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LHCb
• Detector designed for precision measurements of Beauty 

and Charm decays 


• Doing our best to fully exploit our existing dataset 


• Run 1: 2011-2012, 3 


• Run 2: 2015-2018, 6 


• Run 3: higher integrated luminosity and hadron 
efficiency


• Only Run 1+2 results today 

• High precision vertexing and tracking Inter. J. Modern 
Phys. A 30, 1530022 (2015)


• Excellent decay time and kinematics resolution


• High performance PID


• Precise measurement of  is one primary focus of LHCb


• Aiming for sub-degree uncertainty

fb−1

fb−1

γ

2008 JINST 3 S08005

Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.
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Schematic of the Run 1/2 LHCb detector 2008 JINST 3 S08005
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https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1142/S0217751X15300227
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
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CKM angle γ
• CKM matrix links quark mass and flavour eigenstates


• Unitary in the SM


•  triangles in the complex plane


• Use measurements to overconstrain them and search for 
new physics


• Also compare direct to indirect measurements


• CKMfitter 2023 indirect world average 


• HFLAV 2025 direct world average 


• Tree-level  measurements have very low theory 
uncertainties - excellent benchmark parameter JHEP 01 
(2014) 051

⟹

γ = (66.3+0.7
−1.9)

∘

γ = (66.4+2.7
−2.8)

∘

γ

3

CKMfitter fit of the  unitarity triangledb

http://ckmfitter.in2p3.fr/
https://hflav-eos.web.cern.ch/hflav-eos/triangle/latest/
https://link.springer.com/article/10.1007/JHEP01(2014)051
https://link.springer.com/article/10.1007/JHEP01(2014)051
https://link.springer.com/article/10.1007/JHEP01(2014)051
https://link.springer.com/article/10.1007/JHEP01(2014)051
http://ckmfitter.in2p3.fr/
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Time-integrated  measurementsγ

• Can’t tell which flavour  in each event


• Interference between  and  
transitions


• Squared amplitude depends on


 for 


 asymmetries


• Compare  amplitudes to extract 

D

b → c b → u

ΔδB ± γ B±

⟹

B± γ

B+

D0

D0

f

|AB |

|AB |eiγeiΔδB
|AD |eiΔδD

|AD |
Favoured

Suppressed

Sketch of the favoured and suppressed paths for a 
 decayB+ → DX, D → f

4

Γ(B− → f ) − Γ(B+ → f )
Γ(B− → f ) + Γ(B+ → f )
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• Most well known example is 


•  varies across 
the plane


• Binned Dalitz plane analysis  reduced  with a 
small increase to 


•  binned populations 
 
 
fitted to obtain  
 

• Finally  can be extracted!


• You can also do this with 4-body decays, in a higher 
dimensional phase-space

B+ → DK+, D → K0
Sπ+π−

A = |AB | |AD | + |AB | |AD |eiγeiΔδBeiΔδD

⟹ σsyst.
σstat.

⟹

γ

x± = rBcos(ΔδB ± γ)
y± = rBsin(ΔδB ± γ)

BPGGSZ “Basics”

5
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 Dalitz plane distribution (top) for  (left) 
and  (right), the optimal binning (bottom left) and the 

extracted Cartesian parameters (bottom right).

D → K0
Sπ+π− B+

B−

JHEP 02 (2021) 169 

N±
i = h±[F∓i + (x±2 + y±2)F±i + 2 FiF−i(cix

± ∓ siy
±)]

(Parameter definitions in the backups)

https://doi.org/10.1007/JHEP02(2021)169
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B+ → Dh+, D → h′￼+h′￼−π+π−

• First phase-space binned model-independent  measurement from


• , 


• 5 dimensional phase-space


• Binning schemes based on amplitude models


•  binned as a projection onto 


•  for ,  for ,


•  hypercube model and binning from JHEP 01 (2018) 144, Phys 
Rev D 110 112008 Q 


• Binning optimised according to a metric measuring the statistical sensitivity 
relative to an unbinned method


• Effectively this corresponds to maximising the interference term 



• By construction, under  , ,   reduce free 
parameters

γ

D → K+K−π+π− D → π+π−π+π−

D → K+K−π+π− (ΔδD, ln(rD))

+i ln(rD) < 0 −i ln(rD) > 0

D → π+π−π+π−

≳ 0.8

2 FiF−i(cix
± ∓ siy

±)

