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» Introduction

We recently celebrated the 10" anniversary of the Higgs-boson
discovery (or the completion of the SM spectrum).
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» [ntroduction
We recently celebrated the 10" anniversary of the Higgs-boson
discovery (or the completion of the SM spectrum). A
Energy
However, as for any QFT, we believe the SM 1s only an Effective
Field Theory, i.e. the low energy limit of a more complete theory
with more degrees of freedom
_ SM (EFT) ]
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» Introduction

There are several reasons ‘ l
why we think the SM must UV Theory A
Energy

be extended at high energies:

[ SM (EFT) ]

Electroweak hierarchy
problem

Flavor puzzle
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» Introduction

There are several reasons
why we think the SM must
be extended at high energies:

problem due to... ...indicating
Electroweak hlerarchy — [nstability of the - Ve
\_R_T_Q_l?_l_??}} _____________________________ i Higgs mass term non-trivial properties
of the SM Lagrangian
[ Flavor puzzle ] o if interpreted as EFT
U(1) charges | — Ad hoc tuning in the
-------------- model parameters
Neutrino masses - ‘
Dark-matter — Cosmological Useful hints for its
Dark-energy implementation UV _completion
Inflation of the SM
Quantum gravity — General problem

of any QFT
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[ The two flavor puzzles J
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

[. The observed pattern of SM Yukawa couplings does
not look accidental [SM flavor puzzie]

— Is there a deeper explanation for this peculiar
structures?

Historical note: this year is a special anniversary year for flavor physics:
® '60 anniversary of the Cabibbo paper (1963)
®» '50 anmiversary of the Kobayashi-Maskawa paper (1973)
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

I. The observed pattern of SM Yukawa couplings does
not look accidental:

unitarity violation of the
-~ 2x2 (light) block below 10-!

1% ~
CEM N.B.: Despite the very good knowledge we
have nowadays about the CKM matrix, we
are not able to detect the presence of the 3"
family by looking only at the 2x2 block
(as one naively would have expected...)
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

FERMIONS
. First Second Third‘
I. The observed pattem of SM Yukawa Couphngs does Generation Generation Generation
not look accidental: Top aark
10°
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» The two flavor puzzles

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

I. The observed pattern of SM Yukawa couplings does
not look accidental:

U@,
R
( 0.01 ;0.003\ 4—U(2)
<0, : M.
YU N 004 q O Yy UrH
\ L)

What we observe in the Yukawa couplings
1s an approximate U(2)" symmetry acting on
the light families
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» The two flavor puzzles

CERN — 29" March 2023

Even forgetting current anomalies, there are two (long-standing) open 1ssues in
flavor physics:

L.

II.

The observed pattern of SM Yukawa couplings does
not look accidental

— Is there a deeper explanation for this peculiar
structures?

If the SM 1s only an effective theory, valid below an
ultraviolet cut-off , why we do not see any deviation
from the SM predictions in the (suppressed) flavor
changing processes? What constraints these
observations imply on physics beyond the SM?

— Which i1s the flavor structure of physics beyond
the SM?

[SM flavor puzzie]

[NP flavor puzzie]
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» The two flavor puzzles

%M-EFT "? T "? T 2 17 O'dzs
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Interactions surviving (@ large distances

(operators with d < 4)
/
Long-range forces
DIFERE S pririsles Local contact interactions
§ . ( operators with d > 4)
ground state (Higgs)

“Remnant” of the heavy
dynamics at low energies
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» The two flavor puzzles

o = Lo T 4 + oz L o

SM-EFT gauge Higgs i A_d-4 i
1

vl X

Large flavor symmetry Flavor-degeneracy broken
by the Yukawa interaction

Three 1dentical replica of
the basic fermion family

5
[U(3)° symmetry] I “Peculiar” breaking structure '
| |

}

‘ Exact & approximate (accidental ?7) symmetries '

o U(1). xU(1 )LHXU( 1 )LlLl = (individual) Lepton Flavor [exact symmetry]

Yij v 'y H — m, v R

o m,~my~0 — [sospin symmetry [approximate symmetry]
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~ Accidental symmetries in QFT [a brief detour]

Z, = 7 + 7

SM-EFT gauge Higgs

(long-distance interactions)

“Accidental symmetries” are symmetries
which are not fundamental properties of the
theory, but emerge accidentally at low
energies / large distances — not enough
“variables” to describe the violation of the
symmetry [ ~ multipole expansion |

[d]

C.
1 d=5
dzi Ad-4 Oi

(local contact interact.)

Energy

enhanced
symmetry
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~ Accidental symmetries in QFT [a brief detour]

[d]

C.
— iy d=5
%M-EFT c'?gauge T %iggs T (%1 Ad-4 Oi A
(long-distance interactions)  (local contact interact.) Energy
.

~
~
~
~
~
~
’Q
~

“Accidental symmetries” are symmetries : .
which are not fundamental properties of the A
theory, but emerge accidentally at low ;
energies / large distances — not enough

“variables” to describe the violation of the

symmetry [ ~ multipole expansion | enhanced

symmetry

v

If a symmetry arises accidentally in
the low-energy theory, we expect it
to be violated by higher dim. ops

Violations of
accidental symmetries

How to explain CP violation in the SM, and the history of the KM
mechanism, are a wonderful illustration of this effect
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~ Accidental symmetries in QFT [a brief detour]

[d]

C.
S a s® — 71 dZS
C’%_M?EFT c'?igauge T C’Z{iggs T (% A& Oi A
[SM-2]-EFT ’ _
(long-distance interactions)  (local contact interact.) Energy
.

