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Higgs as a Probe of
New Physics 2013

® What kind of new physics !
® Neutrino masses and mixings
® Nonbaryonic Dark Matter
® Matter-Antimatter Asymmetry

® Any relation with Higgs boson ? YES!

Many interesting talks on these issues @ this meeting
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Based on the works

(with S.Baek, T. Hur, D.W.Jung,).Y.Lee, W.l.Park,
E.Senaha in various combinations)

(Some works in preparation)

® Strongly interacting hidden sector

® Singlet fermion dark matter

® Higgs portal vector dark matter

® Vacuum structure and stability issues

® Singlet portal extensions of the standard
seesaw models with unbroken dark symmetry
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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

Higgs fields are unique in that HH is gauge inv
dim-2 operators

RHN field (N): gauge singlet dim-3/2 operator

HH and N can be portals to a hidden sector




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




Singlet Portal

® |f there is a hidden sector, then we need a
portal to it in order not to overclose the
universe

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

W‘_’@ BW,E(—? Hidden S
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Why Dark Symmetry !
Higgs is harmful to DM stability

® |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)




Fate of CDM with Z2 sym

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

Consider Z5 breaking operators such as

! SOqy | keeping dim-4 SM

Mplanck operators only

The litetime of the Z5 symmetric scalar CDM S is roughly given by

ms N ( ms
M}%Iamk 100GeV

I'(S) ~ )10737GeV

The lifetime is too short for 100 GeV DM
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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,
global or local it may be

® One way out is to implement Z2 symmetry
as local U(l) symmetry

® See the poster by Chaehyun Yu on 2HDM'’s
with local U(l) for Higgs flavors




Fate of CDM with Z2 sym

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

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

® | et us talk with a Z2 scalar CDM which is a
very popular model (the simplest extension of

the SM with CDM in terms of # of new dof)
® Q:Lagrangian for the local Z2 scalar CDM ?




Qx(¢) =2, Ox(X)=1 In preparation w/ WIlPark and SBaek

1 1 A
L = Lsm+ —- X X" — -eX,,B" + Duﬁbjg(Dung - =

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

2
(¢hox —v3)" + D XTDAX - mi xTX

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

U(1)x symmetry breaking.

\_ J

Unbroken Local Z2 symmetry

>

Xgr — X7y, followed by ~; — 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)
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Global dark symmetry !

® global symmetry expected to be broken at
least by quantum gravity effects (suppressed
by Planck scale to some powers)

® Stability of CDM is not guaranteeed at all for
global dark symmetry

® Scalar DM mixes with Higgs boson

® Fermion DM mixes with neutrinos




Unbroken Local Dark Sym

® Dark charge is conserved if dark symmetry is
unbroken (E. Noether’s theorem)

® |n this case, the Higgs sector needs not be
extended

® Higgs phenomenology should be the same as
the SM sector (modulo invisible H decay)

® Still the model could be OK until Planck scale
for 125 GeV Higgs, since there could be other
scalar fields (scalar CDM, for example)




Unbroken Local Dark Sym

® | ocal dark symmetry can be either confining
(like QCD) or not

® For confining dark sym, gauge fields will
confine and there is no long range dark force,
and DM will be composite baryons/mesons in
the hidden sector

® Otherwise, there could be a long range dark
force that is constrained by large/small
structures




Spon. Broken local dark sym

® |f dark sym is spont. broken, DM will decay in
general, if there is no discrete gauge symmetry

® There will be a singlet scalar after spontaneous
breaking of dark gauge symmetry, which mixes
with the SM Higgs boson

® There will be at least two neutral scalars (and
no charged scalars) in this case

® Signal strengths universally reduced from ONE
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Why is this a problem at all ?

