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Semileptonic decays
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Semileptonic decays
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Status of |V| and |V

B(i
d
m Exclusive: Reconstruct specific final m Inclusive: Measure general X/v decay
states m Measure some particles in decay

m Measure all visible final state particles m Assign remaining unmeasured parts to
m e X

m |Vl B— DMy moLes

m |V B— wly m |Vyp|: B— Xclv

m |Vl B— Xylv

m Theory: Lattice QCD
m Theory: HQET
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Semileptonic decays
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Status of |V| and |V

m ~30 discrepancy between inclusive and exclusive | V| and | V| measurements
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Belle Il
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SuperKEKB and Belle Il

m SuperKEKB:
m ete™ collider at 10.58 GeV, the 7(4S) resonance

m Peak luminosity reached: 4.7 x 103*cm—2s~1
m World record!
B > 100% increase over KEKB (Belle)
e’ (4 GeV)

Energy resolution: 4%-1.6%
m Belle II:

m Hermetic detector

m 3-dimensional missing momentum
:):)seil:\)/r;s measurements . .
—~__ m Important for studying events with
missing energy

%%,fakenmws% . . - .
N m Particle identification
§ m Excellent particle identification

m 1 ID superior to Belle
m high ~ detection efficiency

X ~
Particle identification

[Belle Il TDR: arXiv:1011.0352]
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https://arxiv.org/abs/1011.0352

Belle Il
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m Data-taking since 2019
m With June 2022 went into Long Shutdown 1

m Recorded data up until LS1 @ 7(4S): 362 fb~!
m (BaBar: 425 fb~1, Belle: 711 fb~!)

Results presented today: £ = 189 fb™*
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Untagged vs Tagged

Untagged

Untaggged—

m Reconstruct only Bsjg
m High efficiency, high
backgrounds

Inclusive Tag
e = 0(100)%

Consistency of By, 25

& Semileptonic Tag =

i | Besen.. — <5

& Knowledge of By, Ty
Hadronic Tag 7

e=0(0.1)%
Exact knowledge of By,

Horak on behalf of Belle Il
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L/

m B, and B:,g are reconstructed

m Tag can be hadronic or
semileptonic

m Precisely determine missing
neutrino momentum

Terminology

m Untagged - Tagged
m Only one or both B mesons
reconstructed per event

m Exclusive - Inclusive

m Reconstruction of
Bsig — specific decay or
Bsjg — Xtv

Exclusive semileptonic decays at Belle Il



Belle Il
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Full Event Interpretation

m Full Event Interpretation algorithm [Comput Softw Big Sci 3, 6 (2019)] to reconstruct Biag
m Reconstruct B candidate with all combinations of daughters
m Multivariate classifiers
m Calculate signal probability

x10¢ Belle Il preliminary x10¢ Belle Il preliminary
25| mm Corectly reconstructed Jeat=3a6m0" T s Cormecty reconstructed Jeat=3a6m
- Continuum & mis reconstructed - Continuum & mis reconstructed

+ oea

Tracks | Displaced Vertices | Neutral Clusters

N, =84907 =734
Pag> 0.1

Mg, =38545 = 1161
Pag>05

Events / (0.0010 GeV/c?)

Events / (0.0010 GeV/c?)

%050 5255 5260 5265 5270 5275 5280 5285

00250 5255 5260 5265 5270 5275 5280 5285
My (Gevic?)

My (GeV/c?)
Moc = | [Efeam/% — (PR )2 > 5.27 GeV/c?
m Hadronic FEI

m Over 200 BDTs to reconstruct O(10000) distinct decay chains
m egi =~ 0.5%, ego = 0.3% at ~ 15% purity
B ~ 50% increase over Belle tag
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https://link.springer.com/article/10.1007/s41781-019-0021-8

Belle Il
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Analyses

Featured analyses with 189 fb~!

ol

] | Vep| from untagged B — D*¢v (2023)
m | V| from tagged B — D*¢v (2022)
m | V| from untagged B — Diév (2022)
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Untagged D™ v
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Reconstruction [to be submitted to Phys. Rev. D]

m Reconstruct neutral B mode
B — Dty

. \\c“\‘:wa & m Clean sample by reducing background
S A with cut on
o M(D*(Knms)) — M(D(K))
o@\ @ (o
& @\ [x(i/ Belle Il Jrdt=189.3"1

