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CKM picture is now well verified

I Angle γ is the least well known CKM constraint (although now only just)
I SM benchmark - only CKM angle accesible at tree level
I Theory uncertainty on γ is very small δγ/γ ≈ O(10−7) - [arXiv:1308.5663]
I γ can probe for NP at extremeley high energy scales O(102 − 103) TeV
I Use for “direct” vs “indirect” (“tree” vs “loop” disagreement)
I New physics in C1 and C2 can cause sizeable shifts in γ - [arXiv:1412.1446]

Current Status

Direct: γ = (73.5+4.3
−5.0)◦ Indirect: γ = (65.3+1.0

−2.5)◦ Pre-LHCb: γ = (73+22
−25)◦
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The Ultimate Test

Future projections: ([arXiv:1709.10308])

I LHCb expected precision in 2018 (end of Run 2) ∼ 3-4◦

I LHCb expected precision in 2023 (end of Run 3) ∼ 1.5◦

I BelleII expected precision in 2023 (end of Run) ∼ 1.5◦

I LHCb expected precision in 2029 (end of Run 4) < 1◦

Future high precision CKM fits - [arXiv:1110.3920]

None of the considered models will be presented in detail. We restrict our presentation to what is
needed for our purpose and refer the reader to the original literature for any additional information.

5.1 Precision CKM Matrix

Next-generation flavor experiments are expected to increase the precision of the determination of
SM flavor parameters by one order of magnitude. This is a first step in the quest for NP. Indeed,
the high-correlated SM scenario, represented by the overlapping of several CP-conserving and CP-
violating constraints in the UT analysis, can easily break down in the presence of new flavor structures.
Figure 5 illustrates a conceivable scenarios at the end of next-generation flavor experiments: some of
the improved experimental constraints of the UT no longer overlap signaling the presence of source
of flavor- and CP-violation beyond the CKM matrix. The generalized UT analysis, exploiting the
high-precision tree-level constraints, |Vub/Vcb| and �, can still determine the CKM parameters and, in
addition, point out the amplitudes deviating from the SM [44].

Figure 5: Extrapolation of the UT fit using the precisions expected at the next-generation flavor
facilities. Central values of all constraints are kept at the present averages.

On the other hand, it could happen that the improved UT experimental constraints continue to
overlap in one point. This would imply that NP is not showing up in these constraints, mainly coming
from mixing amplitudes, even with the increased accuracy. Nonetheless the determination of the CKM
parameters would still be improved resulting in a better knowledge of the SM contribution to other
FCNC and CP violating processes and increasing in this way their sensitivity to NP. For example, the
error on the SM prediction of a golden mode for NP searches in kaon physics, the CP-violating decay
KL ! ⇡0⌫⌫̄, is presently dominated by the uncertainty of the CKM parameters [45].

It is worth mentioning that the UT fit extrapolation shown above requires an improved theoretical
control of the hadronic uncertainty. Lattice QCD seems able to reach the required accuracy on the
time scale of future experiments [5, 9]. Data-drive methods, based on the heavy quark expansion or
on flavor symmetries, are also promising.

5.2 Supersymmetric Models

The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extension of the SM
with N=1 supersymmetry (SUSY), minimal particle content and R-parity conservation. The particle
spectrum is doubled by the inclusion of supersymmetric partners and the Higgs sector is extended to
include a second weak doublet (for a primer on the MSSM see for instance ref. [46]). While addressing
most of the SM problems, the MSSM does not contain an explanation for supersymmetry breaking and
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Measuring γ

I γ is the phase between V ∗
ubVud and V ∗

cbVcd

I Require interference between b → cW and b → uW to access it
I No dependence on CKM elements involving the top
I Can be measured using tree level B decays
I Makes it a benchmark of the SM (no loops)

γ = arg
(
−VudV

∗
ub

VcdV
∗
cb

)
I The “textbook” case is B± →

( )