Back in 1973: SM with 2 generations, as T T
“reference model” — CP violation is an 5 A
accidental symmetry [KM, '73]

But CP violation 1s observed in K e (5T d)2
mixing [— remnant of “heavy NP”] Acp? N
4+ enhance
Acp ~ 104 TeV 4 L symmetry
v

“Super-weak” interaction
[L. Wolfenstein, '64]
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%}\;{;Eﬁf - %auge %iggs
[SM-2]-EFT

(long-distance interactions)

Back in 1973: SM with 2 generations, as
“reference model” — CP violation is an
accidental symmetry [KM, '73]

But CP violation is observed in K
mixing [— remnant of “heavy NP”]

Ellis, Gaillard,
Nanopulos, '76
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~ Accidental symmetries in QFT [a brief detour]

[d]

¥ ¢ ()45
di ATt A
(local contact interact.) Energy
; .
T A
\/
10  _
€ (5T d)?
A
C})____ + enhanced
_____________ = symmetry

Key message: beware of seemingly
high scales in EFT approaches:
they can be a “mirage”...
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» The two flavor puzzles

[d]

Feer = L A L+ T Q8

SM-EFT gauge Higgs di Ad-4 i

In principle, we could expect many violations of the accidental symmetries from
the heavy dynamics (— new flavor violating effects). However, beside some
anomalies in B-physics, we observe none.

‘ The NP Flavor puzzle '

Stringent bounds on the scale of possible new
flavor non-universal interactions:

A [TeV]
100

105
104
10° ¢
107 ¢
10
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» The two flavor puzzles

[d]

D= L+ Zo 4 %00

SM-EFT gauge Higgs di Ad-4

In principle, we could expect many violations of the accidental symmetries from
the heavy dynamics (— new flavor violating effects). However, beside some
anomalies in B-physics, we observe none.

\ ‘ The NP Flavor puzzle '
Stringent bounds on the scale of possible new

flavor non-universal interactions:

A [TeV]
100

105
104
10° ¢
107 ¢
10

Remember that these high scales can
be a “mirage”...

Only unambiguous message:

no large breaking of the approximate
U(2)" flavor symmetry
at near-by energy scales
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» The two flavor puzzles

[d]

T = L+ Z 4 ¥ 00

SM-EFT gauge Higgs di Ad-4

/

Flavor-degeneracy: Yukawa couplings:
U(3)° symmetry UQ3)5 — (~) U2)n

peculiar breaking of
the flavor symm.

/ Stringent bounds
on generic
flavor-violating ops.

!

approx. U(2)" holds
also beyond the SM

The big questions in flavor physics:

e Can we find an explanation for the Yukawa hierarchies?

o If the (residual) flavor symmetries are accidental symmetries, at which
scale are they broken? Can be there multiple scales behind the origin of
flavor?
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Flavor non-universal interactions

Energy A

A T » VY
Vi, &y,

A2 N . > \V2
Y, &y,

A3,H T e » V3

Vs
AEW i SM EFT
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» Flavor non-universal interactions

For a long time, the vast majority of model-building attempts to extend the SM
was based on the following two (implicit) hypotheses:

> Concentrate on the Higgs hierarchy problem ——
= The “MFV paradigm”:

» “Postpone” the flavor problem

“Protect” the Higgs sector with (TeV-scale) flavor-universal NP
(supersymmetry or Higgs compositness),
deferring the solution of the flavor problem to higher scales

This was a very motivated possibility in the pre-LHC era...

...but 1t has become a less compelling option
after run-I and run-II results
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Universal