CP Fi ↦ F−i ci ↦ c−i si ↦ − s−i ⟹

6

NEW

Preliminary 
LHCb-PAPER-2025-019

 binning from LHCb 
Eur. Phys. J. C (2023) 83:547 based on 
the model from JHEP 02 (2019) 126

D → K+K−π+π−

Q=0.85

https://doi.org/10.1007/JHEP01%282018%29144
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://doi.org/10.1103/PhysRevD.110.112008
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1007/JHEP02(2019)126
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B+ → Dh+, D → h′￼+h′￼−π+π−

• Previous analysis of  
Eur. Phys. J. C (2023) 83:547 determined 

 from the amplitude model


• New BES III result measured them  
now fully model independent Phys Rev D 
112 012015


•  are general to the given  decay, 
assuming the same efficiency profile,  

 can use  as a “control” 
channel

D → K+K−π+π−

ci, si

⟹

F±i D

∴ B± → Dπ±

7

NEW

Parameterise  according to  
,

,


where

, 





B± → Dπ±

x±
Dπ = xξx±

DK − yξy±
DK

y±
Dπ = xξy±

DK − yξx±
DK

xξ = Re(ξDπ) yξ = Im(ξDπ)

ξDπ =
rDπ
B

rDK
B

exp(i[δDπ
B − δDK

B ])

We need to extract x±
DK, y±

DK, xξ, yξ

N±
Dh,i = h±

Dh[F∓i + (x±
Dh

2 + y±
Dh

2)F±i + 2 FiF−i(cix
±
Dh ∓ siy

±
Dh)]

Preliminary 
LHCb-PAPER-2025-019

https://doi.org/10.1140/epjc/s10052-023-11560-5
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://doi.org/10.1103/PhysRevD.112.012015
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
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B+ → Dh+, D → h′￼+h′￼−π+π−
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NEW

Fractional per-bin asymmetries according to the bin populations (Data) 
and the  fit for  (top) and  

(bottom). For  (left) and  (right).
CP D → K+K−π+π− D → π+π−π+π−

B± → DK± B± → Dπ±

•  parameters extracted by a simultaneous  
mass fit in each phase-space bin


• PDF shape parameters determined by global fits 
(variation between bins taken as a systematic 
uncertainty)


• Data is then split between bins and 


• Two fit strategies are used


• Signal yields float


• Signal yields parameterised according to the 
population equation, where 

 float


• Cross-check: compare the asymmetries according 
to these methods

CP B±

B±

h±, F±i, x±
DK, y±

DK, xξ, yξ

Preliminary Preliminary

Preliminary

Preliminary

Preliminary 
LHCb-PAPER-2025-019

https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
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B+ → Dh+, D → h′￼+h′￼−π+π−

• Negligible correlation between binned LHCb-PAPER-2025-019, and integrated phase-
space measurements in Eur. Phys. J. C (2023) 83:547


• Extract  from these simultaneously (preliminary result) 
 
 
 
 
 
 
 

• One of the most precise single measurements of  to date!


• Statistically limited  Run 3 opportunities


• Leading systematics are strong-phase inputs (comparable to LHCb )


• In future  can exploit LHCb Charm mixing measurements


• and  the full BESIII dataset  factor of 2.5 reduction in 
statistical uncertainties of inputs


• Other systematics are of LHCb 

γ

γ

⟹

σstat.

D → K+K−π+π−

D → π+π−π+π− ⟹

≲ 20 % σstat.
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NEW

Combination of the BPGGSZ measurements 
(top) and the combination of these with the 

phase-space integrated measurement.

, 
       

       

γ = (52.6+8.5
−6.4)

∘

δDK
B = (112.6+6.1

−7.8)
∘ rDK

B = (0.102+0.014
−0.017)

δDπ
B = (262+40

−52)
∘ rDπ

B = (0.0043+0.0033
−0.0043)

Preliminary 
LHCb-PAPER-2025-019

LHCb 
Preliminary

LHCb 
Preliminary

https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
https://doi.org/10.1140/epjc/s10052-023-11560-5
https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
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Time dependent CPV

• Interference between decay with and without mixing


• Mass eigenstate is a superposition of the flavour eigenstates 
 time-dependent mixing


