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Biased choice of measurements
+ one measurement published today!

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html
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CP violation in charm decays

● Charm quark of up-type: 
Complementary to kaon and B systems

● No CP violation observed yet

● CP violation in Standard Model suppressed:
– Powerful probe to effects beyond 

Standard Model
– Predictions difficult due to long-range 

effects

● High charm production rate in proton-proton collisions

u  c  t
d  s  b
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The LHCb experiment

● Records LHC proton-proton collisions
– Run 1 3 fb−1 (7 and 8 TeV), 

Run 2 6 fb−1 (13 TeV)
● b and c quarks produced in pairs

– Predominantly in forward direction
● Coverage 2<η<5:

– Boosted pairs
– 45 kHz bb pairs and

1 MHz cc pairs
Collision point
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The challenge to collect charm*

● Assume 10 (5) % efficiency of full trigger selection chain
● Event size 70 kB
● → Beauty bandwidth = 45 kHz * 0.1 * 70 kB   = 0.32 GB/s,

      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 very pure trigger

*very rough estimates

~1 MHz cc pairs!
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Turbo stream in Run 2

● Persist reconstructed objects, discard raw information
● Analysts choose what to persist

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

– 2/3 of triggered events persist raw detector information,
1/3 of triggered events go to Turbo stream (almost all charm)

70 kB10 kB

CERN-LHCb-DP-2019-002
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Some advertisement for LHCb people:
A lot of (exciting) work to prepare 

the trigger for Run 3.
Feel free to get in contact with me or Stephie. 

https://twiki.cern.ch/twiki/bin/viewauth/LHCb/RealTimeAnalysis

https://twiki.cern.ch/twiki/bin/viewauth/LHCb/RealTimeAnalysis
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Two charm samples at LHCb

Prompt produced charm:

● (Slow) pion charge tags flavour
● Unambiguous tag due to 

full D* reconstruction
● Hardware trigger: 40% triggered by 

D, 60% parasitically
● Higher statistics

Semileptonic B decays:

● Muon charge tags flavour
● B partially reconstructed
● Hardware trigger: High muon 

trigger efficiency
● Cross-checks and some other 

advantages
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Two-body modes

Cabibbo-
favoured

Cabibbo-
suppressed

Cabibbo-
suppressed

Doubly-
Cabibbo-
suppressed
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Two-body modes

Run 1 + 2015 + 2016 (Run 2 Turbo)

177 Million 0.07 Million

Phys. Rev. D 97 (2018) 031101
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Two-body modes

44 Million
(Run 1 7.7)

14 Million
(2.5)

9 Million
(2.2)

3 Million
(0.77)

Full Run 2 data set, only Turbo

Prompt

Semileptonic

2 – 3 more yield per fb-1 in Run 2

LHCb-PAPER-2019-006
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A lot of charm!

What do we measure?

What are the experimental challenges?
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Neutral meson mixing
● Mass eigenstates unequal flavour eigenstates:

● Mixing parameters:

● CPV parameters:

CPT:

Weak phase + 
strong phase
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Time evolution of different mesons
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Time evolution of flavour states
● Time evolution of initially produced D0, D0 meson

● Mixing parameters small for D0 mesons
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Measurement of D mixing

CF

CF
mix

wrong sign (WS)

right sign (RS)

● Cabibbo-favoured D0→K−π+
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Measurement of D mixing

CF

CF

DCS

DCS

mix

● Cabibbo-favoured D0→K−π+ and 
doubly-Cabibbo-suppressed D0→π−K+ decays

wrong sign (WS)

right sign (RS)
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Measurement of D mixing

CF

CF

DCS

DCS

mix

● Cabibbo-favoured D0→K−π+ and 
doubly-Cabibbo-suppressed D0→π−K+ decays

(interference) (mixing)
(strong 
phase)

wrong sign (WS)

right sign (RS)



