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Non-EWP decays with missing energy

aka (semi)leptonic decays
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b — glv; decays )

Gew Measuring the
< universality of
W- couplings:
Vy test of the Standard
Model
Gew X Vcb
o >
Extraction of |qu|:
fundamental Standard
Model parameter
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b — qlv; decays )

Measuring the

universality of

couplings:

Vyp test of the Standard
Model

B-Meson

Extraction of |1/, | "™ Hadronic system
fundamental Standard X. = {D,D* D* Dm D'm,..)
c — ) ) ) ) )

Model parameter X, = {m,p,w T, ...}
Understanding the hadronic system
plays a crucial role for precision
measurements of flavor observables!

Belle Il Physics Week Markus Prim



D-Meson Spectrum ‘

Excited states like in the _ L=0 L=1
hydrogen atom, but QCD j% o- 1z 1- o+ 1z 1+ 1+ o o+ wx Ik " "
instead of QED potential [ Particle Data Group D™ = DO' Dl' Dl’ DZ

| Phys.Rev.D 110 (2024) 3, 030001
Quark Model Prediction
2.8 [ Phys.Rev.D 64 (2001) 114004

Dy

D* 26|

* HQET allows grouping into spin-
symmetry doublets based on the
quantum numbers of the light
degrees of freedom

; * Quark model has predictive

18] D n transitions power over the spectrum

— S-wave --- P-wave - D-wave

S

Mass (GeV)
(o]
NN

o :
(¥

2.0
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B - X_£v, Decays

Understood experimentally and theoretically I

B = D¥v, B - D*¢v, B = D**¢v, “Gap”

(2.11 + 0.05)% (4.90 + 0.11)% (1.99 + 0.28)% ~0.86%
. . B - DWWty
Understood experimentally and theoretically (027 + 0'12)(;;
Problems with B - D**fv, Inclusive # Sum of exclusive
* Form factors assume narrow * Unknown decay modes?
widths of the resonances * Ad-hoc filled with

« 1/, o3/, puzzle B - (D™n)#7, decays to
* Tension across experiments reproduce the p, spectrum

Belle Il Physics Week Markus Prim



R(D")

Open problems in tree-level b — clv; decays

Signs of lepton

-

=e,U,T

e _ M _ T
gew_gew_gew

flavor violation -
B(B —» DY 1v,
R ( D(*)) = (_—_T) —
B(B —» DM ¢vy) Vo
7N 0.4 T T T T T T
*Q x A | y 68% CL tontours -
= i
[ =\ Moriond 2024 Bell¢ BaBar -
035 LHCH —
03 —
0.25
+ = with cxpczcd SM contributions of D, X, removed R(D) = 0342 +0.026,, =]
035k O//('I 68.3% CL contours R(D*)i 0.287 = (),1)]2(“.‘| -
/?(* . pf:(),_\)_ -
B )’//& P(x?) =35% o)
0.30 :\:?:\‘ J/Z)\/ 1 1 | 1 1 1 1
R / 3 0.4 0.5
AP HFLAV 2023 R(D)
025 S 2. R(D®)
R(D™) AR
0.20}
02 03 0.4 =05
R(D)

Belle Il Physics Week

Unsolved inclusive

vs. exclusive |V, |

discrepancy ¢
f"."l_| 4,8 : L) L) T ' L) L) L] I T L) 'I L) L) I T L] T I L] :
S 4.6 :__ * Exclusive [V, 68% CL contours _:
—= 4.4 E_ m—— Exclusive [V | Inclusive _E
= [V, J: GGOU 3

=d 42 ValVel IV.,J: global fit —
4B [ Average Inclusived

= | -

38F gl

3.6 = =
34F Exclusiv 3
32F =

3E HFLAV [

5 sF =

E 1 | 1 L 1 1 1 | 1 1 1 N N L 1 2 3

36 38 40 42 44 ;

|Vcb| [10 ]
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Part |: ‘qu‘

B-Meson Mixing

CPV Kaon Mixing

|Vub | Dominated by W-Boson
emission, a-priori free
|Vcb | from new physics

CKM 1y can be
measured from
tree-level decays

physics639 Markus B




Accessto |V |

Leptonic Matrix Element Fow

i
Hadronic Matrix Element

Gew X qu

B(B~ - uv,) = 0(1077)
B(B~ - 17,) = 0(107%)

