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» Introduction

(almost...) all microscopic phenomena we observe in Nature seem to be well
described by the SM, a simple and elegant Theory that we continue to call “model”
only for historical reasons...

However, despite all its phenomenological successes, the SM has some deep
unsolved problems (kierarchy problem, flavor problem, neutrino masses, dark-
matter, dark energy, inflation...)

The Standard Model should be regarded as an
Effective Field Theory (EFT)

1.e. the limit (in the range of energies
and effective couplings so far probed)
of a more fundamental theory
with new degrees of freedom
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» /ntroduction

What we know after the first
phase of the LHC 1is that:

» The Higgs boson is
SM-like and 1s “light”
(completion of the SM
spectrum)

» There 1s a mass-gap above
the SM spectrum

APEC Pheno seminar, 23 June 2021
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» /ntroduction

What we know after the first
phase of the LHC 1is that:

» The Higgs boson is
SM-like and 1s “light”
(completion of the SM
spectrum)

» There 1s a mass-gap above
the SM spectrum

We identified the
“light” <« “large”
pieces of our —
“construction game”
& their
long-range interactions

APEC Pheno seminar, 23 June 2021
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» /ntroduction

What we know after the first
phase of the LHC 1is that:

» The Higgs boson is
SM-like and 1s “light”
(completion of the SM
spectrum)

» There 1s a mass-gap above
the SM spectrum

Reconstructing the UV theory
from its low-energy limit
is a very difficult problem
with no unique solution
[It took more than 35

years to go from the
Fermi Theory to the SM...]

‘ UV Theory l

[ SM (EFT) ]

dlectron eutrno.

Letos
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» /ntroduction

UV Theory

low-energy “projection”

“integrate out”

-

the heavy
degrees of freedom
SM (EFT)
SMfield  jegyy M field
ﬁeld cceasy”

/ \ (at least in principle...)

SM field SM field
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» [ntroduction
UV Theory
low-energy “projection” A
]
loss of information about nature & :
properties of the high-energy modes :

| SM (EFT) '
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» Introduction

The most interesting hints toward UV dynamics come from
possible un-natural features of the EFT.
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» Introduction

The most interesting hints toward UV dynamics come from
possible un-natural features of the EFT. UV Theory

Two types of effects in QFT:

Z = v +

SM-EFT gauge Higgs

| SM (EFT) I

Un-natural aspects of Violations of
low-energy couplings accidental symmetries

qualitative quantitative
UV imprint UV imprint
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» [ntroduction
C_[d]
_ i d>5
C’%M-EFT - c'?igauge T C’Z{iggs T (% Ad-4 Oi A
| | Energy

If a symmetry arises accidentally in Violations of i
the low-energy theory, we expect it accidental svmmetries N
to be violated by higher dim. ops J LA

SMfield  peayy ~— SMfield

NS S
AN > Ox f e

SM field SM field

At large distances, not enough “variables” to
describe the violation of the symmetry
[ ~ multipole expansion |
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» [ntroduction
C_[d]
_ iy ds
C’%M-EFT - c'?igauge T C’Z{iggs T (% Ad-4 Oi A
| | Energy
If a symmetry arises accidentally in Violations of i
the low-energy theory, we expect it accidental svmmetries T
to be violated by higher dim. ops 4 LA
Well-known examples from the past...
+ enhanced
Eg: Low-energy theory: QED + QCD L symmetry

Accidental symm.:  Flavor [ U(1)"]
Violated by: Weak interactions — G~ (250 GeV)™
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» [ntroduction
¢4
_ i d>5
"%M-EFT - c'?igauge T "Z{iggs T (%1 Ad-4 Oi
| | Energy
If a symmetry arises accidentally in Violations of
the low-energy theory, we expect it accidental svmmetries T
to be violated by higher dim. ops 4 A
Well-known examples from the past...
+ enhanced
Eg: Low-energy theory: QED + QCD L symmetry
Accidental symm.:  Flavor [ U(1)"r]
Violated by: Weak interactions — G~ (250 GeV)™?
Eg: Low-energy theory: SM, 2 generations
Accidental symm.:  CP
. . G, m\V,V,)>
Violated by: “Super-weak” interactions — (GrmViVig)™ (104 TeV)?

4712
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» [ntroduction
¢4
_ i d>5
"%M-EFT - c'?igauge T "Z{iggs T (%1 Ad-4 Oi
| | Energy
If a symmetry arises accidentally in Violations of i
the low-energy theory, we expect it accidental svmmetries T
to be violated by higher dim. ops J LA
Well-known examples from the past...
+ enhanced
L symmetry

...the violations of Lepton Flavor Universality
recently reported by experiments belong to this category
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» Introduction

[d]

C.
— . d=5
%M-EFT %auge T %iggs T (%1 Ad-4 Oi

/ Un-natural aspects of
the SM couplings

Natural

(fully dictated by
gauge symmetry)

UV Theory

SM (EFT)

==
o)
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» [ntroduction
¢4
_ 1 d>5
"%M-EFT - c'?;auge T "Z{iggs T (%1 Ad-4 Oi
/ Non-trivial Un-natural aspects of
Natural UV imprints the SM couplings
(fully dictated by
gauge symmetry) @ mH2 H?

