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Dark Matter Evidence

• Evidence from different scale 

Galaxy Cluster Universe



3

Dark matter mass range
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Dark matter mass range

mϕ ≲ 30eV ( 250 km/s

⟨v2⟩1/2 )
3/4

( ρDM

0.4GeV/cm3 )
1/4
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Ultra light dark matter

•Cusp vs Core problem

✓Parameterize density profile as . Observation shows       
, but simulation predict  

ρ(r) ∝ r−α α ∼ 0
1 ≤ α ≤ 1.5

•Missing satellites problem

✓Milky Way seems to have fewer satellite galaxies (23) than expected in 
CDM simulations (~100-1000)

•Too big to fail problem

✓Predict more subhalos (5-40) with > 25 km/s than observed (~0). vmax



Ultra light dark matter production

• Misalignment mechanism
··ϕ + 3H ·ϕ + m2

ϕϕ = 0

• Classical Solution for wave-like dark matter 

ϕ(t) ≈ ϕ1 cos (mϕt) + ϕ2 sin (mϕt)
• Dark matter local density

ρDM ≈ ( ϕ1
2

+ ϕ2
2) m2

ϕ

How to search for ultra light DM?
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Dark matter-SM mediator

Dark 
Matter

A’

a
S

N

?

?

?

?

The dark sector

• StandarModel
  =fermions+force

• Dark Sector
  =DM+dark mediator

Phys.Rev.D 97 (2018) 4, 043001This Talk
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Oscillating  from wave-like DMA′ 

• Wave information to A′ 

(Dμϕ)
*

Dμϕ ⊃ (g′ Qϕ)
2

ϕ*ϕA′ μA′ μ

• Oscillating information of A′ 

m2
A′ (t) = m̃2

0 1 + 2 (g′ Qϕ)
2 ( |ϕ1 |2 + |ϕ2 |2 )

2
+ (ϕ1ϕ*2 + ϕ*1 ϕ2)2

m̃2
0

cos2 (mϕt)

m̃2
0 = m2

0 + (g′ Qϕ)
2

(ϕ*1 ϕ1 + ϕ*2 ϕ2 − ( |ϕ1 |2 + |ϕ2 |2 )
2

+ (ϕ1ϕ*2 + ϕ*1 ϕ2)
2

)

κ
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Oscillating  from wave-like DMA′ 

• Wave information to A′ 

(Dμϕ)
*

Dμϕ ⊃ (g′ Qϕ)
2

ϕ*ϕA′ μA′ μ

• For simply connect to UV model

arg [ϕ1] = arg [ϕ2]  or ϕ2 = 0

m̃0 = m0, κ ≡
2 (g′ Qϕ)

2
ρDM

m2
ϕm2

0

m2
A′ 

(t) = m0(1 + κ cos2(mϕt))
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Oscillating  from wave-like DMA′ 

• Oscillating property

m2
A′ 

(t) = m0(1 + κ cos2(mϕt))

= m2
A′ 

(t + τ)

• Event number in the ith mass bin

Ni = σ(i)
resϵi L

Δti
texp

=
σ(i)

resϵi L
τ ∫

mi+1

mi

dt
dmres

dmres

τ
m0

f(y)



Oscillating  from wave-like DMA′ 

f(y) =
2y

π (y2 − y2
min) (y2

max − y2)
• Oscillating property

∫ymax
ymax−Δ f(y)dy

∫ymin+Δ
ymin

f(y)dy
→

ymax

ymin



Oscillating  effect on experiments?A′ 

ℒ = −
1
4

F′ μνF′ μν +
1
2

m2
0 A′ μA′ μ + ϵeA′ μJμ

em

• A kinetic mixing dark photon A′ with U(1)′ interaction 

？



Prompt dilepton final states

•General dilepton process 

e+e− → γA′ , A′ → e+e−/μ+μ−

PRL 113, 201801 (2014)•BaBar data



Recast BaBar experiment result
PRL 113, 201801 (2014)

• Log likelihood ratio (LLR) 

LLR = − 2 log
Max ⃗a ′ ∏i 𝒩 (Bi − B (mi, ⃗a ′ ) − SfG (mi) ∣ Bi)

Max ⃗a ∏i 𝒩 (Bi − B (mi, ⃗a ) ∣ Bi)



Recast BaBar experiment result
• Traditional single-peak analysis

fG (mi) = 𝒩 (mA′ − mi ∣ σ2
re)

fS (mi) = ∫ mmax

mmin
f ( m′ 

m0 ) 𝒩 (mi − m′ ∣ σ2
re) dm′ 

• Double-peak analysis

• Recast result:



Beam Dump Experiments

N (ϵ, mA′ ) = Ne𝒞′ ϵ2 m2
e

m2
A′ 

e−a1LshΓA′ (1 − e−a2LdecΓA′ )
•General event number:

•Including oscillation effect
N (ϵ, m0, κ) =

1
τ ∫

1 + κm0

m0

N (ϵ, mA′ ) dt
dmA′ 

dmA′ 

•Our recast result with κ = 0



Double-peak analysis result

mA′ 
∼ 0.2GeV



Improvement with time-varying

m2
A′ 

(t) = m̃0(1 + κ cos2(mϕt))

• Oscillating property

• Background event number

N red
i = Ni

1
τ ∫ mi+1

mi

dt
dmA′ 

dmA′ 



Improvement with time-varying

• Result with time-varying



Justify TDM with CMS open data

• CMS open data 2012 

• Luminosity is not constant

    , 8TeV, pp → ℓ+ℓ− ∼ 10 fb−1



CMS open data

• Oscillating  propertyA′ 

• CMS differential event number

Ni = σ(i)
resϵi L

Δti
texp

=
σ(i)

resϵi L
τ ∫

mi+1

mi

dt
dmres

dmres
τ

m̃0
f(y)

dσS

dmℓℓ
= ϵSσ0 × δ (mℓℓ − mA′ 

(t))
dNS

dmℓℓ
= ∫ t2

t1
dtℒ(t)

dσS

dmℓℓ
= ϵSσ0 ×

2mℓℓ

π m2
ℓℓ − m2

0 (1 + κ)m2
0 − m2

ℓℓ

τA′ 

2 [∑i+ ℒ (t+
i ) + ∑i− ℒ (t−

i )]

L × f̄ (mℓℓ /m0)



CMS open data

• Double-peak property

We can use DPM for CMS open data!



CMS result with time information
• Double-peak Method

dNS

dmℓℓ
= σ (mℓℓ) ϵS

f(mℓℓ /m0)
m0

×
τA′ 

2 ∑i± ℒ (ti±)
• Time-dependent Method

Sij = ∫ ti+Δt
ti

dt ∫ mj+Δmℓℓ

mj
dmℓℓ

1

2πσm

e− (mℓℓ − mA′ (t))2

2σ2m × ℒ(t) × ϵS (mℓℓ) σ0 (mℓℓ)



• Time-varying resonant mass and found it can lead to double-peak 
feature in the invariant mass spectrum

• The mass spectrum is independent of time as long as the oscillation 
period is short compared with the variation time scale of instant 
luminosity 

• For mass around tens of MeV, the already excluded muon (g − 2)μ 
solution from Aʹ becomes viable

• Time dependent method can improve the experiment sensitivity by a 
few order

• We use the real collider data for a time-dependent resonance search 
and justify that our method works as expected

25
Thank you!

Summary


