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The CKM Unitarity Triangle(s)

▶ The Cabibbo-Kobayashi-Maskawa (CKM) matrix defines the
probability of flavour transitions in weak interactions of
quarks.

▶ SM predicts this matrix to be unitary ⇒ cannot predict
individual elements, but does provide a system of constraints!

▶ Can construct B-meson Unitarity Triangle from one such
constraint

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
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Unitarity tests as new physics probes
▶ Numerous measurements can constrain the Unitarity Triangle apex

▶ γ ≡ arg
(
−VudV

∗
ub

VcdV
∗
cb

)
, along with |Vub|

|Vcb| , allows for a determination of

the apex from processes that proceed through tree-level SM
interactions.

▶ The apex can also be determined from loop-level observables

▶ Difference between the two gives strong evidence for new physics
entering at loop-level!

▶ Tree-level determination, especially γ, provides limiting uncertainty

Kεdm∆ sm∆& dm∆

βsin 2
(excl. at CL > 0.95)
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γ Golden Decay Channel: B+ → DK+

𝐵!
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▶ CP violation (CPV) through interference of b → cus and b → ucs

▶ Examine D decay modes common to D0 and D
0
:

▶ This interference induces:
1. Flavour-dependent decay rates (B− → DK− vs. B+ → DK+)
2. Modulation of the flavour-integrated decay rate

(B± → DK± branching fraction depends on D decay!)
▶ Interference effects depend on γ, B-decay and D-decay hadronic

parameters
▶ Need samples of B mesons (LHCb/BelleII) and

and D0 mesons (BESIII) for optimal measurements
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The LHCb Detector and Datasets

▶ Single-arm forward spectrometer
designed for analysis of beauty and
charm hadrons produced in LHC
pp collisions

▶ 2 < η < 5 (40% of heavy quark
production)

▶ σVtx :
(
15 + 29

pT /GeV

)
µm

▶ Excellent K±/π± separation

▶ LHC Run 1 (2011-2012): 3.0 fb−1 at 7 TeV and 8 TeV

▶ LHC Run 2 (2015-2018): 6.0 fb−1 at 13 TeV
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Beijing Electron-Positron Collider Mk. II (BEPCII)
▶ Symmetric e+e− collider

▶ Diameter of storage rings: ∼ 75 m (LHC: ∼ 8 km)

▶ ECM : 2− 5 GeV

Ø Construction Phase from 2004-2008
Ø Upgrade from BEPC and BESII

Ø First Data Taking in 2009
Ø ~500 members representing                      

67 institutions from 14 countries

BESIII

Storage Ring
LINAC

BEPCII

157275 15
~600
85 17
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Beijing Electron Spectrometer III (BESIII)

▶ “Onion”-style detector designed for
studies of charm hadrons

▶ Hermiticity: 93% of 4π

▶ Gaseous Drift Chamber for tracking
charged particles:

σp

p
∼ 0.5%

▶ Time-of-Flight system for particle
identifcation: σTOF = 80 ps

▶ Calorimeter for e− identifcation and
neutral particle reconstruction:
σE/E ∼ 2.5%

▶ Some notable differences with a
typical LHC experiment:

▶ Low boost ⇒ (almost) no
displaced vertices

▶ Momentum of final state
particles in the lab frame:
50− 1500 MeV/c

▶ e+e− leads to very clean
environments

▶ ∼ 100% trigger efficiency

Gilman University of Oxford
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BESIII Event Reconstruction

Run -43716 
Event 0 
Estime:418.0ns
    stat:111
  quality:1.0
date: 1969-12-31 
time: 20:17:51
MC=Yes
Time Type: 1984245572

XY View Simulated D∗+
s D−

s event
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LHCb Event Reconstruction

▶ Each orange curve is a charged track!

Heavy Ion Collision event
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D0 Hadronic Parameters
▶ B → D0h CPV observables, and thus determination of γ depend on

D0 decay parameters

Γ
(
B → DK

)
− Γ (B → DK) ∝ rDK

B RX
DrXD sin

(
δDK
B + δXD

)
sin γ

▶ Ratio of D0 → X and D
0 → X amplitudes rXD ≡

∣∣∣AA ∣∣∣
▶ Strong phase between amplitudes δXD
▶ Coherence factor RX

D of multibody D0 decays,

RX
De−iδXD ≡

�
A(x)A(x)dx/

√�
|A(x)|2dx

�
|A(x)|2dx
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Quantum Correlated D0D
0
pairs @ BESIII

𝛾∗
𝑒!𝑒"

Tag 𝐷##

Signal 𝐷#

𝜋"

𝐾$#

CP Eigenstates
Flavour Eigenstates

Self-Conjugate

𝜋!

