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Are we already seeing New Physics?
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There’s a handful of intruiguing 3–4σ anomalies
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Ü Phases, phases, phases
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If η is the only CP-violating phase affecting
quarks this picture should be consitent at all

levels.

Ü Let’s check!
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Unitarity Triangle

[CKMfitter 09/14]
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“The” unitarity triangle exploits the relation

VudV ∗ub + VcbV
∗
cb + VtdV ∗tb = 0
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Unitarity Triangle

[CKMfitter 09/14]
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It all started with kaons.
Now the input from kaons needs theory input. See [Soni’s talk]
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[ESA/Planck]

We need more
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LHCb Physics ProgrammeLHCb Physics Programme

CKM and CP violation
with b and c hadrons

Rare decays of b hadrons
and c hadrons

Spectroscopy in pp
interactions and B decays
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Celebrating 250
publications!
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LHCb Detector

VeLo

Dipole

Tracker

Forward detector (many b hadrons produced forward at LHC, (75± 5±
13) µb in acceptance [Physics Letters B 698 (2011) 14, arXiv:1102.0348])

Warm dipole magnet. Polarity can be reversed

4 Good momentum and position resolution

Vertex detector gets 8mm to the beam

4 Excellent Particle ID
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LHCb Detector

RICH1

RICH2

Forward detector (many b hadrons produced forward at LHC, (75± 5±
13) µb in acceptance [Physics Letters B 698 (2011) 14, arXiv:1102.0348])

Warm dipole magnet. Polarity can be reversed

4 Good momentum and position resolution, high efficiency

4 Excellent Particle ID

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [8 / 50]

http://arxiv.org/abs/1102.0348


LHCb Trigger

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

VeLo

RICH1

TT

Dipole

Tracker

RICH2

ECAL

HCAL

Muon

Versatile two stage trigger

Hardware-based L0 trigger: moderate pT cuts Ü 1 MHz
Whole data sent to trigger farm

3 kHz output rate (2011), 5 kHz in 2012 (some of it deferred)
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Run II
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LHCb Trigger in Run II

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

Ü

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
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LHCb Trigger in Run II

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger DiagramNew in 2015: Introducing the
TURBO stream

5 kHz of 12 kHz go to
TURBO:

Only trigger information is
saved: tracks and vertices that
caused the event to trigger

Ü No raw event — no offline
reconstruction

4 Smaller events, faster analysis

Used for high yield exclusive
trigger lines : J/ψ , D0, D+ . . .
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Charm from first July 2015 run
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Charm hadrons from TURBO stream

Hardly any background

The yields per pb are much larger than in Run I (and that’s
mostly the trigger)
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Central exclusive J/ψ→ µ+µ−
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J/ψ cross-section at 13 TeV
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13 TeV Luminosity

[LHCb, LHCb-PAPER-2015-037, in preparation]

[The Onion]

The luminosity at 8 TeV was measured with two methods:
Beam-gas imaging (BGI) and VdM scan [JINST 9 (2014) P12005]

In the BGI method we use neon injected in the beam pipe to
reconstruct the beams
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13 TeV Luminosity

[LHCb, LHCb-PAPER-2015-037, in preparation]

µref = σref ×
L︷ ︸︸ ︷

N1N2︸ ︷︷ ︸
Bunch intensity

×Overlap

µref is the average number of
interactions per crossing

Ni are the bunch intensities from
Direct Current Current Transformers
(DCCT) and Fast Beam Current
Transformer (FBCT)

The Overlap is determined from beam gas imaging (BGI)

σref
13 TeV = 64.2± 2.5 mb (3.9%) [LHCb preliminary]

σref
8 TeV = 62.7± 0.7 mb (1.1%) [JINST 9 (2014) P12005]

The larger uncertainty is related to the missing
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J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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The trigger found 106 J/ψ→ µ+µ−

in 3.02± 0.12 pb−1 with J/ψ
pT < 14 GeV/c and 2 < y < 4.5

Analysis based on trigger
candidates — No offline processing

Mass resolution of ∼ 12 MeV/c2,
compatible with Run I data

Data is binned in pT and y and the
pseudo decay time

tz =
(zJ/ψ − zPV)MJ/ψ

pz

is used to determine the fraction of
J/ψ -from-b

Patrick Koppenburg LHCb news from Run II 29/7/2015 — EPS-HEP [16 / 50]

https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-PAPER-2015-037


J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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Double-differential cross-sections are de-
termined in J/ψ pT < 14 GeV/c and
2 < y < 4.5
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J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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Double-differential cross-sections are de-
termined in J/ψ pT < 14 GeV/c and
2 < y < 4.5

which are integrated over y

Ratios of 13 to 8 TeV
cross-sections are determined
[Shao et al., JHEP05 (2015) 103, arXiv:1411.3300]

[Cacciari, Mangano, Nason, arXiv:1507.06197]
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J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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LHCb

FONLL
Prompt J/ψ/b

Double-differential cross-sections are de-
termined in J/ψ pT < 14 GeV/c and
2 < y < 4.5

which are integrated over y , or pT

Ratios of 13 to 8 TeV
cross-sections are determined
[Shao et al., JHEP05 (2015) 103, arXiv:1411.3300]

[Cacciari, Mangano, Nason, arXiv:1507.06197]
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J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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Preliminary

Double-differential cross-sections are de-
termined in J/ψ pT < 14 GeV/c and
2 < y < 4.5

Preliminary cross-sections :

σJ/ψ (LHCb) = 15.35± 0.03± 0.85 µb

σJ/ψ/b(LHCb) = 2.36± 0.01± 0.13 µb

where the systematic uncertainty is dom-
inated by the luminosity

Naively applying a factor 5.2 from Pythia:

σbb(4π) = 518± 2± 53 µb

where there’s no uncertainty for the ex-
trapolation
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J/ψ cross section at
√

s = 13 TeV

[LHCb, LHCb-PAPER-2015-037, in preparation]
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Preliminary

Double-differential cross-sections are de-
termined in J/ψ pT < 14 GeV/c and
2 < y < 4.5

Preliminary cross-sections :

σJ/ψ (LHCb) = 15.35± 0.03± 0.85 µb

σJ/ψ/b(LHCb) = 2.36± 0.01± 0.13 µb

where the systematic uncertainty is dom-
inated by the luminosity

Naively applying a factor 5.2 from Pythia:

σbb(4π) = 518± 2± 53 µb

where there’s no uncertainty for the ex-
trapolation

Yellow report of the 1999 workshop on
Standard Model physics at the LHC

[arXiv:hep-ph/0003238]

The results have been normalised
assuming a total [...] bb cross-section

of 500 µb. (14 TeV)
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LHCb Trigger in Run III
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LHCb
Trigger and Online 

Technical Design Report

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

Ü

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment
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LHCb Upgrade
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Technical Design Report

Upstream Tracker

SciFi Tracker
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LHCb
Trigger and Online 

Technical Design Report

VeLo

RICH1

Tracker

RICH2

L = 2 ·1033 cm−2s−1 requires some new detectors and 40 MHz read-out
clock new electronics

Velo: New pixel vertex detector

Trackers: New scintillating fibre tracker downstream the magnet.
The upstream tracker is also replaced.

