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Introduction

> inclusive: BR(BT — X fv) = (10.840.4)% / BR(B® = X fvy) = (10.1 £0.4) % (PRD 75, 032001)
» sum of BR(B— D™ (u;) and BR(B— D™ 7lwy) = 9.05% / 8.35%
> gap of ~1.75% between inclusive and exclusive branching fraction measurements of B— X v,
> statistical fluctuation?

» B— Dfv; and B— D*fv, known at 3-4% level

» B— Dnly, and B— D*7mly, only known at 7-9% / 12-14% level for charged / neutral modes
> missing exclusive decay modes?

» B— D™zl observed by BaBar (Phys. Rev. Lett. 116, 041801 (2016))
» BR(BY— Dzt n£Tw,) = (0.161 4 0.030 (stat) +0.018 (syst) £0.008) %
» BR(BT— D*%nt 1 (%v,) = (0.080 4 0.040 (stat) 4 0.023 (syst) +0.003) %
» BR(B®— D 7ntr£Tw,) = (0.127 4 0.039 (stat) £0.026 (syst) & 0.007) %
» BR(B®— D*"nTn£Tw,) = (0.138 4 0.039 (stat) £0.030 (syst) 0.003) %
» B— D™y, not yet measured at all

» B— D™ rly, and B— D™ 7l important background contributions in measurements of R(D) /
R(D™)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.032001
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.041801
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Experimental Setup
asymmetric collision of eTe™

KEKB

center-of-mass energy mostly at 7°(4S) resonance
T(4S)— BTB™ (~51.5%), T(4S)— B°B° (~48.5%)
Belle collected ~772M BB pairs over the course of 10 years
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Full Event Interpretation

> fully reconstruct one of the B mesons (tag-side) in many exclusive modes

» hadronic and semileptonic version:

Tag Efficiency [%)]

trade-off between efficiency and purity

train BDT for each stage
= signal probability
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https://link.springer.com/article/10.1007/s41781-019-0021-8

Analysis in a nut shell

>

>
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read in and convert data from Belle to Belle Il format using B2BlI Comput. Softw. Big Sci. 2 (2018)
run hadronic Full Event Interpretation with Belle training
> DBy selection: |AE| < 180 MeV, M, > 5.27 GeV/c?, signal probability > 0.005

> final state particle selection (e, p*, K*, 7%, 70 and K?)

vV vy VY VvVvyy

reconstruct D from final state particles and D* by adding slow pion
» DY 5 K—ntnxt, DT> KSW+, DT — A'é’ﬁ‘ o, Dt K Ktxt, Dt > K§)7r+7r_7r+,
I')+ — I\”’i’ I\')i, D+ — W+’/'T() B n:::")l)cgn%d]e%q
» D' K nt, D°— K- ntrte, D°— K ata® D°— K0ntn—, D°— KK+, 70700
D’ — Ki,]"/r fr—n0, D°— ntr
combine D™ with 0, 1, and 2 bachelor pions + 1 lepton to form 24 different By modes
reconstruct 7' (4S) from Brg + Bsg (BTB~, B°B°, B°B?)
check that there are no additional tracks in the rest of the event
best 7°(4S) candidate selection based on tag-side signal probability and preference of D* over D modes

measure branching fractions of B — DY by, and B— D@ by, relative to B— D*fuy,
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BDT to suppress continuum background in D modes
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BT - Dzxtr—ety,
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> training samples: S F__ signal E
~ 0.05p 4
F — charged B
» background: off-resonance data g T neut?al ]
. -0 . ey = _ © 0.04f -
» signal: Bt — D90 vy with D9 — Dntr b= [ — ]
B°— D 0Ty with Dy = D™ ntr™ g% E
.. . . . - 0.02E ;
» 25 training variables describing tag-side quantities, event shape, and rest E ]
of the event, like unaccounted energy in the ECL or Fox-Wolfram 0.01- E
moments ot SN E
-0.4 -0.2 0
» scan BDT output classifier to find optimal relative signal significance BDT classifier
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Fit model

» fit dimension: U = Eniss — Pmiss With Eniss = Eo+ .- — Erag — Ep*« — E)
> better sensitivity than fitting missing mass squared M2 = E2 — p .

