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The UT is well constrained. . .
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I Global fits to the CKM UT: UTFit, CKMFitter (shown)

I Using all available measurements, Angles are determined to sub-2 deg
precision
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. . . but the SM is not well constrained
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I We do not expect NP in tree-level decays

I The only tree-level constraints in the Unitary triangle are from Vub and γ
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Measuring γ is important. . .
I γ is unique among the CKM angles
I Can be measured in the interference between b→ c and b→ u transitions,

eg:

I theoretically clean measurement: [δγ/γ] . O
(
10−7

)
JHEP 1401(2014)051

I Comparing global fit to γ and tree-level measurements:

γ = (67+1
−3)

◦ (constrained) γ = (73+6
−7)

◦ (trees)

I Measuring γ in tree-level decays is crucial: Discrepancies between indirect
and direct measurements could signal new physics in loops
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. . . but measuring γ is hard

I Nothing worth doing is easy:
I Signal yields are small: BR for B−→DK−,D→Kπ ≈ 10−7

I Interference between favored and suppressed decay modes at the 10% level
for DK, 0.5% for Dπ

I Hadronic final states are hard to separate from backgrounds in a hadron
collider environment

I No single measurement is sensitive yet:
Need to make many measurements and combine!

I Even so, LHCb is the experiment to measure γ with...
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LHCb
Int. J. Mod. Phys. A30, 1530022 (2015)

I Beauty (and charm, and strange) physics at a hadron collider:

I Forward spectrometer at the LHC:
correlated bb on 2 < η < 5

I 105 bb pairs produced per second

I Decay time resolution ∼ 45− 55fs

I Precise π/K identification

I Flexible software trigger
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https://arxiv.org/abs/1412.6352


γ at LHCb

Introduction

LHCb

Measuring γ

DK combination

Dh combination

Summary

Outlook

Backup Slides

C. Fitzpatrick

December 1, 2016

The LHCb dataset
I World’s largest beauty and charm dataset:
I Run 1 (2011 + 2012) Dataset corresponds to ∼ 3× 1011 bb pairs!
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I This talk:
√
s = 7, 8 TeV pp collisions recorded in 2011+2012, ∼ 3fb−1

I Run 2: Increased cross-sections + higher trigger efficiencies. Already as
many bb pairs as Run 1. 7 / 19
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Measuring γ
I Four general categories of γ-sensitive measurements:
I ”GLW”, D decays to CP eigenstate, D→KK, D→ππ:

ACP+ =
2rB sin δB sin γ

RCP+

RCP+ = 1 + r2B + 2rB cos δB cos γ

I ”ADS”, quasi-flavor-specific final states, eg: D→Kπ, D→K3π
I additional amplitude rD and phase δD enter from D decay:

A
K
ADS =

2rB rD sin(δB + δD) sin γ

RADS

R
K
ADS = r2B + r2D + 2rB rD cos(δB + δD) cos γ

I ”GGSZ”, Self CP-conjugate 3-body final states, eg: D→K0
Sππ, D→K0

SKK
I Model independent: binned dalitz plot using CLEO phase variation as input
I Model dependent: fits to distribution of events in the D→K0

Shh Dalitz plot:

x+ = rB cos(δB + γ) y+ = rB sin(δB + γ)

I Time-dependent: B0
s→DsK and B0→Dπ measure γ − φs, 2β + γ

While each analysis measures different observables, each contributes
complementary information
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Combining γ at LHCb: DK only

I Last combination in 2014

I Many new/updated results

I See Agnieszka’s talk today for Brand-new B0
s→DsK
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LHCb-CONF-2014-004
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https://cds.cern.ch/record/1755256/files/LHCb-CONF-2014-004.pdf
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The 2016 DK combination new!