@ yij viviH
UV Theory

SM (EFT)

==
o)
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» [ntroduction
C_[d]
_ i d>5
"%M-EFT - c'?;auge T "Z{iggs T (%1 Ad-4 Oi
Non-trivial Un-natural aspects of
UV imprints the SM couplings
(some)
Electroweak Instability of the Higgs New Physics
hierarchy mass under quantum % (coupled at least to H & 1)
problem corrections in the TeV domain

------------- L - — my?
mHZ Phys
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» Introduction

K% —

SM-EFT

Flavor
problem

gauge

+ 7 +
Higgs

Non-trivial
UV imprints

APEC Pheno seminar, 23 June 2021

[d]

C.
i d>5

d, 1 Ad-4

Un-natural aspects of
the SM couplings

(he entries of the Yukawa couplings
span 5 orders of magnitude & do not

Y~

appear at all accidental:

P L L L L LT

10°

10°

10*

10°

107!

107

10°?

FERMIONS
First Second Third
Generation Generation Generation
Top iuark

Bottom quark

J

Tau

,Stra nge quark

Muon
Down quark

8Up quark

Charm quark

)

Electron
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» [ntroduction
C_[d]
_ i d>5
%M-EFT - c'?;auge T %iggs T (% Ad-4 Oi
Non-trivial Un-natural aspects of
UV imprints the SM couplings

some
Electroweak Instability of the Higgs Neva Phy)sics
hierarchy mass under quantum —> in the TeV domain
problem corrections
Un-natural hierarchies in the flavor non-un iversal
Flavor — dynamics

couplings describing

problem ;
fermion masses

(at some energy scale)

As I will argue in the rest of this talk, the violations of LFU suggest to “attack”
these two problems together, and not one at a time (as often done in the past)
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A closer look to the data

q* [GeV?/cY]
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» A closer look to the data

Since 2013 results in semi-leptonic B decays started to exhibit tensions with the
SM predictions connected to a possible violation of Lepton Flavor Universality

More precisely, we seem to observe a different behavior (beside pure
kinematical effects) of different lepton species in the following processes:

® b — s /7] (neutral currents):  pvs.e

e b — c /v (charged currents): 1 vs. light leptons (L, €)
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» A closer look to the data

Since 2013 results in semi-leptonic B decays started to exhibit tensions with the
SM predictions connected to a possible violation of Lepton Flavor Universality

More precisely, we seem to observe a different behavior (beside pure
kinematical effects) of different lepton species in the following processes:

® b — s /7] (neutral currents):  pvs.e

e b — c /v (charged currents): 1 vs. light leptons (L, €)

N.B: LFU i1s an accidental symmetry of the SM Lagrangian in the limit where we
neglect the lepton Yukawa couplings:
accidental global symmetry.

—p  3X3 (unitary) transformations
y,=0 of lepton fields in flavor space

T =7,

gauge T Higgs



G. Isidori — B anomalies and the flavor problem APEC Pheno seminar, 23 June 2021

» A closer look to the data

Since 2013 results in semi-leptonic B decays started to exhibit tensions with the
SM predictions connected to a possible violation of Lepton Flavor Universality

More precisely, we seem to observe a different behavior (beside pure
kinematical effects) of different lepton species in the following processes:

® b — s /7] (neutral currents):  pvs.e

e b — c /v (charged currents): 1 vs. light leptons (L, €)

N.B: LFU i1s an accidental symmetry of the SM Lagrangian in the limit where we
neglect the lepton Yukawa couplings.

LFU is badly broken in the Yukawa sector: y_ ~ 3x10-, Y, ~ 3% 104, y ~10-2

but all the lepton Yukawa couplings are small compared to SM gauge couplings,
giving rise to the (approximate) universality of decay amplitudes which differ only
by the different lepton species involved
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» A closer look to the data

[ e b — s /[~ (neutral currents) }

List of the observables exhibiting anomalies (= deviations from SM):

« P's anomaly [B — K" angular distribution]
- Smallness of all B — H, p rates [H=K, K, ¢ (from B, )]

= LFU ratios (L vs.e)inB — Kl & B — K (¢
= Smallness of BR(B, — )

_ | | | x 107
U | = B | R e N L g~ 0 '"[|3—_LHCb9m™
" LHCbRun1+2016 ]  «° l4f LHCb © LHOb 30
ﬂ D SM from DHMV : % 12 :— ‘ SM (LCSR+Lattice)
0.5F - < 10 g | | SM(LCSR)
i ] S i SM (Lattice)
. . 2 8k =
o 1T Py Ty wes) :
ot M) 47 T e T s
; ~—~ —+= 1 %\H—ﬂ-:% E
B i Q ]
= .:.! A T B Eﬁ' o e .
0 5 10 15 o 0 5 10 15
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» A closer look to the data

[ e b — s /[~ (neutral currents) }

List of the observables exhibiting anomalies (= deviations from SM):

« P's anomaly [B — K" angular distribution]
- Smallness of all B — H, p rates [H=K, K, ¢ (from B, )]

* LFU ratios (nvs.e)inB — K¢ & B — K (¢ @ th. error<1%
= Smallness of BR(B, — ) @ th. error few %

Some of these observables are affected by irreducible
theory errors (form factors + long-distance contrib.)

