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B factories . Belle/KEKB (KEK) and BaBar/PEP-II (SLAC)

- Very successful physics programs with a total recorded
sample over 1.5 ab~! (1.25 x 10° BB pairs)

- Flavor physics (CKM/UT, CPV), NP in rare processes,
new particle discoveries

More details in “The Physics of the B Factories”, EPJC 74, 3026 (2014)
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Even >10 years after data taking, still producing new results in hadron spectroscopy

>350 papers published since shutdown!



SuperKEKB and Belle II: 2nd generation “Super B Factory”

N
KL and muon detector:
Resistive Plate Counter (barrel outer layers)
New final focus Scintillator + WLSF + MPPC (end-caps, inner 2 barrel)
s - | J
EM Calorimeter: , |
Csl(TIl), waveform sampling | | , ™
Y \\\\\\\\\ | Particle Identification:
x> || Time-of-Propagation counter
| Prox. Focusing Aerogel RICH
| | y

electron (7 GeV)

-
Beryllium beam pipe:

\2 cm diameter

777,

%‘ A } | ‘ g l positron (4 GeV)
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-
Vertex detector:

\2 layers DEPFET + 45D

Readout (TRG, DAQ):
Max. 30kHz L1 trigger
~100% efficient for hadronic evts
TMB (PXD) + 100kB per evt

N - over 30GB/sec to record

" | Offline computing:

Distributed over the world via
Ehe GRID

New positron
damping ring

-
Central Drift Chamber:

He(50%):C2oHe(50%), Small cells,
dong lever arm, fast electronics)

Animation © KEK

cc, ut, dd, {70~ «<— eTe  — T(nS) — B B*)




Weak decays and hadronic interactions

Searches for BSM physics rely on accurate theory descriptions of strong interactions at low energy
- Often rely on predictive models like the Heavy Quark Expansion (HQE)

A standard tool for theoretical description of inclusive decays of heavy hadrons

Decay widths calculated with expansion in terms of heavy quark mass




CKM metrology

+ Measure |V | and |V, | to overconstrain unitarity condition — potent test of Standard Model

» Long-standing discrepancy between inclusive and exclusive measurements
*  We need new experimental and theoretical results that challenge existing knowledge
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| V., | from exclusive B — X .£v decays

Decay rate depends on product of CKM element and hadronic form factor

Global fit for CKM element, extract form factors (test theory predictions)
Theory prediction for form factor, extract CKM elements

Exclusive measurement of |V, |

Candidates/(0.10 GeV?)

Now have LQCD predictions beyond zero recoil

LHCb measurements with B, — Dg*),m?ﬂ [Phys. Rev. D101, 072004]

Preliminary results for |V, | in B — D" ~¢*v, at Belle |
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| V., | frominclusive B — X .£v decays

Operator Product Expansion

- Gﬁmi‘vcblz (1 - (1)Os(k) | co(m)Os(n) 0( 1 ))

10273 m? m; |

Traditional approach: Use hadronic mass moments, lepton energy moments, etc. to determine
non-perturbative matrix elements of OPE and extract |V, |

- Allows model-independent extraction of HQE parameters up to @(1/m§)

- Extraction of higher order terms complicated by proliferation of hadronic parameters - rely on modeling

» Alternative approach UHEP 022019 177] (M, Fael, T. Mannel, K. Vos): exploit relations between HQE
parameters due to reparameterization invariance to reduce the number of independent parameters

- Not true for every observable (e.g. not for <MX>) but holds for <q2>

qz = (P — Px )2
- At l/m,f the number of matrix elements reduces from 13 to 8 M8 :



g* moments from B — X .£v decays

Improved Hadronic Tagging technigque using Belle |
algorithm (approximately twice better efficiency than Belle)

Acceptance corrected
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g* moments from B — X .£v decays

Belle Il - arXiv:2205.06372 (Submitted to PRD)
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First extraction of inclusive |V, | from q2 moments

