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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 — st¥)
- LFV (e.g u — ev)

> In recent years, also tests of universality
- LFU ratios (Rg, Rp, --.)
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Current status

> In the absence of any BSM signals, set bounds

, , N
> Each observable mediated by a contact interaction F(’)gﬁ —A>--
> European Strategy for Particle Physics '26
[2511.03889 -
07 o 5) S =
L] < T =
S 1igia
= N o
e l i
1000 -

10

DESY. | Theory Insights on New Physics from Rare Decays | Lukas Allwicher | WIFAI 2025, Bari, 11.-14.11.2025 Page 3


https://arxiv.org/abs/2511.03883

What is the scale of New Physics?

> Depends on the assumptions! Doesn’t have to be 10 TeV (< anarchic flavour)
> Take again K — K mixing in the SM:
e (ViaVis)*GEmi d ——\N\ANT—— §
A2 1672
— much lower scale (my, m;) through CKM suppression!

> What if NP follows a similar structure/mechanism? W
— flavour-changin contributions form NP may be
suppressed as well

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

1
Lsmerr = Lsm + 13 26101(6) + -

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)°
- Yukawa terms break the U(3)> symmetry of the gauge sector:
U(3)° 222 U(1) x U(1)]

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

0 0 : 0 [Barbieri, Isidori, Lodone, Straub 1105.229¢
Y ~ ys ( 0 0:0 ) U2)° = U(2)g x U(2)e x U(2)u X U(2)q x U(2)e

e.g.
gy "~ (2.1,1,1,1) ¢} singlet

v N V21 A~(22)
=Y\ 5 mrC
0 ' 1 |Vvq‘ = O(ytv;‘/s) |A| ~ Ye,s,u
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https://arxiv.org/abs/1105.2296

The U(2)-symmetric SMEFT

» 2499 independent parameters at d = 6
- exact U(Q)I 124 CPC + 23 CPV [Faroughy, Isidori, Wilsch, Yamamoto 2005.0536¢

U(2)° [terms summed up to different orders]

Operators Exact oWh) | ow? | oAl | OV AY | O(VE AWV | OV, AV
Class14 |[9 6 (9 6 [9 6 [9 6 9 6 9 6 9 6
Y2 H? 3 3|6 6(6 6(9 9 9 9 12 12 12 12
V:XH 8 8 |16 16|16 16|24 24 |24 24 |32 32 32 32
P2H?D 15 1 |19 5 |23 5 |19 5 23 5 28 10 28 10
(LL)(LL) |23 - |40 17|67 24|40 17 |67 24 |67 24 74 31
(RR)(RR) || 29 - |29 - |29 - |29 - 29 - 53 24 53 24
(LL)(RR) |32 - |48 16|64 16|53 21 |69 21 |90 42 90 42
(LR)(RL) |1 13 3 |4 4 |5 5 6 6 10 10 10 10
(LR)LR) |4 4 |12 12|16 16|24 24 |28 28 |48 48 48 48
total: 124 23182 81 |234 93 |212 111 |264 123 |349 208 356 215

Table 6: Number of independent operators in the SMEFT assuming a minimally broken U(2)® sym-
metry, including breaking terms up to O(V3, A'V'!). Notations as in Table 1.

How low can the NP scale be?

« consider collider, electroweak and flavour observables
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https://arxiv.org/abs/2005.05366

[LA, Cornella, Isidori, Stefanek 2311.0002q

SMEFT fits to U(2) operators
> From 10 to ~ 10 TeV through U(2)?
> U(2) # third-gen. new physics:

light families unsuppressed — bounds from flavour-conserving transitions
m Flavor (down) M Flavor (up) m EW m Collider

HD|Yuk. | Hv Dip.  |fq 4 I ledq

TeV
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https://arxiv.org/abs/2311.00020

Third-generation New Physics?

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714

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

are in the 10 TeV range pp =TT
> Take e.g. Drell-Yan, light quarks in the initial state are
much more constrained 3 | eo—— ] osv.osd
> What if NP couples mainly to the third generation? 23
— assume some dynamical suppression mechanism 13
exists, shielding the light fields from heavy new 2 e
phyleS 12 [Cl(l)] —0.093,0.014]
. . q 1334, y
> In the EFT, introduce suppression factors, e.g. Pl b ] e
. . —0.8-0.6—04-0.2 0 02 04 0.6 0.8
¢; — €qgq; for each light quark field
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https://arxiv.org/abs/2207.10714

- - - [LA, Cornella, Isidori, Stefanek 2311.0002q
Third-generation hypothesis
> Suppress operators with light fermion indices

> Anp still compatible with ~ TeV under non-tuned conditions
W Flavor m EW @ Collider

