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SM Chapter Is being closec

¥ SM has been tested at quantum level
¥ EWPT favors light Higgs boson
¥CKI\/I paradigm Is working very well so far

¥ LHC found a SM-Higdike boson around
125 GeV

¥ No smoking gun for new physics at LHC so far
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EWPT & CKM
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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

Leptogenes‘:

¥ InRation (inBatoantarobinsk

‘2 Higgs InRatio

¥ Nonbaryonic DM Many candidate

¥ Origin of EWSB and Cosmological Const ?

Can we attack these problem%




Building Blocks of SM

¥ Lorentz/Poincare Symmetry

¥ Local Gauge SymmetrBauge 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



| essons fronM

¥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-1 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 symme{rpo,
Omura,Yu on chiral U(1)O model for top FB
asymmetry)

¥ Impose various constraints and study
phenomenology



(3,2,1) or SU(BXU(1)em ?

¥ Well below the EW sym breaking scale, it may
be Pne to iImpose SU(3)c X U(1)em

¥ At EW 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



contents

¥ Underlying PrinciplesHidden Sector DM, Singlet Portals, Renormalizability,
Local Dark Gauge Symmetry

¥Scalar DM with local Z3comparison with global 23, limitation of EFT
approach

¥ h-monopole and stable VDM & dark radiatiom stable due to
topology and unbroken U(1)

¥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 InRation with extra singlet
Universal Suppression of Higgs signal strength and extra neutral scalar, Higgs inf3ation,
etc.

¥(un)broken U(1) : Singlet Portal and Dark Radiation see backup Sl|d¢

¥ Tight bond between DM-sterile nuGs with W(Hark Radiation




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, Yongihavayious combinations)

¥ Singlet fermion dark mattetizz.1s47 sep)
¥ Higgs portal vector dark matterz.2 211 see)
¥ Vacuum structure and stability iSSues::c e

¥ Higgs-portal assisted Higgs inRatidiggs
portal VDM for gamma ray excess from GC



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 Portal§including Higgs portal)
¥ Renormalizabilitywith some caveats)

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



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 donOt know for sumehere
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
phenomenalo. /FVUSJOP NBTTFT BOE N
CBSZPO BTZNNFUSZ FUD

¥Theoretical problems : Unitarity, Anomaly Cancellation,
(Renormalizability FSZ INQPSUBOU UP LF|

¥Fine tuning problemsHiggs mass, Strong CP,
Cosmological Constant, etc >><< et me postpone
considering these problems for the moment, since it
does not violate any theoretical principles >>
Anthropic principle (?) >><<We may miss some
Interesting possibllities if we stick to this principle too
much in this era of LHC and many other exptOs>>



Principles for DM Physics

¥ Local 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
(thermalizationdetectability, ...)



Higgs portal DM as examples

. L $us $S All Invariant
— = W
L scalar = #MS# S# 2mSS # 7 —>H HS*# — 4 under ad hOC

2
TI%&H # m, " # $iH H ™ Z2 symmetry

1 1, 1
L vector #Zvu-.v“ + Em\z,vuvu + Z$V (VLVH)? + §$HV H HV,V*,

L fermion

A hSS A. VY A’ hff’ 1\
1 E L—— T m 1E L
E Latii 3 / XENON100 J ; ---- Min ]
r et —\ | i - = [ —— Lattice b
. Tt Max oot ] C / I: T ] I 1
J IR 10" K e = g E
e ] o I USRI b Br =10% 1
e XENONIT al e SR [ _
. 7 . T XENONIT
10 _E . -s’f. LT '10_: F -
1 w I 3 . ]
m—em Br=10% ] CAl ] r WMAP 1
/MAP ] I ]
107k ' : ro|wMar mmmw BE=10% L ___%F);q.l_g?-;-_—-_--:::_";' :
50 ) )
. 10 E L I I 50 100 150 200
M, (GeV) 50 100 150 200 M., (GeV)
FIG. 1. Scalar Higgs portal parameter space allowed by WMAP M, (GeV)
(between the solid red curves), XENON100 and BR!™ =10% for FIG. 3. Same as in Fig.1 for fermion DM; Ay /A is nGev—l.

myp, =125 GeV. Shown also are the prospects for XENON upgrades. FIG. 2. Same as Fig. 1 for vector DM particles.



