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The Anatomy of semileptonic Decays
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Disclaimer :

Topic is much more extensive of what | will cover in O(1h + Questions)

Reviews (RMPs) on the subject :

Mannel, Dingfelder

Richman, Burchat

: . B Do
Attached to the agenda :_) Semileptonic decay rate for B — D /v,

Florian Bernlochner

florian.bernlochner@uni-bonn.de

1 Overview

In addition: some notes on B — DZv, W_f_< i
are also attached b—=i—° B

Fig. 1: Quark and parton-level decay of B — D £, are shown.
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Let’s take a deep dive

... they are responsible for some of the long-
standing discrepancies since about a decade

|Vupb| Measurements over Time

7 CKMFitter Unitarity |Vub| Exclusive B- TV
7] EPS 2019 PDG CKM Review Phys.Rev.D 92 (2015) 5, 051102
|Vup| Inclusive B-puv Np = puv
PDG CKM Review Phys.Rev.D 101 (2020) 3, 032007 O Nature Phys. 11 (2015) 743-747
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They look cute, but
that could be deceiving ...
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- B Belle 2015
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i BaBar 2012 H#+ LHCb 2015
__ Belle 2020 ¥ LHCb 2018
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R(D)/ R(D)swm




Why is it important to measure |V, ?

&|V,,

d s b Over constrain Unitarity condition
— Potent test of Standard Model
U Vud Vus Vub

c | Vea Ves Ve

_ ] . * >k
Vuqub + V;d ch T ,‘/td‘/;b/ =0
t ‘/;d V;fs %b
O(N?) O(\3) O(N3)
CKM Matrix T

Cabibbo angle
SM: Unitary 3x3 Matrix sinfc ~ 0.22

Nobel prize 2008



Why is it important to measure |V, ?

&V,

Over constrain Unitarity condition
— Potent test of Standard Model

IVub ! / 1Vep | @‘i@ CL

A
i
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Why is it important to measure |V,

Ove train Unitarity condition

ent test of Standard Model

B-Meson Mixing
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Why is it important to meas

CPV Kaon Mixing train Unitarity condition

ent test of Standard Model

B-Meson Mixing

IVuo | / IV |
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Why is it important to meas

CPV Kaon Mixing
Present day

B-Meson Mixing

4«@

Q¢

IVuo | / IV |

Some tensions
exist, uncertainties

inflated
/)\

*
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Why is it important to measuret|V,, | &

CPV Kaon Mixing
The future?

with Belle Il & LHCb

&
’.\\\\

-,

B-Meson Mixing

> > >
BY %New Physics% BO
> > >

0.10 T T T T T T I T T T T T T I T T T -
- \ excluded area has CL > 0.95 \ % -
: https://arxiv.org/pdf/2006.04824.pdf Ph:ise I ; :
W- 0.08 — -
<6  Snifoant faction of unerta -
Boson exchange i Significant I’aCtIOI‘ﬁf)" uncertarnty\due to ]
0.06 — Jvub1 & [ Ve | ; _
® — /," l,' —
N
\ 0.04 - _

0.02

0.00
0.00 . . 0.08 0.10
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Semileptonic decays with 7

Observable of choice:

B~ 2.4% T—
W- . b—qTU,
‘/;Ib U, R — —
> b— qliy
C=e, 1

|
R(DY 7, J /1)

Benefits:

Vg * Experimental systematics cancel
in ratio

* Theory uncertainties cancel in
ratio

QCD: @




charged Higgs bosons

Not the focus of this talk; but | added you some introduction material
nonetheless in case you are interested in these!

—



How do we determine |V, ?

&|V,,

At first glance fairly straightforward:

Step 1: Identify a process, in which youhavea b - ¢cW™ orb - uW™ vertex

b»“’{rc b»“’{wu

Veb Vb

C u

#13



How do we determine |V, ?

&|V,,

At first glance fairly straightforward:

Step 1: Identify a process, in which youhavea b - ¢cW™ orb - uW™ vertex

Step 2: Measure how often such a process occurs

RB(b — gW)

and compare this with the expectation from theory w/o CKM factors (or V=1

# 14



o g
Mathematically: = A (b — gW) « | qu|
Predicted partial rate sans CKM factors ['(b — qgW)

Both quantities are connected as

['(b— gW)
|V, |7 — = B(b — qW)
['(b — Everything)

so we can solve this using 7, = fi/I'(b — Everything)

| v | . %(b — QW) Measured by experiment
gbl —

(1) F(b — QW) Predicted from theory



Great, now we only have to identify suitable processes for this:

1. Complication: Quarks are not free particles

l.e. initial and final state quarks will be bound in
hadrons (mesons or baryons)

2. Complication: We need a process, we can describe well
from a theory point of view

final states involving W~ — ¢¢g’ introduce additional CKM
factors (a priori fine), but also have color charged constituents

% IE

l.e. final states can strongly interact

+ multiple diagrams

v oo oeg.n

q g q q

S
e b



So what are the choices?