Overview of CMS EXO results

cMs p y NP 16-140 fb~! (13 Tew)
String resonance " 137!
Zyresanance ” [N 2T 36 fb~!
Wy resonance o 137 !
Higgs y resonance ” oS 180801257 (4 + 1y 360!
Color Octect Scalar, k2 =172 o I e s Ay 10110397 (21 137 !
Scalar Diquark o 191103947 {2j} 137!
tH+ ¢, pseudoscalar (scalarh, gZ, wBRig-201 > =0.03(0.004F o 191104963 (34, =4f) 137 !
Hh+ ¢, pseudoscalar|scalar), g2 x BRIg=2) > =0.03{0.04) M 101104068 (31, 248} 137!
quark compositeness 1), fure =1 Ko 210302708 (21} 140 -1
quark compositeness 1), fuss = — 1 i 210302708 (21} 140 b1
Excited Lepton Contact Interaction 'l 200104521 {2e +2j} 77 fo1
Excited Lepton Contact Interaction ] O s 200 a2 e 2 77 bt
vector mediator (). go =025, gou=1.m,; =1 GeV' M I eEsE0T 191103761 (= 3j) I 18 fb-!
vector mediator {ff).g,= 01 goy=1g,=0.0Lm,>1 TeV o 140 b1
{axialbvector mediator (gql. gq =025, gow =Lm,=1 GeV ') 137 !
{axialdvector medistor (xy]. gy = 025, gon = LM, = 1 GeV " 210713021 { = 1j + p2*=) 101 -1
{axiallvector mediztor (11 g, = 01 goy=1.gr=D.Lm, > m 2 I 210302708 {2e, 2} 140 b1
scalar mediator {(+t#H). g, = L.gou= 1M, =1 GeV. o 190101553(0, U + =2j+p™} 36 fb-1
scalar mediator {fermion portal), A, =1.m, =1 GeV o 2107130211 = 1j+ p7~) 101 fb’]
pseudoscalar mediator {4V}, o = 1. g W 210713021 ( 2 1j+ p3=} 101 fo-!
[pseudoscalsr medistor (+44), 9, =1 g =1.m, " 1301015530, 1f + =2j+pg™} 36 fb-!
compiex sc. med. {dark QCD), mMn, =5 GeV, cTx. =25 mm o 1810100604} 16 fb 1
7 medistor {dark QCD), m,,, =20 G2V, r,, =0.3, a,,, =2 » 2L1211125(2j+ p7=) 138 fo~!
Baryonic 7', 0, =025, o =1,m, =1 GeV o 190801713 (h 471 36 fb’l
Z - 2HDM, gr =0.8. gow tang =1 m, = 100 GeV 'l 190801713 (h +p7"™} 36 fb!
Leptoguark medistor, f= 1. B=01, . e =01, 800 <My < 1500 GV " I 03-06  1B1110151(1p+ L +pf) 77 fo~t
RI stop to 4 quarks L] OSSO 1803 03124 (2] &) 36 fb~!
RPV squark to 4 quarks ] a0 1806.01058 12j) 3!
RPV gluina to 4 quarks. L 1806.0L058 (2j} 38 fb’l
RPV gluinas to 3 quarks. o 181010092 (6] 36!
ADD {j} HIZ. 5o =3 o 1803 08030 (2]} 36 fb~!
ADD {yy. 0t} HIZ, neo = 3 " b 10003 2y, 20 36!
ADD G EMISSion, fen 3 2107130211 21j+ ™) 101 b1
ADD QBH (jiL. nc =6 o 1803 030 (2j) 36 fb~!
ADD QBH el meo =4 » 220506700 {ep 137 b1
ADD QBH (£T), nea =4 " 220506709 [e} 137 fo-!
ADD 08H (uT). oo = 4 " 220506708 () 137 !
RS Grcl), ki = 01 » 210302708 (24) I 140 b1
RS Gyl ki = 01 o 1809.00327 {24} 36 fb~!
RS Guxlaq, ggh, kM =0 1 " a2 | 11103047 12i) 137 !
S GBH [jh A =1 » 1803.08030(2]) 36 fb1
non-rotating BH, Mo = 4 TeV, fien = 6 W B05 06013 [ 2 7L, y)) 36 fb~1
3brane WED Gerld +9-» 9991, Gorm =6, G =3, £=05, mighmigen =01 pigy) A 22010214042 137!
SplitUED, p 22 TeV. ® =2 220206073 (24 py) 137 fo~!
excited light quark {qgl, A=m, " NS EGE 191103947 {2} 137 i1
excited electron, ; " e as s 181103052 [y + 2e) £
excitedmuon, ;= f=f'= 1, [ e 1811 03052 by + 2ud I 36 fb~!
VMEM, [V P =10, [Viw[*=1.0 P ! | 0001-143 180202965 1806.10805 131(p, &) =1j+ 2w &)} 36 fb~!
TMSM, |V.‘IG,,\’F(|V.‘\’ + [Vl =10 L i i 002-16 180610905 (21j+p+ 36 fb’l
j‘ Frpe-lll seesaw heavy fermions, Flavor-demacratic Il i 01-098 220208676 (31, =44, 1T+34 27+ 21, 34 1, It 424,27 + 1} 137 !
Vector ke taus, Doublet ” [ D1-1045 220208676131, =40, 17430274 2, 3v+ 1, 1T 4 20,274 1] 137 b1
Vector like taus, Singlet o 0125-0.15 220208676 (38, =44, 1743427+ 2,374 1, Iv+ 24,27+ 1) I 137 !
scalar LQ |pair prod }, coupling to 1* gen. fermions, §=1 " b b <144 181101197 {2e +2j) 36 fb-!
scalar LQ {pair prod ). coupling to 1* gen. fermions, » i L <127 181101137 (2e + 2jie + 2j +p7™) 36 b1
scalar LQ |pair prod J, coupling to 2" gen. fermions, " i i <153 L80BOS082 {2p+ 2} 36 fb-!
i scalar LQ {pair prod.}, coupling to 27 gen. fermions, W 08-15 181110151 (1p+ 1 +py™) 77 fb-l
scalar LQ) (pair prod J, coupling to 2** gen. fermions, o i | <120 1B0BOSOE2 2+ 2 p 42 +pP) 36 fb~!
i scalar LQ |pair prod }, coupling to 3 gen, fermions, §=1 " i 126 CMS-PAS-EXO-19-016 {21 +2i] 137 -1
scalar L {single prod). coupiing to 1* gen. fermions, § » 1-16 2107.13021{z1j 101 !
scalar LQ {single prod), coupiing to 3% gen. fermions, W i <075 CMS-PAS-EXC-19-D16 {27 +b) 137 fo~!
Zo. narmow resonance o 191204776 (230} 137 !
Zo, namow resonance » 191204776 {2} 137 -1
SEM Z8 » 210302708 {2e, 2t 140 -1
SSM Z'lqa) ] s 191103947 2j) 137 !
Ziad) W 190519033141, 1y} 36 fb~!
Superstring Z, " O 2103.02708 (2e, 2u 140~
LFVZ, BRleul = 10% " O 025 220505708 (e 137 ib-!
FVZ, BRler] = 10% " e =] 220506708 (e} 137 !
LV Z. BRlutl = 10% o e 220506708 {ux 1371
Leptophabic 2 " P s | 100804114271 78 b1
SSMWt) " O AT 2202 06075 i + 137!
B ” 0] CMS-PAS-EXO-21-009 (v + S 137 ib-!
SEM Wiagl [ D e L3 2l 137 7!
LRSM Waltsal. M, = B.5Mu, » 211203948 {2p+ 241 36 fb~!
LRSM WaleMa), My, = 0.5Mw, [l 211203949 (2@ +2j} 36 fb-!
LRSM Wil TN}, My, =058y, M 181100806 (27 + 2jt 36 fb-!
Axighion, Coloron, cot =1 » ummmrulJ 137 -1
. . 1
0.1 10 0
ICHEP 2022