N} 3 signal B'sD*e T,
4 (40 200 m True D* background
/ 17.5F m== Fake D" background P
o— § Data %
< N 15.0F 1 MC unc. .
T 100
Y/ y,

§ - 7.5F
\ Signal B decay

5.0F

E — (e Iu) 007 -3 -2 -1 0 1 2
2 cos Bpy
2E3Ey —m% —mi

cosfpy =
2ppPy
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Kinematics

Kinematic variables
oV, 00301050y

—_———— W, COS Uy, COS Uy,

dwd cos 6,d cos Oy dy < ‘ 4

2 2. g2
wo PBPDT M+ mh. — ¢

gy = 3mpmo: Measurement of fully differential rate
challenging — measure partially differential
rates
Form factors
m Boyd, Grinstein, Lebed (BGL) [phys. rev. m Caprini, Lellouch, Neubert (CLN) puc.
D56, 6895 (1997)] Phys. B530, 153 (1998)]
- (2)1 )nﬂz_:lanz", ha,(2) =ha,(w= 1)(1 —8p%2 + (53p% — 15)2° — (2310° 791)23)
9 = Ry(w) =Ry(1) - 0.12(w — 1) + 0.05(w — 1)°
=5 ; Z o 8 VutI-v2 Ry(w) = Ry(1) + 011w — 1) — 0.06(w — 1)°
Vw+1++v2
Fi(2) = Pr ()67, (2) 05): Z cn2",

n=0
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.6895
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
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[e]e] lelelelelele]e]

Kinematic variable construction

m How to reconstruct w, 6,0y, x?
® What we know about B:

* E* =% *
Eg = % |Be| = (EBeam)z - mf;o

m From reconstructed ¢ and D*:

ek 20 2
2EgEy — mp mY7 Y = Combined D* £ system

cosfgy =

2|psllpyl

m For kinematic variables, need direction on this cone
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Untagged D™ v

0008000000

Kinematic variable construction

m Novel approach : (extension of BaBar's diamond frame [Phys. Rev. D 74, 092004])

m Calculate cosfgy from reconstructed D* and ¢
=D, + — . I .
AL m BB production: angularly distributed according
to sin? 0
m Sum up left-over tracks and clusters as
Rest-of-Event (ROE) and calculate momentum
ProE
p m Likely direction on cosfgy cone: Back-to-back
with ROE
m Weighted average over 10 uniformly distributed vectors on cone
m Each vector has weight combining ROE and kinematic information:
1

5(1 — Proe - pB) sin 0

< Improved resolution compared to previous methods!

Exclusive semileptonic decays at Belle Il April 12, 2023
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.092004

Untagged D™ v
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Signal extraction

Belle Il Preliminary Jedt=1893fb
s

== Signal

_ 0 o rokd o° icrgran m 2-dimensional fit in cosfgy and
-] i Data

- 150 7 Bak) e e AM = M(Kﬂ'ﬂ's) — M(Kﬂ')

8 i

§100 . . .

% m Independent fits in 10 (8) bins of

W70V7X (9@)

g  ,’ = [ : \\,z 13 T4 Ts
%eue f N Betle m Template fit with 3 components
elle Il /f

Belle Il
1AL, e oy T LLLLC PP m Systematic uncertainties included as
! correlated shape variations

e

- Tre ) backgroune H

-1
LS

10° entries  Bin

25 cosBy, w AM M) - M(TP) ; m Bin-to-bin migration is corrected with

SVD unfolding (arxiv:hep-ph/9500307]

i
1 0142 0194 0.146 0145 0150 0.152 0154 0156
M (Gevict]

m Partial decay rates are determined from the unfolded yields

reco. eff & acc. unfolded

ALy = / T 3 F 0 ol o
BOB(D = D'r B S K 7 )y
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https://arxiv.org/abs/hep-ph/9509307

Untagged D* £v
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| V| extraction