— theory very hard,
experimentally “easy”

1) Hadronic decays

2) Leptonic decays

— theory “easy” b Vg

experimentally very hard B-
— ~7
BB — pv,) ~ 10

- f—
BB — ) ~ 107 d

3) Semileptonic decays — theory doable,
experimentally doable



So what are the choices?

— theory very hard,
experimentally “easy”

1) Hadronic decays

2) Leptonic decays

— theory “easy”
experimentally very hard

BB — puv,) ~ 107
BB — 1) ~ 107

b ,
B~ " -
5 ™ .
d

— theory doable,

3) Semileptonic decays
experimentally doable

Experimentally Easy

1) Hadronic decays

A

— theory doable,
experimentally doable

3) Semi-leptonic
decays

Theory Hard <

No one cares what
is in this corner :-)

\4

» Theory Easy

2) Leptonic decays

Experimentally Hard
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A quick boot-camp: how do we determine ‘ V. &‘ Vol ?
Inclusive [V | Inclusive [V |
B — X,y B — X 0y

[B = |qu|2 [I‘(b — qlip) +1/mep + o5 + .. U

‘Leptonic’ [V | Exclusive |V | Exclusive Ve |

b> <£ B — mlig, Ay > puu, B — D{¢vy, B— D*{i,
B- L :

(Box VP T5m? ) | (5 IVaf 7




How are we doing?

|Vup| Measurements over Time

~

] CKMFitter Unitarity |Vup| Exclusive B- TV
] EPS 2019 ?  PDG CKM Review * Phys.Rev.D 92 (2015) 5, 051102
] + |[Vub| Inclusive B - uv 0 Np = puv
‘ V ‘ = PDG CKM Review * Phys.Rev.D 101 (2020) 3, 032007 Nature Phys. 11 (2015) 743-747
6 —
ub ]
25
i % ] ! ¢ ¢ ¢ g
Inclusive % 0 + + B # 0
21 @
Exclusive : ———= .
i o) Q o ¢ ¢ o ° D
3 —
| | | | | | | | | | | | |
< < < < < < S O O T O O o
o o o o o o o o] o o o o o
|Vco| Measurements over Time
. CKMFitter Unitarity é |Vep| Exclusive B->D™~u*v, BGL
46 — EPS 2019 PDG CKM Review Phys.Rev.D 101 (2020) 7, 0720047
+ |Vep| Inclusive B2 D™~ p*v, CLN
‘ ‘/ b ‘ PDG CKM Review * Phys.Rev.D 101 (2020) 7, 0720047
C 44

Inclusive 542—5 o + + + + + + + + |°—+°—t—

. 40
Exclusive o s o | | o
(o) o
38
| | | | | | | | | | | | |
" : < < < < < < Sh T O D O O O
Image credit: Markus Prim [0) o (@) o, (0] 9] o, S0, Yo, Yo, S0, Y0, SO
g A % % % Yo o e & Yo > Y% Yo ~p

30
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Why is it important to measure |Vub| and [Vep|?

# 21

Image credit: Markus Prim

Present day =

(]
. ] >| 19
IVub | / IVep | INKI 3| |
Ub Cb u n ] 2 2
5.0 7 §<) 3)
4.5 )
e 1 Inclusive
= 4.0
o) . .
— 1 Exclusive
? 3.5 . IVe| Inclusive
7] DG C 020
n 4 [Veo| Exclusive
. N\ PDG C 020
3.0 us‘“ nnnnnnn
IV bI / IV bl eXkl . ] E%G\ o Vool Inc .
u C ! N 2.5—: lPVDuf;I IIIIIIIII 2020
‘ E Natu (2015)
2-0 LI I LI I LI I IIIII I LI I
35.0 37.5 40.0 425 45.0 47.5

Ok, not such a
great anchor, if we
cannot
agree on the
value of the ratio...

