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The (two) flavour problems

1. The SM flavour problem: The measured Yukawa pattern doesn’t seem
accidental

= Is there any deeper reason for that?
2. The NP flavour problem: If we regard the SM as an EFT valid below a certain

energy cutoff A, why don’t we see any deviations in flavour changing
processes?

= Which is the flavour structure of BSM physics?
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The SM flavour problem
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The SM flavour problem
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The NP flavour problem

L = ﬁgauge + EHiggs

/ N

Large Flavour symmetry | | Flavour degeneracy is broken

Three replica of the same The breaking is
fermion fields peculiar

¥

U(3)° symmetry

® In the SM: accidental U(3)® — approx U (2)™
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The NP flavour problem

O

(d)
c:
L = Egauge + EHiggs + Z L
d,i

A

Large Flavour symmetry | | Flavour degeneracy is broken

Three replica of the same The breaking is
fermion fields peculiar

¥

U(3)° symmetry

® In the SM: accidental U(3)® — approx U (2)™
* What happens when we switch on NP?
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The NP flavour problem

L = »Cgauge + LHiggs + Z Azl,4 Ofl

® What is the energy scale of NP?
* Why haven’t observed any violation of accidental symmetries

yet?
Ayv
[ Generic Flavor Structure I NMFV Pierini’s EPS talk
107 Re(Ck) Re(Cp) Ce,
Im(C) Im(Co) Cs,
10°
3
2 10°
10’
Apw
10-1
¢ & & & G

no breaking of the U(2)™ flavour symmetry at low energies
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What’s the problem for BSM?

Higgs physics
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What’s the problem for BSM?

SU((2)L
“( RSN Higgs physics

How to satisfy all
the constraints
at the same time?
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Effective Field Theories for BSM



The EFT approach
® Since we haven’t observed any clear sign of NP yet at low energies, we can
work in an EFT context

= Agnostic of the nature of new physics, describe more than one UV model with the
same operators

= Try to derive model-independent bounds
® We use the SMEFT
= Build all possible operators with SM fields and respecting SM symmetries

® The remnant of high-energy new physics is contained in the Wilson
Coefficients

= With flavour, we have a lot of free degrees of freedom

= We need a criterium to infer their magnitude
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The U(2)" symmetry for BSM

gL ~ (1,1) l3p ~ (1,1)
Unbroken U (2)®
@3rl'qzr v

00 '
Yu =Yt ( )
01 BLI'Q X
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The U(2)" symmetry for BSM

gL ~ (1,1) l3p ~ (1,1)
QL =(QL,Q%) ~ (2,1) Ly =1, 01) ~(1,2)
VqN(271) ‘/@N(LZ)

Unbroken U (2)®
@3rl'qsp v

00 '
Yu =Yt ( )
01 BLI'Q X

Soft symmetry breaking

AV, Brlqsr v
Yu=ut 0 1 #

grl(VeQ) v
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Which operators?

1 _ s i
Lo = —p(%L%UGQ:))L)(E?)LW“U“&L) — ALS((]3L'Y;LQ3L)(£3L'7M£3L)
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Which operators?

1 _ s i
Lo = _p(Q3L'YuUGQ3L)(£3L'7MUa£3L) — ALS((]3L’Y;LQ3L)(£3L'7M£3L)

|

SU(2) triplet SU(2) singlet
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Which operators?

1 ~ a 0 a c — 0
Lo = —p(q?,L%U q3r)(l3Ly! o) — ﬁ(Q3LVMQ3L)(£3L7M£3L)

SU(2) triplet SU(2) singlet

¢ | eft-handed fields only

= Only ones contributing to di-neutrino modes without considering right-handed v
© @31 = g%+ 0,6V - Qp
J
b V u i V-’fu S * *
qr, = ( i3 L> QL—< ]ZiL Vo = Vi, Vi)

= 04 and ¢, are small mixing angles
q3L

Iy q7
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(@30.7u9310) (G ls1,)

CKM or 6, 0q

(CLyubr)(Pry¥7e) (SLyubr) (Fry*vr)

two insertion of 6,

(gL'YudL)(ET'YMVT)
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(@30.7u9310) (G ls1,)

CKM or 0, 04
(CLyubr) (rH7r) (SLbr) (FryHvr)
two insertion of 6,
(SLyudr) (Fry"vr)

Correlations among all these modes
is essential to prove NP scenarios
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Observables: R

B(B — D" )
B(B — D™iv)

u \ T 63% CL Fonfours RD () =

¢ Test of Lepton Flavour Universality
between the 3rd and light lepton

families
02 v s R0z e ; ; ;
AR 5% gt ] ® Ratios allow cancelling hadronic
1 1 1 1 . . .
02 03 04 % o) uncertainties and experimental

uncertainties

Ry 1 1
ARp = RgM —1| ®2Ro(1 —Ogcos¢q)  Ro= A g,
D)
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Hadronic Tagging

