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CPV measurements at LHCb*

 
- very subjective choice of measurements,
- mostly old results, 
- also addressing experimental challenges.

1. A few words on the trigger 
2. Direct CPV
3. Time-dependent CPV

*
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The LHCb experiment
● Records LHC proton-proton collisions (and sometimes heavy ion)

– Run 1: 3 fb−1 (7 and 8 TeV), 
Run 2: 6 fb−1 (13 TeV)

– Run 3+4: Around 50 fb−1 planned (13-14 TeV)

● Forward spectrometer:
– 45 kHz bb pairs and

1 MHz cc pairs
Collision point
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The challenge to collect charm (Run 2)*

● Assume 5% efficiency of full trigger selection chain
● Event size 70 kB (raw detector information)

→ Charm bandwidth = 1 MHz * 0.05 * 70 kB  = 3.5 GB/s
● Limit to tape storage 1 GB/s

→ Cannot write out full information of all signal events, 
even with a pure trigger

*My own very rough estimates

~1 MHz cc pairs!
O(1013) cc pairs in LHCb in Run 2
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Turbo stream in Run 2
● Persist reconstructed objects in trigger, discard raw 

information
● Analysts choose what to persist

– Up to factor 10 reduction of event size
● More events at same bandwidth → more physics

(you will see later, why this was important)
● Big success story

– 2/3 of triggered events persist raw detector 
information,

– 1/3 of triggered events go to Turbo stream 
(almost all charm), bandwidth 100 MB/s

10 kB

arxiv.org:1604.05596
arxiv.org:1903.01360

https://arxiv.org/abs/1604.05596
https://arxiv.org/abs/1903.01360
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LHCb Upgrade I
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● Instantaneous luminosity 5 times higher
● No hardware trigger → better efficiency → but allowed output bandwidth does not scale

● Charm physics has been pushing the boundaries experimentally (theoretically?), 
beauty just follows ;) 

LHCb Upgrade in 2022

Also Beauty physics 
partially in Turbo

Charm physics
in Turbo

Geld

CERN-LHCC-2018-014
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Direct CP violation in two-body charm decays
● Singly Cabibbo-suppressed decays:

● Observable:

● Expectation:

– See the previous weeks.

and
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Flavour tagging and data samples (Run 2)

44 Million 14 Million

9 Million

3 Million

Sub-per mille precision!

LHCb-PAPER-2019-006

Run 3: trigger advantage 
of muons reduces further.
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Measured asymmetries

● LHC collides protons
→ Different production rate
of D/B and D/B mesons

● LHCb not perfect
→ Different detection efficiencies
for positive and negative
particles

● Asymmetries small (order 1%) but we are
also insanely precise Polarity switchable.
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Measured quantity: ΔACP  (prompt)

CP asymmetry Detection
asymmetry

Production
asymmetry

Measured
asymmetry:

Experimentally 
more robust:
(and potentially 
enhanced signal)

Assumption: Detection and production asymmetry cancel.
→ Lot of work goes into that.
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Results
● Full Run 2 result:

● Full Run 1 result:

● All results compatible → combined result:

LHCb-PAPER-2019-006

Significance 5.3 sigma.
Potentially wouldn’t have happened without improved Run 2 trigger.

Comment:
Prompt + SL can somewhat 
cross-check each other but 
confirmation by Belle 2 
would be welcome. 
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Outlook individual asymmetries Acp(KK)
● Want to test individual asymmetries to test 

potential relations between them
● See discussions in the last weeks

– e.g. SU(3)F symmetry:

– ππ-KK rescattering, 
Patricia Magalheas et al, arXiv:2203.04056 LCSR [Khodjamirian, Petrov ’17, 

Chala Lenz Rusov Scholtz ’19]

FSI estimates [Buccella Paul Santorelli ’19]

SU(3) + penguin QCDF [Cheng Chiang ’19]

Plot by L. Dufour
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Outlook individual asymmetries Acp(KK)
● Problem, how to get rid of experimental asymmetries?

● Solution: remove some, add some, and repeat

● Run 2: Additionally use Ds+ decays → expected sensitivity 6 x 10^-4
We can calculate that!
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Run 2 projection

● Could start to see first non-zero individual asymmetries and deviations from predictions.
● More data essential.

Plot by L. 
Dufour
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Discussion direct CPV
● Warning from Laurent: Calibration modes of different measurements could be the 

same. Be aware of correlations in the future.
● Did not discuss the many direct CPV measurements by LHCb (also with neutrals in 

final state). No other sign of CP violation yet.
→ More data needed.

● Anything else?
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Time-dependent CP violation

● CP violation in mixing or in interference of mixing and decay

● CP violation parameters:                            Mixing parameters:

phi to good approximation independent of final state in charm decays
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Search for time-dependent CP violation in D0→h+h-
● Time-dependent asymmetry between D0 and D0 measured in decays to CP 

eigenstates π−π+ , K−K+

● Observable connected to mixing and CPV parameters as

● Also needed for interpretation of time-integrated asymmetries.

LHCb-PAPER-2020-045

Very small mixing

(Used in previous 
measurements)
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Detection asymmetries

● Correlation between decay-time and momentum induced 
by trigger requirements → fakes time-dependent CPV

● Control mode Cabibbo-favoured D0 → K−π+, 
519 M decays.