103 |Vcb|
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Yet another angle on |V,

&V,

New Physics searches with very U
rare decays: K — 7wvv

T

B(KT — ntu)

B(KL — WOVD)

(8.441.0) x 1071,
(3.440.6) x 10711, Experimental status:

BK* - ntvw) = (10.6739£0.3) x 107!

Uncertainty Sources

BK* s ntum) 8K, — n0vD) or in the future
6P, KLEVER

|Vcb|

2.9% pED(X) 7.0%

1.8%
|Vcb| 999 Xt 4 X; ”l[”[”
“!!0 other L.0%  other

K, Experiment for
14.9% VEry Rare events

Y |Vub|




Let’s first have a look at some of the kinematics  **

e_
Pp=DPxt+tPst+D,
Dy or
E E E E
B — X + 4 + v
Pxg Px pf pz/
_ Xc/u pg=mg, pg=my, p;=m;, p;=0
® g
—___ f

hadronic states with
a charm or up quark



Let’s first have a look at some of the kinematics ~ **

. Ep Mg
Let’s assume we are in the rest frame of the B: =

Which variables describe the final state? XC e {D, D* D** }
Let’s for now assume we look at a final

state that is a resonance X e { 7T, p f() }
u b 9 o



Let’s first have a look at some of the kinematics

If we look at final states with a fixed mass m, , we can describe them with two

Kinematic quantities :

qg* = (py+p,)" = (pg— py)*

2 2 2
m; < q° < (mg — my)

s/

\

X —ea— Vg U, <
B 4

% @ X<

» 7

PBPyr
Ef —
Mg
1

m, < bk, <—— (mé—m§+m§)
sz

T \

& >3 ¢ —e—% Y

# 25



q* [GeV~]

— —

But ¢° : E, notindependent :

Uy o} > £

00 05 10 15 20 25
E, |GeV]



The various semileptonic modes have spectra with different endpoints,
eg.forB—-> X-v,andB —- X v, :

0.0 1.0 2.0 3.0 00 1.0 2.0 3.0
Electron Momentum (GeV/c) Electron Momentum (GeV/c)

These already can give you some experimental intuition: e.qg. if you want to
measure B — X v, its much easier beyond the endpoint of B = X £v,



In the context of the heavy-quark expansion, it is convenient to introduce
velocities instead of momenta.

E.g. for the case of heavy mesons like B and D* one defines

_ PB __ Pp» _
Vp = —, Vpe = ) W = Vp Ve
Mg Mp)

Here w is the scalar product of the two velocities and used instead of ¢*

They are related via g° = mé + mlz)(*) — 2MgMpe W

Note that :

- 1 2 _ 2
W = A qmax — (mB o mD(*)> 2 2 2
mg —+ Mp — My

While q2 = mg ~ 0 for light leptons 2mpp

results in the maximal value of w



All these quantities are useful, since they encode the non-perturbative decay

dynamics, i.e. you can combine differential shapes (or moments of differential

spectra) with predictions from theory to determine or constrain non-perturbative QCD

A quick boot-camp: how do we determine | % "

| &

Vew

C

?

a -

Measured

|V |_ B(B—)quﬁg)
______________________________________ ® N X))

Theory but often also
measured differential distributions

b ¢ :
B > W < 5 Theory from non-perturbative Methods:

' * Lattice QCD
u Vi E * QCD Sum rules
[Bo<|vub| meeJ 5 K ¢ =@-r)

7




If the final state meson carries spin, information is also encoded into the decay angles

Angle between lepton flight direction in W*

rest frame with respect to W* direction in B frame
tilting angle between decay planes but with

respect to a fixed coordinate system

Angle between D flight direction in D* rest frame

with respect to D* direction in B rest frame






Inclusive |V | Inclusive V¢ |

B— X, liy B— Xy

[B = [Vio|? [I‘(b — qlDg) + 1/mep + s + .. U

Exclusive |Vub | Exclusive |V |

B—)ﬂ'gpg,Ab—)p,u,Du B—)D@Dg,B—)D*epe




Overview
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/-
Ve

=

3

Mesons containing a heavy quark Q S

are made up of a heavy quark and a light
antiquark g (and gluons and gq pairs)

2 L = 0 ground states: D/D*
4 L =1 ground states: D,,D;,D,,D,

(or sometimes D¥, DF, D, D’ or just D*¥)

2.8

2.6

2.4

2.2

2.0

1.8

D15 D-wave

D/D* saturate ~75% of the inclusive B — X £V, rate and are the principal route to V_,

D** saturate ~15% of the inclusive B — X £V, rate, mostly are perceived as background



BB" — X'tTy) ~ 10.79%

- >
D¢ty D*¢ty, D**°¢Ty, + Other | Gap
2.31% 5.05 % 2.38 % ~ 1.05%

Decay B(B™) B(B°)

B — D1y, 2.4+0.1) x107% (2.2+£0.1) x 10~ Fairly well known.