▶ Production through virtual photon constrains DD state to be C-odd
▶ BESIII collects data the DD threshold, so it is guaranteed that there

are no other particles in the final state

▶ C constraint correlates D0 and D
0
decays to have opposite CP :

P (D0D
0 → X1X2)

P (D0 → X1)P (D
0 → X2)

= 1+
(
rX1

D rX2

D

)2

−2rX1

D rX2

D RX1

D RX2

D cos
(
δX1

D + δX2

D

)
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Quantum Correlated Tag Decay Modes

▶ Flavour Tags

▶ D
0 → K+e−ν, is flavour-definite, so allow for a normalising

determination of P
(
D0 → X

)
▶ Cabibbo-favoured decays, e.g. D

0 → K+π−, used as
quasi-flavour tags

▶ CP Tags

▶ D
0 → ππ,K+K−,K0

Sπ
0, etc. are CP -eigenstates

(neglecting O(10−3) CP violation)

▶ D
0 → π+π−π0 has high coherence (Rπππ0

D ≈ 95%), so it can
be treated as an approximate CP eigenstate.

P (D0D
0 → XkCP )

P (D0 → X)P (D
0 → kCP )

= 1 +
(
rXD

)2 ∓ 2RkCP
D rXDRX

D cos
(
δXD

)
▶ Note that other CP -indefinite tags needed to determine

sin
(
δXD

)
Gilman University of Oxford
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Strong Phases in D0 → K0
S,Lπ

+π−

▶ Using 2.93 fb−1 of data @ ECM = 3.773 GeV

▶ Measurement of D0/D
0 → K0

Sπ
+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin] δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D or

M2
miss

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i + 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj ∓

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 231802 (2019); JHEP 04(2016) 033.
[2] V. Vorobyev et al. (Belle Collaboration), Phys. Rev. D 94, 052004 (2016).
[3] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 718, 43 (2012); JHEP 10 (2014) 097;  JHEP 06 (2016) 131; JHEP 08 (2018) 176. 
[4] H. Aihara et al. (Belle Collaboration), Phys. Rev. D 85, 112014 (2012).

[Optimized sensitivity] [Optimization including backgrounds][minimum variation in DdD]
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.
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Strong Phases in D0 → K0
S,Lπ

+π−

▶ Using 2.93 fb−1 of data @ ECM = 3.773 GeV

▶ Measurement of D0/D
0 → K0

Sπ
+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin] δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D or

M2
miss

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i + 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj ∓

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S
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� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.
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3,4 g in Low yields
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Strong Phases in D0 → K0
S,Lπ

+π−

▶ Using 2.93 fb−1 of data @ ECM = 3.773 GeV

▶ Measurement of D0/D
0 → K0

Sπ
+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin] δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D or

M2
miss

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i + 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj ∓

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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Strong Phases in D0 → K0
S,Lπ

+π−

▶ Using 2.93 fb−1 of data @ ECM = 3.773 GeV

▶ Measurement of D0/D
0 → K0

Sπ
+π− strong phase parameters ci [si] ≡

amplitude-weighted cos [sin] δD in phase-space bin i

▶ Phase space described by m± ≡ m
(
K0π±)

▶ 17 tag modes employed, yields determined with 2-D fits to MBC ≡
√

E2
beam − p2D or

M2
miss

▶ In terms of fractional yields of flavour-tagged K0
Sπ

+π− ≡ Ki

▶ K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki +K−i + 2ci

√
KiK−i

)
▶ K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT

(
KiK−j +K−iKj ∓

√
KiK−jK−iKj (cicj + sisj)

)
PRL 124, 241802 (2020) PRD 101, 112002, (2020)
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Strong-phase parameters in DÆK
S

0p+p-

Equal Dd
D

Optimal Modified Optimal

� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.