. Good agreement with the most precise previous measurement, | V., | = 42.16(51) X 107> Ihep-ph2107.00604]

- Provides strong evidence that inclusive |V, | can be reliably obtained using the HQE

- Uncertainties well under control
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Other tests of theory predictions for hadronic interactions

Particle lifetimes sensitive to higher
order terms in HQE

PDG
2018

~ LHCb
Charm hadrons complicated by  Semileptonic

poor performance of HQE to

3 . LHCb
O(1/m?) to describe Prompt
non-perturbative effects

Recent charm lifetime
measurements break established
charm baryon lifetime hierarchy

LHCb - Sci. Bull. 67 (2022) 479
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Charmed baryon lifetimes

hep-ph/2204.11935 (April 2022)

1.5} Mesons, experiment

B Mesons, our results
1.25}

Baryons, experiment

1t B Baryons, our results

7ipsl ¢ 751
0.5} { { l
0.25} I [ I

Prediction

Charm hadrons in particular provide
excellent tests

Charm quark mass is much less than that
of the beauty quark

Higher order corrections and spectator
effects more significant

Charmed baryons are most difficult to
describe due to model-dependent
spectator effects like weak W-annihilation
and Pauli interference

Provide stringent tests of theory
predictions that can be used to inform
models used for BSM searches


https://arxiv.org/abs/2204.11935

Charmed hadron lifetimes: experimental status

. DY and D* dominated by » Other charmed hadrons dominated by LHCb
- FOCUS: photon beam experiment - All relative measurements with respect to D™
-  SELEX: hyperon beam experiment
- CLEO: the only e"e™ measurements Ta+ = 203.5 £ 1.0 (stat) = 1.3 (syst) £ 1.4 (zp4) f5

LHCb - PRD 100 (2019) 032001
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Precise lifetime measurements by Belle |

 Lifetimes calculated from distance between production
and decay vertices

- Decay times become negative due to resolution
(tool to understand resolution)

- High precision measurements probe beam spot and
alignment calibration

<l‘

+ production vertex

%
t:% d.p

- Belle Il can make precision, absolute lifetime measurements

- Large samples of exclusive charm decays
without lifetime-biasing triggers and selections

- Precise calibration of final state particle momenta
- Excellent vertex detector alignment
- Very good vertex resolution, small beam size

DO decay time [ps]
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Precise lifetime measurements by Belle |l

Integrated luminosity goal: 50 ab™!
Target luminosity: 6.5 X 10°° cm—2 s-1

: : : : : 1 39 . 34 — —_
- High instantaneous luminosity via the “nano-beam” scheme June 22, 2022: 4.71 X 10 em~1 s~1
- Small beam size better constrains event kinematics \ World record!
- Improved f“ght t|me FGSOlUtIOn Belle Il Online Iuminosity
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DO and D+ measurements by Belle I

Belle Il - PRL 127 211801 (2021)

* Litetime mea§ur§d fr.om an unbinned 2D fit 10 o Belle I
to the (t, o,) distribution 3 [Ldt=72f5"
- Simultaneous fit to signal and sidebands 10
- Background constrained from mass fit 107 ¢ Data ~70 ps
R% — Fit resolution
S 10
, Belle I1 ¢ Data D() = . A Background
10 det ~ 79 fb_lg : —Eit ) f Q. 1 _§1|1
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5 O F
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DO and D+ measurements by Belle I

T(DO) = 410.0+ 1.1+ O.8fS
7(D%) =1030.4 + 4.7+ 3.11s

Source 7(D") [fs] 7(D™) [fs]
Resolution model 0.16 0.39
Backgrounds 0.24 2.52
Detector alignment  0.72 1.70
Momentum scale 0.19 0.48
Total 0.80 3.10

World’s best measurements of the D' and D7 lifetimes

Consistent with current world averages

Sub-1% accuracy establishes excellent detector
performance

Paves the way for additional lifetime measurements
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AT lifetime measurement at Belle |l

