
CKM angle measurements

CP violation in charm

for the LHCb collaboration
HCP2011, Paris. 14 November 2011

Malcolm John

University of Oxford



2

d s b
u
c
t

VCKM =




1− 1

2λ
2 λ Aλ3(ρ− iη + i

2ηλ
2)

−λ 1− 1
2λ

2 − iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1− ρ− iη) −Aλ2 1



+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

7

VCKM =




1− 1

2λ
2 λ Aλ3(ρ− iη + i

2ηλ
2)

−λ 1− 1
2λ

2 − iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1− ρ− iη) −Aλ2 1



+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

0 = 1 +
V ∗
ubVcb

V ∗
usVcs

+
V ∗
udVcd

V ∗
usVcs

7

γ β

α

o

ρ,η

primarily Bu , Bd decays

Quark couplings to the weak current

_  _



3

d s b
u
c
t

VCKM =




1− 1

2λ
2 λ Aλ3(ρ− iη + i

2ηλ
2)

−λ 1− 1
2λ

2 − iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1− ρ− iη) −Aλ2 1



+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

0 = 1 +
V ∗
ubVcb

V ∗
usVcs

+
V ∗
udVcd

V ∗
usVcs

7

VCKM =




1− 1

2λ
2 λ Aλ3(ρ− iη + i

2ηλ
2)

−λ 1− 1
2λ

2 − iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1− ρ− iη) −Aλ2 1



+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

0 = 1 +
V ∗
ubVcb

V ∗
usVcs

+
V ∗
udVcd

V ∗
usVcs

7

angle ≈ 0.001η
o

charm decays

γ β

α

o

ρ,η

Bu,Bd decays

Quark couplings to the weak current

_  _



4

d s b
u
c
t

VCKM =




1− 1

2λ
2 λ Aλ3(ρ− iη + i

2ηλ
2)

−λ 1− 1
2λ

2 − iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1− ρ− iη) −Aλ2 1



+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

0 = 1 +
V ∗
ubVcb

V ∗
usVcs

+
V ∗
udVcd

V ∗
usVcs

7

γ β

α

angle ≈ 0.001η
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charm decaysprimarily Bu , Bd decays

• Complementary probes of the CKM prescription:
• Are the triangles closed?

- relates directly to the unitarity of the matrix.
• Do the have the same area?

- does the charm triangle have any area?
• High statistics are needed to probe further

Quark couplings to the weak current

_  _
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LHCb
A detector capable of identifying specific decay modes 
of beauty and charm hadrons from the huge number 
heavy mesons produced at the LHC.

• σ(bb) =   284 ± 53 μb(1)

• σ(cc) =  6100 ± 930 μb (2)

• N4π(bb)/sec (*) =   70k

• N4π(cc)/sec (*) =  1.5M
(*)L  ≈ 2⋅1032 cm-2 s-1

(2) LHCb-CONF-2010-013

(1) arXiv:1009.2731               

http://cdsweb.cern.ch/record/1311236?ln=en
http://cdsweb.cern.ch/record/1311236?ln=en
http://cdsweb.cern.ch/record/1311236?ln=en
http://arxiv.org/abs/1009.2731
http://arxiv.org/abs/1009.2731


Calorimeters
Straw-tube 

tracking system 
(outer tracker)

Silicon 
strip 

vertex 
detector

RICH2

RICH1

Muon chambers Dipole 
magnet
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Silicon 
tracker

y: 250 mrad

x: 300 mrad

LHCb  instruments 2<ηLHC<5
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Level 0 trigger
HARDWARE

• high-pT objects High level trigger
SOFTWARE

• lifetime & IP cuts
• inclusive selections
• exclusive selections

raw 
event 

on disk
[40kB]

1 MHz → 3 kHz →

11 MHz →

MUONS

HCAL

ECAL

RICH2

STRAW TRACKER

VELO

RICH1

SI TRACKER

• 2010 dataset ≈    37 pb-1

• 2011 “summer” dataset ≈ 350 pb-1 

• 2011 final dataset > 1 fb-1



CKM angles



CKM angles: the story so far
(courtesy of CKMFitter)
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• Large CP violation is seen in B decays. A decade of excellence from the B-factories.
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CKM angles: the story so far
(courtesy of CKMFitter)

8

• Large CP violation is seen in B decays. A decade of excellence from the B-factories.

