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IntroductionIntroduction

The existence of dark matter in our Universe is now widely 
accepted

Dark matter (DM) makes up 26% of the total cosmic energy density

But we’re still in the dark about the particle identity of DM

Among the most popular candidates for DM are the weakly 
interacting massive particles (WIMPs)

Its detection is crucial for understanding the DM nature and for 
testing models of new physics beyond the standard model (SM)

Ongoing and upcoming experiments                                             
are looking for signatures of WIMPs

Focus: direct searches

arXiv:1409.4590
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DM direct detection experimentsDM direct detection experiments

WIMPs may be directly detected via their interactions with nuclei.

The plot shows the strictest data on WIMP-nucleon spin-independent 
elastic cross-section to date.

Future searches:                                                                                
LZ, DarkSide G2

Implicit assumption 
of isospin symmetry: 
the effective WIMP 
couplings fp and fn to 
the proton and 
neutron are equal
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LHC measurements of Higgs couplingsLHC measurements of Higgs couplings

Higgs’ invisible decay

Higgs’ couplings to gauge bosons & fermions

ATLAS & CMS, 2016
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Simplest WIMP DM modelSimplest WIMP DM model

The simplest model having a WIMP candidate is the SM+D:

the standard model (SM)  plus

a real scalar field called darkon, D, as the DM.

The darkon is stable.

It’s a singlet under the SM gauge groups.

Its Lagrangian is invariant under a discrete Z2 symmetry,  D  ‒D.

Requiring also the darkon interactions be renormalizable implies D can 
couple only to the Higgs doublet field H.

The renormalizable darkon Lagrangian is then 

self-interaction
coupling

mass
parameter

darkon-Higgs
coupling

Silveira & Zee, 1985
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SM+DSM+D

After electroweak symmetry breaking

  
is the physical Higgs field and v = 246 GeV  the vev of H.
  

This Lagrangian has only 3 free parameters:

Darkon-Higgs coupling  λ

Darkon mass

Darkon self-interaction coupling  λD .
   

The last term,  ‒λ D2h v,  is essential for determining the DM relic 
density in the SM+D.
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Relic density in SM+DRelic density in SM+D

The interactions of any WIMP candidate with SM particles must 
satisfy constraints from relic-density data.

The darkon annihilation rate into SM particles is related to its   
relic density ΩD by the thermal dynamics of the Universe in the 
standard big-bang cosmology, according to

  

   
h is the Hubble constant in units of 100km/(s·Mpc), 
σann  the darkon annihilation cross-section into SM particles,  
vrel  the darkon-pair relative speed in their cm frame.    

Observations (Planck) yield  ΩD h
2 = 0.1197±0.0022

Kolb & Turner, 1990
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Darkon annihilation in SM+DDarkon annihilation in SM+D

The SM+D relic density results mainly from the annihilation of a darkon 
pair into SM particles through Higgs (h) exchange.

The annililation cross-section
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Testing SM+D: direct detection of darkonTesting SM+D: direct detection of darkon

The direct detection of darkon interactions relies on nuclear recoil effects 
due to darkon scattering with a nucleon N.

In the SM+D, this occurs via Higgs exchange                                       
in the t-channel elastic scattering  DN  DN.

The amplitude for  DN  DN

The cross section of  DN  DN

The effective Higgs-nucleon coupling  gNNh = 0.0011 He, Li, Li, JT, Tsai, 2008



J Tandean 10 July 2017 11

Testing SM+D: iTesting SM+D: invisible Higgs decay datanvisible Higgs decay data

For a 125-GeV Higgs, the invisible decay                                                         
mode is highly dominant for low darkon                                                           
masses,  mD < mh /2 

except near  mh /2

Thus the discovery of the 125-GeV Higgs                                                         
implies that the SM+D with a light darkon                                                 
(under ~50 GeV) is ruled out.
     

LHC measurements on Higgs decays imply constraints on the darkon-Higgs 
coupling.

ATLAS & CMS, 2016
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Constraints on SM+DConstraints on SM+D

The dotted part of the green curve in the right plot is disallowed by LHC data on 
Higgs invisible decay.

Together the Higgs data and the new limits from LUX, PandaX-II, and XENON1T 
rule out SM+D darkon masses below 52.1 GeV and from 62.6 GeV to  ~500 GeV.

Future searches: PandaX-II, XENON1T, DarkSide G2, and LZ can probe SM+D 
darkon masses up to roughly 20 TeV.
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Simplest Higgs-portal vector DM modelSimplest Higgs-portal vector DM model

The WIMP DM candidate is a real SM-singlet spin-1 boson, V 

It’s odd under a Z2 symmetry which does not affect SM particles.

The minimal Higgs-V interaction is via a dimension-4 operator involving the Higgs doublet.

   
Kanemura et al., 2010
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Constraints from Higgs data, DM direct searches, and unitarity limitConstraints from Higgs data, DM direct searches, and unitarity limit

Higgs invisible decay

 

   
 

   

   

Lebedev, Lee, Mambrini, 2012
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Viable parameter space of minimal vector-DM modelViable parameter space of minimal vector-DM model

  

The dotted part of the green curve in the right plot is disallowed by LHC data on 
Higgs invisible decay as well as perturbativity and unitarity considerations.

