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The Standard Model

Bugs are spin 1/2 particles, unless it's particularly windy.

@ https://xkcd.com/1132

SU(3)c x SU(2)L x U(1)Y

 i = 1 , 2 , 3 

+  Poincaré symmetries

w/ Matter field content :

H + Q i , L i , u i  , d i , e i 

FLAVOR

IT LOOKS INCOMPLETE …
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Why?



The Standard Model

The Standard Model is an Effective Field Theory (EFT).

Mass Gap

Λ𝒪 ≳ ΛEW

L

H 
C

PRECISION  
TESTS !

credit to A.Greljo 

@ LHC Forum ‘23



Precision Tests : Flavor

Historically, it led to “New Physics” (NP) !

E.g., prediction 

of charm quark: 

Look @ 

processes w/ 


units of 

flavor violation

?
| F | ≠ 0 Δ



Flavor violation in SM in charged weak-current <—> VCKM

—>  Flavor Changing Neutral Currents (FCNCs) ONLY @ one loop

( ρ , η )  apex  of  Vub Vud + Vcb Vcd + Vtb Vtd = 0* * *- -

CKM matrix described by 4 params (3 angles and a CP phase) /
<latexit sha1_base64="0nmIE+BJcPQfsNHeY6LWN8a581A="></latexit>
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V ⇤
ubVud + V ⇤

cbVcd + V ⇤
tbVtd = 0

Flavor Precision :



arXiv: 1905.00798 —  L.Silvestrini @ Les Houches

Unitarity Triangle (UT)



  —  EXP

—  TH  

arXiv: 2212.03894



: Bayes aficionados
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Observables <—> constraints in the fit

<—>  CKM pair we wish to infer

Parameters we can marginalize over
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~p = {fK,B , BK,B , · · · }
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(⇢̄, ⌘̄)
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posterior ⇠ likelihood⇥ prior

see, e.g., arXiv:hep-ph/0012308
<latexit sha1_base64="UeGwot1jbaw3NW69pITZJfIQ+4A="></latexit>

~O = {✏K ,�md,s, · · · }



UT: How it really works …

Marco Ciuchini Page 29 KEK-FF 2013 

 ρ = 0.145 ± 0.014  η = 0.349 ± 0.010   

Consistence on an 
over constrained fit 

of the CKM parameters 

CKM matrix is the dominant source of flavour mixing and CP violation 

In the 
hadronic 
sector,  the 
SM CKM  
pattern 
represents 
the 
principal 
part of the 
flavor 
structure 
and of  CP 
violation  

 α = (88.2 ±  0.1 )0  
sin2β = 0.699 ± 0.068 
β = (22.3  ±  0.66 )0  
γ = (65.8 ±  2.2)0  
A = 0.825 ± 0.012

 λ = 0.22502 ± 0.00053 
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Winter 2018 results  

Other Quantities used in the  
 UT Analysis  

sin 2β cos 2β α sin (2β + γ) 

B→J/Ψ K0 B→J/Ψ K*0 B→ππ,ρρ B→D(*)π,Dρ 

γ 

B→D(*)K 
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(semileptonic decays)
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(Bd,s � B̄d,s)

L.Silvestrini @

 Les Houches



SM UT Analysis
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ZOOMED-IN SM UT
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@ 95% prob
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⇢̄ = 0.161± 0.009 ⇠ 6%
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⌘̄ = 0.344± 0.010 ⇠ 3%



ANOTHER  FLAVOR  PROBLEM

Generic source of Flavor / CP violation —> high NP scale⚠
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Towards % precision, overall consistency very good 

NP UTA :

SM UTA :

credit to R.Rattazzi 

@ GGI ‘21

N
AT
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AL

“CLEVER”, NOT SIMPLE

COLLIDER
UTA = PRECISION

ΛNP 


C 


(ψ ψ) 2 

Λ 2
C

NP

( i )

( ii )

Lessons from UTA

Going beyond the SM = facing big challenges



TODAY : Important lessons directly from semi-leptonic rare B decays !  

