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Rare decays as BSM probes

> Through indirect effects, precision measurements can give

insights into scales much higher than the ones involved in

the process

> Particularly powerful when the SM rate for a process is
suppressed:

FCNCs (e.g. b→ s``)
LFV (e.g µ→ eγ)

> In recent years, also tests of universality

LFU ratios (RK , RD, ...)
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Current status

> In the absence of any BSM signals, set bounds

> Each observable mediated by a contact interaction
1

Λ2
Od=6
eff → Λ > · · ·

> European Strategy for Particle Physics ’26

[2511.03883]
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What is the scale of New Physics?

> Depends on the assumptions! Doesn’t have to be 106 TeV (↔ anarchic flavour)

> Take again K − K̄ mixing in the SM:

eiφ

Λ2
=

(VtdV
∗
ts)

2G2
Fm

2
t

16π2

→ much lower scale (mW , mt) through CKM suppression!

> What if NP follows a similar structure/mechanism?

→ flavour-changin contributions form NP may be

suppressed as well
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What is the flavour structure of TeV-scale NP?

The New Physics Flavour Puzzle
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Exploring the UV systematically
Standard Model Effective Field Theory

In presence of a mass-gap, somewhat model-independent approach

→ study classes of models

Complement the SM with a tower of higher-dimensional operators, with SM fields

and gauge symmetry

LSMEFT = LSM +
1

Λ2

∑
i

CiO(6)
i + · · ·

Correct way of dealing with scale separations (RGE)

Stop the expansion at d = 6

59 operator structures, 2499 independent coefficients

Most of the parameters come from flavour→ flavour assumptions
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Flavour assumptions: U(2)5

Yukawa terms break the U(3)5 symmetry of the gauge sector:

U(3)5
LYukawa−−−−→ U(1)B × U(1)3L

However, light family Yukawas very small: approximate U(2)5 symmetry

Y ' y3

 0 0 0
0 0 0

0 0 1

 U(2)5 = U(2)q × U(2)` × U(2)u × U(2)d × U(2)e

e.g.

qi=1,2
L ∼ (2,1,1,1,1) q3L singlet

Minimal breaking:

Y = y3

(
∆ V

0 1

)
V ∼ (2,1) ∆ ∼ (2, 2̄)

|Vq| = O(ytVts) |∆| ∼ yc,s,µ

[Barbieri, Isidori, Lodone, Straub 1105.2296]
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The U(2)-symmetric SMEFT
2499 independent parameters at d = 6
exact U(2): 124 CPC + 23 CPV

How low can the NP scale be?

consider collider, electroweak and flavour observables

[Faroughy, Isidori, Wilsch, Yamamoto 2005.05366]
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SMEFT fits to U(2) operators
> From 106 to ∼ 10 TeV through U(2)5

> U(2) 6= third-gen. new physics:

light families unsuppressed→ bounds from flavour-conserving transitions

[LA, Cornella, Isidori, Stefanek 2311.00020]
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Third-generation New Physics?

> Even with U(2) symmetry, direct bounds from colliders

are in the 10 TeV range

> Take e.g. Drell-Yan, light quarks in the initial state are

much more constrained

> What if NP couples mainly to the third generation?

→ assume some dynamical suppression mechanism

exists, shielding the light fields from heavy new

physics

> In the EFT, introduce suppression factors, e.g.

qi → εQqi for each light quark field

pp→ ττ

HighPT

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714]
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Third-generation hypothesis
> Suppress operators with light fermion indices

> ΛNP still compatible with ∼ TeV under non-tuned conditions

[LA, Cornella, Isidori, Stefanek 2311.00020]
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FCNCs as BSM probes
A case study

> FCNCs are Loop + GIM suppressed in the SM

→ sensitive to high scales of NP

Here, focus on di-neutrino modes di → djνν̄:

> K → πνν̄, B → K(∗)νν̄

> Not affected by theoretical uncertainties e.g. from charm

loops

> Very rare decays, experimentally challenging

> Currently, only probes with third-gen. leptons (ντ )
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Experimental status in di → djνν̄

B → Kνν̄

> Belle-II 2023

K → πνν̄

> NA62 2024
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Our SMEFT description of di → djνν̄

> Start with third-generation indices only: rank-one hypothesis

Q±
`q = (q̄3Lγ

µq3L)(
¯̀3
Lγµ`

3
L)± (q̄3Lγ

µσaq3L)(
¯̀3
Lγµσ

a`3L)

QS = (¯̀3LτR)(b̄Rq
3
L)

> Third generation LH quarks: down alignment

q3L =

(
VubuL + VcbcL + VtbtL

bL

)
> U(2)q-breaking spurion

Ṽ = −εVts

(
κVtd/Vts

1

)
> Replace q3L → q3L + Ṽiq

i
L

> System described by 5 parameters: CS , C
+
`q, C

−
`q, ε, κ

Q+
lq : di → djττ

Q−
lq : di → djντ ν̄τ

[1903.10954]

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444]
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Correlated observables

C`q

`

`

H

H

bL sL

τL τL

γ

` ` = e, µ, τ

CS C+
`q C−

`q ε κ Exp. indication

σ(pp→ ``) X X X bounds on ANP

EWPO X X bounds on ANP

RD, RD∗ X X X X ANP/ASM > 0

B(B → K(∗)µµ̄) X X ANP/ASM < 0

B(B → Kνν̄) X X |ASM +ANP|2 > |ASM|2

B(K → πνν̄) X X X |ASM +ANP|2 > |ASM|2

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444]

DESY. | Theory Insights on New Physics from Rare Decays | Lukas Allwicher | WIFAI 2025, Bari, 11.-14.11.2025 Page 14

https://arxiv.org/abs/2410.21444


Results: C+
`q-ε

> Global fit without di-neutrino modes

(don’t affect C+
`q)

> LHC Drell-Yan + EWPO provide

constraints on C±
`q and CS

> CS compatible with zero (LHC

constraints strong)

> Non-zero C`q+ and ε driven by RD(∗) :

RD(∗)

RSM
D(∗)

≈ 1 + 2Re (CVL
)

≈ 1− v2 (1 + ε)
(
C+
`q − C−

`q

)
> Suppress |ε| > 3 with theoretical
likelihood

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444]
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Results: C−`q-ε

> Grey: Global fit without di-neutrino

modes, κ = 1

> C−
`q largely unconstrained

> Good compatibility with di-neutrino

modes for κ = 1

|CSM
τ,bs| →

∣∣∣∣CSM
τ,bs − ε

πv2

α
C−
`q

∣∣∣∣ ,
|CSM

τ,sd| →
∣∣∣∣CSM

τ,sd + κε2
πv2

α
C−
`q

∣∣∣∣ .
> Select C−

`q > 0

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444]
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Future prospects

> Measure ε with dineutrino modes > Minimal vs. non-minimal U(2)q breaking

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444]
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Flavour prospects at FCC-ee

> ∼ 30 more than Belle-II projections

> Access to Bs and Bc - not produced at b factories

> Great advantage due to clean environment and

boosted final states

[Kamenik et al. ’25]
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Projections for flavour observables

> Subset of observables, relevant for our example study

[**] = under the assumption of an enhanced rate due to NP

[LA, Isidori, Pešut 2503.17019]
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Third-gen. semileptonics: future prospects
SMEFT analysis

Only third-gen. flavour indices:

L ⊃ − 2
v2
(¯̀3Lσ

Iγµ`
3
L)(q̄

3
Lσ

Iγµq3L)

Flavour-violating effects via U(2)q breaking
spurion

Ṽ = −εVts

(
Vtd/Vts

1

)
ε ∼ O(1)

q3L → q3L + Ṽiq
i
L

Assume a signal compatible with current

measurements (grey region), and project for

FCC-ee expected errors

[LA, Isidori, Pešut 2503.17019]
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Summary