Full experimental correlation Cj;

m Minimize

s A [Arg™  Aree\ | (Arg™ Aree
=3 o e Cij i

ij

(Do _ pPre)?
+

or

m | V| extraction is performed with:

m Including lattice QCD information for zero-recoil w = 1
m Including LQCD beyond w =1
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| Vep| extraction

(a1, m) Vel X 107 x* Ndf ppna
. . (1,1,2) 403411 414 32 03
m BGL truncation order from Nested Hypothesis
Test [Phys. Rev. D100, 013005 (2019)] ((12’;’ 22)) 2229::11; :.);248 ;i 322
m Expand BGL order by one if x? decreases by at e o ) ’
least 1 (1,1,3) 402411 405 31 097
m Reject if maximum correlation between 2 (2,2,2) 40.1+13 384 30 0.9
parameters > 0.95 (1,3,2) 39.7+1.4 374 30 0.98
(1,2,3) 40.7+£1.2 39.5 30 0.97
BGL fit results (LQCD at w = 1.0)
Belle Il Jeat=18931" Belle Il Jeat=189300"" 2 B;I:,!Im Jeat=100 307 5Bf"e " Jedr=189 3002
ol B=D" LW, | B s s B0t
D - g e i I g
o e ++++ Lo Pl Zub e o ‘=;»3++ s N
Fa el 3° i e 52

|Ve|poL = (40.9 % 0.3q0 £ 1.056 & 0.6theo) x 1073

World-average exclusive D* £v : [arXiv:2206.07501]
(38.46 + 0.40ex, + 0.554) x 1073

Exclusive semileptonic decays at Belle Il

Philipp Horak on behalf of Belle Il

April 12,

2023



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.013005
https://arxiv.org/abs/2206.07501

Untagged D™ v
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| Vep| extraction

Fitted BGL parameters

Values Correlations ,\;2 /ndf
ag X 10° 0.89+005 1.00 0.26 —0.27 0.07
bo x 10°  0.54£0.01 026 1.00 —0.41 —0.46
by % 10° —0.44£0.34 —027 —0.41 100 0.56
23 ll]Z —0.05£0.03 007 —0.46 0.56 1.00

40/31

Systematics
Relative uncertainty (%) [ZEIEw]
o E’n 51 &

Statistical 3.3 0.7 44.8 354
Finite MC samples 3.0 0.7 394 33.0
Signal modelling 3.0 04 40.0 308
Background subtraction 1.2 0.4 248 18.1
Lepton ID efficiency 15 3.1 25
Slow pion efficiency 1.5 184 220
Tracking of K, m, £ 0.5 0.6 0.5
Npp 0.8 1.1 08
fe_/fo00 1.3 1.7 1.3
B(D™* - D'x™) 04 04 05 04
B(D® — K~ rt) 04 04 05 04
B lifetime 01 01 02 0.1
Total 6.1 2.5 783 64.1
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Untagged D™ v
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BGL fit with LQCD w > 1.0

LQGCD constraints on /4, (w) at w = 1.03,1.10,1.17

[Eur. Phys. J. C 82, 1141 (2022)]

LQCD constraints on IIA‘(H'), Ry(w) and Ry(w) at w

Prel [Eur. Phys. J. C 82, 1141 (2022)]
Values Correlations - Nolucs Correlations
[Vl x10° | d04+12] 1 —031 —0.57 —0.1 002 —026 |Vl xllg :‘mi'z 11 '?'16 0.02 '0'11)9 '0"151 'O'iz 0L
ao x10°  22.0+14 —0.31 1 027 01 —0.18 0.31 o X U.J 83210 016 008 ~019 017 0.12 ~0.03
W10 199402 087 027 1 018 013 012 a, x10° —31.5466.6 002 —0.08 1 —0.85 —0.04 —0.07 0.1
0> 10 -2=0.2 =0 - - - : @ -58£25-009-0.19-085 1 01 01 03
by x 10 90+145-01 01 -018 1 -0.88 052 box 10° 133402 —0.61 017 —0.04 01 1 011 —0.3
by i —05+04 002 -018 013 -0.88 1 —0.36 6 x10° —3.2414 —0.17 012 -0.07 01 011 1 —09
¢ x10° —0.7+0.8 —0.26 0.31 —0.12 0.52 —0.36 1 ¢, x10° 5914311 0.1 —0.03 0.11 —0.13 —0.13 —0.9 1
Belle Il e Jedt=189.37071 Belle Il Jeot=18937" Belle | feat=189310°
L1 goLprer-y, Inclusion of he,(w) 16 502025, oy
10 Inclusion of e, (w), ! 13
Ru(w) and Ray(w) B Y
o5 & Lattce data = ) 1
08 1] $10 B { } *
07 < 08 <
. e 10
05 04 09
02
1.0 i1 12 13 13 15 10 11 12 13 17 s 10 11 12 13 14 1
w
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Untagged D™ v
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Other results

