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The main theme of this meeting is the
“New physics at the intensity frontier”

light DM, light mediators, etc.
Dark photon is very common in literature

In this talk, | talk on theoretical motivations
for dark Higgs boson (as well as dark
photon or dark gauge boson), focusing on
the role of (light) dark Higgs boson in DM
phenomenology in PPC
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DM EFT vs. UV completions : appearance of
dark Higgs boson

GC gamma ray excess
Its role in Higgs inflation

Dark Higgs search at colliders

Examples such as AMS02 positron excess, ICECUBE
high energy neutrino flux, etc. are not discussed here
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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, especially the role of “Dark Higgs”

® |mproved vacuum stability, Self Interacting
DM, GC gamma ray excess, Higgs inflation,
(750 GeV Diphoton excess), etc.



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



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



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 ?




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

c¢_ .Y

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)



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 ?



® Most studies on DM were driven by some
anomalies: 51 | keV gamma ray, PAMELA/
AMSO02 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

® |mportant to implement this properly in
QFT which is supposed to a framework to

describe DM properties (including its
interactions)



Note that extra particles (the so-called
mediators, scalar, vector etc) are introduced
to solve three puzzles in CDM paradigm in
terms of DM self-interaction

DR and its interaction with DM may help to
relax the tension between HO and O3

Phenomenologically nice, but theoretically
rather ad hoc

Any good organizing principle !
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YES ! >> Dark Gauge Symmetry



Local Dark Gauge Sym

® Well tested principle in the SM
® Completely fix the dynamics of DM, SM
® Guarantees stability/longevity of DM

® Force mediators already present in a gauge
invariant way (Only issue is the mass scales)

® Predictable amount of dark radiation

NB:The first 3 points are also true in the minimal DM scenarios
(No new gauge sym, just SM gauge symmetries)




Basic assumptions

® DM, DR, Mediators : particles that can be
described by conventional QFT

® DM stability/longevity is due to unbroken
dark gauge symmetry/accidental symmetry
of dark gauge theory (similarly to the SM:
electron stability / proton longevity)

® Very conservative approach to DM models



In QFT

® DM could be absolutely stable due to
unbroken local gauge symmetry (DM with
local Z2, /3 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 talk about each scenario one by one,
and focusing on the roles of (light) dark
Higgs boson



Principles for DM Physics

® | ocal Dark Gauge Symmetry for DM

- can make DM absolutely stable or long lived
- 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 ,SO(32) : natural setting for SM X
Hidden Sector



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



Singlet Portal

Baek, Ko, Park, arXiv:1303.4280, |HEP

® |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

MQ@ BW,E(-') Hidden S
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Higgs signal strength/Dark radiation/DM

in preparation with Baek and W.I. Park

Unbroken
Models Unbroken Local Z2 Unbroken SU(N)
U()X SU(N) .
(confining)
I 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




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, and also dark sym

Sometimes one can get misleading results

Better to work in a2 minimal renormalizable
and anomaly-free models

Explicit examples : singlet fermion Higgs
portal DM, vector DM, Z£2 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
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® 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 EFT

® 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

Baelk, 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

COSa SN o m% () COS (v — S (¥
— S COS 0 m3 S COS o

H, = hcosa — ssin «,

Hy = hsina + s cos «.




Ratiocination

® Signal strength (reduction factor)

o; Br(Il; — SM)

T 5. Br(h — SM)
cos* o Iy
1 = o R+ sin? oy "y
sin® ov T3]
Py =

- 2 . L‘.\" : ¢ l .d
sin® o T + cos? o T 4+ T gy sy 1,




Constraints

® Dark matter to nucleon cross section (constraint)

m _
(—p) A S1I1 v COS
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_destfugtive!
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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 ) v 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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LHC data for 125 GeV
resonance
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Low energy pheno.

® Universal suppression of collider SM signals

[See 1112.1847, Seungwon Baek, P. Ko & WIP]

® If “mn > 2 m¢”, non-SM Higgs decay!

