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γ from trees

γmeasurements: the present
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γ is least well measured angle in unitarity triangle
avg. from dir. meas.: γ = 66 ± 12○ (CKMfitter Winter 2012, prel.)

needed for NP predictions, SM value can be measured from tree-level

decays
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γ from trees

γmeasurements from tree decays

involve measuring interference between two decay paths, one

involves Vub, since γ = arg (−VudV
∗
ub

VcdV
∗
cb
)

VCKM = ( Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

) = ( 1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1
) +O(λ4)

e.g. ‘‘workhorse’’ of time-integrated γmeas.: B− Ð→ fD0K−
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γ from trees

γmeasurements from tree decays: methods

time-integrated methods

+ just need to determine yields

- high yield modes: interference term surpressed by rB ,O(rB) ∼ 0.1 − 0.2
until now 3 methods exploited:

Gronau, London, Wyler (GLW)

[Phys. Lett. B 253, 483 (1991), Phys. Lett. B 265, 172 (1991)]

Atwood, Dunietz, Soni (ADS)

[Phys. Rev. Lett. 78, 3257 (1997), Phys. Rev. D 63, 036005 (2001)]

Giri, Grossman, Soffer, Zupan (GGSZ/Dalitz)

[Phys. Rev. D. 68, 054018 (2003)]

will illustrate each with one specific channel, others are possible

time-dependent methods

- needs more complicated time-dep. analysis, flavour tagging

e.g. time-dependent B0
s (B0

s ) Ð→ D∓s K
±

as suggested by Aleksan, Dunietz, Kayser [Z. Phys. C, 54 (1992), p. 653],

Fleischer [arXiv:hep-ph/0304027v2]
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γ from trees

GLWmethod:D to CP eigenstate (π+π− or K+K−)
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Γ(B∓ Ð→ (π+π−)D0K∓) ∼ 1 + r2B + 2rB cos(δB ∓ γ)
2 observables:

ACP+ = Γ(B−Ð→(π+π−)D0K
−)−Γ(B+Ð→(π+π−)D0K

+)

Γ(B−Ð→(π+π−)D0K
−)+Γ(B+Ð→(π+π−)D0K

+)
= 2rB sin δBsin γ

1+r2B+2rB cos δBcos γ

RCP+ = 2 Γ(B−Ð→(π+π−)D0K
−)+Γ(B+Ð→(π+π−)D0K

+)

Γ(B−Ð→D0K−)+Γ(B+Ð→D0K+)
= 1 + r2B + 2rB cos δBcos γ

3 unknowns (rB, δB, γ)

Ô⇒ need to combine with other method(s)
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γ from trees

ADS method:D0 Ð→ Kπ
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3 unknowns shared with GLW (rB, δB, γ), 2 new ones (rD, δ
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D )

Ô⇒ need input on rD , δ
Kπ
D , and combine with other method(s)
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γ from trees

LHCb analysis of B± Ð→ D(h±h∓)h± decays (h = π,K)
crucial inputs: tracking, PID

simult. fit to 16 indep. data samples: B± (2), bachelor ID (2: K or π),

D decay mode (4: Kπ fav., Kπ suppr., ππ, KK)

extremely clean, K/πmisid can be fitted for
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γ from trees

LHCb analysis of B± Ð→ D(h±h∓)h± decays (h = π,K)
extremely clean, K/πmisid can be fitted for

all modes with very low combinatorial background
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γ from trees

LHCb analysis of B± Ð→ D(h±h∓)h± decays (h = π,K)

extremely clean, K/πmisid can be fitted for

all modes with very low combinatorial background
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γ from trees

LHCb analysis of B± Ð→ D(h±h∓)h± decays (h = π,K)
observe ADS mode (B± → DK±) with 10σ significance

visibly asymmetric

B± → DK± shows 4.0σ evidence of CPV (consistent w. other experiments)

B± → Dπ± shows hint of pos. asym. (2.4σ )
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γ from trees

ADS/GLW results summary: ‘‘DK ’’ (1/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

ADS/GLW results summary: ‘‘DK ’’ (1/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

ADS/GLW results summary ‘‘Dπ’’(2/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

ADS/GLW results summary ‘‘Dπ’’(2/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

ADS/GLW results summary (3/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

ADS/GLW results summary (3/3)
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where available, LHCb results are most precise measurements

B factories dominating in other modes
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γ from trees

GGSZ/Dalitz method:D0 Ð→ K0
Sπ
+π−

W−
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D decay amplitude f (m2
+,m
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−) depends only on Dalitz variables

m2
± = (pµK0

S

+ pµπ±)2
Γ(B− Ð→ (K0

Sπ
+π−)DK−) ∼

∣f (m2
+,m

2
−) + rBei(δB−γ)f (m2

−,m
2
+)∣2

Ô⇒ needD decay model or measurement of density

and phase over Dalitz plane (charm factories)

fit for x± = rB cos(γ ± δB), y± = rB sin(γ ± δB)
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γ from trees

GGSZ results
(still) dominated by B factories

BaBar and Belle have both put out model-dependent analyses:

D
Dalitz

K
±
 x± vs y±

Contours give -2∆(ln L) = ∆χ
2
 = 1, corresponding to 60.7% CL for 2 dof
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Contours give -2∆(ln L) = ∆χ
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in [arXiv:1204.6561], Belle have put out a model-independent analysis of