10 [HD |Yuk. |Hy Dip. |ig aq o ledq

8 j - _ i
lop = T3

ol e =0.16

[ er = 0.40

E r ey =0.31
4+ ep =0.15

2 |-
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https://arxiv.org/abs/2311.00020

FCNCs as BSM probes

A case study

w
> FCNCs are Loop + GIM suppressed in the SM b s
— sensitive to high scales of NP u, ¢, .
Z
Y ’

Here, focus on di-neutrino modes d; — d;vu:
> K — mvir, B— K®up

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

> Very rare decays, experimentally challenging
> Currently, only probes with third-gen. leptons (v;) /

\ 4
\ 4
~
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Experimental status in d; — d;vv

B — Kvv . ,
K — oo
> Belle-11 2023
> NAG62 2024
Lo SN Avgraee
: e Belle T (362 fb!, combined)
i 23507 This analsis
1
1 Belle I (362 fb!, hadronic) =
&Y
!, inclusive) *e
(63 !, inclusive) T
127, 18130 t,
Belle (711 fb!, semileptonic) =
L0406 PRDIG. 091101 ’ Q
Belle (711 fb!, hadronic) =
20516 PRDST, 111108 =}
BABAR (418 fly', semileptonic) =
52205 PRDSY, 112002
BABAR (429 fb, hadronic)
15+1.3 PRDST. 112005 - -
L 0.04 0.042 0.044
0 2 4 6 8 10 Vil
_ cb’
10° x Br(BT—K T vi)
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[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444

Our SMEFT description of d; — d;vv

> Start with third-generation indices only: rank-one hypothesis e
Qg = (@ q]) (L ul}) + (3270 a2 ) (10}
Qs = (F17r)(bra})

> Third generation LH quarks: down alignment

3 (Vwur + Vaer + Viptr,
qr, = bL

Ql—; : dz' — djTT
Ql; s d; — djl/.rﬁr

> U(2),-breaking spurion

> Replace ¢; — ¢ + Vigl

> System described by 5 parameters: Csg, Cé;’ C[q, &, K
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https://arxiv.org/abs/1903.10954
https://arxiv.org/abs/2410.21444

Correlated observables

¢ - H
¢/ Ca Ny
br SL
TL L
2
‘ (=er

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444

Cs Cp Cp ¢ Exp. indication

o(pp — £0) v vV bounds on Anp

EWPO v v bounds on Anp

Rp, Rp+ v v v v Anp/Asm > 0

B(B — K" puj) v v Anp/Asm < 0
B(B — Kvp) v | Asm + Anp|? > |Asml|?
B(K — nvi) v Y | Asm + Anp[? > |Asm|®
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https://arxiv.org/abs/2410.21444

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444

Results: qu-g

> Global fit without di-neutrino modes 1L
(don't affect C};)

> LHC Drell-Yan + EWPO provide
constraints on Cg‘; and Cg 0.5

> (Cg compatible with zero (LHC
constraints strong)

> Non-zero Cy,+ and e driven by Rp.: O

Rpe
SM
D(x)

~1-02(1+2) (Cf - Cpy)

.

~ 1+ 2Re (Cy,) N

(@2

> Suppress || > 3 with theoretical 2 -1 0 1 2 3 4
likelihood €
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https://arxiv.org/abs/2410.21444

Results: ng-g

> Grey: Global fit without di-neutrino
modes, kK = 1
> Cy, largely unconstrained

> Good compatibility with di-neutrino
modes for k = 1

T 9

SM SM m?
‘C‘I‘,b8| - |C ,bs —¢& o CZq

SM SM 2T Ly
|CT,Sd| - CT,sd + ke FCZq

> Select Cg‘q >0

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444

0.4

0.2

—0.2

—0.4

® B(K" — ntvin)
® B(B — K“vi)
o other data

-2

-1 0
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https://arxiv.org/abs/2410.21444

[LA, Bordone, Isidori, Piazza, Stanzione 2410.21444

Future prospects

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

6F o B(K*— 7w o Minimal U(2)
o General U(2),

o B(B— K*ui)

&

B(B* — K*vi)
B(B* — Ktvv)sy

1 . e : :
., SM RE T
Excluded by o(pp = 77) & EWPO .
0 :
0 1 2 3
0 1 2 3 4 5 B(K™ — 7tvi)
3 B(K+ — wtvi)su
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https://arxiv.org/abs/2410.21444

Flavour prospects at FCC-ee

Table 6: Yields of heavy-flavoured particles produced at FCC-ee for 6 x 10'2 Z decays [190].