S. Stahl, 21/03/19 Experimental status of charm physics 19

Observed ratios

● Tight displacement cuts (in trigger) to reject background
● Detection efficiencies cancel in ratio of wrong sign over right sign

Impact
parameter
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Measurement of mixing and CP violation

Direct CP violation
CP violation in mixing and interference
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Charged-kaon detection asymmetry

● Charged kaons have to traverse full tracking system to be 
reconstructed

● Different absorption rate for 
positive and negative kaons

→  Expected asymmetry about 1%

Deuterium cross-sections

LHCb-PUB-2018-004



S. Stahl, 21/03/19 Experimental status of charm physics 22

Charged-kaon detection asymmetry

● Charged kaons have to traverse full tracking system to be 
reconstructed

● Different absorption rate for 
positive and negative kaons

LHCb-PUB-2018-004
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Measurement of mixing and CP violation

Direct CP violation CP violation in mixing and interference
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Results
Run 1 + 2015 + 2016

Phys. Rev. D 97 (2018) 031101
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Results
Phys. Rev. D 97 (2018) 031101
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CP asymmetry in mixing with D0→h−h+ 

● Two-body decays to CP-even eigenstates

→ Mixing and CPV changes 
effective decay width

and

mix

decaytime

sketch

Effective decay width: Decay 
constant when fitting a pure 
exponential to the decay time 
distribution.

S. Bergmann et al., 
Phys. Lett. B486 (2000) 418, 
arXiv:hep-ph/0005181.
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CP asymmetry in mixing with D0→h−h+ 

● Two-body decays to CP-even eigenstates

→ Mixing and CPV changes 
effective lifetime

and

mix

CP conservation implies:

S. Bergmann et al., 
Phys. Lett. B486 (2000) 418, 
arXiv:hep-ph/0005181.
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Measurement of yCP

● Two-body decays to CP-even eigenstates

● CP-mixed final state

● Measure width difference, calculate yCP from known lifetime

● Measure ratios of yields in decay-time bins
– Need correction of decay-time acceptance effects

Phys. Rev. Lett. 122 (2019) 011802
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Sample
● Analysis uses Run 1 Semileptonic sample
● Trigger on muon 
● Looser selection on D decay products

Phys. Rev. Lett. 122 (2019) 011802
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Lifetime acceptance
● Opening angle depends on masses of decay products

Phys. Rev. Lett. 122 (2019) 011802
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Lifetime acceptance
● Opening angle depends on masses of decay products

Acceptance ratios:

Phys. Rev. Lett. 122 (2019) 011802



S. Stahl, 21/03/19 Experimental status of charm physics 32

Robustness tests
● Tighter impact parameter 

requirements
● Different decay-modes

● Decay-width differences 
consistent with 0

● Biggest systematic from 
Monte Carlo statistics

Phys. Rev. Lett. 122 (2019) 011802
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Result of yCP measurement

As precise as previous 
world average.
No evidence for CP 
violation.

Phys. Rev. Lett. 122 (2019) 011802
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Asymmetry of effective decay widths
● Asymmetry between D0 and D0 effective decay widths

decaytime

sketch

Phys. Rev. Lett. 118, 261803 (2017)
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Asymmetry of effective decay widths
● Asymmetry between D0 and D0 effective decay widths

(LHCb Run 1 data)

Phys. Rev. Lett. 118, 261803 (2017)



S. Stahl, 21/03/19 Experimental status of charm physics 36

Multi-body decays

● Analysis with Run 1 data 
● 1.3 Million prompt decays
● 1 Million semileptonic decays

LHCb-PAPER-2019-001
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Dalitz plot and interference 

Multiple interfering amplitudes:

mix

LHCb-PAPER-2019-001
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Reminder WS method
● Remember WS method

● Here, strong phase varies in each 
point

● CLEO measured strong phases with 
correlated DD pairs in bins of Dalitz 
plot

(strong 
phase)

