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Who ordered that?

Why are there three copies of
each fermion?

What determines their very
hierarchical masses and mixings?
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Parameters

3 free parameters

3 gauge couplings

13 (+7) free parameters

9 fermion masses 4 CKM parameters

(+ 3 neutrino masses)  (+ >4 PMNS parameters)

2 free parameters

Higgs mass, vev

Flavour accounts for many of the free parameters of the SM




Flavour in the Standard Model

kinetic terms l terms

Gauge and - Yukawa v 175 Y.HOd - Y.HL
D wy'Dw WHQu A YallGd+ TeliLe

y =10,u.d, L, e} Under v — Uy, Yukawa matrices rotate, e.g. U;YMUM
Symmetric under y —> Uy and can be diagonalised

Diagonalise the Yukawa matrices to find physical mass basis... then:

« h A g W — [/ )
\\ q; q; q; Uy
» . : ’ where U™ diagonalizes
Q/ qi q/ dj /i Q
( ) ( ) ( ) Y and Ugl) diagonalizes
[ ’

Higgs couplings diagonal Gauge boson couplings Charged gauge bosons which are
: . EXCEPT ”
by construction diagonal by_symmetry sensitive to V¢, H 3




Standard Model tlavour phenomenology

This particular interplay between the gauge and Yukawa interactions makes
strong and successful predictions

Quark FCNCs are loop- and GIM-suppressed

Dettori, L. Vittorio, C. Kar

€.9. Br(D » up)sy #3107 Br(D — pp)cys < 2.4 x 1077

Br(B, — uu)gy = (3.67 £0.15) x 10™°  Br(B, = pp)ppg = (3.34 +0.27) x 107

No charged lepton flavour violation

e.g. Br(y — ey)gy < 10™*  Br(u — ep)ypgn < 1.5 x 107

Lepton flavour universality

— ‘ lity | g
g Mt (£) <1 (2
p y 8e SM ge Rz

elu

see talks by A. Boletti, C. Basile, A.
Lusiani, M. Mantovano, D. Lancierini

see talks by A. Oya, V. Bertacchi,
L. Zani, C. Basile, V. Duk
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see talks by R. Salerno, A. Boletti, A.
Romano, S. Neshatpour, L. Carus, F.

Unitarity of the CKM matrix
see talk by L. Vittorio
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Hadronic inputs and lattice QCD

Flavour measurements are done at a scale where quarks are bound into hadrons
Need model independent way to calculate non-perturbative QCD (+QED) contributions

b [~ figure from A. Jittner's ESPPU Venice slides r
EXAMPLE: leptonic B decay BZ@_ > nawlm'oeeagngGm i
S, L
%—‘

A

- X
Lattice QCD Pert:rbahon -g 3
kinematics theory %
) 2 o
_ __ Mpg m s 2
[ =iy =c 1= ) f5 Vul’G;
37 ms .

Under the assumption that this is dominated by SM, can then
compare with measured decay rate to extract V ,



http://flag.itp.unibe.ch

Flavour beyond the SM

In general, expect BSM physics P — P
to break this delicate picture — == SM

BSM induces new
contact interactions

A is the scale of new

hysics
1910.11775 > PhY
7L
Ot & N § 7
_10°) & 3 U] u e
. T = X Breaks exact lepton flavour symmetry
© 10° -qgﬁ-.l\ e.g.
— 104. N S ?‘ Contributes to 1 — 3e
D) 10 E <1
— - . % e
2 103, - T
10° b \) Breaks approximate quark
10" = S e.g. flavour symmetry
0 X NS . s ..
107 & B 8= & b Contributes to B, — B, mixing
SRS RS 5

Extremely strong constraints but assuming O(1) flavour-breaking couplings

Need to understand what flavour structure we expect!



TeV

Flavourful physics at the TeV scale

Unsuppressed couplings to light generations:

W Flavor (down) ™M Flavor (up) m EW m Collider

10
HD Yuk. H Dip. lq qq 44 ledq

Allwicher et al, 2311.00020

If BSM physics couples differently
to different flavours, bounds
change



Flavourful physics at the TeV scale

Suppressed couplings to light generations:

B Flavor B EW B Collider

If BSM physics couples differently

10

_—HD Yuk. | H Dip. lq qq e ledq .I.o different ﬂqvours, bounds
N ) change
: Eloop — 1672 . .
_ o016 In particular, reduced bounds if
| @ =0. .
T e, = 0.40 NP couples mostly to 3rd family
E i EH = 0.31

i = 0.15 .
gl e At LHC: PDF suppression

Low energy/electroweak: 3rd
generations less precisely measured

Allwicher et al, 2311.00020 ||:
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Hints of lepton flavour non-universal new physics

| 62'3% ICL kon{our's

Br(B - D) 5
Br(B = DOly) m0.35

g

R(DY) =

Spring 2025 Belle?