® Many studies on DM physics using EFT

® Very often one gets misleading results

® Better to work in 2 minimal renormalizable
and anomly-free models in order not to reach

wrong conclusions

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




Usual approach (EFT)

1 | A
Locatar = 50,50"5 — Zm§5? - gf HTHS? —

_ g
Liermion = @ [i7 -0 — my] v — = HH 4y
1 1
£Vect0r — _ZVILLVV'LL _I_ §m%/VNV'u —I_ 4

All invariant
under ad hoc
Z2 symmetry

1
—AV(VMV“)Q + §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)
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Usual story within EFT

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

® S0, 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

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

1
2 2
AV + 1HSUs + 5)\1131’5-,

CcoS v Sin o m3 0 CcOS (v — Sin o
— SN v COS (v (0 m% SIN v COS v

H, = hcosa — ssina,

Hs = hsina + s cos a.
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Ratiocination

® Signal strength (reduction factor)

r. =
* Oh BI‘(h — SI\/I)
cos? o I‘SM
r =
cos2 (v FSM + sin® I‘h‘d
sin? o FSM
ro =

sin? o FSM + cos2 o Fh’d + Tl 1y Hy




Constraints

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

T
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Discovery possibility

. LHC data for 125 GeV
® Signal strength (r 2 vsr_1) resonance

m1=125(GeV), m,=500( GeV)
04 T T T T T T T T T T T T

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

*: Q(x),0_p(x)
:Q)(x),0_p(0)

*:()(0),0_p(x)

*:0)(0),0_p(0)

r

1214 o2l 1410l Sl
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Constraints

® Dark matter to nucleon cross section (constraint)

my . 1 1
—= ) Asin o cos v — — —
v my msi

................

1 m
~ —/12/\2 ~ 2.7 % 10"

2
2"'p
T

15F

ms =5(X)( GCV)




Constraints

® Dark matter to nucleon cross section (constraint)

1
~ —;12/\2 ~ 2.7 x 1072

;.
2""'p
n

15

m ,
(—p) A\ S111 (v COS @

v

vvvvvvvvvvv

ms =5(X)( GCV)

vvvvv

__destructive!




® We don’t use the effective lagrangian approach
(nonrenormalizable interactions), since we don'’t
know the mass scale related with the CDM

— HHY\ |
Log=1 (771-0 | A ) (18

- 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
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Similar for Higgs portal Vector DM

A A
L=-—mpV,V! = == HUHV, V" = 25 (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 A 2 2
Lvpy = =3 Xuw X" + (D,@)f(Dr@) - 22 <<1>T<1> _ —>

2 U2
N (HTH , ) (cb*cb— 2‘I’> ,

(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

® |mportant to consider a minimal renormalizable model to
discuss physics correctly

® Baek, Ko, Park and Senaha, arXiv:1212.2131
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Comparison with the EFT approach

« SFDM scenario is ruled out In the EFT
« We may lose imformation in DM pheno.

A. Djouadi, et.al. 2011
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FIG. 2. Same as Fig. 1 for vector DM particles. FIG. 3. Same as in Fig.1 for fermion DM; Apss/A is in GeV ™",

With renormalizable lagrangian,
we get different results !
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DM relic density

SFDM

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

my (GeV)

P-wave annihilation

VDM

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

S-wave annihilation

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




General Aspects of Higgs portal to a hidden sector

e A singlet acalar S and/or scalar ¢x charged under hidden sector gauge group can

appear with the couplings with the SM H'H operators:

HYHS HIHS? H'Hol ¢, Sl oy, S2ol b

e Both S and ¢x can develop nonzero VEV’s: vg and vy, and the fluctuations around
these vacuum will be additional real singlet scalars from the viewpoint of SM gauge

Interactions.

e There will be generic mixings among hgy, S and ¢x, resulting a number of neutral

scalar bosons. Only hgy couples to the SM fermions and the weak gauge bosons

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

- Invisible Higgs (or scalar boson) decays
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Let us consider the mixing between h, = (h, s, ¢a=1.. ). The mass eigenstates h; =
(h1, ho, ..., hyyo) will be linear combinations of h,, 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

m
Gigp = —+ Oy (6)
2
m
Givy = QVTV Oq;. (7)