® Tree-level shift of Ay sm (& loop correction)

ANoH = I\ =

m2
1+ <¢ — sin® )\SM
mh

» If “m¢> mp”, vacuum instability can be cured.
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Vacuum Stability Improved
by the singlet scalar S
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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

® A complete model should be something like this:



1 V2 -
Lvpy = v w XM+ (D,®)N(DFD) — =2 (<I>T<I> — —‘I’>
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Olpx|0) =vx +hx(z) | Xy, =V, here

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, and generically true in the DM with dark gauge sym

Important to consider a minimal renormalizable and unitary

model to discuss physics correctly [Baek, Ko, Park and Senaha, arXiv:
1212.2131 (JHEP)]

Can accommodate GeV scale gamma ray excess from GC
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Higgs portal DM as examples

| A All invariant
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Is this any useful in
phenomenology ?

YES !



Fermi-LAT y-ray excess

® Gamma-ray excess in the direction of GC

0.316 - 1.0 GeV

3.16- 10 GeV

WL
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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”
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® Millisecond Pulars (astrophysical alternative)



GC gamma ray in VDM

[1404.5257, P. Ko,WIP & Y.Tang] JCAP (2014)
(Also Celine Boehm et al. 1404.4977, PRD)

VH b/7
Hy H2 : 125 GeV Higgs
_____ HI :absent in EF

Vv b/T

VH + Hy %5 + Hy VH

VY \ Hl Vv \ Hl Vv S o H1 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
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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)

And No 2nd neutral scalar (Dark Higgs) in EFT



P.Ko,Yong Tang.
arXiv:1504.03908
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left panel, we vary freely Mx, My, and (ov). While in the right panel, we fix the mass of Ha,
MH2 ~ Mx.
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This would have never been possible
within the DM EFT

P.Ko, Yong Tang.
arXiv:1504.03908

Channels Best-fit parameters X2, /d.o.f.|p-value
XX — HoHy Mx ~95.0GeV, My, ~ 86.7GeV| 22.0/21 | 0.40
(with My, # Mx) (ov) ~ 4.0 x 10720cm3 /s
XX — HoHy Mx ~97.1GeV 22.5/22 | 0.43
(with My, = Mx) (ov) ~ 4.2 x 107%cm? /s
XX — H H; My ~ 125GeV 24.8/22 | 0.30
(with My, = 125GeV) (ov) ~ 5.5 x 10726cm3 /s
XX — bb Myx ~ 49.4GeV 24.4/22 | 0.34
(ov) ~ 1.75 x 107%%cm? /s

TABLE I: Summary table for the best fits with three different assumptions.
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® However, in renormalizable unitary models
of Higgs portals, 2 more relevant parameters

Ty AHS SzﬂTﬂ[arXiV: 1405.3530, S. Baek, P. Ko & WIPark, PRD]
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® However, in renormalizable unitary models
of Higgs portals, 2 more relevant parameters

) e AH e
Lsrpm = ¥ (10 — my — ApS) — pgsSH™H — ngzﬂfﬂ oS = (6N grr cimi F(mow, {m:},v)
1, : 1 ' ~ (0, )EFT ¢4 1—m—§
+ 05048 — SmS? — pdS - %553 - ’l—sst orr <t (1= 34)
1 | 2\ ? v2 . v?
Lypst = — 2V V4 4 D81 D40 — 2 ('Iﬂ@ _ ?@) ~on (cm _ ??) (H"H _ 7!1)

3

5
z o
LI S S N

a,[cmzl

=)
[}

'
< = - =
A o oy o v o v
1

=)
B

Interpretation of collider data is quite model-
dependent in Higgs portal DMs and in general
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Invisible H decay into
a pair of VDM

[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, PRD]

2 2 3
(T ) gpp = AV a UHTh
1287 my;
A2 4 A2 1/2
(1— v +12m—§,f> (1— m2v> (23)
mpy, my, mp,
VS.
2 3 2 4 2\ 1/2
: ms 4m m 4m ,
pimv = X T (g TV 4 g V) (- V) gin2 g
321 my, m; m; m;

(22)

Invisible H decay width : finite for small mV
in unitary/renormalizable model




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



Stable DM w/ unbroken
dark gauge sym



DM is stable/long lived
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?/fs; fa~ 10712 GeV)

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

® Global sym.is not enough since

r

)\Mi;ZTWF,uV for boson
\ )\MLPWWDMZLZ-HT 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

_ﬁint —

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
ifetime) 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(1) symmetry (arXiv:1407.6588
with Seungwon Baek and Wan-|| 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 - =

