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Context



New Physics

Several issues with the Standard Model, e.g.

> Dark Matter

> Neutrino Masses

> Flavour Puzzle

> Hierarchy problem

h hX −→ δm2
h ≈

g2

16π2
M2
X

⇒ Need “light” NP to avoid tuning, TeV Scale

All other problems may have a solution at the TeV scale as well (WIMP, ISS,

non-universal gauge interactions, ...) → worth exploring!

We are only now starting to probe the TeV scale systematically

What more could we learn from future precision measurements?
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Precision measurements 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, ...)

1

M2
↔ 1

16π2
ε

v2

M

E �M

b s

`

`
Z, γ

W

u, c, t
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Past examples

The Higgs mass

> If you miss some piece of information

about a model, precision tests can help

directing/excluding scenarios

K − K̄ mixing

> CP violation in neutral kaon mixing was a

New Physics signal

> Ultimately leading to the discovery of the

third generation

> Today, e.g. a measurement of LFV would

clearly be a BSM signal in the same way
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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 107 TeV (↔ anarchic flavour)

> Take again K − K̄ mixing.

After discovery, “superweak” theory

ceiφ

Λ2
(s̄γµd)2 → Λ ∼ 104 TeV

> In the SM:

c

Λ2
=

(VtdV
∗
ts)

2G2
Fm

2
t

16π2

d

s d

s

u, c, t u, c, t

W

W

What is the flavour structure of low-scale NP?

The New Physics Flavour Puzzle

[Slide adapted from G. Isidori]

[Wolfenstein ’79]
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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: MFV

Minimal Flavour Violation: only breaking 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

 λ ' 0.2

But: leading term is flavour-conserving and universal

→ collider searches push the scale to Λ & 10 TeV

[D’Ambrosio, Giudice, Isidori, Strumia hep-ph/0207036]
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Flavour assumptions: U(2)5

Yukawa terms break the U(3)5 symmetry:

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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U(2)5 symmetry at work

ψ2 operators: e.g. 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)

6→ 2 independent coefficients

ψ4 operators: e.g. Clequ

LSMEFT ⊃ [C`equ]ijkl(¯̀iej)(q̄kul)
U(2)5−−−→ C[3333]`equ (¯̀3e3)(q̄3u3)

81→ 1 independent coefficients!
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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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Data at different energy scales

E

mW

TeV

mb
mc

pp→ `α`β
pp→ tt̄, bb̄

LEP-II e+e− → `+`−

EWPO, h→ ff̄

∆F = 1
∆F = 2
b→ cτν
τ -LFU
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From D. Hitlin’s slides at FermiLab
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RGE
Connecting scales

E

mW

TeV

mb
mc

UV→ SMEFT

SMEFT RGE

SMEFT→ LEFT

LEFT RGE

> Assume heavy NP at scale ΛUV & TeV

> After matching to SMEFT, use the SMEFT RGE

to connect to lower scales

> For flavour observables, need to integrate out h,
W , Z, t at the EW scale

> LEFT RGE to the scale of the observable

> LL approximation: Ci(µ) =
1

16π2
log

µ

Λ
γijC(Λ)
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Flavour: U(2) needs to be broken

> It is broken already at dimension four

> Use spurions to parametrise the breaking

Exact U(2)5

q̄3Lγµq
3
L + εq̄iLγµq

i
L

No flavour violation

Get bounds from collider and EW

observables

Minimally broken U(2)5

q̄iLV
i
q γµq

3 Vq ∼ O
(
Vtd
Vts

)
Flavour violating couplings

Effects mainly in B physics (b→ c, s
transitions)

In single-parameter fits: alignment of the left-handed quark doublet:

down-aligned

qdownL =

(
V †
CKM

uL
dL

) up-aligned

qupL =

(
uL

VCKMdL

)
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SMEFT fits to U(2) operators
> From 106 to ∼ 10 TeV through U(2)5

> Single-coefficient fits

[LA, Cornella, Isidori, Stefanek 2311.00020]
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New Physics in the third generation?

> Idea: New Physics couples predominantly to the third generation

> Mimicks the SM Yukawas (↔ SM flavour puzzle?)

> Couplings to light families dynamically suppressed

> In the EFT, this is an extra assumption

> An accidental U(2) symmetry on the light families arises naturally

> Starting from the U(2)-symmetric case, add extra suppressions ”by hand”

q̄iLγ
µqjL → a q̄3Lγ

µq3L + b

2∑
i=1

q̄iLγ
µqiL

> a and b independent coefficients

> E.g. for quarks qi → εQqi for i = 1, 2 (assume b� a)
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New Physics in the third generation?
> 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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Where do we go from here?