PID: Hybrid photodetectors to be replaced by
multi-anode PMTs

[Upgrade TDR] [Velo] [PID] [Sci-Fi] [Trigger]
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β in B0 mixing
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Unitarity Triangle

[CKMfitter 09/14]
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Summer 14

CKM
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“The” unitarity triangle exploits the relation

VudV ∗ub + VcbV
∗
cb + VtdV ∗tb = 0

β = arg
(
−VcdV ∗cb

VtdV ∗tb

)
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Unitarity Triangle
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CKM
f i t t e r

We want to over-constrain it using several measurements.

This is the UT with all constraints but sin 2β

β = arg
(
−VcdV ∗cb

VtdV ∗tb

)
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sin 2β with B0→ J/ψK 0
S

Golden mode for CP violation in
B0 decays, sensitive to

β = arg

(
−VcdV ∗cb
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sin 2β at the B factories

[Eur. Phys. J. C74 (2014) 3026, arXiv:1406.6311]

A long history of sin 2β measurements at the B factories

Started in 1999,

First observation in 2001

Now BaBar: 0.687± 0.028± 0.012 [PRD 79, 072009 (2009)]

Belle: 0.667± 0.023± 0.012 [PRL 108, 171802 (2012)]
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B Flavour Tagging at the LHC
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Opposite-side Charm Tagger

NEW

[LHCb, submitted to J. Instr., arXiv:1507.07892]
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LHCb

New opposite-side flavour tagging
algorithm using exclusively
reconstructed D decays from b
hadrons.

Complementary to vertex charge
(uses PID) and to OS kaon (softer
cuts on K , but requirements on
other tracks)

Low-ish εtag = 3–4%, good
ω ∼ 35% Ü εeff = 0.3–0.4%
depending on mode
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]+ KψJ/ [η
0.2 0.3 0.4

ω

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

 / ndf 2χ  18.5 / 11
>   η<  0.379
 

0
 pδ  0.003±0.025 − 
    

1
p  0.06± 1.00 

 / ndf 2χ  18.5 / 11
>   η<  0.379
 

0
 pδ  0.003±0.025 − 
    

1
p  0.06± 1.00 

LHCb

] (ps)−π+ KψJ/ [tLifetime 
2 4 6 8 10

R
aw

 m
ix

in
g 

as
ym

m
et

ry

0.5−
0.4−
0.3−
0.2−
0.1−

0

0.1
0.2

0.3
0.4
0.5

LHCb

New opposite-side flavour tagging
algorithm using exclusively
reconstructed D decays from b
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other tracks)
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ω ∼ 35% Ü εeff = 0.3–0.4%
depending on mode

εeff [%]
Channel 2011 Run I Imprvt Reference

B0
s → φφ 3.29 5.38 +64% [Phys. Rev. D90 (2014) 052011]

B0
s → D+

s D+
s 5.33 [Phys. Rev. Lett. 113 (2014) 211801]

B0
s → D+

s K− 5.07 [JHEP 11 (2014) 060]

B0
s → J/ψK+K− 3.13 3.73 +19% [Phys. Rev. Lett. 114 (2015) 041801]

B0
s → J/ψπ+π− 2.43 3.89 +60% [Phys. Lett. B736 (2014) 186]

B0→ J/ψK 0
S 2.38 3.03 +27% [Phys.Rev.Lett. 115 (2015) 031601]

B0
s → J/ψφ 1.45 1.49 +3% Preliminary

B0
s → J/ψφ 0.97 1.31 +35% [arXiv:1507.07527]

Impressive improvements in tagging performance in the last 3 years
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sin 2β with B0→ J/ψK 0
S

[LHCb, Phys.Rev.Lett. 115 (2015) 031601, arXiv:1503.07089]
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Tagged time-dependent analysis

Exploit OS and for first time SSπ
tag. εD2 = 2.99± 0.03%

Acceptance using splines for
trigger (low times) and reco (high
times) [LHCb, JHEP 04 (2014) 114, arXiv:1402.2554]

Production asymmetry from [LHCb,

Phys. Lett. B718 (2013) 902-909, arXiv:1210.4112]

S = 0.731± 0.035± 0.020

C = −0.038± 0.032± 0.005

ρ = 0.483

SC=0 = 0.746± 0.030
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sin 2β with B0→ J/ψK 0
S

[LHCb, Phys.Rev.Lett. 115 (2015) 031601, arXiv:1503.07089]

−1 0 1 2 3

BaBar
PRD 79, 072009 (2009)

0.69 ± 0.03 ± 0.01

BaBar 𝜒𝘤 0𝘒 0
S

PRD 80, 112001 (2009)
0.69 ± 0.52 ± 0.04 ± 0.07

BaBar 𝘑/𝜓(hadronic)𝘒 0
S

PRD 69, 052001 (2004)
1.56 ± 0.42 ± 0.21

Belle
PRL 108, 171802 (2012)

0.67 ± 0.02 ± 0.01

Belle5S
PRL 108, 171801 (2012)

0.57 ± 0.58 ± 0.06

ALEPH
PLB 492, 259 (2000)

0.84 ± 0.82
1.04 ± 0.16

OPAL
EPJ C5, 379 (1998)

3.20 ± 1.80
2.00 ± 0.50

CDF
PRD 61, 072005 (2000)

0.79 ± 0.41
0.44 ± 0.16

LHCb
Run I

0.731 ± 0.035 ± 0.020

Average
naive

0.69 ± 0.02

𝑆𝑏→𝑐𝑐𝑠

Golden mode for CP violation in B0

World average
sin 2βexp = 0.682± 0.019.