I'(B— Kpup)

(B — K cc) ~0.85+0.05

LHCb 21

The recent result Ry =

strengths the consistency of a picture which was
already very coherent and points to New Physics of
h(e) h(e) short-distance origin.
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» A closer look to the data

To describe b — s/l decays we
~ build an EFT Lagrangian  4GF

* .
- evolve it down to p ~ my Lett NG Vio Vis Z CiOi
- evaluate hadronic matrix elements :
FCNC operators.: Four-quark operators:

Ol = (SLyubr)((y'ys56)  O2 = (Fryubr)(Cryuce)
Og = (5079.br) ((40) '

“difficult”
v

induces AC,YnY

“easy” & “clean”

N.B.: long-distance effect cannot induce LFU breaking terms (— LFU ratios “clean’)
and cannot induce axial-current contributions (— B, — pp “clean’™)
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» A closer look to the data

[The LFU ratios: ] ;’Im :
0.8 |

_— [ dr(B — Hpup) Ho K. K°) of t t . e
H= =K, N 72 1o : B.IP N E

J dI'(B— Hee) f M

SM prediction very robust: (Ryy)= 1 "2 - LHCh MEEREE
[up tiny QED and lepton mass effects] T

¢ [GeV?/c!|

Bordone, GI, Pattori '16
GI, Nabeebascus, Zwicky 20

Deviations from the SM predictions , . _— B
ranging from 2.1c to 3.1c In [PRD 86 (2012) 02]
each of the 3 bins measured by LHCb - . Bell

10< ¢*<60GeVc*
[JHEP 03 (2021) 105]

i LHCb 9 fb!
—a— H
E L1< ¢ <60 GeViic®
i

[LHCb—P‘APEIﬁ—ZGE 1-004]
05 1 1.5

Rg
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» A closer look to the data

SM prediction very robust: (Ry)= 1

[up tiny QED and lepton mass effects]

Bordone, GI, Pattori '16
GI, Nabeebascus, Zwicky 20

[The LFU ratios: ] L
S

dI'(B— H ;

Ry= (AEZII G ey

J dI'(B— Hee) =

=

Deviations from the SM predictions

ranging from 2.1c to 3.1c in
each of the 3 bins measured by LHCb

=T

BR(B, —up)gy = (3.66+0.14) x 10~

Beneke et al. '19

BR(B; —it)ex, = (2.85+0.32) x 10

ATLAS+CMS+LHCb 21

APEC Pheno seminar, 23 June 2021

B— K/ LHCb 21

- L] T | T I T T | I T | T T I T | L] T I T T —

5 [ LHCb - SM prediction 7]
C —=— ¢lectrons 9fb! 7
—e— NUONS 3tb! ]

0:....I....I....I... 1

0 5 10 15 l 20 —
q? [GeV?/c4]

According to our best estimates of
the SM rates, what 1s observed 1s a

(15-20)% deficit of the muon modes
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» A closer look to the data

Cornella et al. '21
20 T

RK(o)

1.5 ™ —

Lol gy A i
ach
0.5

BBS_}P'-FF‘_

0.0 ] — ]

—0‘5_ | 1 | | I - 1 | 1 111 | 1 11 1 | | I [ 1 1 11 | | I
-20 -15 -10 05 0.0 0.5 1.0 1.5

Ack

Conservative fit using “clean obs.”
only [ ACH=CH-CF ]

significance of NP hypothesis

4.6
2)AC#=—AC, ) vs. SM
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» 4 closer look to the data Lepton-universal shift to C,

Cornella et al. '21

(sensitive to charm re-scattering)
(

2‘0_ T T T T T 1 T T T LA L L L AL A S B S S B B B B B B B I B B
Ry
L v@ i
1.5 Ca m SM
L N i |
[ %, i, _ -
5 \ 5
- | S - - -
1.0 A V| — - 1
= i P | B B 4
ACiy i pd & | : _
0.5 _— Bﬂs—:’.l-!"'#_ o Vs __ B :
I — ] - other b — su™p 1
L ‘ o ' i —1.0f observables -
0.0~ / L — - \/ .
| RK( )+ BB s—rutp— 4
_05_ caoa o e b v b b T B ] —]_ 5 | NP R L M
-20 -15 —-10 —-05 0.0 0.5 1.0 1.5 -1, 5 -1.0 —U 5 0 U 0.5 1.0
AC; ACQ — —&Cm

Conservative fit using “clean obs.” : ' Alguero et al. '19
g >> 56 with current best estimate Civehini ef al. '20

only [ ACi“ = Ciu — Cie ]Z of charm contrib Li-Sheng Geng et al. '21
Altmanshofer & Stangl '21

significance of NP hypothesis

4.6
2)AC#=—AC, ) vs. SM
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B anomalies and the flavor problem

» A4 closer look to the data Lepton-universal shift to C

Cornella et al. '21

(sensitive to charm re-scattering)
(

2‘0_ T T T T T 1 T T T LA L L L AL A S B S S B B B B B B B I B B
Ry

L v@
1.5 Ca - ] SM

L N i |

%, AKX _ -
5 p \ | B

L ‘/’"\. - .
1.0 A V| — - 1

F /| / 7 L .

ACl L | _ _
0.5 _— Bﬁs—ﬁ-ﬁ'#_ :/' //- __ B :
g y ] R other b — su™p ]

L ( o ' —1.0f observables -

0‘[]_ ; , ' — i | | \/ -
. i Ry + Bp, syt ]
_05_ caoa o e b v b b T B —]_ 5 | NP R L M
-20 -15 —-10 —-05 0.0 0.5 1.0 1.5 -1, 5 -1.0 —U 5 0 U 0.5 1.0
AC; ACQ — —&Cm

Alguero et al. '19
Ciuchini et al. 20

Li-Sheng Geng et al. '21
Altmanshofer & Stangl '21

with current best estimate
of charm contrib

Conservative fit using “clean obs.”
only [ ACH=CH-CF ]

>> 50

significance of NP hypothesis

4.6
2)AC#=—AC, ) vs. SM

3.96 global significance of NP

(very conserv. estimate)

Lancierini, GI,
Owen, Serra, '21
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» A closer look to the data
Data point to (short-distance) NP effects in operators of the type

ijaf —q (B '
[ OFr” = (@i lt)(Cpmay) ]

bL\ / My [ CIP* x 10° ]
3 ~ -5 007 005 002 000 003 005
/\ 2X10 GFCI‘H’II 05 ——— 7] _U 02
S [ _
L H super-weak

interaction!

