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Contamination from Ξc → Λc

• John Yelton noted that  has been roughly measured and  is expected to be of the same order


- LHCb measurement (PhysRevD.102.071101): 


- Prediction (https://arxiv.org/pdf/2111.14111.pdf): 

- https://belle.kek.jp/secured/belle_note/gn1621/BN_1621_openbox_v1.pdf


•  events


- At Belle II (208/fb)


•  events


•  events ~ 0.14%


- In 140/fb of Belle data (https://arxiv.org/pdf/hep-ex/0409065.pdf): approx.  events,  events


• Extrapolating to 208/fb:  events,  events
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Contamination from Ξc → Λc

• Signal efficiency (signal MC) = 12.2%

• Number of  in 1/ab generic MC =  (truth-matched)/0.122 =  events


• Assume 0.1% of  comes from ,  =  events


• Produced signal MC in batches of 10,000 events  overestimated by factor of 2


• Fits to 1/ab MC sample (true lifetime = 201.836 fs)

- Signal only without : 202.353  0.385 fs


- Signal only with : 202.489  0.384, difference = 0.136 fs


- Signal only with : 202.686  0.385, difference = 0.333 fs


• Fits to 100/fb MC sample

- Without  mass cut: 201.127  1.247 fs


- With  mass cut: 200.847  2.976 fs
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Contamination from Ξc → Λc
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• Combine  candidate with a  or  and save  candidate massΛ+
c π− π0 Ξc



• Combine  candidate with a  or  and save  candidate mass

- Signal efficiency ~90%

- Approximate uncertainty: 0.88 fs -> 0.93 fs (statistical) versus 0.69 fs -> 0.76 fs (systematic)

Λ+
c π− π0 Ξc

Contamination from Ξc → Λc
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With  mass cutsΞc With opposite  mass cutsΞc



All the details…



Introduction

• BSM searches rely on accurate theory descriptions with predictive  
tools like Heavy Quark Expansion (HQE)

- e.g. to determine decay widths of heavy hadrons

- Charm lifetimes sensitive to higher order contributions, provide 

stringent tests of theory


• This study: measure the  lifetime using the decay 

• Also provides an opportunity to test capability of Belle II for  

precision measurements

• Competitive measurement with existing data

• Uses tools from D0/D+ lifetime measurement (PRL 127 211801 2021)


• Samples

• Data: “Moriond 2022" ~208/fb (blinded) from HLT hadron skim

• MC: MC14ri_a,d (1/ab) (run-dependent samples not available)

• Signal MC for systematics

Λ+
c Λ+

c → pK−π+
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LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs



Event selection criteria

Software version: light-2104-poseidon

Lifetime fitting code: https://stash.desy.de/
projects/B2CHARM/repos/charm_lifetimes/
browse (lambdac_lifetime branch)


Selection criteria:

- Tracks must be in the CDC acceptance and 

have at least 20 CDC hits, at least one PXD 
hit, and a hit in the first layer of the SVD


- dr < 0.5 cm, |dz| < 2 cm (standard track cuts)

- Vertex fit (TreeFitter with IP constraint) 

conf_level > 0.01

- Λc CM momentum > 2.5 GeV/c

- Remove charm backgrounds by cutting on 

M(pKπ) with pion hypothesis for proton track 

- Proton PID (trinary) > 0.9

- Kaon PID (global) > 0.6

-  > 0.35 GeV/c,  > 0.7 GeV/c

- Events with multiple candidates are discarded

pt(π) pt(p)
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2.283 < Λ+
c < 2.292.249 < Λ+

c < 2.264 2.309 < Λ+
c < 2.324

Signal SidebandSideband

MC scaled to luminosity in data (207.233/200)

https://stash.desy.de/projects/B2CHARM/repos/charm_lifetimes/browse
https://stash.desy.de/projects/B2CHARM/repos/charm_lifetimes/browse
https://stash.desy.de/projects/B2CHARM/repos/charm_lifetimes/browse


Invariant mass fit

• Invariant mass fit to events passing all selection criteria

- Signal: Gaussian + Johnson SU function

- Background: first-order polynomial
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• Background fractions:

- MC - 9.59 ± 0.02%

- Data - 7.53 ± 0.02%


• Applied as constraint in lifetime fit



Data/MC comparison
• Some differences in momentum distributions, 

likely due to mismodeling in the simulation

• Discrepancy in background contamination 

between data and MC

- Note: MC only for validation, not used in 

measurement with data
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• Unbinned maximum-likelihood fit to the 2D distribution of decay time ( ) and decay-time uncertainty ( ):t σt

Lifetime fit
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pdf(t, σt |τ, f, b, s1, s2) = pdf(t |σt, τ, f, b, s1, s2) pdf(σt)
Binned template from data

∝ ∫
∞

0
e−ttrue/τR(t − ttrue |σt, f, b, s1, s2)dttrue pdf(σt)



• Resolution model: single- or double-Gaussian function (common mean)

Lifetime fit
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R(t − ttrue |σt, f, b, s1, s2) = f G(t − ttrue |b, s1σt) + (1 − f )G(t − ttrue |b, s2σt)

Common bias

Proper time scaling error



• Full lifetime function


• Model background with two lifetime-background terms: 
 
 
 
and a zero-lifetime background term: 
 

• Additional penalty factor added to  to constrain background level from invariant mass fit−2ln(L)

Lifetime fit
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( fbkg, fit − fbkg,expected)2

σ2
bkg,expected

fτ1 pdf(t, σt |τbkg1, f, b, s1, s2, sbkg) − (1 − fτ1) pdf(t, σt |τbkg2, f, b, s1, s2, sbkg)

R(t − ttrue |σt, f, b, s1, s2, sbkg) pdf(σt)

L(τ, fbg, fτ, fτ1
, τbg1, τbg2, s1, s2, f, sbkg) = ∏

i

{ (1 − fbg) × pdf(ti, σt,i |τ, f, b, s1, s2)

+ fbg ( fτ [ fτ1
pdf(ti, σt,i |τbg1, f, b, s1, s2, sbkg) + (1 − fτ1

) pdf(ti, σt,i |τbg2, f, b, s1, s2, sbkg)] + (1 − fτ) R(ti |σt,i, f, b, s1, s2, sbkg) pdf(σt))}
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• Single- (left) and double-(right) 
Gaussian resolution function


• Truth-matched signal from 1/ab 
equivalent MC14ri_a

Signal-only fit
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True value (average from truth 
matched events in the signal 
region): 201.84 ± 0.28 fs
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Validation with pseudoexperiments

• Use 1/ab equivalent MC14ria to bootstrap toy samples 
according to the pdf from a blinded fit to the data

- Vary input lifetime for each set of 1000 fits

- Extract mean and width of the lifetimes for each toy sample

- Check linearity between input and measured lifetimes

- No obvious bias
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Lifetime fit results on MC with single-Gaussian resolution - 1/ab
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LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs

True value (average from truth 
matched events in the signal 
region): 201.84 ± 0.28 fs



Lifetime fit results on MC with double-Gaussian resolution - 1/ab
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LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs

True value (average from truth 
matched events in the signal 
region): 201.84 ± 0.28 fs



Lifetime fit results - comparison with truth-matched backgrounds
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Single-Gaussian resolution function Double-Gaussian resolution function



Blinded fit to the data (~208/fb) - single Gaussian resolution

19

LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs



Blinded fit to the data (~208/fb) - double Gaussian resolution
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LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs



• Correlations between t and  are neglected in the resolution model, which may 
result in discrepancies between the fit model and the data in the 2D distribution


• Assess with pseudoexperiments bootstrapped from truth-matched signal events 
in 1/ab equivalent from MC14ri_a

- True lifetime: 

- Fit results: 


- Difference:  

• Cross check: compare single and double Gaussian resolution

- Single Gaussian: 

- Double Gaussian: 

- Difference:  


• Vary bin size for decay-time uncertainty PDF to avoid bins with zero content

- No significant change (less than 0.02 fs)

σt

201.84 ± 0.28 fs
202.30 ± 0.02 fs
0.46 fs

τ = 209.720 ± 0.882 fs
τ = 210.077 ± 0.852 fs

0.357 ± 0.228 fs

Resolution model
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• Simulation is expected to reproduce background decay-time distributions

• Assess with pseudoexperiments bootstrapped from events in the 1/ab equivalent from MC14ri for the signal region and 

the data sideband events for the sideband region.