> simultaneous fit with 16 categories: Bt and B°, D and D*, 7 and nn, e and

» fit components: 300F Belle data B"— D't ety, 7
ok preliminary ot E

signal: MC with decay via D1 (Dnr) or D'y (D*mr) resonance — signa
200 — feeddown .

>

» feeddown of D*7r in D (n® missed in reconstruction of D* — Dx®)
» off-resonance data to describe continuum events
>
>

— background
150 - |

—— continuum

Candidates / (0.025 GeV) =

BB background (charged + neutral samples merged)
B — D**{v, background

> signal-to-background (crossfeed) efficiency ratio fixed to MC value & °f i e
> vield related to signal component within simultaneous fit 0 ettt S ofor e
i ]
> PDF constructed as histograms with 120 bins in [-1; 2] B ° !

U=E " P (GeVv)

» MC weighted to correct known data-MC differences in PID, tracking efficiency, 7#° and K2 efficiency,
charm branching fractions, and tagging mode composition
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Relative systematic uncertainties

>

vV v.v Yy
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largest systematic uncertainty from fit modeling

» composition of signal model
» shape uncertainties due to limited MC statistics

BDT signal efficiency differs between data and MC (systematic determined using B— D*{vy)
uncertainty on branching fraction of normalization mode = systematic of 1.9% (B°) and 3.9% (B™)
uncertainty on branching fraction of charm modes (0.7-1.4 %)

small systematic uncertainties from PID, tracking, and selection efficiencies because of partial cancellation
in ratio with normalization mode

Total systematic uncertainties in %
Dnlvy, D*nlvy, Drnmly, D¥*mmly,

B° 2.6 2.6 8.9 22.4
Bt 4.5 4.8 7.8 12.0
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Results for Bt — Dr 7= ¢*v, (preliminary)
N..(BT Dorntr—et 197 + 20 Babar ] 0.161 + 0.030 - 0.018 + 0.008
! +_> *07r+7rfe+ye) l Belle (FEI) ] 0.194 = 0.020 + 0.019
Noo(BT = D it va) :i31 =18 Belle (FEI) ] 0.156 % 0.021 + 0.017
BaBar found 171 + 30 B* — Dz 7= 0T, Belle (FEN) e oo s 000t

0.1 012 014 016 0.18 02
BR(B*— Dntn=ttuy) (%]

~ . : ~ . T
E :g [ Belle data B+ — DOn¥n~ety,] E 70FBelle data Bt — DPntrputug
§ 707preI|rr||nary — Total E § 607pre||m|nary — Total 1
S sof — signal S sof — signal E
g sof — feeddown g b — feeddown
S sF — background © — background .
% . — continum] 3 ¥f  ontinuum » good agreement of combined value
nt £ i ;

S o 20p — BB with BaBar measurement

10 10 . .

» statistical uncertainty reduced by

5 5 =  sF e
B B TR % Y K T T T - R PO [ T RTINSO factor 2

Bl i et o S R S 0 PPm (AR S "

5 0 T E ~° 0 1 E

U=E,.-p, (GeV) U=Epe oD, (GEV)
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Results for BT — D*x+ 7= ¢*u, (preliminary)

> Nug(BT — D™'n*rn~etve) =57+ 14 > BaBar found 74+ 36 B — D*%ntx~ ¢+, signal
> Nio(BT = D*%ntnputy,) =39+ 14 candidates
BaBar I | 0.080 % 0.040 + 0.023 + 0.003
Belle (FEI) R 0.073 % 0.018 + 0.011
Belle (FEI) r H 0.068 £ 0.025 + 0.014
Belle (FEI) e 0.072 £ 0.015 =+ 0.009
0 0.03 0.06 0.09 0.12 0.15

