ahx) [S. Back, P. Ko, WIP & E. Senaha, JHEP(2012)]

= HS 2 (6/\11 + 3As + 2/\113) — (5)\11 (39% +- gf) —_ 6/\? —N)] .

-
1
) = = 2402, + 122 g\ :
(1) '
B«\us 1672 _
1 -
By = 1672 2025 + 183 + 8302 — X1,

0.10

0.08 -

0.06

0.04 -

0.02

0.00 +

-0.02

-0.04

10°

-

T

with Agg — >\HX/2 and Ag

L] L] L] L] L] ] ] 1 1 1 Ll 1 1 1 L] L]

M, = 125 GeV
30 bands in
M, =173.1 £0.7 GeV
\ as;(Mz) =0.1184 = 0.0007

T

Mt = 175-3 GCV

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

=

10 10" 10" 10" 10 10" 10%
RGE scale u in GeV
[G. Degrassi et al., 1205.6497]

10 10°

—>>\X
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£ 6 ‘f’* M (33 +97) + 5 (208 + (2 +)°)

14

12

10

e
e

Couplings

e
o

0.4

0.2

00}

8

vacuw stability Perturbativitiy!

% Ax

S __————”"// )\H,

7 5 0 L ]
Log[x/GeV]



® DM direct search (&, Anx, mx)

1073
104
1073
10-¢
1077
1078

1079 ¢

10—10 R

Xenonl100(2012) + structure formation

10!

102

mx[GeV]

103

;ST AEx My £2
Noh 64w m2md T4

2.2 72
doa  2me g2

2
dEr o mAEl?vz ‘FA(qrA)

)\2 2,2

<OV>ann/<OV>4nn 0

Xenon100 (2012)

|57



® Indirect search (Anx, mx)

- DM annihilation via Higgs produces a continum spectrum of Y-rays
- Fermi-LAT Y-ray search data poses a constraint

10-23 ] ] ] 1 IIIII 1 1 1 Ll ]'11! 1 ]/l I/XIT
ww —— L0 '
bb ——— AN
+ - R s In our model,
10'24 u. u. -0 7 1//,’ obs < —26 3.
T — e — /o« J (V) xt sw+w- S 2% 7.4 x 107 em” /sec

2 X 7.4 x 107%6cm? /sec

X
= (ov <
A _=utete—g PSS —
o> S 1
2| 7 ; '
10 < Y....a\ /./ 3
o~—e N, 7 / -
N - 10°X10°GC
-27 1 1 1 11 11 lr‘ 1 1 1 | - llli 1 1 1 L 1L 11
10 1 2 3 4
10 10 10 10

m, (GeV) [X. Huang et al., 1208.0267]

w Monochromatic Y-ray spectrum!?

(ov)1Y ~ 10" ov)x < 107%%cm? /sec

Too weak to be seen!
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Collider phenomenology (Anhx, mx)
Invisible decay rate of Higgs is

2 2 2 \ 1/2
I‘h_)xxf _ AHX v 1 — 4mx
128m mp

SM signal strength at collider is

p=1— L x xt cf., paTLas = 1.43+0.21 for my = 125.5 GeV)
i pevs = 0.8+0.14  for my, = 125.7GeV

<OV>ann/<OV>amm0

10°

We may need Br(h — XXT) < O(10)%, i.e.,

AHX

Apx < 0.1
or |

.0GeV f

Xenonl00 (2012) ¢

107!

t mp, —2mx <0

or kinematically forbidden

10! 102 103

mx[GeV]
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Dark radiation

Decoupling of dark photon

321302 T4
mak T > 16Me
45m>3 & ~

X

F(T’Y’) —

Tace,x—sm ~ 1GeV = Tqec n—sm ~ 1GeV

# of extra relativistic degree of freedom Unbroken SU(N) dark sym

4 4 4/3
A = P’ _ g~ (T’y,0> (qu’,dec> ( g*S(Tfy,O) ) . — — 0.
N i Pv (7/8)91/ TI/,O T'y,dec g*S(Tv,dec) AN H(N 2) O 253,
ANz (N = 3) = 0.675,