B− Ð→ D(K0
S ππ)K

−

x+ = −0.110 ± 0.043 ± 0.014 ± 0.007, y+ = −0.050+0.052−0.055 ± 0.011 ± 0.007
x− = 0.095 ± 0.045 ± 0.014 ± 0.010, y− = 0.137+0.053−0.057 ± 0.015 ± 0.023
(uncertainties: stat., syst., uncertainty due to strong phase fromD decay)

results in γ = (77.3+15.1−14.9 ± 4.1 ± 4.3)○
Manuel Schiller (Nikhef/VU A’dam) FPCP 2012, Hefei, China May 22th, 2012 18 / 29



γ from trees

influence of GLW/ADS/GGSZ results on γ

GGSZ

GLW+ADS

Combined

naive statistical treatment

(for illustrative purpose only)

preliminary
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WA

most precise determination of GLW/ADS obs. does not translate
directly into most precise γmeas.

value of γ depends on true values of rB , strong phases

→ GLW/ADS results alone not sufficient to resolve ambiguities in γ

→ need input frommany methods to pin down γ
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γ from trees

a glance into the future

see 3 main roads to improve knowledge of γ

time-dependent analyses, e.g. Bs Ð→ D±s K
∓

classical methods (ADS/GLW/GGSZ)

more data:

LHCb 2011 data sample: ∼ 1.1/fb

expect total of 2.5/fb collected by LHCb by end of 2012

more channels (e.g. B+ Ð→ D(K0
Sh
+h−)h+, B0

Ð→ D(h+h−)K∗0)

multibody final states
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γ from trees

time-dependent B0
s Ð→ DsK

interference between mixing and decay:
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not colour-surpessed: (rBs/rB) ∼ 5 − 10⇒ large interference

weak phases γ, ϕs (mixing), strong phase δ

sensitive to γ + ϕs, but ϕs measured to be small effect e.g. [LHCb-CONF-2012-002]

measure 4 decay rates: Γ(B0S Ð→ D−SK
+), Γ(B0S Ð→ D+SK

−),
Γ(B0S Ð→ D−SK

+), Γ(B0S Ð→ D+SK
−)

Manuel Schiller (Nikhef/VU A’dam) FPCP 2012, Hefei, China May 22th, 2012 21 / 29



γ from trees

time-dependent B0
s Ð→ DsK

need good proper time resolution: ∼50 fs to resolve Bs oscillation
flavour tagging: [LHCB-CONF-2011-050]

opposite side tagger εD2 = 3.2 ± 0.8%
additional power from same side tagger

first steps towards time-dep.
measurement of γ taken

∆ms = 17.63 ± 0.11 ± 0.02 ps−1
(Bs → Dsπ, 36/pb, [arXiv:1112.4311])

B(B0
s → D−s K

+) =
(1.90 ± 0.12 ± 0.13+0.12−0.14) ⋅ 10

−4

(errors are stat., syst., from fs/fd)

[arXiv:1204.1237]

have high yield mode B0
s Ð→ Dsπ for

normalisation

large ∆Γs/Γs ∼ 0.176makes untagged

events more valuable [LHCb-CONF-2012-002]
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γ from trees

multibody final states

two main ideas

ADS/GLW style analyses: choose channel with

large rB , so more sensitive e.g. [arXiv:hep-ph/0211282]

e.g. B− Ð→ D(K−π+)K−π+π−

exploit variation of hadronic parameters over
final state phase space (similar to GGSZ/Dalitz
method)

e.g. B0
Ð→ Dπ−K+ [arXiv:0810.2706v3, arXiv:0909.1495v2]

e.g. Λ0
b Ð→ Dph (h = K , π) [LHCb-CONF-2011-036]
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γ from trees

summary

a long series of beautiful measurements by the B-factories and

Tevatron has brought our knowledge of γ to what it is today

a new era of γmeasurements is starting at LHCb

newmeasurement of ADS/GLW parameters published

∼ 10σ observation of the suppressed mode B± → (π±K∓)DK
±

5.8σ observation of CPV in B± → DK± (all modes combined)

analyses for other modes (GGSZ, TD Bs → DsK , . . . ) are in progress

→ stay tuned. . .

different modes/analysis techniques are complementary

no single method dominates precision [arXiv:1101.0134v1], [arXiv:1101.4592v1]

precision will arise from combination of methods

exciting times ahead
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γ: direct measurements vs. sides
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some tension between sides-only/angles-only fits

better knowledge of γ useful to learn what is going on
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CKMfitter: 2011 vs. 2012
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avg. from dir. meas.: γ = (681011 )○ (CKMfitter Summer 2011)

avg. from dir. meas.: γ = (66 ± 12)○ (CKMfitter Winter 2012, prel.)
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CKMfitter, UTfit
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GGSZ-style γmeasurement at LHCb

channel: B− Ð→ D(K0
Sh
+h−)K−

low K0
S reconstruction efficiency due to

long lifetime of K0
S

LHCb is looking into both

model-dependent and

model-independent approaches magnet

magnet

vertex

detector

TT

LL

DD

unusable

(VELO)

main tracker (T)

 mass  (MeV)±B
5200 5400 5600

E
v
e
n

ts
 /
 (

 2
0
 M

e
V

 )

0

20

40

60

80

100

120

140

160

180

 mass  (MeV)±B
5200 5400 5600

E
v
e
n

ts
 /
 (

 2
0
 M

e
V

 )

0

20

40

60

80

100

120

140

160

180

 = 7 TeV Datas

Preliminary
LHCb

­1 3.4 pb± = 33.9 intL
 32± = 443 SignalN

 1.5 MeV± = 5271.8 0m

 1.6 MeV± = 23.5 σ

no problem to reconstruct top. identical
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expect ∼600 events in
B+ Ð→ D(K0

Sπ
+π−)K+ mode for 1/fb

(about half of what Belle has)
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