Leptonic |V, |
B - lV{

B-Meson Decay

Constant

[B o Vg |2 23 ]

o - -

Yew

Gew X Vup
Belle Physics@/eek

Inclusive |V, | Inclusive |V, |

E - Xufﬁg E - chﬁg
Fermi Motion / Shape Function Operator Product
Expa/rsion

1
B x |qu|2 (F(b - qfv,) + +as+...)
mc,b

Exclusive |V, |

Form Factors

Exclusive |V, |
B — mtv,, Ap = puv,

Form Factors

2
[ B o |Vyp| [ ]
X
N\
Remember: B - D)7,

(B|H,|D) = (p + P ufs

Markus Prim



Vep| from B — D£vy,vs B — D*£v,

Leptonic Matrix Element Few ['(B > Dev,) |V, |2 X (w2 — 1)% X G(1)
_ 1
[(B - D*vy)  |Vp|? x (w? = 1)2x F(1)

* D* carries spin, so can make sure that angular momentum is conserved

* D* has larger rate (3 spin states), naively [ = 3 X I}

* Drawback: additional Lorentz structures - more complex form factors

* Additional degrees of freedom, total rate depends also on the helicity angles

— D*.
®
B

w-

Hadronic Matrix Element

Mg + Mpe — g~

Hadronic Matrix Elements can not be calculated from first principles
— Can be parameterized with form factors hy = hy(w) and extracted from data
— Theory must provide (at least) inputs on their normalization

D(p")|V*|B D* (VB
(D@HIVHIB(D)) _ 40 E 4+ h (v — v)H (D*@OIVFIB®)) _ oy H7 €30
mpmp mpgMmp+
(D*(p")|A*|B(p)) ) ) ; :
VE = GyRb o =hy, W+ Det —h, (e -v)vk—h, (e -v)v'#
A* = cyHycb

Belle Il Physics Week Markus Prim 9



Two key variablesforb = qfv,,£ = e, u

2
2ELEy — mé2
Miniss = (pe+e' ~ PBrag pD(*)i’) cos Oy = — YIp 1Dy o
B

Squared 4-momentum of the Ansle b R
undetected neutrino(s) ngle between 5 and ¥ =

—— ] missing neutrino ——— 1 missing neutrino
= >1 missing particle —— > 1 missing particle

Candidates

Candidates

2
]'\(‘[Irll‘-:‘-:. COS eBY

Belle Il Physics Week Markus Prim



Two key variablesforb = qfv,,£ = e, u

2
2
Mmlss — (pe"'e‘ - thag - pp(*)g)
Squared 4-momentum of the
undetected neutrino(s)

—— 1 missing neutrino

= >1 missing particle

Candidates

Y

miss

Belle Il Physics Week

Markus Prim

2ELEy — m5 —m3

2|pslIPy
Angle between BandY = D¢

cosOgy =

——— | missing neutrino

—— > 1 missing particle

Candidates

11



Tag-side reconstruction

) ) Tracks Displaced Vertices | Neutral Clusters
* Reconstruct accompanying B-meson (the tag-side) to \ |
infer (kinematic) information for the signal side ' W
\ _ . et ‘u"’HK-I' ol KD | [’YW
* Algorithmic problem: Reconstruct many tag-sides and - A A A = —
select the best/correct one .
* Set of multivariate classifiers to select correctly Ui z
reconstructed intermediate particles and B-mesons R
DD D,
Signal side [D*O D D:j
y B°B*
/ — [Comput.Softw.Big Sci. 3 (2019) 1, 6]
: >

vid

psig = Pete- ptag

Belle Il Physics Week Markus Prim 12


https://inspirehep.net/literature/1683429

Event reconstruction at Belle (ll)

Signal side

%
> D/D*/D**

:
.

