BELLE2-NOTE-PH-2021-055

Measurement of the AT lifetime at Belle |l

J. Bennett?, A. Di Canto?, N. K. Nisar?

TUniversity of Mississippi, University, Mississippi 38655, USA
2Brookhaven National Laboratory, Upton, New York 11973, USA

~ Brookhave N D mEUNIVERSITY o
¢ National Laboratory QBE m MISSISSIPPI

2sday: 22022022



https://docs.belle2.org/record/2800/

Contamination from 2. — A

John Yelton noted that Eg — A7~ has been roughly measured and Z — Ajﬂo Is expected to be of the same order
- LHCb measurement (PhysRevD.102.071101): BR(Z? — Afz™) = 0.55 £ 0.20 %
- Prediction (https://arxiv.org/pdf/2111.14111.pdf): BR(E — A;l_ﬂ'o) =1.11%
- https://belle.kek.jp/secured/belle note/gn1621/BN 1621 openbox v1.pdf
NE)/fb = N(E? - Ain7)/(e* BFgy* BF . * ) = 1293/(0.1422 *0.0061 * 0.0628 * 983) = 2.4 x 10* events
- At Belle Il (208/fb)
N(AD) = N(AY = pK—nH)/(e * BF) = 1.64 X 10°/(0.122 % 0.0628) = 2.14 X 107 events
NE) = Afzn™) = NE) * BFz* £ = 2.4 x 10**#0.0061 * 208 = 3.0 X 10" events ~ 0.14%

- In 140/fb of Belle data (https://arxiv.org/pdi/hep-ex/0409065.pdf): approx. 3.0 x 10° E(C) events, 2.75 x 10° = events
Extrapolating to 208/fb: 2.5 X 10* E? — A¥z™ events, 4.5 x 10* EF — Atz" events



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.071101
https://arxiv.org/pdf/2111.14111.pdf
https://belle.kek.jp/secured/belle_note/gn1621/BN_1621_openbox_v1.pdf
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Contamination from 2. — A

Signal efficiency (signal MC) = 12.2%
Number of A in 1/ab generic MC = 5.26 X 10° (truth-matched)/0.122 = 4.31 X 10° events

Assume 0.1% of A+ comes from E_, N(Z,) = 4.31 X 10°*0.001 = 4.31 X 10’ 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)
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hout Z : 202.353 =+ 0.385 fs
W 2Y: 202.489 + 0.384, difference = 0.136 fs

n 272 202.686 * 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

Source

uncertainty (fs)

Resolution model

Background contamination
Imperfect alignment
Momentum scale correction
Input charm masses

0.46
0.20
0.46
0.09
0.01

Total systematic uncertainty
Statistical uncertainty

0.69
0.88




Contamination from 2. — A

. Combine A candidate with a 7~ or 7

0

and save E_ candidate mass
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Contamination from 2. — A

0

+ Combine A candidate with a 7~ or 7#° and save E_ candidate mass

- Signal efficiency ~90%
- Approximate uncertainty: 0.88 fs -> 0.93 fs (statistical) versus 0.69 fs -> 0.76 fs (systematic)

With = mass cuts With opposite = _. mass cuts
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All the detalls...



INntroduction

* 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 A" lifetime using the decay AT — pK~ 7™

* Also provides an opportunity to test capability of Belle Il for
precision measurements

* Competitive measurement with existing data
* Uses tools from D9/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

LHCB,7=2035+1.0+13+14fs
FOCUS, 1 =204.6 £3.4 2.5 fs
CLEO, 1 = 179.6 £ 6.9 + 4.4 fs
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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

Nc CM momentum > 2.5 GeV/c

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

Proton PID (trinary) > 0.9
Kaon PID (global) > 0.6

p(r) > 0.35 GeV/c, p(p) > 0.7 GeV/c

Events with multiple candidates are discarded

Sideband Signal Sideband
2.249 < AF < 2.264 2.283 < AT <229 2.309 < AT <2.324
4+—> I 4+—>
17500 - . Bl mixed
mm charged
15000- B uubar
Bl ddbar
12500 B ssbar
B ccbar
10000 - e signal
¢ Data
7500 -
5000-
2500-
02.25 2.26 2.27 2.28 2.29 2.30 2.31 2.32

M(A.) [GeV/c?]

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

INnvariant mass fit

- |nvariant mass fit to events passing all selection criteria
- Signal: Gaussian + Johnson Sy function
- Background: first-order polynomial

3 I L A

Parameter 200 th=t MC Data ESOOOE_ elle IT preliminary "

Nsig 135756 £ 680 151516 £+ 616 ;'.70()0;— b MCri —;
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- Background fractions: mipK ) [GeV/e?]
- MC-9.59 = 0.02% ‘2‘

- Data-7.53 +0.02% (2)
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» Applied as constraint in lifetime fit -
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Data/MC comparison

« Some differences in momentum distributions,
likely due to mismodeling in the simulation
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Lifetime fit

Unbinned maximume-likelihood fit to the 2D distribution of decay time (f) and decay-time uncertainty (o,):

Binned template from data

_______

8 { e_t”’“@/TR(t ~ ltrue ‘ Gt’f’ b, 515 Sz)dttrue pdf(at)
0
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Lifetime fit

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

/ Proper time scaling error \
R(1 — Lirue ‘ Gt’f’ b, 51 SZ) :f G(1 - Lrue ‘ b, Sldt) +( _f)G(t ~ Lrye ‘ b, S20t)

\ Common bias /
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Lifetime fit

