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Status and plans

LHCb v1:
    - 2010-2012 - Run 1, 7/8 TeV
    - 2015-2018 - Run 2, 13 TeV

you are hereupgrade 1 installation

upgrade 2 installation
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Status

• 3 fb−1 at 7/8TeV in Run 1

• 6 fb−1 at 13TeV in Run 2
• b-hadron cross-section

roughly doubled

• Already double data set in
Run 3!

• 11.8 fb−1 in 2024 and 2025
(so far)

• Aiming for
∫
L ∼ 50 fb−1 by

end of Run 4
• Collected entire Run 1+2

data set again in 2024
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Upgrade 1
LRun 2 ∼ 0.4× 1033 cm−2 s−1 → LRun 3 ∼ 2× 1033 cm−2 s−1

SciFi

New tracking: SciFi

and silicon strips

New RICH PMTs/

electronics

UT

New VELO

pixels

New muon

electronics

New CALO

electronics

- No hardware trigger
- Software HLT (GPU and CPU)
- Online al gi nment and calibration
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[JINST 19 (2024) P06065]

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05065


Upgrade 1

Excellent performance in 2024:

• Good momentum resolution →
invariant mass resolution

• Low background rates

Clear benefit from hardware trigger removal:

• Improved HLT1 efficiency at low pT
• Low pT objects can be retained in more
complex HLT2 selections
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[LHCb-FIGURE-2024-021]
[LHCb-FIGURE-2024-030]

https://lbfence.cern.ch/alcm/public/figure/details/3999
https://lbfence.cern.ch/alcm/public/figure/details/3837


First Run 3 analysis
Measurement of charm meson production asymmetries:

• Double-differential in η − pT(D)

• For D0, D+, and D+
s

• Using a mix of 2022 and 2023 data
• First measurement at

√
s = 13.6TeV

• Without UT, 2023 with VELO retracted
• Small samples: 15 pb−1 (D+), 41 pb−1 (D+

s ), 177 pb
−1 (D0)

• Nuisance asymmetries determined with data control modes → no simulation
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[arXiv:2505.14494]

[See Francesco’s presentation
for details]

https://arxiv.org/abs/2505.14494
https://conference.ippp.dur.ac.uk/event/1371/contributions/8410/
https://conference.ippp.dur.ac.uk/event/1371/contributions/8410/


First Run 3 analysis

Comparatively precise results, even with a small
sample - Gain in selection efficiency!

Aprod(D
0) = (0.07± 0.26(stat)± 0.10(syst))%,

Aprod(D
+) = (−0.33± 0.29(stat)± 0.14(syst))%,

Aprod(D
+
s ) = (0.18± 0.26(stat)± 0.08(syst))%

compared to 1 fb−1 7TeV (2011) results:

Aprod(D
+) = (−0.96± 0.26(stat)± 0.18(syst))%,

Aprod(D
+
s ) = (−0.33± 0.22(stat)± 0.10(syst))%
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[arXiv:2505.14494]

https://arxiv.org/abs/2505.14494


Cabibbo - Kobayashi - Maskawa matrix
Governs quark flavour changing interactions. It is a 3× 3 matrix - 3 real parameters, 1
phase. Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


If we impose unitarity, V †V = I ∑

k

V ∗
ikVjk = 0

For CP violation only consider three triangles with complex parts in (Vtd , Vub):

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = O(λ) +O(λ) +O(λ5)η = 0

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = O(λ4)η +O(λ2) +O(λ2) = 0

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = O(λ3)η +O(λ3) +O(λ3)η = 0
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Unitarity triangle

sin 2α = ℑ
(
V ∗
tbVtdV

∗
udVub

VtbV
∗
tdVudV

∗
ub

)
sin 2γ = ℑ

(
V ∗
cbVcdV

∗
udVub

VcbV
∗
cdVudV

∗
ub

)
sin 2β = ℑ

(
V ∗
cbVcdV

∗
tdVtb

VcbV
∗
cdVtdV

∗
tb

)

• Is the triangle a triangle?