Psig = Pe+e- ~ Prag

 Exclusive measurements:
Explicit reconstruction of
the final state hadron
Inclusive measurements:
Agnostic with respect to
the hadronic system
(unique for B-factories)

Efficiency \

/\

physics639 Markus Prim

-

" Inclusive Tag

Semileptonic Tag

I

Hadronic Tag

13



Tag-side reconstruction

2. :
© Mpe= |Efoqm — (ptag) is the beam-constrained mass

Ebeam — \/E/z IS preCISely known (0(10_4) or better) x10* Belle Il preliminary x10* Belle Il preliminary

2.5} W Correctly reconstructed IL‘ dt=34.6fb? 1 - Correctly reconstructed IE dt=34,6f"
EEm Continuum & mis-reconstructed . IR Continuum & mis-reconstructed
~>¥ 20 t Data B+ ~§ os} ¢ Data B+
8 Ngz;q =84907 = 734 8 Neg;, =38545 + 1161
Signal side S 15l Prag > 0.1 : S 06 Prag > 0.5 *
Ly X10° Belle Il preliminary 3 g
—~ 1.27 = =)
¢ — J 10} J 04 —~
8 B Y(4S)- BB P loose 2 tlght
DID*|D** S 1.0 IC dt=34.6fb~! E Continuum § § .
o By /7 MC stat. unc. @ 05 W
VX o8 t Data
g 05?250 5,255 65.260 5.265 5.270 5.275 5.280 5.285 059250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
o = -
= .. 5B &=l | h My (GeV/c?) Mo (GeV/c?)
Piig = Peve- —Pug g 0.6 oose t'g 1t *
e x10% Belle Il preliminary Belle Il preliminary
04 1.75| ™ Correctly reconstructed [cdt=346b" mmm Correctly reconstructed Jeat=346f0""
[' = > ,D:lsplac A ‘. e 3 __ 77| mmm Continuum & mis-reconstructed = 8000 | wmy Continuum & mis-reconstructed
Tracks ; == \\mtetl“ 02 Tisof + 0o BO ¢ 7000p ¥ Dot BO
= X N B > .
ot Ngg, =65855 + 590 3 eo0o} Ngg, -:5401 +297
o Prag>0.1 =) Prag > 0.5
- ~ 5000 F
g 0.(1) g 1.00 S
= ] S 4000 b
o Zorst = 5
00
EI (lleseseseesesosese v-""‘.......'. ‘2050 Ioose ‘2 ti ht
T g o 2 2000} g
= w w
8 -1 " L s s ' s " 0.25 1000
= -1.4 ~1.2 =10 =08 =06 =04 -=0.2 0.0
X 0.
|og(Ptag) 0%250 5,255 5.260 5.265 5.270 5.275 5.280 5.285 5.250 5.255 5,260 5,265 5.270 5,275 5.280 5.285
Mg (GeV/c?) Mg (GeV/c?)

A

physics639 Markus Prim 14




Event kinematics 000

1B —Dlv

B B8 - Dlv
[ other background

is the missing mass squared
* Peaks at zero for events with only one neutrino
* (Almost) model-independent variable, which is
useful for signal extraction

o
>
2
* Mrzniss = (psig — Pp — pf) ~ pg =0 O 800
S
o

All bins combined

Signal side

}, 200
» D/D*/D**

1 ] I I I I I 1 I ] ] 1 I 1 ] 1 I 1 1 1

&
3]
o

via 0.5 1 1.5 2

e \ / Mpiss (GeV?)
Psig = Pete- 71 Pra

g

physics639 Markus Prim



2

Ignal yield extraction

3 8
T

g 2
T

Events / (0.09 GeV?)
»

Events / (0.09 GeV®)
Events / ( 0.09 GeV?)

.1
T

B -ow

B0
[ ]B—>D"N
B
- fake lepton
M <

— Real Data

F —m— measured yield

= —— fitted yield

£ Background subtracte i

t B — D{v, spectru

i _] Sum of measured yields 4157

o Sum of fitted yields 4138

- Vcb G1 1= 0.04467 + 0.00151

| p? =1.225 + 0.067

- Correlation = 0.950

F p(x?) = 0.43

| P -1 1 T WS (NN SR S S SR S '

1 1.1 12 1.3 1.4 1.5 16
w

Q° a, ©"
: : :
£ - 2 H
w w w w00
i | " " - ]
C 500
5
' 400
o . o _ 300
5 L % o <
8’ 8 & .- 3 200
8, g 8 2
o (=] o o
< & o = 100
2. 2 2 P
j y Likelihood function:
gy .