B — D*{ty, 5.5+0.1) x 1072 (5.1 +0.1) x 102 Some iso-spin tension.

B — D, {1y, 6.6+0.1) x 10° (6.2+0.1) x 107°

B — Dy (" y,
B — D} 0" v,
B — D1 0Ty,

424+0.8) x 10°°
4.240.9) x 10°°

3.94+0.7) x 10~°

B — DrnlTy,
B — D*rw Tt v,

0.6 +0.9) x 10™°
2.24+1.0) x 107°

v -

/N N N N N N /N TN

)
)
)
2.9+ 0.3) x 10°
)
)
)
)

0.6 +0.9) x 10~°

)
)
)
2.740.3) x 107°
)
)
)
2.0+1.0) x 107°

(
(
(3.94+0.8) x 10°
(
(

B — XCEVE

(10.8 +£0.4) x 1072 (10.1 £ 0.4) x 1072

Broad states based on
3 measurements.
(BaBar, Belle, DELPHI)

Some hints from
the BaBar result.

|

Check my slides

+ Belle



Let’s strategize

: + Very high efficienc
Other B Signal B y g Y .
+ Measurement of absolute branching
T y fractions straightforward
B B" / (depends on total # of Npa, understanding efficiencies)

" ~(A(8)—>>—&——> DID*/D**
Untagged ., :

o Vi - Less experimental control, e.g. more background

3 frometet — gg
e

- Cannot directly access signal B rest frame,
need tricks

Signal side + High degree of experimental control,
e.g. can identify all final state particles with either the

¢ signal or the tag side
/ + |f hadronic modes for tagging are used, can
» D/D*/D**
reconstruct B rest frame

vid

- Understanding efficiencies is difficult
- Low efficiency reduces the effective

_ statistical power
Psig = Pete— — Phrag



Tagging in a nutshell

# 36

https://arxiv.org/abs/1807.08680

S/

S98e)g 9jeIpouLIafU]

Candidates reconstructed with hierarchical
approach via e.g. neural networks (FR) or
boosted decision trees (FEI)

Over 10’000 decay cascades with an
efficiency of 0.28% / 0.18% for B* and
BY/B

>

E.g. train a classifier to identify correctly reconstructed electron
candidates:

Input variables: all four momenta & particle identification scores
Output: Score O,
Apply mild selection on O, to reduce # of candidate particles

Then train a classifier to identify correctly reconstructed J/y
candidates

Input variables: all four momenta and output scores of previous
layer

Output variable: @J/l// [...]



https://arxiv.org/abs/1807.08680

[ B BF ]
g) _ Output classifier = Measure of how
v tag = well we reconstructed the B-Meson decay

5 o0 X10* Belle Il preliminary
n B £dt=8.7fb~! | mm Y(45)-BB
g 1'75:' a9 f 2019 BN Continuum
1 50 | vz, MC stat. unc.
; T § Data
L 1.25F
i :
5 1.00¢
%
O 0.75

0.50

0.25
0.00

(Data-MC)/MC
o




beam constrained mass

)

N
o
o

ca. 5.279 GeV

l

— 2 — 2
Mye =\ B4 = | P, I* = g
<10 Belle Il preliminary _
: Bihg fL:dt=8.7fb‘1 I Y(4S)- BB
2019 BN Continuum

Candidates / (0.05

(Data-MC)/MC

1.75F
1.50}

1.25

1.00}

0.75
0.50
0.25
0.0(1)

-1

w MC stat. unc. -
§ Data

T
1

T
1

:-‘—.—‘—.—‘—.—.—‘—.—'—'—.—'—.—'—'—'—r'ﬁ‘—‘-:

12 -10 -08 -06 -04 -02 0.0
Iog(ptag)

Events / (0.0020 GeV/c?)

