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• least well measured CKM angle. 

• limited by the small branching fractions of the processes used 

in its measurement. 

• can be determined using tree-level processes only. 

• theoretically clean. 

• provides a Standard Model (SM) benchmark.
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Tree level determination of γ/𝜙3 angle

  2

Importance of γ from B→DK(π)

● γ plays a unique role in flavour physics

the only CP violating parameter that can be measured 
through tree decays (*)

(*) more-or-less

● A benchmark Standard Model reference point
● doubly important after New Physics is observed

∝VcbVus

∗

∝VubV cs

∗

Variants use different B or D decays
require a final state common to both D0 and D0 Tim Gershon

γ from b → Dhh'  2
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γ from b → Dhh'

favored

suppressed
Vcb

V*us Vub
V*cs

B- → D0 K- B- → D0 K-

rB =
ASuppressed
AFavored

∼
VubVcs

*

VcbVus
* × ccolorSupp ∼ 0.1

rB : magnitude of the ratio of amplitudes. 

δB : strong phase difference

Different B (→ DK , D*K , DK* ) decays have different hadronic factors (rB , δB)

A1 A1rBe
i(δB−γ )

Sensitivity depending on size of hadronic ratio.
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GLW Method (Gronau-London-Wyler) 
• Interference with CP eigenstates 

• final state of D0 = CP eigenstates as K+K- , π+ π- , Ks0 π0 

ADS Method (Atwood-Dunietz-Soni) 
• Interference with flavor specific 

• final state of D0 = Doubly-Cabbibo-Suppressed (DCS) decays as K+ π- 

  

GGSZ (Dalitz) Method (Giri-Grossman-Soffer-Zupan) 

• Self conjugate D decays using Dalitz plot 

• final state of D0 = Three-body decays as D → Ks0π+π-, Ks0 K+ K- 

[Phys. Lett., B253:483–488, 1991] 

[Phys. Lett., B265:172–176, 1991]

[Phys. Rev. D, 63:036005, Jan 2001]

[Phys. Rev. D, 68:054018, Sep 2003]

• Reconstruct D in final states accessible to both D0 D0
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φ3 Combination for charged B
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B→Kππγ overview

• Difficulty lies in isolating the CP state                      from 
the other (non-CP) B0→KS0π+π-γ final states

• Solution: measure              and calculate theoretically 
deviation from            

• Dilution factor [Hebinger, Kou, Yu: LAL-15-75 (2015)]:

• This requires an amplitude analysis, 

• Performed on the isospin state B+→K+π+π-γ, which 
benefits from higher statistics

7

SK0
S⇡⇡�

SK0
S⇢0�

[PRD 87 052015 (2013)]

B- → D(*) K(*)-

(D* → D π0, D γ) (D* → D π0, D γ)

Type of D Final States Method
K+ K- , π+ π-, Ks0 π0, Ks0 ω GLW

K π, K-π+π0 ADS

Ks0π+π-, Ks0K+K- GGSZ
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New	LHCb	γ/φ3	combinaOon	[LHCb-CONF-2017-004]	

•  Includes	the	following	updates:	
–  B+/-	→	D0K*+/-	ADS/GLW	[LHCb-CONF-2016-014]	 	NEW	
–  B+/-	→	D*0K+/-	GLW	[LHCb-PAPER-2017-021] 	 	 	NEW	
–  Bs0	→	Ds

-/+K+/-	TD	[LHCb-CONF-2016-015] 	 	 	1	→	3/n	
–  B+/-	→	D0K+/-	GLW	[LHCb-PAPER-021]	 	 	 	3	→	5/n	

14	

(in	preparaOon)	

•  30%	improvement	with	respect	to	
the	2016	combinaOon	

•  More	run	2	updates	expected	

list of LHCb measurements used in combination

• 30% improvement 
with respect to the 
2016 combination.

