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Why charm mixing?
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e NO FCNC at the tree-level in the SM

e GIM + CKM suppression. CPV starts at O(0?)

e Many experimental results. No first-principles predictions yet



Mixing parameters
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Short-distance (SD)

e In the SM, it is expected LD =~ 100 X SD
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Indirect CPV

e CPV between decay with and without Dispersive (Absorptive) mixing
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e CPV in pure mixing
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Measurements of CPV

More than 15 years of experiments...
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e CF/DCS decays to Kx %

e Phase-space analysis of Kgﬂ'ﬂ'

o SCS decays to nir, KK



CF/DCS decays to Kn

e Experiments measure the ratio between DCS/CF decay rates

e The coeflicients of the expansion in time depend on the charm parameters

(e.g. Belle(2006), Babar(2007), LHCb(2024, 2025))
dI'(D —- K*tn™)
dT'(D — K-

(1) = (rp™)? + (DL (IMyp |, T | gz Bie) + W0)*Q~(IM o |, [T | bz i)

6



T'hree-body states

e They measure the distributions of the events
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— NO Dispersive CPV

AXx: Max Dispersive CPV

- Exp. meas

Ay: Max Absorptive CPV

From Belle(2014)

m?2 (GeV?Zc?)
o We fit “polar observables” to extract the charm parameters
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From LHCb(2023)
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SCS decays to CP eigenstates

e SCS decays to 77 (KTK™) in the SM has tree-level + penguin
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e Direct and indirect CPV enter the asymmetries

(e.g. CDF(2014), LHCb(2021))

dF(DO — f)—dI'(D” = f) Both time-dependent

dI'(D° — )+ dT'(DY = f)

ALt) = (1) = a], + AYt/z

and time-integrated analysis
(e.g. CDF(2012), Babar(2008), Belle(2008),

LHCb(2023))
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T'heoretical framework

e A pair of CPV phases for each of the final states

Approximate

universality
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A. Kagan, L. Silvestrini(2020)




U-spin decomposition

e In the SM, we can write
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uc uj  CJ
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e Employing CKM unitarity, we get

FSM

(A3 —M)2 < 242 T, . (A2)* T,
v Gie =4 Tr (B = 247 T

e The amplitudes have flavour structures
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Approximate Universality

o FEmploying the U-spin decomposition, the I, term is dominant
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e Two universal CPV phases can be defined w.r.t. the dominant term
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e They provide good approximations for their final-state dep. counterparts
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[s 1t a good approximation?

e For CF/DCS decays to Kr, the misalignment is a CKM phase

y)
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e For Kgﬂ'ﬂ', after correcting for K — K mixing

0 ozn — 261 = | Al e | siny = = 2Im[rp] ~ 107
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e For SCS decays to zn(KK), the misalignment is unknown and non-perturbative,

but we can get an additional O(e) suppression
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Beauty observables?

e T'he observables depend also on rg’[, oK%

e Additional information are provided by beauty observables racbzoz)

h=K, n, Knr,K*, ...
/ Lf 1ph f = Kn, K{nr, nr, KK, ...

ub ¢

y = arg|-V ,V*V bvc*d] B < |

e Bayesian combination of the observables
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CPV parameters

e In the Approximate Universality framework, the CPV parameters are estimated to be
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o Including beauty observables guarantees a better determination of 55”, resulting in

Impact of beauty observables

0O(25%) improvement on |17}, |
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CKM angle y

e We included observables coming from time-dependent analysis of BY — D™zt and
B) — D;K* to extract the CKM angle y
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Indirect determination
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Next steps

e Computing the dominant LD from Lattice QCD?
U n:ﬂ'ﬂ',KK,Kﬂ',... c

LD = in4x (D\ T{HA=1(x)HA=1(0)) | D) 7o o

c Uu

e Light intermediate states obstruct the analytic continuation to Euclidean time (¢t — — i7)
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LD = ) (D|HA'0)|n) (] H$C=1(0)|E)J dr e~ )T L, > my,
n; p,=0 0

e The RM123 Coll. has proposed a novel method to circumvent this problem . T. Hansen, A.

] ] Lupo, N. Tantalo
¢ Spectral Function Reconstruction (SFR) method R. Frezzotti, G. Gagliardi et al (2023) (2019)

— 2
¢ B.— u"u~y decay rate at large g° R. Frezzotti, G. Gagliardi et al (2024)

¢ K — lDll +l_ de(jay rate In preparation

e A recent paper has proposed to apply the SFR method to D — D

M. Di Carlo, F. Erben, M. T. Hansen (2025) 1 7



Backup



Short vs long distance

e I'he short distance contribution 1s given by
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e T'he long distance contribution is given by
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Amplitude decomposition

e The absorptive part of the mixing hamiltonian reads
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e The amplitudes and CKM matrix elements satisfy
[, = (55 +dd)* = O(1) [, = (55 — dd)(5s + dd) = O(e) [, = (35 — dd)* = O(¢?)
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e We get the expansion
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Estimates

e [istimates of gbév[r can be obtained by using the SM definitions
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Upper bound
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e Now, we have that |, | = y;,I'/(4%.)* and

/ILIZC/II/CZC : | Fs | T ss I'gal
]| = sin(y)———2—" — O(e)
Y12 v [’ | sy |
<1406 >

Also see M. Bobrowski, A. Lenz, J. Riedl, J. Rohrwild(2010)

|pF] < 5% 1073(1 + O(e)) < 0.3
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Neutral B meson obs.

o Exploiting the CPV phase of the interference between Bg) mixing and
decay to charmed mesons DF h™ . _
y (5) Mixing $p=—-20
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T'he spectral density

e We define a correlator
C(t) = e"'meJ'd% (D\ HAC=HAC=1(0) | D), LD = ijdt e"™'C(t)

e Introducing a spectral density

0 /
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e The LLD contribution reads
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The SFR method

e The determination of the spectral density from the Euclidean C(?) is ill-posed

/

dE —E't /
C(t) = { il p(E")
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e The convolution of p(E’) with a Kernel at fixed &€ can be computed as
LD(e) ~ Z g(E, e)C(1), K(E"— mp;€) = Z g (E, £)e £
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e The HLT method provides us with a method to determine the coeflicients
Wigl = Algl/Al0] + AB|[g]

2
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