Flavor Changing Neutral Currents

—  only @ loop level in the SM
—  GIM suppressed

for
NP !
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Admir Greljo | Rare b decays meet high-mass Drell-Yan

“This article presents evidence for the breaking of lepton universality 
in beauty-quark decays, with a significance of 3.1 standard deviations, 
…”

cf. Renato Quagliani

Consistent with 

might



Hints for Lepton Universality Violation (LUV)

B ANOMALIES — What are we talking about ?

PRL 112 (2019) 191801

JHEP 08 (2017) 055

BELLE also measured   
BELLE-CONF-1901


Compatible with LHCb data

(but also with SM prediction).

RK

@LHCb

@LHCb

RK(*) ≡ BR(B → K(*)μ+μ−)/BR(B → K(*)e+e−)

Theoretically very “clean” [ 1605.07633 ]



credit to G.Isidori 


3 “identical” families could be an accidental property @ low E

LEPTON UNIVERSALITY VIOLATED

IN THE UV (LIKE BARYON NUMBER)



Contrary to LUV ratios,  directly sensitive to muons

BR(  ) also “clean” Bs → μ+μ−

Dominated by short distance, purely leptonic final state

B ANOMALIES : BEYOND R K(*)

[ ATLAS + CMS + LHCb ]



B ANOMALIES : A (COOL!) PIC ~ 2022

⇤NP = 30 TeV
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   NP  EVIDENCE  @

MORE THAN 6σ

Qi

Qj

Lk

Lk

Z’ - like

Leptoquark - like

Qi

Qj

Lk

Lk
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cf. Renato Quagliani

cf. Renato Quagliani, CERN seminar 20.12.2022.

• Lepton Flavor Universality 
ratios are SM-like

The latest news!

LHCb, 2212.09153, 2212.09152

“in-depth revision and understanding of electron misidentification”

might

New Physics (NP)  —>  Standard Model (SM)



BIG JUMP NOT ONLY DUE TO THE RATIOS …



A            Summary



LIFE   IS   ALL   ABOUT   BALANCE …



 Hints for NP effects in the same class of FCNCs 

ANGULAR ANALYSIS 

OF  M  —>  V 𝜇 𝜇 

BRs , same range in q2

CONSISTENT vs TIME 

Tension in muons @ LHCb

PRL 25, 011802 (2020)

[ M = B(s) , V = K*0,+ (ɸ) ]



               Q:  How to address tension in b —> s ll  data? 

1)   Experimental problem + theoretical uncertainties

2)   New Physics
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1)   Experimental problem + theoretical uncertainties
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state-of-the-art from LQCD & LCSR computations

- QCD CONTRIBUTIONS FROM C x C & PENGUINS
QCD factorization for leading effects of O(ΛQCD/mb) , 
but non-factorizable power corrections also present.
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INTERLUDE: ANATOMY  OF  B —> K(*)𝓁𝓁



Pheno - Model - Driven (PMD)

KNOWN UNKNOWNS IN  B —> K * 𝓁𝓁

i)   Light-cone sum rules (LCSR)  

ii)   Single soft gluon approximation

iii)   Extrapolation via dispersion rel.

“OPTIMISTIC” = 

TRUST THIS COMPLETELY!

Pheno - Data - Driven (PDD)

“CONSERVATIVE” = 

TRUST THIS PARTIALLY!

COMPUTED IN 

1006.4945 USING: 

credit to C.Bobeth



ANOMALIES  IN  B —> K * 𝜇𝜇 ?

Phenomenological 

Data Driven (PDD)

Phenomenological 

Model Driven (PMD)

IC = 125

IC = 102
P 0
5 =

S5p
FL(1� FL)

Descotes-Genon et al. 2013

[ 1512.07157  +  2011.01212 ]  

Enforce outcome of LCSR +  dispersion

relations in the entire range of q2

Apply LCSR results only for q2 ≲ GeV2

h0,±
�
q2
�
=

X

k=0,1,2

h(k)
0,±

✓
q2

GeV2

◆k
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FIG. 1. Example of charming-penguin diagrams contributing to the B ! K(⇤)`+`� amplitude. Diagram (a) represents the
class of charming-penguin amplitudes related to c � c̄ state that subsequently goes into a virtual photon, see refs. [43, 45–48].
Diagram (b) and (c) represent the kind of contributions from rescattering of intermediate hadronic states, at the quark and
meson level respectively. The phenomenological relevance of rescattering for the SM prediction of the B ! K(⇤)`+`� decays
has been recently considered in ref. [38].

