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Introduction
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•  standard candle of SM


• Comparison between direct and indirect  determinations is a test of SM


•  measured in tree-level  decays that are theoretically clean


• SM uncertainties negligible 


• New Physics can cause  shift to 


γ

γ

γ B

∼ (10−5)∘

𝒪(10∘) γ

γ ≡ arg (−
VudV*ub

VcdV*cb )

PRD 92 (2015) 033002

JHEP 07 (2020) 177

JHEP 01 (2014) 051

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.033002
https://link.springer.com/article/10.1007/JHEP07(2020)177
https://link.springer.com/article/10.1007/JHEP01(2014)051
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Measuring γ
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•  measured in tree-level decays sensitive to interference between  and 
  transition amplitudes


• Golden modes: 


• Various methods according to  final state

‣ GLW:  eigenstates (e.g. , )

‣ ADS: interference of CF and DCS transitions (e.g. )

‣ BPGGSZ: 3-body final states (e.g. )


• Time-dependent analyses of  are also used

γ b → cW
b → uW

B± → DK±

D
CP KK ππ

Kπ
K0
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(s)
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fDK−
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Previous status of γ
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Unitarity constrained results:

γ = (65.7+0.9
−2.7)

∘ γ = (65.8 ± 2.2)∘
CKMfitter UTFit

LHCb combination (2018): γ = (74.4+5.0
−5.8)

∘

LHCb-CONF-2018-002

http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
http://www.utfit.org/UTfit/ResultsSummer2018SM
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-CONF-2018-002.html
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• Update with full Run 1 + Run 2


• Model-independent: analysis 
performed in Dalitz bins, using 
inputs from CLEO and BESIII


• γ = (68.7+5.2
−5.1)

∘
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long 
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s π+π−]DK
K0

s



downstream 
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https://link.springer.com/article/10.1007/JHEP02(2021)169
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• Update with full Run 1 + Run 2


• Partial reconstruction method for 



• First observation of ADS 


•  when combined with 
 result

D* → D0π0, D0γ

B− → (Dπ0)D*π−

γ = (61.80 ± 4.0)∘

K0
s h+h−

B → DK

JHEP 04 (2021) 081

https://link.springer.com/article/10.1007/JHEP04(2021)081
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B0
s → D∓

s K±π+π−, D+
s → h+h−π+
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• New measurement with full Run 1 + Run 2


• Time-dependent amplitude analysis, takes  as 
external input


• Less precise model-independent analysis


•  used as calibration


•  modulo  with model-
independent approach


•  modulo  with time-dependent 
amplitude analysis

ϕs

B0
s → D−

s π+π+π−

γ = (44+20
−13)

∘ 180∘

γ = (44 ± 12)∘ 180∘
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https://link.springer.com/article/10.1007/JHEP03(2021)137
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Other decay modes
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• Recent measurements with full Run 1 
+ Run 2:

•  of 

• Search for 


• Potential to be sensitive to  with 
future runs

ACP Λ0
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• In the past, charm parameters ( , , , ) have been taken as external 
input from HFLAV


•  with  are sensitive to , if ,  and  are taken 
as input 

 best option is to combine LHCb charm+beauty results to constrain all four 
parameters 

 8 charm measurements are included


xD yD δKπ
D rKπ

D

B± → DK± D → K±π∓ δKπ
D xD yD rKπ

D

⇒

⇒

LHCb  + charm combinationγ
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arXiv:2110.02350

AKπ
fav =

2rK
B rKπ

D sin (δK
B − δKπ

D ) sin γ

1 + (rK
B rKπ

D )2 + 2rK
B rKπ

D cos (δK
B − δKπ

D ) cos γ

https://arxiv.org/abs/2110.02350
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• In charm measurements of  to  ratio,  and  
are highly correlated  the charm+beauty combination improves precision on 




• Further motivation to include charm measurements:  mixing has significant 
effects on 

D0 → K+π− D0 → K−π+ yD δKπ
D

⇒
yD

D
B± → Dπ±

LHCb  + charm combinationγ

10

arXiv:2110.02350

<latexit sha1_base64="4x8VZkYpIm+OKN87VtBFC58Wlss="></latexit>

�(D0 ! K+⇡�, t)

�(D̄0 ! K�⇡+, t)
⇡ (rK⇡

D )2 + rK⇡
D (xD sin �K⇡

D � yD cos �K⇡
D )

t

⌧

https://arxiv.org/abs/2110.02350
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LHCb  + charm combinationγ
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• 7 new/updated beauty measurements


