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CKM angle g
▪ For many years, least well measured Unitarity 

Triangle angle; now entering precision 

measurement era

▪ Can measure at tree level with 𝐵 → 𝐷𝑋 decays

▪ Exploit weak phase difference g between 𝑏 → 𝑢 and 
𝑏 → 𝑐 transitions

▪ Theoretically clean but room for NP 
JHEP 01 (2014) 051 PRD 92 033002 (2015)
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▪ At LHCb, perform 

▪ time-integrated measurements

𝐵− → 𝐷(∗)𝐾(∗)−, 𝐵0 → 𝐷𝐾∗0, 𝐵0 → 𝐷𝐾+𝜋−, 𝐵− → 𝐷𝐾−𝜋+𝜋−

▪ GLW analysis (𝐷 → 𝐶𝑃 eigenstate)

▪ ADS analysis (𝐷 → flavour specific)

▪ GGSZ analysis (𝐷 → multibody)

▪ Dalitz analysis (𝐵 → multibody)

▪ time-dependent measurements – see Simon Stemmle’s talk

𝐵𝑠
0 → 𝐷𝑠

∓𝐾±, 𝐵0 → 𝐷∓𝜋±

▪ combination of LHCb g measurements
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The LHCb experiment

▪ Designed for study of particles containing 𝑏 or 𝑐

▪ High precision tracking and vertexing

▪ Momentum resolution 0.5 − 1.0 %

▪ Impact parameter resolution (15 + 29 / 𝑝𝑇) 𝜇m

▪ RICH detectors for hadron PID (𝐾 − 𝜋 separation)

JINST 3 S08005 (2008)

2 < 𝜂 < 5

https://doi.org/10.1088/1748-0221/3/08/S08005


▪ Determine g using 𝐷 decay to three-body self-
conjugate 𝐾𝑆

0𝜋+𝜋− or 𝐾𝑆
0𝐾+𝐾− final state 

▪ One solution for g in [0, p]

▪ Requires knowledge of resonant structure of      
𝐷 → 𝐾𝑆

0ℎ+ℎ− decay across phase space

▪ Observables: 𝑥± = 𝑟𝐵cos(𝛿𝐵 ± 𝛾), 𝑦± = 𝑟𝐵sin(𝛿𝐵 ± 𝛾)
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GGSZ analysis of𝑩−→ 𝑫𝑲−, 𝑫 → 𝑲𝑺
𝟎𝒉+𝒉−

𝐴𝐵+ ∝ ҧ𝐴𝑓 + 𝑟𝐵𝑒
𝑖(𝛿𝐵+𝛾)𝐴𝑓

𝐴𝐵− ∝ 𝐴𝑓 + 𝑟𝐵𝑒
)𝑖(𝛿𝐵−𝛾 ҧ𝐴𝑓

RUN 2 RUN 2

𝐵−𝐵+

JHEP 08 (2018) 176

https://doi.org/10.1007/JHEP08(2018)176


▪ Model-independent method: bin 𝐷 decay phase 

space according to 𝐷0 − ഥ𝐷0 strong phase 

difference

▪ Yield in bin 𝑖

▪ (𝑐𝑖 , 𝑠𝑖) strong phase difference measurements from 

CLEO-c

Susan Haines 6

PRD 82 112006 (2010)

𝑁±𝑖
+ = ℎ𝐵+ 𝐹∓𝑖 + 𝑥+

2 + 𝑦+
2 𝐹±𝑖 + 2 𝐹𝑖𝐹−𝑖 𝑥+𝑐±𝑖 − 𝑦+𝑠±𝑖

𝑁±𝑖
− = ℎ𝐵− 𝐹±𝑖 + 𝑥−

2 + 𝑦−
2 𝐹∓𝑖 + 2 𝐹𝑖𝐹−𝑖 𝑥−𝑐±𝑖 + 𝑦−𝑠±𝑖

2𝑁 bins (𝑖 ∈ [−𝑁,𝑁], 𝑖 ≠ 0)