Events / (0.0020 GeV/c?)

e o o = =
N oo © o N

o
(N)

o© o
o o

©
N

0.2}

Loose Selection

x104 Belle Il preliminary

[ B Correctly reconstructed fﬁ dt=8.7fb™" |
| B Continuum & mis-reconstructed 2019
§ Data

Ng:, =22027 + 376
Ptag >0.1

—+

5.27
Mpe (GeV/c?)

5.26

Belle Il preliminary
Jcdt=8.7fb1 |

x104

| W= Correctly reconstructed

| BB Continuum & mis-reconstructed 2019
§ Data

Ngg, =17266 + 288

5.I27 5.I28

Mpe (GeV/c?)

5.26

Events / (0.0020 GeV/c?)

Events / (0.0020 GeV/c?)

(2]
o
o
o

5000

4000

3000

2000

1000

Pull
o

5000

4000

3000

2000

1000

Pull
o

Tight Selection

Belle Il preliminary

[ Correctly reconstructed fﬁ dt=8.7fb~*
[ EEEN Continuum & mis-reconstructed 2019
§ Data

NB;;g =13822 + 209
Ptag>0-3
+
25 5.26 5.27 5.28
Mpe (GeV/c?)
Belle Il preliminary
[ Correctly reconstructed fﬁdt=8-7fb_l
[ M Continuum & mis-reconstructed 2019
§ Data
NBthg =11919 + 189
1 I 1 I { 1 1 I T ; i
R R I L T
25 5.26 5.27 5.28

Mpe (GeV/c?)



Efficiency can be calibrated,
but this has caveats

Why is the efficiency different? Use
10’000 different decays, use
uncalibrated detector information,
line-shapes differ in simulation

— all aggregated in &

tag
NData
Strategy: use a well measured Xto,
process, add it to your MC with its
measured BF and compare NMC
Xl/ﬂljbﬂ



Belle Il Collaboration, BELLE2-CONF-PH-2020-005, [arXiv:2008.06096]

Efficiency can be calibrated,
but this has caveats e.g.

Belle Il preliminary
Jcdt=34.6fb~1==3 D™, gap

Tag Signal
Side et side

3000+ B+ a- B B X, (v
tag «
mmm B->D'lv
I B - Dlv
[ Fake or Secondary
2000+ AR
Bl c'e —»qq

MC Uncertainty
Data

1000 |

0 |
Why is the efficiency different? Use
10’000 different decays, use 2.5F * *
uncalibrated detector information, 0.0 : | H | * | | i* | H.} *
line-shapes differ in simulation ' : H* *
— all aggregated in & —2.5E. . . e
e 1.0 15 2.5 3.0
NData Pe (GeV/ C)
Strateqgy: use a well measured X0,

process, add it to your MC with its
measured BF and compare NMC
Xl/ﬂl/bﬂ



Belle Il Collaboration, BELLE2-CONF-PH-2020-005, [arXiv:2008.06096]

NDaEa

Efficiency . _ Xtvy
Calibration ~ ~cal ™ \rMC

X£0,

Belle Il preliminary

o — -1 *
Belle Il preliminary f£ dt=34.6fb™" = D", gap
| 3000 B+ a- B B X0y
0.85 t Ptag>0.001 L tage B oDy
: * Ptag >0.01 | ‘:l
2%t Pag>01 | : B B- Dl
f\xoys' ’ 2000 - [ Fake or S_econdary
5 | | | B c'e” —qq
507 /77 MC Uncertainty

Ecal

©

[e)]

(1
——

| | | * I : Data
060 | | * [cdt=34.6fb" 1000 _
Bre b BT e o BT :
Channel -
0)
B 2 5F
Phag € uncertainty [%] . :
o.oo1> 0.65 + 0.02 3.0y 0.0F H*HHHH*H***} + “**H
0.01  0.61 + 0.02 3.1 _os5b. H}* o
Oé 0.64 4+ 0.02 3.3 10 15 20 25 30
B *
Prag > € uncertainty [%] p / (GEV/ C)
0.001 0.83 £0.03 3.4
0.01  0.78 =0.03 3.9 Also look at BELLE2-NOTE-PH 2023-004)

0.1  0.72+£0.03 3.9 and BELLE2-NOTE-PH-2023-008




Unbiased calibration very challenging :

Calibration shows signal side dependence

Calibration also dependent on composition of tag-side candidates

and fraction of good versus bad tags

l? e )(tﬁjf

50n+ _
DO+ 110 - \ —eoe—
BOm+* - - P> 0.001, B* o
DO+t - X*/Ngor:1.39 _, oo
DO+ - p-value: 0.1 — e @
Do+ 0 or—o
Don*n*tn~ A —ecee—
DOonr+m*m— 0 — e
D ntn™t - —_— >
D mn*tn*m® 4 — - - €
ANopntn—m* A —e oo : gn
rest - —e e comb
0.0 012 Oj4 016 Oj8 1j0 112