: : Ile I I;HCKE\
C I QL bR Ql% 03 \Belle ( \
k\/ \/ \/ 0.25 ' \ LH% \ LHCb'

clie /

i
v

\
™~
\I\'/l/ -
| |1 | ||||||I||||

v t Lf Lf Lf Tp O-2 [ HHILAY S Predicton RO =028 <0018, -
- R(D*) = 0.254 = 0.005 p=-0.39 .
, , , T T T P

Well described by heavy new physics coupling 0.2 0.3 04 0.5
R(D)

only or mostly to 3rd generation

R(J/y)g = 0.2582 = 0.0038  Harrison et al, 2007.06956
Same
Br(B R(J/ = (0.71 £ 0.17(stat) + 0.18(syst) LHCh, 1711.05623
quarklevel R(J/y) = (B, — Jlyv) W) acn (stat) + (syst)
Br(B. — Jlwly)  RUWcys = 0.49 £ 0.25(syst) = 0.09(stat) CMSPASEPH23.00

rocess.
P + see falk by C. Basile H?




Hints of lepton flavour non-universal new physics

Third generation leptons can also be neutrinos

Br(B* - Ktiv) = (2.3 + O.S(stat)fgzi(syst)) x 10 2.70 above SM prediction - ti?ll(lilllvz?:r::iﬁ

Br(K* — ztiw) = (13.0137) x 107" 1.70 above SM prediction  NA62 241212015+ see falk by A. Romano

Both measurements can be
well described by BSM
coupling (predominantly) to
the third generation of
quarks and leptons

Excess in BT - K
cannot be due to E

lepton flavour
universal BSM

Bause et al 2309.00075
Athron et al 2308.13426 | . P Allwicher et al 2410.21444

B(B* = K*vp) - 10 : 1 : :

B(K*T — ntuw)

B([\'+ — 7T+VD)SNI

Note that these require a smaller absolute excess than R(D™): models to fit R(D")
still need suppression in the neutrino modes compared to the semileptonic W

B(Bt — K*v




s the third generation special?

Some puzzles of the SM are strongly connected to the 3rd generation

u d S b t
BSM coupling to | N . u
° ° Tjﬂ 9 Q, E— . f S— S— S— —
light generations D T 75
y o 5 dm Mass [GeV/c?]
bre SEEEE
:
Higgs potential SM flavour structure

BSM coupling to
3rd generation

Origin of Yukawas

TeV Light top partners/stops

Partial compositeness



Flavour-deconstructed gauge theories

see talks by J. Lizana, S. Covone

Energy What if the generations are genuinely different
g g ) 4
G, x Gy x Gy particles above some scale?

@ @ @ At very high scales, each generation is charged under its own copy of
gauge group G

>100 TeV
symmetry @ breaking
G x Gy
@ @ @ At lower scales, light generations are both charged under the same
subgroup, but 3rd generation still has its own group

> TeV @ |
symmetry breaking
G1+2+3 C GSM

Full catalogue of semisimple extensions of the SM: Allanach, Gripaios, Tooby-Smith 2104.14555

At the electroweak scale, all generations are charged under
the same subgroup, which is part of the SM group




New gauge bosons

Each breaking step produces new

heavy gauge bosons...

e.g. deconstructions involving

the colour group SU(3). can

give rise to vector leptoquarks
Bordone et al 1712.01368

These can provide explanations
for the hints of flavour non-

universality in B decays

Sakaki et al 1309.0301
Freytsis et al, 1506.08896
Buttazzo et al 1706.07808,

many more...

...the deconstructed group G
determines their charges

Rp

'BR(B. —//) >06

//C(TV) |

HL-LHC(7v/+ b)

-2

lquro et al 2405.06062
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‘ 13



Electroweak deconstructions

Deconstructing the electroweak groups can explain Yukawa hierarchies
Davighi, Isidori 2303.01520

Deconstructed force SU@3) Y+ A\ U)B-L Fernandez Navarro, King, 2305.07690
Flavour Vap| < 1 v | Vv Davighi, Stefanek, 2305.16280
yi < Y3 X | . Barbieri, Isidori 2312.14004
EW | Natural upper limit of |tan §|M | 90 TeV { /500 TeV Ma. Li 1982
EWPOs order I-loop |\ Tree, \Jree/ | 1-loop Davighi et ol 2312.13346
Table from Davighi 2501.16064 ) ) Capdevila et al 2401.00848, ...
Higgs is charged only under the third Light family Yukawas are generated at higher dimension
family gauge symmetry
l/jL,3 <¢23> -|-\ l//L’z <¢23 >—|¢ . l/jL,l
N\ N\
N\
H----- H----- H-==-7
Wp A (o) YR (p1p) ¥ YR.1
. . ~ 2 (D23 P12)
= Only third family Yukawas are allowed at A ~
the renormalisable level 23 IACEYAND:



Electroweak deconstructions

Deconstructing the electroweak groups can explain Yukawa hierarchies

Deconstructed force U(l)p_rL
Flavour V| < 1 v Ma, Li 1982
Y < Y3 X Davighi et al 2312.13346
EW | Natural upper limit of | tan 6|M 500 TeV Capdevila et al 2401.00848
EWPOs order 1-loop

N[

[

0|

SU(2); model - ESPP 2026 Preliminary

Breaking to SM produces electroweak triplet W’ gauge boson

g{f,, = gy cotd

gg, = g; diag(—tan 0, — tan @, cot 0)

l

l//i * l/jj :
b — sup, pp = ff,. ..