Full lifetime function

L(2, fogs Jor Jop» Togls Togas S15 520 f Spig) = H{ (I = fpe) X pdf(t;, 6,17, 1, b, 51, 55)

_— o - . . . S S e e s s DI DI D DG D DG D D D G S S D S S S e e . — — — E— E— E— oE— oE—— — .y — o . . . S S S S S . . . . . e e s—

+fbg (f; [:f pdf(s; th‘Tbgl 1D, 51,5, Sbkg) + -, )pdf( Gn‘Tbgzaf b, 51, 55, Sbkg :] + —1) R(t ‘thf b, 51, 55, Sbkg) pdf(at))}
Model background with two lifetime-background terms: \

Ja pdf(t, o,] Tprels J> D> S15 825 Spie) — (1 = f11) pdf(t, o, | Tprg2s J> D> S15 525 Spie)

and a zero-lifetime background term:

R(t _ ttrue ‘ Gpﬁ b? Sla S29 Sbkg) pdf(at)

Additional penalty factor added to —2/n(L) to constrain background level from invariant mass fit

2
(fbkg, fit fbkg,expected)

2
Gbkg,expected
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Signal-only fit
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Parameter Fit result w/single Gaussian Fit result w/double Gaussian
7 (fs) 202.35 £ 0.38 202.53 + 0.39
b (fs) 0.13 £ 0.28 -0.04 £ 0.28
S1 1.080 4 0.003 1.0601 £ 0.0075
S9 1.7013 £ 0.1556
0.9783 £ 0.0138
I I I I I I |
Belle II preliminary E

ek

-
~
=
L

Single- (left) and double-(right)
(Gaussian resolution function

Truth-matched signal from 1/ab
equivalent MC14ri_a

True value (average from truth
matched events in the signal
region): 201.84 + 0.28 fs
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0.23 -

Validation with pseudoexperiments | sope =  9aaes - o oose

intercept = 0.000227 = 0.000181

I
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N
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« 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

—
N
o

Mean lifetime from toy study

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

- Check linearity between input and measured lifetimes 0.18
- No obvious bias 017 -
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40:— _: g 0.1 } * *
| z S AR A e s
30— — £ _0.1
B \\\ i 0.I17 O.I18 O.I19 O.I20 O.I21 O.|22 0.l23
20— N —
- ] i 1.10
i i S 1.05 - }
o B Y I S e TR —-
1.00
: | % 2 0.95 - } F + }
0X5E 0197 0795 0195 02 0207 0205 0205 0204 -

O
©
o

0.17 0.18 0.19 0.20 0.21 0.22 0.23
True lifetime

0.
Lifetime (ps

N



Lifetime fit results on MC with single-Gaussian resolution - 1/ab

LHCB, 1 =2035+1.0+13%1.4fs
FOCUS, 1 =204.6 £3.4+25 fs
=~ Y CLEO, 7 = 179.6 + 6.9 + 4.4 fs
= - Belle I preliminary 3 % Belle II preliminary
) - - 40 — : : :
g 10* £ Signal region 2 107 Sideband region 3 Parameter Fit result w/single Gaussian
3 | S ok : T (fs) 201.77 £ 0.40
510 E ; b (fs) 1.53 £ 0.27
ol b 102 & . S1 1.0721 £ 0.0045
é : : 52
10 ; —— 10 E_ . ﬁ_h.r' —g f
» : - ot : i 0.09762 4 0.00014
IH . ith "”"l!"llw:'li 'ﬁ Tw . £, 0.2840 + 0.0036
ull 7 ! l L rlls | l ! | ! 1 | I ! I - y L y
” 0 s 0 fr1 0.8477 £ 0.0047
t [ps] t [ps] Thg1 (fS) 181.3 &+ 3.0
o o - Thg2 (1S) 869.2 4+ 16.5
3 3 E Sho 1.1758 £ 0.0058

= 0O DA

S B == S T S
llllllll IIIIIII

= True value (average from truth
matched events in the signal
region): 201.84 = 0.28 fs
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Lifetime fit results on MC with double-Gaussian resolution - 1/ab
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LHCB, 7=2035+1.0+13+14fs
FOCUS, 1 =204.6 £3.4+25 fs

CLEO, t=179.6 6

9+44fs

Parameter Fit result w/double Gaussian

il
5

10

t [ps]

7 (fs)
b (fs)

202.16 &= 0.39
0.66 &= 0.26
1.0409 £ 0.0040
2.2978 £ 0.0434
0.9716 4 0.0024
0.09758 £ 0.00014
0.3081 4 0.0037
0.8503 £ 0.0043
168.8 £ 2.6
346.1 4= 15.0
1.1319 £ 0.0044

True value (average from truth
matched events in the signal
region): 201.84 = 0.28 fs
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Lifetime fit results - comparison with truth-matched backgrounds
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Candidates per 70 fs

A/G

Blinded fit to the data (~208/fb) - single Gaussian resolution
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FOCUS, 1t =204.6 £34 %25 fs
CLEO, 1 =179.6x 6944 fs
Parameter Fit result w/single Gaussian
7 (fs) with arb. shift 209.72 £ 0.88
b (fs) 4.58 + 0.63
S1 1.1050 £ 0.0071
59
f
1, 0.07539 £ 0.00022
£ 0.2918 + 0.0081
fr1 0.7967 £ 0.0115
Thg1 (fS) 196.1 £ 6.8
Thg2 (fS) 865.1 + 28.4
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Candidates per 70 fs