BR(B* — DOntr=t+y,) [%)]

> excellent agreement between electron and muon mode and with result by BaBar
» total uncertainty 2.5 times lower
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Resonance model of BT — D

(*)Oﬂ+7r’€+yg
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» use sPlot technique to calculate sWeights from fit of Emiss — pmiss distribution

> plot background-subtracted invariant m(D°7 7 ™) mass distribution (statistics too low for D*%7+ 7 ™)

Frank Meier (Duke University)
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> decay via narrow DY resonance (m(DY)ppc = (2422.1 4+ 0.6) MeV/c?) can be confirmed
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Results for B — D~wtn~(*v, (preliminary)

Candidates / ( 0.025 GeV )

Pull
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0.127

0.039 £ 0.026 + 0.007
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BR(B®— D-mtnttuy) (%]

» total branching fraction compatible
with BaBar value

> statistical uncertainty again reduced
by factor 2
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Results for B®— D*~nt7= (v, (preliminary)

Candidates / ( 0.025 GeV )

Pull
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H—.—H 0.138 0.039 0.030 0.003

0.030 = 0.025 £ 0.022
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» very few signal candidates found in

electron mode

» combined value 1.250 below BaBar's

result
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Resonance model of B®— DW—gtr—(ty,

> use sPlot technique to calculate sWeights from fit of Emiss — pmiss distribution
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> plot background-subtracted invariant m(D~ w7 ~) mass distribution (statistics too low for D*~ w7 ™)
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> clear peak at Dj resonance (m(Dj )epc = (2422.1 + 0.6) MeV/c?), but broader than for B case
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Results for B— D®rly, (preliminary)

BaBar
PRL 100, 151802 (2008)
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0.42 +0.06 £ 0.03

BaBar
PRL 100, 151802 (2008)

0.43 £ 0.08 £ 0.03

Belle s o) 0.455 £ 0.027 £ 0.039 Belle s oorer 0.405  0.036 £ 0.041
Belle (FEI) 0.394 0,018 + 0.019 Belle (FEI) 0371+ 0.023 = 0.010

Belle (FEI)
T
Belle, (FEN

0.3

0.35

BaBar
PRL 100, 151802 (2008)

0.372 £ 0.021 £ 0.018
0.384 £ 0.014 £ 0.017

Belle (FEI

ruon modt

Belle, (FED

0.332 £ 0.026 £ 0.010
0.353 = 0.017 + 0.009

0.5 0.55

BR(B*— D~ ntt*vy) (%]

0.3

0.59 +0.05 £ 0.04

BaBar,
PRL 100, 151602 (2008)

0.55
BR(B®— Dn(*vy) [%]

0.48 +0.08 £0.04

Belle s o 0.603 £ 0.043 £ 0.038 Belle | os orey 0.646  0.053 £ 0.052

Belle (FEI) 0.552 + 0.025 + 0.030 Belle (FEI) 0.546 + 0.031 + 0.016

Belle (FEI) A — 0.520 £ 0.028 £ 0.028 Belle (FEI) 0.552 £ 0.035 £ 0.017

Belle (FEI) 0.537 +0.019 + 0.026 Belle (FEI) 0.548 +0.023 + 0.014
01 0B 05 0 } 06 07 03 0.4 0.7 0.8

BR(B* — D*~nt ) [%] BR(B®— D*n=+y) [%]

» all branching fractions a little bit lower than the previous world average and at least twice as precise
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Conclusion

» world's best measurements of B— D**fv, branching fractions
» improvement of at least factor 2 over any other measurement, mainly thanks to new tagging algorithm

» all results of combined branching fractions compatible with previous world averages