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included).
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NP NP 16-140 fb~! (13 Tev)
String resonance o 137!
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th+ ¢, poeudoscalar [scalar), g7, x BRIg-21) > =0.03{0.04) » 0108-0.34 191104968 (31, =41} 137!
. quark compositeness (1), numn =1 e l I <24 08 (21) 140 fbo~!
g quark compositeness l4), usa = 1 Ko 360 2103 02708 (20) 140 b1
E Excited Lepton Contact Interaction » 0255060 2001 04521 (28 + 77 fo1
£ Excited Lepton Contact Interaction o 0257 5212+ 3§ 77 fb-!
vector mediator (qq). go =025, gou =1.m, =1 GeV N 035=07 1911 :1751';]: I 18 fb-!
vector medistor (1.9, = 0.1, g = 1oy =0.0L m, >1 TeV I 02210937 210302708 2e, 20 140 b1
tasial hvector mediator (qg). go =025, gow = Lm, =1 GeV o G528 191103947 (2j) 137 -1
{axialjvector mediator (xr]. ga = 025, gon =1 m, = 1 GeV o =185 | 210713021 = 1j+ pi™=) 101 -1
asiall-vector mediator (11,9, = 0.1 goy= Lgy= 0.1 m, >m,, 2 I 0Z=41647] 210302708 {2e, 29 140 b1
5 scalar mediator |+, 5, = L gou= Lm, =1 GeV » <029 190101553 (0, U + =2j 4 py*™) 36 fb-1
£ ‘scalar mediator {fermion portal), A, =1,m, =1 GeV o I SL57 210713021121+ py=) l 101 b1
: pseudoscalar mediator {4V}, gq = L. 2107130211 = 1j+ p3=} 101 fo-!
a pseudoscalar medistor (+41], g, I <03 1501 1t + = 2j+p7™) 36 fb-!
complex sc_med. [dark QCD), m, — <154 16 b1
7 mediator {dark QCD), m,,,, = 20 GV, 1, =0.3, a,,, =aimr I 15-511 2112111252+ 138 7!
Baryonic 7', g, =025, go =1, m, = 1 GeV o <16 1713 (h +p5=) 36 fb~1
T - 2HDM. gr =0.8. gon = L 1anB = 1. m, = 100 GeV o 05231 190E01T134h +p7™) 36 fb1
Leptoquark medistor, B= 1, 8=0 1. & o =0.1, 800 < Mo < 1500 GeV ” 03-06 | 181110151 (1p+ 4j+py™~) 77 fo-!
RPV stap to 4 quarks W 008-0.52 36 fb~!
RPV squark to 4 quarks » 38 fb-!
H RPV gluing to 4 quarks " 3g bl
RPV gluings to 3 quarks W 36!
ADD {j} HLZ, e = o 36 fb~!
ADD {yy, Y HIZ, e = 3 ” 36 fb~!
ADD G EMISSion, fen = 2 I 101 b1
ADD QBH (. e o 36 fb~!
ADD QBH e, fen = » 137 b1
; ADD QBH {£T), neey " 137 fo-!
! ADD OBH i), fea =4 W 137!
£ RS Gucltt), kM= 01 » l 140 o1
E FS. Gyl kM = 01 W I 36 fb~1
¥ RS Guclad, gl k=0 1 ” BE=360 191103947 (2j) 137 1
RS GBH [j} =1 » 36 b1
non rotating BH, My = 4 Tell g = 6 " ) 36 fb~!
3brane WED gorld + 9 001, Garns =5, G =3, £=0.5, mIgHMigerl =01 ig 137!
Spiit-UED, p 22 Tell " 137 fo~!
. excited light quark {qg), A=m, ” DSS6EN 191103947 2} 1371
%i excited electron, f; = f A=m] W 36 fb~!
E excited muon, f; = f=F'= 1 A=m, » l I 36 fb-!
WS, [V [ = 10, [Vial? =18 » 001-143  LB0202965; 180 Bip,ek = 1j+ 2(u o) 36 fb~!
. VMSM, [V Vo P Ve [+ [Vl = 10 » 002-16 18 {=1j+p+el 36 fb~1
g5 pe-ll seesaw heavy fermions, Flavor-demacratic " dmldi, 22020867638, 241, 1T+34 27+ 20, 31+ I, I+ 24,21+ 11} =L
45 Vector like taus, Doublet W D1-104gl 220208676132, =4k 11430274 2, 3r+ 1, v+ 20,27 +
Vector like taus, Singlet I 125-0.15 (30, 241,17 +34 27+ 2,37+ I, Ir+ 20,21+ 1)
scalar L (pair prod }, coupling to 1* gen. fermions, I <144 181101197 (2 +2j)
scalar LQ (pair prod . coupling to 1* gen. fermions, Il <127 181101137 (2e +2jie + 2j+py™)
N ‘scalar LQ (pair prod J, coupling to ' gen. fermicns, = 1 » <153 180805082 {2+ 2j)
H ‘scalar LQ (pair prod J, coupling to 2! gen. fermicns, = 1 ” 08-15  1E1110151{1p+ 1+
scalar LG Ipair prod J, coupling to ' gen. fermions, §= 05 " 18 2 (204 Hipe + 2 +pF) . . .
g ‘scalar L (pair prod J, coupling to 3 gen. fermions, 8= 1 M PAS-EXO-19-016 (21 +2j)
scalar L (single prod). coupling to 1* gen. fermions, 8 =0, A=1 a 116 2107.13021( = 1j+ py™} e lggs ls 1 e
scalar L (single prod), coupiing to 3" gen. fermions, B=1,4=1 [ W PAS-EXO-19-016 {2v +b)
Zo, nanmow resonance o 00115-0.075 131204776 (2p) 0
Zo, namow rescnance » 011-02 191204776 (2} 1 O eVe
SSM 2} ” 02-5.1] O
SSM Z'194) ” 05228 191103947 2])
Zigdl » 001-0.125 0331 (1], 1y}
Superstring Z,, o
; LV Z, BRley) = 10% ” I I 137 -1
= LFV Z. BRlet) = 10% ” BESAFN 220506708 (e} 137 fo~!
& LFV Z. BRiut) = 10% I WA 220506708 (e 137 fo~!
3 Leptophabic 2 » 005-0.45 78 fb~1
i SSM W) [ OSSN 2202 06075 1L +p 13761
z SSM (v} » I 137 fbo~!
S5M Wigqh » 05-36 137 fbo~!
LRSM Waluhia}. M, = 0.5Msn, " 250 211203948 2+ 351 36 fb!
LRSM WaleNs), My, = 0,50, M =87 211203049 (28 +2j) 36 fb~1
LRS M Wil Thx), My, =0. 58y, o 3050 181100806 {2 + 2§t 36 fb~1
Axighion, Coloron, catf =1 » l G566 191103947 137 fbo~!
A
o
ICHEP 2022

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included).

mass scale [TeV]
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» Flavor non-universal interactions

For a long time, the vast majority of model-building attempts to extend the SM
was based on the following two (implicit) hypotheses:

Energy K lavo.r e Concentrate on the
dynamics ) :
Higgs hierarchy problem
AV > Y [3x3] e Postpone the flavor problem
; to higher scales
. BSM “flavor-blind” Il
' dynamics
3 gen. = “identical copies”
A Stabilization up to high energies
H T 7 > of Higgs
sector
¥ Less compelling after the LHC results:
AEW SM EFT b 8

No clear sign of NP from direct searchies
strong bounds on NP coupled universally to all families

worsening of the Higgs hierarchy problem
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» Flavor non-universal interactions

New paradigm to address both the Higgs hierarchy problem and the flavor puzzle:
multi-scale UV completion with flavor non-universal interactions

