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Outline
Motivation: toward a MeV thermal DM. 

Framework: a possible DM and mediator.  

Searches: from theoretical constraints to  
experimental limits.   

Future prospects: potential signals, strategy  
and method improvement.  



Motivation: toward a MeV thermal DM.

Top 10 scientific mysteries for the 21st century 
(www.sciencenews.org) 
1. The meaning of quantum entanglement 
2. Does intelligent life exist elsewhere? 
3. Quantum gravity. 
... 
8. What is the nature of the dark energy that drives cosmic acceleration? 
9. What is the identity of the dark matter? 
10. How did life originate?

Questions for the New Century 
(Physics of the Universe report,  
https://www.nsf.gov) 
Q1: What is Dark Matter?  
Q2: What is the Nature of Dark Energy?  
Q3: How Did the Universe Begin? 



Can we well 
distinguish DM from 

neutrino signal?

Should we go 
this direction?
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Experimental choice:  
higher luminosity OR 

lower energy?



The light DM mass region

Unless, a new light mediator is introduced!

If only a DM introduced...

Can we go to the region below GeV?

g=Weak coupling



Simplicity and Light mediator

t-channel annihilation s-channel annihilation

Let us see all the possibilities... 



Z_2 odd scalar mediator (like squark) + SM 
fermion. LEP mass limit for charged mediator 
is heavier than 100 GeV.  

Z_2 odd fermion mediator (like Chargino) + 
SM gauge boson. Invisible decay gives a 
severe limit.  

Therefore, a light mediator of the the DM 
annihilation to SM pair via t-channel cannot 
be Z_2-odd. 

Simplicity and Light mediator



ONLY TWO possible mediators:  
  

dark Higgs
dark photon

Simplicity and Light mediator

DMSM



The light DM mass region
Why the light mass region is more interesting than small cross section?

It is currently very challenge to overcome systematic uncertainties from  
neutrino background. 

It is expected to see the signal from meson decays, CMB, and BBN data. 

There are many available detectors: many beam dump experiments.



Krnjaic,
(1512.04119)

Delta Neff
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Parameter 
space is finite 

and 
experimentally 

testable!

Not so 
simple!

DD
Relic+  

Therm. 



Framework: a possible DM and mediator.



A minimum setup:  
one SM singlet Majorana DM + 
one SM singlet scalar mediator.   

Basic and minimum Lagrangian

Majorana DM
SM singlet scalar

Scalar 
interaction

pseudo-scalar 
interaction

Mixing between 
New mediator and 

SM Higgs. 



Higgs potential and Model parameters
• All the possible terms 
are included. 

• Singlet light Higgs can 
be mixed with SM Higgs. 

• (A_PhiH, la_PhiH)  
-> mixing matrix  
-> (mphi, smix)  

• mu1 and muH -> 
minimum condition  

• This model is a "Higgs 
portal" DM. 



Higgs potential and Model parameters

We only consider  
cp=0  

 in this study.

• The parameters (mu_Phi and lambda_Phi) 
are not relevant to DM phenomenology but 
Higgs potential.  

• From Higgs invisible decay (LHC), one can 
have a prior range of theta. 

• Based on thermal DM scheme, we choose a 
rather larger m_phi but it shall be decided 
later by relic density.        



"Our choice" of thermal scenario 
• When DM mainly annihilates to SM 

particles, then we do not care mediator 
sector even if the mediator sector is 
secluded.  
(However, for xx-> ff via resonance, one 
has to check DM-mediator scattering rate.)

• If DM annihilates to two mediators, then 
the heat transferred between SM and 
mediator sector shall be maintained.       

Our thermal History:  
n~Exp[-mx/T]@T>TF



Searches: from theoretical constraints  
to experimental limits.



Relic density and   
Thermal conditions

Thermal  
conditions.

mphi<4*mx

Thermal  
conditions.

Thermal condition 
is a hard cut.

Relic 
density



Constraints from  
Big Bang Nucleosynthesis
• If phi decay time happens later than 

BBN era, the successful standard 
scenario can be spoiled. 

• BBN era is between 1 sec to few 
mins. 

• Once hadronic decay happens, we 
require tau(phi)< 1 sec.  

• If phi mainly decays leptonically, 
[1605.07195] shows tau(phi)<1e5 
sec. 

• PLANCK: Neff=2.99 ± 0.17. 

• Entropy conservation tells us that phi 
can modify the ratio of photon  to 
neutrino temperature. 

• These two information implies phi 
has be greater than 5 MeV in 2 
sigma level.  

Lower mass limit

Lower coupling limit

Constraints from 
Neff at T_CMB



Low Rate

Too long live

Decay in Dump

threshold 
energy

Phi Mass

M
ix

in
g 

an
gl

e prompt decay 
-> displaced vertex 
-> missing energy



Global picture of parameter space 

Parameter space is finite. Let us go through (a)-(g) 



Global picture of parameter space 

Parameter space is finite.

(a) mphi~2*mx, resonance 
region. 

(b) Lower limit of DM and 
mediator mass due to relic 
density mx~mphi +CMB 
deltaNeff (mphi<5 MeV).   

(c) DM direct detection and 
relic density constraints. 



Global picture of parameter space 

Parameter space is finite.

(d) BBN (1s for mphi>2*mpi, 
but 1e5s for mphi<2*mpi), phi 
decay to 2 muon opens. 

(e) Kaon (mphi<500 MeV), B-
meson (500 MeV<mphi<5GeV). 

(f) DM direct detection.  

(g) SN1987a constraints. 



Future prospects: potential signals, 
strategy and method improvement.



Future sensitivity of parameter space 

(k) SHiP+LHCb+ Belle 
II. 

(l) DM direct detection 
(SuperCDMS-SNOLAB, LZ, 

NEWS-SNOLAB)

(h) Delta Neff will be improved. 

(i) Higgs invisible decay.  
(ILC and CEPC can do it better.) 

(j) DM direct detection.



Self-interacting dark matter

SIDM can be 
realized in this 

framework.



Future direct detection

MeV DM 
parameter space 
remains but tiny 
after HeRALD.



Conclusion and summary
• Assumption: Correct relic density is required to be produced with the 
thermal condition (initial condition n~exp(-m/T)@T>=TF). 

• Strategy: A minimal (renormalizable) model with a light fermion 
WIMP and a light scalar mediator is studied and its width is treated 
carefully. 

• Result: after taking all the constraints into account, the parameter 
space is finite and lower bound for DM and mediator mass. 

• Prospect: future prospect is also performed and it can further bite 
the parameter space.   



Backup



Higgs potential 
constraints

• We require vh=240 and vphi=0 
must be the minimum within 
[vh, vphi < 1 TeV] region.   

• In the small mass mphi<10 
GeV, |mu3| is required to be 
less than 100 GeV.  

• lambda_Phi has to be positive.  

• muPhi squared is less than 0.9 
TeV^2. 



Dark Higgs decay

One nuisance parameter is included to account for QCD effects.



Annihilation cross section  
and  

light mediator

s-wave: cp 
p-wave: cs, cp

s-wave: None 
p-wave: cs, cp

Scalar coupling cs only provide p-wave





Beam Dump experiments

Low 
Rate

Too long live

Decay in 
Dump

threshold 
energy

Phi Mass
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Take from 
1812.06771

We consider Upsilon, 
B-meson, and Kaon decay.