1 9 4
A A A A
_ TX (XTX)Q _ (MX2¢T +H.c.) _ %XTXHTH— ququE(ngHTH— %XTng&qu

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
Gauge models for excited DM

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)




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



® Some DM models with Higgs portal
> Vector’ DM Wlth ZZ [1404.5257, P. Ko, WIP &Y. Tang]

1 vl 2
Lyvpym = - Xm,X”W -+ (Uu@)t([)”’@) — Ad (‘Pt‘l’ — b'b) }

1 2

’U2 'U2
—AoH (<I>T<I) - ;) (m‘ﬂ — 7”) ,

> Scalar’ DM W|th |oca| ZZ [1407.6588, Seungwon Baek, P. Ko & WIP]

[ o & 1 A on - : o 4.
L = Lsn — EX'WXW —5 sineX,,, B* + D, oD*d 4+ D, XTDHFX — 'm.i-X*X + méqb*q')

A (¢ i'cp)? — Ax (X"X)2 —Aox X' Xlo = Ao oHH — Ay x X' XH'H — p (X2 + 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’

Qo €2

Aa, =~
H 27T COS 9‘2/‘/

(for mz S my,)

[1406.2980, BaBar collaboration]



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 mr = 80, mg = 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 Welner 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.



Local Z3 Scalar DM

P.Ko, YTang, arXiv:1402.6449

Again an extra U(1)X gauge symmetry is
introduced, with scalar DM X and dark higgs
with charges 1 and 3, respectively.

Z3symmetry.




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” will decay immediately and can not be a DM

* Also particle spectra different : Z' and H2
DM & H phenomenology change a lot
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Semi-annihilation

micrOMEGASs
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Relic density and Direct Search

Oh?c[0.1145,0.1253], 13<0.02
0.500

= 15=0
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Global Z;

0.100} 4!
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This w
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300
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0.8

 Blue band marks the
upper bound,

 All points are allowed

In our local Z3 model,
1402.6449

* only circles are
allowed in global Z3
model,1211.1014



Global Z3
(Belanger, Pukhov et al)

Local Z3
(Ko, Yong Tang)

e SM+ X

® DD & Thermal relic >>
mX > |20 GeV

® Vacuum stability >> DD
cross section within
Xenonl| T experiment

® No light mediators

SM + X , phi , Z

Additional Annihilation
Channels open

DD constraints relaxed
Light mX allowed

Light mediator phi : strong
self interactions of X’s




Dark matter self-interactions

0.100 0.100
° J %5 °
.
0.050 ’ 0.050 - K ? .‘.' %c R -
. gx . °s ." {.'.'\8‘\‘"; 3 A¢X
1.2 o b, }3 0.8
B 0.020 10 _ 0.020 o® .° \0 “ ‘ ."
> >
& 0010 0.8 (§ oo 0.6
= = ®o° o
T T o o°
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0.2
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100 150 200 300 500 700 1000 100 150 200 300 500 700 1000
M X [GCV] M X [GGV]
0.100
0.050 A5
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>
QN 0.010 0.06
T
= 005 0.04
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Such a light dark Higgs could be studied at SHiP,
but would be difficult to produce.




U(l)x sym :

Z3 sym :

Comparison with EFT

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

1 _
_X*H'H —X3 . 4.4
A 9 A2 ff7 6tC ( )

1
(or FX?’fLHfR, if we imposed the full SM gauge symmetry) (4.5)

 Thereisno Z', H2in the EFT, and so indirect
detection or thermal relic density cal.s can
be completely different

« Complementarity breaks down : (4.3) cannot
capture semi-annihilation described by (4.4)
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Gamma ray excess from the GC

(P. Ko, Yong Tang, 1407.5492, |CAP)

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 -
3 3e-06 | 3 3e06f
A A
£ £ .
L O %
> 2e-06F > 206 ¢
O] (O] /,
S 1e-06 | S 1e-06 |
L L
9 9
) )
NS 0OF NS 0OF
L L
-1e-06 t ; -1e-06 |
| 10 100 1 10 100
E,(GeV) E,(GeV)

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 or DM EFT



Other possible phenomenology

® Another possibility was to use this model
for 511 keV gamma ray and PAMELA/
AMS02 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