Tvo _ (%)1/3 for Tyeec = 1MeV

o |1 for Tiee S 1MeV ANz (N = 4) = 1.265.
In preparation

AN.g = 0.474704% at 95% CL (Planck+WP+highL+Ho+BAO) (In prep )

[Planck Collaboration, arXiv:1303.5076]




® | epto/darkogenesis (1/2)

(Genesis from the decay of RHN)

myx=300GeV, m,=0.1eV, M,=1.63x10""GeV

Light gray: narrow width approx. is invalid

White between blue lines:

1 < (ov)® J{ov)th <5

ann ann ~v

Green lines: Y,1 = \;

Correct BAU and CDM relic can be obtained.
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® | epto/darkogenesis (2/2)

(Genesis from the late-time decay of P &\p-bar)

Late-time decay of Y = A(Yar) #0
TY < my — No wash-out!

W

-1 )
3.79 (\/8 ) 95/2/{]*5:17?2 ~0 05&@

A(YAL) ~ 9 x 107 1:?; My Mympa* 9 1 for Brz, > Bry,
YarL a3 Mp  v¥ VASM; /A3 M, for Bry, < Bry,

A(Y,
(e.g:er ~ 107" ax ~107°,my ~ 10°TeV — (Yar) ~ 0.3 )

YArL

Y
Yy(Ty,) =

* Late-time decays of symmetric D and -bar can generate
a sizable amount of lepton number asymmetry.
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\c’

Higgs inflation in Higgs-singlet system

[Lebedev,1203.0156]

ﬁscalar 1 1 1 1

20x107°° S | i . e .
Canonically normalized Inflaton(Higgs) potential ]
1sx10-11 F i in Einstein frame 3
.- . L L . —

1ox107 1 | \

Inflation at this flat region

70x10712 F | §
5010712 | 4
3ox10712 P T PO A P T SRe T

163



de,’y’

Tya,v

® © @

............................ YN =Yy beeeel Yar =0 [----| YAy =0 |-meeeeeeeeeeieeee e YAx =0
| [ v v
« Decay of RH-neutrino ----- YN =0 |----- YaL #0 |====| Yay 70 --(Yay + Yax = 0)=1 Yax #0

e Freeze-out @ Y (Trpp) > YAy mmmemmmmemmeemmeeeeecbeeo

((ovyen, /(ov)i, > 1)

Y
* Freeze-out of X ---------- "G @RT e Yx (Tt x) § Yax
((ov)imn/{oV)am < 1)
L 4
. Yax =0,
* Decay of ¥ = symmetrization of X ---------= «(Tap) [> Yx (Tt x)] — VS5
2 O(1) GeV] DM

n-thermal freeze-out)

* Decoupling of X from thermal bath (X 4+ SM — X 4 SM) =----" 8 e
[~ O(0.1 — 1) GeV]

* Decoupling of dark photon from X (X () 4 4/ — X (1) 4 4/ ) wmememe e e e e e e e
(> 6 MeV]

» Decoupling of neutrinos from thermal bath - ========= = =cccmmammm e e e



Local Gauge Principle
Enforced to DM Physics
in the models presented

| We got a set of predictions
’ consistent with all the
 observations available so far |

Nontrivial and Interesting possibility



Variations

Assume the decay of Higgs to DMs is forbidden.

Signal strength

!

* Fermion dark matter requires a real scalar mediator which is mixed with SM Higgs.

} = a singlet real scalar

Dark sector fields | U(1)x Messenger DM

B, X, ¥x Unbroken | HTH, B, ,B* Np | X

B,,X Unbroken X

B VX Unbroken Ux
Bj, X,¥x,¢x | Broken | H'H,B,, B", Ng | X or ¥x

B,, X, px Broken H'H, B,,, BV g™, X

B Wy Broken HYH, B' BMW%8 4 Yx

because of mixing in Higgs sector

* Unbroken U(1)x allows a sizable contribution to the extra radiation.