DD-mixing
1
, b measurements

2 g measurements
3,4 g in Low yields

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122, 231802 (2019); JHEP 04(2016) 033.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [28] (black open circles) and the results of
Ref. [10] (green open squares with error bars). The left, middle and right plots are from the equal ∆δD, optimal and modified optimal binnings,
respectively. The circle indicates the boundary of the physical region c2

i + s2
i = 1.

previous CLEO measurement [10], two main improvements
have been incorporated. First, additional tag decay modes are
used. In particular the inclusion of the π+π−π0 tag improves
the sensitivity to ci and the addition of the K0

S(π0π0
miss)π

+π−

improves the sensitivity to si. Second, corrections for bin mi-
gration have been included, as their neglect would lead to un-
certainties comparable to the statistical uncertainty. The re-
sults presented in this Letter are on average a factor of 2.5
(1.9) more precise for ci (si) and a factor of 2.8 (2.2) more
precise for c′

i (s′
i) than has been achieved previously. The

strong-phase parameters provide an important input for a wide
range of CP violation measurements in the beauty and charm
sectors, and also for measurements of strong-phase parame-
ters in other D decays where D → K0

Sπ
+π− is used as a

tag [29–33].

To assess the impact of our ci and si results on a measure-
ment of γ, we use a large simulated data set of B− → DK−,
D → K0

Sπ
+π− events. These are generated with the expect-

ed distribution given for our measured central values of Ki,
ci, and si and the input values γ = 73.5◦, rB = 0.103, and
δB = 136.9◦ [34], where rB is the ratio of the suppressed am-
plitude to the favored amplitude and δB is their strong-phase
difference. The simulated data are fitted 10,000 times to de-
termine γ, δB and rB . The values of ci and si used in each
fit are sampled from the measured values smeared by their
uncertainties accounting for any correlations. Based on this
study, the uncertainty in γ associated with our uncertainties
for ci and si is found to be 0.7◦, 1.2◦ and 0.8◦ for the equal
∆δD, optimal and modified optimal binning schemes, respec-
tively. For comparison, the corresponding results from CLEO
are 2.0◦, 3.9◦ and 2.1◦ [10]. Therefore, the uncertainty on γ
arising from knowledge of the charm strong phases is approx-
imately a factor of three smaller than was possible with the
CLEO measurements.

For the first time, the dominant systematic uncertainty for
γ measurement from the strong-phase parameters will be con-
strained to around 1◦, or less, for γ measurements with future

B experiments [11, 15–18]. The predicted statistical uncer-
tainties on γ from LHCb prior to the start of High-Luminosity
LHC operation in the mid 2020s, and from Belle II are ex-
pected to be around 1.5◦ [35, 36]. The improved precision
achieved here will ensure that measurements of γ from LHCb
and Belle II over the next decade are not limited by the knowl-
edge of these strong-phase parameters.
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� Three typical binning schemes [J. Libby et al. (CLEO Collaboration), Phys. Rev. D 82,112006 (2010)]

9 “BaBar K-matrix” D0ÆK
s

0p+p- model as in Ref. [Phys. Rev. D 78, 034023 (2008)].

9 It should be noted that although the choice of binning is model-dependent, however, a poor 

choice of model results only in a loss of precision, instead of bias in measuring g/f3.
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Measuring γ: Different D decay channels
▶ Different D decay channels provide complementary sensitivity to gamma and

samples with uncorrelated statistical and systematic uncertainties:

▶ D → multibody1 K0
Sπ

+π−/D → KSK
+K−:

▶ Hadronic parameters vary significantly across D phase space
▶ CPV observables B → Dh interference effects across the D phase space and

increased sensitivity to γ

▶ D → Cabibbo-favoured/suppressed decays2, e.g. D0 → K−π+:
▶ Amplitude ratios rD measured to high precision, but not strong phases

▶ D → (quasi)-CP eigenstates3, e.g. D0 → K−K+:
▶ Two-body decays trivially have rD = 1, δD = 0, π
▶ Multi-body decays require a coherence-factor correction determined from

D0D
0
data

▶ Multi-body decays, e.g. D → K−π+π+π−, also benefit greatly from
phase-space dependent analysis

Bondar and Poluektov, EPJC 47 (2006) 347; Giri, Grossman, Soffer, and Zupan PRD 68 (2003) 054018

Atwood, Dunietz, Soni, PRD63 (2001) 036005

Gronau and Wyler, PLB265 (1991) 172;Gronau and London, LB253 (1991) 483

Gilman University of Oxford
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γ from B± → Dh±, D → K0
Sh

+h−

▶ Using full LHCb Run 1+ Run 2 dataset, analysing K0
Sπ

+π− & K0
SK

+K−

▶ B± → DK± has amplitude ratio rDK
B ∼ 0.1 ⇒ large interference effects

▶ B± → Dπ± has rDπ
B ∼ 0.05 ⇒ small interference effects,

good control channel for detection and production asymmetries

▶ Perform simultaneous fit of invariant masses for B → DK/B → Dπ to
determine CPV observables rDK