mental novelties discussed above. Adopting the model-
independent language of the Standard Model E↵ective
Theory (SMEFT) [82, 83], we present an updated anal-
ysis of |�B| = |�S| = 1 (semi)leptonic processes and
show that current data no longer provide strong hints for
NP. Indeed, updating the list of observables considered
in our previous global analysis [38] with the results in
eqs. (1) and (2), the only remaining measurements devi-
ating from SM expectations and not a↵ected by hadronic
uncertainties are the LUV ratios RKS and RK⇤+ [7], for
which a re-analysis by the LHCb collaboration is manda-
tory in view of what discussed in [54, 55].

The anatomy of the B ! K(⇤)`+`� decay can be char-
acterized in terms of helicity amplitudes [24, 84], that in
the SM at a scale close to the bottom quark mass mb can
be written as:
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with � = 0, ± and CSM
7,9,10 the SM Wilson coe�cients of

the semileptonic operators of the |�B| = |�S| = 1 weak
e↵ective Hamiltonian [85–87], normalized as in ref. [41].
The naively factorizable contributions to the above am-
plitudes can be expressed in terms of seven q2-dependent
form factors, eV0,±, eT0,± and eS [88, 89]. At the loop level,
non-local e↵ects parametrically not suppressed (neither
by small Wilson coe�cients nor by small CKM factors)
arise from the insertion of the following four-quark oper-
ator:

Qc
2 = (s̄L�µcL)(c̄L�µbL) , (3)

that yields non-factorizable power corrections in H�
V via

the hadronic correlator h�(q2) [26, 30, 90], receiving the
main contribution from the time-ordered product:

✏⇤µ(�)

m2
B

Z
d4x eiqxhK̄⇤

|T {jµem(x)Qc
2(0)}|B̄i , (4)

with jµem(x) the electromagnetic (quark) current.
This correlator receives two kinds of contributions.

The first corresponds to diagrams of the form of dia-
gram (a) in Fig. 1, where the initial B meson decays
to the K(⇤) plus a cc̄ state that subsequently goes into
a virtual photon. This contribution has been studied in
detail in the context of light-cone sum rules in the regime
q2 ⌧ 4m2

c in [43]; in the same reference, dispersion rela-
tions were used to extend the result to larger values of the
dilepton invariant mass. While the operator product ex-
pansion performed in ref. [43] was criticized in ref. [29],
and multiple soft-gluon emission may represent an ob-
stacle for the correct evaluation of this class of hadronic
contributions [30, 40, 91, 92], refs. [45, 46] have exploited
analyticity in a more refined way than [43]. In those
works the negative q2 region – where perturbative QCD
is supposed to be valid – has been used to further con-
strain the amplitude. Building on these works, together
with unitarity bounds [47], ref. [48] found a very small
e↵ect in the large-recoil region.

The second kind of contribution to the correlator in
eq. (4) originates from the triangle diagrams depicted in
Fig. 1 (b), in which the photon can be attached both
to the quark and antiquark lines and we have not drawn
explicitly the gluons exchanged between quark-antiquark
pairs. An example of an explicit hadronic contribution
of this kind is depicted in Fig. 1 (c).1 The DsD⇤ pair
is produced by the weak decay of the initial B meson
with low momentum, so that no color transparency ar-
gument holds and rescattering can easily take place. Fur-
thermore, the recent observation of tetraquark states in
e+e� ! K(DsD⇤ + D⇤

sD) by the BESIII collaboration
[94] confirms the presence of nontrivial nonperturbative
dynamics of the intermediate state.

One could think of applying dispersive methods also

1
See ref. [93] for a very recent estimate of similar diagrams with

up quarks, rather than charm quarks, in the internal loop.

[ 2206.03797 ]

In 2023, this class 

of charming penguins


might be tamed. 

 THb → sℓ+ℓ−

• Better SM predictions for  and  needed!B → K(*)μ+μ− Bs → ϕ μ+μ−

• The bottleneck
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Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

predictions of the remaining angular observables with the data are provided in Appendix F.

