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CHARM PHYSICS 1

� Because of the severe GIM suppression, mixing is slow and CPV
small (according to SM)

� mc is (quite) close to the hadronic scale ΛQCD ΛQCD/mc

perturbative expansion tricky
� Strong coupling αs(mc) is large higher order contributions
and/or non-perturbative effects can be significant

� Long distance contributions are
important

� Precise theoretical predictions
are difficult

� Experimental input crucial to constrain charm dynamics
� Potential for measurable New Physics is great



CPV IN CHARM 2

� The only up-type quark decays where CPV can be studied
� Complementary to K and B
� All three types of CPV are realized in charm
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∣∣Āf̄

∣∣2)∣∣∣∣∣∣∣ f
D0

∣∣∣∣∣∣∣
2

̸=

∣∣∣∣∣∣∣ f̄
D̄0

∣∣∣∣∣∣∣
2

� Pure mixing (|q/p| ̸= 1)∣∣∣∣∣∣∣ f
D̄0 D0

∣∣∣∣∣∣∣
2

̸=

∣∣∣∣∣∣∣ f̄
D0 D̄0

∣∣∣∣∣∣∣
2

� Decay-mixing interference (ϕλf = arg(
qĀf
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PARAMETERS 3

� Mixing comes from a mismatch between flavour and mass
eigenstates

|D1,2⟩ = p|D0⟩ ± q|D̄0⟩

� Usually described by

x = ∆mD/ΓD and y = ∆ΓD/2ΓD

� In case of CPV |q/p| and ϕ ≈ ϕλf or
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SEARCH FOR TIME-DEPENDENT CPV IN D0 → h+h− (h ∈ {K, π}) 4

� Same channels as∆ACP discovery

ACP =
Γ(D0(t) → f)− Γ(D̄0(t) → f)
Γ(D0(t) → f) + Γ(D̄0(t) → f)

= adf +∆Yf
t
τD

+O(x2, y2, xy)

� SM prediction is very small ∼ 10−5 ( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Kagan & Silvestrini, 2020,

. . . . . . . . . . . . . . . . . . . . . . . .Li & Umeeda, 2020)

� We don’t observe ACP

Araw =
N(D0(t) → f)− N(D̄0(t) → f)
N(D0(t) → f) + N(D̄0(t) → f)

≈ adf +∆Yf
t
τD

+Aprod(f, t)+Adet(f, t)

∆Yf ≈ xϕλf − y
(∣∣∣∣qp

∣∣∣∣− 1
)
+ yadf ≈ −∆y

∆YK+K− needed to measure
CPV in decay from time-
integrated D0 → K+K−

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 104, 072010 (2021)

Time-dep. nuisance parameters

Decay-mix.
interference

Mixing
Decay

(≤ 10−5)

≈ −AΓ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053008
https://www.sciencedirect.com/science/article/pii/S0370269320306055?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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� D0 from D∗+ → D0π+
tag

� At
√
s = 13TeV with L = 5.7 fb−1

� 58M D0 → K+K−, 18M D0 → π+π−, purity ∼ 95%
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� Residual combinatorial background subtracted using sidebands

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 104, 072010 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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� Momentum-dependent detection
asymmetries Adet based on magnet field
polarity and charge of π±

tag
� Adet + Aprod D0/D̄0 momentum asym.
� Trigger correlates D0 decay time with
kinematics Adet(t),Aprod(t) become
time-dependent

� Solution: equalize D0 and D̄0 kinematics
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. . . . . . . . . . . . . . . . . . . . . .PRD 104, 072010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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∆YK+K− = (−2.3±1.5±0.3)×10−4 ∆Yπ+π− = (−4.0±2.8±0.4)×10−4
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� ∆YK+K− and∆Yπ+π− agree withing 0.5σ
� Compatible with no CPV within 2σ

stat. syst. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 104, 072010 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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Table 1: Summary of the systematic uncertainties, in units of 10−4. The statistical uncertainties
are reported for comparison.