A/C

Blinded fit to the data (~208/1b) - double Gaussian resolution
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LHCB, 1 =203.5x10x13x14fs
FOCUS, 1 =204.6x£34%£25 fs
CLEO, 1 =179.6x 6944 fs
Parameter Fit result w/double Gaussian
7 (fs) with arb. shift 210.08 £ 0.85
b (fs) 3.72 £ 0.58
S1 1.0713 £+ 0.0146
S9 2.4043 £+ 0.3134
f 0.9727 £ 0.0145
fhg 0.07536 £+ 0.00022
£ 0.3172 4 0.0085
fr1 0.8000 4 0.0126
Thg1 (fS) 180.7 &£ 7.3
Thg2 (fS) 841.8 £+ 32.0
Shq 1.0947 + 0.0092
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Resolution model

- Correlations between t and o, 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: 201.84 = 0.28 fs
- Fit results: 202.30 £ 0.02 fs
- Difference: 0.46 fs

» Cross check: compare single and double Gaussian resolution
- Single Gaussian: 7 = 209.720 £ 0.832 fs

- Double Gaussian: 7 = 210.077 £ 0.852 fs
- Difference: 0.357 £ 0.228 fs

- Vary bin size for decay-time uncertainty PDF to avoid bins with zero content
- No significant change (less than 0.02 fs)
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ag of decay-time residual [ps]

Std. dev. of decay-time pull
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Backgrounds

- 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: 201.84 = 0.28 fs
- Fit results: 202.04 £ 0.03 fs
- Difference: 0.20 fs

: lable 13: Results of lifetime fits to events in data with an invariant mass signal region
» Cross check Table 13: Results of lifetime fi 1 1 1
vary iInvariant mass Signal window by +0.2 MeV/c2 shifted by +0.2 MeV/ c?. The measured lifetime is shifted by an arbitrary amount within
_ a range of £5 o, according to the world-average value.
- Nominal: 7 = 209.72 £ 0.88 fs Parameter [2.2828,2.2808] GeV/c?  [2.2832,2.2902] GeV/c?
- Lifetime difference: T (fs) 209.56 £ 0.85 209.98 + 0.83
b (fs) 4.20 £ 0.59 5.33 £ 0.58
- + + - _
0.16 + 0.23 1s (+O'2)’ 0.26 + 0.30 fs ( 02) S1 1.1044 4 0.0058 1.0901 4 0.0055
-  Bias difference: fig 0.07493 £ 0.00037 0.07508 £ 0.00037
-0.38 + 0.22 fs (+0.2), 0.75 + 0.25 fs (-0.2) f 0.2947 £ 0.0082 0.2858 <+ 0.0069
fq 0.7963 £ 0.0109 0.7977 £ 0.0135
Thg1 (13) 194.0 £+ 6.9 200.6 £ 7.1
Thg2 (f3) 861.5 £+ 26.5 874.0 £+ 33.9
Shg 1.1428 4 0.0081 1.1526 £ 0.0081
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Backgrounds: change signal pdf iIn mass fit

Candidates per 0.4 MeV/c?

Ao

Signal: Gaussian + Johnson function
(transformation of normal distribution)
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Background:
0.0762 +- 0.0001

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

GGaussian + Johnson:

7 =209.720 + 0.882 fs

Double Gaussian:

7 = 209.751 £0.851 fs
Difference: 0.03 = 0.23 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/Bl/Misalignments

GT name
. - ot = Fit — True At = 5tmisaligned o 5taligned
alignment_misalignment_prompt_to_proc12stage1_v4
(@) nominal prompt alignment Configuration  Fit result (fs)  True lifetime (fs) o7 (fs) A7 (fs)
systematic uncertainty .
Nominal 203.105 = 0.736 202.514 0.591 |
o a 203.580 + 0.750 202.837 0.743  0.152 Size
a'g"m:;)'m'sf;"mf A b 203.130 + 0.746 203.240 0.110  -0.701 Cotmpdarfb'e
residual misalignment for o data
tolescops weak mode c 202.819 + 0.744 202.498 0.321  -0.270
d 203.275 + 0.556 202.696 0.579  -0.012
charm_misalignment_vO0 Rl\[S O . 3 8 3
(c) day-to-day misalignment
3400
« RMS for samples without PXD inefficiency 5200

ré6
g
S

charm_misalignment_v0_1 (MC1 4I’I defaU|t) 0383 fS

charm_misalignment_v1

(d) residual misalignment from 400
MC studies 00

charm_misalignment_v1_1

Candidates

$(A) [rad] D4


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

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/Bl/Misalignments

GT name

ot = Fit — True At = ot — Ot

. S isaligned ligned
alignment_misalignment_prompt_to_proc12stage1_v4
. . Configuration  Fit result (fs)  True lifetime (fs) o7 (fs) A7 (fs)
(@) nominal prompt alignment
systematic uncertainty Nominal 201.827 £+ 0.810 201.801 0.026
a 202.738 £ 0.805 202.406 0.332 0.306 Size
alignment_misalignment_VXDCDCwires_v1 b 202418 - 0769 201735 0683 0657 COmpal‘ab|e
(b) residual misalignment for C 203266 1 0805 202701 0565 0539 tO data
telescope weak mode d 202.216 £+ 0.701 201.983 0.233 0.207
\ | RMS 0.463
charm_misalignment_vO0
Nominal 202.792 £ 0.254 202.267 0.525
| _ _ 10x stats
(©) day-to-day misalignment c 202.760 + 0.253 202.535 0.225  -0.300
2600
* RMS for samples without PXD inefficiency Ju00
(MC14ri default): 0.38 fs 2200

charm_misalignment_v0_1

charm_misalignment_v1

(d) residual misalignment from
MC studies

charm_misalignment_v1_1

« RMS for samples with PXD inefficiency: 0.46 fs
- Take as systematic uncertainty due to alignment

Candidates

+ Data

400 — Signal MC

HA?) [rad] 25


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

Consistency checks

Fitted lifetime (blinded)

Blinded lifetime fits as a function of

experiment number, angle,
momentum, charmness, with and

without multiple candidate events

No obvious bias, nothing unexpected
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Summary

Source uncertainty (fs)
Lifetime fit to simulation gives result consistent Resolution model 0 46
with true lifetime L. '

Background contamination 0.20

Sianificant N o red 1o LHCh Impertect alignment 0.46
ignificant improvement in precision com . .