𝑖 > 0 for 𝑚−
2 > 𝑚+

2

JHEP 08 (2018) 176

https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1007/JHEP08(2018)176


▪ Results with Run 2 data (2 fb-1 at 𝑠 = 13 TeV):
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Statistical 

uncertainties 

only
2 fb-1 at 𝑠 = 13 TeV

𝑥− = (9.0 ± 1.7 ± 0.7 ± 0.4) × 10−2

𝑦− = (2.1 ± 2.2 ± 0.5 ± 1.1) × 10−2

𝑥+ = (−7.7 ± 1.9 ± 0.7 ± 0.4) × 10−2

𝑦+ = (−1.0 ± 1.9 ± 0.4 ± 0.9) × 10−2

First observation 

of 𝐶𝑃 violation in 

𝐵−→ 𝐷𝐾−,
𝐷 → 𝐾𝑆

0ℎ+ℎ−

JHEP 08 (2018) 176

https://doi.org/10.1007/JHEP08(2018)176


▪ Combine with Run 1 results (3 fb-1 at 𝑠 = 7,8
TeV) to give constraint on g:
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GGSZ

𝛾 = 80−9
+10 °

GGSZ GGSZ

JHEP 10 (2014) 097

JHEP 08 (2018) 176

Run 1: 𝛾 = 62−14
+15 °

2015 & 2016: 𝛾 = 87−12
+11 °

https://doi.org/10.1007/JHEP10(2014)097
https://doi.org/10.1007/JHEP08(2018)176


▪ Combine tree-level LHCb g measurements:

▪ Frequentist approach

▪ Auxiliary inputs from HFLAV, CLEO and LHCb
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Combination of LHCb measurements
LHCb-CONF-2018-002

– see Simon Stemmle’s talk

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2018-002.html
https://indico.cern.ch/event/743635/contributions/3151512/
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▪ Most precise determination of g from a single 

experiment

▪ World average: 𝛾 = 73.5−5.1
+4.2 °

▪ Indirect constraints: 𝛾 = 65.6−3.4
+1.0 °

LHCb-CONF-2018-002

PRELIMINARY

𝛾 = 74.0−5.8
+5.0 °

HFLAV

CKMfitter

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2018-002.html
http://www.slac.stanford.edu/xorg/hflav/triangle/latest/#gamma_comb
http://ckmfitter.in2p3.fr/www/results/plots_summer18/num/ckmEval_results_summer18.pdf
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▪ Run 2 updates 

▪ 𝐵− → 𝐷𝐾−

▪ 𝐷 → ℎ+ℎ− (ADS), 𝐷 → ℎ+𝜋−𝜋+𝜋−, 𝐷 → ℎ+ℎ−𝜋0, 𝐷 → 𝐾𝑆
0𝐾+𝜋−

▪ 𝐵0 → 𝐷𝐾∗0/ 𝐵0 → 𝐷𝐾+𝜋−

▪ 𝐷 → ℎ+ℎ−, 𝐷 → 𝐾𝑆
0ℎ+ℎ−

▪ 𝐵− → 𝐷𝐾−𝜋+𝜋−

▪ 𝐷 → ℎ+ℎ−

▪ New possible decay modes

▪ 𝐵− → 𝐷𝐾−𝜋+𝜋−, 𝐵− → 𝐷𝐾∗−

▪ 𝐷 → 𝐾𝑆
0ℎ+ℎ−

▪ 𝐵− → 𝐷∗ℎ−

▪ 𝐷 → 𝐾𝑆
0ℎ+ℎ−, 𝐷 → ℎ+ℎ−

▪ 𝐷 → 𝐾+𝐾−𝜋+𝜋−, 𝐷 → 𝐾𝑆
0𝜋+𝜋−𝜋0 …

Outlook: exploiting existing data

(+ time-dependent analyses)