M. (GeV) M., (GoV?)

physics639 Markus Prim

L= (MZiss; VD, VD* Virg) = P (35 v;)

D * bk v
v, =" vp +fl-D Vp* + f; gvbkg,?(n,v) =—e v

16




Resolution and efficiency

* Correction for migration (reconstructed w not same as true w)
M;; = P(reco bin i | true bin j)
* Correction for efficiency

(erecoetag)jj = A(true bin j)

AB

Ax

x10™"®
—v— Belle

Fit

-1 _
(Erecoetag) X M1 x Vsig X 1/4NBE

S
o

B=IXxrt

w
N

dr/ dw [GeV]

25

20

15

10

_I|I|II]IIIIIIIIIlI!IIIIIIlllllllllll

physics639 Markus Prim

w resolution
18000
1 =0.000
16000
= o =0.005
14000 —
12000
10000
8000
6000 —
4000}
2000
L L I
B0 ~0.04 0.04 0.06
AW
w resolution
2 0.0
a
0.05|—
0.04]—
0.03[—
0.02)—
0.01—
0.‘I‘.‘.I‘.‘JI‘.‘.\.‘..\‘.‘.
1 1.1 12 13 14 15 16
w
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Two key variablesforb = qfv,,£ = e, u

2 2
2ERE —m
Miniss = (Pe+e- ~ PBrag ~ PD(*){,) cos Oy = 57 —mi 2
Squared 4-momentum of the rlo b ; 2|p lzj”Y L o
undetected neutrino(s) ngle between 5 and ¥ =

—— ] missing neutrino ——— 1 missing neutrino
= >1 missing particle —— > 1 missing particle

Candidates

Candidates

2
]'\(‘[Irll‘-:‘-:. COS HBY

Belle Il Physics Week Markus Prim 18



How to reconstruct g* (or w) without By,

* Angle cos Oy between BandY = D¥
from reconstructed particles

* B meson angular distribution + ROE
momentum

1 A .
S (1 —Pp ) sin?
* Weighted average over different B
meson momenta on the cone span

by Oy

Belle Il Physics Week

Markus Prim

PP, D,

19



Main backgrounds

20000 -3 B—D v Prefit
3 True D3

- . R Belle IT Preliminary fﬁ dt =365 fb!
Belle II Preliminary [Lelt =365 B .
— — ———y oD e, Main backgrounds
[ oo BT = Dle v 8000 == B D Prefit

B P ==y B B — D"/v down-feed
S 15000 -- Comtinuum Ci' G000 —% i‘;r‘]r-i;ruun_ ' '
S b S S B Fake D: Combinatorial backgrounds
= lU[](JU- _2 4000
g i B True D: SL backgrounds and
00 20001 B — X_. — ¢ secondaries
L s B Continuum: ete™ — ¢g where
/L_:O ........................ LZO q < [ﬂ,d,S,C]
A T T LT 0 1 SR S S — 0 1 2 o’
cos By cos By

» Suppress background with selection on ROE, lepton helicity angle, event shape variables, D*fv veto
* Control samples to validate signal and backgrounds

Belle Il Physics Week Markus Prim



Signal extraction

w10 Belle II preliminary [ £ dt =365 fb~!

Il E D
BT i
True
False [}

E Continunm

[ B+ =D, 2 /ndf = 3354/318

[ Postfit

(cosbgy, w) hin

e 2dbinnedfitin cos gy and w
* All systematic uncertainties as nuisance parameters

* Bin-by-bin migration baked into the fit (forward folding)

Belle Il Physics Week Markus Prim

dl'/dw [10~1 GeV]

Belle II Preliminary [ £dt = 365fb~!

ler
2y

3

‘l]]-;wl\.'?i-h| » 104 =394 + 0.8
i /ndf = 9.7/9

BCL (N =3)

$ Data
]
[
L]
L ]
3
¥
®
If[l ]I] II_J lfﬁ 1I| 1_Ir5
W
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Inclusive B —» X £V,

The theoretical framework is the Heavy Quark Expansion (HQE)

T ué pb pis
dl =dly+dl, —+dI, —+dl, —+dl, .—=+0(1/m} Agnostic with respect
0 H mﬁ He mlz, PD mg PLS mg ( / b) to the hadronic system

dI’ are calculated U Le, Pp, PLs €Ncapsulate Challenge: Proliferation of
perturbatively non-perturbative dynamics HQE parameters at higher order
bAvailable at 0(al) b HQE parameters must

M. Fael, K. Schonwald, M. Steinhauser

[Phys. Rev. D 104, 016003 (2021)] be extracted from data

b requires the moments

of the B — X fv rate

The theory cannot predict the
differential decay rate, but the
moments of the distribution