0.0k /r\ o Jo.00
Cﬁf““ =»> ACH=—AC," [ r\ Z

ACY —0.51 —0.03
S other b — sp™u~™ 1
—1.0+ observables —0.05

Ry + Bp,sp+p

_15-I...I...I...I....I....-I:D,[]B
—1.5 —1.0 —0.5 0.0 0.5 1.0
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» A closer look to the data
Data point to (short-distance) NP effects in operators of the type

ijaf3 —i g (B '
[ OEL' :(QL”J’;LQL)(ELWLQE) ]

bL\ / =9 [ Ci‘}“” x 103 ]
¥ ~ -3 —0.07 —0.05 —002  0.00 0.03 0.05
/’“"’\ 2x10 GFermi 0.5 p———FT-—"—"7T———"T———"J—"—-0.02
S - -
L He super-weak
: N
interaction! I SM ]
0.0 o ~0.00
U n— i [ |
CLL AC9 - AClo o
b ACY —o.51 Ho0.03] *
L g / i ' 33
-] AAAAANA - ~—/
/Q \ - other b — sp™u~™ 1
SL T [ —1.0 observables —0.05
St . Bobeth & Haisch '11 '
[ GOy ACUMY Crivellin et al. 18 R
R amed Alguero et al. '18 - KO BBt !
: —-15 g . ey ey s s s HO0R
: —15 -10  —05 0.0 0.5 1.0

- Link to CC anomaly Greljo ef al. '17 ACH = —ACl,



G. Isidori — B anomalies and the flavor problem

» A closer look to the data

APEC Pheno seminar, 23 June 2021

[ e b — c /v (charged currents): t vs. light leptons (1, €) J

I'B — X71v
R(X) = ( ) X=DorD*
I'(B — X{i)
;\ B I | T T T T I T T T T | ]
e [ HFLAV average Ax*=1.0 contours ]
R 04 -
| LHCbI5 _
C BaBarl2 i
0.35 — 3o =
B LHCb18 |
03 -
0.25 &= /Belle15 E
B Bellel7 7]
02— + Average of SM predictions HFLAV
- R(D) = 0.299 +0.003 |_Spring 2019 |
B R(D¥) = 0.258 +0.005 POO)=27% ]
I 1 1 | 1 1 1 L I 1 1 1 1 | 1 1 1
0.2 0.3 0.4 0.5

R(D)

TL ) €L VL

» Consistent results by three
different exps. ~ 3.16 excess
over SM (D and D* combined)

» SM predictions quite “clean’:
hadronic uncertainties cancel
(to large extent) 1n the ratios
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» A closer look to the data

[ e b — c /v (charged currents): t vs. light leptons (1, €) J

Cornella et al. '21
L L B N B L BN R N

E by / ¢ by CL
-~ W
B T, VL TL(R) VL

0.10}

0.05f

QQJS 0.00f
: Data consistent with a universal
—0.05 3 enhancement (10-20%) of t modes
_ But other options (R/7 currents)
o ] possible
P ETNTNY TR Same operator
~0.10 —0.05 0.00 0.05 0.10 0.15 0.20 0.25 - » Contributing
v Ci. et
“ tob— sl
y i \ V CSSTT + 1[/68 CQ‘BTT :
@yt )(TrRYubr) T £ d

CKM “weighted mix™ as for Cf
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EFT considerations
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» EFT considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

» We definitely need non-vanishing left-handed current-current operators
although other contributions are also possible

Bhattacharya et al. '14

Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

» Large coupling [competing with SM tree-level] in bc — 5v; [Rp, Rps«]
= Small coupling [competing with SM loop-level] in bs — [, [, [Ry, Ry, ... ]

\

4 N
large for small terms Link to pattern
Ciiop= 3" generation + for2" (& 1) w=—p of the Yukawa
fields generations couplings !

- J
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» EFT considerations
06 ——m™—m——0o0—obH-——"—v—-v---+ --—---—-+r-—- -
T
b gy T — charged-currents only:
%gﬂ 0.002f = mmmeee
T Veb @ + Vcs@
\ ------------------------------------ Ve ~—
0.000\
: 10-1
) N
0.000 0.005 \ 0.010 0.015 0.020
. ijoB /i -3
Pattern emerging from data: [ OFr"” = (@ lt) (L uai) ]

v O(107") suppress. for each 2™ gen. g, or [, [ recall [V |~ 0.4x107"]
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.....................

. . ' 23up 3 i
» EFT considerations . Crp x 107
—0.07 —0.05 —0.02 0.00 0.03 0.05
0.006 ———————————————————— 0.5 ==t 0.02
bosphe
o00af T o —0.00
| l’-) :) _____________________________ A~
| cty T TTTTmmeeeenll Ll o
-------------------------------------------------------------- | —
S5 [ oooafme Ho.03| *
© TR, ] =
Pemamoom e e e eeEesmmmmemmsmmmmmsmmmemmm——————— il
IR NS
\- ------------------ e/
[ other b — spu™u~
0.000¢ observables —0.05
' 10-1 10-3 [ .
! /' i RK(") + BBS—HJ."';.F J
—0.002 e \ e .,o". PP -15 I v v v by vy o by v by oy e by HOOR
0.000 0.005 \ 0.010 < 0.015 0.020 15 ~1.0 05 0.0 0.5 1.0
. szja,ﬁ — (i~ gﬁ,\ J
Pattern emerging from data: rr = (@rult)(Cudy)

v O(107") suppress. for each 2™ gen. g, or [, [ recall [V |~ 0.4x107"]

v Nice consistency among the 2 sets of anomalies
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b . . 03 Wy —3 . 1 1 9 ijof
EFT considerations O — (i 8)(Eyuql) = : [ng) n qu)}
0.006 ———————————————+—+————————— .