> Constraints from processes involving third-generation fields are the weakest

> If NP couples mainly to the third gen., it could still very well lie around the TeV scale

> Interesting not also in view of the hierarchy problem, but also of the rich ongoing and

future experimental programme (LHC experiments or Belle-II might still be able to

see a NP signal)

> Especially in the absence of clear NP indications, precision measurements make

more sense than ever

> FCC-ee provides an incredible framework for indirect searches
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FCC-ee



Indirect searches at FCC-ee

EWPOs Flavour Higgs

> Focus on Z- andW -pole

obs.

> Constrain

flavour-conserving NP

> Large number of bb̄ and
τ+τ− pairs from Z decays

> Constrain flavour-violating

NP

> Yukawas, hV V couplings

> Self-coupling

→ overall great potential for cornering NP indirectly

[Table from FCC FSR 2404.12809]
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EWPOs at FCC-ee

> Measure Z- andW boson couplings to fermions through partial decay widths

> Current measurements largely from LEP, O(1‰) precision

> Expect an improvement by 10-100 at FCC-ee

Observable Definition

Z-pole

ΓZ
∑

f Γ(Z → ff̄)

σhad
12π
mZ

Γ(Z→e+e−)Γ(Z→qq̄)
Γ2
Z

Rf (f = e, µ, τ, c, b) Γ(Z→ff̄)∑
q Γ(Z→qq̄)

Af (f = e, µ, τ, s, c, b) Γ(Z→fLf̄L)−Γ(Z→fRf̄R)

Γ(Z→ff̄)

A0,`
FB

(` = e, µ, τ ) 3
4AeA`

AFB
q (q = c, b) 3

4AeAq

W -pole

mW

ΓW
∑

f1,f2
Γ(W → f1f2)

Br(W → `ν) (` = e, µ, τ )

[Table from FCC FSR 2505.00272]
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EWPOs in SMEFT at tree level

> Sensitive to 23 parameters

[O(1)
H`]pr = (H†i

←→
D µH)(¯̀pγ

µ`r) [OHu]pr = (H†i
←→
D µH)(ūpγ

µur)

[O(3)
H`]pr = (H†i

←→
D I

µH)(¯̀pτ
Iγµ`r) [OHd]pr = (H†i

←→
D µH)(d̄pγ

µdr)

[O(1)
Hq]pr = (H†i

←→
D µH)(q̄pγ

µqr) OHD = |H†DµH|2 mW

[O(3)
Hq]pr = (H†i

←→
D I

µH)(q̄pτ
Iγµqr) OHWB = (H†τ IH)W I

µνB
µν “S-parameter”

[OHe]pr = (H†i
←→
D µH)(ēpγ

µer) [O``]1221 = (¯̀1γ
µ`2)(¯̀2γ

µ`1) GF

> A = A0

(
gSM
m2

W
+ gNP

Λ2
NP

)
> 105 improvement in statistics: ΛNP →' 20Λnow

NP

> Naive scaling, systematics (and theory errors) have an effect at such precision

CHψ(H†i
←→
D µH)(ψ̄γµψ)

H→〈H〉−−−−−→ −v2

2 CHψZµ(ψ̄γ
µψ)
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Projections for tree-level operators
> U(2)5 symmetry acting on the light generations imposed on SMEFT
> From current O(few)TeV to 30 TeV range at FCC-ee

[LA, Cornella, Isidori, Stefanek 2311.00020]
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Sizeable RGE effects

> Loop suppression
1

16π2
g2 log

mZ

Λ
' −(0.14)2 for g = 1 and Λ = 2 TeV

> Can still probe loop-suppressed effects up to the few TeV range

> LL effects:

C`q

`

`

H

H

[Ċ(3)Hl ]αβ ⊃ 2Nc[C(3)lq ]αβkl[Y
†
d Yd + Y †

uYu]lk

Particularly relevant if yt is involved

Effects e.g. in Z → ττ

> Sometimes even NLL effects can be relevant

Cuu

u3R

u3R

H

H

CHu
CHu

H

H

H

H

CHD → δmW
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Projections from loop-level EWPOs

> O(10) TeV constraints for four-fermion operators (3rd gen. quarks)

[LA, Cornella, Isidori, Stefanek 2311.00020]
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From SMEFT to the UV

