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γ Overview: Where are we now?
▶ γ provides a theoretically clean unitarity test

▶ Access through interference of tree-level B decays

A. Gilman U. Oxford
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γ Overview: Where are going?
▶ By the end of Run4, expected uncertainty through direct

measurements on γ is ∼ 1◦, see arXiv:1812.07638

A. Gilman U. Oxford
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https://arxiv.org/pdf/1812.07638.pdf
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Golden Decay Channel: B+ → DK+
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▶ CPV through interference of b→ cus and b→ ucs

▶ Examine D decay modes common to D0 and D
0
: Self Conjugate (GLW),

CF/DCS (ADS), KK∗ (GLS), K0
Sh

+h− (BPGGSZ),
▶ Additional advantage: B+ → Dπ+ decays, with similar decay topology and

small effects from interference, can be used as normalisation channel.
▶ Sensitivity to γ achieved through:

1. Flavour-dependant decay rates (B− vs. B+)
2. Modulation of the flavour-integrated decay rate

A. Gilman U. Oxford
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Determination of γ by combining measurements
▶ Each γ analysis reports CPV observables, which are interpreted in

combined analyses 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+


From external D measure-
ments. BESIII/CLEO/LHCb

For examples, see LHCb Gamma Combinations, HFLAV, UTFit, CKMFitter

A. Gilman U. Oxford
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Where are we now?: Zooming In
▶ LHCb average:

(
63.8+3.5

−3.7

)◦
, systematics contribute ∼ 1.4◦

▶ Systematic contributions from strong phase inputs and LHCb are
comparable

LHCb-CONF-2022-003
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Figure 3: Two dimensional profile likelihood contours for (left) the CP asymmetries in the decay
of the D0 ! K+K� and D0 ! ⇡+⇡� channels, and (right) the |q/p| and � parameters. The
orange contours show the result of this combination, contours for the charm only inputs are
indistinguishable so are not shown. Contours are drawn out to 5� and contain 68.3%, 95.4%,
99.7%, etc. of the distribution.
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Figure 4: Profile likelihood contours for the components which contribute towards the � part of
the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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What’s to come?
▶ Competitive sensitivites from combination of same D final states in

B0 → DK+π−, B+ → D∗K+, B+ → DK∗+, Λ0
b → DpK,

time-dependent B0
s → D+

s K
▶ Binned analysis of multi-body D final states, similar to LHCb

B+ → D[Kπππ]K+ JHEP 07 (2023) 138
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From B+ → D[Kπππ]K+ toy studies
PLB 802 (2020) 135188

With Binning
No Binning

See talks from K. Trabelsi, S. Stanislaus, Q. Fuhring, I. MacKay

A. Gilman U. Oxford
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https://link.springer.com/article/10.1007/JHEP07(2023)138
https://arxiv.org/abs/1909.10196
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B+ → D[ADS/GLW ]K+
arXiv:2308.05048

JHEP, 04 (2021) 081 See talk by K. Trabelsi
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Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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Figure 3. Distributions of �E and C0 for B± ! D(! K+K�)h± candidates in the Belle data
with fit projections overlaid. Differences between data and fit results normalized by the uncertainty
in data are shown in the bottom panels.

– 12 –

▶ Experimental systematics dominated by charmless backgrounds, Λ0
b ,

B0
s backgrounds (LHCb only)

▶ Charmless uncertainties decouple – determined from data
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https://arxiv.org/pdf/2308.05048.pdf
https://link.springer.com/article/10.1007/JHEP04(2021)081
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B+ → D[ADS/GLW ]K+