- Relatively clean sample of A7 — pK~ 7™ events

- Lifetime measured from a fit to the (t, o,) distribution
- Reprocessing includes improved alignment calibration

- Potential bias due to ) — Afz~and EF — Afz’

8000
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=, . contamination

. Potentially problematic background from =) — Atz~ and =% — Afz’

- Not accounted in previous A, lifetime measurements
- BRE? - A

77) = 0.55 = 0.20 % (LHCb: PhysRevD.102.071101)

C

- BR(E' - Afn") = 1.11 % (https://arxiv.org/pdf/2111.14111.pdf)

» Reduce backgrounds with veto and correct for remaining

- Reject events with M(A:Fﬂo) — M(A)) within 20 of expected value

- (Conservative estimate determined from
fit to impact parameter for AT

- Mix signal events with generic MC to test potential
remaining bias
- Take half the shift as correction and systematic uncertainty

Lifetimes
T(E(C)) = 1536 fs
T(EN) =456 x5 fs

¥~ No BF measurement
(theory prediction made
after LHCb measurement

for 2) — Afn7)

Source Uncertainty [fs]
= contamination 0.34
Resolution model 0.46
Non-=,. backgrounds 0.20
Detector alignment 0.46
Momentum scale 0.09
Total 0.77

19


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.071101
https://arxiv.org/pdf/2111.14111.pdf

AT lifetime measurement at Belle |l

)

. — ©

Experiment Lifetime (fs) IS

This measurement  203.20 £ 0.8¢ . o

LHCbH (2019) 2035+ 1.0+ 1.3+ 1.4 o

FOCUS (2002) 204.6 4+ 3.4 + 2.5 B
SELEX (2001) 198.1 & 7.0 £ 5.6
CLEO (2001) 179.6 2 6.9 £ 4.4

World’s best measurements of the A lifetime

- Consistent with current world averages
- Slight tension with CLEO measurement remains
- Benchmark for future baryon lifetime measurements
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Measurement of the €2 lifetime at Belle I

Belle Il - hep-ex/2208.08573, accepted at PRD(L)

- R B 60 - Belle Il preliminary
i Belle II preliminary : S Belle |l result:
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Summary

»  Major upgrade at KEK for the next generation B-factory
- Many detector components and electronics replaced, software and analysis tools also improved!
- Rich physics program, complementary to existing experiments and the energy frontier program
- Even with early data, excellent performance and good understanding of the Belle |l detector

* First high-precision results are here!
. q2 moments in B — ch U with comparable precision to Belle, but much smaller sample
- World’s best D lifetimes, establishes excellent vertexing

- World’s best A lifetime, benchmark for future baryon lifetimes

- Confirmation that the Q(C) is NOT the shortest lived charm baryon

»  Only 0.5% of target integrated luminosity collected so far - much more to come!
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Belle Il Online luminosity Exp: 7-26 - All runs

1751 Integrated luminosity
B Recorded Weekly - 400
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- Advantages for guarkonium physics program

- World record instantaneous luminosity g
(aiming for 50x Belle integrated luminosity)

- High resolution, hermetic detector, good PID capabillity

- Efficient reconstruction of neutrals (71'0, n, ...)

- Reconstruct single resonance to explore recolling system
(e.g.eTe™ = Jly X)

- Using tagged events (i.e. with a fully reconstructed partner B)
to measure absolute branching fractions

- Variety of production mechanisms accessible

arXiv:1011.0352 (2011)
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Precise lifetime measurements on Belle ||

us-I!lomm
R ,sllSmm

- Upgraded vertex detector
- More robust tracking

*%

- Better vertex resolution .

935 mm

Silicon Vertex Detector (SVD)

* Precise alignment crucial for precision measurements

Angular acceptance: 17°-150

Pixel Detector (PXD)

- Includes all 14336 wires in central drift chamber (60,000 parameters)

Realistic misalignment
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