B(BT — KTvi) =

Inclusive Tagging

B(BT — KTwvi) =

Combined

B(BT — KTwvi) =

Observables: B — KTvu

(L1555%63) x 107°

(2.740.5+0.5) x 107°

(2.74£0.5707%) x 107°

[2311.14647]

SM  Average
e Belle TT (362 17, combined)
4o Belle 11 (362 1, hadronic)
— Belle I1 (362 7] inclusive
L1 VH Ie \‘\“hv‘v \‘ inclusive)
| o1 Belle (711 !, semileptonic)

!, hadronic)
1

BABAR (418 (", semileptonic)

0

2 4 6 8 10

10° x Br(BT—K " vi)

3.5 0 evidence wrt background only
2.7 o tension wrt SM
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Observables: B — KTvu

® From the theory point of view, the B™ — K vz mode is very clean
® No charm pollution
® Pollution from B — 7(— Kv)w, but removable experimentally

® \ery precise, already hitting the wall with precision

B(B— K®Wup)
B(B — K(*)VE)SM B

2 1 ‘ ﬁsiARD<*)

241 = g (1 _
3 + 3 20X (1 — 6, cos¢>q)9qe (1= cis)

2]
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Observables: B — KTvu

® From the theory point of view, the B™ — K vz mode is very clean
® No charm pollution
® Pollution from B — 7(— Kv)w, but removable experimentally

® \ery precise, already hitting the wall with precision

B(B— K®Wup)
B(B — K(*)VE)SM a

Direct connection with b — c7
B,e'®(1 — c13)

/2]

distinguishes among UV models

2 1 ‘ ﬁsiARD(*)

3 + 31 2aX:(1— 0, cosby)
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B(Kt — mvp)

Kaon decays

2 1

B(K"" — 71""'1/17)51\/[

B(K, — 7°vp)
B(KL — 7TOZ/I7)SM

3

3

AR 02(1 — c13)

2(a/m)CEMET (1 — 0, cos ¢g)

sd,T

AR 02(1 — c13)

3

2(oe/m)(Xe/57%) (1 — bq cos ¢q)

e Same proportionality to AR ., asin B — Kvv

e Same CKM structure as

in the SM

® We have a large interference also for the K1 — n°v decay
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The BSM reach of Kaon decays

10°F NA62(2023)

0 5 10 15 20 25 30 35
10"B(K* — n*vi)
e Currently, the NA62 limits are not enough to ping down a specific parametric
window
e KOTO-II sensitivity at 25% of the measured branching fraction

® Hypothesis: B(Kr, — m000)exp = 1.3B(K 1, — n9vd)gm

® NA62 projection at 15% with current B measured central value
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The BSM reach of Kaon decays

KOTO KOTO
10%} NA62(2023) 10° 1 NA62(2023)
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= =
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B/Bsm

The BSM reach of Kaon decays

NA62(2023)

Blue lines: K™ — ntvw, red lines: K, — 7n%v
AR+ fixed to its central value

filled: ci3 = 0¢q =0, dashed c13 =2¢q =7

“Model” allows for large modifications, NA62 and KOTO-II updates are

essential to constrain the parameter space
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B/Bsw

The BSM reach of Kaon decays

B/Bsm

NA62(2023)

Blue lines: K™ — ntvw, red lines: K, — 7n%v
AR+ fixed to its central value
filled: ci3 = 0¢q =0, dashed c13 =2¢q =7

“Model” allows for large modifications, NA62 and KOTO-II updates are
essential to constrain the parameter space 1928



Correlation with B-physics
If In this setup, the relative shift to fit Rp and Rp- is the same

Ry
ARy = RgM - 1] =0.133 £0.036
D(*)
50
Rpo@lo
e Filled lines: K+ — ntvi, Dashed
40 lines: K1, — 7°vip
w0 ® |n all scenarios ci3 =0¢q =0
_@
E ® Blue: 6, = 0.6, red 0, = —1, green
el 0, = 0.3
NA62(2023)
10+
ol N
0.0 0.1 0.2 0.3
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Correlation with B-physics
If In this setup, the relative shift to fit Rp and Rp- is the same

ARpe = | Zpe)

o~ 1] =0.133+0.036
D)

50
Rpw@lo
e Filled lines: K+ — ntvi, Dashed
aof lines: K1, — 7°vip
ol ¢ In all scenarios ci13 =0¢q =0
:@
E] ® Blue: 6, = 0.6, red 0, = —1, green
20¢ 0, =0.3
?1A62(2023)
10[NA62023)pr0) KOTO-Il is essential to select the
iy — parameter space
ol R N
0.0 0.1 0.2 0.3
ARp
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Fit to di-neutrino modes

