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Dark force model
Yukawa interaction

2

Scalar mediator

Vχ = − 4πGNβ
m1m2

r
e−mφr

ℒint = κχ2φ

 relative strength compared to gravity
β
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Dark force model
Yukawa interaction
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Dark force model
Yukawa interaction

4

Scalar mediator

Vχ = − 4πGNβ
m1m2

r
e−mφr

ℒint = κχ2φ ℒint = m2
χ,0 χ2s

φ ≡ G−1/2
s s

Gs ≡ κ2/m4
χ

β ≡
GS

4πGN
 relative strength compared to gravity
β

Working assumptions: 
• Light mediator 


• All DM self interacting 

• Perturbative regime: 

• Only new params: 

mφ < Heq
fχ ≃ 1

β ≪ 1
β, mφ

 induced mass s m2
χ ≡ m2

χ,0(1 + 2s̄)

 sources χ Vs ∼
1

2Gs
m2

φs2 + ρ̄χs
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Mediator background evolution
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Mediator background evolution
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Observables: CMB
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Observables: CMB
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Observables: Power spectra
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Massless mediator

Scale-free growth 
∝ β log a/aeq

At   PT+EFT  same as in 𝒪(β log a/aeq) ΛCDM
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Observables: Power spectra
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Results
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Conclusions

• We studied the effect of long-range attractive scalar force between DM


• Mediator evolution is crucial to understand cosmology of Dark Forces


• Bounds valid for ranges up to 100 kpc, factor 5 stronger for 


• CMB+BAO: , forecasted +FS: 


• Outlook: if , : need to change EFT+PT structure!


• Outlook: matching mediator to fluid for 

mφ/H0 ∼ 102

β < 5 × 10−3 β ≲ 10−3

fχ ≪ 1/8 𝒪(βfχ) > 𝒪(βf2
χ log)

mφ ≫ Heq



Thanks for the attention!



Backup
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Results
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Massive mediator details
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A step back: new baryonic forces
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Salumbides Ubachs Korobov 1308.1711

V ∼
α5(t)

r
er/λ

Corrections to 1/rCorrections to coupling strength

Time dependent background: tested via atomic clocks
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δr ≡ δχ − δb δm = fχδχ + fbδb

EP violation: sensitive to α5,χ ≠ α5,b

Growth: sensitive to 1/r modifications

We will actually see there is another 
unforeseen effect: mediator 

background time dependence!

χ ⟨φ(t)⟩
⟨φ(t)⟩

⟨φ(t)⟩

χ

What do we know about DM forces?
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What can cosmology measure?

• Background time dependence:   CMB, BAO


• Total clustering  :     Full shape Power spectrum


• EP violation  :       Higher point functions

δm

δr
19
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Why now?
Galaxy clustering data will soon be available, need to properly model for BSM!

20

(S/N)CMB ∼ Nmodes,CMB ∼ l2
max

(S/N)LSS ∼ Nmodes,LSS ∼ k3
maxVol

CMB anisotropies are 2D info!

Limited by small scale noise

Galaxy clustering provide 3D info!

Limited by theoretical modeling!
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Particle motion
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Sχ = − ∫ mχ(s) dτ = − ∫ d λχ(s) −gμν
dxμ

dλ
dxν

dλ

··xi = − ∇iΨ −
∂ log mχ(s)

∂s
∇isNR “geodesic”

≡ m̃ =
1

1 + 2s̄
≃ 1

ρχ = mχ(s)nχ
Change in EOS: 

different redshift!
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Full relativistic geodesic

22

dPμ

dλ
+ Γμ

νρPνPρ +
1
2

∂m2
χ (s)

∂s
gμν

∂s
∂xν

= 0
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Perturbations: Boltzmann equations
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+ EFT counterterms

Background 
corrections

Fifth force 
corrections


(Modified Poisson)

δm = fχδχ + (1 − fχ)δb δr = δχ − δb

δχ,b = ρχ,b/ρ̄χ,b − 1 θχ,b = ∇ivi
χ,b

δχ

δχ
⟨φ⟩

⟨φ⟩
⟨φ⟩

δχ

δχ

δχ

δχ

φ
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Linear solution
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∼ 𝒪(10)

Total matter growth is log-enhanced compared to naive expectation

EP violation effect non enhanced!

k ≫ H
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Toward the non-linear galaxy Power Spectrum

To properly model full shape modes  we need to properly 
compute mild non-linearities and relate matter to galaxy


1. Bias expansion to compute galaxy field 


2. Perturbative loop expansion of Boltzmann equation


3. EFT counterterms to account for deviation from ideal fluid


4. Redshift space distortions 

k ≃ 0.2hMpc−1

δg

21

This has been done assuming CDM cosmology

What about new forces?

