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Part I

Beyond the Standard Model, Flavour
and Light Dark Vectors
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Light Dark Vectors (LDV) with FCNCs

Consider adding a massive neutral spin-1 vector boson V ′
µ to the

SM

We focus on FCNC interactions between SM matter and the LDV
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µ Vector (dim-4)

Objective: Constrain {CD
ij ,C5D

ij ,Cij ,C5
ij} for i ̸= j via 2-body decays with

experimental limits and with unitarity
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Part II

Phenomenology



LDV Searches

Rich phenomenology with experimental searches with siganture
SM → SM+ invisible

Belle II (B → ρ+ inv)

NA62 (K → π + inv)

BaBar (B → π + inv)

. . .

Future upgrades and searches: KOTO, BESIII, . . .

⇒ Potential discovery via FCNCs

Constrain couplings via 2-body decays+experimental bounds on BR
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2-body decays

P(′) ≡ pseudoscalar,V ≡ vector,B(′) ≡ baryon, l (′) ≡ lepton

{P,B, l}

V ′

{P ′, V, B′, l′}

Two relevant elements

Form factors for hadronic decays, which depend on the LDV mass,
F (m2

V ′)→ typically computed on the lattice

Recast of experimental data for 2-body decays→ BaBar, Belle II,
CLEO
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Analysis
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Constraints sd sector
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Part III
(in progress)

Unitarity
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Unitarity with FCNCs from 2 → 2 helicity partial waves

fi fj → fi fj
λf = {±1/2}

+1/2

+1/2
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+1/2
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= T ++
++

j j

ii

Given the helicity amplitudes T λ3λ4
λ1λ2

compute their partial waves

T λ3λ4,l
λ1λ2

∝
∫ π

0
dθ sin θ d l

λiλf︸︷︷︸
Wigner d

(θ)T λ3λ4
λ1λ2

(s, θ)

Unitarity implies |T λ3λ4,l
λ1λ2

| ≤ 1

{ff → ff ,V ′f → V ′f ,V ′V ′ → f̄ f ,Af → V ′f ,AV ′ → f̄ f }
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Constraints sd sector at high energy
√
s = 10 TeV

ff → ff , V ′f → V ′f , V ′V ′ → f̄ f , Af → V ′f , AV ′ → f̄ f
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Conclusions and outlook

LDV is a minimal extension of the SM and a DM candidate

Flavour gives us a guide; potential of discovery with current (and
future) searches

Constrained FCNC couplings via

2-body decays with experimental limits
Unitarity of 2 → 2 scattering

Baryon decays are the least constraining but sometimes the only
available

Phenomenology bounds are much stronger than unitarity bounds (but
have kinematical endpoint)

Unitarity→ much to learn about high energy behaviour, role of
FCNCs (masses), Stückelberg mechanism and GBET
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Backup slides



SM, FCNCs and BSM

FCNCs can occur at loop level

s d

sd

WW

u, c, t

V ?
js

u, c, t

New BSM field with FCNCs

s d

sd

BSM

FCNC processes are very suppressed in the SM:

Arise at loop level
(
∼ 1/16π2

)
Smallness of CKM elements (Vij ≪ 1, i ̸= j)

GIM mechanism
(
∼ (mu −mc)

2 /M2
W ;Vtd ,Vts ≪ 1

)
FCNCs are a good probe for BSM physics
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LDV mass

L = −1

4
F ′
µνF

′µν +
m2

V ′

2
V ′
µV

′µ Proca theory (1)

Is not (explicitly) gauge invariant. Use Stückelberg trick:

V ′
µ → Xµ − ∂µπ

mV ′
⇒ LSt = −1

4
XµνX

µν +
m2

V ′

2

(
Xµ − ∂µπ

mV ′

)2

. (2)

The Lagrangian is now manifestly U(1) gauge invariant under

Xµ → Xµ + ∂µα(x) ,

π → π +mV ′α(x)
(3)

Stückelberg is nothing else than the affine Higgs mechanism (i.e. Higgs
is decoupled)

LDV can get mass through a U(1)′ Dark Higgs
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LDV with kinetic mixing

Consider adding a neutral spin 1 field (V ′
µ) to QED (Aµ)

L = −1

4
F 2
µν −

1

4
F ′2
µν + eJµA

µ + e ′J ′µV
′µ +

m2
V ′

2
V ′
µV

′µ

Jµ SM matter
J ′µ dark sector (DS) matter

We can also write a kinetic mixing term!

