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Testing the Standard Model of particle physics
The big picture

• We are certain that there is something beyond the Standard Model (SM) - dark matter, 
matter-antimatter asymmetry, quantum gravity, neutrino mass, etc.


• Yet, no (significant) sign of Beyond the SM physics has been observed in collider 
experiments, in neither direct and indirect searches.


• We reached maximum c.o.m. energy in the collision of the LHC, higher energies will not 
be probed (in colliders) before decades… 


• High luminosity will allow us to measure rare processes and improve the measurement of 
most observables, and test the SM with a better sensitivity to potential small New 
Physics effects


• TH can be the limiting factor for discovery, notably when non-perturbative QCD 
enters the picture.
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Confinement scale of QCD
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From PDG 2019
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Why B mesons?
• The b quark is the Goldilocks quark for phenomenology, not too light, not too 

heavy


•  allows for perturbative expansion in  with good results 
(HQS, HQE, HQET, NRQCD, etc)


• : the physics can be described by ‘simple’ EFTs 


• Simultaneously B mesons are now measured accurately:


•  ( ) and  ( ) can be produced in B factories  
(small background, full angular reconstruction), BaBar, Belle, Belle II


• Higher luminosity of B mesons (and more flavors ) are produced and 
measured at the LHC thanks to the large energy at the center of mass, 
measurements by ATLAS, CMS, LHCb. (Large background, forward 
detection only at LHCb) 

mb ≫ ΛQCD 1/mb

mb ≪ mt , mW

B0 b̄d B+ b̄u e+e− → Υ(4S) → BB̄

Bs, Bc

4

u
d
s

ΛQCD

c
b

t

2.4 MeV
4.8 MeV

104 MeV

300 MeV

1.27 GeV

4.2 GeV

171 GeV



t b s, d, uc
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Why semi-leptonic decays?
Decay channel Goldilocks
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Rare decay, small TH error 

Large BF, large TH error

Leptonic

Semi-leptonic

Hadronic



Hadronic Leptonic
Semi-leptonic

7



Charged vs. Neutral currents
FCCC vs FCNC

• Tree-level in the SM: Large Branching Fraction 


• Heavy to heavy meson decay


• E.g. 


• Amplitude proportional to 


•  also measured although CKM suppressed 
w.r.t. 

B → D(*), Bc → J/ψ

Vcb

b → u
b → c
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• Loop only in the SM: small branching fraction 


• Sensitive to small BSM contributions


• Heavy to light meson decay


• E.g. B → K(*), Bs → ϕ

b → cℓν̄ b → sℓℓ



Amplitude of semileptonic B decays in the WET
E.g. b → sℓℓ

O7 =
mb

e
(s̄σμνbR)Fμν, Oℓ

9(10) = (s̄γμbL)(ℓ̄γμ(γ5)ℓ)

CSM
7 ≃ − 0.3 CSM

9 ≃ − 4 CSM
10 ≃ 4

Sketches by Javier Virto

Hb→sℓℓ = −
4GF

2
VtbV*ts

e2

16π2
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∑
i=1

Cℓ
i Oℓ

i

Local

Non-local

ℓ
ℓ

ℓ
ℓ
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Amplitude of  decaysB → Mℓℓ
ℳ(B → Mℓℓ) = ⟨Mℓℓ Hb→sℓℓ B⟩ = 𝒩 [(Aμ

V + Tμ) ūℓγμvℓ + Aμ
A ūℓγμγ5vℓ + AS ūℓvℓ + AP ūℓγ5vℓ]

Aμ
V = −

2imb

q2
C7 ⟨M s̄σμνqνPRb B⟩+C9 ⟨M s̄γμPLb B⟩ + (PL ↔ PR, Ci → C′ i)

Aμ
A = C10 ⟨M s̄γμPLb B⟩ + (PL ↔ PR, Ci → C′ i)

AS,P = CS,P ⟨M s̄PRb B⟩ + (PL ↔ PR, Ci → C′ i)

Local contributions
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Local contributions - definition of the form factors

⟨P(k) q̄1γμb B(p)⟩ = [(p + k)μ −
m2

B − m2
P

q2
qμ] fB→P

+ +
m2

B − m2
P

q2
qμ fB→P

0

⟨P(k) q̄1σμνqνb B(p)⟩ =
ifB→P

T

mB + mP
[q2(p + k)μ − (m2

B − m2
P) qμ]

• 3 independent f.f. for 
B to pseudoscalar meson:

Amplitude of  decaysB → Mℓℓ

⟨V(k, η) q̄1γμγ5b B(p)⟩ = iη*ν [gμν (mB + mV) AB→V
1 −

(p + k)μqν

mB + mV
AB→V

2 −qμqν 2mV

q2 (A3 − A0)]
⟨V(k, η) q̄1iσμνqνb B(p)⟩ = ϵμνρση*ν pρkσ2TB→V

1

⟨V(k, η) q̄1iσμνqνγ5b B(p)⟩ = iη*ν [(gμν (m2
B − m2

V) − (p + k)μqν) TB→V
2 +qν (qμ −

q2

m2
B − m2

V
(p + k)μ) TB→V

3

⟨V(k, η) q̄1γμb B(p)⟩ = ϵμνρση*ν pρkσ
2VB→V

mB + mV

AB→V
3 ≡

mB + mV

2mV
AB→V

1 −
mB − mV

2mV
AB→V

2 .
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• 7 independent f.f. for 
B to vector meson:



Amplitude of  decaysB → Mℓℓ
ℳ(B → Mℓℓ) = ⟨Mℓℓ Heff B⟩ = 𝒩 [(Aμ

V + Tμ) ūℓγμvℓ + Aμ
A ūℓγμγ5vℓ + AS ūℓvℓ + AP ūℓγ5vℓ]

Aμ
V = −

2imb

q2
C7 ⟨M s̄σμνqνPRb B⟩+C9 ⟨M s̄γμPLb B⟩ + (PL ↔ PR, Ci → C′ i)

Aμ
A = C10 ⟨M s̄γμPLb B⟩ + (PL ↔ PR, Ci → C′ i)

AS,P = CS,P ⟨M s̄PRb B⟩ + (PL ↔ PR, Ci → C′ i)

Local contributions

Non-Local contributions

Tμ =
−16iπ2

q2 ∑
i=1,…,6,8

Ci ∫ dx4eiq⋅x ⟨M T {jμ
em(x), Oi(0)} B⟩,

jμ
em = ∑

q

Qqq̄γμq
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Calculation of the matrix elements

Non-Local contributions

Local contributions

ℳ(B → Mℓℓ) = ⟨Mℓℓ Heff B⟩ = 𝒩 [(Aμ
V + Tμ) ūℓγμvℓ + Aμ

A ūℓγμγ5vℓ + AS ūℓvℓ + AP ūℓγ5vℓ]

• At high-q2, computed on the lattice


• At low-q2:


• Lattice available only for certain processes


• Analytic approach: e.g. Light-Cone Sum Rule (LCSR)
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• At low-q2 from QCD factorization (QCDF) 


• On the entire kinematic range, we only 
know ‘dispersive bounds’ GRvDV 22, 
which are conservative upper bounds

 q2 = (pℓ + pℓ′ 
)2

ℓ
ℓ

ℓ
ℓ

ℓ
ℓ



Optimized observables
Ratio and angular observables
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From 1207.2753 Descotes-Genon, Matias, Ramon, Virto

RK(*) =
BR(B → K(*)μμ)
BR(B → K(*)ee)

RD(*) =
BR(B → D(*)τν)
BR(B → D(*)ℓν)

∼ 1 % TH uncertainty

Golden observables, robust to TH uncertainties 
Test of LFU, deviations is a smoking gun for NP



Status of the B-anomalies  q2 = (pℓ + pℓ′ 
)2
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°6 °5 °4 °3 °2 °1 0 1 2 3 4 5 6
Pull in æ

B(B+ ! K+µ+µ°) [1.1, 6.0]

B(B+ ! K+e+e°) [1.1, 6.0]

B(B+ ! K+∫∫̄)
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P 0
5(B
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patrick.koppenburg@cern.ch 2023-08-24

Optimized angular observables 

 (LHCb 2021) also  and  (Belle 2017) still standingP′ 5(B → K*μμ) P2 Q5



  obtained from  and 


Pull very TH dependent 

BR(b → sℓℓ)
B → Kee B → Kμμ RK

Leptonic B decays, TH clean, tension gone after LHCb 2021 

Exp upper bound only for   B0 → μμ

Ratio observables for  at low q2, TH clean, 

no more anomalie after LHCb 2022  

b → sℓℓ

Ratio observables for , TH clean, 

Anomalies in  remain after many measurements

b → cℓν
R(D(*))



Global fits for  
observables

b → cτν̄
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State-of-the-art global fit of  observablesb → cτν̄
EFT assuming NP in the tau sector only

ℋeff =
4GF

2
Vcb[(1 + CVL

) Oτ
VL

+ CVR
Oτ

VR

+CSR
Oτ

SR
+ CSL

Oτ
SL

+ CTOτ
T],

Oτ
VL,R

= (c̄γμPL,Rb)(τ̄γμPLντ)

Oτ
SL,R

= (c̄PL,Rb)(τ̄PLντ),

Oτ
T = (c̄σμνPLb)(τ̄σμνPLντ) .