• Are different determinations
consistent?
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Unitarity triangle
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[EPJC 41 (2005) 1]

http://ckmfitter.in2p3.fr/www/html/ckm_main.html


Measure γ: B0
s → D∓

s K
±

• CP-violation in interference between mixing and decay
• Similar decay amplitudes:

rDsK =
|A(B0

s → D+
s K−)|

|A(B0
s → D+

s K−)| ≈ 0.4

• A strong phase difference between decay amplitudes δ
• Two weak phases: γ from V ∗

ub and βs from B0
s mixing 12 / 34

[JHEP 03 (2025) 139]

https://link.springer.com/article/10.1007/JHEP03(2025)139


Measure γ: B0
s → D∓

s K
±

dΓB0
s →f (t)

dt
=

1

2
|Af |2(1 + |λf |2)e−Γs t

[
cosh

(
∆Γst

2

)
+ A∆Γ

f sinh

(
∆Γst

2

)
+ Cf cos (∆mst)− Sf sin (∆mst)

]
,

dΓB0
s→f (t)

dt
=

1

2
|Af |2

∣∣∣∣pq
∣∣∣∣2 (1 + |λf |2)e−Γs t

[
cosh

(
∆Γst

2

)
+ A∆Γ

f sinh

(
∆Γst

2

)
− Cf cos (∆mst) + Sf sin (∆mst)

]
,

where
∣∣∣ pq ∣∣∣ = 1 (no CPV in B0

s mixing), |λf | =
∣∣∣ 1
λf̄

∣∣∣ (no CPV in this decay) and

Cf =
1− r 2DsK

1 + r 2DsK

,

A∆Γ
f =

−2rDsK cos(δ − (γ − 2βs))

1 + r 2DsK

, A∆Γ
f̄ =

−2rDsK cos(δ + (γ − 2βs))

1 + r 2DsK

,

Sf =
2rDsK sin(δ − (γ − 2βs))

1 + r 2DsK

, Sf̄ =
−2rDsK sin(δ + (γ − 2βs))

1 + r 2DsK

.
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[JHEP 03 (2025) 139]

https://link.springer.com/article/10.1007/JHEP03(2025)139


Measure γ: B0
s → D∓

s K
±

• Full Run 2 LHCb data set: 6 fb−1

• Follows on from Run 1 analysis [JHEP 03 (2018) 059]

• Reconstruct D−
s in 5 final states: K−π+π−, π+π−π−, ϕπ−. K ∗0K−, K−K+π−

• Fit bkg subtracted decay time distributions of B0
s and B0

s to the same final state
• 2D fit (mD−

s K ) and m(h+h−h+) and calculate sWeights
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[JHEP 03 (2025) 139]

https://link.springer.com/article/10.1007/JHEP03(2018)059
https://link.springer.com/article/10.1007/JHEP03(2025)139


Measure γ: B0
s → D∓

s K
±

Fit the decay-time distribution and extract CPV
observables

• Tag the initial B0
s flavour [JINST 11 (2016) 05]

[JINST 10 (2015) 10] [EPJC 72 (2012) 2022]
• Tagging power of (6.10± 0.15)%

• Correct for the detector and selection decay-time
acceptance

• Determined from B0
s → D−

s π+ data and
corrected to B0

s → D−
s K+ with simulation

• Model decay-time resolution and bias using
per-event vertex fit uncertainty

• Calibrated with sample of D−
s K+, where both

D−
s and K+ originate from the PV
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[JHEP 03 (2025) 139]

https://inspirehep.net/literature/1423074
https://inspirehep.net/literature/1385321
https://inspirehep.net/literature/1090061
https://link.springer.com/article/10.1007/JHEP03(2025)139


Measure γ: B0
s → D∓

s K
±

Run 2 results:

rDsK = 0.327+0.039
−0.037

δ = (346.9+6.8
−6.6)

◦

γ = (74± 12)◦

Combined with Run 1 analysis:

rDsK = 0.318+0.034
−0.033

δ = (347.6± 6.3)◦

γ = (74+12
−11)

◦
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[JHEP 03 (2025) 139]

https://link.springer.com/article/10.1007/JHEP03(2025)139


Measure γ: B− → DK ∗−

• Weak phase of γ between the two diagrams

• Strong phase of δ between the two diagrams

• Amplitude ratio rDK∗ ∼ 0.13 [PRD 91 (2015) 073007]
• Measure interference between amplitudes with common final states of the D

• (quasi-) CP eigenstates: K+K−, π+π−, π+π−π+π−

• Self-conjugate KSK
+K−, KSπ

+π−

• Non self-conjugate decays:
• OS kaon wrt B−: K+ π−, K+ π− π+π−. Cabibbo suppressed
• SS kaon wrt B−: K− π+, K− π+ π+π−. Cabibbo favoured
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[JHEP 02 (2025) 113]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007
https://link.springer.com/article/10.1007/JHEP02(2025)113


Measure γ: B− → DK ∗−

Full LHCb Run 1 + Run 2 data set: 9 fb−1

• Extract yields from invariant mass fits
• Separate for B+ and B−

• Correct asymmetries for known
production ([JHEP 04 (2021) 081]) and
detection asymmetries
([PRD 95 (2017) 052005])