• β = 21.38 +0.79   primarily from studying CP violation in B→ J/ψKS0

• α is also well measured: 89.0 +4.4

• γ not well known; due to the rarity of the modes which are sensitive: amplitude ∝Vub

-4.2

-0.77
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• Tree-level (no penguin, theoretically clean) measure of the CKM phase

γCKM
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→ f

→ f

where f can be:

• K+K-, π+π-

• K+π-, K+π-π+π-, K+π-π0

• KS π+π- , KS K+K-, K+K-π+π- 

CP eigenstate

DCS D-decay mode

SCS multi-body state

• Sensitivity to γ stems from interference between 
b→u and b→c transitions

• Small branching fraction but large asymmetries 
are possible.

• Many modes to be exploited

• Precision of less than 5˚ expected by end 2012



B+→(π+K-)DK+
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• Leading mode for the extraction of γ
• 4 σ excess observed in 350 pb-1 . 

LHCb-CONF-2011-044
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B → Dπ

http://cdsweb.cern.ch/record/1369827?ln=en
http://cdsweb.cern.ch/record/1369827?ln=en


B→Dπππ and B→DKππ decays
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• First observation of the Cabibbo-suppressed, five-track final states

• The Cabibbo-suppressed decays hold similar promise for γ as B → DK (but ¼ statistics)

LHCb-CONF-2011-024

http://cdsweb.cern.ch/record/1350207?ln=en
http://cdsweb.cern.ch/record/1350207?ln=en


Λb→D0pK
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• These baryon decays exhibit similar quark-level interference and eventual sensitivity to γ

• First step taken: observation of the ‘favoured’, Cabibbo-suppressed transition (right)

LHCb-CONF-2011-036

http://cdsweb.cern.ch/record/1366695?ln=en
http://cdsweb.cern.ch/record/1366695?ln=en


Bs→DsK±
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• γ can be extracted Bs decays with this mode
• Both b→c and b→u diagrams are colour allowed
• But the Bs oscillates so a time dependant analysis is required (also need Bs mixing phase)

LHCb-CONF-2011-057

http://cdsweb.cern.ch/record/1376113?ln=en
http://cdsweb.cern.ch/record/1376113?ln=en


Future of sin(2β):  Bs→J/ψKS0
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• The unitarity triangle shows some tension 
between |Vub|and sin(2β). 

• How much of “sin(2β)” is sin(2β)? How large are 
the hadronic penguin contributions?

• Could be eventually deduced by comparing 
Bd→J/ψKS0  and its U-spin partner:  Bs→J/ψKS0

• First step: confirmation in LHCb dataset.

LHCb-CONF-2011-048
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Bs → J/ψK0
S

arXiv:1010.0089

http://cdsweb.cern.ch/record/1376113?ln=en
http://cdsweb.cern.ch/record/1376113?ln=en
http://arxiv.org/abs/1010.0089
http://arxiv.org/abs/1010.0089
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CP violation in charm
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• Generically speaking, one can look for CP violation in:

• Mixing: Γ(D0→D0) ≠ Γ(D0→D0)

• Decay: A(D0→f) ≠ A(D0→f)

• Interference of the two

• Mixing is the D system is establish, though no single 5σ measurement

• No evidence yet of CP violation in the charm system
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Pursuing CP violation in mixing
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• Define

• In the absence of CP violation, yCP = y. Ultimately need both to demonstrate CPV in mixing
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WAHFAG = (1.11±0.22)%