Source ∆YK+K− [10−4] ∆Yπ+π− [10−4]

Subtraction of the m(D0π+
tag) background 0.2 0.3

Flavour-dependent shift of D∗-mass peak 0.1 0.1
D∗+ from B-meson decays 0.1 0.1
m(h+h−) background 0.1 0.1
Kinematic weighting 0.1 0.1

Total systematic uncertainty 0.3 0.4
Statistical uncertainty 1.5 2.8

π+
tag mesons; the D0 flight distance in the plane transverse to the beam; the position of the

PV along the beamline; and the number of PVs in the event. No significant dependencies
of ∆Yh+h− on any of these variables are found. The measurement is repeated for the
signal channels, assigning a zero weight in the weighting procedure of Sect. 5 only to
the candidates in the tridimensional-space intervals for which the corresponding intervals
of the K−π+ sample have fewer than 40 candidates or an asymmetry greater than 20%.
In this way, the choice of the zero weights is made independent of the value of ∆Yh+h− .
The stability of the measurement is further checked as a function of the threshold of the
minimum number of candidates and of the maximum asymmetry per interval. The results
of all these tests are compatible with the baseline one within the statistical uncertainty.
Finally, possible biases due to the decay-time resolution, approximately 0.11 τD0 , are
determined in simulation to be less than 0.01× 10−4, and thus are neglected.

8 Results

The time-dependent asymmetries of the D0→ K+K− and D0→ π+π− channels, after the
kinematic weighting and the subtraction of the contribution from B-meson decays, are
displayed in Fig. 12. Linear fits are superimposed, and the resulting slopes are

∆YK+K− = (−2.3± 1.5± 0.3)× 10−4,

∆Yπ+π− = (−4.0± 2.8± 0.4)× 10−4,

where the first uncertainties are statistical and the second are systematic. Assuming that
all systematic uncertainties are 100% correlated, except those on the m(h+h−) background,
which are taken to be uncorrelated, the difference of ∆Yf between the two final states is
equal to

∆YK+K− −∆Yπ+π− = (1.7± 3.2± 0.1)× 10−4,

and is consistent with zero. Neglecting final-state dependent contributions to ∆Yf , the
two values are combined using the best linear unbiased estimator [69,70]. The result,

∆Y = (−2.7± 1.3± 0.3)× 10−4,

21

� Combinatorial background subtraction

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 104, 072010 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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� Previous world average∆Y = (3.0± 2.0± 0.5)× 10−4

� Precision improved by a factor of two
� Small systematic uncertainty great prospects for future LHCb
measurements
(σ approaching SM prediction O(10−5), LHCB-TDR-023-001)

This measurement
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Implications workshop, 19–22 October 2021, Tara Nanut, tara.nanut@cern.ch 15

Impact and prospects

ΔYf ≈ x ϕλf − y (|q/p|−1)
Interpretations in terms of mixing and CPV parameters:

CERN-LHCC-2018-027

Reaching sub-10-4 precision in Run3!


CPV parameters are multiplied by mixing parameters - good precision on mixing parameters is vital!

LHCb-PAPER-2020-045

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .CERN-LHCC-2018-027

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
https://inspirehep.net/literature/1691586
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� The Γ difference (y ̸= 0) between neutral charm-meson eigenstates
has been established in the past years (. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 122, 011802 (2019),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 97, 031101 (2017), . . . . . . . . . . . . . . . . . . . .PLB 753 (2016), . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 87, 012004 (2013))

� The mass difference (x ̸= 0) has so far been elusive; the previous
most precise measurement by LHCb reported
xCP = (2.7± 1.6)× 10−3 (. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 122, 231802 (2019)

� D∗+ → D0π+
tag

� D0 → K0
Sπ

+π−

� L = 5.4 fb−1

� 30.6M signal events
� Exploits multi-body final state;
sensitive to mixing and CPV via
time-dep. variations across
phase-space 140 142 144 146 148 150

]2c [MeV/m∆

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
610×

2 c
C

an
di

da
te

s 
pe

r 
0.

1 
M

eV
/

 

LHCb

Data

Fit

Background

 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 127, 111801 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.011802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
https://www.sciencedirect.com/science/article/pii/S0370269315009739?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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� Rich resonant structure
� Many interfering amplitudes

� D0 DCS−−→ K∗+π− → K0
Sπ

+π−

� D0 mix−−→ D̄0 CF−→ K∗+π− → K0
Sπ

+π−

� D0 CF−→ K∗−π+ → K0
Sπ

+π−

� D0 CP−→ K0
Sρ

0 → K0
Sπ

+π−

� Dalitz plot divided into ± bins;
strong-phase difference is∼ constant in
each bin

� Strong-phases constrained using
quantum-correlated D0–D̄0 pairs (CLEO
[ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 82, 112006 (2010)] and BES-III
[ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 101, 112002 (2020)] inputs)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 127, 111801 (2021)

https://inspirehep.net/literature/873121
https://inspirehep.net/literature/1783209
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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Bin-flip method
� Measure a time-dep. ratio for each
± bin; “bin-flip” (. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRD 99, 012007 (2019))