● Weighting to equalise kinematics

Impact
parameter

high times
low times

LHCb-PAPER-2020-045 
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Results
● Asymmetries determined by fits of D0π+ mass 

distributions in bins of decay time.
● Largest systematic uncertainty from backgrounds in 

D0 mass peaking in D0π+ mass.

Run 2 only:

All LHCb measurements combined:

No sign of CPV yet.

58 M 
decays

18 M 
decays

LHCb-PAPER-2020-045
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Measurement of charm mixing
● Study mixing with D0 → K-pi+ and D0→hh 

– D0 → K- pi+ CP mixed state
●  

Slides from CERN seminar,
G. Pietrzyk
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Slides from CERN seminar,
G. Pietrzyk
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Measurement principle

● Fit ratio of yields of KK (ππ) and Kπ in bins 
of decay-time

● Correct with know D0 lifetime
● Control of relative efficiency necessary
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Controlling efficiencies 

● Decays have different opening angles and 
different efficiencies.

● Cut on D0 decay time in trigger
→ less efficient (44 versus 18 Million KK events) 
in first software trigger stage but bias straight forward.

● Additionally weightings to equalise kinematics 

Impact
parameter

Impact
parameter
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Results

4 times more precise than previous 
world average.
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                                  multibody decay  
LHCb-PAPER-2019-001

● 31 Million D* → D0(→Ks ππ)π decays, 
→ 30 times more D* than in Run 1 (3 fb-1)

● Final state characterised by two variables

● Studying evolution of Dalitz plot as function of 
decay-time allows to measure mixing and CPV. 

Dalitz plot
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Measurement with “Binflip” method

● Method more sensitive to x than y.

Slopes also depend on 
strong phase differences 
measured by CLEO, BESIII. 

+b

-b

Phys. Rev. D99 (2019) 012007

7

CLEO, Phys.Rev.D82:112006,2010
BESIII, Phys. Rev. D 101, 112002 (2020) 

Without CPV:

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012007


29/03/2022 S. Stahl, #charmingclues 27

● Ratios measured separately for D0 and D0bar mesons to be sensitive to CP violation.

● Two mixing and two parameters for CP violation describing the differences in 
“slopes” for D0 and D0bar.

● Parameters xCP, yCP equal x and y in case of CP symmetry.
● Parametrisation behaves better in fit and potentially easier theoretical interpretation.

Full measurement including CP violation

Kagan, Silvestrini,
Phys. Rev. D 103, 053008 (2021)
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Decay-time acceptance
● Stringent requirements in trigger to suppress prompt tracks.
● Requirements correlate Dalitz-plot coordinate with decay-time 

acceptance.
● Effect most pronounced in two pion invariant mass 

(diagonal in Dalitz plot)
● Dalitz-plot binning too coarse for full cancellation of variations in ratios, 

mimics time-dependent variation of strong phases.

→ Bias in mixing measurement (if not corrected)  
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● Can fake mixing.
● Effect (mostly) symmetric in Dalitz plot

Plots by Nathan
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Acceptance correction
● Absolute efficiencies not needed due to ratios.
● Oscillations move events from one side of the 

diagonal to the other.
● Define small regions symmetrically across

the diagonal.
– Calculate efficiency relative to phase-space 

integrated distribution on data.
– Align decay-time distributions across all these 

regions (50% correction at low decay times).
● 1% correction due to y and hadronic phases 

accounted for in mixing fit, no effect due to x.
● Method validated with pseudoexperiments.
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Systematic uncertainties

● Systematic uncertainties from pseudoexperiments
– Largest systematic efficiency correlations
– Secondary charm from B hadrons with 

wrong measurement of decay-time.
– Effect of time-dependent detection 

asymmetry not explicitly accounted for.
● Contribution from strong phases externally 

measured attributed to statistical uncertainty, 
about 20%.
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Comment on strong phase inputs

Run 1

Run 2

Run 3+4

BESIII results not yet 
available when table 
was made. At the 
moment, CLEO and 
BESIII with similar 
impact.

Correlated DD pairs will stay important and become more important. 
Model-dependent amplitude analysis ongoing.
Or we need to find other ways to constrain strong phases (Tim E’s talk).
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Mixing fit
● χ2 fit to determine mixing and CPV 

parameters
● Effect of mixing clearly visible.
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Mixing fit
● χ2 fit to determine mixing and CPV 

parameters
● Effect of mixing clearly visible.
● Significant normalized mass difference x 

needed to describe data.
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Mixing fit
● χ2 fit to determine mixing and CPV 

parameters
● Effect of mixing clearly visible.
● Significant normalized mass difference x 

needed to describe data.



29/03/2022 S. Stahl, #charmingclues 36

CP violation fit

● Measurement consistent with CP 
asymmetry.
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x, y, q/p and ϕ
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Combination with other measurements
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Combination with other measurements
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HFLAV

When are we 
cautiously excited?
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More discussion

● Do we need to measure x and y more precisely? Does this give us more insight?
● What about time-dependent CP violation? Discovery potential?
● What else?



29/03/2022 S. Stahl, #charmingclues 42

Backup
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