• Use flavour tagging to determine the initial flavour

⟹

10

B0
s

B0
s

f
Mixing

Feynman diagrams for a  decay 
with (top) and without (bottom) mixing

B0
s → D+

s K−

PV
SV

𝑏 → 𝑐
𝑏 → 𝑋𝑙−

SV
𝑐 → 𝑠

same side

opposite side

𝑏

𝑏

𝐽/𝜓

𝐾∗0

𝑑

𝑑𝑢
𝜋+

𝑥

𝑙−

𝐾+

𝐵0

ℎ𝑏

SS pion
SS kaon (for 𝘉0𝘴 )

OS muon
OS electron

OS kaon

OS vertex charge

• LHC is a difficult environment 
for flavour tagging


• LHCb: 



• Belle II: , 
clean  environment

ϵeff ≡ ϵ(1 − 2ω)2 ∼ 4 − 8 %

ϵeff ∼ 30 %
e+e−
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B0
s → D∓

s K± JHEP 03 (2025) 139 
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• CP observables depend on  (a.k.a 
)


•  is fixed 
according to the LHCb combination Phys. 
Rev. Lett. 132 (2024) 051802 


• Simultaneous fit to  and  invariant 
masses


• Obtain sweights to project signal into 
decay time

γ − 2βs
γ + ϕs

ϕs = − 0.031 ± 0.018 rad
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Figure 3: (Top) Decay-time distribution of B 0

s ! D !
s K ± signal candidates, where the background

is statistically subtracted using the sPlot technique. (Bottom) Mixing asymmetry, Amix , for
the (blue) D "

s K + and the (red) D +
s K " Þnal states, folded into one mixing period, 2! / ! ms. In

both plots, the curves show the result of the decay-time Þt.

ter, the average di! erence of theCP observables between the baseline and the modiÞed Þt
is taken as the systematic uncertainty. After evaluating single contributions, all sources
are added in quadrature.

The ßavour-tagging parameters are constrained to the values found in theB 0
s ! D "

s ! +

decay-time Þt. Systematic uncertainties are assigned by performing a singleB 0
s ! D !

s K ±

decay-time Þt, where the uncertainties on the ßavour-tagging parameters are enlarged
to account for their systematic e! ects. This Þt accounts for both the variation of the Þt
strategy used in theB 0

s ! D "
s ! + data Þt, as described in Ref. [36], and the portability

of the ßavour-tagging calibration toB 0
s ! D !

s K ± decays, studied in simulation. This
alternative decay-time Þt is compared to the baseline Þt and the di! erence in the results

11

Mixing asymmetry for  
(blue) and  (red) final states, 
folded into a single mixing period.

D−
s K+

D+
s K−

See backups 
for all equations

https://doi.org/10.1007/JHEP03(2025)139
https://doi.org/10.1103/PhysRevLett.132.051802
https://doi.org/10.1103/PhysRevLett.132.051802
https://doi.org/10.1103/PhysRevLett.132.051802
https://doi.org/10.1103/PhysRevLett.132.051802
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B0
s → D∓

s K±

�� �� �� �� �� �� ��
� # � <�T�b�>

��

������

������

������

�.�
2�

+
���

v�
b

�f
�U

�y
�X

�k
�y

�T
�b

�V

�G�>�*�# �T�`�2�H�B�K�B�M���`�v
�é�7�#
7�/

�÷��
�Ž � B � ù
7�Ž�� ��

�÷��
�Ž � B � ù���Ž�� 
7

�÷��
�Ž � B � ù
7�Ž�� ��

�÷��
�Ž � B � ù���Ž�� 
7

�l�M�i���;�;�2�/�ù
7
�Ž�� ��

�l�M�i���;�;�2�/�ù��
�Ž�� 
7

�R

• Fit decay time distribution to extract CP 
observables


• Run 1 measurement JHEP 03 (2018) 059 was in 
tension with  from  

 poor constraint on  from  
JHEP 03 (2021) 137


• Combination of Runs 1 & 2 yields 
 
 
 
 

• The most precise measurement of  in  decays!