> SMEFT as a “bookkeeping” tool

> Both single-parameter fits and global fits do not carry the same information as an

explicit model

> Not all of the SMEFT parameter space can be spanned by UV models

> In particular, flat directions may not be populated

> Even if populated at tree-level, loops (RGE) will typically break them

Which models with heavy NP can be probed at FCC-ee? Which scales?
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Linear extensions of the Standard Model

> Finite number of new states can couple linearly to the SM fields: Granada dictionary

> Matching to SMEFT at d = 6 well known
Scalar S S1 S2 ϕ Ξ Ξ1 Θ1 Θ3

(1, 1)0 (1, 1)1 (1, 1)2 (1, 2) 1
2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

ω1 ω2 ω4 Π1 Π7 ζ
(3, 1)− 1

3
(3, 1) 2

3
(3, 1)− 4

3
(3, 2) 1

6
(3, 2) 7

6
(3, 3)− 1

3

Ω1 Ω2 Ω4 Υ Φ
(6, 1) 1

3
(6, 1)− 2

3
(6, 1) 4

3
(6, 3) 1

3
(8, 2) 1

2

Fermion N E ∆1 ∆3 Σ Σ1

(1, 1)0 (1, 1)−1 (1, 2)− 1
2

(1, 2)− 3
2

(1, 3)0 (1, 3)−1

U D Q1 Q5 Q7 T1 T2
(3, 1) 2

3
(3, 1)− 1

3
(3, 2) 1

6
(3, 2)− 5

6
(3, 2) 7

6
(3, 3)− 1

3
(3, 3) 2

3

Vector B B1 W W1 G G1 H L1
(1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1 (8, 1)0 (8, 1)1 (8, 3)0 (1, 2) 1

2

L3 U2 U5 Q1 Q5 X Y1 Y5
(1, 2)− 3

2
(3, 1) 2

3
(3, 1) 5

3
(3, 2) 1

6
(3, 2)− 5

6
(3, 3) 2

3
(6̄, 2) 1

6
(6̄, 2)− 5

6

All (except very few) new states are probed by EWPOs at one-loop

[De Blas et al. 1711.10391]

DESY. | Cornering New Physics through precision measurements at FCC-ee | Lukas Allwicher | Seminar, IJCLab Orsay, 18.12.2025 Page 29

https://arxiv.org/abs/1711.10391


Analysis strategy

> Assume SM central values + FCC-ee expected errors

> Integrate out one state of the Granada dictionary at a time, assuming couplings are

defined at a scale Λ = 2 TeV

> Consider only couplings at d ≤ 4

> RGE evolve from 2 TeV to mZ (first LL only)

→ use DsixTools [2010.16341 ]

> Get bounds on the mediator mass for y, g, λ = 1
(dimensionful couplings κ = 5 TeV)

> Flavour assumptions:

(a) Flavour-universal couplings: y11 = y22 = y33 (or y1 = y2 = y3 for fermions), and yij = 0
for i 6= j.

(b) Third-generation only couplings: yij = yδi3δj3
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Scalars

= no running

[LA, Mccullough, Renner 2408.03992]

[1711.10391]

(∗) = special choice of couplings to avoid tree-level EWPO
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Fermions

= no running

f

f

H

H

F

[LA, Mccullough, Renner 2408.03992]

[1711.10391]

(∗) = special choice of couplings to avoid tree-level EWPO
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Vectors

= no running

[LA, Mccullough, Renner 2408.03992]

[1711.10391]

(∗) = special choice of couplings to avoid tree-level EWPO
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Flavour prospects at FCC-ee

> ∼ 103 more bb̄ and τ+τ− w.r.to Belle

> ∼ ×5 improvement in ΛNP reach

> ∼ 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

> Current tension driven by RD(∗)

> 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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Flavour v. EWPOs

O(1)
`q = (¯̀3Lγµ`

3
L)(q̄

3
Lγ

µq3L)

O(3)
`q = (¯̀3Lσ

Iγµ`
3
L)(q̄

3
Lσ

Iγµq3L)

> Flavour-conserving directions (no spurions) badly

probed by flavour

> Interplay with EWPOs: independent probes

> yt running into C(1±3)
H`

Complementarity!

[LA, Isidori, Pešut 2503.17019]
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An explicit (simplified) model: S1 scalar leptoquark
Synergies between Higgs/EW/Flavour

LS1 ⊃ iyLS1
(
q̄c 3L σ2`

3
L

)
+ yRS1

(
ū3ce3R

)
+ h.c.

> Third-generation

couplings only

> Current data

S1 ∼ (3,1, 1/3)

q3L → q3L − εSVtiqiL
[Courtesy of G. Isidori]
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An explicit (simplified) model: S1 scalar leptoquark
Synergies between Higgs/EW/Flavour

LS1 ⊃ iyLS1
(
q̄c 3L σ2`

3
L

)
+ yRS1

(
ū3ce3R

)
+ h.c.