Expectation from global fits
sin 2βSM = 0.771 + 0.017

− 0.041.
[CKMFitter, arXiv:1501.05013]

Systematic uncertainties mostly
from data Ü will improve

S = 0.731± 0.035± 0.020

SBelle
J/ψK0

S
= 0.670± 0.029± 0.013

SBaBar
J/ψK0

S
= 0.662± 0.039± 0.012

[Belle, Phys. Rev. Lett. 108, 171802 (2012), arXiv:1201.4643]

[Babar, Phys. Rev. D79 072009 (2009), arXiv:0902.1708]

Now competitive
with B factories!
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B0→ D
(∗)
CP h0 with Babar and Belle data

[Babar & Belle, arXiv:1505.04147]

B0→ D
(∗)
CP h0 dominated by q→ cud .

If D0 decays to a CP eigenstate it
interferes with the decay via oscilla-
tions. Penguin-free!

Ü Sensitive to S SM
= sin 2β

First combined fit of Babar and
Belle data (1.243× 109 BB
pairs)

B0→ Dπ0,Dη,Dω with
D0→ K 0

S π
0,K 0

Sω (CP-even)
and D0→ K+K− or
D∗0→ D0(K 0

S π
0)π0 (CP-odd)

Ü 508± 31 and 757± 44 decays
for Babar and Belle
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B0→ D
(∗)
CP h0 with Babar and Belle data

[Babar & Belle, arXiv:1505.04147]
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(b) BABAR ηf = −1B0→ D
(∗)
CP h0 dominated by q→ cud .

If D0 decays to a CP eigenstate it
interferes with the decay via oscilla-
tions. Penguin-free!

Ü Sensitive to S SM
= sin 2β

First combined fit of Babar and
Belle data (1.243× 109 BB
pairs)

ηf S = +0.66± 0.10± 0.06

C = −0.02± 0.07± 0.03

with S = 0.52±0.15 (Babar), 0.83±0.15

(Belle), 0.52 ± 0.15 (CP-even), 0.80 ±
0.15 (CP-odd)
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Unitarity Triangle

[CKMfitter 09/14]
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“The” unitarity triangle exploits the relation

VudV ∗ub + VcbV
∗
cb + VtdV ∗tb = 0

Rt =
∣∣∣VtdV ∗tb
VcdV ∗cb

∣∣∣
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∆md with semileptonic B0 decays

NEW

[LHCb, LHCb-CONF-2015-003][LHCb, LHCb-PAPER-2015-031, in preparation]

Use B0→ D(∗)−µ+νµX with
2.2× 106 D−→ K+π+π+ and
8.2× 105 D∗−→ D0(K+π−)π−

Tagging power 2.32–2.55%
depending on mode and year

Preliminary result:

∆md = (503.6± 2.0± 1.3) ns−1

We are still working on the systematics
Ü expect them to decrease

World average [HFAG]

∆md = (510± 3) ns−1 (without this)

∆md = (505.5± 2.0) ns−1 (with this)
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φs in B0
s mixing
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B0
s Unitarity Triangle
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Summer 14

CKM
f i t t e r

This is another CKM UT
triangle, where the phase
of B0

s mixing φs , appears.

External constraints
fix it very precisely to

φs = −2arg
(−VtsV ∗tb

VcsV ∗cb

)
=

−0.0363 + 0.0014
− 0.0012

4 Good potential for NP
searches

[CKMfitter 09/14]

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [30 / 50]

http://ckmfitter.in2p3.fr/


CP violation in B0
s → J/ψK+K−

[LHCb, Phys. Rev. Lett. 114 (2015) 041801, arXiv:1411.3104]
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Measuring the CP-violating phase ϕccs
s :

−2βs ≡ −2 arg (−VtsV
∗
tb/VcsV

∗
cb) =

−0.0363± 0.0013 in SM

Angular analysis needed to disentangle
polarisation states

ϕs = −0.058± 0.049± 0.006 rad,
|λ| = 0.964± 0.019± 0.007,

Γs = 0.6603± 0.0027± 0.0015 ps−1,

∆Γs = 0.0805± 0.0091± 0.0033 ps−1
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ϕs and ∆Γs at ATLAS
NEW

[Atlas Preliminary]

Atlas analysis of B0
s → J/ψφ with 2012 dataset

Tagged time-dependent angular analysis

Total effective tagging power 1.49± 0.02%

Ü Retuned wrt 2011 and added electrons
Size of B+→ J/ψK+ control sample main
source of systematic uncertainty on ϕs

Statistically combine 2011 and 2012 data

2011 (5 fb−1) 2012 (20 fb−1) Run I
[PRD 90, 052007, arXiv:1407.1796] [ATLAS preliminary]

B0
s → J/ψφ 22670± 150

φs [ rad] 0.12± 0.25± 0.05 −0.119± 0.088± 0.036 −0.094± 0.083± 0.033
∆Γs [ ps−1] 0.053± 0.021± 0.001 0.096± 0.013± 0.007 0.082± 0.011± 0.007
Γs [ ps−1] 0.677± 0.007± 0.004 0.677± 0.003± 0.003

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [32 / 50]

http://arxiv.org/abs/1407.1796


ϕs and ∆Γs at CMS
NEW

[CMS, arXiv:1507.07527]
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49000 B0
s → J/ψφ decays

Tagged angular analysis

Total effective tagging power
(1.307± 0.031± 0.007)%

φs = −0.075± 0.097± 0.031 rad

∆Γs = 0.095± 0.013± 0.007 ps−1
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∆Γs versus Γs in Summer 2015

[HFAG]
NEW

These measurements set constraints on ϕs , the decay width
difference ∆Γs = ΓL − ΓH and Γs

Here are the lifetime plots. Note the large ∆Γs . B0
s ∼ K 0!
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∆Γs versus ϕs in Summer 2015

[HFAG]
NEW

Combination of B0
s → J/ψK+K−, B0

s → J/ψπ+π−

and B0
s → D+

s D−s : ϕs = −0.034± 0.033 rad
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PenguinsPenguins

[Pictures from here]
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Angular analysis of B0
s → J/ψK ∗0

NEW

[LHCb, LHCb-PAPER-2015-034, in preparation]

The predictions of ϕs and sin 2β assume
these are measured in b→ ccs transitions.

Size of penguin topologies?