γ = (76.8−5.7
+5.1 )°

TD* Time-dependent

New 
 New

 Updated to  Run 1 + 2 fb-1  
Run 2 [LHCb-CONF-2016-014]

Updated to 3 fb-1 Run 1
[LHCb-PAPER-021]

[LHCb-PAPER-2017-021]

[LHCb-CONF-2016-014]

[LHCb-CONF-2017-004] 



Belle
New HFLAV γ/𝜙3 combination

8

γ = (76.2−5.0
+4.7 )°

• The world average is now slightly better than 5∘ .

New	HFLAV	γ/φ3	combinaOon	

15	
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[hVp://www.slac.stanford.edu/xorg/hflav/triangle/summer2017/
index.shtml#gamma_comb]	

•  The	WA	precision	is	now	slightly	
beVer	than	5	degrees	

[http://www.slac.stanford.edu/xorg/hflav/triangle/summer2017/ index.shtml#gamma_comb] 
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            BEACH 2016 |    Physics prospects at Belle II            |          J. Bennett

SuperKEKB
6

Feb	2016:	First	Turns	at	SuperKEKB	  
(4	GeV	e+	and	7	GeV	e-)

8s-
1 ]

*gray	-	recycled,	color	-	new June 2016:  (LER beam current 850 mA, 
HER at 770 mA)

Lint > 50 ab-1 by 2025 (50 x Belle) 

Lpeak = 8 x 1035 cm-2s-1 (40 x KEKB)

• full solid angle detector; clean event 
environment; well defined initial state.

• Increase Ks0 efficiency.

• Improved K / π separation.

• Improved reconstruction, selection and 
tagging algorithms.

more details by Jake Bennett ( September 3)

SuperKEKB 
The next generation B-factory

6*gray - recycled, color - new

8s-
1 ]

9 months/year
20 days/month

Goal of Belle II/SuperKEKB

The Belle II detector

8

electron (7 GeV)

positron (4 GeV)

KL and muon detector:

Resistive Plate Counter (barrel outer layers)  
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel layers)

EM Calorimeter:

CsI(Tl), waveform sampling Particle Identification:


Time-of-Propagation counter (barrel)  
Prox. Focusing Aerogel RICH (fwd)

Beryllium beam pipe:

2 cm diameter 

Vertex detector:

2 layers DEPFET + 4 layers DSSD

Central Drift Chamber:

He(50%):C2H6(50%), Small cells, 
long lever arm,  fast electronics

Readout (TRG, DAQ):

Max. 30kHz L1 trigger  
~100% efficient for hadronic events.

1MB (PXD) + 100kB (others) per event

- over 30GB/sec to record

Offline computing: 

Distributed over the world via the GRIDFirst new particle collider since the LHC  

(intensity rather than energy frontier; e+e- rather than pp) arXiv:1011.0352 [physics.ins-det]
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• Determination of γ/ϕ3 ⇒ dominated by Dalitz-plot (GGSZ) analysis at Belle.

• B± → D ( → Ks0 π+ π-) K±  ⇾ the most sensitive single analysis.

19/02/15 LPNHE seminar 16

Dalitz plot analysis for γ

B+ D0K+

D0K+

(K
S
π+π−)K+

Multibody final state of D0 results in the interference pattern 

that is directly sensitive to the phase difference between D0 and D0

r
B
eiδe±iγ=x

±
+iy

±
m2(K

S
π+) (GeV2/c4)

m
2
(K

S
π

−
) 

(G
e

V
2
/c

4
)

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

Bondar (2002), unpublished

First prelim. result using this technique reported by Belle in 2003: arXiv:hep-ex/0308043

followed by 3 papers with increasing dataset. 

-
-

-

-

rBe
i(δB−γ )

rDe
i(δD )

Each point on the Dalitz plot has different 
rD and δD.

δD : strong phase difference

rD = A(D0 → f )
A(D0 → f )

• Model-dependent GGSZ method 

• rD and δD determined via amplitude model.  

• large systematic uncertainty (i.e. 8.9°) due to 

amplitude model.  