The bins are chosen to align with those of the LHCb measurements for ease of comparison. We

find a clear discrepancy between the central values of the predictions and the measurements

of certain observables. The compatibility of the data with the SM predictions is determined
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Gubernari, Reboud, van Dyk, Virto; 2206.03797• Recent developments
• -expansion exploiting the analytic structure
• Residues from  data
• LCOPE calculations for negative 
• The dispersive (unitarity) bounds crucial to close the fit

z
B → M J/ψ

q2

The standard method

• QCD factorisation

• Uncontrollable systematic 
uncertainties?

20 The tension remains!
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hep-ph/0412400

1)  LCSR at q2 ≤ 0

2)    - expansion w/

        data

z
B → M J/ψ

3)  dispersive bounds
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meson level respectively. The phenomenological relevance of rescattering for the SM prediction of the B ! K(⇤)`+`� decays
has been recently considered in ref. [38].

mental novelties discussed above. Adopting the model-
independent language of the Standard Model E↵ective
Theory (SMEFT) [82, 83], we present an updated anal-
ysis of |�B| = |�S| = 1 (semi)leptonic processes and
show that current data no longer provide strong hints for
NP. Indeed, updating the list of observables considered
in our previous global analysis [38] with the results in
eqs. (1) and (2), the only remaining measurements devi-
ating from SM expectations and not a↵ected by hadronic
uncertainties are the LUV ratios RKS and RK⇤+ [7], for
which a re-analysis by the LHCb collaboration is manda-
tory in view of what discussed in [54, 55].

The anatomy of the B ! K(⇤)`+`� decay can be char-
acterized in terms of helicity amplitudes [24, 84], that in
the SM at a scale close to the bottom quark mass mb can
be written as:
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7,9,10 the SM Wilson coe�cients of

the semileptonic operators of the |�B| = |�S| = 1 weak
e↵ective Hamiltonian [85–87], normalized as in ref. [41].
The naively factorizable contributions to the above am-
plitudes can be expressed in terms of seven q2-dependent
form factors, eV0,±, eT0,± and eS [88, 89]. At the loop level,
non-local e↵ects parametrically not suppressed (neither
by small Wilson coe�cients nor by small CKM factors)
arise from the insertion of the following four-quark oper-
ator:

Qc
2 = (s̄L�µcL)(c̄L�µbL) , (3)

that yields non-factorizable power corrections in H�
V via

the hadronic correlator h�(q2) [26, 30, 90], receiving the
main contribution from the time-ordered product:
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with jµem(x) the electromagnetic (quark) current.
This correlator receives two kinds of contributions.

The first corresponds to diagrams of the form of dia-
gram (a) in Fig. 1, where the initial B meson decays
to the K(⇤) plus a cc̄ state that subsequently goes into
a virtual photon. This contribution has been studied in
detail in the context of light-cone sum rules in the regime
q2 ⌧ 4m2

c in [43]; in the same reference, dispersion rela-
tions were used to extend the result to larger values of the
dilepton invariant mass. While the operator product ex-
pansion performed in ref. [43] was criticized in ref. [29],
and multiple soft-gluon emission may represent an ob-
stacle for the correct evaluation of this class of hadronic
contributions [30, 40, 91, 92], refs. [45, 46] have exploited
analyticity in a more refined way than [43]. In those
works the negative q2 region – where perturbative QCD
is supposed to be valid – has been used to further con-
strain the amplitude. Building on these works, together
with unitarity bounds [47], ref. [48] found a very small
e↵ect in the large-recoil region.

The second kind of contribution to the correlator in
eq. (4) originates from the triangle diagrams depicted in
Fig. 1 (b), in which the photon can be attached both
to the quark and antiquark lines and we have not drawn
explicitly the gluons exchanged between quark-antiquark
pairs. An example of an explicit hadronic contribution
of this kind is depicted in Fig. 1 (c).1 The DsD⇤ pair
is produced by the weak decay of the initial B meson
with low momentum, so that no color transparency ar-
gument holds and rescattering can easily take place. Fur-
thermore, the recent observation of tetraquark states in
e+e� ! K(DsD⇤ + D⇤

sD) by the BESIII collaboration
[94] confirms the presence of nontrivial nonperturbative
dynamics of the intermediate state.