7 Effects ' exp. sensitivity

Ü Measure it in decays where these are
enhanced relative to the tree

Following [De Bruyn, Fleischer, JHEP 1503 (2015) 145], [Faller et al., PRD79 014005]. See [backup]
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Angular analysis of B0
s → J/ψK ∗0

NEW

[LHCb, LHCb-PAPER-2015-034, in preparation]

Angular analysis in helicity frame

208700± 500 B0 and 1800± 60 B0
s decays

Correction for production and detection
asymmetries [Phys. Rev. Lett. 114 (2015) 041601] [Phys. Lett.

B739 (2014) 218] [JHEP 07 (2014) 041]

Preliminary results:
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Angular analysis of B0
s → J/ψK ∗0

NEW

[LHCb, LHCb-PAPER-2015-034, in preparation]

A(B0
s → J/ψK ∗0) = −λAi

[
1− aie

iθi e iγ
]
, i = 0, ‖,⊥

A(B0
s → J/ψφ) =

(
1− λ2

2

)
A′i
[
1− εa′ie iθ′i e iγ

]
with ε = 0.054, γ = 74± 7◦ (CKM) and ai = a′i ,
θi = θ′i (SU(3)) Ü

Combine with B0→ J/ψρ0
[Phys. Lett. B742 (2015) 38]

A′i
Ai
≡
∣∣∣∣ A′i (B0

s → J/ψφ)

Ai (B0
s → J/ψK ∗0)

∣∣∣∣ =

∣∣∣∣ A′i (B0
s → J/ψφ)

Ai (B0→ J/ψρ0)

∣∣∣∣

Ü Penguin pollution is small wrt ±0.039 rad
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γ
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Unitarity Triangle

[CKMfitter 09/14]
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CKM
f i t t e r

“The” unitarity triangle exploits the relation

VudV ∗ub + VcbV
∗
cb + VtdV ∗tb = 0

γ = arg
(
−VudV ∗ub

VcdV ∗cb

)
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Unitarity Triangle

[CKMfitter 09/14]
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f i t t e r

The unitarity triangle with only constraints from tree decays

γ = arg
(
−VudV ∗ub

VcdV ∗cb

)
Rb =

∣∣∣VudV ∗ub

VudV ∗cb

∣∣∣
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γ from B+→ DK+ with D→ K 0
S
hh

[LHCb, JHEP 10 (2014) 097, arXiv:1408.2748]

Can access γ through interference of B+→ D0K+ and
B+→ D0K+ with D→ K 0

S π
+π− or K 0

S K+K−

b̄

s̄
u u

u
c̄

D
0

K+

B+

V ∗
cb

Vus

b̄

s̄
u u

c
ū

D0

K+

B+

V ∗
ub

Vcs

GGZS method [Phys.Rev. D68 (2003) 054018]

Ü Interference of b→ c and b→ u, γ ≡ arg(−VudV ∗ub/VcbV
∗
cd)

We also need a strong phase difference δB and a ratio of amplitudes
rB

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [40 / 50]

http://arxiv.org/abs/1408.2748
http://arxiv.org/abs/hep-ph/0303187


γ from B+→ DK+ with D→ K 0
S
hh

[LHCb, JHEP 10 (2014) 097, arXiv:1408.2748]
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Can access γ through interference of B+→ D0K+ and
B+→ D0K+ with D→ K 0

S π
+π− or K 0

S K+K−

But needs strong phase of D→ K 0
S hh: Use CLEO-c data

Shown here for D→ K 0
Sπ

+π−

And for D→ K 0
S K+K−
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γ from B+→ DK+ with D→ K 0
S
hh

[LHCb, JHEP 10 (2014) 097, arXiv:1408.2748]
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x+ = rB cos(δB + γ) = (−7.7± 2.4± 1.0± 0.4) %

y+ = rB sin(δB + γ) = (−2.2± 2.5± 0.4± 1.0) %

x− = rB cos(δB − γ) = (+2.5± 2.5± 1.0± 0.5) %

y− = rB sin(δB − γ) = (+7.5± 2.9± 0.5± 1.4) %

rB = 0.080 + 0.019
− 0.012 δB =

(
134 + 14

− 15

)◦
γ =

(
62 + 15
− 14

)◦
These are the most precise measurements from a single experiment
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γ combination for CKM

New results sensitive to γ
came out in the meantime
B+→ D(h±h∓π0)h+

[Phys.

Rev. D91 (2015) 112014]

B+→ Dh+π+π−

[arXiv:1505.07044] and more will
come soon.

[LHCb, LHCb-CONF-2014-004]
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Using only B→ DK gets
γ = (73 + 9

− 10)◦

Ü More precise than B
factory combination

Adding B→ Dπ channels
gets second minimum
around 73◦.

1σ uncertainties are
misleadingly small.
At 2σ the agreement is
good
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γ combination for CKM

New results sensitive to γ
came out in the meantime
B+→ D(h±h∓π0)h+

[Phys.

Rev. D91 (2015) 112014]

B+→ Dh+π+π−

[arXiv:1505.07044] and more will
come soon.

[LHCb, LHCb-CONF-2014-004]
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1σ uncertainties are
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At 2σ the agreement is
good

Till Moritz
Karbach

(1979–2015)

[LHCb-PUB-2015-010]
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Vub
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Unitarity Triangle

[CKMfitter 09/14]
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“The” unitarity triangle exploits the relation

VudV ∗ub + VcbV
∗
cb + VtdV ∗tb = 0

Rb =
∣∣∣VudV ∗ub

VudV ∗cb

∣∣∣
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Unitarity Triangle

[CKMfitter 09/14]
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The unitarity triangle with only constraints from tree decays

γ = arg
(
−VudV ∗ub

VcdV ∗cb

)
Rb =

∣∣∣VudV ∗ub

VudV ∗cb

∣∣∣
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Vub history

There has been a long standing
discrepancy between the value of
|Vub| determined from exclusive
B→ π`ν and inclusive b→ u`ν
decays.

PDG 2014 reports

Inclusive : (4.41± 0.15 + 0.15
− 0.10)× 10−3

Exclusive : (3.28± 0.29)× 10−3

Average : (4.13± 0.49)× 10−3

CKMFitter uses
3.55 + 0.17

− 0.15 × 10−3,

UTFit 3.75± 0.46× 10−3
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|Vub|/|Vcb| from Λ0
b→ pµ−ν̄

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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The LHC is a Λ0
b factory: B0:B0

s :Λ0
b ∼ 4:1:2

in LHCb acceptance.