D 0K±:
I Transitions themselves have different final states (D0 and D0)
I Interference occurs when D0 and D0 decay to the same final state f

Reconstruct the D0/D0 in a final state accesible to both to acheieve interference

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I The crucial feature of these (and similar) decays is that the D0 can be
reconstructed in several different final states [all have same weak phase γ]
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first method to measure γ

“GLW” “ADS”

Gronau, London, Wyler (1991) Atwood, Dunietz, Soni (1997, 2001)

Depending on the final state f
D
 the method is called:

Phys. Rev. D63 (2001) 036005
Phys. Rev. Lett. 78 (1997) 3257

Phys. Lett. B253 (1991) 483
Phys. Lett. B265 (1991) 172

I The crucial feature of these (and similar) decays is that the D0 can be
reconstructed in several different final states [all have same weak phase γ]
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γ from theory

γ = arg
(
−VudV

∗
ub

VcdV
∗
cb

)
I γ is known very well
I Can be determined entirely from tree decays

I Unique property among all CP violation parameters
I Hadronic parameters can be determined from data

I Neglible theoretical uncertainty (Zupan and Brod 2013)

Theory uncertainty on γ

δγ/γ ≈ O(10−7) - [arXiv:1308.5663]

I γ can probe for new physics at extrememly high energy scales (Zupan)
I (N)MFV new physics scenarios: ∼ O(102) TeV
I gen. FV new physics scenarios: ∼ O(103) TeV

I NP contributions to C1,2 can cause sizeable shifts (O(4◦)) in γ
(Brod, Lenz et. al 2014) - [arXiv:1412.1446]
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γ from experiment

I γ is NOT known very well

I It is quite challenging to measure

I The decay rates are small

Branching ratio for suppressed γ mode

BR(B− → DK−,D → πK) ≈ 2× 10−7

I Small interference effect typically ∼ 10%

I Fully hadronic decays - hard to trigger on

I Many channels have a K 0
S or π0 in the final state - low efficiency at LHCb

I Many different decay channels, many observables and many hadronic unknowns make
it statistically challenging

I Inputs for charm parameters are needed

Matthew Kenzie Joint BESIII-LHCb Workshop Status of γ measurements at LHCb



2. Measuring γ 10/33

Measuring γ

Categorise decays sensitive to γ depending on the
( )

D 0 → f final state

I GLW (Gronau, London, Wyler) [1991]
I CP eigenstates e.g. D → KK , D → ππ

I ADS (Atwood, Dunietz, Soni) [1997,2001]
I CF or DCS decays e.g. D → Kπ

I GGSZ (Giri, Grossman, Soffer, Zupan) [2003]
I 3-body final states e.g. D → K0

Sππ

I TD (Time-dependent)
I Interference between mixing and decay e.g. B0

s → D−
s K+ [ phase is (γ − 2βs)]

I Penguin free measurement of φs?

I Dalitz
I Look at 3-body B decays with D0 or D0 in the final state, e.g. B0 → D0K+π−

Matthew Kenzie Joint BESIII-LHCb Workshop Status of γ measurements at LHCb
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ

0

I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

GLW observables
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ

0
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GLW observables

ACP =
Γ(B− → D0

CPK
−)− Γ(B+ → D0

CPK
+)

Γ(B− → D0
CPK

−) + Γ(B+ → D0
CPK

+)
=

±2rB sin(δB ) sin(γ)

1 + r2
B ± 2rB cos(δB ) cos(γ)

(1)

RCP =
Γ(B− → D0

CPK
−) + Γ(B+ → D0

CPK
+)

Γ(B− → D0K−) + Γ(B+ → D0K+)
= 1 + r2

B ± 2rB cos(δB ) cos(γ) (2)