Unravelling the D= Markus Prim 22



Moments of a Distribution

0.5

mmm Data
—_— N0, 1)
— cut-off

0.4 4

arb. units
o
w

o
[N}

0.1

0.0 -
-4 -2 0 2 4

The moments are
measured with cut-
offs in the distribution
Data points are highly-
correlated

Unravelling the D=

3rd centralized moment

5 -
@
o]
£ @]
o
£ 37 ®
2 o
% 27 °
— @]
i (o]
1 @ @® Mean
.. — cut-off
0 _h..*.--_’. v v v
-4 -2 0 2 4
cut-off
0.30 1 @ @ Skewness
o © — cut-off
0.25 4
(o]
0.20 4
o]
o]
0.15 4
@]
0.10 4 @
@
o]
0.05 4 )
..
) 00
0.00 ~amp T T T T
-4 -2 0 2 4
cut-off

2nd centralized moment

4th centralized moment

1.0 -I..... @ \Variance
® —_— cut-off
0‘8 7 .
0.6 ©
0]
0.4 1 ®
@
0.2 1 (o]
.. o
@9
0.0 -— . . : 2o
-4 -2 0 2 4
cut-off
3.0 Jeog @ Kurtosis
@ — cut-off
2.5 1 g
(]
2.0 1
[ )]
1.5+
0]
1.0 4
0]
0.5 1 ®
..
]
0.0 — . . Qeanna.
-4 -2 0 2 4
cut-off

Markus Prim

o = f (- O f()dx

Raw moment:c = 0
Central moment: ¢ = Mean

First raw moment: Mean
Measures the location

Second central moment: Variance
Measures the spread

Third central moment: Skewness
Measures asymmetry

Fourth central moment: Kurtosis
Measures “tailedness”

23



(g*) Moments — Background Subtraction

—
Event-wise master formula

Determine background data

normalization ( 2n> 2 W(q‘ ) X qca”b L X Covir X

in g2 through fits to M q Ngata 2 caltb gen

1.0 Lo g X_ — Zj:O W(q] )

??::: 62.8 fb? mm 55 B'Eg- L —

3 "l s neertanty
% + Data
5 e Linear calibration function
S 4l 2n  _
%M x10° Acalip — (Q‘reco _ Cn)/mn
& i 1.4 | Bellen . 5o Xty . . .

| - e2en = sdo. « Bias from assumed linearity

1—’_ w#% Uncertainty Zn
0.0 . . ] . _ _ o 4 Data ’
Y o Y8 Ceativ = (dgen,set)/\qcatin)
fo g% > 1.5 GeV?/c*

B S * Reconstruction effects

S 5 & final state radiation

go‘a— w o Zn Zn

o - Cgen — <Qgen>/<Qgen,sel>

%047 5 10 15 210

-3 ‘ o2 [GeVZ/ch]

Calculate event-wise

10/8/20256evrc"]

25 50 75 100 125 150 17.5 20.0

signal probability Markus Prim
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(g?) Moments — Result

(q*) Moments

Belle 1l
9 [rdt =62.8fb7!

T o
L
a %
> "
St ¢
o 4a
e L]
6 ¢a
ta
b ¢ Measurement
5| [ ¢ x. Model
2 3 4 5 6 7 8

qf, [Gev?/c?]

]
—————
———

(9% = {a”))?) [(GeVv?/c*)?]

=
T

| ¢ Measurement
8 X. Model
.

o

Belle 1l
[rdt = 62.8fb"

2 3 4

aZ, [Gev?/c®]

10/8/2025

cut-offs

(0% = (g?)?) [(GeV?/c*)?]

(a?))*) [(GeVZ/c*)?]

w & w [=)]
o o o
T

o
T

+, Belle Il
e JLdt = 62.81b71
+-
fn
éa
4a
'l
+l
'I
=
L e
4 Measurement ¢ p
| & XcModel ¢
2 3 4 5 6 7 8

qé, [Gev?/c]

{
+l
o
+ -
¢ o
¢ Measurement °
[ & X.Model P+.+'+'+'
2 3 4 5 6 7 8

Belle 1l
JLdt =628}

a2, [Gev?/c?]