One could think of applying dispersive methods also

1
See ref. [93] for a very recent estimate of similar diagrams with

up quarks, rather than charm quarks, in the internal loop.
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Diagram (b) and (c) represent the kind of contributions from rescattering of intermediate hadronic states, at the quark and
meson level respectively. The phenomenological relevance of rescattering for the SM prediction of the B ! K(⇤)`+`� decays
has been recently considered in ref. [38].

mental novelties discussed above. Adopting the model-
independent language of the Standard Model E↵ective
Theory (SMEFT) [82, 83], we present an updated anal-
ysis of |�B| = |�S| = 1 (semi)leptonic processes and
show that current data no longer provide strong hints for
NP. Indeed, updating the list of observables considered
in our previous global analysis [38] with the results in
eqs. (1) and (2), the only remaining measurements devi-
ating from SM expectations and not a↵ected by hadronic
uncertainties are the LUV ratios RKS and RK⇤+ [7], for
which a re-analysis by the LHCb collaboration is manda-
tory in view of what discussed in [54, 55].

The anatomy of the B ! K(⇤)`+`� decay can be char-
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the semileptonic operators of the |�B| = |�S| = 1 weak
e↵ective Hamiltonian [85–87], normalized as in ref. [41].
The naively factorizable contributions to the above am-
plitudes can be expressed in terms of seven q2-dependent
form factors, eV0,±, eT0,± and eS [88, 89]. At the loop level,
non-local e↵ects parametrically not suppressed (neither
by small Wilson coe�cients nor by small CKM factors)
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with jµem(x) the electromagnetic (quark) current.
This correlator receives two kinds of contributions.

The first corresponds to diagrams of the form of dia-
gram (a) in Fig. 1, where the initial B meson decays
to the K(⇤) plus a cc̄ state that subsequently goes into
a virtual photon. This contribution has been studied in
detail in the context of light-cone sum rules in the regime
q2 ⌧ 4m2

c in [43]; in the same reference, dispersion rela-
tions were used to extend the result to larger values of the
dilepton invariant mass. While the operator product ex-
pansion performed in ref. [43] was criticized in ref. [29],
and multiple soft-gluon emission may represent an ob-
stacle for the correct evaluation of this class of hadronic
contributions [30, 40, 91, 92], refs. [45, 46] have exploited
analyticity in a more refined way than [43]. In those
works the negative q2 region – where perturbative QCD
is supposed to be valid – has been used to further con-
strain the amplitude. Building on these works, together
with unitarity bounds [47], ref. [48] found a very small
e↵ect in the large-recoil region.

The second kind of contribution to the correlator in
eq. (4) originates from the triangle diagrams depicted in
Fig. 1 (b), in which the photon can be attached both
to the quark and antiquark lines and we have not drawn
explicitly the gluons exchanged between quark-antiquark
pairs. An example of an explicit hadronic contribution
of this kind is depicted in Fig. 1 (c).1 The DsD⇤ pair
is produced by the weak decay of the initial B meson
with low momentum, so that no color transparency ar-
gument holds and rescattering can easily take place. Fur-
thermore, the recent observation of tetraquark states in
e+e� ! K(DsD⇤ + D⇤

sD) by the BESIII collaboration
[94] confirms the presence of nontrivial nonperturbative
dynamics of the intermediate state.
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mental novelties discussed above. Adopting the model-
independent language of the Standard Model E↵ective
Theory (SMEFT) [82, 83], we present an updated anal-
ysis of |�B| = |�S| = 1 (semi)leptonic processes and
show that current data no longer provide strong hints for
NP. Indeed, updating the list of observables considered
in our previous global analysis [38] with the results in
eqs. (1) and (2), the only remaining measurements devi-
ating from SM expectations and not a↵ected by hadronic
uncertainties are the LUV ratios RKS and RK⇤+ [7], for
which a re-analysis by the LHCb collaboration is manda-
tory in view of what discussed in [54, 55].
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the semileptonic operators of the |�B| = |�S| = 1 weak
e↵ective Hamiltonian [85–87], normalized as in ref. [41].
The naively factorizable contributions to the above am-
plitudes can be expressed in terms of seven q2-dependent
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V via

the hadronic correlator h�(q2) [26, 30, 90], receiving the
main contribution from the time-ordered product:

✏⇤µ(�)

m2
B

Z
d4x eiqxhK̄⇤

|T {jµem(x)Qc
2(0)}|B̄i , (4)

with jµem(x) the electromagnetic (quark) current.
This correlator receives two kinds of contributions.