- Pattern emerging from data:
el Al et | (v O(10!) for each 2™ gen. g, or L\
0004 _ --------------- ] v Nice consistency among the two
: e\ 31 L sets of anomalies D
=
8y el . . What we do not see (seem fo call
S b e U for an additional ~ loop
W s | suppression):
0.000 — — y [ x Four-quarks (AF=2) h
* Four-leptons (t—uvv)
_ * Semi-leptonic OU-3) (b—svv)
0002l L L L
0000 0.005 0.010 0.015 0.020

33T
CLL
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b . . 0B p 3 1 1 5 ijaf
EFT considerations O — (i 8)(Eyuql) = : [ng) n qu)}
0.006 | | ] .

Pattern emerging from data:
S ciher b s ot i heervables e n )
Ol de s o el | [ vO(10) for each 2™ gen. g, or [,
o —— ------- | | v Nice consistency among the two
bl o A A 1 sets of anomalies )
) 1AM, > 0.1 for- ABS-:._.IIBV. ............. 5
R 1 ‘:_ What we do not see (seem to call
M T U for an additional ~ loop
e s | suppression):
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— _ * Four-leptons (t—uvv)
- Ag, ' L * Semi-leptonic OU-3) (b—svv)
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From EFT to simplified models
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» From EFT to simplified models

To move from the EFT toward more complete/ambitious models, we need to
address two general aspects: the flavor structure of the underlying theory, and the
nature of the possible mediators

[ flavor structure ] L e 2 [ mediators ]
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» From EFT to simplified models [the flavor structure]

Before the anomalies... — The MFV parading:

A
Energy
Non-trivial

) .}

AF flavor dynamics = Yo [3%3]
BSM “flavor-blind”
dynamics
W e — > Sqlutioq of the
’ Higgs hierarchy problem

Apw L SMEFT

3 gen. = “identical copies”
up to high energies
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» From EFT to simplified models [the flavor structure]

To better appreciate the change of perspective we need: let's consider the
following analogy:

Suppose we could test matter only with long wave-length photons:

U(D)q we would conclude that these two particles are
0222 %: ‘ “1dentical copies™ but for their mass ...

Y et p+
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» From EFT to simplified models [the flavor structure]

To better appreciate the change of perspective we need: let's consider the
following analogy:

Suppose we could test matter only with long wave-length photons:

U(D)q we would conclude that these two particles are
NV @ ‘ “i1dentical copies” but for their mass ...
Y et p+

This 1s exactly the same (potentially misleading) argument we use to infer flavor
universality in the SM...

v, 8 W, Z P ‘ These three (families) of particles
NNV seems to be “identical copies”
SU3)xSUR2)xU(1) € U T but for their mass ...

The SM quantum numbers of the three families could be an ““accidental” low-energy
property: the different families may well have a very different behavior at high
energies, as signaled by their different mass
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» From EFT to simplified models [the flavor structure]

Multi-scale picture (@ origin of flavor: Barbieri 21
p @ & fﬂ Allwicher, GI, Thomsen 20
4 BSM B d 117
: ordone et al. '
Energy .dynan?lcs Panico & Pomarol '16
involving
Dvali & Shifman '00
Al T e » V) mass
v, &y, Main idea:
Ay e » V, mass e Flavor non-universal
interactions already at the
v, & v, TeV scale:
/) G E— > V3 mass e 1" & 2" gen. have small
V3 masses because they are
1 coupled to NP at heavier
Apw L SMEFT scales
gem——identi IcS

1gh encred
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» From EFT to simplified models [the flavor structure]

Multi-scale picture @ origin of flavor:

A BSM
Energy dynamics
involving A
V, , ~ massless
e > \|] s
A L mass ) fow | [UQ)nsymm.]
& T
Via Vs TeV NP coupled
Ny e » V), mass mainly to y;
&
Vo & Vs Barbieri et al. '11
A3,H T e » V3 mass 4
Y3 Apw I
Apw L SMEFT T
_ A 1 d>5
c?QM-EFT B %auge T "Zﬁggs T % —I_ Z Ad4O

Non-trivial UV imprints
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» From EFT to simplified models [the flavor structure]

From the EFT point fo view, the generic consequence of the multi-scale
construction I advocate is that the nearby dynamics (E ~ A;) 1s characterized by a

an approximate (accidental) U(2)" flavor symmetry:

v
( : ) <— light generations (flavor doublet)

Vo=
T | V3 ] <— 3"generation (flavor singlet)
SM fermion (e.g. q;)
( \
with suitable (small) symmetry-breaking terms, O(<2 T
related to the SM Yukawa couplings YU ~ (&%) ¢
[3,—2, controlled by &~ |V |~ 10-1] """""""
Barbieri, G.1., Jones-Perez, \ : yﬁl /

Lodone, Straub, '11

N.B.: this symmetry (& symmetry-breaking pattern) was proposed well-before
the anomalies appeared...
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» From EFT to simplified models [the possible mediators]

Which mediators can generate the effective operators required for by the EFT fit?