Then, DM-N scattering amplitude behaves as

1 1
amp ~ Ax ZOnt 5O > —Ax ZOMWOZQ

— my; )

1
— —ﬁ Z (OMO;Z; — (OOT)12 — O)

(]
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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
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
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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
model

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




Reminder:An Old Lesson

® The SM with u,d,s quarks lead to too large
FCNC in kaon physics, and is immediately
ruled out

® This is cured by an additional quark
“charm” (GIM mechanism)

® This problem could be absent from the
beginning if we considered an anomaly free
gauge theory : Important to work in models
theoretically/mathematically consistent




Conclusion - |

SM Higgs tends to make hCDM decay unless
CDM carries local dark symmetry

Whatever you do for CDM stabilization or
longevity, Highly 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




NP to a singlet scalar
A

In preparation with
S.H.Jung, S. Choi

SM

NP to the SM Higgs

%N

Mixing anlge

Talk by D.W.Jung on
Higgs-Dilaton Mixing

Considered by the usual approaches
based on effective Lagrangian
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Mixing with a singlet scalar

M(H{F) = M(hF)sm X (bpcosa — crsina) = kipM(hF)sm
M(HQF) — ./\/l(hF)SM X (—bF Sin & + cg cos Oz) = Iﬁ:gF./\/l(hF)SM

Model Nonzero ¢’s
Pure Singlet Extension Cp,2
Hidden Sector DM Cy
Dilaton Ch2, Cgy CW , CZ Cry
Vectorlike Quarks Cg, Cy
Vectorlike Leptons Cy
New Charged Vector bosons Cy

Other c’s are all zeros !
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Figure 2. New physics contributions to the couplings between the Higgs boson and the SM bosons
: bp (left column) and cp (right column) for F' = g, W, ~.
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Figure 3. New physics contributions to the couplings between the Higgs boson and the SM fermions
: bp (left column) and cp (right column) for F' = b, 7.
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Figure 4. New physics contributions to the couplings between the Higgs boson and the SM bosons
: bp (left column) and cp (right column) for F' = g, W, ~.
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1.0 +- 0.1

Mixing angle is -
not so well : -
constrained

@ a

Figure 5. New physics contributions to the couplings between the Higgs boson and the SM bosons
: bp (left column) and cp (right column) for F' = g, W, ~.
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Higgs mixing with singlet scalars is not so well
constrained, and not covered by the usual
approaches based on effective lagrangian
approach (see Ko et al in preparation, and also
a recent paper by Zurek et al.)

The 2nd scalar is very very elusive

The signal strengths of H(125) give indirect
informations on these scenarios w/ hCDM

Better to work in a minimal complete model

Some model dependence may be unavoidable

131 22 142 229



Contents

® Generalities on hCDM vs. Higgs Physics
® Why Hidden Sector !
® |s CDM stable or not ?
® | ocal or Global Sym ?
® EFT or Renormalizable Model !

® Unbroken local dark symmetry : Singlet Portal
extension of the Standard Seesaw Models




An Alternative to the
new minimal SM

(by Davoudiasl, Kitano, Li, Murayama
hep-ph/0405097)




New minimal SM

(Davoudiasl, Kitano, Li,Murayama)
hep-ph/0405097

SM Lagrangian

1

14 l ‘17 ‘17 14
! B.. BM 4+ 0 G GHY + M2

+|D,H|? + Q:ipQ; + U;iPU; + DyilPD;
_ _ A 02\
+LiiDL; + EjiDE; — 5 (HTH - ?>

50




1 1 k h
Scalar CDM Ls = 50,90"S — 5mgS® — DIH[S® — 5%

Neutrino mass

_ M, . .
. Ly =DN,iIN,— (—NaNa +hS N, L;H + c.c.>
and Leptogenesis

2

1 1 1 K
_ = L = 2 2__ 3__ 4
Inflaton Ly = 9 updtp SR Y a7t

Ver = melH|? + pe@S? + kue’|H|? + kgp®S”