- True lifetime: 

- Fit results: 


- Difference:  

• Cross check:  
vary invariant mass signal window by ±0.2 MeV/c2

- Nominal: 

- Lifetime difference:  

-0.16 ± 0.23 fs (+0.2), 0.26 ± 0.30 fs (-0.2)

- Bias difference:  

-0.38 ± 0.22 fs (+0.2), 0.75 ± 0.25 fs (-0.2)

201.84 ± 0.28 fs
202.04 ± 0.03 fs
0.20 fs

τ = 209.72 ± 0.88 fs

Backgrounds

22



Backgrounds: change signal pdf in mass fit
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Signal: Double Gaussian
Signal: Gaussian + Johnson function 
(transformation of normal distribution)

Background:

0.0753 +- 0.0002

Background:

0.0762 +- 0.0001

• Determine background fraction 
in the signal region with 
alternative mass models and 
repeat lifetime fit to data


• Gaussian + Johnson:



• Double Gaussian: 



• Difference: 

τ = 209.720 ± 0.882 fs

τ = 209.751 ± 0.851 fs
0.03 ± 0.23 fs



Detector alignment

• Misalignment of the tracking detectors may affect the decay-length and therefore the lifetime

• Generate signal samples with different alignment global tags: https://confluence.desy.de/display/BI/Misalignments
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(a) nominal prompt alignment  
systematic uncertainty

(b) residual misalignment for  
telescope weak mode

(c) day-to-day misalignment

(d) residual misalignment from  
MC studies

Δt = δtmisaligned − δtalignedδt = Fit − True

• RMS for samples without PXD inefficiency  
(MC14ri default): 0.383 fs
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Detector alignment

• Misalignment of the tracking detectors may affect the decay-length and therefore the lifetime

• Generate signal samples with different alignment global tags: https://confluence.desy.de/display/BI/Misalignments
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(a) nominal prompt alignment  
systematic uncertainty

(b) residual misalignment for  
telescope weak mode

(c) day-to-day misalignment

(d) residual misalignment from  
MC studies

Δt = δtmisaligned − δtalignedδt = Fit − True
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Signal MC

• RMS for samples without PXD inefficiency  
(MC14ri default): 0.38 fs


• RMS for samples with PXD inefficiency: 0.46 fs

- Take as systematic uncertainty due to alignment

https://confluence.desy.de/display/BI/Misalignments


Consistency checks
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• Blinded lifetime fits as a function of 
experiment number, angle, 
momentum, charmness, with and 
without multiple candidate events


• No obvious bias, nothing unexpected



Summary

• Lifetime fit to simulation gives result consistent 
with true lifetime


• Significant improvement in precision compared to LHCb


• Working group approval granted, review committee in 
place

27

LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs



Extra slides



Charm backgrounds

• Most problematic backgrounds from long lived charm backgrounds

- Remove charm backgrounds by cutting on M(pKπ) with pion hypothesis for proton track

- Reduce backgrounds from  ( ) 

and  ( )


• Any remaining long-lived backgrounds are 
accounted in a lifetime background term in the 
likelihood fit

- ccbar MC used to characterize remaining 

backgrounds of this type

- Tighten additional selection criteria to reduce  

charm backgrounds as much as possible

D+ → K−π+π+ 1.858 < M(pKπ) < 1.881
D*+ → K−π+π+ 2.000 < M(pKπ) < 2.020

29



PID selection criteria

• Reduce backgrounds from misidentified tracks with PID 
selection criteria

- All available detector information is used  

(VXD dE/dx was not available in the data and MC 
samples used)


Proton trinary PID:  > 0.9
L(p)

L(p) + L(K) + L(π)

30

Proton trinary PID > 0.9

(Max FOM)

FOM =
S

S + B



PID selection criteria

• Reduce backgrounds from misidentified tracks with PID 
selection criteria

- All available detector information is used  

(VXD dE/dx was not available in the data and MC 
samples used)


Proton trinary PID:  > 0.9


Kaon global PID:  > 0.6


• KaonID cut placed near shoulder in signal purity, 

L(p)
L(p) + L(K) + L(π)

L(K)
L(p) + L(K) + L(π) + L(d) + L(e) + L(μ)

S
S + B

31

FOM =
S

S + B
Kaon PID > 0.6



Daughter momenta

• Further suppress charm backgrounds by cutting on transverse momentum of  daughters


-  > 0.35 (maximize signal purity)


-  > 0.7 (reduce backgrounds below 10% in MC)

Λ+
c

pt(π)
pt(p)