Note that “mu < | if CDM is fermion,
whether U(1)x is broken or not

And Universal Suppression




Updates@LHCP

Signal Strengths

I l | |
ATLAS Preliminary
W,ZH — bb

\s=7TeV: [Ldt=4.7 1"
\s=8TeV: |Ldt=13 "
H- 1t

\s=7TeV: [Ldt= 461"
\s =8 TeV: [Lat (=)13 o'
H-> WW' — Iviv
\s=7TeV: [Lat=461"
\s=8TeV: |Ldt =20.7 b
H- vy

\s=7TeV: [Ldt= 481"
\s=8TeV: IL(::})= 20.7 16
H—ZZ'" — 4l
\s=7TeV: [Ldt= 46"
\s=8TeV: |Ldt=20.7 b

l l |
i m,=125.5 GeV

—_— H

Combined
\s=7TeV: [Lat=46-48f"
\s=8TeV: Ldt = 13- 20.7 fb”'

| | I |

w=1.30+0.20

e

| | |

-1 0 +1
Signal strength (u)

Combined
u=080+0.14

H — bb
u=1.15+0.62

H—o1t
nw=1.10+0.41

H— vy
u=077+£0.27

H— WW
1 =0.68+0.20

H—ZZ
u=0.92+0.28

Decay Mode

ATLAS

(MH = 125.5 GeV)

(MH = 125.7 GeV)

CMS

H — bb
H— 77
H = vy
H— WW*
H— Z/*

—0.4=+1.0
0.8 0.7
1.6 0.3
1.0£0.3
1.54+0.4

1.154+0.62
1.10+=0.41
0.77 =0.27
0.68 = 0.20
0.924+0.28

O' .

Br

0=

O-SM

\s=7TeV,L<5.1fb' \s=8TeV,L<19.6 fb"

CMS Preliminary m, = 125.7 GeV

Combined

1.30 -

- 0.20

0.80 4

- 0.14

Higgs Physics

A. Pich

— LHCP 2013

1.5 2 )
Best fit G/O'SM

- Br

SM

2.5

(n)y = 0.96 +£0.12




Summary of the 2nd part

® Stability of weak scale dark matter requires
a local symmetry.

® The simplest extension of SM with a local
U(l) has a unique set of renormalizable
Interactions.

® [he model can be an alternative of NMSM,
address following issues.

* Some small scale puzzles of standard CDM scenario
*Vacuum stability of Higgs potential

* CDM relic density (thermal or non-thermal)

* Dark radiation

* Lepto/darkogenesis

* Inflation (Higgs inflation type)

168



Crucial constraint

* DM annihilation is s-wave.
* Region of resonance is likely to be excluded.

- CMB constraint on Ox is very strong.

<O’U>() < _5 { UDM 1072 MpM
1—1 1
<0'?}>26 ™~ O( O) < 10 (10_11> QX (1OOG6V)

= ax SO0 - 107



Phenomenology of U(1)x

The model can address

k

* CDM relic density (Unbroken dark U(1)x) (A, Anx, mx,)

*Vacuum stability of Higgs potential (Positive scalar loop correction) (Anx)
* Direct detection (Photon and Higgs exchange) (&, Anx)

* Dark-radiation-(Mass | Y0

* Leptogenesis (from RHN & heavy dark fermion) (Y, A, M|, mx)

* Inflation (Higgs inflation) (Anx, Ax)

It can be an alternative to the minimal SM.
See |HEP 1307 (2013) 013 for more details.



Variations

Signal strength

Assume the decay of Higgs to DMs is forbidden. A
Dark sector fields | U(l)x |  Messenger DM | Extra DR 1L
B!, X, Unbroken | H'H, B!,,B*, N '
B, X Unbroken 3 B
B,’M,b Unbroken
B, X, 0, ¢ Broken
B,X,¢ Broken
B, Broken

§ = a singlet real scalar

because of mixing in Higgs sector

* Fermion DM requires a real scalar mediator which is mixed with SM Higgs.
* Unbroken U(1)x allows a sizable contribution to the extra radiation for fermion DM.

