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• Shift symmetry to protect the scalar mass                                                                                 
Ultralight Dark Matter:  eV       


• Quadratic coupling :   symmetry                               

mϕ <

Z2

: why ?(∂ϕ)2𝒪(SM)

String theory?
Quantum Gravity?

Lorentz violation search:

(cμν, κμν . . . ) ∼ ∂μ⟨ϕ⟩∂ν⟨ϕ⟩ ∼ ρDMvμvν

(∂ϕ)2𝒪(SM)

Oscillation of fundamental constants:

δ(α, me . . . ) ∼ ∂μ⟨ϕ⟩∂μ⟨ϕ⟩ ∼ ρDM cos(2mt)

RG?Scalar coupling Tensor coupling

Standard Model Extension



• Theoretical aspects of the EFT


• Bounds from experiments


• Conclusion

Outline



ℒEFT = −
1
4

FμνFμν + iψ̄γμDμψ +
1
2

∂μϕ∂μϕ −
1
2

m2
ϕϕ2 + ∑

i=1

ciOi

The Effective Field Theory of Quadratically Coupled ULDM (QED sector):

CP even operators:

O1 = ∂μϕ∂μϕ iψ̄γν↔
Dνψ ↔ O1 = me∂μϕ∂μϕ ψ̄ ψ

O2 = ∂μϕ∂νϕ iψ̄γν ↔
Dμψ

O3 =
1
2

∂μϕ∂μϕFνρFνρ

O4 =
1
2

∂μϕ∂νϕFμ
ρFνρ

scalar coupling

tensor coupling



Renormalization Group Evolution

O1 = ∂μϕ∂μϕ iψ̄γν↔
Dνψ

O2 = ∂μϕ∂νϕ iψ̄γν ↔
Dμψ

O3 =
1
2

∂μϕ∂μϕFνρFνρ

O4 =
1
2

∂μϕ∂νϕFμ
ρFνρ

O′￼1 ≡ O1 = (∂μϕ∂μϕ) iψ̄γν↔
Dνψ

O′￼3 ≡ O3 = (∂μϕ∂μϕ) 1
2

FνρFνρ

O′￼2 ≡ O2 −
1
4

O1 = (∂μϕ∂νϕ −
1
4

ημν∂ρϕ∂ρϕ) iψ̄γν ↔
Dμψ

O′￼4 ≡ O4 −
1
4

O3 = (∂μϕ∂νϕ −
1
4

ημν∂ρϕ∂ρϕ) 1
2

Fμ
ρFνρ

Angular momentum conservation!

(MJ, Shu, Xiao, Zheng ’20)

{

{

J = 0

J = 2



Example of UV origin

S = ∫ d4x
1
2

hμν𝒪μνρσhρσ −
1

ΛKK
hμνTμν ,

𝒪μν
ρσ = − [η(μ

(ρ ην)
σ) − ημνηρσ] ( □ + m2

KK) + 2∂(μ∂(ρην)
σ) − ∂μ∂νηρσ − ∂ρ∂σημν .

KK Graviton:

RS: TeVmKK ∼ ΛKK ∼



Integrating our KK graviton at tree level

Equation of Motion:

𝒪μνρσhρσ =
1

ΛKK
Tμν .

Solution:

hc
ρσ = 𝒪−1

ρσαβ
1

ΛKK
Tαβ ,

Put back to the action :h → hc

ℒEFT = −
1

2ΛKK
hc

μνTμν

= −
1

2Λ2
KK

Tμν𝒪−1
μνρσTρσ

UV action:

S = ∫ d4x
1
2

hμν𝒪μνρσhρσ −
1

ΛKK
hμνTμν ,

𝒪−1
μνρσ = −

1
m2

KK
(
1
2

ημρηνσ +
1
2

ημσηνρ −
1
3

ημνηρσ) + O(
1

m4
KK

)

T ψ
μν =

i
4

ψ̄ (γμDν + γνDμ) ψ −
i
4 (Dμψ̄ γν + Dνψ̄ γν) ψ

−ημν (ψ̄ γρDρψ − mψψ̄ ψ) +
i
2

ημν∂ρ (ψ̄ γρψ) ;

T γ
μν =

1
4

ημνFλρFλρ − FμλF λ
ν ;

Tϕ
μν = ∂μϕ∂νϕ −

1
2

ημν (∂ρϕ∂ρϕ − m2
ϕϕ2) .