LHCb-PAPER-2019-001

Cabibbo 
favoured

Cabibbo 
suppresed
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Binflip method

● Measure ratios of yields in Dalitz bins 
b and -b in decay-time bins j

● External input from CLEO cb, sb

● Nuisance parameter rb

● Use binning which minimizes strong 
phase variations

Phys. Rev. D99 (2019) 012007

No CPV:
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Binflip method

● rb nuisance parameter
● Xb external input from CLEO

● Avoids modeling of D decay dynamics
● Cancellation of most acceptance effects

Phys. Rev. D99 (2019) 012007
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Binflip method – Expected Sensitivity

● CLEO uncertainties, marginal impact on precision for Run 1 
data set

● For future measurements, improved input from BESIII needed

Run 1

Hadronic parameters 
constrained (CLEO 
uncertainties)

Hadronic parameters fixed

Run 2

Phys. Rev. D99 (2019) 012007
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Dalitz-plot acceptance
Decay-time integrated:

Measured by CLEO:

Measured by LHCb:

Pseudo experiments: Negligible bias if appropriate selection and binning.

Phys. Rev. D99 (2019) 012007
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Dalitz-plot and decay-time acceptance
Decay-time integrated: Decay-time dependent:

LHCb-PAPER-2019-001



S. Stahl, 21/03/19 Experimental status of charm physics 44

Dalitz-plot and decay-time acceptance
Decay-time integrated: Decay-time dependent:

LHCb-PAPER-2019-001

(Uncorrected) correlation (m2(π+, π−), t) introduces bias in measurement.
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Dalitz-plot and decay-time acceptance
Decay-time integrated: Decay-time dependent:

● Correlation (m2(π+, π−), t) introduces bias in measurement
● Extract efficiency map from data, normalized to average decay-time 

distribution
● Assign per-candidate weight depending on (m2(π+, π−), t)
● Extensive pseudo-experiment studies to validate method

LHCb-PAPER-2019-001
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Dalitz-plot and decay-time acceptance
Decay-time integrated: Decay-time dependent:

● D’s from semileptonic decays show almost no correlation
● No correction applied
● Extensive pseudo-experiment studies to validate method

LHCb-PAPER-2019-001
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Mixing and CPV fit
LHCb-PAPER-2019-001
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Fit results

● Most precise measurement of x by a single experiment
● No sign of CP violation

LHCb-PAPER-2019-001
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Impact on world average

● Includes all measurements shown 
today

● Significantly improved limits on 
CPV parameters

● First evidence of non-zero x
… 30 times more data in Run 2

LHCb-PAPER-2019-001
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Direct CP violation

Measurement 
published

today!

LHCb-PAPER-2019-006
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Direct CP violation in two-body charm decays

● Singly Cabibbo-suppressed decays:

and

(d and s loop cancel)
● Observable:
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Two-body modes

44 Million 14 Million

9 Million

3 Million

Sub-per mille precision!

LHCb-PAPER-2019-006
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Measured quantity: ΔACP  (prompt)

CP asymmetry Detection
asymmetry

Production
asymmetry

Measured
asymmetry:

Experimentally 
more robust:

Assumption: Detection and production asymmetry cancel.

All of order 1% or below.
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Measured quantity: ΔACP  (SL)

CP asymmetry Detection
asymmetry

Production
asymmetry

Measured
asymmetry:

Experimentally 
more robust:

Assumption: Detection and production asymmetry cancel.

All of order 1% or below.

Different nuisance asymmetries in both modes. 
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ΔACP history in LHCb
Picture by A. Carbone
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Validity of the method
● Assumption: Cancellation of production and detection asymmetry in 

difference
– Asymmetries depend on kinematics

→ Residual asymmetries in difference
● Remember sub-per mille precision

B production 
asymmetry

LHCb

Rapidity

Observed distributions:

Eur.Phys.J. C17 
(2000) 137–161

LHCb-PAPER-2019-006
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Kinematic weighting

● Small differences in kinematics
● Weights assigned to each KK event:

● Production and detection 
asymmetries cancel in difference

● Effect on ΔACP  smaller than 10-4 

weight

LHCb-PAPER-2019-006
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Systematic uncertainties

3.2 8

Wrong tag due 
to random 
combination 
with muon.