Calibration Factor

1.4

Calibration

o
e’

1.2F

—
o
T T T

0.6

o
| s
o n
k. & + o+
- + + <
+ j: } = = X £33
o *
kR E . o of?p
oo o o o) A o ooo
i
$ ) é
i § .
' . 3 TJRT \
¢ 8 & : []
’ L H
.c 8 o
. 0", ",
—>
o P
tag
................................
0 10 20 30 40 50

One needs to carefully check these issues; best to carry out self calibration
whenever possible

See e.g. PhD thesis of Kilian Lieret: https://edoc.ub.uni-muenchen.de/30193/1/Lieret_Kilian.pdf
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Tagged measurements of B — D70,

Target BY and B* and reconstruct D in many
modes :
DT - K~ 7r atatn, D+
DT — K atrtn
D%KWD—>K7TOD—>K7T++,
D’ —» K atrta 2% D° —» K3x° D° —» Kir'n™,
DO%KQHW—WO, and D° — K~ K+

Reconstruct D+ - D%zt D"t - D*7%, D™ — DYz

In principle also can do D™V — DO}/ but has different Lorentz
structure & angular distributions

Tagged measurement can directly reconstruct
B rest frame & access
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Tagged measurements of B — D70,

Target BY and B and reconstruct D in many
modes : . L

, —
D" = Kirtxtn, DY = K3K', D" —» K"K =¥,
D’ — K_7r+, D’ — K_7T+7TO, D’ - K atata™
D’ —» K rnhr 7T_7TO, D’ — ngo, D’ — Kgﬂ+7r_,
D’ 5 Kdr a7’ and D’ - K K™

In principle also can do D - Doy but has different Lorentz
structure & angular distributions

Tagged measurement can directly reconstruct
B rest frame & access

Belle B%-»D**gv, and D** D * Belle B%-D**4v, and D** D * n° Belle B *-D"gv, and D*0-D%r°
. 3.5 9
] Bl correct Msjow ] B correct Msjow ] B correct Mjow
4.0 - * EE wrong Msiow ] * EE wrong Msiow 1 * E wrong Msiow
E D + —) Doﬂ-l_ I wrong / 3_0—_ D + —) D+7Z'O I wrong / 3-0_. D 0 —) DO]Z'O I wrong /
3.5 1 1
3 - 2.5
0 " 0 .- -
g3 203 2204
> Signal 3 5
2 2.0 215 2 1.5
© ] © . ©
15 Signal, but wrong 7,
3 ' 1.0 1.0 :
1.0 Signal, but wrong 7 Signal but wrong 7,
] 0.5 0.5
0.5 1
] Bkg Bkg
0.0 0.0 0.0
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

w[1] w[1] w[1]



Background subtraction:

Need to subtract residual background contributions:
Key idea :
- From other SL decays (B — D**£D, or )

- From other B decays (with fake or real leptons) PBg, = Pete- — PB

tag

- From Continuum (ete™ = ¢g)
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Background subtraction:

Need to subtract residual background contributions:

Key idea :

- From other SL decays (B — D**¢D,or B — D/1))

- From other B decays (with fake or real leptons) szig = Pete-— P Biag
- From Continuum (e*e™ — ¢9) /

(USG: 0= myz = MI%liSS = (Emiss’ pmiss)2 — (pB — Pp* — pf)z or U= Emiss _ |pmiss| J

105 Belle B°%-D"*{y, [Ldt = 711 b2 105 Belle B*-D"y, [Ldt = 711 b2
E B D *lv (correct mgow) [ D" (- Dm0y B BB Bkg E B D *{v (correct mgow) [ D" (- DMn0)v B BB Bkg
] HEE D "Iv (wrong Msiow) B D (-D"np*)y A Continuum ] B D" /v (wrong mMsjow) B D (-D"n*))y HEA Continuum
4 I Div [ Hadronic Bkg ¢ Data 4 I Div [ Hadronic Bkg ¢ Data
7 107 = £ 107 3
N& 3 MC normalized to data N& 3 MC normalized to data
% ] - % o |
O 103 = O 103 =
LN = LN 3
— ] - ]
o - o i
<102 = Signal, but wrong 7, <102 =
n 3 n 3
g D, g 3
) n e F——— e e ey B e +J .
(5 10! = L 10! =
100 - 100
Q 1.254 t | Q 1,253
§1oo—:**+++."’++ i{+ {* §1.oo—§*+++.-.".+*++}**+}i
A 0.75 3 ¢ A 0.75 3
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

M2... [GeV?/c*] M2... [GeV2/c?]