> Third-generation

couplings only

> Current data

> H → ττ (1%)

S1 ∼ (3,1, 1/3)

q3L → q3L − εSVtiqiL
[Courtesy of G. Isidori]
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An explicit (simplified) model: S1 scalar leptoquark
Synergies between Higgs/EW/Flavour

LS1 ⊃ iyLS1
(
q̄c 3L σ2`

3
L

)
+ yRS1

(
ū3ce3R

)
+ h.c.

> Third-generation

couplings only

> Current data

> H → ττ (1%)

> Aτ (∼ 10−4)

S1 ∼ (3,1, 1/3)

q3L → q3L − εSVtiqiL
[Courtesy of G. Isidori]
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An explicit (simplified) model: S1 scalar leptoquark
Synergies between Higgs/EW/Flavour

LS1 ⊃ iyLS1
(
q̄c 3L σ2`

3
L

)
+ yRS1

(
ū3ce3R

)
+ h.c.

> Third-generation

couplings only

> Current data

> H → ττ (1%)

> Aτ (∼ 10−4)

> B → Kνν̄ (3%)

S1 ∼ (3,1, 1/3)

q3L → q3L − εSVtiqiL

[LA, Isidori, Pešut 2503.17019]
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Sensitivity to NP scales: U(2)-symmetric SMEFT
One-parameter fits to SMEFT coefficients

> Assume SM central values and FCC-ee projected errors
[LA, Isidori, Pešut 2503.17019]
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EWPOs off the pole: four-fermion interactions
Energy-enhancement compensates luminosity

> Four-fermion operators, e.g. eebb, have negligible contribution on the pole to e.g. Rb

> Off the pole, energy-enhanced amplitudes in the EFT

A(e+e− → ff̄) ∼ s

Λ2
Ceeff

> Comparable sensitivity w.r.to the pole (loop effects)

> Can dominate when the RGE effect is smaller (e.g. gauge coupling running)

> Define ratios

Ra =
σ(e+e− → aā)

Σq=u,d,s,c,bσ(e+e− → qq̄)

> At tt̄, define Rt = σ(e+e− → tt̄)/σ(e+e− → qq̄)

[Greljo, Tiblom, Valenti 2411.02485]

e

e

f

f

Ceeff
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EWPOs off the pole: four-fermion interactions
Energy-enhancement compensates luminosity

[Greljo, Tiblom, Valenti 2411.02485]
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The Higgs trilinear at FCC-ee
Global fits with flavour symmetries

> Measure κλ from e+e− → Zh
> Expected precision ∼ 20%

> See also ter Hoeve et al. (SMEFiT) 2504.05974
[Maura, Stefanek, You 2503.13719]

CH
e

e

Z
h

Z

h

Z
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Trilinear v. electron-top interactions

> CH and eett interactions enter at the same order in e+e− → Zh
> Possibly spoil the measurement of λ3
> Can we independently constrain eett operators? What’s the impact on the trilinear?

CH
e

e

Z
h

Z

h

Z

OH = (H†H)3

e

e

Ceett

t

t Z

h

[O(1)
lq ]1133 = (l̄1γµl1)(q̄3γ

µq3) ,

[O(3)
lq ]1133 = (l̄1γµσ

I l1)(q̄3γ
µσIq3) ,

[Oqe]3311 = (q̄3γ
µq3)(ē1γµe1) ,

[Olu]1133 = (l̄1γµl1)(ū3γ
µu3) ,

[Oeu]1133 = (ē1γµe1)(ū3γ
µu3) ,
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Trilinear v. electron-top interactions

0.16

0.17

0.18

0.16

0.17

0.18

[LA, Grojean, Tabatt 2512.06916]
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Higgs on the Z-pole
Precision against loops

> EWPOs on the Z-pole can be sensitive and complementary probes

[Maura, Stefanek, You 2412.14241]
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Measuring the electron Yukawa?
EFT perspective

> At a dedicated Higgs-pole run (∼ 1 yr), get κe . 1.6

> In SMEFT, L ⊃ CeH(¯̀eH)(H†H)

κe = 1− v3√
2me

CeH .