5000 5200 5400 5600 5800

 ) 2 c
Ca

nd
id

at
es

 / 
( 1

0 
M

eV
/

200

400

600

800

−KD]
−K+K[→−B

LHCb

5000 5200 5400 5600 5800

0

0

0

0

+KD]
−K+K[→+B

LHCb

5000 5200 5400 5600 5800

5000

10000

−πD]
−K+K[→−B

LHCb

] 2c) [MeV/±Dh(m
5000 5200 5400 5600 5800

0

0

+πD]
−K+K[→+B

LHCb

5000 5200 5400 5600 5800

 ) 2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

200

400

600

800

−KD]
−K+K[→−B

LHCb

5000 5200 5400 5600 5800

0

0

0

0

+KD]
−K+K[→+B

LHCb

5000 5200 5400 5600 5800

5000

10000

−πD]
−K+K[→−B

LHCb

] 2c) [MeV/±Dh(m
5000 5200 5400 5600 5800

0

0

+πD]
−K+K[→+B

LHCb
I LHCb has recently extracted GLW observables from partially reconstructed

B− → D∗0K− in the same fit - [Phys. Lett. B777 (2018) 16]
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ
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I LHCb has recently extracted GLW observables from partially reconstructed

B− → D∗0K− in the same fit - [Phys. Lett. B777 (2018) 16]

I Can extend to quasi-CP-eigenstates (D0 → KKπ0) if fraction of CP content, F+, is
known
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
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I Multiple (but very narrow) solutions
I Require knowledge of F+ from charm friends
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ADS Method

I CF or DCS decays e.g. D → Kπ
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables
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ADS Method
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.
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ADS Method
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Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ) (4)
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.

I Can extend to multibody-DCS-decays (D0 → Kππ0) if dilution from interference, κD ,
is known
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ADS Method

I CF or DCS decays e.g. D → Kπ
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rDκD sin(δB + δD ) sin(γ)

r2
B +r2

D +2rB rDκD cos(δB +δD ) cos(γ)
(3)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ) (4)
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I A single (yet broader) solution
I Require knowledge of rD , δD , κD from charm friends
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2.3. GGSZ Method

1 Quick CKM overview

2 Measuring γ
GLW Method
ADS Method
GGSZ Method
Dalitz (GW) Method

3 γ averages
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GGSZ Method

I 3-body final states e.g. D → K 0
Sππ

I Giri, Grossman, Soffer, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)︸ ︷︷ ︸

x±

cos(δD(±,∓))︸ ︷︷ ︸
ci

+ rB sin(δB ± γ)︸ ︷︷ ︸
y±

sin(δD(±,∓))︸ ︷︷ ︸
si

]
(5)
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I Essentially a GLW/ADS type analysis across the D decay phase space

I Excellent sensitivity from interference between various contributions
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GGSZ Method

I 3-body final states e.g. D → K 0
Sππ

I Giri, Grossman, Soffer, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)︸ ︷︷ ︸

x±

cos(δD(±,∓))︸ ︷︷ ︸
ci

+ rB sin(δB ± γ)︸ ︷︷ ︸
y±

sin(δD(±,∓))︸ ︷︷ ︸
si

]
(6)

rB

rB

x

y

y+ = rB sin(�B + �)

y� = rB sin(�B � �) x+ = rB cos(�B + �)

�B + �x� = rB cos(�B � �)

��

(x+, y+)

(x�, y�) �� ⇠ 1

rB

I x± + iy± = rBe
i(δB±γ)

I Uncertainty on γ is inversely
proportional to central value of
hadronic unknown!!