Carrasco at al 2012, Baumann et al 2012

D’Amico. Lewandowski, Senatore, Zhang et al

Ivanov, Philcox, Simonovic, Zaldarriaga et al
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LSS Observables
Galaxy Power Spectrum
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Pg( ⃗k , z) ∼ ⟨δg( ⃗k , z) δg(− ⃗k , z)⟩

Fundamental 
fields: 

δm ≡ fχδχ + (1 − fχ)δb = (1 +
6
5

βf2
χ log(zeq/z)) DCDM

1m (z)δ0(k)

δr ≡ δχ − δb = βfχDCDM
1m (z)δ0(k)

Galaxy over density : 
“Composite” Field

Negligible feature if 
fχ > log zeq/z ≃ 1/8

 not directly 
observable…

Pm
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LSS Observables
Galaxy Power Spectrum
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Pg( ⃗k , z) ∼ ⟨δg( ⃗k , z) δg(− ⃗k , z)⟩

Fundamental 
fields: 

δm ≡ fχδχ + (1 − fχ)δb = (1 +
6
5

βf2
χ log(zeq/z)) DCDM

1m (z)δ0(k)

δr ≡ δχ − δb = βfχDCDM
1m (z)δ0(k)

Bias expansion: based 
on symmetries of theory δg = b1δm + brδr + bθθr +

b2

2
δ2

m + bs(Kijδm)2 …

Galaxy over density : 
“Composite” Field

Negligible feature if 
fχ > log zeq/z ≃ 1/8

 not directly 
observable…

Pm

δg ≡ ng/n̄g − 1
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LSS Observables
Galaxy Power Spectrum
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Pg( ⃗k , z) ∼ ⟨δg( ⃗k , z) δg(− ⃗k , z)⟩
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Second order kernels

24

ε ≡ βfχm̃
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Computing Non-linearities with 5F

• Can use existing pipeline as PyBird for BOSS   w. RSD and FishLSS for 
Fisher Forecast


• Use CLASS with 5fth Force (2204.08484) for 


• (Also RSD kernel is the same at !)


• 6 CDM pars  +  +(CT, biases, SN)x z bin

Pg

Pm

𝒪(β log)

(Ωb, Ω̃χ, H0, τ, ns, As) β

25

At non-linear level 5th forces symmetries = CDM 
symmetries at       ( if  )𝒪(β log) fχ ≳ 1/8

D’Amico Senatore Zhang 20

Sailer Castorina Ferraro White 21
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Results
FS@1-loop+EFT, RSD

• CMB only:  @ 95%


• + BAO (w.reco): 


• + BOSS FS no improvement: strong 
degeneracies between 


• Future surveys FS will improve bound! 


• +Euclid: 


• + PUMA+MM: 

β ≲ 0.015

β ≲ 5 × 10−3

β, b

β ≲ 2 × 10−3

β ≲ × 10−3
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Bispectrum
Real Space, Tree level

Bg(k1, k2, k3) ∼ ⟨δg(k1) δg(k2)δg(k3)⟩
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• Potentially more modes than  !


• For linear modes, improve only NL 
bias

Pg

27

∼ (1 +
24
5

βm̃2f2
χ log

a
aeq ) BCDM

g
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Multi-tracer Bispectrum
Real Space, Tree level

BAAB
g ( ⃗q , ⃗k , ⃗k ′￼) ∼ ⟨δA

g ( ⃗q ) δA
g ( ⃗k )δB

g ( ⃗k ′￼)⟩

• Violation of EP: squeezed limit pole 
(different infall rate in long mode bkg)


• Not log-enhanced (as expected)


• Still subleading for    not enough 
modes, pole cutoff by 

fχ ∼ 1
kmin ∼ 1/V1/3

28

ΔBAAB
g ( ⃗q , ⃗k , ⃗k ′￼)

PCDM
m (k)PCDM

m (q)
∼ βfχ

⃗q ⋅ ⃗k
q2

bA
1 (bA

1 bB
r − bB

1 bA
r )
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Energy density evolution
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Different models
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Naturalness of light mediator

36
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Power spectrum details
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Surveys

38
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Surveys
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Computing Non-linearities

• Can use existing pipeline as PyBird for BOSS   w. RSD and FishLSS for Fisher Forecast


• (Also RSD kernel is the same at !)

Pg

𝒪(β log)

3

Also at non-linear level (loop, EFTofLSS)  
Dark force = CDM symmetries at  

     ( if  )𝒪(βf2
χ log) fχ ≳ 1/8

D’Amico Senatore Zhang 20

Sailer Castorina Ferraro White 21
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LSS only results

• BOSS FS + BAO with no  
prior comparable with CMB 
alone bound

ns
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Full results
           CMB+LSS                                               LSS-only
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1D analytic estimates

• 


• 


•  
: need 1-loop computation!

β2σ,P ∝ (kmin/kmax)1.5

β2σ,B ∝ (kmin/kmax)2.2

Bg ∼ Pg when kmax ≳ 0.2h/Mpc

43
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H0 tension
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DESI bestfit
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