Key to finding Λ0
b→ pµν is the

corrected mass

mcorr =
√

m2 + p2
⊥ + p⊥, the

minimal b-hadron mass compatible
with its direction of flight.

4 First observation of Λ0
b→ pµν
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|Vub|/|Vcb| from Λ0
b→ pµ−ν̄

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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CKM fitter +
PDG 2014 +

 (LHCb)νµp→bΛ
MILC 2015 +

Using 2 fb−1 (2012) we measure

B(Λ0
b→ pµν)q2>15 GeV/c2

B(Λ0
b→ Λ+

c µν)q2>7 GeV/c2

= (1.00± 0.04± 0.08)× 10−2

The result is |Vub| =
(3.27± 0.15± 0.17± 0.06)× 10−5

where the uncertainties are statistical,
experimental and from lattice.

We measure |Vub|/|Vcb|, while the
B factories measure |Vub| and |Vcb|
separately

Ü The puzzle is still alive
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|Vub|/|Vcb| from Λ0
b→ pµ−ν̄

[LHCb, Nature Physics 3415 (2015) , arXiv:1504.01568]
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Using 2 fb−1 (2012) we measure

B(Λ0
b→ pµν)q2>15 GeV/c2

B(Λ0
b→ Λ+

c µν)q2>7 GeV/c2

= (1.00± 0.04± 0.08)× 10−2

The result is |Vub| =
(3.27± 0.15± 0.17± 0.06)× 10−5

where the uncertainties are statistical,
experimental and from lattice.

We measure |Vub|/|Vcb|, while the
B factories measure |Vub| and |Vcb|
separately

Ü The puzzle is still alive

It was proposed that a NP
right-handed coupling εR could
explain the discrepancy [Bernlochner et al.,

PRD90 094003]

The new Λ0
b constraint does not

support this.
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Vub inclusive
NEW

BaBar preliminary
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b→ ceν MC
ON-OFF data

Inclusive b→ ueν result by Babar.

Full reco tag on other B

OFF Υ (4S) data subtracted
from ON data

Ü Excess of electrons beyond
b→ ceν kinematical
endpoint (2.3 GeV).

Result depends on model.
Babar favour GGOU model
[JHEP 908 10, 058 (2007)]

Ü |Vub| = (4.0± 0.2)× 10−3,
closer to the mean of
exclusive and inclusive
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Vub inclusive
NEW

BaBar preliminary

Electron Momentum (GeV/c)
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Inclusive b→ ueν result by Babar.

Full reco tag on other B

OFF Υ (4S) data subtracted
from ON data

Ü Excess of electrons beyond
b→ ceν kinematical
endpoint (2.3 GeV).

Result depends on model.
Babar favour GGOU model
[JHEP 908 10, 058 (2007)]

Ü |Vub| = (4.0± 0.2)× 10−3,
closer to the mean of
exclusive and inclusive

Also new exclusive Vub using D de-
cays to constrain form factors [PRD91

052022 (2015), arXiv:1412.5502].
Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [46 / 50]

http://arxiv.org/abs/0707.2493
http://arxiv.org/abs/1412.5502
http://arxiv.org/abs/1412.5502


Vub inclusive
NEW

BaBar preliminary
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Inclusive b→ ueν result by Babar.

Full reco tag on other B

OFF Υ (4S) data subtracted
from ON data

Ü Excess of electrons beyond
b→ ceν kinematical
endpoint (2.3 GeV).

Result depends on model.
Babar favour GGOU model
[JHEP 908 10, 058 (2007)]

Ü |Vub| = (4.0± 0.2)× 10−3,
closer to the mean of
exclusive and inclusive

Also new exclusive Vub using D de-
cays to constrain form factors [PRD91

052022 (2015), arXiv:1412.5502].

We see hints of lepton-universality
violation in b→ s`` and B→ D(∗)τν

B-factories: please publish
semileptonic measurements

separately for electrons and muons
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Charm:
Looking for anything but

zero
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∆ACP of D0→ K+K− and D0→ π+π−
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ACP(K+K−) = (−0.016± 0.012)%

ACP(π+π−) = (−0.05± 0.15)%

∆ACP = (−0.253± 0.104)% [HFAG 2/15]
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CP asymmetry in D0→ K 0
S
K 0

S NEW

[LHCb, LHCb-PAPER-2015-030, in preparation]

preliminaryD0→ K 0
S K 0

S proceeds via two
annihilation diagrams Ü in SM phases
should cancel

Can only trigger on cases where both
K 0

S decay in Velo (“LLtrig”)

Three other categories with 0 (DD), 1
(LD) or 2 (LL, but not triggered) K 0

S

in Velo

Ü 600 decays, tagged by D∗ charge

ACP = −(2.9± 5.2± 2.2)% (Prelim.)

Compatible with CP symmetry
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C
o
n
cl

u
si
o
n

LHCb had a very good start in Run II
Ü We are commissioning the trigger and processing of the

future
4 First bb cross-section

CP asymmetry measurements consistent with SM
Ü Precision and penguin control improving
4 Expect all uncertainties to go down with LHC & Belle

II
There’s something going on with Vub

CKM matrix elements are crucial input to rare decays
Ü See Karim’s talk
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Backup
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α
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Unitarity Triangle

[CKMfitter 09/14]
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CKM fitThe unitarity triangle with only constraints from angles

α = arg
(
− VtdV ∗tb

VudV ∗ub

)
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B0→ ρ+ρ−

NEW

[Preliminary]

Belle performs a tagged time-
dependent angular analysis using
their full dataset

Ü α = (93.7± 10.6)◦ from isospin analysis
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Interplay of CKM and rare decays

CKM matrix elements uncertainties dominate in many “clean”
measurements

SM BF uncertainties on K 0
L→ π0νν̄ and K+→ π+νν̄ dominated

by CKM uncertainties

Wilson coefficient extraction from b→ s`` affected by form factors
and CKM elements.

B0→ µ+µ−: 6.9 of 8.5% theory uncertainty comes from CKM
elements

We are entering a regime where an improved knowledge of the CKM
matrix will help constraining new physics in rare decays.