'4

Z pole observables

Light grey shaded region is where 5m? > 1 TeV* (i.e.
naturalness-disfavoured)

15
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Future tests

Non-flavour universal NP implies a few targets

LHCb (300 fb™!) 7

{ Aehischer et ol 2210.13422

Continued exploration/more observables in LFU ratios and raeraml
f B, =—C, |
neutrino and tau modes ol ok om on
N N SRp-
l? 53 ATLAS
8 4 ~ {s=13TeV, 140 b’ - —- - Expecied im 1
Y ey
| A | ATLAS 2503.19836
High p; |
pp — 17, 17U, measurements of top couplings, ... |  From . Isidori slides, ESPPU Venice
O‘ I A-(Z)
1.5 2 2.5 3
Leptoquark mass [TeV]
Future colliders 2s
- generally expect effects in electroweak precision
- Tera-Z flavour programme would allow precision tau studies wt A

000000



Summary

» Flavour sector of SM is incredibly rich, but lacks explanation

» Theory and experiment working together provide very strong constraints on a wide
variety of flavour-changing interactions beyond SM

» If NP is around the TeV scale, must have a particular structure which is somewhat
aligned with that of the SM

» Data and theoretical arguments could be pointing us towards NP aligned towards the
third generations of quarks and leptons

» If so, further tests at current and proposed experiments will tell us more



Backup



Minimal flavour violation

Meson mixing bounds:

from talk by M. Pierini, EPS-HEP 2023

Generic Flavor Structure I NMFV
107 Re(Cx) Re(Co) Ce,  |UTfit
Im(Ck) Im(Cp) Ce,
10°
>
é 10°
10°
1
10 C, C Cs C: C:

D'Ambrosio et al, hep-ph/0207036

Can assume that new physics is entirely flavour
universal and that all flavour violation comes with
the same suppressions as in the SM

Drastically weakens bounds, and makes predictions
about expected patterns of flavour breaking

s this the best choice, theoretically and experimentally?

—



Rare neutral current decays to light leptons

There are also discrepancies in various b — 51 observables

Greljo et al 2212.10497

S Global fits favour contribution to Obatt _ (70 PLb) (Z 1)
Rk R 10,2 operator with a vectorial lepton current: 9 = \dTu LYY
1.5 1 b— sup lo, 20
1.0 . .
/ Could be due to bstr operators at one loop:  Crivellin et al 1807.02068,
=S b . ] Cornella et al 2103.16558
£ o0 »
. ///// \ }/
0- Va
///// / a” T
0.5 - /j S T [ _’__}_ LHCb47fo™! -
= | Still consistent with third ol 7_4_ LHCb 2312.09102 -
—-20 -15 -1.0 Cjb(,)gﬁ” 0.0 0.5 1.0 generqﬁon BSM! : I :IT 7 | :
9 . ,_ t _’_?
-1 | | . J . | B
) 0.5:_ | 1 |
Theory status of B — K[l observables not Alguerd et al 2205.15212 ;m 0.0 - AT .o [ D £
: Gubernari et al 2206.03797 &, :
completely clear. Lots of theory and experimental ;. . .. 940118007 osEl
tivity to understand i t of charm | sidori ef ol 2405.17551 e o |—
activity to understand impact of charm loops sidori et al 2405.17551, ... R |i



Electroweak deconstructions

Deconstructing the electroweak groups can explain Yukawa hierarchies

Deconstructed force SU@B) | SU2)L | SU(2)r U(l)B-r Davighi, Isidori 2303.01520
Flavour Vob| < 1 4 4 X v Davighi 2501.16064
Y <K Y3 X v v oo | X
EW | Natural upper limit of |tan|M | 90 TeV | 20 TeV | 40 TeV Y 40 TeV { 500 TeV
EWPOs order 1-loop Tree Tree |\ Tree /| 1-loop

U(1)y model

NS

Breaking to SM produces electroweak singlet Z’' gauge boson

gg = gy diag(—tan 6, — tan 6, cot 0) g, = gycotd

l

l//i * l//j .
b — sup, pp = ff, ...

'4

Z pole observables

Light grey shaded region is where 5m? > 1 TeV [i.e.
naturalness-disfavoured)
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