Hidden Sector Monopole,
Stable VDM and Dark Radiation

SU(Z)h — U(|)h
+

Higgs portal

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



The Model

® | agrangian

] 3 1 i ri )\() ol a 2 A(’ - -
Y= L:SM —_ EV}Z' |/ B + §U#¢ ) Dﬂ-(/) . (1/ ((D b — vz) L ;Hd) . (,/)HTH
't Hooft-Polyakov monopole Higgs portal

® Symmetry breaking
6" =(0,0,vy) = SU(2) = U(1)

® Particle spectra (v:=jmi=m.»=v . m)

- VDM: my = gxvVg¢

- Monopole: mar = my /ax

Stable due to topology and U(I)

- Higgses: mj 2 = 5

1 2
ms, + m?b(p == \/(m%h — m?b¢) + 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 I)
Hur, Ko :arXiv:1103.2517,PRL (2011)

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



Origin of Mass

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

® What is the origin of Higgs VEV !

® 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)



There are basically three different approaches on
the origin of masses

Standard Higgs mechanism with fundamental
scalars (SM, MSSM etc.)

Dynamical Symmetry Breaking : Technicolor, BCS
(Hur and Ko; Kubo and Lindner et al)

Radiative Symmetry Breaking : Coleman-Weinberg

mechanism (Recently renewed interests in this approach :
Meissner & Nicolai; Foot and Volkas; Okada & Iso et al;
Lindner et al; and many more)

NB : If we consider extra dim, more options



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)



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 H|dden
SM/ \SeCtOr
Singlet scalar S _
RH neutrinos (@rQn) # 0

etc.
SM Hidden Sector
Quarks Quarks Qp,
Leptons Gluons gp,
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
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[ Direct detection rate ]

2
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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”



Appraisal of Scale Invariance

- May be the only way to understand the origin of mass
dynamically (including spontaneous sym breaking)

- Without it, we can always write scalar mass terms for
any scalar fields, and Dirac mass terms for Dirac
fermions, the origin of which is completely unknown

* Probably only way to control higher dimensional op’s
suppressed by Planck scale



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

O, h? in the (my,, m,,) plane for
a) v, = 500 GeV and tan 5 = 1,
)

(
(b) v, =1 TeV and tan 5 = 2.
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Direct Detection Rate
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Vacuum Stability Improved
by the singlet scalar S

[ rr . 7T T+~ * " 1 T’ T’ T T 1T ' 1T T T T T T] 800 : : : : : ; ; ; ; i i i T
. . = | : = :
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R= N\Q\ :Is g 500}
= 2 ¢
2 100 |~ Stability = | S a0
= g |
g L
8_ 2 300 i
= 50+ < :
200 B
O —_ N 1 100 i
T e B I I Log[u/GeV]
0 50 100 150 200 -
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A. Strumia, Moriond EW 2013 Baek, Ko, Park, Senaha (2012)




Low energy pheno.

® Universal suppression of collider SM signals

[See 1112.1847, Seungwon Baek, P. Ko & WIP]

® If “mn > 2 m¢”, non-SM Higgs decay!

® Tree-level shift of Ay sm (& loop correction)

ANoH = I\ =

m2
1+ <¢ — sin® )\SM
mh

» If “m¢> mp”, vacuum instability can be cured.

Higgs quartic coupling Au)

06 b 00 b
4+ w0k
-
ay
.'q"_) ) 2 <00 -
140 '

5N -
L . %
e M= 1TIDGEV -
._ - — _——
o ‘ ’ r— wol
. Mz =04205- - \\\\\
- T Y = i
L2 SM . il‘{‘_"n =TI1G3 : 200
L e ———

o0

- 1753 GeV

A A A A A A A A A
FUR U A (U (B TN L [ b m" G 1AL e

RGE sl 4 in GeV Logl,#GaV]

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



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



Impact of dark higgs

-Cosmo.
(Higgs-portal assisted Higgs inflation)

- Jinsu Kim, P. Ko,WIPark, arXiv: 1405.1635, ,|JCAP (2017)



»

=

® Prediction of SM Higgs inflation
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Y. Hamada, H. Kawai, K.Y. Oda, S.C.Park, arXiv:1403.5043
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Riggs portal interaction
with Dark Higgs can
change the whole story

_ : _
™
A = [1— (1 f)sin% AIM
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Figure 3. Jordan-frame Higgs potential Veg (left panel) and the running of Ay (right panel) in
SEFDM for &, = 440, & = 0, mg = 600 GeV, Asg = 0.1, A\g = 0.2, and Ay = 0.3 chosen at M; scale.