J P P P Momentum scale correction 0.09

Work | ol reu e Input charm masses 0.01
rking gr r ranted, review committee in : :

plgcel J ITOUP approval 3 iew Total systematic uncertainty 0.69

Statistical uncertainty 0.88

LHCB, t=2035+1.0%+13+14fs
FOCUS, 1 =204.6 3.4 %25 fs
CLEO, 7 = 179.6 £ 6.9 £ 4.4 fs
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Charm backgrounds

«  Most problematic backgrounds from long lived charm backgrounds
-  Remove charm backgrounds by cutting on M(pKr) with pion hypothesis for proton track

- Reduce backgrounds from D" — K ztzt (1.858 < M(pKn) < 1.881)
and D°T — K-ztzt (2.000 < M(pKrx) < 2.020)

« Any remaining long-lived backgrounds are _
accounted in a lifetime background term in the 60000 —ixed
likelihood fit _ cneroee
- ccbar MC used to characterize remaining >0000° B ddbar

backgrounds of this type 10000 BB ssbar
- Tighten additional selection criteria to reduce = ;Cgbna;
charm backgrounds as much as possible 230000 {  Data

20000

10000

](.).80 1.85 1.90 1.95 2.00 2.05 2.10
M(pKmr) [GeV/c?]



FOM =

i " " 10°
Pl D Se|eCtIOﬂ Cr|ter|a Proton trinary PID > 0.9 \/S + B
o (Max FOM)
104.
- Reduce backgrounds from misidentified tracks with PID
selection criteria 10°
- All available detector information is used 102,
(VXD dE/dx was not available in the data and MC
samples used) 104
10(()).0 0.2 0.4 ( 0.6) 0.8 1.0
L proton PID (trinary
Proton trinary PID: L00) LEI]?) e > 0.9 325 100|277
+ + LATT |
p >
10.98
0.48
315
" 0.96 >
= O 10.46
Y 310 @
- 0942 15442
v 305 2 £
3 0922 |0.42
= 300 =
0.90 -0.40
295
10.88 e
290 - 036
0.0 0.2 0.4 0.6 0.8 1.0
cut value
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FOM =

1 " " 10°
PID selection criteria VS+B
105 Kaon PID > 0.6
- Reduce backgrounds from misidentified tracks with PID N
selection criteria
- All available detector information is used
(VXD dE/dx was not available in the data and MC
samples used)
10(()).0 0.2 8.4 PID (ql l())(IS) 0.8 1.0
L aon globe
Proton trinary PID: (P) > 0.9 390 - -0.90 -0.88
L(p) + L(K) + L(n) /

L(K) 380 0-85 10.86

Kaon global PID: >0.6 = o
L(p)+ LK)+ L(n)+ L(d) + L(e) + L(u) g 0.80 &
- 370 £ 10.84 z
o | S % 0.75 © =
« KaonlD cut placed near shoulder in signal purity, SR T 26g. & loss
-0.70
350 ; 0.65 -0.80
0.0 0.2 0.4 0.6 0.8 1.0

cut value
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Daughter momenta

- p/(x) > 0.35 (maximize signal purity)

6000 -

5000 -

4000 ;

3000 -

2000 -

1000 -

3501

325

o
~

o
o
Signal efficiency

o
U

0.5 1.0 1.5 2.0
m momentum [GeV/c]

0.4 0.6
cut value

2.5

0.8

3.0

=
o

o
©

o
co

©
»

o
W

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

-0.8850
-0.8825
-0.8800
-0.8775
-0.8750 >
—
-]
-0.8725 &
-0.8700
-0.8675

-0.8650

Further suppress charm backgrounds by cutting on transverse momentum of AZ,’ daughters

3301
6000 - .0~.~0.. 3201
- .00 £ 310
5000 - :
o 300
4000 1
3000 -

2000 |

1000 ;

0.5

0.0

1.0 1.5 2.0 2.5
p momentum [GeV/c]

0.2 0.4 0.6
cut value

3.0 3.5

0.8

4.0

1.0

-1.00

r0.95

o
©
o

o o
o0 o
. © o
Signal efficiency

o
~
U

r0.70

-0.915

r0.910

-0.905

r0.900

-0.895

r0.890

-0.885

-0.880

Purity
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Check for selection bias

- Avrestriction 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

x1073 3x1034x103 6x103
chiProb

0.24 -

0.22 ;

Lifetime (ps)

0.18;

0.16-

0.24 -

Lifetime (ps)
o o
N N
o N

o
[
o

0.16-

0.20

----- sample truth

* I
L J S +
L J
4 L J
I I

gl
L e ‘-"ﬁ"’ ‘-YH}H[ i ity W
! N B ;\Nithout sevlecfcignvcritgria

L
L )
T g [ * L | *
* .. ..‘ L J *
o m bk s Al & bl s e debkiEdesslkdd b - 1 B ek d2 b l. L R e - —
e llT *
o lle *iel |@ T I
®
L ] ... 0.