> FCNCs are very sensitive probes of New Physics

> Studied di → djνν̄ in the context of NP coupled dominantly to the third generation

> Compatible with a U(2)-type scaling of the coefficients in the EFT and with other
observables (flavour + EWPO + collider)

> In the future, use these modes to probe the nature of U(2) breaking in the quark
sector

Thank you!
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Backup



Flavour alignment in the 3rd generation

q3L is somewhere in-between down-aligned and up-aligned

εF to parametrise the amount of down-alignment:

θ ∼ VcbεF(
tL

VtddL + VtssL + VtbbL

)
= qt q3

qb =

(
V ∗
ubuL + V ∗

cbcL + V ∗
tbtL

bL

)
Vcb

ε F
V c
b

q3 =
[
(1− εF )δ3r + εFV3r

]
q(d)r ≈ qb + εF (Vtsqs + Vtdqd)

=
[
(1− εF )(V

†)3r + εF δ3r
]
q(u)r ≈ εF qt + (1− εF )(V

∗
cbqc + V ∗

ubqu)

[LA, Cornella, Isidori, Stefanek 2311.00020]
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SM predictions: impact of |Vcb|

> At µ = mb,s: Leff = 4GF√
2

α
2π

∑
`=e,µ,τ

[
λt
sdC

SM
`,sd Oν

`,sd + λt
bsC

SM
`,bs O

ν
`,bs

]
+ h.c.

> Leading uncertainty from Vcb:

λt
sd = VtsV

∗
td = λ|Vcb|2

[
(ρ̄− 1)

(
1− λ2

2

)
+ iη̄

(
1 +

λ2

2

)]
> Take average between inclusive and exclusive, inflating errors

|Vcb|incl+excl = (41.37± 0.81)× 10−3

B(K+ → π+νν̄)SM =(8.09± 0.63)× 10−11

> b→ sνν̄: Bečirević et al. 2301.06990

B(B+ → K+νν̄)/|λt
bs|2 = (2.87± 0.10)× 10−3

> First measurement by NA62 in 2024!

[Finauri+Gambino ’24]
[Bordone+Juttner ’24]

Oν
`,ij = (d̄iLγµd

j
L)(ν̄

`
Lγ

µν`L)
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Simplified models

U1 ∼ (3,1, 2/3) Z ′ ∼ (1,1, 0)

LU1 ⊃
g√
2
(q̄3L + Ṽ ∗

i q̄
i
L) /U1`

3
L + h.c.

> At tree-level:

C+
`q 6= 0 C−

`q = 0

> Loop-level C−
`q explains |C

+
`q| � |C

−
`q|

> Good compatibilty with data

Jµ
Z′ = Qq(q̄

3
L + Ṽ ∗

i q̄
i
L)γ

µ(q3L + Ṽiq
i
L) +Qτ

¯̀3
Lγ

µ`3L

C−
`q = C+

`q = −
g2

M2
Z′
QqQτ

C(1)[3333]
qq = − g2

2M2
Z′
Q2

q

> Bs mixing constraints

> Requires |Qτ/Qq| & 30
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K → πνν̄ v. ε
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Suppressing the light families
> εQ (εL) for each light quark (lepton) field
> Operators with Higgs fields still give strong bounds (EWPO)

[LA, Cornella, Isidori, Stefanek 2311.00020]
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Suppressing Higgs couplings
> εH for each Higgs field

> Some flavour bounds still large (in the up-aligned case)

[LA, Cornella, Isidori, Stefanek 2311.00020]

Bs mixing
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Flavour alignment
q3 =

[
(1− εF )δ3r + εFV3r

]
q(d)r ≈ qb + εF (Vtsqs + Vtdqd)

=
[
(1− εF )(V

†)3r + εF δ3r
]
q(u)r ≈ εF qt + (1− εF )(V

∗
cbqc + V ∗

ubqu)