   

   excluded
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Simplest Higgs-portal spin-Simplest Higgs-portal spin-1/21/2 DM model DM model

The WIMP DM candidate is a Dirac SM-singlet spin-½ fermion,  

It’s odd under a Z2 symmetry which does not affect SM particles.

The leading-order minimal interaction of   with SM particles is via an effective dimension-5 
scalar operator involving the Higgs doublet.

   
Kim & Lee, 2007
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Constraints from Higgs data, DM direct searches, and EFT validity limitConstraints from Higgs data, DM direct searches, and EFT validity limit

  

  Higgs invisible decay

 

 

 

 

   

Busoni et al., 2014
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Viable parameter space of minimal spin-Viable parameter space of minimal spin-1/21/2 DM model DM model

  

The dotted portions of the green curve in the right plot are disallowed by LHC 
data on Higgs invisible decay and EFT limitation.

   

      Viable   
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Yukawa & gauge couplings of h & H in THDM IIYukawa & gauge couplings of h & H in THDM II

The Yukawa Lagrangian is
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Darkon’s scalar interactions in THDM II+DDarkon’s scalar interactions in THDM II+D

  The darkon’s scalar interactions

  

  

   

    z2  
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Darkon couplings & mass in THDM II+DDarkon couplings & mass in THDM II+D

The scalar potential

contains the darkon mass & couplings
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Darkon annihilation & darkon-nucleon scattering in THDM II+DDarkon annihilation & darkon-nucleon scattering in THDM II+D

Darkon annihilation

Darkon- scattering
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Effective couplings of h & H to nucleons in THDM II+DEffective couplings of h & H to nucleons in THDM II+D

 

 

 

   

    

Numerically

He, Li, Li, JT, Tsai, 2008
He, Ren, JT, 2012

Shifman et al., 1978
Cheng, 1988
Cheng, 1989
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Isospin-violating WIMP-nucleon interactionsIsospin-violating WIMP-nucleon interactions

The WIMP-nucleon cross-section in the isospin-symmetric limit can be converted 
to the WIMP-proton cross-section, and vice versa, using

Feng et al., 2011

In  THDM II+D
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Reduction of darkon-nucleon cross-section in THDM II+DReduction of darkon-nucleon cross-section in THDM II+D

It’s possible for gH  to become very small or vanish, leading to a very small or 

vanishing darkon- cross-section

 

 

Thus gh  and gH, respectively, can vanish at certain values of

The cross-section can also vanish from cancellation between the λh and λH terms.

We choose h to be the 125-GeV Higgs and H heavier. 

He, Li, Li, JT, Tsai, 2008
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LHC constraints on Yukawa couplings in THDM IILHC constraints on Yukawa couplings in THDM II

From LHC measurements on Higgs decays

   
THDM-II expectations:   

Accordingly, we may impose   
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Additional constraints onAdditional constraints on THDM II+D THDM II+D

The LHC bound on the invisible decay of the 125-GeV Higgs boson 
applies to h, but not to the heavier H.

Since the new scalars arise from the presence of a second Higgs 
doublet, their effects must satisfy the constraints on oblique 
parameters from electroweak precision measurements.

Theoretical requirements on the scalar potential can be important

Perturbativity

Vacuum stability

Unitarity of scalar scattering amplitudes 
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h-portal  h-portal  ((λH = 0))  examples  examples
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h-portal  h-portal  ((λH = 0))  examples  examples

Predictions for darkon-nucleon cross-section for (a) xenon and (b) argon target 
materials

The difference between xenon and argon targets can lead to visible effects if  
fn/fp  is negative. 

There’s ample parameter space that can evade present experimental constraints 
and perhaps even elude future direct searches. 
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H-portal  H-portal  ((λh = 0))  examples  examples
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H-portal  H-portal  ((λh = 0))  examples  examples

Predictions for darkon-nucleon cross-section for (a) xenon and (b) argon target 
materials

The xenon-argon difference can again become visible if  fn/fp < 0.

There’s more parameter space than in the h-portal (λH = 0) case that can evade 
present experimental constraints and perhaps even elude future direct searches.  
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THDM II plus vector or fermionic DMTHDM II plus vector or fermionic DM
Chang, He, JT, 2017
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THDM II plus vector DMTHDM II plus vector DM
Chang, He, JT, 2017
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THDM II plus spin-THDM II plus spin-1/21/2 DM DM
Chang, He, JT, 2017
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ConclusionsConclusions

Minimal Higgs-portal scalar and vector DM models, with only one Higgs 
doublet, may be ruled out in the not-too-distant future if the DM mass is 
below several tens TeV.

In contrast, minimal Higgs-portal spin-1/2 (& spin-3/2) DM models are 
almost excluded now and will likely be fully excluded in the near future.

However, if these Higgs-portal DM models each have (at least) two Higgs 
doublets instead, the DM-nucleon interaction may get highly suppressed 
(depending on the THDM type), and it may be very challenging to probe  
the parameter space corresponding to a DM mass exceeding ~100 GeV. 
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