32



Check for selection bias

• A restriction is placed on the vertex fit quality (chiProb > 0.01)

- To check for bias, the true lifetimes are binned vs chiProb 

and the true lifetime is calculated for each bin

- Repeat with and without the selection criteria applied 

(except for track quality and IP cuts) 

- No obvious bias is observed

33

Without selection criteria

With selection criteriachiProb distribution in data and MC in agreement



Check for bias on true lifetime

• Check the true lifetime for truth-matched signal events in the signal region

• Each cut is applied in succession (includes cuts to the left) and includes Lambdac_p_CMS > 2.5 and chiProb > 0.001

• Possible cumulative(?) effect, but difficult to diagnose without much larger sample


• 200/fb equivalent MC sample:


• 1/ab equivalent MC sample:

34

Cut None chiProb>0.01 Charm mass 
cuts kaonID protonID pi_pt p_pt

True lifetime 202.13 +- 0.4 202.07 +- 0.41 201.90 +- 0.42 201.84 +- 0.49 201.80 +- 0.51 202.14 +- 0.57 202.17 +- 0.62

Sigma from 
generated 0.65 0.79 1.14 1.13 1.15 0.43 0.37

Cut None chiProb>0.01 Charm mass 
cuts kaonID protonID pi_pt p_pt

True lifetime 202.31 +- 0.19 202.30 +- 0.19 202.21 +- 0.20 201.99 +- 0.22 202.01 +- 0.23 201.94 +- 0.25 201.84 +- 0.27

Sigma from 
generated 0.41 0.46 0.89 1.82 1.66 1.75 2.07



Check for selection bias

• Each sample includes the Λc CM 
momentum cut, charm mass cut, 
and only selects events in the 
signal region


• Check for selection bias

- True lifetimes are binned vs 

selection criteria, true lifetime 
is calculated for each bin


- No obvious bias is observed

35



Data/MC lifetime comparison

• Remaining background still includes small fraction of long lived charm decays

- Accounted in a lifetime background term (no dedicated PDF)

- With current statistics, no bias from discrepancies between signal and sideband regions above 4 ps (see later slides)

36



Background comparison - charm backgrounds

• Comparison of truth-matched backgrounds in signal region with events in the sidebands for events in ccbar MC

- No significant discrepancies

- Reasonable agreement between low and high sidebands

37



Background comparison - combinatorial backgrounds

• Comparison of truth-matched backgrounds in signal region with events in the sidebands for events in buds MC

- No significant discrepancies

- Reasonable agreement between low and high sidebands

38



PXD performance in simulation and data samples

• Part of PXD layer 1 experienced an inefficiency in data (region in φ)

- Partial layer 2 covers the same region, so no requirement is  

applied to require a hit in the first PXD layer (as for D0 measurement)

- MC14ri does not include this inefficiency 

(note: MC not used as input for measurement in data)

- Signal MC samples produced with PXD inefficiency as cross-check
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Decay time dependencies

• No significant dependence on the true decay-time

- Some suggestion in signal efficiency (no obvious bias in lifetime result - see later slides)
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Decay time dependencies

• Average of decay-time residual and std dev of decay-time pull vary as a function of decay-time uncertainty

- Relative underestimation of decay-time uncertainty depends on measured decay-time uncertainty
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Decay time dependencies

42

Mild variation of average true decay time 
versus measured decay time uncertainty

Decay time uncertainty dependence on 
true decay time due to decay length 

uncertainty dependence on true decay 
time and true momentum


Assumed to be well simulated and 
ignored in the lifetime fit
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Lifetime fit results on MC with single-Gaussian resolution - 200/fb

43

LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs

True value (average from truth 
matched events in the signal 
region): 202.17 ± 0.62 fs



Lifetime fit results on MC with double-Gaussian resolution - 200/fb

44

LHCB, τ = 203.5 ± 1.0 ± 1.3 ± 1.4 fs

CLEO, τ = 179.6 ± 6.9 ± 4.4 fs

FOCUS, τ = 204.6 ± 3.4 ± 2.5 fs

True value (average from truth 
matched events in the signal 
region): 202.17 ± 0.62 fs



Background bias parameter

• The lifetime fit includes a multiplicative scale factor for the width scale parameter of the background pdf

• May also introduce a(n additive) background bias parameter


• Generate pseudoexperiments bootstrapped from 1/ab MC and fit with and without background bias parameter