> 15% down-alignment needed to pass Bs mixing constraint
[LA, Cornella, Isidori, Stefanek 2311.00020]
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Projections for FCC-ee (Z-pole)
> 5× 1012 Z bosons at FCC

> Precision in EWPO improved by up to 2 orders of magnitude

[LA, Cornella, Isidori, Stefanek 2311.00020]
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U(2) symmetry and SMEFT

> Flavour assumptions (symmetries) help addressing the NP flavour problem

> In the (SM)EFT, organising principle and reduction of number of free parameters

> Inspired by the Yukawa couplings in the SM, start with a U(2)5 symmetry

Y ' y3

 0 0 0
0 0 0

0 0 1

 U(2)5 = U(2)q × U(2)` × U(2)u × U(2)d × U(2)e

E.g. in SMEFT: CHe

LSMEFT ⊃ [CHe]ij(H
†i
←→
D µH)(ēiγ

µej)

U(2)5−−−→ C[33]He (H
†i
←→
D µH)(ē3γ

µe3) + C[ii]He(H
†i
←→
D µH)

2∑
i=1

(ēiγ
µei)

> Protection from flavour-violating effects

> Need to break U(2): spurions

[Barbieri, Isidori, Lodone, Straub 1105.2296]
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Comments on B → Kνν̄

> Excess in B → Kνν̄

> Assume it’s due to heavy New Physics (Λ� v)→ SMEFT

LSMEFT = LSM +
1

Λ2
CiOi + · · ·

[O(3)
lq ]23ii ⊃ (s̄LγµbL)(ν̄iγ

µνi)

> What is the neutrino flavour?

> In SMEFT, `L i = (νL eL)
T
i

> Needs to be ντ to avoid constraints from e.g.

Bs → µµ, RK

> SU(2)L-connection with b→ cτν

> Get scale Λ ' TeV/
√
Vcb

[LA, Bečirević, Piazza, Rosauro-Alcaraz, Sumensari 2309.02246]
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Flavour assumptions: Minimal Flavour Violation

Only breaking of U(3)5 symmetry comes from SM Yukawas

e.g. qL ∼ (3,1,1,1,1) under

U(3)5 ≡ U(3)q × U(3)` × U(3)u × U(3)d × U(3)e

Yu ∼ (3,1, 3̄,1,1)
Yukawas promoted to spurions keeping track of U(3)5 breaking

q̄iLγ
µqjL(aδij + b[YuY

†
u ]ij + . . .)

Good to suppress flavour-changing processes:

λFC ≈ (YuY
†
u )FC ∼

 0 λ5 λ3

λ5 0 λ2

λ3 λ2 0


But: leading term is flavour-conserving and universal

→ collider searches push the scale to Λ & 10 TeV

[Isidori, Straub 1202.0464]
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From U(2) to third-gen. NP

> In models with NP coupled to the third generation, a U(2) symmetry acting on the
light families arises naturally as an accidental symmetry

> From an EFT perspective, use U(2) as a proxy to third-gen. NP

Exact U(2)5

q̄3Lγµq
3
L + εq̄iLγµq

i
L

good way of suppressing the light families

Minimally broken U(2)5

q̄iLV
i
q γµq

3 Vq ∼ O
(
Vtd

Vts

)
flavour violating couplings
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Comment: b→ d

> Two parameters govern the breaking of U(2)q:
ε, κ

> With FCNCs, constrained by two modes:

b→ s, s→ d

|CSM
τ,bs| →

∣∣∣∣CSM
τ,bs − ε

πv2

α
C−
`q

∣∣∣∣ ,
|CSM

τ,sd| →
∣∣∣∣CSM

τ,sd + κε2
πv2

α
C−
`q

∣∣∣∣ .
> Adding b→ d: |CSM

τ,bd| →
∣∣∣∣CSM

τ,bd − κε
πv2

α
C−
`q

∣∣∣∣
> Independent (orthogonal) probe of the U(2)q pattern
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