Dvali & Shifman '00
Panico & Pomarol '16

Energy *

Bordone et al. '17

Allwicher, GI, Thomsen '20
Al 1T » Vi mass Barbier1 21

Davighi & G.I. 23

Vi & Vs Main idea:
N, A e > : : :
2 V2 mass e Flavor non-universal interactions already
at the TeV scale:
v, & s
e 1% & 2™ gen. have small masses because
A3,H T \I' """ » V3 mass they are coupled to NP at heavier scales
3
Aew L SMEFT \

-
-

¥ gerr <-lidentical-eepits
_..--up tohigh enérgies..___
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» Flavor non-universal interactions

CERN — 29" March 2023

New paradigm to address both the Higgs hierarchy problem and the flavor puzzle:

multi-scale UV completion with flavor non-universal interactions

Energy A +
A, T - » Y -
1 few | NP coupled mainly to y,
Vi, & Wy TeV Y, ~massless [U(2)" symm.]
A2 B \VZ '
Wy & V3 - u(Q),
T > v |
3,H 3 A ]
Vs P EW * /
AF <102 | <0.1
EW &= SMEFT -~

“UVimprint”inthe y
Yukawa coupl. v

\

)

)

Effective organizing principle for the flavor structure of the SMEFT

Barbieri et al. '11
GI & Straub '12

< UQ),
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» Flavor non-universal interactions

New paradigm to address both the Higgs hierarchy problem and the flavor puzzle:
multi-scale UV completion with flavor non-universal interactions

Energy A A renewed phenomenological interest in this
type of approach has been triggered by the B-
U — RS physics anomalies (hinting to violations of
. lepton flavor universality, mainly in 3" gen.)
Vi, & Wy
R > Y, But the construction has an mtrinsic, more
general, interest:
W, & Wy
A3,H 1o \|, _____ > v, v Explain the origin of the flavor hierarchies
1 ? v Allow TeV-scale NP coupled (mainly) to 3™
Apw I SM EFT gen. — Higgs sector stabilization

Allwicher, GI, Thomsen '20
Davighi & G.I. 23
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~ Flavor hierarchies from gauge non-universality [a brief detour]

To understand which are the viable options for TeV-scale dynamics,
we recently analysed all the extensions of the SM gauge group

compatible with the following three general assumptions: o
Davighi & G.I. 23

e Obtain the U(2)" flavor symmetry as accidental symmetry of the (non-
universal) gauge sector

e Elementary Higgs up to (at least) the TeV scale — New states should
preserve Higgs-mass stability — NP coupled to 3™ generation should
occur at the TeV scale

e Explain charge-quantization — Semi-simple embedding in the UV
[1.e. no U(1) groups in the UV]
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. U(2)" flavor symmetry as accidental symmetry of the gauge sector.

e Classify the allowed Yukawa structures under a flavor-deconstruction
of three basic factors characterizing the SM fermions and the EW

gauge group: SU(2); xSU(2)rxU(1)g_

vy Y yg H
U PxU(1)g 2] SU(2); PIxSU(2) 2] SU2)rP*SU(2)g!

\,x”/ /:>< /
/ \ s - N ~ "/
Y~ Y~| Y~|
/A /N
- B /

\ 4

e Deconstructing any pair of the three (or all of them) leads to the
desired U(2)" flavor symmetry — four basic options
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~ Flavor hierarchies from gauge non-universality [a brief detour]

II. New states should preserve Higgs-mass stability — NP coupled to 3"
generation should occur at the TeV scale

[II. Explain charge-quantization — Semi-simple embedding in the UV

\ 4

Semi-simple embeddings of the SM have been classified
and there are very few possibilities, all featuring one .
of the possible 3 basic options: Allanach, Gripaios,

Tooby-Smith 23
e SU(4)xSU(2)xSU(2) [Pati & Salam '74]
° SU(S) [ Georgi & Glashow, '74]

° SO(IO) [Georgi "75, Fritzsch & Minkowski '75]

\ 4

Proton stability — only the Pati-Salam option 1s possible at low scales

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

SU@3).x U(l)g; < SU4) ~
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. +II. + III. : four basic options:

TeV-scale gauge group: Gy x G3 x Hio
(0 - L
i SU4)B x SU(2)B) 7 su@)iA x v, x v
2 | SU(2)g sU@B x su@)l!  {|  su)itd xsue)id x u@)i?,
g s su@) xsu@)y . Siio)=
a0 SU(4)BI xSU(2)5 xSU(2)5 | SUBII2 xSU2)! x U(1) 52 | x ()i

— ==
------------

UV completion

' | (@ higher E
Higgs & 3™ gen. fields T
charged only under these groups small impact on 6my,
d >4 ops
«— (@ TeV scale)
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. +II. + III. + general pheno bounds: two viable TeV-scale options:

TeV-scale gauge group: Gy x G3 x Hio
Gu G . .
i SU4)B x SU(2)B) 7 su@)iA x v, x v
2 | SU@) | — SN S we—i—  SUB)E x sU@)M x )2,
3| SU)— — =STH2MP =S 23— Siio)=
4 0 | su@Bxsu@) xsu@)y || $UG2xSU2)1 7 xU1) 52, xBtl) 5>
"""""""""""""""""" UV completion
Strongly disfavored by: @ higher E
° KL —> He ‘
. small impact on omy,
* RH mixing
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~ Flavor hierarchies from gauge non-universality [a brief detour]

[. +II. + III. + general pheno bounds: two viable TeV-scale options:

TeV-scale gauge group: Gy x G3 x His
S GS -------------------- H12 .....................
1| su@)y| ¢ su@Bxsu@E)k . gL v
2 [ SU@)n — Bual wSB(237 - i sU@)I2 x SU(2)) B U(1)“2]
3 12 12
= —-.SU-&Q)JL-] SU-(Q#;J- SU(2 )[ | U(1)5%]
4 0 {SU@PxsU2)} xSU(@); SU(S..}?__st( )

...........
i

’’’’’
- -
.