γ B0
s → D∓

s K±π+π−

γ = (44 ± 12)∘⟹ γ B0
s

γ B0
s

12

 
 

γ = (81+12
−11)

∘

δ = (347.6 ± 6.3)∘

r = 0.318+0.034
−0.033

Decay-time distribution of signal  
candidates per final state and flavour

B0
s → D−

s K+

Extraction of  in Run 1 & 2 separately, where the Run 
1 fit has been updated with new inputs

γ

LHCb 
preliminary 

JHEP 03 (2025) 139 

https://link.springer.com/article/10.1007/JHEP03(2018)059
https://doi.org/10.1007/JHEP03(2021)137
https://doi.org/10.1007/JHEP03(2025)139
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Charm Only
Beauty and Charm

Beauty and Charm
• Combination of:


• 19 LHCb  decay measurements (4 new, 3 superseded)*


• 11 LHCb  decay measurements (1 new, 1 superseded)*


• 27 auxiliary inputs from LHCb, HFLAV, CLEO-c and BESIII (1 new, 2 
updated)*


• Many Beauty and Charm measurements share parameters and provide 
complementary information 


• Detailed description of method in 2013 Physics Letters B 726 (2013) 
151–163


• Added Charm in 2021 JHEP 12 (2021) 141


• Produces a single LHCb value for 29 physics parameters of interest (+ 
nuisance parameters)


• Latest update is LHCb-CONF-2024-004


• Does not include the new  result shown today


• Work on an update in progress

B

D

B+ → DK+

*See backup

LHCb-CONF-2024-004

13

Charm mixing parameters when measured 
with and without complementary Beauty inputs

https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1016/j.physletb.2013.08.020
https://doi.org/10.1007/JHEP12(2021)141
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2024-004.html
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
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2024 LHCb γ

14

γ = (64.6 ± 2.8)∘

• Decreased uncertainty by  
since 2022


• Reduced tension between the  
decays


•  now sits amongst the  
measurements

∼ 0.7∘

B0
s

B0 B+

2024 LHCb  combination per  decayγ B

LHCb-CONF-2024-004

https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
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tabletable

Species Value [! ] 68.3% CL Uncertainty [! ] 95.4% CL Uncertainty [! ]

B+ 63.4 +3 .2
" 3.3

+6 .4
" 6.5

B0 64.6 +6 .5
" 7.5

+12
" 17

B0
s 75 +10

" 11 ± 20

All 64.6 ± 2.8 +5 .5
" 5.7

Per  speciesB
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LHCb
Preliminary
October 2022

tabletable

Species Value [! ] 68.3% CL Uncertainty [! ] 95.4% CL Uncertainty [! ]

B+ 60.6 +4 .0
" 3.8

+7 .8
" 7.5

B0 82.0 +8 .1
" 8.8

+17
" 18

B0
s 79 +21

" 24
+51
" 47

All 63.8 +3 .5
" 3.7

+6 .9
" 7.5

15

2022 2024
LHCb-CONF-2024-004

https://lbfence.cern.ch/alcm/public/analysis/full-details/1795


Aidan Wiederhold University of Manchester

Summary
• New model-independent measurement of  from 

 decays


• Reaching the limits of  in Run 1+2


• But there is still more we could do to fully exploit 
this rich dataset


• Statistically limited - Run 3 results will be even 
better!


• Coming soon…


• Still more to gain from external inputs


• Thanks to all the proponents of these analyses


• Thanks for listening!

γ
B+ → Dh+, D → h′￼+h′￼−π+π−

γ
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https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
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Which decays have we studied?
• 


• , where the  is partially reconstructed due to a missing 


•   lower efficiency from extra  
reconstruction


• , “self tagging”


• , 


• , 


• Detailed summary available in the Beauty+Charm combination LHCb-
CONF-2024-004

B± → Dh±(π+π−)

B± → D*h± D* π0/γ

B± → DK*±, K*± → K0
Sπ± ⟹ K0

S

B0 → DK*0

B0 → D∓π± D− → K+π−π−

B0
s → D∓

s K±(h+h−) D−
s → h−h+π−

Time 
dependent ⟹ Flavour 

tagging

18

https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
https://lbfence.cern.ch/alcm/public/analysis/full-details/1795
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LHCb
• For  it’s necessary to distinguish between those 

reconstructed with  tracks in different sub-detectors


• Long-Long (LL) have hits in each tracking sub-
detector


• Down-Down (DD) are not seen in the VErtexLOcator 
(VELO)  slightly worse resolution