•  Model-independent GGSZ method                 
☞ used by Belle II 

• use quantum coherence in e+e− →γ* →DD 

(CLEO-c, BESIII) to measure amplitude-

averaged strong phase differences, ci, si. 

ci=<cos ΔδD >, si=<sin ΔδD >
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Dalitz binnings used for model 
independent analysis

• Dalitz plot is divided into symmetrical bins. 

• Number of events from D flavor eigenstates, K±i , 
measured in D*±→ D π± . 

• ci and si, measured at CLEO or BES III. 

• Number of events Ni± in a particular bin in a B± → DK± :

Ni
± ∝ K∓ i + r±

2K− i + 2 KiK− i (x±ci ± y±si )

• Fit in B± → DK± 

[Belle hep-ex/0604054 ]

(x± , y± ) = rB(cos(±γ +δ B ),sin(±γ +δ B ))

Model-independent Dalitz plot analysis of B± → D0(Ks0π+π-) K± 
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Assuming 10 fb-1 ψ(3770) BES III dataset

δ (γ /φ3)
50ab−1 = 3°

]-1Amount of Data [ab
0 20 40 60 80 100

〉 3φσ 〈

0
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15

20

25

30

once the combination of Belle GLW, 
ADS, GGSZ results is extrapolated 

δ (γ /φ3)
50ab−1 = 1.6°

future improvements 
• including additional channels 

such as Ks0K+K- and B+→D*0K+. 
• including continuum 

suppression variable in the fit.

we estimate for GGSZ 

Expected uncertainty (based on toy MC studies) 
vs luminosity on γ/ϕ3 .
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• A new model-independent GGSZ measurement in B±→D(Ks0π+π-π0)K±. 

• D0→Ks0 π+ π- π0 decays from CLEO-c, BES III. 

• large branching fraction (BF) (5.2 %).

• Quantum-correlated measurement of D0→Ks0 π+ π- π0 [arXiv:1703.10317] 

• 818 pb-1 CLEO-c data at the ψ(3770) resonance.  

• CP-even fraction 0.246 ± 0.018.

c
i

and s
i

results - preliminary

The combined fit: 472 observables including di↵erent tag yields in

each bin; �2

DoF

= 1.04.

Bin ci si

1 �1.12 ± 0.12 0.12 ± 0.17

2 �0.29 ± 0.07 0.11 ± 0.13

3 �0.41 ± 0.09 �0.08 ± 0.18

4 �0.84 ± 0.12 �0.73 ± 0.34

5 �0.54 ± 0.13 0.65 ± 0.13

6 �0.22 ± 0.12 1.37 ± 0.22

7 �0.90 ± 0.16 �0.12 ± 0.40

8 �0.70 ± 0.14 �0.03 ± 0.44

Figure : ci and si values in each bin.

The uncertainties shown are statistical only.

ci < 0 ) CP oddness of K 0
S⇡

+⇡�⇡0.

Resmi P K, IIT Madras QC measurements & CPV sensitivity 21 / 24

ci

si

[arXiv:1703.10317]

ci and si values in. 

The uncertainties shown are 
statistical only.  

New Decay Mode
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A toy simulation study: 

• Assuming: increase in BF is compensated by loss of efficiency due to π0. 

• with 1200 events (from Belle sample of B±→ D (Ks0π+π-) K±) - under investigation 

• δ(γ/ϕ3) = 25° (ci , si  , K±i values from arXiv:1703.10317) 

• Project to a 50 ab-1 Belle II sample.

Estimates of �3 sensitivity with B± ! D(K 0
S

⇡+⇡�⇡0)K±

Assumed increase in BF compensated by loss of e�ciency due to ⇡0

in final state.
With 1200 events (Belle sample of B± ! D(K 0

S⇡
+⇡�)K±)

��3 = 25� - 1000 pseudo experiments using ci , si , Ki and K̄i

measurements reported.
Project to a 50 ab

�1 sample ��3 = 3.5�.
Compare to B

± ! D(K 0
S⇡

+⇡�)K± ��3 ⇠ 2�.

Improvements:

Optimized binning once a
D

0 ! K

0
S⇡

+⇡�⇡0

amplitude model
developed.
Finer binning possible
with 10 fb

�1 of BESIII
data.