Interactions >
(Yn pNaNg + c.c.).

inflation model [18]. Current data prefer the quadratic term to
drive inflation [19, 20] with m ~ 1.8 x 103 GeV [21], while
< 10% GeVand x S 10714.[32]
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FIG. 1: The region of the NMSM parameter space (k(mz), mp) that
satisfies the stability and triviality bounds, for h(mz) = 0, 1.0, and
1.2. Also the preferred values from the cosmic abundance Qgh? =
0.11 are shown for various mg. We used y(mz) = 1.0.
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FIG. 2: The elastic scattering cross section of Dark Matter from nu-
cleons in NMSM, as a function of the Dark Matter particle mass mg
for my, = 150 GeV. Note that the region mg 2 1.8 TeV is disal-
lowed by the triviality bound on k. Also shown are the experimental
bounds from CDMS-II [25] and DAMA [26], as well as improved

sensitivities expected in the future [27].




Part 2.

Asymmetric dark matter & dark radiation
(based on a work with S. Baek, P. Ko, 1302.XXXX?)

53




Qutline

® Stability of dark matter

® A (or the ?) minimal model
® Constraints

® |nflation

® | epto/darkogenesis

® Conclusion

54
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Why is the DM stable?

® Stability is guaranteed by a symmetry.

® |fitis a global symmetry, it can be broken
by gravitational effect, and there can be

L= )\%EMVF,UV for bosoTl
)‘M_P¢7MDM¢SMH for fermion

Too short life-time unless kinematically forbidden

® The symmetry should be local.

55
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Our Basic Assumptions

® | ocal Dark Gauge Symmetry guarantees
DM stability

® DM in a hidden sector
® Singlet Portal to the hidden sector

® Higgs inflation (Shaposhinikov et al.)




A minimal model

® Symmetry
SU(3)

X SU(Q)L X U(l)y X U(l)X

(SM is neutral under U(1)_X)
[See also A. Falkowski, J. T. Ruderman & T.Volansky, JHEP1105.016]

° Lagranglan

NeW ﬁelds XM, X w

L = EKmeth =+ £H portal =+ ERHN portal =+ EDS |

1 1

»CKinetiC — QZ(ZD o m@b)w + |D,LLX|2 — _XMVXMV — 5 sin EX“VBMV i

»CH—portal

1 1
LRHEN— portal =

4

1
= —m%|X|? — §AHX\X\2HTH

2M N}%NRZ + [Y” NRZKL]HT + )\”’NRzszT + H.c.]

T laax): N=(LO), o= (L1), X=(0,1)




Constraints

Our model can address

*Vacuum stability of Higgs potential (Positive scalar loop correction) (Ahx)
* Small scale structure problem (Dark matter self-interaction) (0tx, mx)

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

* Dark radiation (Massless photon)(g)

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

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

In other words, the model is highly constrained.
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® Vacuum stabil |t)' (>\hx) [S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)]
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@)
oo

Couplings
o
S S

0.2

00|

(1) _
Bre =

1
1672

AHS

1672
1

1672

2225 + 18X + 83602 — (1],

with )\HS — >\HX/2 and >\S — >\X

14

1.2

04

Log[u/GeV]

59

3
2 (6/\H + 3)\g + 2/\1{5) — (5/\}{ (393 + gf) - 6’\t2 _M)] ;

vacuum stability

1

[ 3
243 + 1225 A7 — 6X] — 3\ (393 + 97) + 3 (293 + (g5 + 9?)2) + 2’\%SJ

Perturbativitiy

Perturbativitiy
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® Small scale structure (x, mx)

Illl

10-3

TIT[

Core-like!

—

1 - due to massive
H Ea baryonic outflows
*Hﬁ TN | from supernovae!