• Extract γ from asymmetries

D decay mode B− B+

Kπ 2656± 55 2844± 57
KK 366± 20 274± 18
ππ 121± 13 63± 10
πK 5± 4 35± 7

Kπππ 1665± 44 1783± 45
ππππ 160± 14 149± 14
πKππ 13± 5 18± 5
K 0

S ππ 279± 18 268± 18
K 0

SKK 29± 6 40± 7
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[JHEP 02 (2025) 113]

https://link.springer.com/article/10.1007/JHEP04(2021)081
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.052005
https://link.springer.com/article/10.1007/JHEP02(2025)113


Measure γ: B− → DK ∗−

First observation of the suppressed modes B± → [π±K∓]DK ∗± and
B± → [π±K∓π+π−]DK ∗±
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[JHEP 02 (2025) 113]

https://link.springer.com/article/10.1007/JHEP02(2025)113


Measure γ: B− → DK ∗−

Combine CP asymmetries with
external inputs:

• D decay parameters
[LHCb-CONF-2022-003],
[JHEP 05 (2021) 164]

• CP even fraction of
D → π+π−π+π−

[PRD 106 (2022) 092004]

γ = (63± 13)◦

rDK∗ = 0.103± 0.010

δDK∗ = (47+14
−12)

◦
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[JHEP 02 (2025) 113]

https://cds.cern.ch/record/2838029?ln=en
https://link.springer.com/article/10.1007/JHEP05(2021)164
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092004
https://link.springer.com/article/10.1007/JHEP02(2025)113


LHCb γ combination
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γLHCb = (64.6± 2.8)◦

γUTfit = (64.9± 1.4)◦ [JHEP 10 (2006) 081]
γCKMfitter = (66.0+0.7

−1.9)
◦ [Eur. Phys. J. C41, 1-131 (2005)]
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[LHCb-CONF-2024-004]

http://www.utfit.org/UTfit/
http://ckmfitter.in2p3.fr/
https://cds.cern.ch/record/2905625?ln=en


First observation of CPV in baryons
• CP violation is well established in meson decays

• Sizeable asymmetries observed in B → hh′ or multibody B decays
• Changing strong phases around resonances enhances observable CP violation in

particular phase-space regions
• CP violation in baryons only observed recently; Λb → pK−π+π−
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[Nature (2025)]

https://www.nature.com/articles/s41586-025-09119-3


First observation of CPV in baryons

ACP = (2.45± 0.46± 0.10)%

• 5.2σ significance - First observation!

• Split final state into resonance regions
for CPV enhancement

• N∗+ → pπ+π−, N∗0 → pπ−

• Λ → pK−

• K∗− → K−π+π−, K∗0 → K−π+,
ρ → π+π−

Decay topology Mass region (GeV/c2) ACP

Λb → R(pK−)R(π+π−)
mpK− < 2.2

(5.3± 1.3± 0.2)%
mπ+π− < 1.1

Λb → R(pπ−)R(K−π+)
mpπ− < 1.7

(2.7± 0.8± 0.1)%0.8 < mπ+K− < 1.0
or 1.1 < mπ+K− < 1.6

Λb → R(pπ+π−)K− mpπ+π− < 2.7 (5.4± 0.9± 0.1)%

Λb → R(K−π+π−)p mK−π+π− < 2.0 (2.0± 1.2± 0.3)%
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[Nature (2025)]

https://www.nature.com/articles/s41586-025-09119-3


CPV in charm
• Direct CP violation in charm well

established
• ∆ACP non-zero with > 5σ

[PRL 122 (2019) 211803]
• 3.8σ evidence in a single channel

(D0 → π+π−)
[PRL 131 (2023) 091802]
[LHCb-CONF-2024-004]

• Search for CP-violation in mixing with
“double-tagged” wrong-sign decays

• B → D∗+µ−νµX , D∗+ → D0π+,
D0 → Kπ

• Measure time-dependent ratio of
D0 → K+π− / D0 → K−π+

No evidence for CP-violation in mixing or
D → Kπ decay

3

4

5

(r
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+
r−
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2
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3 ]
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[JHEP 03 (2025) 149]

https://doi.org/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://cds.cern.ch/record/2905625
https://link.springer.com/article/10.1007/JHEP03(2025)149


CPV in charm: D0 → K 0
SK

0
S

• Branching fraction is small:
(1.41± 0.05)× 10−4 [PDG]

• SM CP violation ACP <∼ 1%
[PRD 92 (2015) 054036][PRD 111 (2025) 035023]

CharmFitter - [JHEP 03 (2022) 162]

−40 −20 0 20 40 60
ACP(D0→ K0

SK0
S) [%]