Expect 𝜎(𝛾) = 4°
EPJ C 73 (2013) 2373

https://doi.org/10.1140/epjc/s10052-013-2373-2


Outlook: future data
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2031-

Run 5

2015-18

Run 2

2021-23

Run 3

2026-29

Run 4

2011-12

Run 1

LHC HL-LHC

3 fb-1 5 fb-1 50 fb-1 300 fb-1

LHCb Upgrade Ia LHCb Upgrade Ib LHCb Upgrade IICurrent LHCb



Outlook: future data
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2031-

Run 5

2015-18

Run 2

2021-23

Run 3

2026-29

Run 4

2011-12

Run 1

Belle II

LHCb Upgrade Ia LHCb Upgrade Ib LHCb Upgrade IICurrent LHCb

EPJ C 73 (2013) 2373

𝜎(𝛾) = 1.5°
(Belle II similar)

arXiv:1808.10567

arXiv:1808.08865

𝜎(𝛾) = 0.35°
arXiv:1808.08865

EPJ C 73 (2013) 2373

𝜎 𝛾 = 4° 𝜎(𝛾) = 0.9°

arXiv:1808.08865

https://doi.org/10.1140/epjc/s10052-013-2373-2
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
https://doi.org/10.1140/epjc/s10052-013-2373-2
https://arxiv.org/abs/1808.08865
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▪ Expect main experimental systematic uncertainties 

to scale with data/simulation sample sizes
▪ Production/instrumentation asymmetries

▪ Understanding of backgrounds/control modes and 

simulation

▪ For GGSZ, uncertainties from CLEO-c (𝑐𝑖 , 𝑠𝑖) inputs 

will become limiting in upgrade era (𝜎 𝛾 ~ 2°)
▪ Ongoing cooperation between 

BESIII and LHCb to measure 

(𝑐𝑖 , 𝑠𝑖) and other charm inputs

▪ Constrain with other decay 

modes e.g. 𝐵0 → 𝐷𝐾+𝜋−, 𝐷 →
𝐾𝑆
0𝜋+𝜋−

BESIII-LHCb workshop 2018

PRD 97 056002 (2018)

arXiv:1808.08865

https://indico.ihep.ac.cn/event/7249/
https://doi.org/10.1103/PhysRevD.97.056002
https://arxiv.org/abs/1808.08865
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▪ New possible decay modes? 

▪ High multiplicity 𝐵 and 𝐷 decay modes

▪ Modes with neutrals, e.g. 𝐷 → 𝐾𝑆
0𝜋0 (Upgrade Ib

onwards)

▪ g from 𝐵𝑐 or b-baryons

▪ New strategies?

▪ Model-independent unbinned (Fourier analysis) GGSZ 

approach

▪ Unified approach – simultaneous GLW/ADS/GGSZ

Outlook: further sensitivity gains

EPJC (2018) 78:121

arXiv:1804.05597

https://doi.org/10.1140/epjc/s10052-018-5599-1
https://arxiv.org/abs/1804.05597
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▪ Combination of LHCb results, including new GGSZ 

measurement, gives most precise determination of 

g from a single experiment

▪ Coming soon:
▪ Further updates including Run 2 data set 

▪ Studies of new decay modes

Now entering era of precision g measurement
▪ Expect 𝜎(𝛾) = 1.5° in 2025; 𝜎(𝛾) = 0.35° with LHCb

Upgrade II

Conclusions

PRELIMINARY

𝛾 = 74.0−5.8
+5.0 °
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Backup:

GGSZ analysis of 𝑩−→ 𝑫𝑲−, 𝑫 → 𝑲𝑺
𝟎𝒉+𝒉−

𝐵−𝐵+

𝐾𝑆
0 without 

VELO (Si 

vertex tracker) 

daughter hits

𝐾𝑆
0 with VELO 

(Si vertex 

tracker) 

daughter hits

𝐵− → 𝐷ℎ−,
𝐷 → 𝐾𝑆

0𝜋+𝜋−

JHEP 08 (2018) 176

https://doi.org/10.1007/JHEP08(2018)176
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𝐵−𝐵+

𝐾𝑆
0 without 

VELO (Si 

vertex tracker) 

daughter hits

𝐾𝑆
0 with VELO 

(Si vertex tracker) 

daughter hits

𝐵− → 𝐷ℎ−,
𝐷 → 𝐾𝑆

0𝐾+𝐾−

JHEP 08 (2018) 176

https://doi.org/10.1007/JHEP08(2018)176
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Backup:

Combination of LHCb measurements

LHCb-CONF-2018-002

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2018-002.html