MC modelling of Mr%liss challenging
E.g. use an appropriate smearing function

Need to apply additional corrections to ( e.g. asymmetric Laplace distribution and as a function of m,,. )

match actual resolution v (e m)@-—m) e <m,

fAL(x;mv)H K’) -

K+ 1/k :
€ [lea=mnine =0, exp(—Ak(x —m)) if x> m,
) [ g2 <4.0GeV? O
1 p-Value = 0.00 Em D* v, ]
g 2000 X3/nger = 155.9/38 mm D (l_, DU 7%) £ v, ] M2 ... Resolution Fit on MC After Fit
N =4.10 E= D** (> D% )Ly, ] in Bin 1/5 in M9 € [5.270, 5.275] GeV
) Data I Hadronic Bkg — — T T T . .
5 3000 Pl 7ou = =005 = BB Bkg 3 600 t o ko i126, T
r pMC = — i Gauss — Y. U
o Pz, Py = —0.06 5 I\C/Icz:n:tr;l:ulr;c g } NGauss =_1041¢114.3
2000 | 4+ Sideband Data g 500 [ mLCruijff —0_01;(2)2_3,_8003;323
. O&iis = O. *0.
< 400 . 9 agu;: =0.6591+0.0641
1000 | 2 S, oLy = 0.7769£0.3315
g 300F j af s = 0.2499%0.04194
Of - Sool Nerie = 6031+413.8
gk >t 100 f
e, O st ...{—‘— .
%%‘ T4t The TTHT ok
Bl S, S Lo k ~05 0.0 0.5 1.0 15 2.0
M2, in GeV?
Mﬁ\iss in Gev? / miss |
J -
“"; 6000} [cdt=711fb! EEN DTy
& 92 < 4.0GeV? E gl”
v
n 5000 | p-Value = 0.06 = D*[zw
= X2/Naor = 53.4/38 . D** (- DY)y,
= 4000 } =1.40 B D** (- D™ i*) Ly, ] . . ]
p e _ — Also other issues which cannot be necessaril
1= P 7o =~ 0-05 BB Bkg
3000 | \ ] . . .
9 3000F ppe .= —0.06 == Continuum solved by smearing alone, e.qg. in inclusive analyses
7//2 MC stat. unc.
2000 + sideband pete the modeling of e.g. D mesons is extremely important
1000
0 L T ] H H
R T see e.qg. Belle Il R(X) measurement in preparation
Olo ’
g ittt b b
|2 0.0 ||+ TT *I 'Tl + T TT+ T TTT|
8 sp M by

—2 —1 0 1 2 3 4
M2

miss

in GeV?2



Fit in Bins of {w, cos 8,,cos 0y, y}

E.g. Can use binned likelihood fit to 1D distributions

(good to use coarse binning to reduce modelling dependence (Bkg shape, resolution))

4D fit also possible; but binned approach suffers from course of dimensionality

— better unbinned (but then need to worry about efficiency & migrations)

# 48
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Fit in Bins of {w, cos 8,,cos 0y, y}

E.g. Can use binned likelihood fit to 1D distributions

(good to use coarse binning to reduce modelling dependence (Bkg shape, resolution))

4D fit also possible; but binned approach suffers from course of dimensionality

— better unbinned (but then need to worry about efficiency & migrations)

Example 1D fits to MC (Asimov fits)

eeeeeeeee ‘teve [Ldt = 711! 70 _Betle [Ldt = 711!