Qo Ms | AsH | As | Ay | &n N, | 107 Pg N r Qg
0.036 | 500 0.1 [0.2]03]|433 | 57.3 2.2 0.9758 | 0.0926 | —0.0003
0.03885 | 500 | 0.1 | 0.1 ] 0.1 | 396 | 57.3 2.2 0.9775 | 0.0878 | —0.0003

Table 1. Cosmological observables in SFDM. Two parameter sets which result in a sizeable value
of the tensor-to-scalar ratio r are presented. Here the pivot scale k, = 0.05 Mpc~! is chosen. For the
upper (lower) case, we obtained x ~ 0.25 (0.26) and y =~ 0.11 (0.11), where = and y are defined as
eq. (3.15).



Predictions
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Figure 6. Tensor-to-scalar ratio as a function of the mixing angle a for m, = 300 GeV, 400 GeV,
500 GeV and 600 GeV, with the constraints discussed in the main text. The stringent upper bounds
for a given m, comes from the DM physics. The values of the other parameters are the same as in
figure 4. Color-shaded regions (following the scheme of colored lines) are the excluded regions from
the latest LUX experiment, corresponding to different dark Higgs masses.



DD vs. Monojet :
VWWhy complementarity
breaks down in EFT ?

- S. Baek, P. Ko, M. Park, WIlPark, C.Yu, arXiv:1506.06556
Phys. Lett. B756 (2016)289
- P. Ko and Jinmian Li, arXiv:1610.03997, PLB (2017)



WWhy is it broken down
in DM EFT ?

The most nontrivial example is
the (scalar)x(scalar) operator
for DM-N scattering

r | Mg _ _
— or ———
SS A?iquIXX A3 agxx

This operator clearly violates
the SM gauge symmetry, and
we have to fix this problem



Crossing & WIMP detection

Correct relic density = Efficient annihilation then

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



From Paolo Gondolo’s talk

Operator

Coefficient

XX4q9
X7°Xxqq
XAV’ q

XY X074
XV'xqvpq
XYY X T4
XY XG4
XYY XG0 g
X" XG0 q
XOuw Y’ Xq0asq
XXG LGP

mq/ME
imq/M;:’
Z'mq/]wf
mq/ME
1/M?
1/M?
1/M?
1/M?
1/M?
i/ M?
aus [AM}

Effective operators: LHC & direct detection

Operator

Coeflicient

C1
C2
C3
C4
Cb
C6

x"xqq
x'x@°q

X0, xav"q

X 0, xa vy q

X XG W G*
X X G G

mq /M
img /M
1/M?
1/M?
Qs /AM;
icvs /42

R1
R2
R3

R4

X°qq
X°37°q
X2 G/JJVG,UJI/

X2 ij é,w/

mq/2M;
img/2M?
as /M
iovs /8 M2

XV xGuw G | ias/4M? | Table of effective operators relevant for the

GG | iy JAM3 collider/direct detection connection

X°XG W GH | ag/AM3 Goodman, Ibe, Rajaraman, Shepherd, Iait,Yu 2010




From Paolo Gondolo’s talk

Effective operators: LHC & direct detection

LHC limits on WIMP-quark and WIMP-gluon interactions
are competitive with direct searches

Beltran et al, Agrawal et al., Goodman et al., Bai et al., 2010; Goodman et al., Rajaraman et al. Fox et al,,
201 I; Cheung et al., Fitzptrick et al., March-Russel et al., Fox et al., 2012

These bounds do not
apply to SUSY, etc.