Markus Prim

iy = f (- O f()dx

Raw moment: c = 0
Central moment: ¢ = Mean

First raw moment: Mean
Measures the location

Second central moment: Variance
Measures the spread

Third central moment: Skewness
Measures asymmetry

Fourth central moment: Kurtosis
Measures “tailedness”

Systematics
* Backgroundyields and shape
* Composition of the X, system

e Simulated detector resolution
25



Belle Il Collaboration
[Phys.Rev.D 107 (2023) 7, 072002]

Spectral moments: (g™ )

Also measured: (M), (E})

x104 x10%
1.0
Belle Il B B - Xl 1.4 | Bellell ] B:-Xctv
[Ldt = 62.8 fb™? Em B8 Bkg. [Ldt = 628! Emm B85 Bkg.
~ 0.8 B ete” ->qq e 4 - ete ~aq
kY] wm Uncertainty | || 2 wtt Uncertainty
%, t Data % t Data
O 0.6 U]
B. q?>1.5 GeVv?/c? grl g? > 1.5 GeV?/c?
=) =)
=~ b
5 04 S
S c
g ]
o >
0.2 @
0.0 : , :
05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5 10 15 20
My [GeV/c?] q? [GeV?/c*]

Sizeable uncertainty on the measured spectral moments from the B = X.£v, modelling:
* Branchingratios

* Form factors

* Filling “the gap”

Any bias in the measurement is amplified at moments of higher order

Unravelling the Dxx* Markus Prim 26



Exclusive B = D*" £V,

Leptonic Matrix Element Fow

i
Hadronic Matrix Element

— states
2

(Dy(v', IV B()) _
/mBle

(D, (v', €)|A*|B(v))

mpmp

fr, €+ (Jy,v* + fr,v') (" - v)

= ifAe““ﬁVe;}vﬂv)ﬁ
1
(D;(v', €)|A*|B(v))

mBmD;

=k, €H%, + (ksz“ + kAgv’“)e;ﬂv“vﬁ

(D;(v', ©)IVE|B(v))

\/MpMp;

= ikve”“ﬁyet’;(,v"vﬁv)’,

Unravelling the D=

1t
2 states

(Do(W")|IVH|B(v))
\JMeMp;

(Do(v)|A*|B(v))
A/ MpMp;

(DI (W")IV¥|B(v))

mpmpx

(D1 (v")|A®|B(v))

/mBmDI

Markus Prim

=g, (Wt +v'") + g (Wt —v'")

= igAe““/gye;vﬁv)ﬁ

Stronger assumptions in the D** system:

* Narrow-width approximation for the form factors

* Form factors defined at the nominal mass are
applied over the full invariant mass spectrum

In the heavy quark limit (m;, m, — o) with both b and

c quark at rest:
1

F(B—>D§,1{’v) _

1
2
t(s-02,e0) [

3 1
HQET Predicts: T (B - Df2€v> >T (B - D} 131/)

3 1
Observed: T’ (B — D122€v> ~T (B - Dg 1€v)

This is the so-called
T3/2 — T1,2 puzzle

= gy, € + (g, v* + g, ") (" - V)

At zero-recoil (v = v"), only g, gy, ,
and fy, contribute to the differential
decay rate

27



B - D™ ¢v, Decays

Extraction Method:

. U = Eniss — PmissC
With Epnjss = Egte- — Ergg — Ep — Ey

Candidates / ( 0.025 GeV )

Pull

300

250 |

200

150

100 F

50

-~ Belle
F BY— D%~ etu,

— TOtal
e Feeddown

—— Background
m CoOntinuum
- BB

250

Candidates / (0.025 GeV )

Pull

200 |
150 |
100 |

50

:—Bille — - Total
F BY— D~ pyy, — Signal

e Feeddown

—— Background
m Continuum
- BB

Unravelling the D=

Markus Prim

Belle Collaboration
[Phys.Rev.D 107 (2023) 9, 092003]
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D** = (Dg, D1, Dy, D;) Composition

Based on signal weights from previous fits to U

Custom Orthogonal Weight functions

Model: Breit-Wigner functions convolved with Gaussian

m(Dm) Distribution

Candidates / ( 0.0075 GeV/c?)

%  Belle B — DOx—¢t+y,
60F — Total

sof — D2

40F — other D%z~

Pull

120

- Belle
100 - — Total
0
o — s

60

40

Candidates / ( 0.0075 GeV/c?)

BT —» D—ntéty,

Pull

Belle Collaboration

[Phys.Rev.D 107 (2023) 9, 092003]

m(D*m) Distribution

160

i %

v | Belle BY— D*r—¢*y,
> 140

() F

1] 5 . - Otal
8 L — D
2 100F ;
b [ i
= e N 5
3 60F

2

c

©

o

Pull

0.2 0.3 0.4 0.5 0.6

0.8

m(D*’r) - m(D*) (GeV/c?)