LKM = − ϵ

2
FµνF ′

µν , ϵ ≪ 1

γ V ′

ϵ

Due to kinetic mixing the LDV can interact with SM matter
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LDV and SM matter

L = −1

4
F 2
µν −

1

4
F ′2
µν −

ϵ

2
FµνF ′

µν + eJµA
µ + e ′J ′µV

′µ +
m2

V ′

2
V ′
µV

′µ

Diagonalisation of the kinetic mixing

Lint =
(
e ′J ′µ − eϵJµ

)
V ′µ + eJµA

µ

V ′
µ

DS

q̄

q

V ′
µ

SM

q̄

q

Aµ
SM

Minimal model with kinetic mixing and no flavour-changing couplings
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Kinetic mixing with SM hypercharge boson

L = LEW + LHiggs + LKM

Kinetic mixing term for LDV and SM U(1)Y boson

LKM = − ϵ

2
BµνF ′

µν

Diagonalisation+SSB+gauge mass basis

Bµ

W 3
µ

V ′
µ

 =

1 0 −ϵt
0 1 0
0 0 t

cW −sW cξ sW sξ
sW cW cξ cW sξ
0 sξ cξ

Aµ

Zµ

V ′
µ



tan 2ξ = − 2ηsW
1− s2wη

2 − δ
with t = 1/

√
1− ϵ2, η = ϵt, δ = m2

V ′/m2
Z
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Constraints on kinetic mixing
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Di-lepton searches (LHCb, NA48, BaBar, etc); Beam dump (NA64, E774
at Fermilab, etc); Supernova (1987A)
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Origin of flavour violating couplings

LV comes from the interaction V ′
µJ

µ

Jµ =
∑
ij

Q̄ iY ′ij
Q γµQ j +

∑
ij

ūiRY
′ij
u γµujR +

∑
ij

d̄ i
RY

′ij
d γµd j

R

Going to the Yukawa mass basis we infer:

FV couplings are induced if the hypercharges Y ′
x are not universal

LD comes from the interaction 1
Λ2F

′
µνJ

µν

Jµν =
∑
ij

Q̄ i H̃C ij
u σ

µνujR +
∑
ij

Q̄ iHC ij
d σ

µνd j
R + h.c

Going to the Yukawa mass basis we infer:

FV couplings are induced if couplings Cx are not aligned with SM Yukawas
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Flavour-changing couplings from RGEs

FCNCs can be induced from the couplings RGEs (1310.4838v3)

qi qk ql qj

H

V ′

µ
dC

dµ
= γTC

Taking into account 1-loop Yukawa corrections we find

Starting with flavour-diagonal interactions at a high scale Λ FCNCs are
induced at the low scale µ

Top contributions yield

Cij(µ) ∼ δijCij(Λ) +m2
tVtjV

⋆
ti log

(µ
Λ

)
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Constraints bs sector
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Constraints bd sector
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Constraints cu sector
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Constraints eµ sector
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Constraints τ → µ/e sector
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Unitarity with FCNCs from 2 → 2 partial waves

fi fj → fi fj
λf = {±1/2}

+1/2

+1/2

V ′
+1/2

+1/2

= T ++
++

j j

ii

Given the helicity amplitudes T λ3λ4
λ1λ2

compute their partial waves

T λ3λ4,l
λ1λ2

∝
∫ π

0
dθ sin θ d l

λiλf︸︷︷︸
Wigner d

(θ)T λ3λ4
λ1λ2

(s, θ)
Unitarity−−−−−→ |T λ3λ4,l

λ1λ2
| ≤ 1

{ff → ff ,V ′f → V ′f ,V ′V ′ → f̄ f ,Af → V ′f ,AV ′ → f̄ f }
T λ3λ4,l
λ1λ2

are matrices in flavour (and helicity) space → diagonalise
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Constraints bd sector at high energy
√
s = 10 TeV

ff → ff , V ′f → V ′f , V ′V ′ → f̄ f , Af → V ′f , AV ′ → f̄ f
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High energy behaviour

From Ward identities, we find that the processes with LV vertices
violating unitarity are V ′V ′ → f̄ f ,V ′f → V ′f , i.e., T λ3λ4

λ1λ2
∝ sα with

α > 0

For LD amplitudes grow with energy because it is a dim-5 operator in
the EFT.

At high energies s ≫ m2
i ∀i , scattering longitudinal V ′ is equivalent

to scattering scalars

Stückelberg decomposition is equivalent to GBET,
(V ′

µ)longitudinal ∝ −∂µπ

(LV )longitudinal = i πΛ f̄i
(
CV

ij (mi −mj) + γ5CV 5
ij (mi +mj)

)
fj → masses!

(LD)longitudinal = 0
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