=== monojet

razor
CRESST

combined - & Complete theories contain sums of
operators (interference) and not-so-
XENON - 100 heavy mediators (Higgs)

Tr* )0 (@ G G*)
1 10 100
m, [GeV]

Fox, Harnik, Primulando,Yu 201 2




Limitation and Proposal

® EFT is good for direct detection, but not
for indirect or collider searches as well as
thermal relic density calculations in general

® |ssues : Violation of Unitarity and SM gauge
invariance, ldentifying the relevant
dynamical fields at energy scale we are
interested in, Symmetry stabilizing DM etc.



| 999« _p  _
12 alig XTix = 22— qTig xTix

® Usually effective operator is replaced by a
single propagator in simplified DM models

® This is not good enough, since we have to
respect the full SM gauge symmetry (Bell et
al for W+missing ET)

® |n general we need two propagators, not
one propagator, because there are two
independent chiral fermions in 4-dim
spacetime



arXiv:1605.07058 (with A. Natale, M.Park, H.Yokoya)

for t-channel mediator

Our Model: a 'simplified model’ of colored t-channel, spin-0, mediators
which produce various mono-x + missing energy signatures (mono-Jet,
mono-W, mono-Z, etc.):

4R.L > (666666\ X ur ﬁ X

dR.L | X CiL

Y

A

<
<

dR.L



1

o g
12 dlig XTix = X
7

q

2
m? —

¢

: ql';q x1'ix

® This is good only for W+missing ET, and
not for other singatures

® The same is also true for (scalar)x(scalar)
operator, and lots of confusion on this
operator in literature

® [herefore let me concentrate on this case
in detail in this talk



@LHdR or @Lﬁ]uR, OK

hxx,

$qq

Both break SM gauge

|

L = -mgS? — Xsy SXX — Asq50q | Therefore these Lagragians

2
L = _AhxhXX T )‘hqhq_q

are not good enough

sxX X hqq 3 XXaqq

Need the mixing between s and h



Singlet fermion CDM

Baelk, 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 !!



Full Theory Calculation
x(p) +q(k) = x(p") + q(F)

m 1 1
M = / / —4 )\, si _
) A s acosa |y
My , 1 1
o WU Tul) B Asina |~
m , 1 m
— u(P)u(p)u(q)ulq) - Assin2a—— = —-u(p’)u(p)u(q)u(q)
2v Mizs Ny
9o 2 2 —1
A3 = “Ma2sY (4 TMhias
dd = : 2
As sin 2cx ms
_ 2125 v
3 _ 125
Agqg =

A Sin 2¢v



Monojet+missing ET

Can be obtained by crossing : s <>t

1 { Moy Migs }_ 1
A Ajqg Ls A, ()

2 ; 2 ;
— M795 -+ Zm125F125 S — My -+ ZTTLQFQ

There is no single scale you can define
for collider search for missing ET
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Figure 1: The dominant DM production processes at LHC.

Interference between 2 scalar bosons could
be important in certain parameter regions

dUi

deX

Sin 2 Sin 2
X ‘ gX gX ‘2

2 2 - 2 _ o2 :
ms, — My, Tmm e, mg, —my +imp,lH,

sina = 0.2, g, = 1, m, = 80GeV




Interference effects
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Figure 2: The LO cross section for gluon-gluon fusion process at 13 TeV LHC. The
meanings of the different line types are explained in the text and the similar strategy will
be used in all figures.



Parton level distrib.

m, =200 GeV m, =400 GeV
H, H,
9 N o - ]
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Figure 3: The parton level distributions of m,y for gluon-gluon fusion process at 13 TeV
LHC.



Exclusion limits with
interference effects

Mono-jet Search

95% CL upper limit o/ Ttheory

H27 Fmin
Hl&HZa Frnin
HQ, 20 x Fmin
Hl&HQ, 20 x Fmin

T T T

-
-
-
—

50 100 150

Figure 8: The CMS exclusion limits on our simplified models. Left: upper limit from

200 250 300 350 400

™MH, [GeV]

95% CL upper limit o/ Otheory

Mono-V Search

H27 Fmin
Hl&H2a Frnin
HQ, 20 x Fmin
Hl&HQ, 20 x Fmin

106 | : : : : :

o0 100 150 200 250 300 350 400
™MH, [GeV]

mono-jet search. Right: upper limit from mono-V search.

- P Ko and Jinmian Li, 1610.03997,PLB (2017)
- S.Baek, P. Ko and Jinmian Li, 1701.0413 1
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e EFT : Effective operator L;,; = X%qq_qix
dd

e S.M.: Simple scalar mediator S of

Lint = (:}n—; sin oz) Sqq — Mg cosaSxx

e H.M.: A case where a Higgs is a mediator

Lint = — (T—; cOS a) Hqgqg — A\gsinaHyy

e H.P.: Higgs portal model as in eq. (2).