B(B°— D%x ¢ v,) = 0.353 4+ 0.017 (stat) + 0.009 (syst) % B(BY = D xta "¢t vy) = 0.143 4 0.018 (stat) + 0.013 (syst) %
B(BY > D xtety,) =0.384 + 0.014 (stat) + 0.017 (syst) % BB - Dt r"etv,) = 0.175 + 0.015 (stat) + 0.014 (syst) %
B(B® » D% "¢t uy) = 0.548 £ 0.023 (stat) &+ 0.014 (syst) % B(B® = D* " xtx et y,) = 0.069 & 0.020 (stat) £ 0.015 (syst) %

B(BT = D* " xTetu,) = 0.537 £ 0.019 (stat) & 0.026 (syst) % B(BT = D%zt x "¢ vy) = 0.072 £ 0.015 (stat) + 0.009 (syst) %

» study of D** mass spectrum using sPlot technique

» paper to be submitted to journal soon
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Bt — D ntlty, Duke
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) | Belle data BT — D~ ntetv, | O 200f Belle data Bt — D ntuty, -

BV
[Te] | ] n F 3]
8 200 |- preliminary Total ] g 180 preliminary Total E
- 3 . 1 > 1 F . =
e L = Signal . 128 E = Signal E
- 150} - E E
@ r — feeddown @ 120k — feeddown ;
§ 100 E — background ] § 100 === background 3
] c — CONtiNUUM 2 s8of = continuum
S C S eof
50 |- 40F
: 20f
5 s ; 5 sf ;
o o

Frank Meier (Duke University) Measurements of B — D** £y, decays at Belle 25.02.2022 2/17



BY— D¢ty

Candidates / (0.025 GeV )
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Bt — D* ntlty,

Candidates / ( 0.025 GeV)
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PDG averages of exclusive B— X_.fv, branching fractions

v v.v Yy

vV v.v vy

BR(BT — D%*v,) = (2.354+0.09) % (0 = 3.8%)
BR(BT — D*%¢*1y) = (5.66 +0.22) % (0 = 3.9%)
BR(BT— D nt¢tu,) = (044 +£0.04)% (0 = 9.1%)
BR(BY = D* " n¢Tw) = (0.60£0.04) % (0 = 6.7%)

BR(B®— D™ ¢tv) = (2314 0.10)% (0 = 4.3%)
BR(B°— D* ¢tu,) = (5.05+0.14) % (0 =2.8%)
BR(B®— D%z~ ¢*u,) = (0.41+£0.05) % (0 = 12.2%)
BR(B®— D*°n~¢ty,) = (0.58 4+ 0.08) % (0 = 13.8%)
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Comparison with BaBar v
» sources of largest systematic uncertainties in BaBar publication

» decay model: D** — Dnr vs D**' — D**7 followed by D** — D
» limited size of MC samples to model fit PDF
» modeling of MVA input variables
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sPlot technique

vV v.v v Y

sPlot: a statistical tool to unfold data distributions (Nucl.Instrum.Meth. A 555 (2005))
method to statistically subtract background contributions

perform extended maximum likelihood fit of discriminating variable
calculate weights based on the yields and the pdf values

apply weights to spectator variables = signal-only distribution

> no correlation allowed between discriminating and spectator variable

Frank Meier (Duke University) Measurements of B — D** £y, decays at Belle 25.02.2022
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https://doi.org/10.1016/j.nima.2005.08.106

Final state particle selection

v v.v Yy

vV vV.v v Y

good photons: E., > 0.075/0.05/0.1 GeV (FWD / BRL / BWD)
pE, et dr < 0.5cm, [dz| < 2cm, p > 0.3 GeV/c
pF: muIDBelle > 0.9, eIDBelle < 0.8, 25° < 6 < 145°
e*: muIDBelle < 0.9, eIDBelle > 0.8, inCDCAcceptance
» Bremsstrahlung correction using closest good photon in 5° cone
K, p, m: dr < 2cm, |dz| < 5cm, muIDBelle < 0.9, eIDBelle < 0.8
K*: atcPIDBelle(3,2) > 0.6
7t atcPIDBelle(3,2) < 0.4, atcPIDBelle(4,3) < 0.2 or atcPIDBelle(4,2) < 0.2
K?2: K_S0:mdst with goodBelleKshort and 0.482 < m, +,- < 0.514 GeV/c?
7% pi0:mdst with 0.12 < m., < 0.15 GeV/c® and good photons

