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The beauty of charm (?)

¢ Many challenges:

Aqcp

me

* The charm quark is not that heavy as(me) ~0.33 ~0.30
* There is little room for CP violation (CPV)

* The GIM mechanism is highly effective My, Ms, Mg < My

o But also opportunities:

+ Important testing ground for QCD methods
+ High sensitivity to potential New Physics (NP) effects

% Only system to study mixing in the up-type quark sector

Complementarity to K- and B-mixing
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CPV in charm

o Relevant CKM parameters for charm decays: g =V Vag

Ag = -0.2191 + 1.313 x 107% Ae = +0.2190 + 7.003 x 107%4

Ab — 63 X 10—5 —14x 10_4@' Largest relative im. part

but very small magnitude

o In the SM, CPV effects suppressed by the small parameter

A
Im(—b) ~6x107%
Ad

o Strong sensitivity to CP violating NP contributions
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Ezxperimental status
o LHCD has discovered CPV in D decays in 2019 [1903.08726]

AACP = ACP(K_K+) - Acp(Tr_ﬂ' ) = (*15.4 =5 2.9) X 10_4

Aady = (-15.7£2.9) x 107"

o Most recent measurement of ANL(K~K*) by LHCb (220003179

+ Combination with AAgp: first evidence of CPV in specific decay™

agp(K™KY) = (71.7+£5.7)x 107 agp(rnt) = (23.2+6.1) x 107
~ 3.80 evidence

* For most recent combination see [LHHCbh-CONEF-2024-004]
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On the theory side

¢ Schematically, in the SM we have: Ratio of penguin to tree ampl.

with relative strong phase &

P
Aadlr ~ —ZIm( ) [| ‘ sindg g + sin(SmT:I
T T

o Measurement of Aall, would imply at least |P/T| = O(1)

* Factor ten enhancement compared to naive perturbative estimates

+ However, robust determinations are extremely challenging

o How can we interpret the experimental result?
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Theoretical status pt. 1

¢ Possible enhancement of P/T in the SM:

%

¥

%

%

Maria Laura Piscopo

o But ~ 2.70 tension for single CP asymmetries “U-spin anomaly”

Symmetry arguments: U-spin and SU(3)F relations

e.g. [Grossman, Schacht

e.g. [Schacht ’22; Bause, Gisbert, Hiller et al. ’22; Iguro, Nierste et al.

CPYV in charm

e.g

Use of topological amplitudes decompositions

[Li, Lii, Yu ’19; Cheng, Chiang

Study of final-state interactions using 7, K K rescattering data

[Bediaga, Frederico, Megahlaes ’2:

Specific scenario: large contribution of nearby scalar resonances

[Soni ’19; Soni, Schacht

'19]

24]

'19]

[



Theoretical status pt. 11

¢ Other predictions for Aadcilg fall short of the experimental result:

* Determinations based on QCD LCSR*
[Khodjamirian, Petrov ’17; Lenz, MLP, Rusov ’23]

o Motivated NP interpretations c.c. [Chala, Lenz, et al. '19; Dery, Nir '19]

+ Analysis of { KK, 77} rescattering using dispersive methods
[Pich, Solomonidi, Vale Silva ’23]

See talk of E. Solomonidi

o Evidence of CPV in D° » 7~7* implies large rescattering

[Gavrilova, Grossman, Schacht ’23]

+ Recent isospin analysis: penguin enhancement unlikely in the SM

[Sinha, Browder, Deshpande, Sahoo, Sinha ’25]

*
Light-cone sum rules [Balitsky, Braun, Kolesnischenko '89)]
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Where do we stand

o Big efforts towards clear interpretation of experimental results

o But so far, no theory consensus yet

o

? M ? M
AATR S AAZY  or  AAZD »> AAZY

o Status reflects the challenge of describing hadronic charm decays

Theoretical progress is urgently needed
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The SCS decays
DY - 7= and D' - KK~
within LOSR



The decay .DO - KK+ (and similarly for D° - 7~ 7t)

o From unitarity of CKM Ay + s+ Ay =0

AD® > K™K*) = X\s Ak (1 - ﬁpKJ)

o Using [M\p/As| < 1, the branching ratio becomes

B(D? » K~ K*) = s "l Ak k|?

¢ And the CP asymmetry

K| ..
sind g
KK

aBp (K™K*) = -2

Ap| .
— |sin~y
S

A

o Similarly for adif (7~ 7*), but with opposite sign due to A\g~ -\
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Penguin topologies

Considered only current-current operators
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Penguin amplitudes using LCSR

o Size of amplitudes P, Px i estimated using LCSR

[Khodjamirian, Petrov ’'17]

o Values of |Ar|, | Ak k| extracted from data on branching ratios
B(D® - 7777 )|exp = (1.454 £0.024) x 107> B(D° = K* K™ )|exp = (4.08 +0.06) x 1073

¢ Derived bound on Aa%ilg assuming the SM

|AadE|om < 2.3 x 1074

[Khodjamirian, Petrov *17]

o Can we obtain a prediction entirely in LCSR without using data?

And further test applicability of LCSR for these decays?
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Decay amplitudes in naiwve factorisation

o Obtain predictions for branching fractions in NF (Lens, vie, rusov 23]
B(D° - 7r+7r*)|NF: (1.90*938)x 107 B(D° - K*K’)|NF: (3.40*9:49) x 1073
Using Lattice QCD inputs for decay constants and form factors

[FLAG °19]

B(D° —» 77 )|exp = (1.454 £0.024) x 102 B(D® = K* K™ )|exp = (4.08 +0.06) x 1073

o Only parametric uncertainties in the factorisation approximation

Errors not final, additional uncertainties not accounted
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Tree-level amplitudes using LCSR

o The three—point COI‘I‘elatiOIl funCtiOIl see also [Khodjamirian ’00]

Fu(pq) = [ dioee [ diye sy (k™ (p-)IT{i (@), 01(0),3 (1)} 10)

.D . . K — _ _
j5 =imceysu g, =5yuvsu OF = (Byu(l-v5)e) (@’ (1 -v5)s)

o The final sum rule

2 2 2 s 8
mD/M x/M 0 D) 7 )npr2
WKYKT|0°|D0) = e— R =S P 5y (0 )
1 2 s q OPE
w2 frc fp m3, m2 2
El C
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Estimate of Aaly, using LCSR

<

Compute tree-level topology for A, Ax Kk [Lenz MLP, Rusov 23]

B(D® - KtK~)

B(D° - Kt*K~™)
=2.81+0.06
B(DO - wtn—)

7| =2.63+0.86
exp B(DO - atr ) LCSR

o The observed large SU(3)r breaking is well reproduced

Without any additional assumption

<

Combination with LCSR determination for Py, Pxx gives

|Aa((i:i§>|LCSR <24x107%

<

Same result as using precise experimental data

Possibility to account for correlations due to common framework/inputs
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Conclusions

o No satisfactory theoretical interpretation of CPV in charm yet
+ Robust SM predictions for hadronic D decays are challenging!

* Not a reason to slow down experimental progress

More and more precise data are crucial to guide the theory community

o Use of LCSR, shows promising results:

+ First determination of the leading penguin and tree amplitudes

o Predict AadL within the same framework

Significant reduction of theory uncertainties

+ Initial step, further contributions can (and need to) be included
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Thanks for the attention!