LHCb-CONF-2011-054

• With 28 pb-1

K+K- K- π+

http://cdsweb.cern.ch/record/1374909?ln=en
http://cdsweb.cern.ch/record/1374909?ln=en


Pursuing CP violation in mixing
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• Another interesting observable:

• AΓ ≠ 0 would a clear sign of CP violation

• D* events used. Charge of slow pion tags the D flavour

• A “swimming” technique is used to estimate the trigger and acceptance lifetime bias

WAHFAG = (0.12±0.25)%
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D0 D0

LHCb-CONF-2011-046

• With 2010 dataset, 28 pb-1

http://cdsweb.cern.ch/record/1370107?ln=en
http://cdsweb.cern.ch/record/1370107?ln=en


Direct CPV in charm
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• D±→K+K-π±  is a singly-Cabibbo suppressed where competing tree and penguin diagrams 
could be of similar magnitude.

• Direct CPV is possible if two processes, with different weak and strong phases interfere

• Ds→K+K-π±  is used a a control channel (Cabibbo favoured). Blind signal. 

arXiv:1110.3970

http://arxiv.org/abs/1110.3970
http://arxiv.org/abs/1110.3970


Direct CPV in charm
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• D±→K+K-π±  is a singly-Cabibbo suppressed where competing tree and penguin diagrams 
could be of similar magnitude.

• Direct CPV is possible if two processes, with different weak and strong phases interfere

• Ds→K+K-π±  is used a a control channel (Cabibbo favoured). Blind signal.

A range of binning schemes tried

Scatter consistent with random

No CPV observed with 2010 dataset

arXiv:1110.3970

http://arxiv.org/abs/1110.3970
http://arxiv.org/abs/1110.3970


Direct CPV: ΔACP
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• Another test of CP violation in charm:

• Experimentally, very robust. Nearly all systematics cancel (e.g. D* production)

• With 2010 dataset, 37 pb-1
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

+O(λ6)

0 = 1 +
V ∗
tbVtd

V ∗
cbVcd

+
V ∗
ubVud

V ∗
cbVcd

0 = 1 +
V ∗
ubVcb

V ∗
usVcs

+
V ∗
udVcd

V ∗
usVcs

RADS = (1.66± 0.39± 0.24)× 10−2

AADS = −0.39± 0.17± 0.02

RDπ
ADS = (4.13± 0.41± 0.40)× 10−3

ADπ
ADS = 0.09± 0.10± 0.01.

RCP+ = 1.48± 0.31± 0.12

ACP+ = 0.07± 0.18± 0.07

B(Bs → J/ψK0
S)

B(Bd → JψK0
S)

= (3.78± 0.58± 0.20± 0.30 fs
fd
)× 10−2

yCP =
Γ(D0 → K+K−)

Γ(D0 → K−π+)
− 1

D1,2 = p|D0〉 ± q|D̄0〉

x = (m2 −m1)/2Γ

y = (Γ2 − Γ1)/2Γ

AΓ =
Γ(D0 → K+K−)− Γ(D̄0 → K+K−)

Γ(D0 → K+K−) + Γ(D̄0 → K+K−)

∆ACP = ACP (K
+K−)−ACP (π

+π−)

= ARAW (D∗ → (K+K−)Dπs)−ARAW (D∗ → (π+π−)Dπs)

7

Null result

The 600 pb-1 update of this analysis 
is the last talk of today’s session

LHCb-CONF-2011-023

http://cdsweb.cern.ch/record/1349500?ln=en
http://cdsweb.cern.ch/record/1349500?ln=en
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• LHCb takes advantage of the unprecedented samples of heavy quark hadrons at the LHC

• There is considerable effort on CKM angle measurements, notably γ

- Many complimentary modes in preparation

• Charm physics is providing as much excitement as the beauty program

• Most results here are on 37 pb-1. Results using 1 fb-1 in preparation