• 151 observables


• 52 free parameters


• Frequentist treatment (Plugin method)


• Cross-checked with Bayesian 
framework

arXiv:2110.02350

https://arxiv.org/abs/2110.02350
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Auxiliary inputs
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External constraints needed for hadronic parameters and coherence factors in 
multibody  and  decaysB D arXiv:2110.02350

https://arxiv.org/abs/2110.02350
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• Excellent precision on 


• Agreement with indirect global CKM fitters: 

γ

γ = (65.7+0.9
−2.7)

∘ γ = (65.8 ± 2.2)∘

arXiv:2110.02350γ = (65.4+3.8
−4.2)

∘

xD = (4.00+0.52
−0.53) × 10−3

yD = (6.30+0.33
−0.30) × 10−3

CKMfitter UTFit

x [%]

y
[%

]

δKπ
D = (190.0+4.2

−4.1)
∘

rKπ
D = (58.67 ± 0.15) × 10−3

New world average: γ = (66.2+3.4
−3.6)

∘
HFLAV

https://arxiv.org/abs/2110.02350
http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
http://www.utfit.org/UTfit/ResultsSummer2018SM
https://hflav.web.cern.ch/
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Breakdowns
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Combinations for different 
 speciesB

0

0.2

0.4

0.6

0.8

1

C
L

−1
50 60 70 80 90

]° [γ

0
sB

0B

+B

All Modes

0
sB

0B

+B

All Modes

68.3%

95.4%

LHCb

arXiv:2110.02350

https://arxiv.org/abs/2110.02350


Federico Betti on behalf of LHCb Implications workshop 2021 - 22/10/2021

Breakdowns
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Complementarity of beauty and charm on charm parameters
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B− → Dh−, D → h+h−π0
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• Update with full Run 1 + Run 2


• Quasi-ADS and quasi-GLW 
modes  use dilution factors 
taken from external inputs


• Observation of suppressed 
 with 

more than  signifi

⇒

B− → [π−K+π0]DK−

7σ

LHCb-PAPER-2021-036 (in preparation)

NEW
!

Preliminary

Preliminary

Preliminary
Preliminary
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B− → Dh−, D → h+h−π0
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• Global minimum at 


• Second solution consistent with combination

γ = (145+9
−39)

∘ NEW
!

LHCb-PAPER-2021-036 (in preparation)







γ = (56+24
−19)

∘

δB = (122+19
−23)

∘

rB = (9.25+1.04
−0.85) × 10−2

• This result will be used 
in future combinations

Preliminary

Preliminary
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Future prospects
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• Other  measurements ongoing with Run 2 data (e.g. )


• Sensitivity of  and  is expected to 
increase by a factor 2 with Run 2 data


• Upgrades will be fundamental to increase precision on 

B → Dh B → [Kπππ]Dh

B0 → [K0
s h+h−]DK+π− B0

s → D∓
s K±

γ

LHCB-PUB-2018-009

https://cds.cern.ch/record/2636441
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Conclusions
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• Many recent results by LHCb with full data sample to determine 


• LHCb combination: 


• New measurements and updates with Run 2 data still ongoing


• LHCb upgrades aim for  precision on 

γ

γ = (65.4+3.8
−4.2)

∘

< 1∘ γ



Backup
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Assumptions
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•  mixing

‣ For :  relative shift on , also taken into account in systematics

‣ For : larger effect, but sensitivity of the related measurement to  is low


• Assume spin symmetry when considering  violation in  in the 
beauty sector:  effect


• Neglect  violation in charm mixing in beauty sector:  effect


• Correlation of systematics between measurements: negligible effect because 
the combination is statistically dominated (  out of )

K0 − K0

D → K0
s h+h− 𝒪(10−3) γ

D → K0
s K±π∓ γ

U− CP D → h+h−

0.3∘

CP 0.1∘

3.3∘ 3.6∘
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Results
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Results
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Input for B0 → D−π+

• Previously  was taken as external input from theory

• Now  is determined by the combination

•  found to be consistent with theoretical value

•  totally unaffected by how  is treated

rD−π+

B
rD−π+

B
rD−π+

B
γ rD−π+

B
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B− → Dh−, D → h+h−π0
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NEW
! LHCb-PAPER-2021-036 (in preparation)
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History of LHCb combinations
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