. With selection criteria
I

16‘3 , , . ld‘z . . I 'id‘l
Vertex Fit chiProb
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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:

Cut ey RS protonID

cuts

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

0.65 0.79 1.14 1.13 1.15 0.43 0.37
generated

1/ab equivalent MC sample:

Cut chiProb>0.01 Chagztr:ass kaonID protonID

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 0.41 0.46 0.89 1.82 1.66 1.75 2.07

generated
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Check for selection bias

Each sample includes the Ac 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

0.215

0.210

o o
N N
o o
o %

Lifetime (ps)

0.195

0.190

0.185 1

0.0
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0.22 1

Lifetime (ps)
o o o
= N N
© o =

o
[
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0.17 1

Pion p¢
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Lifetime (ps)

0.22-

0.21;

o
N
o

----- gen:erated
I
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sele [ [ .'. } *+
"""""""" “".""J" ...-.. “’JIH}"
i
T |
I
I
I
I
: : : : : l :
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| I
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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)

Bl nmixed Bl nmixed
\ B charged 104 B charged
107 B uubar ‘ B uubar
B ddbar B ddbar
; B ssbar 103 B ssbar
10%: B ccbar ‘ Bl ccbar
m signal i signal
102: 102?
101 10+
) 4 6 8 10 12 ) 0 2 4 6 8 10 12

N decay time [ps] N\ decay time [ps]



Background comparison - charm packgrounds

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

107 . ¢ Signal region 107 ., ¢+ Low sideband
e }  Sidebands ' . }  High sideband

102 . T 102- .

10! f*: W&W o X ”ﬂM#
o e o

10°1 ; ‘ - 101

-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
N\; decay time [ps] N} decay time [ps]
T o T NN~ [l o o -
0.0 : ”u”wu“uiwwﬁuﬂﬂ‘uﬂu“w”“u“uvfLrﬂ”“Lf‘u“u””"m ] S T A e P B e
—2.5; 5. | | |

-2 -1 0 1 2 3 4 2 -1 0 1 2 3 4



Background comparison - combinatorial backgrounds

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

t ¢ Signal region
800 - :t }  Sidebands
600 - * *
$
400 - $
]
: 6
200 . .
) o
® *
—-1.0 —-0.5 0.0 0.5 1.0 1.5 2.0
N\ decay time [ps]
0.0 Mro—rrft dll LJ—JHWJJH n | I—L.I—rlnur\—l-lu.ﬂu.—%_’_, T )
—2.5" “ UJ ' '
—-1.0 —O 5 0. 0 0. 5 1.0 1.5

No significant discrepancies

Reasonable agreement between low and high sidebands

2.0

+* +
800 - ¢ ] t
* .
600 - .
$
400 - !
: o
200 - . t:
& s

Low sideband
High sideband

~1.0 —-0.5 0.0 0.5 1.0 1.5 2.0
N\ decay time [ps]
0.0 LU_I —T1 L‘_|_|_|_| L\J—L,_I_LH—L‘ WHUH nuﬂuﬂ i I_I UI_I_F\ — M N
—2.51 . :
—-1.0 —O 5 0.5 1.0 1.5 2.0
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PXD performance in simulation and data samples

2600
§4OO
Part of PXD layer 1 experienced an inefficiency in data (region in ®) ézgz
- Partial layer 2 covers the same region, so no requirement is Zs00)
cc3600

applied to require a hit in the first PXD layer (as for D9 measurement)
MC14ri does not include this inefficiency

(note: MC not used as input for measurement in data) / 202 -
Signal MC samples produced with PXD inefficiency as cross-check

Require first hit on VXD layer 1

No requirement on VXD layer 1

— MC14ria

¢(2AC+ ) [rad]

+ Data

— Signal MC

-2

¢(2Ac+ ) [rad]

0

HAY) [rad]
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Decay time dependencies

Average of decay-time pull

No significant dependence on the true decay-time

0.1
0.08
0.06

0.04
002

—0.02
—0.04
—0.06
—0.08

0.1

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

T4 b
A ﬁ#***#ﬁw W

True decay time [ps]

Std. dev. of decay-time pull

1.6

1.5

09

0.8

I_II | | lllllll | I | llllll | | lllllll | I | ll_
-~ Belle I simulation 7
C preliminary
N ° _
= P - +"”0.°.AW.' ® e -
I_II | | lllllll | | lllllll | | lllllll | | lll-
107 1072 107! ]

True decay time [ps]

Efficiency relative to average

0.95

09

I—II | | Illlll | | Illllll | | llllll | | l:‘l-l_
- Belle II simulation /| ]
- preliminary;" :
:..._,_,,*,,__,.,- |--=+~.H'$**. + ™ ' :
l_ll | | lllllll | | lllllll | | lllllll | | IIT
10~ 107 107 1

True decay time [ps]
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Decay time dependencies

of decay-time residual |ps]

Average of decay-time residual and std dev of decay-time pull vary as a function of decay-time uncertainty
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Relative underestimation of decay-time uncertainty depends on measured decay-time uncertainty
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Decay time dependencies

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

Belle II simulation

preliminary

Average of true decay time [ps]
=
0

107
Decay-time uncertainty [ps]

Average of decay-length contribution to decay-time uncertainty [ps]

Average of decay-length uncertainty [um]

0.08

0.079

0.078

0.077

0.076

0.075

4.1
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Lifetime fit results on MC with single-Gaussian resolution - 200/b