Frank Meier (Duke University) Measurements of B — D** £y, decays at Belle 25.02.2022
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Reconstruction of D mesons o v

1. D' K—nt 7. D°— K0ntn—n® 1. Dt — K=+ 5. DY K ntata®
2. D’ K—nta® 8. D°— nr™ 2. DY Kdntn— ™ 6. DY — Kdntx®

3. D> K ntatn~ 9. D°s K ntn ata® 3. DY K ntnt 7. DY -5 KOK*

4. D°— KOntn— 10. D°— nta—x® 4. DY - K- Ktnt 8. DY = xtx®

5. D' K K* 9. Dt ata—at

6. D°— KOx°

» perform TreeFit with mass constraints on D, K2, and 7° (no TreeFit for D° — K27°)

> mass window: +15 MeV/c? for modes with at least one charged track and no 7°, £25 MeV/c? otherwise

» usefulness of D modes studied
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Usefulness of D reconstruction modes for B— D*(v,

» exclude D reconstruction modes individually

» perform signal extraction using six streams

> plot average signal significance defined as signal yield divided by (statistical) fit uncertainty

Bt D™ Tr+u+ vy
signal significance
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» identify modes that boost signal significance and those that

» previously used D modes almost always useful
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Reconstruction of D* and B modes

> D*0_y OO0
> 0.1389 < mp«o — mpo < 0.1455 GeV/c?
> D DOrE Dty DERO
> |mpr —mp«=(PDG)| < 3 MeV/c?
» perform TreeFit with mass constraints on D*, D, K2, n°
» B~ D ¢*v, B°— D* ¢ty Bt — D%" v, Bt — D*%ty,
» B~ D°r ¢ty B®— D*n ¢ty Bt — D 't ¢y, Bt — D* nt ity
> 2.05 < mpx < 3 GeV/c?
» B s D ntn ¢tv, B D* ntn ¢tv,, Bt = D°xTn ¢tv,, Bt — D%zt 0t0,
» ROE mask for no additional track in the event: dr < 2cm, |dz| < 5cm
> criteria for best 7°(4S5) candidate selection

> best By signal probability, then Bsg with D* preferred, then Bsg with lower |mp — mp(PDG)]
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Vetoes to suppress peaking background

> require pmiss > 200 MeV/c to suppress purely hadronic decays

» some BT — D*“nt¢ty, with D*~ — D~ fail D* selection (either mass window or vertex fit) and are
instead reconstructed as BT — D%zt r £ w,

> veto this background contribution by requiring m(D°w~) > 2.05 GeV/c?
> second veto: suppress cross-feed if 7™ is actually from Biag

» combine each = of Big with D° from BT — D% 7~ ¢* vy reconstruction
> require m(D%r ™) > 2.05 GeV/c? for all combinations

> if at least one reconstructed B— D) réu, and one reconstructed B— D™ wrfy, candidate present in
same event and both are in signal region, throw away all candidates of this event
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Fit function for D** mass distribution

N

vvvvvvv

> naive Breit-Wigner function > relativistic Breit-Wigner with “mass-dependent” width I'(m)
1 1 dN m-T(m)
P(z;zowo) = —————— -
N (zo — x)2 + Fw? dm ~— (m2 —m?)2 +m2T2%(m)
P(m) = To ™2 (q)”“ Fy(Rq)
m \ qo Fr(Rqo)

» ¢ is momentum of one of the daughter particles in the resonance'’s rest frame

q= i\/(7712 = (m1+ m2)2) (m2 —(m1 — m2)2)

m

qo uses constant peak mass mg instead of candidate-by-candidate mass m
L is orbital angular momentum quantum number between resonance and bachelor particle