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [55 / 50]



Penguins Roadmap

[De Bruyn, Fleischer, JHEP 1503 (2015) 145]

Adir
CP(Bd → J/ψρ0)

Amix
CP (Bd → J/ψρ0)

Adir
CP(Bs → J/ψφ)

Amix
CP (Bs → J/ψφ)

B(Bd → J/ψρ0) B(Bs → J/ψK∗0) Adir
CP(Bs → J/ψK∗0)

QCD Calculations

af , θf

|A′
f/Af | |A′

f/Ãf |

φs

New Link

∆φ
(ψφ)f
s

Minimal Fit

Test

Extended Fit

Old Input
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Dimuon asymmetry at D0

[D0, Phys. Rev. D 89, 012002 (2014), arXiv:1310.0447]

D0 measure the inclusive
single muon charge
asymmetry and the like-sign
dimuon charge asymmetry

Interpreted as semileptonic
charge asymmetries as

Ad
sl = (−0.62± 0.43)%

As
sl = (−0.82± 0.99)%

3σ deviation from the SM
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Semileptonic B0 asymmetry Ad
sl

[LHCb, Phys. Rev. Lett. 114 (2015) 041601, arXiv:1409.8586]
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Use 1.8M B0→ D−µ+νµX and 340k
B0→ D∗−µ+νµX and measure charge
asymmetry versus decay time

Time distribution (ζ = ±1 for f , f̄ )

N(t) ∝e−Γd t

[
1 + ζAD + ζ

1

2
ad

sl

−ζ
(

AP +
1

2
ad

sl

)
cos ∆md t

]
allows extraction of

AP(7 TeV) = (−0.66± 0.26± 0.22)%

AP(8 TeV) = (−0.48± 0.15± 0.17)%

Consistent with [LHCb, Phys. Lett. B739 (2014) 218,

arXiv:1408.0275] (gives pT, η dependence)
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Semileptonic B0 asymmetry Ad
sl

[LHCb, Phys. Rev. Lett. 114 (2015) 041601, arXiv:1409.8586]
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Use 1.8M B0→ D−µ+νµX and 340k
B0→ D∗−µ+νµX and measure charge
asymmetry versus decay time

Time distribution (ζ = ±1 for f , f̄ )
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]
allows extraction of

AP(7 TeV) = (−0.66± 0.26± 0.22)%

AP(8 TeV) = (−0.48± 0.15± 0.17)%

Consistent with [LHCb, Phys. Lett. B739 (2014) 218,

arXiv:1408.0275] (gives pT, η dependence)
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Semileptonic B0 asymmetry Ad
sl

[LHCb, Phys. Rev. Lett. 114 (2015) 041601, arXiv:1409.8586]

Surprising deviation
from SM expectation in
(ad

sl, a
s
sl) plane from D0

results [Phys. Rev. D 89, 012002

(2014), arXiv:1310.0447]

LHCb measured as
sl with

1 fb−1
[Phys. Lett. B728 (2014)

607]

Ü New LHCb result of ad
sl

with 3 fb−1

The as
sl update will

come soon

ad
sl = (−0.02± 0.19± 0.30)%
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b fragmentation fraction fs/fd

[LHCb, LHCb-CONF-2013-011]

Fraction fs of b→ B0
s X is an essential ingredient

for B0
s → µ+µ− and other rare decays

LHCb has measured it in two ways

Ratio of b→ D+
s µX to b→ D+µX modes

[LHCb, Phys. Rev. D85 (2012) 032008, arXiv:1111.2357]

Ratio of B0→ DK and B0
s → D+

s π modes
[LHCb, Phys. Rev. Lett. 107 (2011) 211801, arXiv:1106.4435]

Ü Combination [LHCb, LHCb-CONF-2013-011](
fs
fd

)
LHCb

= 0.259± 0.015

Similar to LEP, and below Tevatron result

Quite ironic it’s known better than at the
Υ(5S)

Ü B0
s BFs better measures at the LHC
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φs from B0
s → D+

s D−s

[LHCb, Phys. Rev. Lett. 113 (2014) 211801, arXiv:1409.4619]
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Time dependent CP
analysis of
B0

s → D+
s D−s with

B0→ D−D+
s as

control.

Time acceptance from
data and resolution
from MC

Excellent tagging
power of 5.3%
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φs from B0
s → D+

s D−s

[LHCb, Phys. Rev. Lett. 113 (2014) 211801, arXiv:1409.4619]
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Time dependent CP
analysis of
B0

s → D+
s D−s with

B0→ D−D+
s as

control.

Time acceptance from
data and resolution
from MC

Excellent tagging
power of 5.3%

φs = 0.02± 0.17± 0.02 rad
(or φs = 0.02± 0.17± 0.02 rad with CPV |λ| = 0.91 + 0.18

− 0.15 ± 0.02)
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γ with B−→ DK−π+π− and B−→ Dπ−π+π−
[LHCb, submitted to Phys. Rev. D., arXiv:1505.07044]
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The CKM angle γ is the least constrained
angle of the unitarity triangle,
γ = (73 + 9

− 10)◦ [LHCb, LHCb-CONF-2014-004]

B±→ D(hhπ0)h± [Phys. Rev. D91 (2015) 112014],
B0→ DK∗ [Phys. Rev. D90 (2014) 112002],
B0

s → D∓s K± [JHEP 11 (2014) 060],
B±→ D(K 0

Sπ
+π−)h± [JHEP 10 (2014) 097],

[Nucl. Phys. B888 (2014) 169],
B±→ D(K 0

S Kπ)h± [Phys. Lett. B733 (2014) 36]

. . .

But it can de determined in tree decays to
unlimited precision [Brod, Zupan, JHEP 1401 (2014) 051]

Here look for B−→ DK−π+π− and
B−→ Dπ−π+π− with D→ K∓π±

(ADS) and D→ h+h− h = π,K (GLW)
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γ with B−→ DK−π+π− and B−→ Dπ−π+π−
[LHCb, submitted to Phys. Rev. D., arXiv:1505.07044]
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Top to bottom: GLW Xs

and Xd modes, ADS Xs

and Xd modes

Between 90k (favoured
B− → Dπ−π+π−)
and 20 (DCS B− →
DK−π+π−, 3σ) decays
seen
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γ with B−→ DK−π+π− and B−→ Dπ−π+π−
[LHCb, submitted to Phys. Rev. D., arXiv:1505.07044]
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A combined fit to all CP observables gets
γ = (74 + 20

− 18)◦ and rDXs
B = 0.08±0.03 at

68% CL. At 95% there are no constraints
yet.
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γ with B+→ D(h+h−π0)K+ (ADS/GLW)