UV completion

‘ @ higher E

General feature:
SU(4) group acting on the 3™ family, with low-energy
breaking scale to avoid fine-tuning on the Higgs mass:

dmy>m><1 — Ay=Mylgys5 TeV Davighi & G.I.'23

Using only general naturalness arguments (on both flavor & Higgs sectors)

we are led to the hypothesis of a low-scale flavor non-universal LQ
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The B-physics anomalies

= 1'. LHCb Run 1 + 2016 ]
ﬂ [ SM from DHMV i
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» The B-physics anomalies

From 2013 results in (various) semi-leptonic B decays started to exhibit
tensions with the SM predictions. Several exclusive channels are involved, but
they are all sensitive only to the following two classes of partonic transitions:

b—clv (Charged Currents) b—s/Tl-  (Neutral Currents)

Most of the anomalies are connected to a possible breaking of
Lepton Flavor Universality = accidental symmetry of the SM Lagrangian in the

limit where we neglect the lepton Yukawa couplings
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» The B-physics anomalies

From 2013 results in (various) semi-leptonic B decays started to exhibit
tensions with the SM predictions. Several exclusive channels are involved, but
they are all sensitive only to the following two classes of partonic transitions:

b—clv (Charged Currents) b—s/Tl-  (Neutral Currents)

The anomalies can be grouped into 3 categories:

@ LFU anomaly in CC [ 1 vs. (i, €)] b—cly

@ ACq (lepton-universal) anomaly 1n
NC modes

@ LFU anomaly in NC [ p vs. €]
& BR(B, — )

b— s/
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» The B-physics anomalies

0.4 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

m Ay* = 1.0 contours
Prelim. 2023

BaBar12

@ LFU anomaly in CC
[Tvs. (i, ©)]

R(D*)

Bellel5

03 7
F(B — X 1:v) LHCb23

R(X) LHCb22
— L i
I'(B— X1v) B - Belle1s E
X: D or D>!< : Bellel7 PRD 94 (2016) 094008 World Average :
02—  $HFLAV SM Prediction HEP 1712 G017 060 R(D) =0.356 £0.029,,,, =
~ R(D) = 0.298 + 0.004 PLB 795 (2019) 386 R(D*) =0.284 £0.013 .
. - RDM=0254£0005 1o Gono) s 7t ol 2
¢ Clean SM predictions L ey
(uncertainties cancel in the ratios) - 0.%5(]))

¢ 3.00 excess over SM

¢ Compete with SM @ tree-level — low scale of NP

. I
\<
C / A%
N Y
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» The B-physics anomalies

@ ACq (lepton-universal) anomaly 1n
NC modes

Og = (87br ) (I*0)

¢ Possible contamination from SM long-
distance (charming penguins)

« All attempts to compute the effect
agree on ~ 3¢ deviation from SM

¢ Compete with SM @ loop-level

Possible explanation connected to CC
(hence 3™ family LFU violation):

N o N e
X A

—p AcgUniV

N.B.: correct

CERN — 29" March 2023
[ B — K*up angular distribution ]
h T LHCb Run 1 + 2016
ﬂ [ SM from DHMV

0.5[

—

o

GO

1
0

—osF

P [GeV?/ 4

[ B— Hpup branchmg ratios ]

o ] T
%ol LICh —I—LHCb9fb1

| X ¢ LHCb 3fb™

% 12 SM (LCSR+Lattice)
S ok ] SM(LCSR)

& I SM (Lattice)

S s

= 8 —
(N +¢ Iy w(2S) .
+ o
3 +

T -
B E
5 1 I 1 1 1 1 I 1 1 1

o 10 15

q* [GeV¥/c?]

Bobeth & Haisch '11
Crivellin et al. '18

sign & size | Alguero et al '18
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» The B-physics anomalies

@ LFU anomaly in NC [ u vs. ¢] & BR(B; — )

¢ Clean SM predictions
(LFU ratios + no long-distance in B, — pp)

¢ Highest significance till summer 2022
107 x B(By — py)

LHCD results on the LFU ratios

1AL
I | latest measurements supersede past ones |
- - LHCDb 22
1.2r
> | i .
7 — Comb. 21
=1.0 :
~ ————————  CMS 20
Y] DES— Hz.qz.l. ........................................... i
L 2019 I —— ATLAS'19
i 2014
0.61 2017 2017 E B SM

R 1OW—q2 Ry central—q2 R~ low—qg R+ Central-g2 2 3 4
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» The B-physics anomalies

@ LFU anomaly in NC [ u vs. ¢] & BR(B; — )

¢ Clean SM predictions
(LFU ratios + no long-distance in B, — pp)

107 x B(By — py)

1.4 N LHCD results on the LFU ratios CMS 22 O
I | latest measurements supersede past ones | =

—a 4 LHCb 22

1.2F
= " 2022 2022 §
QZ) - 2022 i B | E Comb. 21
= 1.0 ;
7% s (e S —— —a—+—  CMS"20
03 }_12021 T ;
L 2019 : _ —— ATLAS'19
- 2014 1
0.6 2017 2017 E SM

R 1OW—q2 Ry central—q2 R~ low—qg R+ Central—g2 2 3 4
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» The B-physics anomalies

(II) LFU anomaly in NC & BR(B — pp)

¢ Clean SM predictions
(LFU ratios + no long-distance in B, — pp)

CERN — 29" March 2023

/

N.B.: While the overall loss of
significance is high, the overall
implications for the class of NP

models [ advocate, are modest

107 x B(By — py)

LHCD results on the LFU ratios

| latest measurements supersede past ones |

2022

2022

AL BT
: .KS ®

0.6 -+ 2017 2017

Ry low-¢° Ry central-¢° Ry low-¢> Rp+ central-¢?

CMS 22 —
o= -| LHCb 22
E : Comb. 21
f—————a— —| CMS 20
m -| ATLAS'19
.
DT Ry
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» The B-physics anomalies

3 L L FL
X)z \&, » LFUinb—os /[T [ Ry, ..]
SL” T
A
Sflavor
mixing

LFUInb—clv [Ry,..]