[S-E. Oh et at., 1011.2777;A. Pontzen & F. Governato,

.
o
v
v
v

Qg1 0-4 |- v _ | 106.0499; F. Governato et al., 1202.0554]
N n ]
= 5 i
- cesecensentasance NFW (< 110 km s=")
o - dark matter self-
o IC 2574 W DDO 154 . . 7
O NGC 2366 ¥r DDO 53 Inte I’aCtIOn *
v Ho | A M81dwB [M.Vogelsberger et al., 1201.5892; M. Rocha et al,,
105 |- O Ho ll 1208.3025; A. H. G. Peter et al., 1208.3026]
:l ALl ll A 1 L A Ll L ll
10-2 1077
R/RO.3

Dark matter density profiles of the 7
THINGS dwarf galaxies

[S-E. Oh et al.,, 1011.0899]
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Dark matter self-interaction

Too much!

- ¥x Should be able to decay = mv > mx

- ¥x Should decay before the thermal freeze-out of X or non-thermal freeze-out
when it decay is necessary.
- ‘X’ can form a symmetric DM, having asymmetric origin.
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® DM direct search (€, Anx, mx)

D R L LT L L LT G X
S 404onemc%/vsg 1 1 2
IN A = sAm| g —
7 ms v 0 1nin
X mmmmmmmmns R X ;
' 2, 2
n ) ANix MMy 12
: Nk ™ 6an m3-m?t "
YN ——— . — N

<OV>ann/<OV>ann

bativity

Xenon100 (2012)

Xenon100(2012)+ structure formation -10

stability

13

I I I I I I I I | I I I I I I I I
1.0 1‘5 2.0 2.5 3.0 1-0 1-5 2.0 2.5 3-0

Log[my/GeV] 62 Log[myx/GeV]
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® |ndirect search (Ahx, mx)

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

10-23 ] T ]TTTTI T T 1 T1IIII 1 1/‘ LI "L
: . 7
l‘h' e : . )
bb ——— L .
: 7’

~1O Yo >t0t 10 29(:1{112/86(3

ann

= (ov)]

ann

Ferml LAT 130 GeV line,is difficult to be explained.
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® Collider phenomenology (Anx, mx)

Log[Anx]

Invisible decay rate of Higgs is

10

Fh—>XXT

<OV>ann/<OV>amn 0

Xenon100 (2012)

1.5

w20 25
Log[myx/GeV]

3.0

Br(h — XXT) < O(10)% requires

or

mh — 277’LX < O 5GGV ,

or kmematlcally forbidden
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® Dark radiation (€) -1/2

Diagonalization of kinetic term

B\ _( 1/cose O » Xy does not couple SM particles.
XH —tane 1 X‘u

Diagonalizing mass term results in interactions between DS and SM,
Lps—sm = gxqxtedy'y (ew Ay — swZ,) + [0, — igx axte (cw Ay — swZ,)) X|2
(sinfw =e/g, cosby = ecose/qg’ )

» ¥ and X are mini-charged under electromagnetism.

Decoupling of X

8WaX

for T < mx

jlhﬂ;)( > 1}2 ~ tew GeV
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® Dark radiation (€)-2/2

# of extra relativistic degree of freedom

4 4 4
ANog = P~ — 9’ (T%O) (TW’,deC) ( g*S(T%O) ) /9
© Pv gv TI/,O Tfy,dec gxS (T'y,dec)
T, { 1 for Tyee = 1IMeV

Too | ()77 for Tue = 1MeV

ANSGMB = (.26 + 0.35 [G.Hinshaw et al., arXiv:1212.5226]

Large scale structure constrains 0ix < Oew. As the result,

LT > 0.1GeV - AN.g = — [ = 7, ~ 0.06
| e T \1) \ges(Tueex,)

i
8
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® Summary of constraint

Vacuum stability + perturbativity

<
Ax < 0.23 » 100GeV < mx < 1TeV
0.2 < Agx < 0.6

Small scale structure + CDM

L4 Map(x)\3/2
ax 32X 10 ey

AT my = 4TeV

Direct search

e <1077

Indirect search

1 < {(ov)tt J{gv)th <10

aln ann ~v
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Inflation

® Higgs inflation in Higgs-singlet system

[Lebedey,1203.0156]

Lscalar 1 1 1 1

where &,,&, > 1.