LHCB, 7=2035+1.0+13+14fs
FOCUS, 1 =204.6 £3.4+25 fs

S L - L CLEO, 7 = 179.6 £ 6.9 £ 4.4 fs
% 10* b Belle IT preliminary — » Belle IT preliminary =
z Signal region % : Sideband region { " Parameter Fit result w/single Gaussian
S 10k 3 £VF I (6 202.43 £ 0.85
3 5 b (fs) 0.90 £ 0.58
102 & = 10°E E Sq 1.0771 & 0.0062
i i ] 52
10 E 0F 4 E f
ﬁ : £y, 0.09594 + 0.00026
1E m ﬁ . 13 M " 1 E f, 0.2879 =+ 0.0086
(l) — R T £ 0.8269 + 0.0095
t [ps] t [ps] Thgl (fs) 168.3 = 5.6
o ) Tooz (£5) 702.4 + 25.8
3 3 Sbg 1.1638 4 0.0079

|
A 0O oA
T l
=
|
|
L =R S T S

True value (average from truth
matched events in the signal
region): 202.17 + 0.62 fs
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Lifetime fit results on MC with double-Gaussian resolution - 200/fb

Candidates per 70 fs

10 £

| | | | | |
Belle IT preliminary —

Signal region -

Candidates per 70 fs

Aloc

10*

10° E
10° £

10 £

Belle IT preliminary =
Sideband region '

LHCB, 7=2035+1.0+13+14fs
FOCUS, 1 =204.6 3.4 %25 fs
CLEO, 7 =179.6 £ 6.9 £ 4.4 fs

Parameter Fit result w/double Gaussian

5 10

t [ps]

S S B =T S T S
RN aRRRRRRARNE

T (fs)
b (fs)
S1
52
f
£y,
£,
fr1
Thg1 (18)
Thg2 (18)
Sbg

202.87 4= 0.88
0.04 = 0.60
1.0472 = 0.0100
2.2938 4= 0.1082
0.9730 = 0.0051
0.09591 = 0.00026
0.3103 = 0.0091
0.8328 = 0.0101
[58.4 = 6.2
779.8 £ 29.5
1.1262 = 0.0104

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

With background bias parameter Without background bias parameter

25

20

15

—h

o
rrrprrrprreprreryprtrrprreprrrp T
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MM}}{} HH H 5 ;HMN» - | ;WH”W H
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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

Bias parameter appears to shift the lifetime measurement

away from the true value 2o
- Consistent result between data and MC 18
(see next slides) "o

14

- Additional background bias parameter may 12F
cause overfitting 10

- Background bias parameter neglected in lifetime fit °E

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

Per-toy difference in lifetime

el ||H|||Hl||“||w n ‘“HWH i

01 -0.0005 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Per toy At (ps)

¥

o
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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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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
- -2 In(L) improves with the addition
- Shift in the lifetime for the case of a single Gaussian resolution function (not much effect with double Gaussian)
- |n Data: lifetime difference = 1.33 fs, bias shift = -1.6 fs, background bias = 3.79 fs

Table 10: Results of the lifetime fit to events in data with an additive background bias
Table 7: Results of the lifetime fit to events in data. The measured lifetime is shifted by parameter. The measured lifetime is shifted by an arbitrary amount within a range of

an arbitrary amount within a range of +5 o, according to the world-average value. +5 0, according to the world-average value.
Parameter Fit result w/single Gaussian F'it result w/double Gaussian Parameter Fit result w/single Gaussian Fit result w/double Gaussian
7 (fs) with arb. shift 209.72 + 0.88 210.08 + 0.85 7 (fs) with arb. shift 211.05 £ 0.90 210.51 + 0.90
b (fs) 458 + 0.63 3.72 + (.58 b (fs) 2.98 + 0.69 3.21 + 0.68
S1 1.1050 &+ 0.0071 1.0713 4+ 0.0146 S1 1.0978 + 0.0066 1.0691 + 0.0173
S9 2.4043 £ 0.3134 S9 2.3889 + 0.3999
f 0.9727 + 0.0145 f 0.9725 + 0.0188
i 0.07539 + 0.00022 0.07536 4+ 0.00022 thg 0.07537 + 0.00022 0.07535 + 0.00022
£, 0.2918 + 0.0081 0.3172 + 0.0085 t 0.2651 + 0.0087 0.3043 = 0.0116
fr1 0.7967 £+ 0.0115 0.8000 £ 0.0126 fr1 0.7997 = 0.0125 0.8002 = 0.0133
Tog1 (fS) 196.1 + 6.8 180.7 + 7.3 Tho1 (fS) 216.4 & 8.0 188.2 + 9.4
Thgo (f5) 865.1 + 28.4 841.8 + 32.0 Thg2 (18) 902.9 + 31.6 856.2 + 35.5
Shg 1.1434 4+ 0.0089 1.0947 4+ 0.0092 Sbg 1.1651 £ 0.0095 1.1032 & 0.0115
by, (fs) 5.39 £+ 1.27 2.04 £ 1.37
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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
- -2 In(L) improves with the addition

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

Table 9: Results of lifetime fits to events in simulation (1 ab™!) with a background bias
Table 6: Results of lifetime fits to simulated events in the 1 ab~! equivalent MC sample. Pparameter. The results of the nominal fit are included for reference.