Observables can conveniently be expressed in polynomials of WCs

17



State-of-the-art global fit of  observablesb → cτν̄
Available data

+ 2023 data: CMS R(J/Psi), Belle II 
R(Xc), R(D*) 
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State-of-the-art global fit of  observablesb → cτν̄
Preliminary results (not up to date) - using flavio + smelli

 leptoquarkS1

LQ WC SM pull

S3, U3

χ2/Ndof

S1

U1

4.90σCVL = 0.088 53.8/64

4.57σ 53.3/63
CVL = 0.111
CSL = − 8.2CT

= − 0.058

CVL = 0.097

CSR = − 0.035
4.54σ 53.6/63

Running and matching from  to  

Other bounds are available from e.g. EW precision obs. 

MLQ = 1.5TeV μ = mb
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 local form factor from light-
cone sum rules with B-meson LC 
distribution amplitude

B → K

20



 in 2023B+ → K+μμ
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Using local FF from LQCD 

HPQCD, Parrot, Bouchard, Davies (2207.13371)

Arianna Tinari 2311.00782

GRvDV 2206.03797



LCSR vs Lattice QCD  form factorB → K

22

CHSWW - 2212.11624

HPQCD collaboration - 2207.13371v2  

• Low-q2 range has long been out 
of reach of lattice, HPQCD’s result 
has not been reproduced yet


• HPQCD generally agrees with 
LCSR predictions (e.g. 
Khodjamirian 2017) and comes 
with smaller uncertainty  


• LCSR with B-meson DA’s has 
been computed including DA 
expansion up to twist-5 and  
corrections in SCET by CHSWW, 
they find significantly smaller FFs.


𝒪(αs)

Goal: expand CHSWW’s result to HQET



Procedure for Light Cone Sum Rules
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Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Jν
int = d̄γνγ5s

Jν
weak = s̄γμb

B
b

d̄

s

Πμν(q2, k2) =
⟨0 | jν |M(k)⟩⟨M(k) | jμ |B⟩

m2
M − k2

+
1

2π ∫
∞

sh
0

ds
ρμν

s − k2

Hadronic unitarity relation

&


Dispersion relation
HQET - heavy  limitmb

Πμν = ∫ d4xT(x)Φ(x)

Near the LC:  expandable in twists

(Twist = dimension - spin)


Using LC B-meson distribution 
amplitudes

Φ

 Light hadron decay constant∝ What we want to compute

K(F)
FF (q2)
m2

M − k2
+

1
2π ∫

+∞

sh
0

ds
ρ(s)

s − k2
= fBmB ∫

+∞

0
ds

+∞

∑
n=1

In(s)
(s − k2)n

Then, quark hadron duality…

Integral dominated by contributions 

on the light cone 
x2 ≪ 1/Λ2

QCD

Perturbative piece Non local matrix element 



NLO correction to LCSR with B-meson DA’s
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Jν
int = d̄γνγ5s

Jν
weak = s̄γμb

B
b

d̄

s

Π0
μν = T0

μν ⊗ Φ0

Π1
μν = T1

μν ⊗ Φ0 + T0
μν ⊗ Φ1

See e.g. GKvD 1811.00983

KnownUnknown

Πμν = Π0
μν +

αs

4π
Π1

μν + . . .

Trick:  is independent of the long distance physics, to compute them we can go to 
the limit where the external states are partonic where  is directly computable, and 
replace  with light cone wave function at tree-level

Ti

Π
Φ Φ̃ ≡

Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >



Summary and prospects
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• Deviations in charged current  decays subsists in 


• Global fits of EFTs provide precious information about the nature of the putative NP


• Theory papers used need to be cited properly when using public codes (not always 
easy!)


• Deviations in neutral current  decays subsist in BR’s and angular observables


• In BR, TH uncertainty is as large or larger than EXP and is dominated by local form 
factor uncertainties


• For , LQCD and LCSR with B-meson DA’s in SCET with NLO give 
incompatible FFs, we are computing these FFs in HQET


• Using B-meson DA’s lets us compute many different FF: 

B R(D(*))

B

B → K

B → K(*), π, ρ, D(*), . . .
Thank you!