Fermion dark matter = “ui<1”.

(in both of broken and unbroken cases)




Summary of U(1)x

® The simplest extension of SM with a local

dark U(l) has a unique set of renormalizable
Interactions.

® The simple BSM model is valid up to Me.

® |t can be an alternative to the minimal
standard model, addressing most of
phenomenological shortcomings of SM.



Conclusion

Two examples of hidden sector DM models
with local DM symmetry

Strongly Interacting Case : EVVSB and
CDM mass from dim transmutation in
hidden sector

Weakly Interacting Case : Dark Radiation
Constrained by Planck

In either case, the Higgs signal strengths are
universally suppressed
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Stability or longevity of a hCDM is closely
related with the SM Higgs sector (amusing !)

Whatever you do for CDM stabilization or
longevity, unlikely to avoid extra singlet
scalar(s) which mix w/ the SM Higgs boson

Universal suppressions of the signal strengths
of Higgs productions/decays @ LHC

Precise measurements of the signal strengths
@ LHC can test the hCDM hypothesis



® The signal strength of Higgs boson is universally
reduced from “one”lf dark sym is unbroken and
DM is scalar, there could be only one SM Higgs

boson with signal strengths = ONE (and dark
radiation)

® | HC Higgs data probes the hidden sector DM

® Dark radiation begins to constrain the

number of massless dark gauge bosons
that stabilize the EWV scale DM



® The 2nd scalar is very very elusive
® Small mixing limit is the interesting region

® How can we find the 2nd scalar at
experiments !

® VWe will see if this class of DM can survive
the LHC Higgs data in the coming years



Higgs signal strength/Dark radiation/DM

in preparation with Baek and W.I. Park

Unbroken
Models Unbroken L ocal 72 Unbroken SU(N)
U()X SU(N) .
(confining)
| I |
0.08 <| ~0.08% |  ~0
Scalar DM ' ~0 ' .
complex complex |composite
real scalar
scalar scalar hadrons
<| < <] <|
Fermion 0.08 -0 ~0.08*# ~0
DM Dirac . Dirac |composite
. Majorana .
fermion fermion | hadrons

# :The number of mass

ess gauge bosons




Loopholes & Ways Out

® DM could be very light and long lived
(Totalitarian principle)

® More than one Higgs doublet playing the singlet
portals to the hidden sector (against Occam’s
razor principle)

® SUSY needs 2HDM’s

® New chiral Gauge Sym needs new Higgs
Doublets



Hidden Sector Monopole,
Stable VDM and Dark Radiation

SU2)n = U(I)x
+

Higgs portal
[S. Baek, P. Ko & WIP, arXiv:1311.1035]

Backup Slides



The Model

® |agrangian

1 1~ e Apre » 28
L=Low— VAV +-D,6- DG "2 (5-8—0%) = ~hg.gHH

't Hooft-Polyakov monopole Higgs portal

® Symmetry breaking
o' = (0,0,v4) = SU(2) = U(1)

® Particle spectra (v'= z0is. v =v i i)
- VDM: my = gxvg
- Monopole: my = my /ax
1

- Higgses: mi12 = 5

2
myy, +ms, F \/(m%h — méqs) — 4méh}



Main Results

h-Monopole is stable due to topological
conservation

h-VDM is stable due to the unbroken U(I)

subgroup, even if we consider higher dim
nonrenormalizable operators

Massless h-photon contributes to the dark
radiation at the level of 0.08-0.1 |

Higgs portal plays an important role



Low energy phenomenology

o Vac uum stabi | |t)l [S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)]