I New DK combination: Supercedes
2014 result

I Frequentist and Bayesian
interpretations

I Both show good agreement
I Coverage is good

arxiv:1611.03076

γ = (72.2+6.8
−7.3)

◦
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γ at LHCb

Introduction

LHCb

Measuring γ

DK combination

Dh combination

Summary

Outlook

Backup Slides

C. Fitzpatrick

December 1, 2016

Complementarity of inputs: DK combination

arxiv:1611.03076

]° [γ

]°
 [

D
K

Bδ

0 50 100 150
0

50

100

150

π/h30πhh→ D+K0D→+B hhSK→ D+K0D→+B ππ/KK/πK→ D+K0D→+B  modesuAll BCombination

LHCb

]° [γ
D

K
Br

0 50 100 150
0

0.05

0.1

0.15

0.2

π/h30πhh→ D+K0D→+B hhSK→ D+K0D→+B ππ/KK/πK→ D+K0D→+B  modesuAll BCombination

LHCb 0π/hh'πh3→D, +DK→+B

hh0
SK→D, +DK→+B

ππ/πKK/K→D, +DK→+B

 modes+BAll 

Full LHCb Combination

]° [γ

]°
 [0 *

D
K

Bδ

0 50 100 150

150

200

250

300

350

ππ/KK/πK→ D0K*0D→0B KKSK→ D0K*0D→0B  modesdAll BCombination

LHCb

]° [γ

0 *
D

K
Br

0 50 100 150
0

0.2

0.4

0.6

0.8

ππ/KK/πK→ D0K*0D→0B KKSK→ D0K*0D→0B  modesdAll BCombination

LHCb ππ/πKK/K→D, *0DK→0B

ππ0
SK→D, *0DK→0B

 modes0BAll 

Full LHCb Combination

11 / 19

https://arxiv.org/abs/1611.03076


γ at LHCb

Introduction

LHCb

Measuring γ

DK combination

Dh combination

Summary

Outlook

Backup Slides

C. Fitzpatrick

December 1, 2016

DK Combination summary new!
arxiv:1611.03076

I ∼ 2◦ more precise than 2014 result

γ ∈ [64.9, 79.0]◦ at 68.3% CL ,

γ ∈ [55.9, 85.2]◦ at 95.5% CL .

γ = (72.2+6.8
−7.3)

◦

I Several additional analyses in the
pipeline on Run 1 data

I Many updates + new analyses with
the Run 2 dataset
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Dh combination

I Dπ final states usually ignored as rDπ << rDK

I but LHCb has collected a lot of them and don’t like waste

I Additional inputs:
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The 2016 Dh combination new!

arxiv:1611.03076

I 2016 Dh combination (Frequentist)

I Two rDπ solutions:
I frequentist combination prefers

higher solution
I expectation suppressed at ∼ 1σ
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Bayesian Dh combination new!

arxiv:1611.03076

I 2016 Dh combination (Bayesian)

I Two rDπ solutions:
I Bayesian favors lower solution
I solutions compatible at 2σ level
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Dh combination interpretation
I Frequentist result:

I Bayesian result:

I Both frameworks report the same χ2 minima
I Differences of this kind not uncommon in presence of a highly non-Gaussian

likelihood function 16 / 19
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Summary

I LHCb γ combination has been
updated

I Several new measurements +
updates to old ones

I DK and Dh results
I Bayesian and Frequentist

combinations to choose from

I Run 1 sensitivity expected to be
σ(γ)→ 7◦

I We have reached that sensitivity
with a few results still to be
included

arxiv:1611.03076

γ = (72.2+6.8
−7.3)

◦
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Outlook

I Current indirect precision: σ(γ) = (+1.0
−3.7)◦

I LHCb expects:
I Run 2: (2015-2018)

I Increased energy → factor 2 increase in beauty cross section and more
efficient trigger

I Expect similar sensitivity to Belle II, γ ∼ 4◦ with additional 5fb−1

I Upgrade: (2020-2023)
I Software trigger at full event rate: Doubling of hadronic trigger efficiency
I Sensitivity to γ ∼ 1◦ with ∼ 50fb−1

I Expect sensitivity to scale with integrated luminosity. Systematic and ext.
input uncertainties should also decrease: See Sam’s talk from this morning
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Conclusions

I LHCb now dominates the precision on γ with σ(γ)→ 7◦ from Run 1
I More from Run1 still to come:

I New B0
s →DsK result from Agnieszka earlier

I Alex’s talk: B0
d →Dπ shows potential

I Results from Run2 starting to come through: See Frédéric’s talk on
B+→D0K∗+

I We hope to obtain a combined precision of 1◦ in the upgrade era

I We look forward to competition (and combination!) from Belle II
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LHCb Inputs
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External Inputs
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DK combination

I Frequentist result:

I Bayesian result:

I Good agreement between the DK combinations
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