LQ (both scalar and vectors) have two general strong advantages with respect to
the other mediators:

[. AF=2 &
T— v

[I. Direct 3rd gen. LQ are also in better shape as far as direct searches
searches: are concerned (contrary to Z'...).
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» From EFT to simplified models [the possible mediators]

- -
= wN

Leptoquarks suffered of an (undeserved) Rt .
“bad reputation” for two main reasons: s kS
> Could mediate proton decay — not a general ' LQ :
feature of the LQ: it depends on the model...! , S
le.g. not the case in the Pati-Salam model * Ol

~
..-—--’

» Severe bounds from processes involving . & e (such as K; — pe)
— avolded with non-trivial flavor structure [e.g. non-univ. interactions]



G. Isidori — B anomalies and the flavor problem APEC Pheno seminar, 23 June 2021

» From EFT to simplified models [the possible mediators]

- N -
= wN

Leptoquarks suffered of an (undeserved) Rl T,
“bad reputation” for two main reasons: s kS
> Could mediate proton decay — not a general ' LQ :
feature of the LQ: it depends on the model...! N, S
le.g. not the case in the Pati-Salam model * Ol

~
..-—--’

» Severe bounds from processes involving . & e (such as K; — pe)
— avolded with non-trivial flavor structure [e.g. non-univ. interactions]

On the other hand, they are a “natural” feature in many SM extensions
—  “Renaissance” of LQ models (fo explain the anomalies, but not only...):

> Scalar LQ as PNG » Scalar LQ from GUTs & R SUSY  ° Vector LQ in

Gripaios, '10 Hiller & Schmaltz, '14; Becirevic ef al. '16, GUT gauge
Gripaios, Nardecchia, Renner, '14 Fajfer et al.'15-'17; Dorsner et al.'17; models
Marzocca '18 Crivellin et al. '17; Altmannshofer et al. '17
Trifinopoulos '18, Becirevic et al. '18 + ... Assad et al. '17
> Vector LQ as techni-fermion Klei i Di Luzio et al. 117
Q » LQ as Kaluza-Klein excit. Bordone ot al. '17

resonances Megias, Quiros, Salas '17 Heeck & Teresi '18
Barbieri et al. '15; Buttazzo et al. '16, Megias, Panico, Pujolas, Quiros '17 +

Barbieri, Murphy, Senia, '17 + ... Blanke, Crivellin, '18 + ...
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» From EFT to simplified models [the possible mediators]

Which LQO explains which anomaly?

Model Rit) | Rp || Rk+) & Rpx
S1=(3,1)_1,3 X v X
é R2 = (3,2)7/6 X v X b L b T
Al Re=(3,2)1/6 X X X s A
S3=1(3,3)_1/3 v X X E E
Sl =By v v v S uoC y
=0 Us = (3,3)2/3 v X X

Angelescu, Becirevic, DAF, Sumensari [1808.08179]

LQ of the Pati-Salam
[Barbieri, GlI, ] - mediator: U, gauge group:

Pattori, Senia '15 - flavor structure: U(2)" SU4)xSU(2); xSU(2)x
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» From EFT to simplified models [the possible mediators]

Su =i, pa 7i .,
Considering the U, only Z D E Uy [ @l — B (dyen ] +h.c.

and fitting all low-energy data leads to an excellent description of present data:

{SRD* 6RD*
—0.1 0.0 0.1 0.2 0.3 0.0 0.1 0.2
0.1 7T 7T 0.1 B T T [ T T T T [ T T T T [ T
i SM 7 i SM
0.0 * _ 0.0 * _
—0.1 _ —0.1- _
T Rk ) [ R
o _02[ - n? —0.2[ .
] : L=
—0.31- 0fik- ¢ 7 —0.31- 0Bk 1 with RH curr ]
—0.4 - —0.4 -
i 0Rp | i dRp
_[].5_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] _0-5_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
~0.1 0.0 0.1 0.2 0.3 ~0.2 0.0 0.2 0.4 0.6

fSRD ‘5RD



G. Isidori — B anomalies and the flavor problem APEC Pheno seminar, 23 June 2021

» From EFT to simplified models [the possible mediators]

Su =i, pa 7i .,
Considering the U, only Z D E Uy [ @l — P (dyyen ] +h.c.

and fitting all low-energy data leads to an excellent description of present data
which 1s fully consistent with high-pT searches [within the reach of HL-LHCT:

4-{}_ T 1T T 1T | T T 1 1 | IIIIIIII | T T -I\\I | IIIIIIIIIIII ]
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» From EFT to simplified models [the possible mediators]

8U =i, pa Ji ., ,a
Considering the U, only Z D E Uy [ (@ L) — P (dyyen ] +h.c.

and fitting all low-energy data leads to an excellent description of present data
which 1s fully consistent with high-pT searches [within the reach of HL-LHCT:

Cornella, Fuentes-Martin, Faroughi, GI, Neubert, 21

4-D_IIII|IIII|I I|IIII|IIII T T T IIII_ l41{}_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
- &= & o~ . -
I : : P i i
35 £ = & - 35F = = -
- .“'_'i:. “k - - | lo
I = 3 \&? . i £ 3
30 £ = S < 30 = = #
I = 1 j i %
L ) ::l‘ 5 ] L o E @’\\1
25 2 — 2.5 = - A2 —
- T ’ r 2l Bl &
I T & j i = b
2 0 S 2O _ 2 0 ? T A5 =
gu =7 (3 1 v & g
'&3@@ &
1.5 S ] 1.5 -
P
I ] [ - ]
1.0~ - 1.0p- u?,"ie\'“b k -
L I e
0.5 - 0.5 - -
with RH curr
U‘[}:IllllllllllllllllII|IIII|IIII|IIII|IIII: 01D:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
1.0 15 20 25 30 35 40 45 50 1.0 15 20 25 30 35 40 45 50

My [TeV] My [TeV]
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» From EFT to simplified models [the possible mediators]

8U =i, pa Ji ., ,a
Considering the U, only Z D E Uy [ (@ L) — P (dyyen ] +h.c.