> Two-loop connection with the electron

g − 2 unavoidable

[ (1)
lequ]1133 [ (3)

lequ]1133 [ (1)
lequ]1122 [ (3)

lequ]1122 [ ledq]1133 [ le]1331

10 5

10 4

10 3

10 2

10 1

100

101

102

103

104

|
e| e(FCC ee)

e(HL LHC)
e(LHC)

LHC
HL-LHC

FCC-ee
aRb + Cs

e

aRb
e

afuture
e

Ds e
Bs e + e

[LA, McCullough, Renner, Rocha, Smith 2511.02642]
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Measuring the electron Yukawa?
Models

> In explicit models, relation between

(g − 2) and ye can change

> e.g. with vector-like leptons

[Erdelyi, Gröber, Selimović 2501.07628]
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Summary

> Indirect searches for New Physics can probe much higher scales than direct

searches

> FCC-ee, with a leap in precision, will provide an unprecedented opportunity for

precision physics

> EWPOs can probe many different NP scenarios

→ sensitive to loop effects from heavy NP

> Linear extensions of the SM probed from O(1) up to O(100) TeV scale

> (Heavy) flavour prospects complementary to B factories and LHC

> Higgs physics probed from different angles (here: κλ, κe)

> Great potential for TeV-scale, third-gen. NP

> Exciting precision program overall - still much to be explored!

DESY. | Cornering New Physics through precision measurements at FCC-ee | Lukas Allwicher | Seminar, IJCLab Orsay, 18.12.2025 Page 51



Thank you!

lukas.allwicher@desy.de
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Backup



Probing the Granada dictionary at FCC-ee
SMEFiT collaboration 2502.20453
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Higgs prospects at FCC-ee
FCC FSR 2505.00272
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The Standard Model flavour puzzle
SM gauge interactions are flavour-blind:

Lgauge ⊃
3∑
i=1

∑
ψ

ψ̄ii /Dψi

Flavour symmetry:

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

Only breaking: Higgs Yukawa interactions:

LYukawa = Yuq̄uH̃ + Ydq̄dH + Ye ¯̀eH + h.c.

The pattern of masses and mixings doesn’t look accidental at all!

mψ ∼


 VCKM ∼



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Example: di → djνν transitions

> FCNC: high-scale probes due to loop+GIM suppression

> Clean: no theory uncertainty due to charm rescattering

> Very rare, exp. challenging

> Only probes of third-gen. leptons so far

> First measurement in 2023 by Belle-II: > NA62 2024
[Belle-II 2311.14647]
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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

[1903.10954]

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

DESY. | Cornering New Physics through precision measurements at FCC-ee | Lukas Allwicher | Seminar, IJCLab Orsay, 18.12.2025 Page 58

https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2410.21444


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]
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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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Multi-scale picture

E

103−4 TeV Λ1

101−2 TeV Λ2

∼TeV Λ3

mW

Idea: non-universal interactions, with different scales coupling

to different fermion families

Λ1 � Λ2 � Λ3 � mW

Gauge universality appears as an accident at low energies

Good way of explaining fermion hierarchies

Don’t decouple flavour-universal NP from a high-scale

explanation of the fermion hierarchies

Λ3 ∼ TeV helps with the Higgs hierarchy problem

[ Dvali, Shifman ’00, 1603.06609, ..., 1712.01368, 2103.15635, 2303.01520, 2305.16280]
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Phenomenology: Flavour

In principle, no flavour-violating couplings in the exact U(2) limit

But, need to specify a basis for the quark doublets

Two choices:

down-aligned

qdownL =

(
V †
CKM

uL
dL

) up-aligned

qupL =

(
uL

VCKMdL

)
Main effects in the U(2) hypothesis:

- ∆F = 1: B → Xsγ, B → Kνν̄, K → πνν̄, B → Kµµ, ...
- ∆F = 2: Bs,d-, K-, D-mixing
- b→ cτν transitions: RD(∗) , RΛc
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Phenomenology: EWPO

Crucial precision tests of the SM & NP

coupled to the Higgs

At tree-level, constrain operators of the type

(H†iDµH)(ψ̄γµψ)
→ modification of SM gauge boson couplings

→ Only 15 such structures in the U(2)5 limit

Include also Higgs decays, τ LFU tests
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Phenomenology: colliders

High-pT Drell-Yan Tails
p

p

`α

¯̀
β

uj

ūi

p

p

`α

¯̀
β

dj

d̄i

p

p

`α

ν̄β

dj

ūi

- In particular: pp→ ττ, τν
- Constrain semileptonic operators

LEP-2 e+e− → `+`−

- e+e− → e+e− angular distributions

- e+e− → µ+µ−, τ+τ−: σ, σFB
- Constrain four-lepton operators

four-quark observables

- tt̄, bb̄, bt̄ final states
- Constrain e.g. C(1)qu , CuG, ...