Higgs portal DM as examples

1 1, $he . ss | Allinvariant
—_ M = RS s
L fermion = " [1%08# # m, " # _$I|—I' HH™ L2 Symmetry
R NI S SURIONE 12 4 1 !

¥ 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 expOs put
stringent bounds on the Higgs coupling to the
dark matters

¥ So, 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 ignhored

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



Singlet fermion CDM

Baek, Ko, Park, arXiv:1112.1847

+ 1SSt mZsHT 3st Msgsr lsg
2 5 4 invisible

WV sssss— 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

1
#%1 = /\HU%{ + HHSUs T 5/\}131}.23,

cosa sina’\ (mi 0 cosa —sina
—sina cosa 0 m3 ) \sina cosa

H, = hcosa — ssina,
H, = hsina + scosa.




Ratiocination

¥ Signal strength (reduction factor)

T o Br(h — SM)
- cos* o I‘
T oo I+ sin® o T
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sin® o TN 4 cos? a TS + Ty, oy, iy




Constraints

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

¥Dark matter to nucleon cross section (constraint)

1 m2
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Discovery possibility

LHC data for 125 GeV
¥ Signal strength (r 2 vsr 1) resonance

mq! 125 GeV", mzl 5000 GeVv"

:L=51b ' for 30 Sig.
:L=10fb ' for 30 Sig.

"1 0)(x),0_p(x)
:0)(x),0_p(o)
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Updates@LHCP

Signal Strengths Lo 0B
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Vacuum Stablility Improved
by the singlet scalar S
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Low energy pheno.

¥Universa| suppression _of collider SM signals

IP]

[See 1112.1847, Seungwon Baek, P. Ko

¥1fOm> 2 m O, non-SM Higgs decay!

¥ Tree-level shift of 1,sw(& loop correction)

m? |
w ! th= 1+ — 11 sin®" 13

B 1t Om> myO, vacuum ins

(

(T3 T —_—

RGE scale y in GeV LogluGeV)
[G. Degrassi et al., 1205.6497] [S. Baek, P. Ko,WIP & E. Senaha, JHEP(2012)]



Another UV completion

Work in progress (with S.Baek,
Wan-Il Park, ChaehyunYu @ KIAS)

Loew = LAD#EMOL+ TG ™ #m ) # (#,LH! + H.c)

L (LY, LYT

After EWSB, ! and L° mix with each other. The mass matrixM in the (L% ! ) basis is

iven b
giv y ! $ $

’ m #vl 2
M = # g &£ (6)
#L!V/ 2 m;



¥ Direct detection constraint satisbed with
small mixing angle < 10"{-3}

¥ Relic dencity, indirect detection, EWR¢.

¥ Collider signature similar to the Higgsino
LSP in SUSY models : More interesting than
the UV completion with a singlet scalar OSO

¥ Comparison with EFT and the other UV
completion

¥ Work in progress

L™ LY, +w® ) 191 1.9+ z0),



Similar for Higgs portal Vector DM

L =1 m3V,VHI $VTHH IV, VH I

$y
A

(VuVH)?

¥ Although this model looks renormalizable, it is
not really renormalizable, since there is no agenc
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:



2
1 v

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

"O]! x [O#= vx + hx (X)

¥There appear a new singlet scalar h_X from phi_X , whicl
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)



la" mq! #125GeV"$m,

New scalar improves
EW vacuum stability
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Figure 6. The scattered plot of o, as a function of M x. The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 ¢, while the red-(black-)colored points givesr; > 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, XENONA1T.
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With renormalizable lagrangian,
we get different results !