K0
S

π

⟹
PV

SV

𝑏 → 𝑐
𝑏 → 𝑋𝑙−

SV
𝑐 → 𝑠

same side

opposite side

𝑏

𝑏

𝐽/𝜓

𝐾∗0

𝑑

𝑑𝑢
𝜋+

𝑥

𝑙−

𝐾+

𝐵0

ℎ𝑏

SS pion
SS kaon (for 𝘉0𝘴 )

OS muon
OS electron

OS kaon

OS vertex charge

• Flavour tagging for final states independent of initial flavour 


• Difficult environment for it, results in a low effective tagging efficiency


• LHCb: 


• Belle II: , clean  environment 


•  tagging efficiency,  wrong tag fraction


• Same side (SS) - uses particles in the hadronisation of the B


• Other side (OS) - assume another b quark (fair) and use its decay

ϵeff ≡ ϵ(1 − 2ω)2 ∼ 4 − 8 %

ϵeff ∼ 30 % e+e−

ϵ ω

19



Aidan Wiederhold University of Manchester

BPGGSZ Parameter Definitions

• 


• 


• 


• Where


•   is the 5-dimensional phase-space coordinate


•  is the detection efficiency profile

Fi =
!

i
dΦη(Φ) |AD0 |2

! dΦη(Φ) |AD0 |2

ci =
!

i
dΦ |AD0 | |AD̄0 |cos(ΔδD)

!
i
dΦ |AD0 |2 !

i
dΦ |AD̄0 |2

si =
!

i
dΦ |AD0 | |AD̄0 |sin(ΔδD)

!
i
dΦ |AD0 |2 !

i
dΦ |AD̄0 |2

Φ

η(Φ)
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Backgrounds in the BPGGSZ  fitCP
• Mass range cut  to reduce partially reconstructed 

backgrounds


• Relative yields to each other are fixed - total yield floats


• Combinatorial yield is free in each bin


•  - fix distribution across bins to  (inverse of signal)


•  is uniform in the  phase-space  
proportional to bin size


• Charmless distribution inferred from -mass sidebands

> 5150 MeV/c2

B0
s → D0K−π+ F±i

D → K−π+π−π+π0 D → K+K−π+π− ⟹

D
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 from (phase-space integrated)  decaysγ D
• For any  final state can measure the charge asymmetry


• 


• For 2-body modes can also measure ratios such as


•  for 


•  for  modes,  and 


• These extend fairly simply to 4-body modes, multiply interference terms by


•  :  fraction


•  : coherence factor - to account for resonances


• This was utilised in a previous analysis of , 

D

Γ(B− → f ) − Γ(B+ → f )
Γ(B− → f ) + Γ(B+ → f )

Γ(B− → DX, D → f ) + Γ(B+ → DX, D → f )
Γ(B− → DX, D → f ) + Γ(B+ → DX, D → f )

D → K±π∓

Γ(B− → DCPX) + Γ(B+ → DCPX)
Γ(B− → DX) + Γ(B+ → DX)

CP-even D → π+π− D → K+K−

D → π+π−π+π− CP-even

D → K±π∓π+π−

D → K+K−π+π− D → π+π−π+π−

“Difference in peak heights”

22
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Separate  results for  γ B+ → Dh+, D → h′￼+h′￼−π+π−

• Phase-space binned  LHCb-PAPER-2025-019 


• Phase-space integrated   Eur. Phys. J. C (2023) 83:547

γ = (53.9+9.5
−8.9)

∘

γ = (116+12
−14)

∘

https://lbfence.cern.ch/alcm/public/analysis/full-details/3993
https://doi.org/10.1140/epjc/s10052-023-11560-5
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Time dependent parameters
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Combination updates

25

Beauty measurements in the combination

Charm measurements in the combination

LHCb-CONF-2024-004

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2024-004.html
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Combination updates

26

LHCb-CONF-2024-004

Combination results for Beauty and Charm parameters of interest

Auxiliary inputs to the combination

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2024-004.html
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A matter of time

• Some small tension between time 
dependent and time integrated 
measurements


• Clearly need to push harder on time 
dependent analyses to get this 
uncertainty down


• Look forwards to Run 3 
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2024 LHCb  combination for time dependent and 
time  integrated analyses
γ

LHCb-CONF-2024-004

https://lbfence.cern.ch/alcm/public/analysis/full-details/1795

