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(or in other words “Is the Charm heavy?”)

The fundamental question:

How to treat QCD in charm?*

*everywhere in this talk we assume the SM; I’ll comment on the possibility of the BSM interpretation of 

the result at the end

This talk’s way to answer:

experiment



The fundamental problem

number of observables < number of theory parameters

06/05/2024MARGARITA GAVRILOVA: IS THE CHARM HEAVY? 6



The fundamental problem

number of observables < number of theory parameters

06/05/2024MARGARITA GAVRILOVA: IS THE CHARM HEAVY? 7



The fundamental problem

number of observables < number of theory parameters

06/05/2024MARGARITA GAVRILOVA: IS THE CHARM HEAVY? 8

approximate 𝑆𝑈 3 𝐹 of QCD,

the symmetry between 𝑢, 𝑑 and 𝑠 quarks



The fundamental challenge

number of observables < number of theory parameters
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approximate 𝑆𝑈 3 𝐹 of QCD,

the symmetry between 𝑢, 𝑑 and 𝑠 quarks

number of observables ≥ number of theory parameters

the values of the theory parameters can be extracted from experiment!



The plan of action
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Step 1: Find theory parameters sensitive to non-
perturbative QCD in charm

Step 2: Use flavor symmetries to reduce the number 
of independent theory parameters

Step 3: Extract the values of the parameters of 
interest from experimental data
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isospin doublets

3 decays and their CP-

conjugates

isospin triplet

• We consider the following system of 6 charm decays:

• These decays are related by isospin, 𝑆𝑈(2) subgroup of 𝑆𝑈 3 𝐹 that relates 𝒖 and 𝒅

• The particles in the initial and final state form isospin multiples:



Observables
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3 decays and their CP-

conjugates

• We consider the following system of 6 charm decays:

1. Averaged branching ratios

2. CP-asymmetries

decay amplitude CP-conjugate decay amplitudephase space



Why CP-violation?

CP-violation is an interference effect!
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RESCATTERING – pure QCD effect!

CP-conjugate matrix elements:matrix elements:

𝜙𝑑, 𝜙𝑠: weak phases

𝛿𝑑, 𝛿𝑠: strong phases

NOTE: different CKM-factors → different weak phase → CPV



Theoretical parametrization
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Theoretical parametrization of the amplitudes of 𝐷 → 𝜋𝜋:

phase of P/T = strong phase

∼  

∼  + ( ) 

RESCATTERING – pure QCD effect!



Theoretical parametrization

06/05/2024MARGARITA GAVRILOVA: IS THE CHARM HEAVY? 15

Theoretical parametrization of the amplitudes of 𝐷 → 𝜋𝜋:

phase of P/T = strong phase

∼  

∼  + ( ) 

RESCATTERING – pure QCD effect!



Penguin vs Tree
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perturbative non-perturbative

• The P/T ratio is a measure of rescattering in 𝐷 → 𝜋𝜋  

• Measuring P/T

without isospin, we can only measure 

the product of P/T and the strong phase

with isospin and the BR measurements, 

we can separate the two contributions!
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Summary of the result

• Assuming isospin, we can extract the magnitude of P/T and its phase from the measurements of 

branching fractions and CP-asymmetries (don’t need any assumptions about the strong phase!)
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• Isospin is expected to hold at order 1%, thus the relations have theoretical precision of order few 

percent



What does the data say?
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Parameter Current data

(LHCb, Belle, CLEO)

Future data

(LHCb Upgrade II, Belle-II)

|𝑃/𝑇|00 5.2−2.4
+13.3 5.2−1.2

+1.6

|𝑃/𝑇|+− 5.5−2.7
+14.2 5.5−1.3

+1.8

• |𝑷/𝑻| is large, driven by sizable 𝑎𝐶𝑃(D0 → 𝜋+𝜋−)

• future data will significantly reduce the errors!

• |𝑃/𝑇|𝑓 = 0 hypothesis is at ∼ 3.8𝜎 (no rescattering)

• |𝑃/𝑇|𝑓 = 0.1 hypothesis is at ∼ 3.7𝜎 (small rescattering)

• in the future data scenario, all the listed hypothesis are 

rejected at > 5𝜎
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Parameter Current data
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• |𝑷/𝑻| is large, driven by sizable 𝑎𝐶𝑃(D0 → 𝜋+𝜋−)

• future data will significantly reduce the errors!

• |𝑃/𝑇|𝑓 = 0 hypothesis is at ∼ 3.8𝜎 (no rescattering)

• |𝑃/𝑇|𝑓 = 0.1 hypothesis is at ∼ 3.7𝜎 (small rescattering)

• in the future data scenario, all the listed hypothesis are 

rejected at > 5𝜎

Soo… Is the Charm Heavy? – the data hints that its not!



Backup



Some caveats
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• Numerical results: we performed a “theorist’s” numerical estimates for the current and future 

data, a dedicated experimental analysis is called for!

• The SM prediction for |𝑃/𝑇|𝑓

• Light Cone Sum Rules (LCSR): 𝑃/𝑇 +− ∼ 𝑂 (0.1)

[Petrov Khodjamirian 1706.07780, Chala Lenz Rusov Scholtz 1903.10490, Lenz Piscopo Rusov 2312.13245]

𝑃/𝑇 +− = 0.089−0.037
+0.042

• Using dispersion relations and 𝜋𝜋/𝐾𝐾 rescattering data: under debate

[Franco Mishima Silvestrini 1203.3131, Bediaga Frederico Magalhaes 2203.04056, Pich Solomonidi Vale Silva 2305.11951]

• Lattice: first conceptual ideas

[Hansen Sharpe 1204.0826]



Flavor symmetry

• QCD has an approximate 𝑆𝑈(3) flavor symmetry of 

light quarks 𝑢, 𝑑, 𝑠

• 𝑆𝑈 3  flavor contains an 𝑆𝑈(2) subgroup

       Isospin (𝑢, 𝑑):

• 𝑆𝑈(3) flavor is broken by quark masses 𝑚𝑢 ≠ 𝑚𝑑 ≠
𝑚𝑠

• The breaking of the isospin can be parametrized by 

휀 ∼ Δ𝑚/Λ𝑄𝐶𝐷 ∼ 1%

• This means that predictions based on isospin have 

theoretical uncertainty of the order few %
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Effective Hamiltonian

o integrated out EW bosons

o integrated out b

o neglected E&M interactions
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CKM: 𝑉𝑐𝑞
∗ 𝑉𝑢𝑞

then the decay amplitudes can be written as

unitarity of the CKM: 𝜆𝑑 + 𝜆𝑠 + 𝜆𝑏 = 0

hierarchy of the CKM is such that  
𝜆𝑏

𝜆𝑑
∼ 10−3  and thus the observables can be written as series in 𝜆𝑏/𝜆𝑑



Penguin over tree ratio
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What is the physical significance of 𝑟𝑓?

For concreteness, let us consider 𝐷0 → 𝜋+𝜋−

rescattering



Closed-form expressions
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Numerical results
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