Systematic uncertainties from LHCb JHEP, 04 (2021) 081 relative to statistics

Observable PID PDF Rates Asym E↵ Veto Total

ACP
K 6 10 11 5 1 10 16

ACP
⇡ 4 14 15 70 3 10 74

AK⇡
K 12 7 11 49 1 10 52

RCP 24 88 58 0 16 10 109

RK⇡
K/⇡ 47 243 104 1 402 10 483

R⇡K
K� 2 48 30 3 2 10 57

R⇡K
⇡� 2 41 15 13 4 10 46

R⇡K
K+ 3 47 23 2 6 10 53

R⇡K
⇡+ 2 44 15 15 6 10 50

ACP,�
K 9 34 40 18 9 10 57

ACP,⇡0

K 9 28 31 16 10 10 47

AK⇡,�
K 4 8 14 15 2 10 22

AK⇡,⇡0

K 9 12 19 34 5 10 42

RCP,� 2 87 55 2 22 10 105

RCP,⇡0
30 87 76 0 33 10 124

R
K⇡,�/⇡0

K/⇡ 58 292 187 25 185 10 398

R⇡K,�
K� 13 117 82 14 21 10 146

R⇡K,⇡0

K� 4 39 48 4 22 10 66

R⇡K,�
K+ 11 117 83 7 21 10 146

R⇡K,⇡0

K+ 3 41 47 3 16 10 64

ACP,�
⇡ 2 18 39 11 3 10 45

ACP,⇡0

⇡ 2 16 16 31 3 10 39

AK⇡,�
⇡ 4 22 19 18 4 10 34

AK⇡,⇡0

⇡ 2 2 13 32 1 10 34

R⇡K,�
⇡� 13 114 57 11 6 10 128

R⇡K,⇡0

⇡� 1 86 60 16 15 10 107

R⇡K,�
⇡+ 14 115 45 12 8 10 125

R⇡K,⇡0

⇡+ 2 85 57 16 9 10 104

B(D⇤ ! D⇡0) 27 281 76 8 177 10 342

B(B± ! D⇤0⇡±) 17 257 148 2 329 10 444

Table 4: Systematic uncertainties for all observables, where values are quoted as a percentage
of the statistical uncertainty for a given observable. The total uncertainty is given by the
sum in quadrature of each contribution. PID refers to fixed PID e�ciencies, PDF to fixed
PDF parameters, Rates to fixed background contributions, Asym to the use of fixed detection
asymmetries and background CP asymmetries, E↵ to the use of fixed e�ciencies from simulation,
and Veto to the procedure used to veto fully reconstructed B� ! D⇤h� candidates.
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R⇡K
K+ 3 47 23 2 6 10 53

R⇡K
⇡+ 2 44 15 15 6 10 50

ACP,�
K 9 34 40 18 9 10 57

ACP,⇡0

K 9 28 31 16 10 10 47

AK⇡,�
K 4 8 14 15 2 10 22

AK⇡,⇡0

K 9 12 19 34 5 10 42

RCP,� 2 87 55 2 22 10 105

RCP,⇡0
30 87 76 0 33 10 124

R
K⇡,�/⇡0
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▶ Experimental systematics dominated by charmless backgrounds, Λ0
b ,

B0
s backgrounds (LHCb only)

▶ Charmless uncertainties decouple – determined from data

▶ Uncertainties should mostly scale with data, pending further analysis
of backgrounds

A. Gilman U. Oxford

γ Uncertainties CKM 2023

https://link.springer.com/article/10.1007/JHEP04(2021)081
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BPGGSZ Analyses
▶ Analysis measures binned yields in D phase-space, mostly insensitive to D

uniform phase-space effects
▶ Fit to yields in all bins in terms of x± ≡ rB cos(δB ± γ),

y± ≡ rB sin(δB ± γ), with ci and si as inputs

JHEP. 2021, 169 (2021)
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Figure 6: The bin-by-bin asymmetries (N�
�i �N+

+i)/(N�
�i +N+

+i) for each Dalitz-plot bin number
for (left) B± ! DK± decays and (right) B± ! D⇡± decays. The prediction from the central
values of the CP -violation observables is shown with a solid line and the asymmetries obtained
in fits with independent bin yields are shown with the error bars. The predicted asymmetries in
a fit that does not allow for CP violation are shown with a dotted line. The vertical dashed line
separates the K0

S⇡
+⇡� and K0

SK+K� bins on the horizontal axis.

selections applied to the data. Of particular interest are the alternative selections that
significantly a↵ect the presence of specific backgrounds: the fits where the value of the
BDT threshold is varied to decrease the level of combinatorial background and those
where the choice of PID selection is changed to result in a substantially lower level of
misidentified B± ! D⇡± decays and misidentified partially reconstructed background in
the B± ! DK± candidates. The variations in the central values for the CP observables
are consistent within the statistical uncertainty associated with the change in the data
sample.