I Fluctuation in nuisance parameter =
fluctuation in error on parameter of
interest!
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GGSZ Method

I Can be done by using a specific amplitude model (model-dependent)
I Can be done in a model-independent way by binning the phase space

I providing ci = cos(δD(±,∓)) and si = sin(δD(±,∓)) are known in each bin
I Currently use extractions from CLEO-c data [arXiv:1010.2817]
I Uncertainties on these quantities add a systematic contribution towards γ
I LHCb has some sensitivity to these parameters from the B± fits themselves
I Systematic contribution from charm approaching other experimental systematics currently
I At some point during the LHCb upgrade* these will become the dominant uncertainty

LHCb GGSZ uncertainties

Run 1 Run 2
(stat) (syst) (charm) (stat) (syst) (charm)

x+ ±2.4± 1.0± 0.4 ±2.0± 0.7± 0.5
x− ±2.5± 1.0± 0.5 ±1.8± 0.7± 0.5
y+ ±2.5± 0.4± 1.0 ±2.0± 0.5± 1.0
y− ±2.9± 0.5± 1.4 ±2.3± 0.4± 1.1

* Definitely with possible Phase-II upgrade
Matthew Kenzie Joint BESIII-LHCb Workshop Status of γ measurements at LHCb
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GGSZ Method

I Improvement with sensitivity over time begins to hit CLEO uncertainty limit

I GGSZ provides a single and narrow solution
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Dalitz structure of other multibody D modes

I We have a good model for the GGSZ modes (D → K 0
Sππ and D → K 0

SKK) but
development of others (e.g. the 4-body charm decays) could prove very useful.

I Recent measurements of D0 → K+π−π+π− amplitude model at LHCb -
[arXiv:1712.08609]

I Indeed equivalent knowledge of ci and si for this and related modes allows for binned
Dalitz analyses in γ (see Tim Evans talk later)

I For some modes (e.g. D → KKπ0 and D0 → 4π) there is a low F+ value suggesting
a Dalitz analysis could offer considerable improvement

I Many recent developments in D0 → π+π−π+π− and D0 → K+K−π+π− Dalitz
models with CLEO data - [JHEP 05 (2017) 143]

I Can one define optimal binning schemes for various D0 → 4h and D0 → hhπ0 from
which ci and si equivalents can be extracted?
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2.4. Dalitz (GW) Method

1 Quick CKM overview

2 Measuring γ
GLW Method
ADS Method
GGSZ Method
Dalitz (GW) Method

3 γ averages
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Dalitz (GW) Method

I Use Dalitz structure of B decays
I B0 → D0K+π−

I Gershon, Williams (2009)
I [Phys. Rev. D80 (2009) 092002]

I Get multiple interfering resonances which increase sensitivity to γ
I D∗

0 (2400)−, D∗
2 (2460)−, K∗(892)0, K∗(1410)0, K∗

2 (1430)0

I Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)

I D → K+K−, D → π+π− - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])
I D → K±π∓ - ADS-Dalitz (difficult due to backgrounds from B0

s → D(∗)0K+π−)
I D → K0

Sπ
+π− - GGSZ-Dalitz (double Dalitz!)
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Dalitz (GW) Method

I Some studies of future prospects of the B Dalitz method with GGSZ modes in
[arXiv:1712.07853]

I Can include GLW, ADS and GGSZ modes in single framework to improve constraints
on B Dalitz bins, κj and σj

I The double Dalitz method has sufficient information (large number of bins) to extract
ci and si

Double Dalitz observables (partial rate as function of both Dalitz positions)

|A|2 = |AB |2|AD |2 + |ĀB |2|ĀD |2 + 2|AB ||AD ||ĀB ||ĀD |[(κc − σs) cos(γ)− (κs + σc) sin(γ)]

 binsBNumber of 
5 10 15 20

)°
) (

γ(
σ

0

2

4

6

8

10

12

14

16
+π−K→DWithout 

+π−K→DWith 
is, icFixed 

is, icConstrained 
is, icFloated 

(a)

 binsBNumber of 
5 10 15 20

)°
) (

γ(
σ

0

0.5

1

1.5

2

2.5

3
+π−K→DWithout 

+π−K→DWith 
is, icFixed 

is, icConstrained 
is, icFloated 

(b)

Figure 8: Impact of the uncertainty on the ci and si parameters on the sensitivity to � for the
(a) Run II and (b) 50 fb�1 scenarios. Results are shown with ci, si values fixed to their true
values, constrained within the precision of the current measurements [32], and left free to float in
the fit. The lines joining the points are added simply to guide the eye.
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Figure 9: Fitted ci and si values for the 50 fb�1 scenario with M = 8.