B cos
(
δDK
B ± γ

)
and rDK

B sin
(
δDK
B ± γ

)
and related B → Dπ observables

▶ Sample is split by B-decay, B-charge, D-decay, K0
S decay category

(before/after LHCb magnet), and phase-space bin (160 subsamples total!)
▶ Strong phase inputs fixed in fit from BESIII measurements
▶ rDK

B cos
(
δDK
B ± γ

)
and rDK

B sin
(
δDK
B ± γ

)
, and B → Dπ observables can

be analysed in turn to determine rDK
B , δDK

B and γ

rDK
B = 0.0904+0.0077

−0.0075 δDK
B =

(
118.3+5.5

−5.6

)◦
γ =

(
68.7+5.2

−5.1

)◦
▶ Most precise determination of γ from any single measurement

▶ ∼ 1◦ uncertainty from BESIII inputs, similar size for LHCb systematics ⇒
stastical uncertainty dominates

LHCb, JHEP 2021, 169 (2021)

LHCb, JHEP 2021, 169 (2021)

Gilman University of Oxford
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γ from B0 → DK∗0

▶ B0 → DK∗(892)0 has smaller branching fraction than B+ → DK+, but
larger amplitude ratio rDK∗

B0 ∼ 0.250, and so gives competitive sensitivity.

▶ Run1 + Run2 analysis of B0 → DK∗(892)0 with D → K0
Sh

+h− final

states determined γ =
(
49+22

−19

)◦
[LHCb, EPJC 84, 206 (2024)]

▶ Run1 + Run2 measurement with D → K+K−, π+π−(π+π−), and
K−π+(π+π−) also published [LHCb, JHEP 2024, 25 (2024)]

▶ Combination of all modes (partially) resolves the degeneracy, with preferred

solution γ =
(
63.2+6.9

−8.1

)◦

K0
Sh

+h− Two and Four-body

B → DK∗0 combined

Gilman University of Oxford

γ + QC D0D̄0
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Determination of γ by combining measurements
▶ Each γ analysis reports CPV observables, which are interpreted in

combination in terms of γ and:
▶ Ratio of B amplitudes rB
▶ Strong phase between B amplitudes δB
▶ Coherence factor RB or κB of multibody

B decays

From B measurements

▶ Same set of parameters as above, but for
D decays

▶ Combinations of above , e.g. ci, si in
K0

Shh or CP-even fractions F+


Primarily from
external D measurements
BESIII/CLEO/LHCb

▶ Many groups deliver combinations of γ observables: CKMFitter,
HFLAV, UTFit, Belle+BelleII, etc.

▶ LHCb combination uses a frequentist implementation through the
GammaCombo package, see PLB 726 (2013) 151 for details on the
formalism

Gilman University of Oxford
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https://gammacombo.github.io/documentation.html
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Why combine with charm mixing?

|D1,2⟩ = p
∣∣D0

〉
± q

∣∣D0
〉

x ≡ (m1 −m2)/Γ y ≡ (Γ1 − Γ2)/2Γ

▶ Charm mixing measurements depend on same set of D
hadronic parameters as γ measurements from B → Dh

▶ Interpretation of B → Dh measurements requires corrections
due charm mixing

▶ B → D[Kπ]h measurements sensitive to δKπ
D /rKπ

D ⇒
improve precision on y measurements from D → Kπ decays

▶ First LHCb γ + charm mixing combination JHEP 12 (2021)
141, direct charm CPV observables added in
LHCb-CONF-2022-003

Gilman University of Oxford
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https://cds.cern.ch/record/2783433?ln=en
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Results of 2022 LHCb combination

γ =
(
63.8+3.5

−3.7

)◦
B0

s only with Run1 data, and B0 with partial Run2 data

Gilman University of Oxford
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A family of γ measurements in 2024

▶ LHCb has now published analyses of many B and D decay
channels with Run1 and Run2 data including:
▶ B+ → DK+

▶ B+ → D∗K+(new)
▶ B+ → DK∗+ (new)
▶ B0 → DK∗0 (updated from partial Run2 in 2024)
▶ B0

s → D+
s K

+ (updated from Run1 only in 2024)

▶ Different B decays give complementary sensitivity with largely
uncorrelated uncertainties

▶ First opportunity to compare results across B decays with full
Run1+Run2 dataset

▶ 2024 combination includes 198 input observables to determine
53 free parameters