Fr(x) are Blatt-Weisskopf form factors

vV v.v Yy

R is meson radius, | used R =5 GeV ! =~ 1fm so far

Frank Meier (Duke University) Measurements of B — D** £y, decays at Belle 25.02.2022
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Fitting D** signal MC

» MC production with out-dated values for peak, width and cut-off

> non-relativistic Breit-Wigner used for generation of resonances

» for resonances close to threshold relativistic BW necessary

» convolve BW with Gaussian of width 2 MeV/c? to account for resolution effects

ke

UNIVERSITY

MC fit 2(peak—threshold)

threshold cut-off peak width g wo width
Dyt — DOt 2.004 40 2.097 2.4 0.1503 2.3889+0.0012 0.1530+0.0027 53
D(;”—» D7t 2.009 22 2.101 2.4 0.1503 2.389540.0008 0.1419+0.0018 5.2
DTH DOt 2.146 42 2.153 2.423 0.0200 2.422040.0006 0.0210+0.0013 27.7
DY — D*~rt 2.14983 2.1503 2.4223 0.0204 2.4213+0.0002 0.0212+0.0004 26.7
D,}“r — DOxrt 2.00440 2.1481 2.4601 0.037  2.4606+0.0004 0.0394+0.0008 24.6
D;Oﬁ D=t 2.009 22 2.1521 2.4611 0.043  2.461240.0003 0.0454+0.0006 21.0
D’f% D*Oxt 2.146 42 2.145 2.445 0.2503  2.41040.007 0.2434+0.017 2.4
D’?—) Dt 2.14983 2.145 2.445 0.2503 2.4096+0.0020  0.229+0.005 2.4

> except for D] states fitted peak masses more or less compatible with generated ones

» fitted width compatible with generated width within a few o

> tried fitting with relativistic BW to test implementation
> works, fit results close to non-relativistic model but plots indicate clear shape differences (see backup)
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Fit of sweighted m(D**) distribution for charged tags 7770w

» for now use sum of non-relativistic BW
convolved with Gaussian (RooVoigtian)

> m(Dg%) = (2.274 £ 0.004) GeV/c?

» MC value m(Dg°) = 2.308 GeV/c?
> o(Dg%) = (0.245 4 0.014) GeV/c?

» MC value o(Dg") = 0.276 GeV/c?
> m(D3%) = (2.4588 4 0.0006) GeV/c?

» MC value m(D3°) = 2.4589 GeV/c?
> o(D3°) = (0.0209 + 0.0011) GeV/c?

» MC value o(D3%) = 0.023 GeV/c?

_5 » additional D*(2640)° component in generic MC
2.1 22 23 24 25 26 27 28 29 3 Wlth Ultra-narrOW Wldth?
mp- .+ (GeV/c?)

Belle MC

Candidates / (0.0095 ( GeV/c?))
w
g

IIIIIIIIIIIIIIIIIIII|||||||||||||||||||||||!
Lol b b b b b b d

LR ST i

Pull
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Fit of sweighted m(D**) distribution for neutral tags

180
160 Belle MC » for now use sum of n(')n—relativist?c BW
0 convolved with Gaussian (RooVoigtian)

> m(D;t) = (2.233 4 0.008) GeV/c?

» MC value m(Dg1) = 2.308 GeV/c?
> o(D;T) = (0.223 4 0.022) GeV/c?

» MC value o(D;t) = 0.276 GeV/c?
> m(D;t) = (2.4585 4 0.0012) GeV/c?

» MC value m(D}T) = 2.459 GeV/c?
> o(D3T) = (0.0327 £ 0.0016) GeV/c?

» MC value o(D3") = 0.025 GeV/c?

> additional D*(2640)% component in generic MC
21 22 23 24 25 26 27 28 29 3 with ultra-narrow width?
mpogt ( GeV/c?)

120

100

IIIIIIIIIIIIIIIIIIIIIIIIIIII:

Candidates / (0.0095 ( GeV/c?))

..... e Ly b b

Pull
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