2 2
2 me 2 my
Ap = |1+ tan"(a)—5 | cos™(a) ;5 (& bh
mji 2V
0.10 T T T T T T T T T T T T T S(X)I{ v T v v v M T T T T T T
00sl SM M, = 125 GeV ; ool m = S0GeV.
' 30 bands in 1 [ A = 0
~ L\ M, =173.1 £ 0.7 GeV :
r% 0.06 ! \ as;(Mz) =0.1184 £ 0.0007 600 [
=0 !
S !
s 004 - sl
8 . 3 :
o - a Q [
£ ooz} :
ol b
6 | [
20 0.00 I
> - 300
—0.02 ™ :
b 200
M, =175.3 GeV [
-004F ., + o+ v ooy a1
102 104 106 108 1010 10]2 1014 10]6 10]3 102() 100
RGE scale u in GeV Log(u/GeV)

[G. Degrassi et al., 1205.6497]



Constraint on a light scalar from LEP

Signal strength




Branching fraction of SM Higgs to dark fields




Constraints on O{x

® From small scale structure formation

, R
i el
S=1 _-
’,
1074 ¢
e
S
lO—SF _____________________ L. T T T T T ~<
: Tax [Vem = 1 with vey, = 10km/s |
1076 L7

10! 102 103

my [GCV]



® |ast kinetic decoupling and velocity of DM

Tcmb
v = \/3T§//TTLV & V(temb) = v ( Tlid )

10° &, . ——aaaa . N T 107! L, . ———aaand . ———taand
10! 10 10° 10’ 10° 10°

my[GeV] my[GeV]




® Upper-bound of DM annihilation cross section

1073 F .
LSS \.\
O
o
A
3
V
~-
o
A
&
>
b
V
10_5."1 . - . i - - - PRSP |
10 102 10°
my|GeV]

® DM annihilation cross section via s-channel

100 !\/E:mh‘
:\} :

p———

S
||
3

©-

—
- |

S

.

<O Vi1 >0/ <0 Vie1 >26
S S
<O Vil >0/ <O Vrel >26

-6 .................................. -6 L e ————————————————————————————
o . . : . : . . : o . 62 64. 66. 68. 70.

my|GeV| | | mV[GeV]



Relic densities

® VDM (thermal freeze-out)

045F
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® Monopoles (Kibble-Zurek mechanism)-1/2

e=(T.—T) /T

. / €= &olel™, & ~ /Ims(0)?
o
\\‘ /

T =Tole|H, T0 = &
7o = (t —to) /|€| = mole| =M

= ¢ ~ & (Tg/T0) THE

» 3u/(14-p)
n ~ 1/&-3 ¥ e ( /\¢/2) 1 o1/2 m p
’ CS A¢/2 0 hMP

Landau — Ginzburg form of V(¢) : = v =pu=1/2

Quantum — corrected : = v = = 0.7




® Monopoles (relic density)-2/2

T — — ‘ T — ] 0.01 -
10" ] | RSty
"-
-
o001 B =T
/0 ﬂﬂﬂﬂ
- -
100 - s 04l =" . -
r Q ------
o I . _---"
§3 G 107 -
RN
-
107! ’ C: 10-6 -
o VS~ mg
Y
10_2:‘ ——— P———— ——— e 10—8 ! ! ! ! ! ! !
my[GeV] my[GeV]

gx <9 x 1072 (my /1TeV)** = vp > O(10)TeV

(from structure formation)

The relic abundance of monopoles is negligible.



Direct detection

® VDM-nucleon

-_‘ 1
--—- B
-
- -
Y

| . . | . . M | . | . M
20 50 100 200 500 1000

my[GeV]

® Monopole-nucleon

3.4 x 10728

_ 4y (gxsacamp) (1 1),
T 20y m? m3) P

me S 60GeV might be probed.

Op

2 4
o Ao H Mmp fz
P ~ p ~J

64mmi; \ ' mp

(AQH)2 (107GeV)2
0.1 mm

GeV?

= It is too small to be detected directly.



DR from dark photon

® T at kinetic decoupling of DR

Higgses mediate DM-SM scattering = M = —ug9% sinacosa (
VH

1 1 ) V2m

m2 t — m2
t—my t—m;3

10! :*‘

| 10_1 Cl
03 10!