m Other extractable results from this analysis:

|Ve|cn = (40.4 + 0.3tat £ 1.0sys £ 0.6¢neo) X 10_3J

B(B® — D*"7v) = (494 + 0.024a = 0.2245)% J

HFLAV average: (4.97 &= 0.12)% [arXiv:2206.07501]

Rey, = 1.001 £ 0.009stat = 0.0214ys
AAp = (—4 & 1652t £ 1845) x 1073 J

— Look forward to Belle Il talks tomorrow for more
AAgp results!
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Untagged Dfv
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Untagged |Vp| via B — Dlv [arXiv:2210.13143]

m Reconstruct both charged and neutral
B modes

m D’ K 7t and DY - K ntnt

Key differences to D*{v B°® mode

- Belle Il Preliminary Jcdt=189.2fb!
W= Signal W False D BO~Dutv,
7w B Continuum +

. Triep 7% MCallunc Pre-Fit
¢ Data

m Scalar meson, one form factor and one
kinematic variable w

12000

m Larger signal yields due to higher
branching ratio

Events /(0.059 )

m No slow 7 dependence

m Much more background contamination
m Particularly down-feed from D*¢v
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Untagged Dfv
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m Active veto of B — D*T¢" v decays

m Combine reconstructed D candidate with potential slow pion candidates
m If AM = M(Dx) — M(D) € [0.14,0.15] GeV — veto event
m Removes ~ 70% of D*T/~ v down-feed while retaining 98% of signal

m Most of remaining down-feed D**fv

Charged B Neutral B
Belle Il Preliminary [cdt=1892fb" Belle Il Preliminary [cdt=1892m7
—p— P— 8000 | Signal B2,
12000 [ ™= 2" P Post-fit

D' Post-Fit

True D

2 oo False D

S S 5000 Continuum
= ~ 277 MC all. unc
£ 4 Data

g 2

& fir

HE
N TLITTTTVIen ot [ R TR I TR
K iy e
%z -3 -2 -1 0 1 -2 -3 -2 -1 0 1
cosBgy cosBgy
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Untagged |V | via B — Dlv

Untagged Dfv
ooe

m Signal yields from independent fits to cosfgy in 10 w bins

m Fit BGL form factors up to N = 3 to partial decay rates
m FNAL/MILC [Phys. Rev. D 92, 034506] and HPQCD Lattice QCD [Phys. Rev. D 92, 054510 (2015)]

as nuisance parameters

Belle 11
Pr v
40l — BGLN=3 R D u*v,
[ x2Indf: 15.1/14
20
30 30
¥ Data

N
S

dr/dw [107%° GeV?]

|Va| = (38.34+1.2) x 1073

World-average exclusive Dlv: [arXiv:2206.07501]

(39.14 4 0.92¢,p + 0.36,) x 107>

m Consistent with the exclusive world
average

m ~ 3% error, comparable to the past
measurements
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034506
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510
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Tagged D™ v
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Tagged |V,p| via B — D*lv [arXiv:2301.04716]

m Tagged measurement of B® — D** ¢y with £ = (e, 1)

Belle Il Preliminary

70

I Lat=189.3 b » Data

= 60 Fgo D v, and cc. Ei'g"al
S 5L . .
= [IMC error m Tag side B meson fully reconstructed in
R . .
g 40p hadronic final states
< . .
2 % m Improved purity, w resolution compared
g 20 to untagged analysis
()

0F m O(1%) of untagged signal yields

0
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https://arxiv.org/abs/2301.04716