Conformal transformation

| Sth =+ 533332

~ 2 2
9w =g, Q=1
M

Potential at large field limit of the canonical field

1 =2
1 Aofr 9 A}, H.I.

I I 2
U(X) T 5}% 1 +exp ( SX) Aeff = Ag ( ) S.1.
) ) M.I

m|m
8 [
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Higgs Inflation

® Higgs can be an inflaton (Shaposhnikov et al)
with a large nonminimal coupling
M2

Liov = Lsn — = R—¢H'HR,

1_0 I T T T T I T T T T T T T T
L WMAP N= 50 60 .
U(x) ' . 0.8 ~ )\,(l)4 (BN | i
- m<|)2 o|O 4
4,2 - .
MTET/A o 06 SM+§h2R 0 O -
S N i

o
S i i
0.4 >~ =
0.2 - ]
IM*EE6 | | y 00 br- o ]
/ 0 0.90 095 100 1.05
ol = -
0 Xend XCOBE X

Fig. 2. The allowed WMAP region for inflationary parameters (r,
n). The green boxes are our predictions supposing 50 and 60 e—
foldings of inflation. Black and white dots are predictions of usual
chaotic inflation with A¢? and m2¢? potentials, HZ is the Har-
rison-Zeldovich spectrum.

Fig. 1. Effective potential in the Einstein frame.
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Higgs Inflation possible, if

Mmin < Mg < Mmpax
Mupin =[136.7 + (m; — 171.2) X 1.95] GeV ,
Mupax =[184.5 + (m; — 171.2) X 0.5] GeV .

Current LHC data on Higgs mass excludes
the Higgs inflation scenario.

However, this could be cured if there are extra
scalars such as singlet scalar DM, as in our model
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\o’

20x10

1.5x10

lOx10

T0x10
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Inflaton(Higgs) potential
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¥ \
Inflation atfthis flat region
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12 1 ol N N |
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Lepto/darkogenesis

® | epto/darkogenesis from the decay of RHN

M, Im (YY) + M A) MY, Y]]

€L

8 [QY,,YJ n /\)\*]
11

. M, Tm (VYT + A*A) M—IANT]
87 [2Y,,YJ + ,\A*]

12

11

SMim** 1 for Brg > Br,
€L <

167v? VAZM, /A2M,  for Brp < Bry
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Lepto/darkogenesis

® | epto/darkogenesis from the decay of RHN

M, Im (YY) + M A) MY, Y]]

€L

8 [QY,,YJ n /\)\*]
11

. M, Tm (VYT + A*A) M—IANT]
87 [2Y,,YJ + ,\A*]

12

11

SMim** 1 for Brg > Br,
€L <

167v? VAZM, /A2M,  for Brp < Bry
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® Boltzman equations

Miyi—p (S -1) + 2oy, 0=
S_IjlYA » =D :Ew (;Ielq) — 2};%% Br¢- + (2 < 2washout + transfer)
S_I?YAE = YD :Ee (;}}q> — 2};}% Bl“g] + (2 <> 2washout + transfer)
\ L
wash-out: 4, _» \~i~/

4 \
‘Hi

X L

transfer: ac-o u

i \
‘H
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® | epton/darkon number asymmetry
YAL = GLnLqu(O)ZQ.GXlO—lO

YA#»’ = ewﬂwyleq(()) ~ 2 X 10_12 (100 GCV)

mx

Narrow-width approx.
/M, <1, T$/MH, <1

Weak wash-out
my ~107%eV, A ~2—-3x10"% M; ~ 10°GeV

Matching observations

A2\ M L M, Mx
~  0.62 ~ (
(A§M2> y M 10" 109Gev | (T Tev

Strong wash-out

10 °eV <m, <0.1eV
74
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® | epton/darkon number asymmetry
YAL = GL’I]LYqu(O)QQ.GX 10_10