Caveat: background to be
studied.

 / ndf 2χ  18.23 / 22
Constant  4.3± 106.4 
Mean      0.12± 72.13 
Sigma     0.084± 3.534 
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Figure : �3 sensitivity with 50 ab�1 Belle II sample.

Resmi P K, IIT Madras QC measurements & CPV sensitivity 23 / 24

[arXiv:1703.10317]
Caveat: background to be studied.

Single mode uncertainty on γ/ϕ3  

δ (γ /φ3)
50ab−1 = 3.5°
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• The traditional way: compare γ/ϕ3 from tree-level decays with the one from 

penguin-dominated processes. 

•  Recent studies show that NP contributions to tree-level Wilson coefficients 

C1 and C2  of 𝒪(40%) and 𝒪(20%) are not excluded.                                   

[arXiv:1404.2531, arXiv:1412.1446, arXiv:1409.3251]  

• Shifts in γ/ϕ3 of the order of ±4°can not be eliminated [arXiv:1412.1446]. 

• Strong motivation to 1° precision.
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CKM constraints from 
tree-dominated decays. 

Now and at 50 ab-1
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• γ/ϕ3 precision is now better than 5°. 

• First preliminary sensitivity analysis at Belle II  

• B± → D ( → Ks0 π+ π-) K± : at 50 ab-1 δ(γ/𝜙3) = 3° 

• B± → D ( → Ks0 π+ π- π0) K± : at 50 ab-1 δ(γ/𝜙3) = 3.5° 

• Conservatively, combined sensitivity:
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R
CP± = 2

Γ(B− → D
CP±K − )+ Γ(B+ → D

CP±K + )
Γ(B− → DfavK

− )+ Γ(B+ → DfavK
+ )

A
CP± = 2

Γ(B− → D
CP±K − )− Γ(B+ → D

CP±K + )
Γ(B− → D

CP±K − )+ Γ(B+ → D
CP±K + )

• no need of external inputs.

• Both D0 or D0 decay to the same CP eigenstate. 
• The four (only three independent) GLW observables are:

R
CP± = 1+ rB

2 ± 2rB cosδ B cosγ

A
CP± = ±2rB sinδ B sinγ / RCP±
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• Select events where the (anti)D0 from the favored amplitude decays to a DCS final 

state (and the (anti)D0 from the suppressed amplitude decays to the same Cabibbo 

favored final state):

January 5th 2017 A. Gaz 66

f
3
/g : ADS method

● Select events where the (anti)D 0  from the favored amplitude decays to a 
DCS final state (and the (anti)D 0  from the suppressed amplitude decays to 
the same Cabibbo favored final state):

● We define the two observables...

...related to g :

d
D 

: strong phase difference between the 
above amplitudes (provided by CLEO)

RADS =
Γ(B− → [K +π − ]DK

− )+ Γ(B+ → [K −π + ]DK
+ )

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

+ )
= rB

2 + rD
2 + 2rBrD cos(δ B +δD )cos(γ )

AADS =
Γ(B− → [K +π − ]DK

− )− Γ(B+ → [K −π + ]DK
+ )

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

+ )
= 2rBrD sin(δ B +δD )sin(γ ) / RADS

Additional variables rD and δD can be 
provided by charm factories. 
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• For self-conjugate multi-body D final states, i.e Ks0 π+ π-  

• The amplitude for B+ → DK+, with m±
2 = m

Ks
0π ±
2

A
B+ (m+

2,m−
2 ) = AD + rBe

i(δB+γ )AD

A
B− (m+

2,m−
2 ) = AD + rBe

i(δB−γ )AD

•                  is the amplitude of the D0→Ks0 π+ π- decay.AD (m+
2,m−

2 )
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• Generic Monte Carlo (MC) corresponding to 2 ab-1 

data (no beam background). 

• D*±→Dπ±, B±→Dπ± and B±→DK± with D→KS0π+π-. 

• D*±→Dπ± ⇾ to find the flavor Dalitz. 