CLEO
[PRD 63 (2001) 071101]
–23 ± 19
LHCb 2015
[JHEP 10 (2015) 055]
–2.9 ± 5.2 ± 2.2
LHCb 2021
[PRD 104 (2021) 031102]
–3.10 ± 1.20 ± 0.40 ± 0.20
CMS
[EPJC 84 (2024) 1264]
+6.20 ± 3.00 ± 0.20 ± 0.80
Belle + Belle II 2025
[arXiv:2504.15881]
–0.60 ± 1.10 ± 0.10

World average 2025
–1.21 ± 0.77 ± 0.19
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https://pdglive.lbl.gov/Particle.action?init=0&node=S032&home=MXXX035
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.035023


CPV in charm: D0 → K 0
SK

0
S

Previous LHCb effort with Run 2 data (6 fb−1): [PRD 104 (2021) L031102]

ACP(D
0 → K 0

SK
0
S ) = (−3.1± 1.2± 0.4± 0.2)%

New update with 2024 data set: 6.2 fb−1

• Analyse “easiest” K 0
S candidates decaying in VELO

• Best mass resolution
• K 0

S decaying downstream will be included in follow up analysis

• Improved online selection:
• Previously required energy in CALO and some basic track features
• Now we reconstruct the event online → select K 0

S candidates in the initial selection
stage!
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LHCB-PAPER-2025-036
(in preparation)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102


CPV in charm
Method:

• Tag D0 flavour with
D∗+ → D0π+

• Multivariate analysis for bkg
suppression → split data into
two purity bins

• 3D fit of ∆m =
m(K 0

SK
0
S π

+)−m(K 0
SK

0
S ) ;

m(π+π−)1 ; m(π+π−)2 to
extract signal yields

• Use similar D0 → K 0
S π

+π−

control mode to correct
production and detection
asymmetries
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LHCB-PAPER-2025-036
(in preparation)



CPV in charm

• Total signal yield: 15, 676± 229
• Compare to 8,102 from full Run 2 data

• Of which 5,444 match the
requirements of this analysis (decay in
VELO, originate in PV)

• Record luminosity quicker in Run 3

• Record more signal per fb−1

ACP(D
0 → K 0

SK
0
S )LHCb2025 = (1.86± 1.04± 0.38)%
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LHCB-PAPER-2025-036
(in preparation)



Upgrade II
LU1 ∼ 2× 1033 cm−2 s−1 → LU2 ∼ 1.5× 1034 cm−2 s−1

• For installation in LS4
(2034-2035)

• Take advantage of HL-LHC

• Aiming for
∫
L ∼ 300 fb−1

• Reminder from Upgrade 1:∫
L ∼ 50 fb−1

• New detector technologies
required

• High granularity, radiation
hard

• Timing
• TDRs due in 2026

[LHCb-PUB-2018-027]
[LHCb-TDR-026]
[LHCb-TDR-023]

LH
C
b-
PU

B-
20

18
-0
09

28
/0

5/
20

18

TDR
Framework

Technical Design Report

CERN/LHCC 2021-012

LHCb TDR 23

24 February 2022

UPGRADE II
LHCb
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https://inspirehep.net/files/a5b0ff820d7f7f6938aeebd5ed176798
https://cds.cern.ch/record/2903094/files/LHCB-TDR-026.pdf
https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf


Events to expect

From [RevModPhys 94 (2022) 015003](based on [PTEP 12 (2019) 123C01],
[EPJC 74 (2014) 3026], [LHCb-PUB-2019-001])

Large samples of all hadron species
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
http://dx.doi.org/10.1093/ptep/ptz106
http://dx.doi.org/%2010.1140/epjc/s10052-014-3026-9
https://cds.cern.ch/record/2653011


What it means - unitarity triangle
2011 2023

Run 3 (LHCb only) Run 5 (LHCb only)
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[LHCb-PUB-2018-027]
[EPJC 41 (2005) 1]

https://inspirehep.net/files/a5b0ff820d7f7f6938aeebd5ed176798
http://ckmfitter.in2p3.fr/www/html/ckm_main.html


Charm physics
Enormous D∗+ → D0π+ tagged charm yields. i.e for time-dependent CP-violation AΓ:

O(10−5) precision, testing the SM
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[LHCb-PUB-2018-027]

https://inspirehep.net/files/a5b0ff820d7f7f6938aeebd5ed176798


Conclusion

• LHCb is in the midst of Run 3 data taking
• The detector and data acquisition is in excellent shape, with an abundant harvest
• The first physics analyses of Run 3 are appearing

• Run 1+2 analyses are being finalised
• Some high profile results still expected

• The second upgrade is already being planned
• Significant technical challenges - design choices being made
• Expect that systematics will continue to be controlled
• Fully exploit the statistical power of HL-LHC for flavour
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The End
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