In order to assess the goodness of fit and to demonstrate that the equations involving
the CP parameters provide a good description of the signal yields in data, an alternative fit
is performed where the signal yield in each B± ! DK± and B± ! D⇡± bin is measured
independently. The alternate fit is performed simultaneously in all categories in order
to correctly determine the yield of misidentified candidates. These yields are compared
with those predicted from the values of (xDK

± , yDK
± ) in the default fit and a high level

of agreement is found. In order to visualise the observed CP violation, the asymmetry,
(N�

�i � N+
+i)/(N

�
�i + N+

+i), is computed for e↵ective bin pairs, defined to comprise bin i
for a B+ decay and bin �i for a B� decay. Figure 6 shows the obtained asymmetries
and those predicted by the values of the CP observables obtained in the fit. A further
fit that does not allow for CP violation is carried out by imposing the conditions xDK

+

= xDK
� , yDK

+ = yDK
� . This determines the predicted asymmetry arising from detector

and production e↵ects. In the B± ! DK± sample the CP violation is clearly visible as
the data are inconsistent with the CP -conserved hypothesis. The observed asymmetries
correspond to a ⇠ 10� deviation given the expectation in the CP -conserving scenario.
The predicted asymmetries in the B± ! D⇡± decay are an order of magnitude smaller.
The data in this analysis cannot distinguish between the CP -violating and CP -conserving
predictions for B± ! D⇡± due to the relatively large statistical uncertainties.
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Measured asymmetries (points) vs. Predicted asymmetries (solid line)
A. Gilman U. Oxford

γ Uncertainties CKM 2023

https://arxiv.org/pdf/2010.08483.pdf
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BPGGSZ Systematic Uncertainties

From LHCb JHEP. 2021, 169 (2021), in 10−2

Table 2: Overview of all sources of uncertainty, �, on xDK
± , yDK

± , xD⇡
⇠ , and yD⇡

⇠ . All uncertainties

are quoted ⇥10�2.

Source �(xDK
� ) �(yDK

� ) �(xDK
+ ) �(yDK

+ ) �(xD⇡
⇠ ) �(yD⇡

⇠ )

Statistical 0.96 1.14 0.98 1.23 1.99 2.33

Strong-phase inputs 0.23 0.35 0.18 0.28 0.14 0.18

E�ciency correction of (ci, si) 0.11 0.05 0.05 0.10 0.08 0.09
Mass-shape parameters 0.05 0.08 0.03 0.08 0.16 0.17
PID e�ciencies 0.03 0.03 0.01 0.05 0.02 0.02
Fixed yield ratios 0.05 0.06 0.03 0.06 0.02 0.02
Mass-shape bin dependence 0.05 0.07 0.04 0.08 0.07 0.09
Part. reco. physics e↵ects 0.04 0.10 0.15 0.05 0.10 0.09
Small backgrounds 0.11 0.16 0.13 0.12 0.08 0.13
Dalitz-bin migration 0.04 0.08 0.08 0.11 0.18 0.10
CP violation of K0

S 0.03 0.04 0.08 0.08 0.09 0.46
D mixing 0.04 0.01 0.00 0.02 0.02 0.01
Bias correction 0.04 0.03 0.02 0.04 0.09 0.05

Total LHCb-related uncertainty 0.20 0.25 0.24 0.26 0.32 0.54

Total systematic uncertainty 0.31 0.43 0.30 0.38 0.35 0.57

7 Systematic uncertainties

Systematic uncertainties on the measurements of the CP observables are evaluated and
are presented in Table 2. The limited precision on (ci, si) coming from the combined
BESIII and CLEO [29, 30] results induces uncertainties on the CP parameters. These
uncertainties are evaluated by fitting the data multiple times, each time with di↵erent (ci,
si) values sampled according to their experimental uncertainties and correlations.2 The
resulting standard deviation of each distribution of the CP observables is assigned as the
systematic uncertainty. The size of the systematic uncertainty is notably much smaller
than the corresponding uncertainty in Ref. [10] due to the improvement in the knowledge
of these strong-phase parameters [29, 30].

The non-uniform e�ciency profile over the Dalitz plot means that the values of (ci,si)
appropriate for this analysis can di↵er from those measured in Refs. [29, 30], which
correspond to the case where there is no variation in e�ciency over the Dalitz plot.
Amplitude models from Refs. [46, 65] are used to calculate the values of ci and si both
with and without the e�ciency profiles determined from simulation. The shift in the ci

and si values is taken as an estimate of the size of this e↵ect. Pseudoexperiments are
generated assuming the shifted ci and si values and fit with the default values of ci and
si. The mean bias of each CP observable is assigned as a systematic uncertainty. The
assumption that the relative variation of e�ciency over the Dalitz plot is the same in
selected B± ! DK± and B± ! D⇡± candidates is verified in simulated samples of similar
size to the B± ! D⇡± yields observed in data. No statistically significant di↵erence is
observed and no systematic uncertainty is assigned.