HighPT
[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10756]

[Allanach, Mullin 2306.80669]

[Ethier et al. 2105.00006]
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Suppressing the light families

So far, only U(2)5 protection

No suppression of operators involving the light families

εQ for each light quark field

εL for each light lepton field

Examples:

C[ii]He(H
†i
←→
D µH)

2∑
i=1

(ēiγ
µei)→ ε2L C

[ii]
He(H

†i
←→
D µH)

2∑
i=1

(ēiγ
µei)

C(1)[iijj]`q

2∑
i,j=1

(¯̀iγµ`i)(q̄jγµq
j)→ ε2Lε

2
Q C

(1)[iijj]
`q

2∑
i,j=1

(¯̀iγµ`i)(q̄jγµq
j)

Dial down εi until collider bounds are below Λ0 = 1.5 TeV

[LA, Cornella, Isidori, Stefanek 2311.00020]
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Suppressing the light families

operators with Higgs fields still give strong bounds (EWPO)

[LA, Cornella, Isidori, Stefanek 2311.00020]
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The Higgs and U(2)5

If we want to address both the Higgs hierarchy problem and the flavour puzzle, NP

should couple to the Higgs as well

Take e.g. a Z ′ model, one generically gets contributions to EWPO

H

H

q3L

q3L

Z ′

C(1)[33]Hq (H†i
←→
D µH)(q̄3Lγ

µq3L)

H

H

H

H

Z ′

CHD|H†←→D µH|2

U(2)5 does not offer protection for these contributions

Need to suppress the NP couplings to the Higgs to avoid EWPO constraints

εH for each Higgs field in the EFT
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Suppressing Higgs couplings

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

[LA, Cornella, Isidori, Stefanek 2311.00020]

Bs mixing
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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

[
λtsdC

SM
`,sd O

ν
`,sd + λtbsC

SM
`,bs O

ν
`,bs

]
+ h.c.

> Leading uncertainty from Vcb:

λtsd = 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)/|λtbs|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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Future prospects

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

Effective description at the EW scale:

Leff ⊃−
gL√
2
W+µ

[
ūiLγµ

(
Vij + δgWq

ij

)
djL + ν̄iLγµ

(
δij + δgW`

ij

)
ejL

]
+ h.c.

−
√
g2L + g2Y Z

µ
(
f̄ iLγµ

(
gZfL δij + δgZfL ij

)
f jL + f̄ iRγµ

[
gZfR δij + δgZfR ij

]
f jR

)
+
g2Lv

2

4
(1 + δmW )2W+µW−

µ +
g2Lv

2

8c2W
ZµZµ

Given already current exp. precision, expect small NP effects

→ consider only flavour-conserving pieces (interference with SM)

SU(2)L fixes

δgZνL = δgW`
L + δgZeL , δgWq

L = δgZuL V − V δgZdL
20 independent parameters:

δg ∈{δgZνL 11(22,33), δg
Ze
L 11(22,33), δg

Ze
R 11(22,33),

δgZuL 11(22), δg
Zu
R 11(22), δg

Zd
L 11(22,33), δg

Zd
R 11(22,33), δmW }

DESY. | Cornering New Physics through precision measurements at FCC-ee | Lukas Allwicher | Seminar, IJCLab Orsay, 18.12.2025 Page 73



Mapping to SMEFT: basis

Use Warsaw basis [1008.4884 ]

ψ2H2D operators

CHψ(H†i
←→
D µH)(ψ̄γµψ)

H→〈H〉−−−−−→ −v
2

2
CHψZµ(ψ̄γµψ)

[O(1)
H`]pr = (H†i

←→
D µH)(¯̀pγ

µ`r) [OHe]pr = (H†i
←→
D µH)(ēpγ

µer)

[O(3)
H`]pr = (H†i

←→
D I

µH)(¯̀pτ
Iγµ`r) [OHu]pr = (H†i

←→
D µH)(ūpγ

µur)

[O(1)
Hq]pr = (H†i

←→
D µH)(q̄pγ

µqr) [OHd]pr = (H†i
←→
D µH)(d̄pγ

µdr)

[O(3)
Hq]pr = (H†i

←→
D I

µH)(q̄pτ
Iγµqr)

Bosonic operators

OHD = |H†DµH|2 OHWB = (H†τ IH)W I
µνB

µν

→ associated with T and S parameters

Four-fermion operator

[O``]1221 = (¯̀1γ
µ`2)(¯̀2γ

µ`1)
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Mapping to SMEFT: matching