Vs & my,

10! 102

mg|GeV]
Tocp < Tka < Tty ~ my /25

ANH:&B(M)‘*%DR( g5 (To) )4/3%008_011
© 7T\ 4 2 \g+«s(ITbRrka)




Conclusion

® Hidden sector may be guided by gauge
principle as standard model.

® When a dark gauge symmetry is unbroken,
Higgs portal interaction is crucial to have
acceptable phenomenology.

® Non-Abelian dark gauge sym. broken to U(I)
provides a nice example of VDM
accompanying stable monopoles and dark
radiation thanks to the Higgs portal
interaction without small scale puzzles of DM.



Model 2 : vAMDM

P. Ko, Y.Tang, 1404.0236

We introduce two right-handed gauge singlets,
a dark sector with an extra U(1)x gauge
symmetry,

_ 1 1.~ . 1 L
£ =Lon + NiidN; — <2 mENEN; + Yoi Lo HN; + h. c) — (X X1 = sineX,, B
+ X (ZlD - mx) ) (ZlD - mw) Y+ DT@(D/%X — (fz'(bjg(Nflb + g;dx Y N; + h.c)

72
U ’U

)2
— A ¢X¢X— i — \gH ¢X¢X— (b [HTH—?}‘],

vy ~ O (MeV) for our interest
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Various Mixing

* Kinetic mixing term %SineXWBWIeads to three

physical neutral gauge boson mixing,

2

] . U
Ao | dx — 7"5 [HTH— ;]

e Scalar interaction term

leads to Higgs mixing,

* Yoi Lo HN;, [0 Njib, g0 N, Qive rise to
neutrino mixing.

195



Physical Spectrum

« Dark Matter, dark gauge boson, dark Higgs,
and 4 sterile neutrinos,

X
X, Hy, v Standard Model
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Thermal History

X ; S1N €

X,, Ha, v, Standard Model

AGH

DM decoupled, determining its relic
density,

* Then the whole dark sector decoupled
from SM thermal bath, and entropy is
conserved separately. Effective number
of neutrinos can be calculated. 197



ANeft(BBN)

When only sterile neutrinos are relativistic at the
time just before BBN epoch, we have

T, ws (T
ANeﬂ‘(T):4XT4S =4 X [g ( )><

Va

=4 X

and

t gives
Jxs (Tfec)f:?Q for me < T3¢ < m,
4
4a 4
AN =4 x | L2520 L0579
ff =2 e | T 198




ANeff(CMB) and mvs

Contours for

' CMB data,
| 1308.3255

| Dot line marks

the centre

| value for 3+2
| scenario for

neutrino
199



ANefr helps reconcile Planck
and BICEP2
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Tight bond between sterile neutrinos
and DM (Bringmann, Hasenkamp, Kersten)

1— 1
LrD— §V%1M1V31 — §VIC%2M2VRQ

— @1 MRRrVR, —VLMLRVR, + h.C., (3)
from dim-5 operator

— (. 1 T TV 1
‘Cﬂ? — X(Za o mX)X o Z ,ul/F i §m%/v,uv'u (4)

— gXVu (XuRﬁlfyMVRl — XVRﬁQVMVRQ + X’YMX) )

Based on local gauge symmetry:
SU(3)c x SU(2)L x U(1)y x U(1)x




Tight bond between sterile neutrinos
and DM (Bringmann, Hasenkamp, Kersten)
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Features

Ultraviolet complete theory for CDM and sterile neutrinos
that can accommodate both cosmological data and
neutrino oscillation experiments within 1o level

DM's self-scattering and scattering-off sterile neutrinos
can resolve three controversies for cold DM on small
cosmological scales, cusp vs. core,too-big-to-fail and
missing satellites problems

eV sterile neutrinos can fit some neutrino oscillation
anomalies, contribute to dark radiation and also reconcile
the tension between the data by Planck and BICEPZ2 on
the tensor-to-scalar ratio

Local Dark Symmetry plays a key role !
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