2The detailed output of this study is available as supplementary material to this paper at the publisher’s
website, and provides su�cient information to determine the correlation between this uncertainty
and the corresponding uncertainties of future � measurements that also rely on the same strong-phase
measurements.
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▶ LHCb-related reducible with effort

▶ Correlations with BelleII negligible from JHEP 02 (2022) 063,
except for strong-phase inputs

A. Gilman U. Oxford

γ Uncertainties CKM 2023

https://arxiv.org/pdf/2010.08483.pdf
https://link.springer.com/article/10.1007/JHEP02(2022)063
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Some additional comments ...
▶ Correlated uncertainties between B+ → DK+ exist due to some

shared sources of background models, but are small enough to
neglect for 1◦ precision

▶ Different B+, B0, B0
s measurements all have effectively decoupled

systematics

▶ Aside from strong-phase inputs, systematics decouple between BelleII
and LHCb

▶ Reporting correlated uncertainties in binned analyses on CPV
observables, e.g. BPGGSZ, will get administratively burdensome.
Correlation matrices go like 6N , where N is the number of published
results.

A. Gilman U. Oxford

γ Uncertainties CKM 2023
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Strong Phase Impacts on γ
B+ → D[K0

Sh
+h−]K+ B+ → D[K3π]K+

using K3π binning
LHCb, JHEP02 (2021), 169 JHEP 07 (2023) 138
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Figure 3: Invariant-mass distributions of OS B± ! DK± candidates, divided by the charge of
the B-hadron and phase-space bin. The results of the fit are overlaid.
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γ =
(
68.7+5.2

−5.1

)◦
from ∆ci,∆si ∼ ±1◦

γ =
(
54.8+6.0

−5.8
+0.6
−0.6

+6.7
−4.7

)◦
from ∆RK3π

D ,∆δK3π
D =+6.7

−4.7!

See talks from X. K. Zhou, Y. Gao

A. Gilman U. Oxford
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https://link.springer.com/article/10.1007%2FJHEP02%282021%29169
https://link.springer.com/article/10.1007/JHEP07(2023)138
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Correlated ci, si uncertainties in BPGGSZ
▶ Correlations from shared ci, si inputs between B

+ → D[K0
Shh]K

+

and B0 → D[K0
Shh]K

∗0 studied in arXiv:2309.05514

▶ Correlations very small!

▶ Correlations likely broken by different values of rB, δB → sensitive to
different parts of parameter space

▶ Variations will be made public for all future BPGGSZ analyses
Table 5: Correlations in the CP violation observables for the strong-phase related systematic
uncertainties in B0 ! DK⇤0 and B± ! Dh± [21].

xDK⇤0
+ xDK⇤0

� yDK⇤0
+ yDK⇤0

� xDK
� xDK

+ yDK
� yDK

+ yD⇡
⇠ xD⇡

⇠

xDK⇤0
+ 1.00 �0.76 0.28 0.14 �0.02 0.06 �0.02 �0.02 0.02 0.01

xDK⇤0
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Looking to the future...

▶ New ψ(3770) data sets at BESIII, useful for hadronic D
measurements:
▶ ∼ 8fb−1 taken at ψ(3770) in 2022-2023 ready for analysis.
▶ ∼ 20fb−1 at ψ(3770) expected by the end of 2024.

▶ Compare to 3fb−1 of current data

▶ Measurement of hadronic D parameters look to still be stats.
limited at BESIII with larger data,

▶ Dominating BESIII systematics likely scale with data
(model/normalization related)

▶ Current precision on δKπ
D comes from LHCb, although

significant contributions to come from BESIII
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How do we report results?
▶ D → K0

Shh(π
0) analyses have ci, si as inputs to CPV observables, x±, y±.

▶ Updating with new ci, si ⇒ have to rerun fits
▶ Moving forward, will publish raw yields in bins ⇒ Reinterpretation at

small cost of sensitivity, as in B+ → D[KKππ]K+ EPJC83 547 (2023)

▶ Accounting for input uncertainties in binned 4h analyses non-trivial, e.g. full
likelihood profile required in B+ → D[K3π]K+

BESIII JHEP 05 (2021) 164
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▶ Publish running with nuisance parameters for systematic uncertainties
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In Summary
▶ Uncertainty on γ still statistically dominated, but current level of

systematic uncertainty will limit future measurements (∼ 1.4◦)
▶ Different B decays introduce largely uncorrelated systematics

▶ Some correlations across LHCb BPGGSZ to be accounted for (work
in progress)

▶ Uncertainties from LHCb/B factories largely uncorrelated, except
strong phase inputs

▶ Uncertainties on D strong phases should scale with BESIII data

▶ ∼ 7x BESIII data sample for D strong phases by end of 2024

▶ Questions remain on how to best publish forward-compatible results

Now for discussion...
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