1 — — — v 150p my, |50 GeV| 400 GeV
SHH.M. 1 _
_ 10 L coaey my | 50 GeV | 400 GeV my = 50GeV SM.| —o— | -=-
£ X -3 - lAdd H P A - ‘ -
N I | L —— ———— S
© -4- = 100f
N\ (D)
103 ] 5
d ~ | N
N e o  omre—® SN SICE=
S f *
- 7; 105k 1o | 2
< my =400GeV 0T B
N~~— | & e T
o] e TN ,
.
10712 ‘ y ‘ ‘ ‘
50 100 500 1000 5000 10% 3-10%
mo [GGV] mo [GGV]

FIG. 1: We follow ATLAS 8TeV mono-jet+F, searches [2]. For (a) we simulated various models for the



e EFT : Effective operator L;,; = TTQQQXX
dd

e S.M.: Simple scalar mediator S of

Ling = (T—Ij sin oz) Sqq — Mg cos aSYY

e H.M.: A case where a Higgs is a mediator

Lint = — (?—; COS oz) Hqqg — AsgsinaH xy

e H.P.: Higgs portal model as in eq. (2).

HP. — H.M.,

2 A
TnH2 >S

SM. — EFT,

m2>>3

H.M. # EFT.
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X 103
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FIG. 2: Rescaled cross sections for the monojet+/, in the
signal region SR7 (£ > 500 GeV) at ATLAS [11]. Each line
corresponds to the EFT approach (magenta), S.M. (blue),
H.M. (black), and H.P. (red), respectively. The solid and
dashed lines correspond to m, = 50 GeV and 400 GeV in

each model, respectively.



e EFT : Effective operator L;,; = TTQQQXX
dd

e S.M.: Simple scalar mediator S of

Ling = (T—Ij sin oz) Sqq — Mg cos aSYY

e H.M.: A case where a Higgs is a mediator

Lint = — (?—; COS a) Hqgqg — NgsinaH yy

e H.P.: Higgs portal model as in eq. (2).

HP. — H.M.,

2 A
TnH2 >S

SM. —s EFT,

m2>>3

H.M. # EFT.
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FIG. 3: The experimental bounds on M, at 90% C.L. as a
function of mpy, (ms in S.M. case) in the monojet+F search
(upper) and tt + F; search (lower). Each line corresponds
to the EFT approach (magenta), S.M. (blue), H.M. (black),
and H.P. (red), respectively. The bound of S.M., H.M., and
H.P., are expressed in terms of the effective mass M. through
the Eq.(16)-(20). The solid and dashed lines correspond to
my = D0 GeV and 400 GeV in each model, respectively.



A General Comment

assume: 2m, < mygs K mg <K /s

i mias5/$ mg/s 1 dr
— / dr /2 dr /mg/sdT Z d:b6(§57‘s)

For each integration region for tau,
we have to use different EFT

No single EFT applicable to the entire tau regions



Indirect Detection

2 2
1 |~ 1 Mios Mios

— 3 2 - o 2 :
ann Add 4m?< — Mios T+ 1M1251 195 4m§< — ms5 + 1mol’y
1 2 4 1

mi2s
3 2 _ a2 ; 3
Add 4mX mios + zm125F125 Add

® Again, no definite correlations between two
scales in DD and ID

® Also one has to include other channels
depending on the DM mass



Underlying Points

EFT + Complementarity : No good at high
energy collider

SM gauge invariance (full SM gauge
symmetry), Renormalizability and unitarity

Dark (gauge) symmetry equally important,
although it is usually ignored (this part is
also completely unknown to us as of now)

We are working on simplified models with
all these conditions



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/
longevity, solves some puzzles in CDM
paradigm, open a new window in DM
models including DM-DR interaction

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



® DM Dynamics dictated by local gauge symmetry

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

® Additional singlet-like scalar “S” (Dark Higgs) :
generic, can play important roles in DM
phenomenology, improves EWV vac stability, helps
Higgs inflation with larger tensor/scalar ratio
(also strong |st order ph tr.in the dark sector,
GWY, etc. ?) >> Should be actively searched for

® Searches @ LHC & other future colliders
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