Tagged D™ v
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Tagged |V,p| via B — D*lv

m Fit m?,, in 10 bins of w

m Fit CLN parametrized form factor [NPB530, 153 (1998)] to differential decay rates

0.008 Belle Il Preliminary

Belle Il Preliminary J. Ldt=189.3 b” o data with stat.4sys. error
180 F B 0.007 | o —— bestfit
&; 160 _I Ldt=189.3 fbb &I:_a'ﬂ | : B - D'T'v,and ce. - oo
0 - igna _0.006 s error
8 140 | B =D u'v,andcc. BEG )
o 20k -- selection g 0.005 + +
S 100} S 0.004
] g0 b ke
2z = 0.003
© =
T Or D 0.002
2 4w} ’
8 »f 0.001
0 .. ) . 0 T T T T T T
-1 1 15 2 25 3 1105 1111512 1251313514 14515
2
m? .. (GeV?) w

|Vep| = (37.94£2.7) x 1073

World-average exclusive D* £v : [arXiv:2206.07501]

(38.46 + 0.40eyp =+ 0.554) x 1073

m Major systematic errors: slow 7 efficiency and tag calibration
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https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
https://arxiv.org/abs/2206.07501

Summary
o

Summary

Improved measurements of | V| and |V,»| are essential to increase the constraining
power of the Unitarity triangle fit

First exclusive measurements of | V.| at Belle 1l with 189 fb~*

Results are quickly approaching previous best precisions

m Related talks:
m Michael Hedges: Measurements of LFU in B — D®*)¢v at B—Factories

m Florian Bernlochner: Measurements and prospects for B — D*/v angular analysis at
Belle/Belle Il decays

m Frank Meier: B — D** decays experimental status @ Belle
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D*¢v Data-MC comparison

J[rdr=189.3fb!

[cdt=189.3fb"

Belle [rdt=189.3m0"

P oD teT, signal 00 signal Bap oD,
= True D" background = True D background
200 Fake D background | _ s Fake D" background
s i Data I c I oata g“
~ 150 memun: - @ 150F 222 MC unc. P
§ s g 8 125 # %
S 100 i} S g 00 F
k) S 2 75 &
2 B =
50
50 al
25
o.
10 1a 2 13 14 3.5 406 -0.75 —0.50 ~025 0.00 025 050 0.75 100 . 0 o o " .
w = = =
cosé, cosBsy
Belle Il [edt=189.310 Belle Il [cdt=1893m Belle Il Jeat=1893107
0 -
B'+D"*e-D, 350 B°=D""e T
175
c 150 c 300
@ 5 €
o
s ~ [l
1} @ 2
5 100 2 8 200
g e g
o 15 @ J1s0
P 3
- =) 2
5.0 3 100 -
25 50 | "~
400 =075 —0.50 025 0.00 025 050 075 100 00
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D*¢v Data-MC comparison

® 1 mode
Belle 1l L dt=1803f"
Belle Il [edt=189.3f"1 Belle Il [edt=189.3f J
B B - BO-D"* T,
BOaD" -, BO-D -, v
200 25.0
< c s
2150 o 00 S
o P g
H
g 100 S Y
2 2 100 E
2 2
5.0
5.0
L 10 qu 00 —0.75 -0.50 -0.25 0.00 025 050 075 1.00
w cos@
Belle Il Jede=189.3107" Belle Il Jedt=18931b"1 Belle Il Jedt=189.3"1
00f B0 HT 175 5o D T, w00 B0 T,
150 350 p
c < . %
@ 150 ® 125 £ 200
@ "
g § 100 3= @
= =1 = 200
g 100 § 75 5
'y -8 S 150
2 2 s0 -
50 10.0 —L
£5 5.0 A,
28,56 075 ~0.50 ~0.25 0.00 025 050 075 100 0O °
R0 SIS OS0GRS Ga0 0 0.142 0.144 0146 0.148 0150 0152 0154 0.156
cos By

AM [GeV/c?]
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D*¢v kinematic variable resolutions

Variable Bias Resolution
w 0.001 0.04
cosf, —0.005 0.10
cos By 0.004 0.13
X [rad] 0.0004  0.58
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