Yaw = epnoY 9(0)~ 2 x 1012 (100 Gev)

mx

Narrow-width approx.
I'y/M, <1, T?/MH, < 1

my=300GeV, m,=0.1eV

Light gray: narrow width regime
White between black lines:

1 < (ov)® J{gv)th <5

anrn ann ~v

Red lines:
Td,w — 1, 2, 5GeV (fI'OIIl left)

-Correct BAU and CDM relic can be obtained.
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de,’Y’

de,z/

® @® @ X

--------------------------- YN:YJSTq""' YArL = - YA¢: L YAXZO
* Decay of RH-neutrino ----- YN =0 [----- Yar #0 f---- Yay #0 “(Yayp +Yax =0) - Yax #0
* Freeze-0ut Of 3 wansransssansssansssanssns s Y (T ) S Vg |onmemmeemmeemmemaneshonen,
((ovyen, /(ov)i, > 1)
Y
¢ FLCEZO-OUL Of X = =m e m e mm e e mm e e e e m e e e e e n e T § —
({o0)amn/ (o) 2mn < 1)
| v
¢ Yax =0,
. Decay Of e Symmetrization Of X ---------------------- Y/(,b % O o YX (Td, ) [>> YX (TfZ,X)] N Yobs
2 O(1) GeV] y o

(Non-thermal freeze-out)

« Decoupling of X from thermal bath ( X 4 SM — X1 4 QM) «===== - xemmsssremmmssrrmmmssemmmnseemmnseaans
[~ O0(0.1 —1) GeV]

* Decoupling of dark photon from X (X(T) NEPNN xM 4 ) eemeeet et et et et et et et et et
(> 6 MeV]

* Decoupling O NEULFINOS FFOM 1Al BAtHL < - - = = == == = = = = == mmm = = = mmmmm m m mmmmmm e mmmmm e mmmmm e mmmm e mmmms
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sz,X

de,’y’

Tya,v

® © @

............................ Yy =Y.

Yar =0

YA¢=0

| | v v v

Yn =0 Yar #0 f--=- Yagp #0 |-+ (Yay + Yax =0)-1 Yax #0

* Decay of RH-neutrino -----

* Freeze-out g

Yo(Tiapp) > YAy | -mmeeemmmmeeeeeeeenibeaae.

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

Y
* Freeze-out of X ---------- Q@R e Yx (Tt x) = = Vax
({o0)iamn/ (o0)am < 1)
L 4
< YAX — O,
* Decay of Y = symmetrization of X ---------= (Tu) > Yx (Th.x)] = Y,
[ O(1) GeV]

n-thermal freeze-out)

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

* Decoupling of dark photon from X (X (1) 4 4/ — X (1) 4 4/ ) wmememe e e e e e e e e
(2 6 MeV]

» Decoupling of neutrinos from thermal bath - ========= == =cccmmmmmm e c e
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Summary of this model

® Stability of dark matter requires a local
symmetry.

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

® The model can address following issues

*Vacuum stability of Higgs potential
* Small scale structure problem
* CDM relic density (thermal or non-thermal via asymmetric generation)
* Dark radiation
* Lepto/darkogenesis
* Inflation (Higgs inflation type)
78




Some Variations

One can live with X only, and it can be thermal
CDM. No longer RH neutrino portal. The same
amount of dark radiation. Higgs inflation
possible

One can live without X. In this case, we need a
singlet scalar messenger in order to thermalize
the fermion dark matter. The same amount of
dark radiation. But reduced signal strengths

Broken U(I)x is OK, with reduced signal
strengths, and no dark radiation

79
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To Do List

® Role of Higgs and extra scalar fields in cosmology
(Structure formation and non Gaussianity, etc)

® Broken U(l)x with massive dark photon (Detailed
study)

® Nonabelian hidden (dark) gauge symmetry

® D.W]ung, Hur, Ko and Lee, PLB; Hur and Ko,
PRL (201 1)

® SUSY extension?