- Belle Bt — D*

140 -
120 |+

100
80 [
60}
aof

Candidates / ( 0.006 GeV/c?)

20 F

Pull

“ntity,
= Total
-
DY

— D30

02 03 04 05 06
m(D* ") - m(D*) (GeV/c?)

0.7 0.8

yield

branching fraction [%]

PDG [%]

21 22 23 24 25 26 27 28 21 22 23 24 25 26 27 28
m(D°x) (GeV/c?) m(D ") (GeV/c?)
yield branching fraction [%)] PDG [%]

B"— Dy~ €ty with DS~ — D7~ - <0.044 at 90% CL 0.30 £0.12
BY s DY ftug with D™ — DOn~ 45745  0.157 £ 0.015 (stat) & 0.005 (syst)  0.121 £ 0.033
other B — D% ¢ty 547445 -

Bt — D0ty with D0 — Dt 180£72  0.054 £ 0.022 (stat) £ 0.005 (syst) ~ 0.25 £0.05
Bt — D vg with D — D=nt 500£39  0.163 £ 0.011 (stat) & 0.008 (syst)  0.153 £ 0.016
other Bt — D¢ty 52070 -

Unravelling the D=

BY— Dy ¢ty with Dy — D*On
BY— D=0ty with Dj™ — D 0r—
BY— Dy~ 0wy with D3 — D*Oq—
Bt — DYty with DY — D*xt
Bt — D¢ty with DY — D* 7
Bt — D¢ u, with D3°— Dt

866+ 142
523+ 173
145+ 114
698 &= 65
353+ 93
382+ T4

0.306 = 0.050 (stat) £ 0.029 (syst)
0.206 £ 0.068 (stat) £ 0.025 (syst)
0.051 £ 0.040 (stat) £ 0.010 (syst)
0.249 + 0.023 (stat) £ 0.015 (syst)
0.138 = 0.036 (stat) & 0.009 (syst)
0.137 £ 0.026 (stat) £ 0.009 (syst)

0.280 £ 0.028
0.31 +£0.09
0.068 + 0.012
0.303 £ 0.020
0.27 £0.06
0.101 & 0.024
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Events/(20 MeV/c?)

Exclusive B = D**£v,

Rk

- D1|\' a)
[N D',v

@Dy

i O*yv
[Ibackground

B~ -» D**n~¢v,

L ®Epe BY— DOr—t+y, L 1201 Beje Bt — D-ntety,
o 70F [}
(0] - Total O 100 | == Total
o D: \ 2 D20
8 sop — % S B2
o 40F = other D'z ! o - D}’
» o 60F — other D"7t |
2 2 |
3 S 4o
2 2 [
8 S 20f { ‘ MV }
_ _ Wb ol
5 sf s s
o a
0H 0
-5

_5 b
21 22 23 24 25 26 27 28
m(Dn*) (GeV/c?)

21 22 23 24 25 26 27 28
m([D°) (GeVic?)

08 1T . 12
M(0"'r)-M(D") [GeVic]]

Strong tensionin B — Dj¥v, measurements
The way forward:

* Belle ll measurements will be important
» Utilize semileptonic tagging

» Provide differential data inm(D™"r), g2, ...

BELLE had.tag B’

——

0.054 +0.022 £ 0.005

BABAR had.tag

0.308 £0.040 £ 0.047

Average

0.084 £ 0.021

| | | I 1

b)

w2dof = 11.00/ 1 (CL = 0.1 %)

0.2 0.4

BB —D;’I' v) B(D;O - D" 1) [%]

Choice of S-wave lineshape has a large impact on the extracted branching ratio

Unravelling the D=
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Part Il: Semileptonic decays with T

B~ 2.4%
W-IH~

0
I

|%%4

0o
>

Belle Il Physics Week

Markus Prim

Observable of choice:

_b-qtv;
b - qbv,

R
- R(DW,,]/¥)

Benefits:

* Experimental systematics
cancelin the ratio

e Theoretical uncertainties
cancel in the ratio




Semileptonic decays with T

Sensitive probe to physics beyond the Standard Model:
 Charged Higgs bosons
Leptoquark