- Mean fitted lifetime with background bias parameter: 203.28 ± 0.03 fs, difference with true = 1.44 fs

- Mean fitted lifetime without background bias parameter: 201.78 ± 0.03 fs, difference with true = 0.06 fs
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Background bias parameter

• The lifetime fit includes a multiplicative scale factor for the width scale parameter of the background pdf

• May also introduce a(n additive) background bias parameter


• Generate pseudoexperiments bootstrapped from 1/ab MC and fit with and without background bias parameter

- Mean fitted lifetime with background bias parameter: 203.28 ± 0.03 fs, difference with true = 1.44 fs

- Mean fitted lifetime without background bias parameter: 201.78 ± 0.03 fs, difference with true = 0.06 fs 

- Mean per-toy lifetime difference: 1.50 ± 0.02 fs


• Bias parameter appears to shift the lifetime measurement 
away from the true value

- Consistent result between data and MC 

(see next slides)

- Additional background bias parameter may 

cause overfitting

- Background bias parameter neglected in lifetime fit
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Background bias parameter

• The lifetime fit includes a multiplicative scale factor for the width scale parameter of the background pdf

• May also introduce a(n additive) background bias parameter


• Generate pseudoexperiments bootstrapped from 1/ab MC in the signal region and from data for the sidebands and fit 
with and without background bias parameter

- Mean fitted lifetime with background bias parameter: 202.57± 0.03 fs, difference with true = 0.73 fs

- Mean fitted lifetime without background bias parameter: 202.04 ± 0.03 fs, difference with true = 0.20 fs

- Mean per-toy lifetime difference: 0.51 ± 0.04 fs
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• The lifetime fit includes a multiplicative scale factor for the width scale parameter of the background pdf

• May also introduce a(n additive) background bias parameter


- -2 ln(L) improves with the addition

- Shift in the lifetime for the case of a single Gaussian resolution function (not much effect with double Gaussian)


• In Data: lifetime difference = 1.33 fs, bias shift = -1.6 fs, background bias = 3.79 fs

Background bias parameter
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• The lifetime fit includes a multiplicative scale factor for the width scale parameter of the background pdf

• May also introduce a(n additive) background bias parameter


- -2 ln(L) improves with the addition

- Shift in the lifetime for the case of a single Gaussian resolution function (not much effect with double Gaussian)


• In Data: lifetime difference = 1.33 fs, bias shift = -1.6 fs, background bias = 3.79 fs

• In MC: lifetime difference = 1.51 fs, bias shift = -1.86 fs, background bias = 4.03 fs

Background bias parameter
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Decay-time, mass correlation

• Bin truth-matched signal events from 1/ab MC sample and extract 
mean true lifetime versus invariant mass

- Signal window: 2.283 < M < 2.29 

(7 MeV window, rounded from 2.28296 < M < 2.28996)

- Data-MC mass difference from invariant mass fit is less than  

2 MeV/c2
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Lifetime fits

• Data-MC mass difference from invariant 
mass fit is less than 2 MeV/c2


• Shift mass window by ±0.2 MeV/c2

- Lifetime difference:  

0.16 ± 0.23 fs (+), 0.26 ± 0.30 fs (-)

- Bias difference:  

0.38 ± 0.22 fs (+), 0.75 ± 0.25 fs (-)


• Shift mass window by ±0.5 MeV/c2

- Lifetime difference:  

0.28 ± 0.14 fs (+), 0.83 ± 0.19 fs (-)

- Bias difference:  

1.04 ± 0.16 fs (+), 1.94 ± 0.25 fs (-)
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• Generate signal samples with different alignment global tags: https://confluence.desy.de/display/BI/Misalignments

Detector alignment

52

(a) nominal prompt alignment  
systematic uncertainty

(b) residual misalignment for  
telescope weak mode

(c) day-to-day misalignment

(d) residual misalignment from  
MC studies

https://confluence.desy.de/display/BI/Misalignments


Other sources of systematic uncertainty

• Momentum scale correction: Vary the momentum scale correction between suggested values

- Recommended scale factor: 0.99976

- Recommended for systematic uncertainties: 0.99918 - 1.00006

- Take semi-difference as relative uncertainty: (1.00006-0.99918)/2 = 4.4 x 10-4

- Absolute uncertainty for Λc+ lifetime (202.4 fs): 0.09 fs


• Input charm masses: Check the relative uncertainty of the world-averaged values of the Λc+ invariant mass