The first corresponds to diagrams of the form of dia-
gram (a) in Fig. 1, where the initial B meson decays
to the K(⇤) plus a cc̄ state that subsequently goes into
a virtual photon. This contribution has been studied in
detail in the context of light-cone sum rules in the regime
q2 ⌧ 4m2

c in [43]; in the same reference, dispersion rela-
tions were used to extend the result to larger values of the
dilepton invariant mass. While the operator product ex-
pansion performed in ref. [43] was criticized in ref. [29],
and multiple soft-gluon emission may represent an ob-
stacle for the correct evaluation of this class of hadronic
contributions [30, 40, 91, 92], refs. [45, 46] have exploited
analyticity in a more refined way than [43]. In those
works the negative q2 region – where perturbative QCD
is supposed to be valid – has been used to further con-
strain the amplitude. Building on these works, together
with unitarity bounds [47], ref. [48] found a very small
e↵ect in the large-recoil region.

The second kind of contribution to the correlator in
eq. (4) originates from the triangle diagrams depicted in
Fig. 1 (b), in which the photon can be attached both
to the quark and antiquark lines and we have not drawn
explicitly the gluons exchanged between quark-antiquark
pairs. An example of an explicit hadronic contribution
of this kind is depicted in Fig. 1 (c).1 The DsD⇤ pair
is produced by the weak decay of the initial B meson
with low momentum, so that no color transparency ar-
gument holds and rescattering can easily take place. Fur-
thermore, the recent observation of tetraquark states in
e+e� ! K(DsD⇤ + D⇤

sD) by the BESIII collaboration
[94] confirms the presence of nontrivial nonperturbative
dynamics of the intermediate state.

One could think of applying dispersive methods also

1
See ref. [93] for a very recent estimate of similar diagrams with

up quarks, rather than charm quarks, in the internal loop.

Rescattering from intermediate on-shell hadronic states.

These effects NOT captured by any analytic cut solely in q2.

… WHAT ABOUT THOSE ?

NEW data driven approach: no theory input on h(k)
λ

[ 2110.10126  +  2212.10516 ]  

[ 2206.03797 ]

In 2023, this class 

of charming penguins


might be tamed. 
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FIG. 2. Left panel: Posterior p.d.f. for the NP coe�cient CNP
9,µ . Right panel: Posterior p.d.f. for the SMEFT Wilson coe�cient

CLQ
2223. For both panels, we show the p.d.f. in green and orange on the basis of the hadronic approach adopted in the global

analysis (see the text for more details).
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FIG. 3. Left panel: Joint posterior p.d.f. for CNP
9,µ and CNP

10,µ. Right panel: Joint posterior p.d.f. for the SMEFT Wilson

coe�cients CLQ
2223 and CQe

2322. For both panels, we show 68% and 95% probability regions in green and orange on the basis of the
hadronic approach adopted in the global analysis (see the text for more details).

driven approach against what we denote instead as model
dependent treatment of hadronic uncertainties, in which
we assume that the contributions generated by the dia-
grams in Fig. 1 (b) (or (c)) are negligible and that the
correlator in eq. (4) is well described by the approach of
refs. [43–48], yielding a subleading e↵ect to the hadronic
e↵ects computable in QCD factorization. [See again the
Appendix for further details regarding also the hadronic
parameterization employed in the model dependent ap-
proach.]