ℒEFT ⊃
1

2Λ2
KKm2

KK
[(∂μϕ∂νϕ −

1
6

ημν(∂ρϕ∂ρϕ + m2
ϕϕ2))iψ̄γν ↔

Dμψ − (∂μϕ∂νϕ −
1
4

ημν∂ρϕ∂ρϕ)FμλFνλ] .

c1 = −
1

12Λ2
KKm2

KK
, c2 =

1
2Λ2

KKm2
KK

, c3 =
1

4Λ2
KKm2

KK
, c4 = −

1
2Λ2

KKm2
KK

.



Analyticity & Unitarity of the S-Matrix

Positivity bounds: the signs are not arbitrary !

d2𝒜(s)
ds2

= ∮
ds
2πi

𝒜(s)
s3

=
2
π ∫

∞

sd

σ
s2

ds > 0






𝒜(ϕ + ψ → ϕ + ψ) ⊃ 2c2s2

c2 > 0







𝒜(ϕ + γ → ϕ + γ) ⊃ −
c4

2
s2

c4 < 0

Remmen, Rodd, '19



Bounds from Experiments

Assuming  as DM:




ϕ
ϕ(t, ⃗x) = ϕ0 cos(mϕ(t − ⃗v ⋅ ⃗x))

ϕ0 = 2ρDM/mϕ

c1O1 ⟶ 2c1ρDM(1 − cos(2mϕt))meψ̄ ψ

c3O3 ⟶
c3

2
ρDM(1 − cos(2mϕt))FμνFμν

Δme

me
= 2c1ρDM(1 − cos(2mϕt))

Δα
α

= 2c3ρDM(1 − cos(2mϕt)),

Oscillation of fundamental constants:



ℒ ⊃ − dme

me

MPl
ϕψ̄ ψ

 


 keV


c1 ∼
2πG
ρDM

dme
≲ 3 × 10−11ev−4

Λ ∼ c−1/4
1 ≳ 0.4



:

E2: 

E3:

171Yb+

2S1/2(F = 0) → 2D3/2(F = 2)
2S1/2(F = 0) → 2F7/2(F = 3)

 :
87Sr
1S0 → 3P0

 


 keV


c3 ∼
2πG
ρDM

de ≲ 4 × 10−14ev−4

Λ ∼ c−1/4
3 ≳ 2

ℒ ⊃
de

4
ϕ

MPl
FμνFμν



Lorentz violation search

Standard Model Extension



Standard Model Extension in the QED sector :

ℒSME ⊃
1
2

i(ημν + cμν)ψ̄γμ ↔
Dνψ − meψ̄ ψ −

1
4

FμνFμν −
1
4 (kF)κλμν

FκλFμν .

 :

Defined in the Sun-centred celestial equatorial frame (SCCEF) ;


 


cμν, (kF)κλμν

cμ
μ = 0, (kF)μν

μν
= 0

cμν = 2c′￼2ρDM(vμvν − ημν /4)

kμν ≡ (kF) μαν
α

= − c′￼4ρDM(vμvν − ημν /4)

vμ = ( 1 + v2
DM, ⃗vDM)

c′￼μν ≡ cμν +
1
2

kμν



 keV

c′￼xy ≲ 10−20 → c′￼2 − c′￼4/4 ≲ 10−11eV−4

Λ ≳ 0.5
C(2)

0 ∼ c′￼CF
μν (t) = Λμ

ρ(t)Λν
σ(t)c′￼ρσ



• ULDM with quadratically coupling to SM is theoretically interesting.


• The current bound is low keV.Λ ≲

Conclusion :

Thanks you ~