Belle Il Physics Week Markus Prim 32



Experimental aspects

Leptonic or hadronic T decays?
*)) — B(B-»D™1v)) * Some properties only accessible with
R(D ) o B(E—>D(*)£W) hadronic decays, e.g. T polarization
* Leptonic T decays are experimentally cleaner

7 — Hadrons v,

S 64.8%

Semileptonic decays are abundant, but the T decay is difficult to

separate from normalization and backgrounds

« LHCDb: Isolation criteria, displacement of D™ and 7,
kinematics

* B-factories: Full reconstruction of the event (Tagging),
matching topology, kinematics
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Solving the 3-class classification problem

In general, identify 2 variables that have discriminating power in three classes:
signal normalization, background

Mﬁu’ss — (pe+e‘ T PBiag pD(*)g)

Squared 4-momentum of the Sum of unassigned energy in the
undetected neutrino(s) electromagnetic calorimeter
= ] missing neutrino Signal decay with neutrinos
—— =] missing particle Background with

unreconstructed particles

Candidates
Candidates

]

0 |
T2 xtr
M BCT,

miss
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BaBar measurement of R(D(*))

4
=
Signal
= B B E m
s s HE B
2 B N B
201 L
=
(Pbeam — PBtag — Ppio — pe)- = Mimiss2

Belle Il Physics Week
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-

'y

lpr|
B—-D¥t[t—evv v

 ~
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BaBar measurement of R(D(*))

Normalisation
‘'t m m - B—DM®|y

EH-- t N\ B-=DMly Ipr
[ | H H =

Belle Il Physics Week Markus Prim
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Belle commonly uses the

BaBar measurementof R(D™))

Normalisation

HENE-
BIEE:= Signal
aANE S
@l E N =

4 d 2 N =
2Rl L &

Y

lpr*|

Other Background Mmiss
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3-class classification at Belle Il

Here: Semileptonic tag side, leptonic tau decays

— B DT, a5
e = Belle 11 [Ldt = 365"
J— E}}ALuminu;\lhukymunTlr é a B”—?Dr':'_?'_l_f B”—PD':“:""{_I_/
& 2
g 20 5
w 15
}1 = R
10 — 1 0.y
£ A e
0.5
0.0 — 0o = 0
! 10 ’ 0 00 02 04 06 08 10 12 = .
IS e ?*H .G
cos(By) Eoia [GeV] o
14
1.2 2
- 12 — F 0.5
g mJ g 1w —
= L0 = 3
= " = 0s
g8 U =
Z Z Fo.4
“;’ 0.6 [ - 0.6
?5 0.4 |— ‘:‘E 04
R A
Mo - 02 2 0.3
( — 0.0
s 10 15 20 Moo us 10 15 20 25 l
PPIRY, + ST,
p; [GeV] P [GeV]
0.z
0
R &=
= =
] ¥
= 0.1
'Zg 3 .
2
= 3 0.0
Z —
0 -
01 2 5 10 15 m 4
rod
o
o
cos™(Bpg)
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3-class classification in p
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Onlyaglance atb = ufv,

* B-ntvy,, B- ptv,, B> wfv,

Most of the things can be directly applied to b = ufv, decays, except
one must manage the b = ¢fv, background, which is much more

Vub
Veb

<1

abundant due to

Gap problem does not existin b = ufv,, but

* we must construct the so-called hybrid MC

* Consider the p — w interference

; T L DL DL DR D P L L L LR
& 1 50:_ - 3 Hybrid (incl. + excl.) ]
ﬂ EE i [ Hybrid (incl.) 1
©125E ¢ i...F DFN ]
= A | (NS BLNP ]
» 1.00F =
Q X .
5 0.75F 3
w - ]
2 0.50F -
N - ]
] o 7
E 0-25: H H : T ; ]
o C - el T
2008505 10 15 2.0 25 3.0

my / (GeV)
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* b - ufv, are underrepresented in this talk, but equally important!
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Take-aways

Key variables
2
* Mmiss

* cosfOgy

* Egc (when analyzing 1)

Common problems / systematics

* Modelling:
* Gap, Resonances (b - cfv,)
« Hybrid MC, Interference (b - ufv,)

* MC statistics when using tag-side
reconstruction

 Particle identification

Belle Il Physics Week

Markus Prim

Thanks for listening!
Time for question ©
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B — D*£v, Channels and the slow pion
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