3.3 Dependence on the value of rB

The sensitivity to � is expected to have a strong dependence on the ratio of magnitudes of
the suppressed and favoured amplitudes. This is quantified by the value rB, which can
di↵er for each K⇡ resonance that contributes to the model. In the baseline model, rB = 0.3
is used for all of the K⇤(892)0, K⇤(1410)0, K⇤

2 (1430)0 and K⇡ S-wave contributions. The
e↵ect of varying rB to smaller or larger values is shown in Fig. 10. As expected, larger
values of rB result in better sensitivity. It can also be noted that the impact of the
D ! K�⇡+ channel is more significant for smaller values of rB.

14

End of Run 2 (∼8,-1) End of Run 4 (∼50fb-1)
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3. γ averages

1 Quick CKM overview

2 Measuring γ
GLW Method
ADS Method
GGSZ Method
Dalitz (GW) Method

3 γ averages
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Status of γ at LHCb

Method
D Decay

B Decay
B� ! D0K� B� ! D0K⇤� B� ! D⇤0K� B0 ! D0K+⇡� B� ! D0K�⇡+⇡�

[K⇤�!K0
S⇡

�] [D⇤0!D0⇡0],[D⇤0!D0�]

part-rec full-rec K⇤0 res Dalitz

G
L
W (+)

D0 ! K+K� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! ⇡+⇡� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! K+K�⇡0 3 fb�1(•) - - - - - -

D0 ! ⇡+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+K�⇡+⇡� - - - - - - -

D0 ! ⇡+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

(�) D0 ! K0
S⇡

0 • - - - - - -

A
D

S

D0 ! K+⇡� 3 fb�1(•) 5 fb�1 • • 3 fb�1(•) • 3 fb�1

D0 ! K+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

G
G

S
Z

D0 ! K0
S⇡

+⇡� 3 fb�1(•) • - • 3 fb�1(•) • -

D0 ! K0
S K+K� 3 fb�1(•) • - • 3 fb�1(•) • -

D0 ! K0
S⇡

+⇡�⇡0 • - - - - - -

D0 ! K0
S K+K�⇡0 • - - - - - -

KEY: •: (update) in progress

•: requires input from Charm sector (rD,�D, D)

NOTE: LHCb has a 3 fb�1(•) TD result with B0
s ! D�

s K+

LHCb has a 3 fb�1(•) GLS result from B� ! D0K� with D0 ! K0
S K±⇡⌥

Highest
Statistics Poorer sensi0vity at LHCb High potential

(Dalitz structure of B)
Low stats 

(mul0body B)
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Averages

LHCb Average

γ = (76.8+5.1
−5.7)◦
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Indirect constraints are: γ = (65.3
+1/0
−2.5 )◦ (∼ 2σ)

Comparison between B0
s and B+ initial states ∼ 2σ
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Summary

I CKM angle gamma an incredibly clean and becoming precise test of the SM

I Sensitive to NP both directly and indirectly

I Experimentally γ is extracted by combining measurements from several channels

I The majority of observables require input from charm sector

I Model independent method with GGSZ modes in particular require knowledge of
strong phase difference (δD) between favoured and supressed D0 → K 0

Shh decays

I The current systematic contribution from ci and si becomes dominant during
LHCb upgrade

I The double-Dalitz method (with B0 → D0K+π−) has standalone sensitivity to ci and
si which becomes comparable to current sensivity by the end of LHCb upgrade

I Improved knowledge of ci and si for D0 → K 0
Shh(π0) decays will be vital to exploit

LHCb (and Belle-II) full potential for measuring γ

THANK YOU!
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