T A
1 L\ / L .
A2 b / \ bL L

~.
~
~
~
~
~
o
~

EFT limit 1 Barbieri, GI, Pattori, Senia 'l5
[ A=1.5 TeV] bL Buttazzo, Greljo, GI, Marzocca '17
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» The B-physics anomalies

] b - N
103 NG T T
g \Q » LFUInb—s /" [Ry,..]
s, uy
B b . not seen LFU NP
102 L L | (consistent) . CONSCTV. ,
A e inb— s /[ AC, Y]
SL T Q
_ _ S
"
b T
10 S > LFUinb—c/
A2 o N - LFUinb—clv [Rp,..]
NN
Q\L@-@o

~.
~
~
~
~
~
o
~

EFT limit 1 Barbieri, GI, Pattori, Senia 'l5
[ A=1.5 TeV] bL Buttazzo, Greljo, GI, Marzocca '17
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» The B-physics anomalies

€ & 2 b -~ H 'I
q° a L L T
N \Q » LFUinb—s [t/ [ Ry, ...] M

SL "M
i b T ot seen LFU conserv. NP
€q €1 L L | (consistent) . ' . -
A2 () \t/ inb— s /T~ [ AC,VM] 25 ©
s SL A “L
O|L i \QOQ
> \
5 o~
Sq b
A2 L - N - LFUInb—clv [Ry,..]
Q\&\&-@o
! AN > Implications f
L mplications jor
— 1T :
AN v bL/ N T I high-energy

experiments

4
NP stabilizing
the Higgs sector
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[ Leptoquarks & 4321 }
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» Leptoquarks & 4321

Theory arguments

[ flavor hierarchies, \ SU(4)BIxSU(3)l12] x Gew

charge quantization |

A
minimal choice
U <« [last step of the SSB chain]
B-physics anomalies SU@)PIxSU3)=l < SU@2) xu(1)

[mamly CC] Di Luzio, Greljo, Nardecchia, '17

Bordone, Cornella, Fuentes-M, GI'17
Greljo & Stefanek, '18
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» Leptoquarks & 4321

Theory arguments

[ flavor hierarchies, \ SU(4)BIxSU(3)l12] x Gew

charge quantization |

A
; minimal choice
U, & [last step of the SSB chain]
B-physics anomalies SU@)PIxSU3)=l < SU@2) xu(1)
[mainly CC]
A
few | NP coupled
non universality in TeV | mainly to y,
3 21| i
SU(4)[3] SUG)!2 3 SU(4)
flavor 1 *
 SUQ), |
SU(2), Uy ) AEW :
4 i)

chirality
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» Leptoquarks & 4321

Even 1n more ambitious UV models,
collider and low-energy pheno are
controlled by the 4321 gauge group
that rules TeV-scale dynamics

— new heavy mediators [G' & 7]

CERN — 29" March 2023

|

Vs

Vi

SUM@)BIXSU(3)!12Ix SU(2); xU(1) ]

few
TeV

A

—LQ[U +Z'+(C

NP coupled

mainly to y,
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» Leptoquarks & 4321
Even in more ambitious UV models, { SU(4)BIxSU(3)[121x SU(2); xU(1) }

collider and low-energy pheno are v, v
controlled by the 4321 gauge group 1,2
that rules TeV-scale dynamics SILQ[U+Z + G
— new heavy mediators [G' & Z'] :

A key role 1s played by at least one family of
— vector-like fermions (= fermions with both

chiralities having same gauge quantum numbers)
that mix with the 3 families of chiral fermions

4 \
SU@)B!I x SU@3)!2 SM
Yukawa — Y ~
lin
O cOUpHng
Y S )
D v,
X N (VL fermions) ( \
Vv, LQ eff.
coupling — b~
2 55 0 [ )] +hc. \ ¥

NG
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» Leptoquarks & 4321
Even in more ambitious UV models, { SU(4)BIxSU(3)!121x SU(2); xU(1) ]

collider and low-energy pheno are v, v
controlled by the 4321 gauge group 1,2
that rules TeV-scale dynamics SILQ[U+Z + G
— new heavy mediators [G' & Z'] :

A key role 1s played by at least one family of
— vector-like fermions (= fermions with both
chiralities having same gauge quantum numbers)

that mix with the 3 families of chiral fermions

4 \
SU@4)BI x  SU(3)H2 v e
] -
I Vi Mass-mixing \ B )
Bl DN v, | after4321
X I N breaking 4 \
\V3L _ IB
L~ B
¥ oLy { ;’z.;‘(éi}'ﬂff) — AR @re| +h.c. \ oe /

NG
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» Leptoquarks & 4321 implications

[ The U, leptoquark at high energies:

4'0_""I"'I' | "1 | |
N a5
L el
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- = % &e}
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i i
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- Y —
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B a\ )
C O ]
1.5:— o B
1O -
0.5 .
0_0: PP SRR ISP PP EPEPRPEP BRI IR B
1.0 1.5 20 25 30 35 40 45 5.0

Cornella et al. '21

CERN — 29" March 2023
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» Leptoquarks & 4321 implications

Aurelio Juste [Moriond EW '23]

CM> LQ-b-t: Comparison of recent results @

Including interference w/ SM bkg Neglecting interference w/ SM bkg
T+
b T g 2 b b T=
\\/'/ LQ ,’< < \\/'/
. b LQ -
| p |
LQ | S il W LQ |
| Ny T |
P i S e < - T
9
" % B - +
b € b b . " y
Caveat: BR=1 (CMS) vs BR=0.5 (ATLAS)
CMS-HIG-21-001
_— CMS-PAS-EXO-19-016 EXOT-2022-39
o1, 138 o™ (13 Tev) LUt LY 1908 (13TV) CMS Preliminary 137 7 (13 Tev) e —
S LCMS  viaews j CMsS B m e = | 95%cLupperimts —single  Nonres. = © ATLAS Preliminary ) s + om0t 2 ) 3
o Simulation my=1TeV,g =15 | " - Expecled  95% expecled o —gbser;/eg —Pair  —Total D 350 (5=13TeV, 139 fb" > f'“l":e(;:"‘""fs‘:"""'"‘"*‘”’ =
= ] T —T—— T T c ----Expecte i £ F . === Total (Obs.limit £ 7
'E_ 05 ‘ o0 T \ j g DBBSD oty \E/:E;?e; t1)y f::nomalles E‘ ai sL;; »f "(];OL" (o Total (Exp.imit + 1) e
L [ g Preferred by B anomalies -
L) 5 - g ' : 3 2 ] 8 E Ir:terierence with SM neglected Excluded r:glon ]
2 - S £ I ] 25 .
05 4 4 %‘ [ E E 3
] (6] 1 2r =
-1 1 3 ~3 1(5 Obf) ) C J
15 —— Signal - '55 ]
—— Interference 2 B 1:— {
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] 1 E / ] 0.5 =
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. . . ’
Large improvement in sensitivity CMS’ excess