Backup
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HPQCD Collaboration - 2207.13371
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Procedure for Light Cone Sum Rules
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Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Jν
int = d̄γνγ5s

Jν
weak = s̄γμb

B
b

d̄

s
Correlation function of B to vacuum 


(also possible with final meson to vacuum)

1) Express  in function of the non-perturbative quantities that we want to calculate


2) Compute  perturbatively


3) 1) = 2) + use of quark-hadron duality 

Π

Π



Procedure for Light Cone Sum Rules
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Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Πμν(q2, k2) =
⟨0 | jν |M(k)⟩⟨M(k) | jμ |B⟩

m2
M − k2

+
1

2π ∫
∞

sh
0

ds
ρμν

s − k2

Hadronic unitarity relation

&


Dispersion relation

 Light hadron decay constant∝ What we want to compute

Density of excited states 

of the final meson



Procedure for Light Cone Sum Rules
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Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Πμν(q2, k2) =
⟨0 | jν |M(k)⟩⟨M(k) | jμ |B⟩

m2
M − k2

+
1

2π ∫
∞

sh
0

ds
ρμν

s − k2

Hadronic unitarity relation

&


Dispersion relation

K(F)
F (q2)

m2
M − k2

+
1

2π ∫
+∞

sh
0

ds
ρ(s)

s − k2

 Light hadron decay constant∝ What we want to compute

Density of excited states 

of the final meson



Procedure for Light Cone Sum Rules

31

Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Πμν(q2, k2) =
⟨0 | jν |M(k)⟩⟨M(k) | jμ |B⟩

m2
M − k2

+
1

2π ∫
∞

sh
0

ds
ρμν

s − k2
Πμν = ∫ d4x∫

d4p′ 

(2π)4
ei(k−p′ ).x [Γν

2
/p′ + m1

m2
1 − p′ 2

Γμ
1]

αβ

< 0 | q̄2
α(x)hβ

v (0) | B̄(υ) >

Hadronic unitarity relation

&


Dispersion relation HQET - heavy  limitmb

 Light hadron decay constant∝ What we want to compute

Density of excited states 

of the final meson

K(F)
F (q2)

m2
M − k2

+
1

2π ∫
+∞

sh
0

ds
ρ(s)

s − k2



Procedure for Light Cone Sum Rules

32

Πμν(q, k) = i∫ d4xeik.x < 0 |TJν
int(x)Jμ

weak(0) | B̄(PB = q + k) >

Πμν(q2, k2) =
⟨0 | jν |M(k)⟩⟨M(k) | jμ |B⟩

m2
M − k2

+
1

2π ∫
∞

sh
0

ds
ρμν

s − k2
Πμν = ∫ d4x∫

d4p′ 

(2π)4
ei(k−p′ ).x [Γν

2
/p′ + m1

m2
1 − p′ 2

Γμ
1]

αβ

< 0 | q̄2
α(x)hβ

v (0) | B̄(υ) >

Hadronic unitarity relation

&


Dispersion relation

K(F)
F (q2)

m2
M − k2

+
1

2π ∫
+∞

sh
0

ds
ρ(s)

s − k2
= fBmB ∫

+∞

0
ds

+∞

∑
n=1

In(s)
(s − k2)n

 Light hadron decay constant∝ What we want to compute

Density of excited states 

of the final meson

k2 ≪ Λ2
had

q̃ ≤ m2
b + mbk2/Λhad

Near the LC: Expansion in twists

(Twist = dimension - spin)

In terms of LC B-meson 
distribution amplitudes

Integral dominated by terms 

on the light cone 
x2 ≪ 1/Λ2

QCD

HQET - heavy  limitmb



Quark-Hadron Duality at leading order in twist
K(F)

F (q2)
m2 − k2

+
1

2π ∫
+∞

sh
0

ds
ρ(s)

s − k2
= Π = fBmB ∫

+∞

0
ds

I1(s)
s − k2

Semi-global quark hadron duality: there is a  such that s0
1

2π ∫
+∞

sh
0

ds ρ(s) e−s/M2 ≃ ∫
+∞

s0

ds Im Πpert(q2, s) e−s/M2 ≃ fBmB ∫
+∞

s0

ds I1(s)e−s/M2

F (q2) =
fBmB

K(F) ∫
s0

0
ds I1(s) e

−s + m2
M2

Borel transform

ℬM2 f(k2) = lim
−k2, n → ∞

−k2
n = M2

(−q2)n+1

n! ( d
dk2 )n f(k2)

K(F)F (q2) e−m2/M2 +
1

2π ∫
+∞

sh
0

dsρ(s) e−s/M2 = Π = fBmB ∫
+∞

0
ds I1(s)e−s/M2
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 : Borel parameter

 : Duality threshold

M2

s0

unknown systematic error



How to determine the threshold parameter s0

F (q2) =
fBmB

K(F) ∫
s0

0
ds I1(s) e

−s + m2
M2

M2

∫ +∞
s0

ds I1(s)e−s/M2

∫ s0

0
ds I1(s)e−s/M2

higher twists
leading twist

∼ 10 %

∼ 30 %

Range of the Borel parameter 
E.g. for :   B → K M2 ∈ [0.5,1.5] GeV2

Threshold  can be determined by 
looking for independence wrt 


Daughter sum rule:   


s0
M2

d
dM2

F(q2) = 0
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∼
1
x2