Matching of the δgs:

δgZνL ii =−
v2

2

(
[C(1)H` ]ii − [C(3)H` ]ii

)
+ δU (1/2, 0)

δgZeL ii =−
v2

2

(
[C(1)H` ]ii + [C(3)H` ]ii

)
+ δU (−1/2,−1)

δgZeR ii = −
v2

2
[CHe]ii + δU (0,−1)

δgZuL ii = −
v2

2

(
[C(1)Hq]ii − [C(3)Hq]ii

)
+ δU (1/2, 2/3),

δgZuR ii = −
v2

2
[CHu]ii + δU (0, 2/3)

δgZdL ii =−
v2

2

(
[C(1)Hq]ii + [C(3)Hq]ii

)
+ δU (−1/2,−1/3)

δgZdR ii = −
v2

2
[CHd]ii + δU (0,−1/3)

δmW =−
v2g2L

4(g2L − g2Y )
CHD −

v2gLgY
g2L − g2Y

CHWB +
v2g2Y

4(g2L − g2Y )

(
[C``]1221 − 2[C(3)H` ]22 − 2[C(3)H` ]11

)
Universal contribution:

δU (T 3, Q) = −v2
(
T 3 +Q

g2Y
g2L − g2Y

)(
1

4
CHD +

1

2
[C(3)H` ]22 +

1

2
[C(3)H` ]11 −

1

4
[C``]1221

)
− v2Q gLgY

g2L − g2Y
CHWB

DESY. | Cornering New Physics through precision measurements at FCC-ee | Lukas Allwicher | Seminar, IJCLab Orsay, 18.12.2025 Page 75



Input redefinitions

Universal contribution:

δU (T 3, Q) = −v2
(
T 3 +Q

g2Y
g2L − g2Y

)(
1

4
CHD +

1

2
[C(3)H` ]22 +

1

2
[C(3)H` ]11 −

1

4
[C``]1221

)
− v2Q gLgY

g2L − g2Y
CHWB

Input scheme: α, GF , mZ

GF is extracted from µ→ eνν̄ decay
→ anything modifying the decay rate in SMEFT is not observable, but gets
propagated through the inputs (vev, gauge couplings)

- [C(3)H` ]11,22: W -coupling modifications

- [C``]1221: direct four-fermion contact interaction
mZ gets a contribution from CHD and CHWB in SMEFT
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The set of Electroweak Wilson Coefficients

From matching conditions + input redefinitions:

~Cew = ([C(1,3)H` ]ii, [C(1,3)Hq ]ii, [CHe]ii, [CHu]ii, [CHd]ii, CHD, CHWB, [C``]1221)

Note: For CHu i = 1, 2 only (no RH tops)

Total of 23 parameters

Assuming all 20 δgs can be constrained individually, one expects 3 flat directions in
the SMEFT EW fit

C(1)0 ∝ [C(1)Hq]33 − [C(3)Hq]33

C(2)0 ∝ −gY
gL
CHWB +

3∑
i=1

(
[C(3)H` ]ii + [C(3)Hq]ii]

)
C(3)0 ∝ 2 CHD −

1

2

gL
gY
CHWB +

∑
ψ

∑
i

Yψ[CHψ]ii

[cf. also hep-ph/0602154 and 1701.06424]
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RGE effects, systematically

RGE equations for EW operators (yt, g1 and g2 contributions)

Get sensitivity to 168 operators

ĊHD = Nc

(
16

3
YHYug

2
1 − 8y2t

)
C33Hu +

80

3
g21Y

2
HCH2

Ċ(1)jjHf1
= 2Ncy

2
t

(
−Sf1uC

33jj
uf1

+ Sf1qC
33jj
qf1

)
Ċ(3)jjHl = −2Ncy

2
t C

(3)jj33
lq

Ċ(3)jjHq = −2y2t
(
2NcC(3)jj33qq + C(1)j33jqq − C(3)j33jqq

)
Ċ(1)jjHf1

=
4

3
g21Yh

∑
k

[
YeSf1eC

jjkk
f1e

+ 2YlSf1lC
jjkk
f1l

+Nc

(
YuSf1uC

jjkk
f1u

+ YdSf1dC
jjkk
f1d

+ 2YqSf1qC
jjkk
f1q

)]
Ċ(3)jjHl =

2

3
g22
∑
k

(
Cjkkjll +NcC(3)jjkklq

)
,

Ċ(3)jjHq =
2

3
g22
∑
k

(
C(3)kkjjlq + 2NcC(3)kkjjqq + C(1)jkkjqq − C(3)jkkjqq

)
Ċ1221ll =

2

3
g22

[
C2222ll + C2332ll + C1111ll + C1331ll +Nc

∑
k

(
C(3)22kklq + C(3)11kklq

)]

To avoid EWPOs at one loop, need to have R.H.S.= 0 for all the above at the same time
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Scalars

State Tree level zero possible? 1-loop RGE zero possible? Bounding obs.