¥We donOt use the effective lagrangian approach
(nonrenormalizable interactions), since we donO
know the mass scale related with the CDM

— HHY
Eeff =Y | mp A w. or

Breaks SM gauge s

-

- Only one Higgs bosore(pha = )

-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



IS this any useful In
phenomenology ?



IS this any useful In
phenomenology ?

YES'!



Fermi-LAT#-ray excess

¥ Gamma-ray excess in the direction of GC

Total Flux Residual Model (x3)

0.316 - 1.0 GeV

316-10GeV  § 1.0-3.16GeV 3

[1402.6703,T. Daylan et.al.]

GC:b! I 01

extended

GeV sc8e exces
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* See 01402.6703,T. Daylan et.al.O 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 01404.2318, Q.Yuan & B. ZhangO and O1407.5625, . Cholis, D. Hooper & T. LindenO



GC gamma ray inVDM

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

VH b/7
Hys H2 : 125 GeV Higgs
""" H1 :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/¢t-channel production of H;s that decay dominantly to b + b



Importance of VDM
with Dark Higgs Boson

! spectrum

10 100 v r
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Figure 4 . Relic density of dark matter as function of m, for my = 125, m« = 75GeV, gx = 0.2,

and$=0.1. Figure 5 . lllustration of ! spectra from di! erent channels. The Prst two cases give alnsb the same
spectra while in the third case! 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 there would be no second scalar in EFT



Collider Implications
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¥ However, in renormalizable unitary models
of Higgs portals? more relevant parameters

AHS SszH[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, P!
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¥ However, in renormalizable unitary models

of Higgs portals? more relevant parameters
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Crossing & WIMP detection
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Crossing & WIMP detection
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However, this crossing relation could
lead to incorrect physics quite ofteth
Better to be careful, anavork in morel!

complete models for ID or CS.
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Summary

¥ Using EFT for Higgs portal fermion/vector
DM is not good for theoretical and
phenomenological reasons

¥ Simply because we donOt know the mass
scales related with DM (and mediators) and
how DM is stabilized or long lived

¥ Results based on EFT can be completely
wrong, or misleading at best

¥ Better to work on the minimal renorm and
unitary (anomaly free) model



Backup on generic
cancellation in direct
detection x-section



General Aspects of Higgs portal to a hidden sector

¥ A singlet acalar S and/or scalar #x charged under hidden sector gauge group c:

appear with the couplings with the SMH H operators:

H HS,H HS? H H#, #x, S#, #x, S, #x

¥ Both S and #x can develop nonzero VEVOsg and v-, and the Ructuations around
these vacuum will be additional real singlet scalars from the viewpoint of SM gau

Interactions.

¥ There will be generic mixings amondnsy, S and #x , resulting a number of neutral

scalar bosons. Onhhgy couples to the SM fermions and the weak gauge bos

- More than one neutral scalar bosowith reduced
couplings to the SM fermions and weak gauge bos
- No extra charged scalar bosons

- Invisible Higgs (or scalar boson) decays



Let us consider the mixing between h, = (h,S, pa=1..rn). The mass eigenstates h; =

(h1, ha, ..., hyyo) will be linear combinations of A, in terms of SO(n+2) matrix O: h; = O,%h,
with OOT = OTO = 1. Then the couplings between h; and the SM fermions ff and the

SM weak gauge boson V = W, Z" are given by
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Then, DM-N scattering amplitude behaves as
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The cancellation in the DD scattering cross section
in the degenerate H_i’s is generic (at tree level)

Similar to the GIM cancellation at one loop level
It cannot be seen if we included only the SM Higgs

This would be also true for other Higgs portal
models

No spin-dependent DD cross section

If there are new gauge interactions, this conclusion
may be not true, because there would be extra
contributions from new gauge bosons