[LHCb, Phys. Rev. D91 (2015) 112014, arXiv:1504.05442]
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B−→ D(h±h∓π0)h− with π0 in the final state:
37k D(K−π+π0)π−, 3k D(K−π+π0)K−, 88±20 D(K+π−π0)π− (FO),
40± 13 D(K+π−π0)K−, 3k D(π−π+π0)π−, 164± 27 D(π−π+π0)K−,
1k D(K+K−π0)π−, 76± 17 D(K+K−π0)π− (FO).
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γ with B+→ D(h+h−π0)K+ (ADS/GLW)

[LHCb, Phys. Rev. D91 (2015) 112014, arXiv:1504.05442]
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Ratios R of suppressed to favoured modes and asymmetries A of
B− and B+ are determined following ADS [PRD63 036005] and GLW
prescriptions [PLB265 172].

h+h−π0 is almost a CP eigenstate (quasi-GLW).
Systematics dominated by mass PDF and instrumental ymmetry for
kaons

Ü Bounds on γ, rB and δB . Consistent with average [LHCb-CONF-2014-001].
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CPV in B0
s → J/ψK 0

S

[LHCb, JHEP 06 (2015) 131, arXiv:1503.07055]
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Colour singlet
exchange

In B0
s → J/ψK 0

S the penguin is enhanced by
a factor 20 wrt the tree, compared to B0 →
J/ψK 0

S

Ü Penguin control for B0→ J/ψK 0
S

7 Cabibbo-suppressed

Γ ≡ Nf e
it/τ

B0
s [cosh (∆Γs t/2) +A∆Γ sinh (∆Γs t/2)

−Smix sin (∆ms t) + Cdir cos (∆ms t)] ,

SM predictions: [De Bruyn et al., arXiv:1412.6834]

A∆Γ

(
B0

s → J/ψK 0
S

)
= 0.957± 0.061

Cdir

(
B0

s → J/ψK 0
S

)
= 0.003± 0.021

Smix

(
B0

s → J/ψK 0
S

)
= 0.29 ± 0.20
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CPV in B0
s → J/ψK 0

S

[LHCb, JHEP 06 (2015) 131, arXiv:1503.07055]

 )2 c
E

ve
nt

s 
/ (

 2
 M

eV
/

1

10

210

310
0
SKLong 

LHCb

)2c (MeV/0
SKψJ/

m
5200 5300 5400 5500

Pu
ll

-5

0

5

 )2 c
E

ve
nt

s 
/ (

 2
 M

eV
/

1

10

210

310

410
0
SKDownstream 

LHCb

)2c (MeV/0
SKψJ/

m
5200 5300 5400 5500

Pu
ll

-5

0

5

In B0
s → J/ψK 0

S the penguin is enhanced by
a factor 20 wrt the tree, compared to B0 →
J/ψK 0

S

Ü Penguin control for B0→ J/ψK 0
S

7 Cabibbo-suppressed

Selection in three steps:
1 Preselection, identical to B0→ J/ψK 0

S

2 NN to suppress B0→ J/ψK∗

background (LL)
3 NN to suppress background
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CPV in B0
s → J/ψK 0

S

[LHCb, JHEP 06 (2015) 131, arXiv:1503.07055]
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Time-dependent
tagged fit

Identical to
B0→ J/ψK 0

S , except
for same-side kaon

That has some
efficiency on the
B0, when its
decision is reversed
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CPV in B0
s → J/ψK 0

S

[LHCb, JHEP 06 (2015) 131, arXiv:1503.07055]
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With 3 fb−1 we can
make a measurement
but are not sensitive
to penguins yet

A∆Γ

(
B0

s → J/ψK 0
S

)
= 0.49 +0.77

−0.65 (stat)± 0.06 (syst) ,

Cdir

(
B0

s → J/ψK 0
S

)
=−0.28± 0.41 (stat)± 0.08 (syst) ,

Smix

(
B0

s → J/ψK 0
S

)
=−0.08± 0.40 (stat)± 0.08 (syst) .

B(B0
s → J/ψK 0

S )

B(B0 → J/ψK 0
S )

= 0.0431± 0.0017 (stat)± 0.0012 (syst)

± 0.0025 (fs/fd)
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φs in B0
s → J/ψπ−π+

[LHCb, Phys. Lett. B736 (2014) 186, arXiv:1405.4140]
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Follow-up of CP-components in
B0

s → J/ψπ−π+
[Phys. Rev. D89 (2014) 092006,

arXiv:1402.6248] Ü > 97% CP-odd

Tagged time-dependent angular
analysis

Use opposite and same-side taggers
Effective power 3.89± 0.25%

Result: φs = 75± 67± 8 mrad
φs = 70± 68± 8 mrad and

|λ| =
∣∣∣ qp ĀA ∣∣∣ = 0.89± 0.05± 0.01 if

CPV allowed

Consistent with SM
φs = −36.3± 1.6 mrad and
B0

s → J/ψKK : φs = 70± 90± 10
[Phys. Rev. D 87, 112010 (2013), arXiv:1304.2600]
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φs in B0
s → J/ψπ−π+

[LHCb, Phys. Lett. B736 (2014) 186, arXiv:1405.4140]
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Follow-up of CP-components in
B0

s → J/ψπ−π+
[Phys. Rev. D89 (2014) 092006,

arXiv:1402.6248] Ü > 97% CP-odd

Tagged time-dependent angular
analysis

Use opposite and same-side taggers
Effective power 3.89± 0.25%

Result: φs = 75± 67± 8 mrad
φs = 70± 68± 8 mrad and

|λ| =
∣∣∣ qp ĀA ∣∣∣ = 0.89± 0.05± 0.01 if

CPV allowed

Consistent with SM
φs = −36.3± 1.6 mrad and
B0

s → J/ψKK : φs = 70± 90± 10
[Phys. Rev. D 87, 112010 (2013), arXiv:1304.2600]
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Amplitude analysis of B0→ ρ0ρ0

[LHCb, Phys. Lett. B747 (2015) 468, arXiv:1503.07770]
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B → ρρ sensitive to α but size of
penguin must be determined via isospin
analysis of charged and neutral modes.

Discrepancy in polarisation of
B0→ ρ0ρ0 : fL = 0.12 + 0.22

− 0.26 at
Belle [PRD89, 072008, arXiv:1212.4015] and
fL = 0.75 + 0.12

− 0.15 at BaBar [PRD78,

071104, arXiv:0807.4977]

Select B0→ (π+π−)(π+π−) with
300 < mπ+π− < 1100 MeV/c2 (no
charge ambiguities)

Ü 634± 29 decays
B0→ φK∗ used as normalisation
channel
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Amplitude analysis used to determined the VV (ρ0ρ0 and ρ0ω), VS
(ρ0f0 and ρ0π+π−) and VT (ρ0f2(1270)).