- Relative uncertainty: 6.1 x 10-5

- Absolute uncertainty for Λc+ lifetime (202.4 fs): 0.01 fs
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Consistency checks

• Perform blinded lifetime fit to data 
subsets

- Moriond 2022 (~208/fb)

- Repeat fits in bins of ~10/fb


• Results consistent within uncertainties

• Moriond 2022: 

• Avg of exp bins: 

209.7 ± 0.9 fs
209.3 ± 0.9 fs
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Consistency checks

• Perform blinded lifetime fit to data 
subsets

- Bins of cos(θ)


• Results consistent within uncertainties

• Moriond 2022: 

• Avg of exp bins: 

• Avg of cos(θ) bins: 

209.7 ± 0.9 fs
209.3 ± 0.9 fs

210.1 ± 1.0 fs
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Consistency checks

• Perform blinded lifetime fit to data 
subsets

- Bins of φ


• Results consistent within uncertainties

• Moriond 2022: 

• Avg of exp bins: 

• Avg of cos(θ) bins: 

• Avg of φ bins 1: 

209.7 ± 0.9 fs
209.3 ± 0.9 fs

210.1 ± 1.0 fs
210.3 ± 0.9 fs
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Consistency checks

• Perform blinded lifetime fit to data 
subsets

- Bins of φ


• Results consistent within uncertainties

• Moriond 2022: 

• Avg of exp bins: 

• Avg of cos(θ) bins: 

• Avg of φ bins 1: 

• Avg of φ bins 2: 

209.7 ± 0.9 fs
209.3 ± 0.9 fs

210.1 ± 1.0 fs
210.3 ± 0.9 fs
209.7 ± 1.0 fs
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Repeat fits after shifting bins by one-half bin size

No obvious systematic shift



Consistency checks

• Perform blinded lifetime fit to data 
subsets

- Bins of momentum


• Results consistent within uncertainties

• Moriond 2022: 

• Avg of exp bins: 

• Avg of cos(θ) bins: 

• Avg of φ bins 1: 

• Avg of φ bins 2: 

• Avg of momentum bins: 

209.7 ± 0.9 fs
209.3 ± 0.9 fs

210.1 ± 1.0 fs
210.3 ± 0.9 fs
209.7 ± 1.0 fs

209.7 ± 1.0 fs
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Consistency checks

• Split data samples by charmness

- Lifetime difference between the charm and anti-charm fits is  

(  and , respectively)

- Consistent with statistical fluctuations


• In the nominal result, events with multiple candidates are rejected (273 out of 164,689 events)

• Repeat lifetime fit after accepting candidates with the best probability from the vertex fit or randomly keeping one 

candidate for events with multiple candidates

- Lifetime difference with the nominal result is  and , respectively

- Consistent with statistical fluctuations

0.35 ± 1.72 fs
209.936 ± 1.195 fs 209.586 ± 1.235 fs

0.07 ± 0.23 fs 0.05 ± 0.28 fs
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Systematics and cross-checks

• Resolution model 
- Generate pseudoexperiments by bootstrapping from truth-matched signal events from 1/ab equivalent from MC14ri_a

- Cross check with double-Gaussian resolution model

- Vary σt bin sizes to avoid zero bins and check the difference in the fitted lifetime


• Background contamination 
- Generate pseudoexperiments by bootstrapping events from 1/ab equivalent from MC14ri_a for the signal region and the data 

sideband events for the sideband region

- Change the signal model in the invariant mass fit and adjust the Gaussian constraint on the background in the lifetime fit

- Repeat mass fit with different signal and sideband ranges, adjust the Gaussian constraint on the background in the lifetime fit

- Check the effect of fixing or floating background mean and width scale factors


• Imperfect detector alignment: Generate dedicated MC with residual misalignment, imperfections in beam-spot parameters

• Momentum scale correction: Vary the momentum scale correction between suggested values

• Input charm masses: Check the relative uncertainty of the world-averaged values of the  invariant mass

• Consistency checks 

- Repeat the analysis for: (1) equipopulated, disjoint data sets, and (2) the full data sample split into bins of polar angle, azimuthal 
angle, and momentum, (3) on vs. off-resonance data, (4) charm vs. anti-charm events, (5) treatment of multiple-candidate events

Λc
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