� Slightly lower sensitivity than amplitude
analysis

� Model-independent & most detector
effects cancel

R±
bj ≈

rb +
√
rb Re

[
X∗
b(zCP ±∆z)

]
⟨t⟩j + 1

4
[
|zCP ±∆z|2 + rbRe(z2CP −∆z2)

]
⟨t2⟩j

1+
√
rb Re

[
Xb(zCP ±∆z)

]
⟨t⟩j + 1

4
[
Re(z2CP −∆z2) + rb|zCP ±∆z|2

]
⟨t2⟩j

� b — Dalitz bin, j — time bin
� rb ratio at t = 0
� Xb = cb − isb
� zCP = −yCP − ixCP,∆z = −∆y− i∆x

At leading order

R±
bj ≈ rb +

√
rb [(1+ rb)(xCP ±∆x)cb − (1− rb)(yCP ±∆y)sb] ⟨t⟩j
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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� Ratios of ± bins
� Deviations from constant
values due to mixing

� Red lines are fit projections
where xCP ≡ 0 yCP alone
can’t reproduce observation

xCP = (3.97±0.46±0.29)×10−3

yCP = (4.59±1.20±0.85)×10−3

� First measurement of
non-zero x (> 7σ) 2 4 6 8
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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� Difference of ratios for D0

and D̄0

� No CPV observed (slope)

∆x = (0.27±0.18±0.01)×10−3

∆y = (0.20±0.36±0.13)×10−3

� Limits on∆x significantly
improved
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Uncertainties

Table 2: Point estimates and 95.5% confidence-level (CL) intervals for x, y, |q/p| and φ. The
uncertainties include statistical and systematic contributions.

Parameter Value 95.5% CL interval

x [10−3] 3.98 + 0.56
− 0.54 [2.9, 5.0]

y [10−3] 4.6 + 1.5
− 1.4 [2.0, 7.5]

|q/p| 0.996± 0.052 [ 0.890, 1.110]
φ −0.056 + 0.047

− 0.051 [−0.172, 0.040]

Table 3: Uncertainties in units of 10−3. The total systematic uncertainty is the sum in
quadrature of the individual components. The uncertainties due to the external inputs and
detection asymmetry calibration samples are included in the statistical uncertainty. These are
also reported separately, along with the contributions due to the limited sample size, to ease
comparison with other sources.

Source xCP yCP ∆x ∆y

Reconstruction and selection 0.199 0.757 0.009 0.044
Secondary charm decays 0.208 0.154 0.001 0.002
Detection asymmetry 0.000 0.001 0.004 0.102
Mass-fit model 0.045 0.361 0.003 0.009

Total systematic uncertainty 0.291 0.852 0.010 0.110

Strong phase inputs 0.23 0.66 0.02 0.04
Detection asymmetry inputs 0.00 0.00 0.04 0.08
Statistical (w/o inputs) 0.40 1.00 0.18 0.35

Total statistical uncertainty 0.46 1.20 0.18 0.36

12

� Trigger-induced efficiency correlations
� Possible bias due to charm from B → D
� Inputs from CLEO and BES III; new strong-phase measurements
from BES III of great interest for Run 3 measurement

� Especially∆x and∆y statistically dominated future improvement

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 127, 111801 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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� WA significantly improved for both mixing and CPV
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .PRL 127, 111801 (2021)

� Very complementary with the D0 → h+h− analysis
� ∆x improvement shrinks uncertainty on diagonal
� ∆y improvement shrinks uncertainty on diagonal

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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� “Simultaneous determination of CKM angle γ and charm mixing
parameters” (. . . . . . . . . . . . . . . . . . . . . . .arXiv:2110.02350)

� Provides the most precise determination of γ from a single
experiment; γ = (65.4+3.8

−4.2)
◦; see talks by . . . . . . .Anna, . . . . . . . .Arnau, and . . . . . . . .Fidan

� Improves the precision on y by a factor of two w.r.t. the current WA!
� y = (0.630+0.033
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Figure 3: Two-dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the φ and |q/p| parameters. The blue contours show the current charm world
average from Ref. [18]; the brown contours show the result of this combination. Contours are
drawn out from 1 (68.3%) to 5 standard deviations.

is driven by improved treatments of background sources in the major inputs described
in Refs. [26, 27]. An assessment of the compatibility between this and the previous
combination, which considers the full parameter space and the correlation between the
current set of inputs and the previous set of inputs, finds they are compatible at the level
of 2.1σ. The new result is in excellent agreement with the global CKM fit results [19, 20].