Description of 
signal and 
background 
shape.

LHCb-PAPER-2019-006
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Robustness checks
● Remember sub-per mille precision.
● Detection asymmetries can change over time,  

CP asymmetries should not.
● Results compatible for different run periods and magnet 

polarities.

LHCb-PAPER-2019-006
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Robustness checks
● Remember sub-per mille precision.
● Detection asymmetries depend on kinematics,  

CP asymmetries should not.
● Huge number of tests

LHCb-PAPER-2019-006
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Results
● Full Run 2 result:

● Full Run 1 result:

● All results compatible → combined result:

LHCb-PAPER-2019-006
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Combined LHCb result

● The significance of the deviation 
from zero corresponds to 
5.3 standard deviations. 

● This is the first observation of 
CP violation in the decay 
of charm hadrons.

LHCb-PAPER-2019-006
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Interpretation of the results
● ΔACP  mostly sensitive to direct CP violation.

● Small contribution from indirect CP violation.

● Use average decay-times, their difference and the other results 
shown today:

LHCb-PAPER-2019-006
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HFLAV combination
[https://hflav.web.cern.ch]

HFLAV combination 
(dominated by LHCb):

Consistency with NO CPV
Hypothesis: 

https://hflav.web.cern.ch/
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Picture by A. Carbone
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Credits:
Slides inspired by:

”Charm physics at LHCb”,
Angelo Di Canto,

LHCb UK Student Meeting,
December 14th, 2015
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Picture by A. Carbone

ΔACP history in LHCb since today



S. Stahl, 21/03/19 Experimental status of charm physics 68

Picture by A. Carbone

ΔACP history in LHCb since today
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Systematic uncertainties 
LHCb-PAPER-2019-001
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Effect of direct CPV on CPV parameters
M Gersabeck et al. 
http://arxiv.org/abs/1111.6515v2
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One step further: ACP(K−K+)
● Similar strategy as ΔACP , just more complicated

● Cabibbo-favoured decays

● Charged kaon asymmetry from Cabibbo-favoured D+ decays 

(small)
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One step further: ACP(K−K+)
● Similar strategy as ΔACP , just more complicated

● Cabibbo-favoured decays

● Charged kaon asymmetry from Cabibbo-favoured D+ decays 

(small)

More challenging to control 
systematics due to detection efficiencies.
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Neutral kaon asymmetry
● Flavour of kaon at production defined

● At decay we measure ππ final state (almost pure       )
● Feature 1: Neutral Kaons mix and decay is CP violating
● Feature 2: Different matter interaction rates for 
● Feature 3: Both effects interfere Simplified 

geometry

Thesis, 
S. Stahl
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Neutral kaon asymmetry
● Formalism well known:

Mixing and Coherent scattering in 
material (regeneration)CP violation

Propagate particles step wise 
through material map. 
→ Extract expected asymmetry

LHCb-PUB-2018-004
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Neutral kaon asymmetry

● Model describes data well
● Assigned correction to LL sample

● DD only used to derived systematic
– effect much bigger JHEP07(2014)041, S. Stahl PhD thesis

VELO track

upstream track

T-track

long track

downstream track

\velo
\ttracker

T-stations

LHCb-PUB-2018-004
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Charm at LHCb (Run 2)

Huge event rates  → limited off-line storage.

~1 MHz cc pairs!

Signal (2016 data): 
284 million

Maximum ~800 MB/s

Signal (2016 data): 
157*10 million

Trigger output: Trigger output:
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Picture by A. Carbone

ΔACP history in LHCb since today
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