• B±→Dπ± ⇾ control mode and background in the 

signal B±→DK±. 

• D* fit in M(D) and ΔM = M(Dπ±) - M(D) 

• Fit per Dalitz bin to obtain Ki flavor inputs. 

• signal and background separation, 

• fit in two dimensions (ΔE, Mbc) 

• Combine fit to all bins in B± →D(KS0 π+ π- )K± . 

ΔE = EB
* − Ebeam

* , Mbc = Ebeam
*2 − !pB

*2

21

Preliminary Sensitivity Study
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Examples of D final states that have been studied so far:

Type of D decay Method D Final states

CP - eigenstates GLW CP-even:  K+K-,  π+ π- ;  CP-odd:  Ks0π0,   Ks0η

CF and DCS ADS K±π∓,   K±π∓π0

Self - conjugate GGSZ Ks0π+π-

More modes with neutral particles :

• CP-even:  Ks0 η π0,  KL0π0,   Ks0π0π0,   Ks0Ks0Ks0  

• CP-odd: Ks0Ks0KL0 ,   η π0 π0,    η’ π0 π0,   Ks0Ks0π0,   Ks0Ks0 η 

• Self-conjugate: Ks0π+π-π0, Ks0K+K-,   π+ π- π0,  K+K- π0, π+π-π0π0,  KL0π+π-, 

                           KL0K+K-,  π+π-π0π0 

*ongoing studies by Belle
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Determination of γ/ϕ3 is dominated by GGSZ (Dalitz) method.

• The first model-independent Dalitz analysis 
Model uncertainty is replaced by statistical uncertainty from CLEO-c .

• Model uncertainty is expected to be dominant for future experiments. 
• More statistics and BES III results will take place CLEO-c

γ /φ3 = (77.3−14.9
+15.1 ± 4.1± 4.3)°

γ /φ3 = (78.4−11.6
+10.8 ± 3.6 ± 8.9)°

[Phys. Rev. D, 85:112014, Jun 2012 ]

[Phys. Rev. D, 81:112002, Jun 2010]

• The model-dependent unbinned Dalitz analysis for B± → D K±  and B± → D* K±

B± → D0 K±, D0 → Ks0 π π
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B- → D*0 K-, D* → D0 π0, D0 γ

GLW 
• Combining results for 

D* → D0 π0, D0 γ yields: 

ADS

R
D*K ,Dπ 0 = 1.0−0.7

+0.8 (stat)−0.2
+0.1 (syst)⎡⎣ ⎤⎦ ×10

−2

R
D*K ,Dγ = [3.6−1.2

+1.4 (stat)± 0.2(syst)]×10−2
• D* → D0 γ mode ⇾ 3.5 σ significance.

− → ∗0 − , ∗0 → 0π0, 0γ (GLW and ADS)

! Full data set: 772M B pairs
! B-factory exclusive
measurement (low E π0/γ; CP-)

GLW
! Combining results for
D∗ → Dπ0,Dγ yields:

ACP+ = −0.14± 0.10± 0.01
ACP− = +0.22± 0.11± 0.01

...

ADS

RD∗K,Dπ0 = [1.0+0.8
−0.7(stat)

+0.1
−0.2(syst)]× 10−2

RD∗K,Dγ = [3.6+1.4
−1.2(stat)± 0.2(syst)]× 10−2

...

! To be published soon
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FIG. 2. Projections for B D h, D D 0, D K modes, for B D h, D DCP+
0 modes and for B D h,

D DCP
0 modes. See caption of Fig. 1 for details.
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FIG. 2. Projections for B D h, D D 0, D K modes, for B D h, D DCP+
0 modes and for B D h,

D DCP
0 modes. See caption of Fig. 1 for details.
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D C
P−

B+ B−

6

• To be published soon. Full Belle data set: 770 M. BB events. 

• involve low energy π0 or γ .

B+ B-

A
CP+ = −0.14 ± 0.10 ± 0.001
A
CP− = +0.22 ± 0.11± 0.001