Gilman University of Oxford

γ + QC D0D̄0
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Results of the 2024 combination: γ by B flavour

40 50 60 70 80 90 100 110

γ [◦]

0.0

0.2

0.4

0.6
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1.0

1−
C

L LHCb
Preliminary
Summer 2024

68.3%

95.4%

B0
s decays

B0 decays

B+ decays

All Modes

γ = (64.6± 2.8)◦

Goodness of fit = 20.8% from χ2

Gilman University of Oxford
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Results of the 2024 combination: γ by decay channel

20 40 60 80 100 120

γ [◦]
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L LHCb
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±π+π−

B0
s → D∓s K

±

B± → DK∗±
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B0 → DK∗0

B± → Dh±

All Modes

▶ Now have distinct solutions in eight separate decay channels
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Results of the 2024 combination: Charm results

▶ Since 2022 combination, new measurements of mixing in
D0 → K−π+ and π+π−π0 decays

0.2 0.3 0.4 0.5 0.6

x [%]
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−0.050 −0.025 0.000 0.025 0.050
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No CPV

LHCb-PAPER-2021-033

LHCb-CONF-2022-003

LHCb-CONF-2024-004

▶ CPV in D-mixing just outside of 95% C.L.

▶ From LHCb combination δKπ
D =

(
191.6+2.5

−2.4

)◦
, significantly

more precise than best current BESIII measurement

Gilman University of Oxford
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γ prospects: Prospects for Multibody D-decays

▶ Phase-space dependent analysis of multi-body final states greatly
improves sensitivity to γ, as demonstrated in 2023 LHCb
measurement of B+ → DK+, D → K−π+π+π−

▶ Both BESIII and LHCb data essential to deliver meaningful precision

▶ Results to come from with other D → multi-body final states

B+ → DK+, D → K−π+π+π− LHCb, JHEP 07 (2023), 138
γ sensitivity
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PS-Integrated PS-dependent
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γ prospects: New data at LHCb and BESIII

▶ Run 3 is well underway, and LHCb has already collected a
data sample larger than the Run 2 sample. Fantastic
prospects for the full Run3 sample.

▶ BESIII has collected ∼ 20 fb−1 at the D0D
0
production

threshold, roughly 7× larger than the previous sample.

Gilman University of Oxford
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New avenues for quantum-correlated D0D
0
measurements

▶ C-odd constraint still applies to e+e− → XD0D
0

▶ If X is a C-odd eigenstate (e.g. γ), D0D
0
system should be constrained to

be C-even : Predicted but never observed
▶ Correlations in C-even decays have different dependencies on hadronic

parameters – measurements in both C-even and C-odd samples allow for
reduced systematic uncertainties from future measurements

▶ C-even decays also have linear sensitivity to D-mixing terms4

⇒ possibility for time-independent measurements of mixing from e+e− data

▶ Preliminary studies with BESIII D∗0D
0
and D∗0D

∗0
data ongoing

▶ Possibility for measurements of CPV in decay from QC data?

P ([D0D
0
]C−odd → π+π−π+π−) ∼ B(D0 → π+π−)2 × adπ+π− ∼ 5× 10−9

Compare to ∼ 108 D0D
0
events in current data.

▶ Could be expanded with other QC-forbidden decays, e.g. π+π−K+K−

▶ Unique opportunities with missing/neutral particles e.g. D0 → K0
Lπ

0,
D0 → π0π0

Bondar, Poluektov, Vorobiev, PRD 82 (2010) 034033

Gilman University of Oxford
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▶ Unique opportunities with missing/neutral particles e.g. D0 → K0
Lπ

0,
D0 → π0π0

Bondar, Poluektov, Vorobiev, PRD 82 (2010) 034033
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034033
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Summary
▶ Unitarity tests provide opportunity to search for new physics entering at

loop level – searches currently limited by CKM angle γ

▶ Physics programs of BESIII linked to LHCb measurements of γ through

quantum-correlated D0D
0
pairs

▶ 2024 Average of all available LHCb and BESIII measurements determines
γ = (64.6± 2.8)

◦ ∼ 0.7◦ improvement over 2023 global average

▶ Consistent determination of γ from B+, B0, and B0
s decays

▶ Strong prospects for further improvement with Run 2 data, and fantastic
prospects from Run 3 data and new BESIII datasets

▶ Uncertainty on |Vub|
|Vcb| could soon be a limiting uncertainty

▶ Quantum-correlated D0D
0
pairs present unique opportunities for

measurements of D0 mixing and CPV

Gilman University of Oxford
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