80
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Strongly interacting hidden
sector with unbroken
non Abelian hidden

gauge symmetry

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




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

Basic Picture

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

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

Higgs boson
Similar to ordinary QCD




VWarming up with a toy model

Reinterpretation of 2 Higgs doublet model

Consider a hidden sector with QCD like new
strong interaction, with two light flavors

Approximate SU(2)L X SU(2)R chiral symmetry,
which is broken spontaneously

Lightest meson  : Nambu-Goldstone boson ->
Chiral lagrangian applicable

Flavor conservation makes stable -> CDM




® Potential for H{ and Hs

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

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

® Stability : A\j2 > 0and A\; + do + 23 > 0 f

. . . Not present in the two-
P - 5
Consider the following phase Higgs Doublet mode

0 W}J{
=\ 4 qhey |- Iy = Vo0 i)
V2 V2

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

p
500 . 500 . T
450 |- gy - S I 450 | £ 500 Gev RN
400 . g 400 . 2
_ 350 | - 2 _ 350 | 5
> 300 I R 2 300 | 1840
el : i'% el ] Ei
# 50 | I ]
100 100
0 F 2O e
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
\§




Model | (Scalar Messenger)

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”




Modified SM with classical scale symmetry

AH
4

+ (@%Yf DI+ QAYYUI + T HYFEI

A A
(HH)? gH S2 HtH — ZS g

LM Ot

— ~

+ LHYYN + SNTCY) N + he.)

~N

" Hidden sector lagrangian with new strong interaction

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

r

L

L hidden

Lsm

[fmixing

2

£h1dden + LsM + Lmixing

9 2
%Tr[@MZhE)WZIL] + %TI’P‘SMh(Zh +Z0)]

)\S 4
—5
8

A
~ 2L (HTH,)? ;SH}LHlsQ

HH, oSS
A2 Az TRSY,

2 A2
—UhAh R

SHIH, 53)
A3 T AS _

O(

—v} KHHIHl + kgS% + ApK'S
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Relic density

(
500 — 500
. =500 GeV 0
4 tanf=1 -
400 ] -0.5 400 ]
-1 |
z 200 7 45 300 7
o CF)
g &
3 i -2 = 7
] 25 .
i -3 |
100 — 100 —
- -3.5 _
0 -4 0
0 0

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

( v, = 1 TeV and tan § = 2.
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Direct Detection Rate

103

— h’ < 0.096
- 096 < Qh% <
B ——— CDMS-II(2004+2005)
-37 |—
107 F NON10(13
= DMS-2007 p
= | XMASS
_ 10‘40 — er CDMS-
[o\] _—
E -
e —_
»n - "._
° 107
10-46 —
10¥
10 102 10°
Mnh[GeV]

osr(mpp — mpp) as functions of m, .
the upper one: v, = 500 GeV and tan G = 1,

the lower one: v, = 1 TeV and tan 5 = 2.
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Comparison with the
previous model

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

DM : composite hidden hadrons

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

H Signal strengths : universally reduced from one




Generic Features

Spontaneous breaking of dark symmetry
requires extra Higgs fields that would mix with
the SM Higgs after all

Signal strength will be universally reduced from
“one” for all the channels

Easy to test this @ LHC in the near future

Diphoton decay of H(125) will be precious
information on this type of DM models




Conclusions - |l

Stability or longevity of a hCDM is closely
related with the SM Higgs sector (amusing !)

In general,a number of SM singlet scalar appear
and they will mix with the SM Higgs boson

The signal strength of Higgs boson is universally
reduced from “one”

If dark sym is unbroken, there will be only one
SM Higgs boson with signal strengths = ONE

LHC data will reveal the hidden sector DM




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

® Chiral Gauge Sym needs new Higgs Doublets
(talk by Yuji Omura on this)




