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- Two primary mechanisms for charm production
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- Used for most analyses due to its
simplicity compared to BB processes




Charm Lifetimes



Charm Lifetimes

Strengthen existing theory

Belle Il

- Theoretically difficult to calculate due to non-perturbative effects from QCD

- Can improve theoretical understanding of QCD and provide stringent
tests of the Heavy Quark Expansion (used to predict decay-widths of
heavy hadrons):
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- Early dataset alone has produced four world-leading charm lifetime
measurements and one strong confirmation of an LHCD result
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Charm Lifetimes

Strengthen existing theory

» Obtained from unbinned maximume-likelihood fits to the decay-time 1 and the decay-

time uncertainty o,

pdf(t UtITa f7 b S1, 82) — pdf(t‘a-ta 7f7 b S1, 32) pdf(at)

PRL 131, 171803 (202

Belle Il 1 { Data
J Ldt=207T — Total fit

Belle Il ¢ Data — —
Ldt=2071p" — Total fit , det:zm b1 | Da

-- Background — lotalit

==+ Background

Background

= 4000
5 2000

m- r Al I mm..\mm

93 194 195 106 197 198 199 2 %01 202 10 0 04 02 03 04 05 06 07 08 09
M(gx[) [GeV/c?) o, (ns)

Candidates per 60 fs



Charm Lifetime Results at Belle II
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Branching Fractions



3ranching Fraction of Charm Mesons

PRD 107, 033003 (2023) PRD 107, 033003 (2023)
: : o 8000 Dt KYK #ntz" o
- Cabbibo-suppressed (CS) decays provide a strong probe for NP S ¢ dm S s
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stat syst norm
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Consistent with prior results but with greater precision
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Sranching Fraction of Charm Baryons

PRD 107, 032003 (2023)
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Sranching Fraction of Charm Baryons
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Search for CPV in the Charm
oeCtor



ntroauction to CP Vio.

- SM —> Violated via complex phase in Cabbibo-Kobayashi-
Maskawa (CKM) matrix

- Strength characterized by the Jarlskog invariant:

F=Im[V, V., VEVEi] = A22%(1 — 2%/2) + 6(A1Y) = 107>

us ' cb’ yp 7 cs

Insufficient to produce large-scale matter-antimatter
asymmetry

- CPV observed in all meson flavor sectors, but not baryon sector

- Charm baryons —> sensitive probe for NP

ation

J V.. V.. Vi

u us  Yu d
s’ | = Vcd Vcs Vcb S
b’ Via Vis Vi) \D
CKM matrix
=242 A A —in)
Verm = — =242 AX + O(4)
AV —p—in) —AA? 1

Wolfenstein Parameterization to ©(4)
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CPV inthe Charm Sector

.+ AAp first observed between DY = atz~and D° - KtK~ decays (LHCb 2019, arXiv:1903.08726)

- Combining this with time-integrated CP asymmetry QYCP(K_K+) vields

. aK K%)= (7.7£5.7)x 107
(LHCb 2022, arXiv:2209.03179)

. al(zmrt)=(23.2+£6.1)x107*

. Effect due to charm hadronsis & G(1073) or less (PRD 86, 036012; PRD 104, 073003)

- Searches for other sources of CPV in the charm sector are ongoing vio complementary observables

1. T-odd asymmetry (ag;‘)dd) measurements

2. Asymmetry (A-p) measurements

e

A rE '
"‘ 1° ‘- e 150 -
. PR LTS s R
R e L ey
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T-odd asymmetries in four-body decays

. Define a T-odd observable C, = p; - (172’ X 173’) where 1,2,3 correspond to three of the four final state particles in a
four-body decay

. (7 should be symmetric about zero; otherwise indicates T violation (TV)

-  Quantity asymmetry vid

0 ['(Cr>0)-1(Cr <0)

- D(Cr>0)+T(Cr < 0) ‘li . Time Reversal ‘i’
- T(-C;>0)-T(-C; < 0) \ I' EE— 4

A, = - .
" T(=C; > 0)+T(=C; < 0)

\L/

Can be nonzero due to T violation or strong phases — take difference to remove phase effects

D D
agp = E(AT — A7)
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T-odd asymmetriesin D — KTKYhTh~

(5)

-World leading precision

-Dominated by statistical
uncertainty

-No direct CPV evidence

(3.67 & 1.23)
(—8.31 = 8.89)
(—1.40 + 4.23)

(0.34 & 0.87)
(—0.46 + 0.63)
(—3.34 + 2.66)