and fitting all low-energy data leads to an excellent description of present data
which 1s fully consistent with high-pT searches, and has interesting implications
for future low-energy searches:

3.0 —_—
R ror T T AL co T i .
107 %L ! . [ Fuentes-Martin, GI,
E : E L Y
: Excluded at 95% CL : ] 25+ Pages’ YamamOtO’ 19 —
1077 | . I
T E 7 2.0 ; —
107%F | - i
g E Belle 11 (50 ab™ ) | : -
1071 | : S 15k .
T 3 : < B(B = TV)|exp
-t : ] ©
m 10—10:_ X _: |
! ] 1.0 —
- | 1 ] -
-1k = )
- N with RH curr 0.5 7
10121 = | - ' '
—_
L ||||||| L ||||||| L |'||||||| L1 I1]IJII 11 N EEET 3 - I | |
—8 -7 ~—6 —5 —2 —: 0.0 - . . : - . L
10 10 10 10 10 10 0.2 0.0 0.2
B(Bs — 7 ")

ARp — ARp+
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Speculations on UV completions
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» Speculations on UV completions

APEC Pheno seminar, 23 June 2021

[ First observation: ] the Pat1 & Salam group, proposed in the 70's to unify quarks

& leptons predicts the only massive L.Q that 1s a good mediator for both anomalies:

Pati-Salam group: SU(4)xSU(2); xSU(2)x
Q| Q¢
Fermions B B
in SU(4): A Qr
QL QR
. LL i i LR i
SU(3 0 0 LQ
SU(4) ~ e
i 0 LQ

Main Pati-Salam idea:
Lepton number as “the 4" color”

The massive LQ [U, ] arise from the
breaking SU(4) — SU(3) . xU(1)g-L

) UJ‘r—a
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» Speculations on UV completions

[ First observation: ] the Pat1 & Salam group, proposed in the 70's to unify quarks
& leptons predicts the only massive L.Q that 1s a good mediator for both anomalies:

Pati-Salam group: SU(4)xSU(2); xSU(2)x

I Q o | I Q o] Main Pati-Salam idea:
Fermions QLB QRB Lepton number as “the 4" color”
in SU(4): L R
Q. Qq The massive LQ [U, ] arise from the
L L, breaking SU(4) — SU(3) . xU(1)g-L

The problem of the “original PS model” are the strong
bounds on the LQ couplings to 1% & 2" generations S 2
[e.g. M >200 TeV from K; — pe] s

Attempts to solve this problem simply adding

extra fermions or scalars Calibbi, Crivellin, Li, '17; d e
Fornal, Gadam, Grinstein, '18

Heeck, Teresi, '18
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» Speculations on UV completions

[ Second observation:] we can “protect” the light families charging under SU(4)

only the 3rd gen. or, more generally, “separating’” the universal SU(3) component

PS group: SU(4) x SUR2).xSU2)x e flavor universality
v SUQ)*SUQR)x
4321 models: SU(4)xSU(3) x Ggy =
SU2) . xU(1)y

-----
o
14
1]
L}
L}

SU(4) | few | NP coupled
= TeV | mainly to y,

-------

flavor-dependent f f
separation

------
-

=
(\)
=
>
=
i

SU(2), U(Dy

------
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» Speculations on UV completions

[ Second observation:] we can “protect” the light families charging under SU(4)

only the 3rd gen. or, more generally, “separating’” the universal SU(3) component

PS group: SU4) x SU2) xSUQ2)x e flavor universality
v SU(2) *SUQ)x
4321 models: SU4)xSU3) x Ggy =
. % SUR) xU(1)y
® Non-universality e Accidental U(2) flavor
via mixing SU#)*SU(3) SU(4)3XSU(3 )1,2 symm. in the gauge sect.

SUBR)XGy* Gy X &

% R SU(4), *SU(4) X Gy X Gy
Barbieri, Tes1 '17

Fuentes-Martin & Stangl 20

N -
3 %
$ / %
~ CJ
3
> 3
<

SU(4)xSU3)*Gew [PS]3 = [SU4)xGpy 2

Di Luzio, Greljo, Nardecchia, '17 [ PS ] Bordone ef al. '17

warped-5d, 3-branes

Fuentes-Martin et al. '20 + work in prog.



G. Isidori — B anomalies and the flavor problem APEC Pheno seminar, 23 June 2021

» Speculations on UV completions

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

PSFPS(S)E:z1 PSQZPS(S)‘Z:ZZ PSg:PS(5)|z=z3 Flavor «» special position
(topological defect) in an
extra (compact) space-like

dimension
Dvali & Shifman, '00

Higgs and SU(4)-breaking fields
with oppositely-peaked profiles,
leading to the desired flavor
pattern for masses & anomalies

Bordone, Cornella, Fuentes-Martin, GI '17
Fuentes-Martin, GI, Pages, Stefanek 20

Possible to implement anarchic
neutrino masses via an inverse
see-saw mechanism
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» Speculations on UV completions

In most PS-extended models collider SU4),xSU(3), ,* [ SUR) xU(1)" ]

and low-energy pheno are controlled v, V.,

by the effective 4321 gauge group ’

that rules TeV-scale dynamics  Di Luzio, Greljo, —LQ[U]+Z +(
Nardecchia, '17

Despite the apparent complexity, the

construction 1s highly constrained

» Positive features the

EFT reproduced
AF=2 processes with

+ Precise predictions | present
for high-pT data data !