Particle species B° Bt BY A, Bf ¢ 1ttt

Yield (x10%) 370 370 90 80 2 720 200

Attribute T(A4S) pp Z
. . All hadron species v v
> ~ 30 more than Belle-1l projections High boost v v
. Enormous production cross-section v o
> Access to B, and B, - not produced at b factories Negligible trigger losses v v
. High geometrical acceptance v v
> Great advantage due to clean environment and Low backgrounds v v
boosted final states Flavour-tagging power v v
Initial-energy constraint ' W)
[Kamenik et al. ’25]
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Projections for flavour observables

[LA, Isidori, PeSut 2503.17019

‘ Observable SM Current value [14] Pre-FCC projection FCC-ee expected ‘
19+/94| 1 1.0009 + 0.0014 - +0.0001 [15]
|9+/9e| 1 1.0027 + 0.0014 - +0.0001 [15]

corr. 0.51
B(t — pip) 0 <2.1x1078 < 0.37 x 1078 [*] [16] | < 1.5 x 10711 [*] [15]
Rp 0.298 + 0.004 0.342 + 0.026 [17] +3.0% [16]
Rpx 0.254 + 0.005 0.287 +0.012 [17] +1.8% [16]
corr. -0.39
B(B.— 17) | (1.95+0.09) x 10~2 < 0.3 (68%C.L.) - +1.6% [8]
B(B — Kvp) | (4.4440.30) x 107 (1.3+0.4) x 107° +14% [16] +3% [7]
B(B— K*vp) | (984+1.4)x107% | <1.2x 1075 (68%C.L.) +33% [16] +3% [7]
B(B - K77) | (1.424£0.14) x 1077 | < 1.5 x 1073 (68%C.L.) <27x107* +20% [**] [18]
B(B — K*7) | (1.64 £ 0.06) x 107 | < 2.1 x 1073 (68%C.L.) | < 6.5 x 10~* [*] [16] +20% [**] [18]
B(Bs — 77) | (7.45+0.26) x 1077 | < 3.4 x 1073 (68%C.L.) | < 4.0 x 10~ [*] [16] +10% [**] [18]
AMp,/AMM 1 +7.6% +3.3% [19] +1.5% [19]
B(B — Ktp) 0 < 1.0 x 1070 [*] [20]
B(B; — Ti) 0 < 1.0 x 1078 [*] [20]

> Subset of observables, relevant for our example study

[**] = under the assumption of an enhanced rate due to NP
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Third-gen. semileptonics: future prospects

SMEFT analysis

» Only third-gen. flavour indices:
L5 =Z (ot yul:) (@ o a))

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

V = —eVs <th/vts> e~ 0O(1)

(3)[3333]

(4

C

c g3 = q} +Vig,

« Assume a signal compatible with current
measurements (grey region), and project for
FCC-ee expected errors
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[LA, Isidori, PeSut 2503.17019

0.02

0.01

o

—0.01

—0.02

FCC-ee:

o B(B — Kvir)
B(B. — 17)

e B(B - Kr7)
l9-/94

o Combined

o
s
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https://arxiv.org/abs/2503.17019

Summary

> FCNCs are very sensitive probes of New Physics
> Studied d; — d;vv 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 youl!
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Flavou r al ig n ment in the 3rd generation [LA, Cornella, Isidori, Stefanek 2311.0002q

- q3 is somewhere in-between down-aligned and up-aligned
- ¢ to parametrise the amount of down-alignment:

O~ Vaer
(o) o
Viadr, + Vi Vb ) .
R 85 (i Vi 4 Vi)
v, br

g3 = [(1 — er)dsr + erVay] o\ = gy + er(Visqs + Viaqa)
= [(1—er)(V)sr +epds]a™ ~ epar + (1 — er) (Vide + Vi)
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https://arxiv.org/abs/2311.00020

. g . oy di gy, ) (T4 APy
SM predictions: impact of |V, fyy = (@nd)FLr"v)
> At = Lo = S22 3,0 MO OF+ N,OSM O, +he.

> Leading uncertainty from V;:

t * 2 — )\2 . )\2
Nea = VasVia = AlVa|” |(p— 1) 1—? +un 1+7

> Take average between inclusive and exclusive, inflating errors  [Eoiioneittner 4]

> First measurement by NA62 in 2024!

18p

[Veplinclpexel = (41.37 £0.81) x 1073
B(K* — ntwi)S™ = (8.09 £ 0.63) x 107
> b — svv. Becirevi€ et al. 2301.06990
B(BT — Ktvo)/|\,|> = (2.87 £ 0.10) x 1073

,_A
>

I~

_

10" x B(K* — ntww)
® IS

=)

. . . .
0.04 0.042 0.044
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Simplified models

Uy ~ (3,1,2/3) 7'~ (1,1,0)

9 (8 e g Ty = Qu(ai, + Vi ap )" (ai, + Viqy) + Q-010"0]
Ly, D —=(q; + Vi*qp) U147 +h.c.
Uy ﬁ(QL a1,
+ g’
Cpo=Cp=-— Q Q‘r
> At tree-level: b T2,