Parameter Fit result w/single Gaussian Fit result w/double Gaussian Parameter Fit result w/single Gaussian Fit result w/double Gaussian
7 (fs) 201.77 + 0.40 202.16 + 0.39 7 (fs) 203.28 £ 0.39 202.72 + 0.41
b (fs) 1.53 & 0.27 0.66 + 0.26 b (fs) -0.33 £ 0.28 -0.01 £ 0.32
S1 1.0721 + 0.0045 1.0409 + 0.0040 S1 1.0637 £ 0.0029 1.0380 =+ 0.0039

2.2978 + 0.0484
0.9716 £ 0.0024

2.2793 + 0.0314
0.9715 £ 0.0016

fi,g 0.09762 + 0.00014 0.09758 + 0.00014 i 0.09758 + 0.00014 0.09756 + 0.00014
f 0.2840 + 0.0036 0.3081 + 0.0037 £, 0.2537 £ 0.0056 0.2923 4 0.0061
frq 0.8477 &+ 0.0047 0.8503 4+ 0.0043 le( ) 0.8493 + 0.0053 0.8500 + 0.0040
Thg1 (fS) 181.3 + 3.0 168.8 + 2.6 Thg1 (IS 199.9 + 5.1 176.2 4+ 3.4
Thgo (fS) 869.2 + 16.5 846.1 + 15.0 Thgo (f5) 9134 £ 21.5 863.8 4+ 13.7
Sho 1.1758 + 0.0058 1.1319 + 0.0044 Shg 1.2008 + 0.0042 1.1428 + 0.0057
by, (fs) 5.89 + 0.63 2.48 + 0.71
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Decay time residual (ps)

Parameter 200 fb~t MC Data

Decay-time, mass correlation Nuig 135756 + 680 151516 + 616
faaus 0.599 4 0.034 0.487 &= 0.035
i (GeV/c?)  0.00006 + 0.00002 -0.0001 + 0.0002
- Bin truth-matched signal events from 1/ab MC sample and extract o (GeV/c?) 0.0025 £ 0.00004 0.0025 & 0.00006
mean true lifetime versus invariant mass oy (GeV/c?)  0.0029 £ 0.0003  0.0037 £ 0.0003
- Signal window: 2.283 < M < 2.29 s 0105 5 0,025 = -.028 £ 0.1
(7 MeV window, rounded from 2.28296 < M < 2.28996) 07 1010 £ 0092 1.180 £ 0.089
’ Nopkg 121059 4+ 669 100578 £ 573
- Data-MC mass difference from invariant mass fit is less than e 0.348 =+ 0.006 _0.382 + 0.002
2 MeV/c?
0.20
0.1001{ . : ,
0.15 - ' { 0.075] i
0.107 fg; 0.0501 !
0.05 - E E E E
. 3 0.025{ |
v | I I
0.00 S 0.000] brommmmmmmeeeeees oo e J:
) | | |
£ o005 | i i
~0.05 > 0.
O | : :
010 § 00501 5 ;
o015 ~0.075|
090 ~0.100{ | |
“225 226 227 228 229 230 231  2.32 2.283 2.284 2.285 2286 2287 2288 2289 2290

M(A.) (GeV/c?) M(A.) (GeV/c?)



Lifetime fits

- Lifetime difference:

Table 13:

Results of lifetime fits to events in data with an invariant mass signal region

shifted by 4

0.2 MeV /c?. The measured lifetime is shifted by an arbitrary amount within

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

Shift mass window by +0.2 MeV/c2

a range of 5 o, according to the world-average value.

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/c?2

Parameter [2.2828,2.2898] GeV/c? [2.2832,2.2902] GeV /c?
T (fs) 200.56 + 0.85 200.98 £ 0.83
b (fs) 4.20 £ 0.59 5.33 + 0.58
S1 1.1044 + 0.0058 1.0901 £ 0.0055
fp, 0.07493 = 0.00037 0.07508 = 0.00037
£, 0.2947 = 0.0082 0.2858 = 0.0069
fr1 0.7963 = 0.0109 0.7977 = 0.0135
Too1 (£5) 194.0 + 6.9 200.6 + 7.1
Tog (£5) 861.5 + 26.5 874.0 + 33.9
Shg 1.1428 = 0.0081 1.1526 = 0.0081

Table 15: Results of lifetime fits to events in data with an invariant mass signal region
shifted by 0.5 MeV /c¢?. The measured lifetime is shifted by an arbitrary amount within

- Lifetime difference:

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

- Bias difference:

1.04 + 0.16 fs (+), 1.94 + 0.25 fs (-)

a range of 4

-5 0, according to the world-average value.

Parameter [2.2825,2.2895] GeV/c?* [2.2835,2.2905] GeV /c?
T (s) 200.44 + 0.87 210.55 + 0.86
b (fs) 3.54 4 0.61 6.52 & 0.58
S1 1.1016 £ 0.0063 1.0901 £ 0.0062
fng 0.07533 £+ 0.00037 0.07571 £ 0.00038
£ 0.2998 + 0.0084 0.2776 = 0.0073
£ 0.7969 = 0.0084 0.7998 = 0.0119
Thg1 (f3) 190.9 &= 6.7 207.2 £ 6.9
Tog2 (£5) 857.4 + 27.9 888.4 + 30.4
1.1427 £ 0.0081 1.1653 = 0.0082

Shg
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Detector alignment

GT name

alignment_misalignment_prompt_to_proc12stage1_v4

(@) nominal prompt alignment
systematic uncertainty

alignment_misalignment_VXDCDCwires_v1

(b) residual misalignment for
telescope weak mode

charm_misalignment_vO0

(c) day-to-day misalignment

charm_misalignment_v0_1

charm_misalignment_v1

(d) residual misalignment from
MC studies

charm_misalignment_v1_1

Payloads

VXDAlignment
CDCAlignment

(incl. wire
misalignment)

VXDAlignment
CDCAlignment

(incl. wire
misalignment)