Need to clarify interference issue for future interpretations when adding low b-jet pr category
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» Leptoquarks & 4321 implications

[ The U, leptoquark at high energies

4
3 L
Updated preferred
> o region by b — ¢
-1 low- d
ow-energy data
Aebischer ef al. '22
1F _
' Relevant NLO
QCD corrections
- |Br| =0
. Haisch, Schnell, Schulte '22
1000 2000 3000 4000 5000
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» Leptoquarks & 4321 implications

II The other heavy vectors of 4321 (more model dependent)

[ SUM),*SUG)x [SUQ) XU |

U +Z+G

New striking collider signature: 0.5——
G' (“coloron’) = heavy color octet, }
coupled mainly to 3" generation quarks

T “I T T T T T T | T T T T | T T T T | T T T T
[

=

N Recast of
=\  ATLAS & CMS |
| analyses -

- 3
0.4 _‘5
=z

%

&

G'

b (%) - 0.2}~ ‘;\,R“,\\\\\

~

— strongest constraint on the scale | T R R oY

-+ 2.5 3.0 I3.5I 4.0 | I4.5 - IS,D
of the model from pp — 7 ¢ Mer [TeV]
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» Leptoquarks & 4321 implications

III The vector-like fermions

On general grounds, the vector-like fermions are expected to be lighter that
the heavy gauge bosons:

MX < 2 TeV MU,G',Z' ~ 2—-5TeV

The lightest vector-like (VL) fermions are the VL leptons for which a clear
upper bound follows from B, mixing & Rp:

GIM-like
M <1 TeV
cancellation — (XT) - Di Luzio ef al. '18

Model-independent

2 N heavy neutrino
production channel:

EL,R heavy charged
E (N) lepton
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» Leptoquarks & 4321 implications

III The vector-like fermions
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N.B.: the two amplitudes interfere
(for same initial & final state) possibly
£ = (g2/24)° ~ 10%

giving rise to sizable enhancements
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[II The vector-like fermions in low-energy observables
U,
R, — enhancement b V.
2.0
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E 1.8]
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T 6l
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= |
R 14 sM Average .
i e Belle 11 (63 [ Inclusive)
L K
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Fuentes-Martin, GI, Konig, Selimovic, '20
Cornella et al. 21
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[ Conclusions }

» Flavor physics represents one the most intriguing aspects of the SM and, at

the same time, a great opportunity to investigate the nature of physics
beyond the SM.

» The idea of a multi-scale construction at the origin of the flavor hierarchies
has several appealing aspects. Key observation: non-universal gauge
interactions at the TeV scale, involving mainly the 3™ family, offer a new
way to look at the EW hierarchy problem (and the absence of direct signals
of NP so far).

» The model-building efforts along this direction, triggered by the B
anomalies, are still very motivated and mildly affected by the recent change
in low-energy data.

» If these ideas corrects, new non-standard effects should emerge soon both at
low and at high energies ( — very interesting opportunities for run-3...).
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» Leptoquarks & 4321 UV completions

An ambitious attempt to construct a full theory of flavor has been obtained
embedding (a variation of the) Pati-Salam gauge group into an extra-dimensional
construction:

/ . ..
. Flavor <« special position
D ) 3 . .
o o< %546:*@5 (topological a’efec.t) in an extra
v, AN po) 00 < | (compact) space-like dimension
TN Buk12 0 INC Bulk23 A
\ N\ &7 Dvali & Shifman, '00
g \ i - | Higgs and SU(4)-breaking fields
e ' LA with oppositely-peaked profiles,
AT leading to the desired flavor
PCuy | A ®) pattern for masses & anomalies

Bordone, Cornella, GI, Javier-Fuentes '17

#* Anarchic neutrino masses via inverse see-saw mechanism  Fuentes-Martin, GI,
Pages, Stefanek '22

* “Holographic” Higgs from appropriate choice of bulk/brane gauge symm.
[ Gpuik-23 = SU4);¥SUB), ,xU1)*SO) G =SUEB) xU(1)g  XSO4) ]

. . Fuentes-Martin, Stangl 20
. nght nggS as pSGlldO Goldstone Fuentes-Martin, GI, Lizana, Selimovic, Stefanek '22

Agashe, Contino, Pomarol '05
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» Leptoquarks & 4321 implications

[V Rare decays of band t

T—u LFV largely enhanced b—stt rates
(in B and tau decays) (in all channles)
sl o Cor T L | o] T 10_25 L
10 3 f E Excluded at 95% CL
F Excluded at 95% CL ] I 1
107k B | ] 10-3L Cornella et al. 21 i
10-8L | R _
ST f Bellem(oany) 44 e _
T 1077 f 4 = i Belle 1T (50 ab ™)
= i | ] 1077
= wf < | e
B |
101k z 1 »
§ g 1051 .
- o with RH curr
107121 = 1
' —
NP EEENNTIM I AW RN I I 1077 .
10" 107 10° 10°  10*% 107 0.00 0.05 0.10 0.15 0.20

B(BS — ’T_p!,+) (SRD*
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» Leptoquarks & 4321: implications

V' Last but not least: Kaon Physics

3.0 I 1 1 ! 1 1 1 1 U 1 1 ' 1
i y MU/gU: 14 TeV
25}
= 20}
S : Correlations depending
T 4sf on high-energy
s i parameters
T i (LQ mass & coupling)
Lo 10f
E -------------- :---------------.- ------------------------------------------------‘:--------------:
05F ARp«i @20 ARp: @ 1o
Lo N S . AN
oLy L '

0.04 0.06 0.08 0.10

Crosas, GI, Lizana,
Stefanek, Selimovic, '22
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» Leptoquarks & 4321: implications

V' Last but not least: Kaon Physics

30— — T
i MU/gU= 1.4 Te:bV E ]

25} . M, /g, = 1.0 TeV Possible impact of
[ : : i future measurements:

s 20f .
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Crosas, GI, Lizana
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