The charm mixing parameters, x and y, are determined simultaneously with γ in this
combination for the first time. The precision on x is driven by the recent measurement
described in Ref. [50]. The result y = (0.630+0.033

−0.030)% is more precise than the world
average, y = (0.603 +0.057

−0.056)% [18], by approximately a factor of two, driven entirely by the
improved measurement of δKπD from the beauty system and the simultaneous averaging
methodology employed in this article. The correlation between δKπD and δDK

±

B± is −57%,
highlighting B± → DK± decays as the source of this improvement.

The beauty part of the combination is cross-checked with an independent framework
using a Bayesian statistical treatment. A flat prior is used for γ and the relevant hadronic
parameters and results in a value of γ = (65.6+3.7

−3.8)
◦, in agreement with the default

frequentist results. Good agreement between the frequentist and Bayesian interpretations
is also seen for the other hadronic parameters. A second cross-check using an independent
fitting framework with frequentist interpretation gives consistent results to better than
1% precision. Finally, the charm sector of the combination was validated by accurately
reproducing the HFLAV results [18].

The relative impact of systematic uncertainties on the input observables is studied,
and found to contribute approximately 1.4◦ to the result for γ, demonstrating that the
uncertainty of this combination is still dominated by the data sample size.

In previous combinations, the experimental input from B0 → D∓π± decays was
included with an external theoretical prediction of rD

∓π±

B0 = 0.0182 ± 0.0038 [35]. This
prediction assumes SU(3) symmetry, and was the only input from theory. This external
input is no longer used, and the combination gives an experimental determination of
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https://arxiv.org/abs/2110.02350
https://indico.cern.ch/event/891123/contributions/4601779/
https://indico.cern.ch/event/891123/contributions/4601744/
https://indico.cern.ch/event/891123/contributions/4601743/
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� LHCb collected the largest sample of charm decays; leading to new
world-best measurements
� Time-integrated CP asymmetries (including channels with neutrals; see

. . . . . . . . . . . . . . . . . . . . . . . . .Andrea Contu’s talk)
� Time-dependent CP asymmetries and mixing parameters (including first
observation of a mass difference between neutral Dmass eigenstates)

https://indico.cern.ch/event/891123/contributions/4601761/
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� More interesting Run 2 analyses in the pipeline
� yCP from D0 → h+h−
� x, y from semi-leptonic D0 → KSππ
� Time-dep amplitude analysis of D0 → KSππ
� Update WS/RS(t) measurement of D0 → Kπ with full Run2 sample

� Other approaches under investigation
� Four-body final states
� …

� Precision of the measurements is mostly limited by statistics
improvement expected

� Run 3 (starting next year) - higher luminosity, upgraded trigger and
detector

Stay tuned!



THANK YOU!
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Figure 5: Profile likelihood contours for the charm decay parameters, showing the breakdown of
sensitivity amongst different sub-combinations of modes. The contours indicate the 68.3% and
95.4% confidence region.

decays and eight inputs from D-meson decays. The result,

γ = (65.4 +3.8
−4.2)◦ ,

provides the most precise measurement from a single experiment. The charm mixing
parameters are found to be

x = (0.400 +0.052
−0.053)% ,

y = (0.630 +0.033
−0.030)% ,

which are the most precise determinations to date. In particular, the uncertainty on y is
reduced by a factor of two by using the new procedure described in this paper.
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� Improvement on y driven almost entirely by δKπD from beauty
� Correlation of δKπD and δDK

±

B± is −57% B± → DK± dominates
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Figure 5: (Top) Normalised distributions of the D0 transverse momentum, in di↵erent colours for
each decay-time interval. Decay time increases from blue to yellow colour. (Centre) Asymmetry
between the normalised pT distributions of D0 and D0 mesons. (Bottom) Linear fit to the
time-dependent asymmetry (red) before and (black) after the kinematic weighting. All plots
correspond to D0 ! K�⇡+ candidates recorded with the MagUp polarity in (left) 2016 and
(right) 2017.

range [2, 4.2] for ⌘(⇡+
tag). All intervals in each variable have the same width and limits on

the minimum number of candidates and on the maximum asymmetry per interval, as in
the first weighting, are applied.

While the impact on the result of the second step of the weighting is smaller than that
of the first, the corresponding size of the shift in the �Yh+h� is of the same order as that
of the final statistical uncertainty. In particular, the second step is essential to remove
the asymmetries of the momentum distribution of the D0 meson. For the K�⇡+ decay
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� ∆YKπ = (0.4± 0.5 (stat)± 0.2 (syst))× 10−4

� From global fit: |∆YKπ| < 0.3× 10−4 at 90% CL
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