8t NA62(2023)
6L
T 4t
N
K
&
)
fa 21 Bellen &
A =
2 0 M
2L
4L
0 5 10 15

10" B(K* — n*vi)
¢ Fit assuming the current central value for AR (., and c13 = 0.5

= Excellent fit quality

® We predict
B(Kp — n’vp) = (6.7+1.8) x 10~

testable at 20 at KOTO-II
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Fit to di-neutrino modes
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Explicit BSM examples



Which NP particle?
1) Colourless Mediators
e W' + Z': tension with high-pr searches with 7,71, or b by, final states

[Greljo,Isidori,Marzocca, 15]

e Solutions with right-handed neutrino are motivated and help to ease the
tension with b — crv data but they are most likely to be excluded from high-pr

[Greljo, Camalich,Ruiz-Alvarez, 18]

2) Leptoquark Mediators

Model | Ry | Bpor || Bicior & Rpo
Si X* v X* _
R, x| v X 1 (:j’ 1,1/3)
7 X X X S3 ~(3,3,1/3)
Sy v X X Up ~ (37 1, 2/3)
U, v v v
Us v X X

[Angelescu, Becirevi¢, Faroughy , Sumensari, '18]
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Flavour Non-Universal New Physics

Energy

Aq

Az

As

AEW

Energy

-+ O(TeV)

AEW

Dvali, Shifman, '00
Panico, Pomarol, '16
MB, Cornella, Fuentes-Martin, Isidori "17
Allwicher, Isidori, Thomsen '20
Barbieri, Cornella, Isidori, '21
Davighi, Isidori 21

U(2)™ limit
G12 x G3 <

NP coupled
to 3rd gen only

broken U (2)™
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The Pati-Salam Leptoquark

G; =SU(4)" x SU(2)%, x SU(2)%
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The Pati-Salam Leptoquark

G; =SU(4)" x SU(2)%, x SU(2)%

l

G2 X Gg3 = SM + Uy +Zl
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The Pati-Salam Leptoquark

G; =SU(4)" x SU(2)%, x SU(2)%

Gio X G3 = SM + ||

Large couplings to third generation

+other (heavy) states that depend on the details of the model in the UV
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Phenomenology

e The Z’' mediates neutral meson mixing at tree-level
= Suppressed parametrically
e The U; LQ has tree level matching c13 = 1, no tree-level contribution to
s — dvv

® However, there are loop contributions

[O. Cgousas. G. Isidori, J. Lizana, N. Selimovi¢, B. Stefanek, '22]

N
&

@

s

AC; ~ Vi Viya

N
o

® The loop doesn’t preserve the U(2)
CKM structure

® The contribution to Ky, — wvi is
negligible " -
D

o

o
o

BK* > nv9) | BK® > 1 W)sy
b

o
>



The scalar leptoquarks S; + Ss3

® Scalar leptoquarks don’t require a UV completion

® They both contribute at tree-level to s — dvw transitions such as

Cl3|33 - 5

Cl3|31 = 5

® Sweet spot to connectto Bt — KTvi

act
¢

R(D)

R(D")

Bty

PD")

FuD) g
ogfy.

Doty ogf
ogh
ogh

Toub oghy

noey gl
ey Re(Ch)
Topy Im(Ch
>3 Re(Ch)
I8ulgel® Im(C})
Ige/sel* €3
lg</gul® €4

~40 <20 SM 20 4o 4o -2 SM 20 4
[V. Gherardi, D. Marzocca, E. Venturini, '20]
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Conclusions

® Flavour physics has exciting prospects in the search for New Physics

® Understanding the origin of the Flavour Puzzle might hint at what structure new
physics couplings have

® Correlations among different observables are crucial to studying the viability of
classes of models

= Di-neutrino modes are one of the golden modes where to look for new physics
signals

= The complementarity between measurements BT — K+viy, K+ — ntv and
K — w%v are essential to ping down specific scenarios
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Flavour Non-Universal New Physics

Energy

Aq

As

A EW

Dvali, Shifman, '00
Panico, Pomarol, '16
MB, Cornella, Fuentes-Martin, Isidori "17
Allwicher, Isidori, Thomsen 20
Barbieri, Cornella, Isidori, "21
Davighi, Isidori 21

Basic idea:

® 1stand 2nd have small masses and small
couplings to NP because they are generated
by dynamics at a heavier scale

® 3rd generation is linked to dynamics at lower
scales and has stronger couplings

Flavour deconstruction:

fermion families interact with different gauge
groups and flavour hierarchies emerge as
accidental symmetries

n
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