New striking collider signature:
G' (““coloron” = heavy color octet)

— strongest constraint on the scale ol | | Y

of the model from pp — ¢ 7 25 30 35 40 45 50
MG-' [TE’:W
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» Speculations on UV completions

UV-sensitive observables in
4321 models

A) B — Kvv B) B, mixing [AF=2]
20— 0-20_"" S B A VAR A
2
X 18l R, — enhancement - Vector-like leptons
Eé ' of B — Kwv 0151 need to be “light”
T 16f
\QE/ L
9 0.101
= |
'R 1.4
B 0.05] S
T 1ok o L .
q L | [ Ry —-= M, =15TeV
Q s — M;=1TeV
i 1 - I
1o o o e 000l 1, A N
1.0 1.2 1.4 1.6 1.8 2.0 0.00 0.05 0.10 0.15 0.20
My [TeV] SRp-

Cornella, Fuentes-Martin, Faroughi, GI, Neubert, '21
Fuentes-Martin, GI, Konig, Selimovic, '20
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» Speculations on UV completions

UV-sensitive observables in
4321 models

A) B — Kvwv
2‘ T T T T T T T T T T T T T T T T T T T T
O _ Aerage
= | 1 . ' Bellell (63 H", Inclusive)
§ ) 8__ RD — enhancement i 1.9'1¢ This work, preliminary
— ' - 1 -1
i& | OfB RN KVV I E]Egl;iel’(}{gélﬁ;lﬂghml SL)
I

4 I | . Belle (711 b, Had)

1.6 - | 3.0£16 PRD87, 111103
oy - | 1
E _._i_ | | E?Ral;}{g)%%?m%bos 'IHad+SL)
S 14 1 1 0 2 4 6 8 10
i ‘ ‘ 10° x Br(BT—=K * vp)
T 1o N
E - |
Q

1‘0_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

1.0 1.2 1.4 1.6 1.8 2.0
M [TeV]

Cornella, Fuentes-Martin, Faroughi, GI, Neubert, '21
Fuentes-Martin, GI, Konig, Selimovic, '20
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[ Conclusions 1

» The statistical significance of the LFU anomalies is growing: in the b—s//
system the chance this is a pure statistical fluctuation 1s marginal...

» If combined, the two sets of anomalies point to non-trivial flavor dynamics
around the TeV scale, involving mainly the 3" family — connection to the
origin of flavor [multi-scale picture at the origin of flavor hierarchies ]

» No contradiction with existing low- & high-energy data, but new non-
standard effects should emerge soon in both these areas

¥

Very interesting (near-bv!) future...
(both on the exp., the pheno,
and the model-building point of view)
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» A closer look to the data

The “nc” quoted by various th. groups (global fits) holds for specific NP hypotheses,
motivated, but made a posteriori (after looking at the data) — local significance
[like resonance peak in a specific point of a given spectrum|

The arguments (of the non-believers...) against combining data:

> Even concentrating only on the clean observables, or even only in the LFU
ratios, there can be different correlations depending on the underlying NP —
you must explore all possible NP directions — Look Elsewhere Effect (LEE)

» The choice of the operator basis 1s arbitrary: how can the significance depend
on the basis choice?

* You cannot do cherry-picking in selecting the observables and only few
exhibit deviations — small significance once you include them al

\ 4

We need to provide a solid estimate of the global significance
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» A closer look to the data

The “nc” quoted by various th. groups (global fits) holds for specific NP hypotheses,
motivated, but made a posteriori (after looking at the data) — local significance

The global significance of observing any form of heavy new physics in b — s/l can
be estimated via the following procedure

> Employ the most general eff. Lagrangian for b — sl/ [full basis with 9 CNP ]

> Consider all the observables O, with good sensitivity to (at least some of) the CNP

[taking into account conservative th. errors — dI'/dq? not good because of charm loops]

> Generate pseudo-data to evaluate the O, [assuming SM theory & exp. errors]

> Fit the simulated O, with generic CNP — [sz distribution of the pseudo-data]

> Evaluate probability P(Ay2 > Ay2 ) T

Lancierini, GI, probability that data

Owen, Serra, 21 :
e e randomly align to one of the
possible NP directions
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» A closer look to the data

The “nc” quoted by various th. groups (global fits) holds for specific NP hypotheses,
motivated, but made a posteriori (after looking at the data) — local significance

The global significance of observing any form of heavy new physics in b — s/l can
be estimated via the following procedure

> Employ the most general eff. Lagrangian for b — sl/ [full basis with 9 CNP ]

> Consider all the observables O, with good sensitivity to (at least some of) the CNP

[taking into account conservative th. errors — dI'/dq? not good because of charm loops]

> Generate pseudo-data to evaluate the O, [assuming SM theory & exp. errors]
> Fit the simulated O, with generic CN? —  Ay? distribution of the pseudo-data

> Evaluate probability P(Ay2 > Ay2, )

01—
. . 102 ""-..M:“
global significance ] .,
with respect to any S 107 Y
=105 _
o ¥ R ey
form of heavy NP | .. i, GL. p d,?t? fit
Owen, Serra, 21 wr] — X 5.6dof
Remarkablv hl,Qh / w2} | SM experiments

0 10 20 20 40 50

|despite being very conservative| 2Alog L
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» Other low-energy observables

1077 106 107°
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I T I | 1{] ; T T T T T T rr |' T T T T T T 17T I T E
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» Speculations on UV completions

The PS3 set-up: Bordone, Cornella, Fuentes-Martin, GI, '17
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* Unification of quarks and leptons [natural explanation for U(1)y charges]

* De-unification (= flavor deconstruction) of the gauge symmetry

* Breaking to the diagonal SM group occurs via appropriate “link” fields,
responsible also for the generation of the hierarchies in the Yukawa couplings.
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» Speculations on UV completions
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