In both approaches to QCD long-distance e↵ects, we
obtain a sample of the posterior joint probability den-
sity function (p.d.f.) of SM parameters, including form
factors, and, in the data driven scenario, h� parameters,

together with NP Wilson coe�cients. From each pos-
terior p.d.f. we compute the highest probability density
intervals (HPDIs), which represent our best knowledge of
the model parameters after the new measurements. We
also perform model comparison using the information cri-
terion [109], defined as:

IC ⌘ �2log L + 4�2
logL , (8)

where the first and second terms are the mean and vari-
ance of the log-likelihood posterior distribution. The first
term measures the quality of the fit, while the second one
is related to the e↵ective degrees of freedom involved, pe-
nalizing more complicated models. Models with smaller
IC should then be preferred [110]. While the posterior

B ANOMALIES : CIRCA 2023
<latexit sha1_base64="F6aAY/INwEUR+ZGvPtvNbLjUe7Q="></latexit>

O
LQ
2223 = L̄2�µL2Q̄2�

µ
Q3

O
Qe
2322 = Q̄2�µQ3ē2�

µ
e2

SMEFT GLOBAL ANALYSIS: 

KEY NP OPERATORS

<latexit sha1_base64="kypoFHRK4A0fQiEIHxg5QdtXmc4="></latexit>

C9 / CQe + CLQ

C10 / CQe � CLQ
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FIG. 7. Joint posterior p.d.f. for Re(h(1)
� ) and Re(h(2)

� ) in a
SM fit in the “data driven” scenario. Darker (lighter) regions
correspond to 68% (95%) probability. Notice that according to

our hadronic parameterization given in eq. (5), Re(h(1)
� ) can

be reinterpreted as a lepton universal NP contribution, CNP
9,U.

ing penguin contributions. Eventually, notice that the
allowed ranges for NP coe�cients are much larger in the
data driven scenario since the uncertainties on charm-
ing penguins leak into the determination of NP Wilson
coe�cients.

Before concluding, we comment briefly on the possibil-
ity of a lepton universal NP contribution to C9, that we
denote here CNP

9,U, a↵ecting only absolute BRs and angu-
lar distributions of b ! s`+`� decays, but leaving LUV
ratios as in the SM. This possibility was already discussed
in detail in ref. [38], and the experimental situation has
not changed since then. Therefore, we just summarize
here the main findings of ref. [38] for the reader’s con-
venience. Performing a fit to experimental data within
the SM in the data driven scenario, one finds that sev-
eral h� parameters are determined to be di↵erent from
zero at 95% probability, supporting the picture of sizable
rescattering in charming penguin amplitudes (see Table
1 in ref. [38]). In particular, there is an interesting cor-

relation between Re(h(1)
� ) ' �CNP

9,U and Re(h(2)
� ), as is

evident from Fig. 7. Data definitely require a nonvanish-
ing combination of the two parameters; if charming pen-

guins are treated à la [43–48], Re(h(2)
� ) is put to zero and

Re(h(1)
� ) is identified with a lepton universal contribution

CNP
9,U, leading to an evidence of NP inextricably linked to

the assumptions on charming-penguin amplitudes.
Summarizing, we performed a Bayesian analysis of pos-

sible LUV NP contributions to b ! s`+`� transitions in
view of the very recent updates on BR(B(d,s) ! µ+µ�)
by the CMS collaboration [49] and on RK and RK⇤

by the LHCb collaboration [54, 55]. As pointed out in
refs. [24, 26, 30, 38, 40–42, 91, 92], the NP sensitivity
of these transitions is spoilt by possible long-distance ef-
fects, see Fig. 1. Thus, in the data driven scenario we de-
termined simultaneously hadronic contributions, param-

eterized according to eq. (4), and NP Wilson coe�cients,
finding no evidence for LUV NP. Conversely, evidence
for NP contributions is found if charming penguins are
assumed to be well described by the approach of refs. [43–
48], as reported in Tables I and II.

Finally, we considered the case of a lepton universal NP
contribution to C9, which is phenomenologically equiva-

lent to the e↵ect of h(1)
� in our data driven analysis, con-

firming our previous findings in ref. [38]: in the context of
the data driven approach, we found several hints of non-
vanishing hi

� parameters, but no evidence of a nonvanish-

ing Re(h(1)
� ) ' �CNP

9,U; evidence for CNP
9,U only arises in the

model dependent scenario in which all genuine hadronic
contributions are phenomenologically negligible. Future
improvements in theoretical calculations and in experi-
mental data will hopefully allow clarifying this last point.