FL = 0.745 + 0.048
− 0.058 ± 0.034 (same as BaBar, more precise)

BFs normalised to B0→ φK ∗:
B(B0→ ρ0ρ0) = (0.94± 0.17± 0.09± 0.06)× 10−6 and
B(B0→ ρ0f0(980))× B(f0→ π+π−) < 0.82× 10−6
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CP violation in B0
s → φφ

[LHCb, Phys. Rev. D90 (2014) 052011, arXiv:1407.2222]
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Figure 2: Decay angles for the B0
s ! �� decay, where the K+ momentum in the �1,2 rest frame

and the parent �1,2 momentum in the rest frame of the B0
s meson span the two � meson decay

planes, ✓1,2 is the angle between the K+ track momentum in the �1,2 meson rest frame and the
parent �1,2 momentum in the B0

s rest frame, � is the angle between the two � meson decay
planes and n̂V1,2 is the unit vector normal to the decay plane of the �1,2 meson.

fitting by making use of the di↵erent functions of the helicity angles associated with these139

terms. The choice of which � meson is used to determine ✓1 and which is used to determine140

✓2 is randomised. The total amplitude (A) containing the P -, S-, and double S-wave141

components as a function of decay time, t, can be written as [36]142

A(t, ✓1, ✓2, �) = A0(t) cos ✓1 cos ✓2 +
Ak(t)p

2
sin ✓1 sin ✓2 cos �

+ i
A?(t)p

2
sin ✓1 sin ✓2 sin � +

AS(t)p
3

(cos ✓1 + cos ✓2) +
ASS(t)

3
, (1)

where A0, Ak, and A? are the CP -even longitudinal, CP -even parallel, and CP -odd143

perpendicular polarisations of the B0
s! �� decay. The P ! VS and P ! SS processes144

are described by the AS and ASS amplitudes, respectively. The di↵erential decay rate may145

be found through the square of the total amplitude leading to the 15 terms [36]146

d�

dt d cos ✓1 d cos ✓2 d�
/ 4|A(t, ✓1, ✓2, �)|2 =

15X
i=1

Ki(t)fi(✓1, ✓2, �). (2)

The Ki(t) term can be written as147

Ki(t) = Nie
��st


ci cos(�mst) + di sin(�mst) + ai cosh

✓
1

2
��st

◆
+ bi sinh

✓
1

2
��st

◆�
,

(3)

where the coe�cients are shown in Table 1, ��s ⌘ �L � �H is the decay width di↵erence148

between the light and heavy B0
s mass eigenstates, �s ⌘ (�L + �H)/2 is the average decay149

5

B0
s → φφ is a QCD penguin

induced decay. Allows to measure
the phase of interference of mixing
and decay. SM prediction is φs = 0.

Select almost 4000 decays and do a
time-dependent tagged angular
analysis

Ü εD2 ' 3.1%

φs = −0.17± 0.15± 0.03
(λ = 1.04± 0.07± 0.03)

T-odd triple product asymmetries:

AU = −0.003± 0.017± 0.006

AV = −0.017± 0.017± 0.006
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B0
s → φφ is a QCD penguin

induced decay. Allows to measure
the phase of interference of mixing
and decay. SM prediction is φs = 0.

Select almost 4000 decays and do a
time-dependent tagged angular
analysis

Ü εD2 ' 3.1%

φs = −0.17± 0.15± 0.03
(λ = 1.04± 0.07± 0.03)

T-odd triple product asymmetries:

AU = −0.003± 0.017± 0.006

AV = −0.017± 0.017± 0.006
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D0→ hh AΓ with semileptonics

[LHCb, JHEP 04 (2015) 043, arXiv:1501.06777]
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Measurement of time-dependent CP violation

ACP(t) ' Adir
CP − AΓ

t

τ

where AΓ is the asymmetry of effective limetimes
of D0 and D0.
In terms of mixing parameters x and y :

AΓ '
(

1

2
Amix

CP − Adir
CP

)
y cosφ− x sinφ

This is measured for D0→ K+K−,
D0→ π+π− and D0→ K−π+ in
semileptonic B decays

Lifetime obtained from D0µ to D0→ hh
vertices

Mistag asymmetry is the largest systematic
uncertainty

4 Stability per data taking period checked
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D0→ hh AΓ with semileptonics

[LHCb, JHEP 04 (2015) 043, arXiv:1501.06777]
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Measurement of time-dependent CP violation

ACP(t) ' Adir
CP − AΓ

t

τ

This is measured for D0→ K+K−,
D0→ π+π− and D0→ K−π+ in
semileptonic B decays

Lifetime obtained from D0µ to D0→ hh
vertices

Mistag asymmetry is the largest systematic
uncertainty

Ü Mistag larger for larger lifetimes. Checked
with D0→ K−π+

4 Stability per data taking period checked

Patrick Koppenburg CP Violation and CKM Physics 29/7/2015 — EPS-HEP [67 / 50]

http://arxiv.org/abs/1501.06777


D0→ hh AΓ with semileptonics

[LHCb, JHEP 04 (2015) 043, arXiv:1501.06777]
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Measurement of time-dependent CP violation

ACP(t) ' Adir
CP − AΓ

t

τ

where AΓ is the asymmetry of effective limetimes
of D0 and D0.
In terms of mixing parameters x and y :

AΓ '
(

1

2
Amix

CP − Adir
CP

)
y cosφ− x sinφ

We measure:

AΓ(K+K−) = (−0.134± 0.077 + 0.026
− 0.034)%,

AΓ(π+π−) = (−0.092± 0.145 + 0.025
− 0.033)%
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CPV in D0→ π+π−π0 with energy test

[LHCb, Phys. Lett. B740 (2015) 158, arXiv:1410.4170]
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Model-independent search for
local CP asymmetry in tagged
D0→ π+π−π0 decays.

Use resolved (both γ seen)
and merged π0

2 fb−1 at 8 TeV

Energy test: Unbinned test of
compatibility between D0 and
D0 Dalitz distributions

Based on distance in
phase-space of events

The data are found to be
consistent with the hypothesis
of CP symmetry with a p-value
of (2.6± 0.5).
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