VXDAlignment
CDCAlignment

BeamSpot

VXDAlignment

VXDAlignment
CDCAlignment

VXDAlignment

Scale/Type

Scale of
prompt
alignment
systematics -
small to
medium

Very small
(realistic
long-term)

(residual
misalignment)

Small
(realistic
prompt 2020)

(single day-
to-day
difference
from data)

Very small
(realistic
long-term)

(residual
misalignment)

Status

OK -
recommended
(analyst first
choice)

OK -
recommended

OK -
recommended

OK

OK -
recommended

OK

Generate signal samples with different alignment global tags: https://confluence.desy.de/display/Bl/Misalignments

Comments

This is a difference between reprocessing alignment and prompt alignment.
The biases removed from prompt are reproduced by this misalignment to a
large degree. This is a realistic misalignment estimation for prompt and safe
upper limit for reprocessing.

prepend BS payload
in alignment_misalignment_prompt_to_proc12stage1_v4_BeamSpot to
get the re-calibration of the BeamSpot

iteration 2 of full global alignment (from zeros) including CDC wires

prepend BS payload
in alignment_misalignment_VXDCDCwires_v1_BeamSpotto get the re-
calibration of the BeamSpot

prepend BS payload in charm_misalignment_v0_BeamSpot to get the re-
calibration of the BeamSpot

prepend also charm_beamSpot_misalignment_v0_1 to get the re-calibration
of the BeamSpot

After telescope weak mode alignment challenge.

prepend BS payload in charm_misalignment_v1_BeamSpot to get the re-
calibration of the BeamSpot

Validation/analysis
feedback

Cosmic validation
does reproduce
prompt biases.

Dimuon validation
does reproduce
prompt biases.

Medians of VXD
sensors residuals
for MC dimuons

even better than for
ideal MC &

Medians of VXD
sensor residuals for
MC dimuons

~Tum in U and
~2uminV - very
similar to real

data validation of
bucket14

OK: TODO

OK: TODO

OK: TODO
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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 104

- Absolute uncertainty for Act lifetime (202.4 fs): 0.09 fs

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

- Relative uncertainty: 6.1 x 10-°
- Absolute uncertainty for Act lifetime (202.4 fs): 0.01 fs VALUE (MeV)

2286.46 + 0.14 OUR FIT
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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: 209.7 £ 0.9 fs
- Avg of exp bins: 209.3 £ 0.9 fs

Fitted lifetime (blinded)

0.220 -

0.215 -

0.210 -

0.205 -

0.200 -

0.195 -

|

i

—-=—= average
$ moriond
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Consistency checks

Perform blinded lifetime fit to data
subsets

- Bins of cos(6)

* Results consistent within uncertainties
- Moriond 2022: 209.7 £ 0.9 fs
- Avg of exp bins: 209.3 £ 0.9 fs
- Avg of cos(8) bins: 210.1 £ 1.0 fs

Fitted lifetime (blinded)

—-—=- average
0.290 - ¢ moriond
0.215 - | | |
0.210 - -r-r-+r---F-p----————— === = - ________}
0.205 - {
0.200 - |
0.195 -
—0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8

cos(9)
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Consistency checks

Perform blinded lifetime fit to data
subsets

- Binsof ¢

 Results consistent within uncertainties
- Moriond 2022: 209.7 £ 0.9 fs

- Avg of exp bins: 209.3 £ 0.9 fs
- Avg of cos(0) bins: 210.1 £ 1.0 fs
- Avg of ¢ bins 1: 210.3 £ 0.9 fs

Fitted lifetime (blinded)

0.220 -

0.215 -

0.210 -

0.205 -

0.200 -

0.195 -

=== avVerage

moriond
-2 0 pCAY) [rad] |

o I T e et o B &

H
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COHSISteﬂCy CheC kS Repeat fits after shifting bins by one-half bin size

No obvious systematic shift

Perform blinded lifetime fit to data —T" average
subsets 0220 - moriond
- Bins of ¢
o 0.215 -
S
* Results consistent within uncertainties 1=
@)
- Moriond 2022: 209.7 £ 0.9 fs 2 02104 L e b bbbt o1 __+
-
- Avg of exp bins: 209.3 = 0.9 fs -
. Avg of cos(®) bins: 210.1 1.0 fs 3 —
g0
- Avg of ¢ bins 1: 210.3 = 0.9 fs =
+ Avg of ¢ bins 2: 209.7 = 1.0 fs
Jore f 0.200 -
0.195 -
—3 —2 —1 0 1 2 3



Consistency checks

Perform blinded lifetime fit to data
subsets

-  Bins of momentum

* Results consistent within uncertainties
- Moriond 2022: 209.7 £ 0.9 fs
- Avg of exp bins: 209.3 £ 0.9 fs
- Avg of cos(0) bins: 210.1 £ 1.0 fs
- Avg of ¢ bins 1: 210.3 £ 0.9 fs

- Avg of ¢ bins 2: 209.7 = 1.0 fs
»  Avg of momentum bins:

209.7 + 1.0 fs

Fitted lifetime (blinded)

0.216 -

0.214 -

0.212 -

0.204 -

0.202 -

0.200 -

—-=—= average
$ moriond

________________________ L

2.0 2.5 3.0 3.5 4.0 4.5
pr+ (GeV/c?)
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Consistency checks

Split data samples by charmness

- Lifetime difference between the charm and anti-charm fits is 0.35 £ 1.72 fs

(209.936 = 1.195 fs and 209.586 £ 1.235 fs, 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 0.07 £ 0.23 fs and 0.05 = 0.28 fs, respectively
- Consistent with statistical fluctuations
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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 ot 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 A 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
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