APPENDIX

[In this Appendix, we give further details regarding the
parameterizations employed for the hadronic contribu-
tions in the data driven and model dependent approaches
in each of the 2 main modes investigated in this letter,
namely B ! K⇤`` and B ! K``, and how these ap-
proaches are related to each other. Concerning the third
mode here discussed, namely Bs ! �``, we will work
under the assumption of SU(3)F symmetry, i.e., we con-
sider the same hadronic contributions to B ! K⇤`` and
Bs ! �``. This choice is justified by the fact that it is
not possible with current data to single out any SU(3)F -
breaking e↵ect from Bs ! �``, see our previous ref. [38]
for a detailed analysis on the matter. Starting now from
the data driven approach in the B ! K⇤ mode, we follow
the definition of ref. [43] and give the hadronic contribu-
tions as helicity-dependent shifts in C9,i:

�C9,i(q
2) =

r1,i
⇣
1 �

q̄2

q2

⌘
+ �C9,i(q̄2)

q̄2

q2

1 + r2,i
q̄2�q2

m2
J/ 

. (9)

In our fits, all the involved parameters are flatly dis-
tributed according to the ranges given, for q̄2 = 1, in
Table 2 of ref. [43]. As discussed in ref. [30], the relation
between this parameterization and the one employed for
the data driven approach is given by:

�C9,1(q
2) = �

16m3
B(mB + mK⇤)⇡2

p
�(q2)V (q2)q2

(h�(q2) � h+(q2))

�C9,2(q
2) = �

16m3
B⇡2

(mB + mK⇤)A1(q2)q2
(h�(q2) + h+(q2))

�C9,3(q
2) =

64⇡2m3
BmK⇤

p
q2(mB + mK⇤)

�(q2)A2(q2)q2
h0(q

2)

�
16m3

B(mB + mK⇤)(m2
B � q2 � m2

K⇤)⇡2

�(q2)A2(q2)q2

⇥ (h�(q2) + h+(q2)) , (10)

QCD ~ LEPTON UNIVERSAL NP
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B ANOMALIES : A ☀ FUTURE

LHCb upgrade(s) will allow us to probe precisely 

the q2 dependence in the angular analysis …


—> to pin down effects  from hadronic physics


Belle II could also discover New Physics !!!

See Workshop ANOMALIES 23 @ SCGP



… B ANOMALIES :

NOT JUST A


FCNC PUZZLE



B          ANOMALIES : CIRCA 2023
https://thesis.library.caltech.edu/14598/1/Yunxuan_Li_2022_thesis.pdf

Waitin’ for Godot …

“      ”



Take Home

For most of 2022, NP effects were robustly above 5 …σ

—   BaBar crucial x  ,  
 maybe the last vestige 

 of LUV in B decays !

RD(*)

—   Charming penguins 

         in B decays via FCNCs 


     need more data

Unfortunately, in 2023 data do not longer support this conclusion.     

NP cannot be disentangled from hadronic physics.

SMNP

—   Look forward to upgrades

     @ LHCb and to Belle II 

     



BACKUP
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KNOWN UKNOWNS IN  B —> K * 𝓁𝓁

DO NOT HAVE C7,9 SHORT-DISTANCE COUNTERPART!

�C9 �C7

“CONSERVATIVE” APPROACH = TRUST LCSR RESULTS ONLY AT q2 ≤ GeV2.

REQUIRE ALSO  |h+/h-| << 1 AT LARGE RECOIL (Jager & Camalich`14).

up to k = 2 , 
16 real coeffs


involved
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Data Driven (PDD)
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2) =

X

k
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�

✓
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(e.m. dipole operator)(semi-lep operator)
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PROJECTIONS @ 50 fb-1
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(Hurth et al.`17 + Albrecht et al.`17) 
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F= 1 @ TreeΔ

F = 1 @ LoopΔ

ΛNP ∼ 30 TeV
for 𝒪(1) couplings

ΛNP ∼ few TeV
for 𝒪(1) couplings SM
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