S 3 7 Ae
S1 3 if (yS1)12 = 0 7 Ae
S2 3 7 Ae (Rτ )
ϕ 3 7 ΓZ
Ξ 7 7 mW

Ξ1 3 if κΞ1 = 0 & (yΞ1)12 = 0 7 mW

Θ1 3 3∗ mW

Θ3 3 3∗ mW

ω1 3 7 ΓZ
ω2 3 7 ΓZ
ω4 3 7 Ae (Rτ )
Π1 3 7 Ae (Rτ )
Π7 3 7 Rτ
ζ 3 7 ΓZ (Rτ )
Ω1 3 7 ΓZ
Ω2 3 7 ΓZ
Ω4 3 3 if (yΩ4)33 6= 0, all else zero ΓZ (-)

Υ 3 7 ΓZ
Φ 3 7 ΓZ
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Fermions

State Tree level zero possible? 1-loop RGE zero possible? Bounding obs.

N 7 7 Ae (ΓZ)
E 7 7 ΓZ (Rτ )
∆1 7 7 Ae (Rτ )
∆3 7 7 Ae (Rτ )
Σ 7 7 ΓZ (Rτ )
Σ1 7 7 Ae (ΓZ)
U 3 if (λU )3 6= 0, all else zero 7 ΓZ (mW )

D 7 7 ΓZ
Q1 3 if (λuQ1

)3 6= 0, all else zero 7 mW

Q5 7 7 ΓZ
Q7 3 if (λQ7)3 6= 0, all else zero 7 mW

T1 7 7 mW (ΓZ)
T2 7 7 ΓZ
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Vectors

State Tree level zero possible? 1-loop RGE zero possible? Bounding obs.

B 3 if (gφB) = 0 & (glB)12 = 0 3 if eqns. (??) mW

B1 3 if (gφB1
) = 0 7 mW

W 3 if (gφW) = 0 & K12(g
l
W) = 0 3 if eqns. (??) Ae (ΓZ)

W1 7 7 mW

G 3 3 if (guG)33 6= 0, all else zero ΓZ
G1 3 7 ΓZ
H 3 7 ΓZ
L1 7 7 Ae
L3 3 7 Ae (Aτ )
U2 3 7 ΓZ
U5 3 7 Rτ
Q1 3 7 Rτ
Q5 3 7 ΓZ
X 3 7 Rτ
Y1 3 7 ΓZ
Y5 3 7 ΓZ
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b→ s`` at FCC-ee
Bordone, Cornella, Davighi 2503.22635

> Prospects from B → K∗``, Bs → µµ

> Complementary to LHCb, CMS
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An explicit (simplified) model
U1 leptoquark + Z′

> SU(4)-unification inspired construction

> Heavy U1 ∼ (3, 1, 2/3) and Z ′ vectors with
third-gen. coupling

> C(1)[3333]`q = C(3)[3333]`q =
g24v

2

8M2
U

> C(1)[3333]`q = − g24v
2

32M2
Z

[LA, Isidori, Pešut 2503.17019]
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U1+Z
′

> Central values and errors used in the FCC projections

Observable SM FCC projection

Bc → τν (1.95± 0.09)× 10−2 (2.09± 0.03)× 10−2

B → Kνν̄ (4.44± 0.30)× 10−6 (5.64± 0.17)× 10−6

B → K∗νν̄ (9.8± 1.4)× 10−6 (12.4± 0.4)× 10−6

B → Kττ (1.64± 0.06)× 10−7 (4.2± 0.8)× 10−6

Bs → ττ (7.45± 0.26)× 10−7 (2.18± 0.22)× 10−5

∆MBs/∆M
SM
Bs

1.0 0.862± 0.015

|gτ/gµ| 1.0 0.99926(7)
Neff 3.0 2.9979(6)
Aτ 0.147 0.14668(21)
Ab 0.935 0.93502(22)
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Vector-like fermions
> D ∼ (3, 1,−1/3)
> Flavour: modified Zb̄LsL vertex

> Sensitivity to εF (spurion)

> E ∼ (1, 1,−1)
> Flavour: insensitive toME

> EW: modified ZτLτL vertex
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