2
1)[3333] __ g 2
o cpeo e - P s
> Loop-level C;, explains \CZI] > |G

> Good compatibilty with data > B, mixing constraints

> Requires |Q,/Qq| 2 30
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K — mvv V. ¢

w
T

(K+ = mtup)
B(K+ — 7T+V17)SM

—_

0 L v e 1
3
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[LA, Cornella, Isidori, Stefanek 2311.0002q
Suppressing the light families
> eq (er) for each light quark (lepton) field
> Operators with Higgs fields still give strong bounds (EWPO)

® Flavor (down) M Flavor (up) m EW H Collider

10~
HD Yuk. Hv Dip. lq qq o ledq

€loop =

1672
Q= 0.16

TeV
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[LA, Cornella, Isidori, Stefanek 2311.0002q
Suppressing Higgs couplings
> ep for each Higgs field

> Some flavour bounds still large (in the up-aligned case)
W Flavor (down) M Flavor (up) m EW m Collider

10

[HD|Yuk. |Hv Dip. |tg aq o ledg
Bs mixing
8r . _ Y9
Soor = Y2
c0=0.16
6 -
. er = 0.40
3 ey =0.31
4k
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Fl li t a3 = [(1 = er)d3r +epVar|dl? = @b + ep(Vists + Viada)
avour alignmen = [1—er)(VD)sr +epds]a™ ~ era + (1 — ep)(Viae + Vipau)

'

> 15% down-alignment needed to pass B, mixing constraint

N . LA, Cornella, Isidori, Stefanek 2311.0002
M Flavor m EW m Collider ! d

10

[HD |Yuk. |Hu Dip. g aq o ledg

8 0 7
Foor = Y2

Q= 0.16

. or ep = 0.40
é’i EH = 0.31
4+ ep=0.15

21
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[LA, Cornella, Isidori, Stefanek 2311.0002q

-pole)

-ee (Z

Projections for FCC

> 5 x 102 Z bosons at FCC

improved by up to 2 orders of magnitude

> Precision in EWPO

2 EW (FCCee) M Collider

m EW

W Flavor

ledq
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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)> symmetry

0 0i0
Y~y ( 00:0 ) U(2)% = U(2)y x U(2)e x U(2)u x U(2)a x U(2).

[Barbieri, Isidori, Lodone, Straub 1105.229¢

- E.g. in SMEFT: Cy.
= _
Lsvert O [Crieliy(H'i D H)(eiy"e;)
2
5 ..
O, B HD L H) egyPes) + CELHT D H) S (eiver)
=1
> Protection from flavour-violating effects
> Need to break U(2): spurions
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https://arxiv.org/abs/1105.2296

Comments on B — Kvi

[LA, Becirevi¢, Piazza, Rosauro-Alcaraz, Sumensari 2309.0224¢

> Excessin B —» Kvvu
> Assume it’'s due to heavy New Physics (A > v) — SMEFT

1
Lsmvert = Lsm + PCz’Oi + -

08235 > (5pbr) (v vs)

[
115 (Cudss R /RSN,
> What is the neutrino flavour? L10
Eil'm —

> InSMEFT, (; = (v er)] E |,
> Needs to be v, to avoid constraints from e.g. = 0.5 o

BS — L, RK 0.90
> SU(2)r-connection with b — cTv ::“
> Getscale A ~ TeV/\/‘ch 0 5 10 81(33%}1\2@ Xzi-;]" 30 3
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https://arxiv.org/abs/2309.02246

Flavour assumptions: Minimal Flavour Violation

[Isidori, Straub 1202.0464

Only breaking of U(3)> symmetry comes from SM Yukawas
- eg.qr~(3,1,1,1,1) under

UBY =UB)y xUB)e x UB)y x U(3)g x U(3)e
Yy, ~ (371737171)
Yukawas promoted to spurions keeping track of U(3)® breaking
a7 q (adi +BIYa Y]y + )
Good to suppress flavour-changing processes:

0 A A3
M~ (YY)~ [ A 00 N

AAZ 0
But: leading term is flavour-conserving and universal
— collider searches push the scale to A > 10 TeV
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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 (2)° Minimally broken U (2)°

~ y ) o Vid
Tpdi + €qiVudr GVing® Vg~ O (V'; )
S

good way of suppressing the light families flavour violating couplings
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Comment: b— d

> Two parameters govern the breaking of U(2),:
g, R

> With FCNCs, constrained by two modes:
O] —
b—s,s—d 7,5d

2
7TU _
’CTI)S’ - C o —C )

Lq

CM, + ke —C*q :

2
. m?
> Adding b — d: [CS)| — |CY — re=—Cy,

> Independent (orthogonal) probe of the U(2), pattern
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