Phys.Rev.D108, L111102 (2023)

Sys ~ 0.35%
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T-odd asymmetries in D( ) = Khr* "

-First measurements

-Strong precision

-No direct CPV evidence
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Submitted to PRD, arXiv:2305.12806



Direct CPV via Raw Asymmetry Measurements

oroduction forward-backward
. The raw asymmetry for AT — AK™ is given by asymmetry

. . N N (y — 7" interference/higher
Ag(N] = AKY) m AZIAY - AKD) + AZHA — pr) + AN+ AX + A — order QED)

NV

CP Asvmmetr Detection Asymmetry (efficiency differences
’ ! between charge conjugates)

. A§+ contribution is reduced by weighting WA R = 1 F A€K+[COS(9,pT]

Use a control mode, AT — Azx™, to cancel out terms

. AA, = AN — AKT) = AZNAS — Axt) = AZL(AF — AK™) (measuring AA,,,, is sufficient!)

18



« Measure

A (AT > AKY) = S
N(AF — AKY) + N(A; - AK™)

== Other backgrounds

(similarly for control mode and A} — XK with

AT — X%t control)

Events / (3.5 MeV/c?)

2.3 2.35 24 2.45 2.5
M(A?) (GeV/c?)

e Results from Belle, 2023

. first measurements of 2-body SCS charm decays, dominated by statistical
uncertainty) — no evidence of CPV

. AUAF > AKT) =(2.1£2.6+£0.1)%

225 23 235 24

Adzr(A+ N ZOK+) =25+54+04)% | | M(A}) (GeV/c?)

dlr(DO KSKSE+E_) =[-251 %1 44(Stat)+8 i(l)(SVSt)] %o

. Same paper measured aT_Odd =[-1.95+1 42(stat)+8 %g(syst)] % Phys. Rev. D 107, 052001

Direct CPV via Raw Asymmetry Measurements

N(AY - AKY) — N(A. —» AK") Science Bulletin 68 (2023) 583

---=- Other backgrounds

Events / (3.5 MeV/c?)

2.3 2.35 24 2.45 25
M(A;) (GeV/c?)

23 235 24 245

.M(/'\;) (GeV/c?)
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Exotic Searches



Sear(j}“ er O Of+f At BGHG Results:
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- SM —> each lepton flavor equally likely to interact with the weak force
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- First search for a FCNC semi-leptonic decay without neutrinos (sensitive to hamiltonian helicity structure through W-exchange diagrams)

No signal observed but consistent with SM:
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Searchfor D — p¢ ™~ at Belle

Test of Baryon Numbper Violation (BNV)

« BNV: One of Sakharov's conditions for a matter-dominated universe

- BESIII (2022, 90% Confidence Level (CL))

B/L violation

Sphalerons
Explicit B violation
Explicit L violation
Other particle number violation

Sakharov
Conditions

Cosmological phase transitions
Out-of-equilibrium decays
Chemical potential

Out of equilibrium

CP violation

New CP violation in scalars,
quarks, leptons

CP violation in a dark sector
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Search for D — p¢ at Belle

Test of Baryon Numbper Violation (BNV)
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TABLE I. Reconstruction efficiency (e€), signal yield (Ng),
signal significance (S), upper limit on the signal yield (N},"),
and branching fraction (B) at 90% confidence level for each
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Phys.Rev.D109, LO31101 (2024)



Search for DY — hh'eTe at’

- FCNC process with ¢ — u¢ (suppressed in SM)

. Distinct g = m*(e™e™) resonances

- Near resonance dominated by SM (BR) and
BSM may be visible far from resonances

e New Belle results

Belle __[Ldt=942 fb” PRELIMINARY
sy
o Signalin p/w region: %(DO — Knete™) =(39.6+45+29)x 107’ e :Ei?ta

(11.80 significance), matches BABAR with higher precision and SM expectations Background

e« 90% CL upper limits set at (2 — 8) x 10~/ for other regions , i

186 1.88 1.9 1.92
m[Kree] GeV/c2




Belle 1I

Belle stopped data production nearly 15 years ago, yet still boasts a large charm sample

Belle Il has resumed data taking after Long Shutdown 1 (LS1) and provides a smaller charm sample with increased
capability for precision measurements. Eventually, the size will be comparable as well.

- High precision —> strong capabilities for measuring lifetimes and branching fractions
Large charm samples allow probes into NP through CPV and BPV

Belle and Belle Il have produced several world-leading measurements in the charm sector

25



Backup
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