601 y2/ndf=0.00/3 t. Un 1 x2/n 3 . Un

1 ¢ Asimov Data ] p-Value = 1.0000 ¢ Asimov Data

] @ Signal 60 — == Signal
50 w B Background E COS B Background .

f 4 Best approach: use folding to
40 ] n

1 ~ l 9 404 -~ 1

| oo<w <t S extract relevant information

20—3 20_;
10 t ! ﬁ 10
E T 1 o
d*T

5 o 0
Q1254 Q1.25 3 B o - g -
%z;g: l : } —’——’— g Loo : | I —’——’— A2 deos0" deosydy 327 [(Ifsm 0" + I cos” 6 )+ (I§sm 0" + I5 cos” 6 )COSQ@g

-10 -05 00 05 1.0 15 20 o 05 00 05 10 15 20 + I3 sin? 6* sin? 0y cos 2x + 14 sin 20" sin 26, cos x + I5 sin 20" sin 6 cos x
+ (1§ cos® 0* + I§ sin® 0*) cos 0, + I7 sin 20" sin 6, sin x

Belle  BO-D"*ev, JLdt = 71170~ _Belle  B%-D'tev. JLdt = 7111 ) . . ) ok .o )
o Eimeresrs = o i . X/ naf = 0.00/3 é’?;"u“ < + Igsin 20 sin 260, sin x + Ig sin” 6" sin” 6, sin 2x} ,
= Signal = 4, &= Signal
COS 0 = o ] X =
400 V ]
{ 150 1
-é 300 —1.00 < cosfy <-0.80 -g ] ' 0.00< x <0.63 . . .
h S J
|.e. by building smart asymmetries,

- - ;: can project out the relevant 12 terms

(integrated over a certain q2 range)

Q1.254 _
S E 18] E
< E I ] ] 1.25 4
§1.00 { + } ! ! =

3 }
3 0.759 £ 1.00 3 ! t t I 1
— T T T T T 8 0.75 3
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 T T T T T T T
M2,.. [GeV/ci] -1.0 -05 0.0 0.5 1.0 1.5 2.0

See e.g. Markus Prim’s Belle Analysis
(in preparation)
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Detector migrations

X: True distribution M: Detector response Y: Measured distribution

An event reconstructed in a given bin i, might not have had a “true” value corresponding to a bin j

Can be parametrized as a migration matrix:

M ; = FP(reco. IN bin i |true value in bin j)

|

parametrize detector migrations

as conditional probability Check Markus Prim’s slides
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Detector migrations

0 ¥t Can recover estimates for true values via
Belle B"-D ™ev,

1.00 “unfolding” determined yields,
0.09210.014 )
1.05 mapping reco — true
1.107 Simplest version: migration matrix inversion
1.15
_ —1
1.20 Xtrue = M ij Xreco
O
§ 1.25
1.30 Many approaches to dampen impact of
increase in variance
1.35
1.40 (mostly a problem with large migrations — true bin is then the sum
' of many reco bins with high weights)
1.45 . :
0.006 | 0.128 or to reduce impact of MC prior
2.00 | 0.0
S PO LD O N L S (here less an issue; but Bayesian unfolding can propagate the
MOONTNTNTNTNT NN NN observed shape to MC to minimize model dependencies)

w Reco
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Acceptance X Efficiency

After migration effects are corrected, need to correct also for selection effects
(Acceptance x Efficiency)

—1
ABIAX = ( €reco X €tag> X ﬂ_l Xreco

/ 2ife+,u/ \

# of charged or neutral B
meson pairs (other factor of 2)

Actually a matrix

. . . 2Npp = <1+f—|—()>NB(): (1+f_(;)NB+
X € = diag ( & (true bin i o "

¥ 0 B(Y(4S) — BOBY)
Although it’s acceptance X efficiency,
we just call this acceptance l

in the figure on the next slide
Check Jim’s slides
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Acceptance X Efficiency

After migration effects are corrected, need to correct also for selection effects

(Acceptance x Efficiency)

Normal
Approximation
Intervals

— [82'9°
— [G9°G
— [€0'G "’
— [0Vt ’
— [LL°E"
— [vT'€’
— [1s'C’
— [88'T '
— [92'T"
— [€9°0°

cosBy
]

S

costy, ~ 1~ low p,

— [00°T°
— [08°0
— [09°0°
— [0V'0°
— [02°0°
— [00°0°
— [0C°0-
— [0¥'0-
— [09°0-
— [08°0-

CcoSsH,

— [00'T "’
— [08°0°
— [09°0°
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A word on Efficiencies

Efficiencies can be are a large source of uncertainties

Two examples very relevant for semileptonic decays:

- Lepton ldentification Uncertainty

Often based on a global likelihood (or a multivariate classifier)
using individual likelihoods (or input features) to calculate a score
how likely the identified particle is an electron or a muon

Symbolically:

Z = ZLcpe X LeeL X Lrop X Lxim
A
T T \ Matched KLM

L : cluster hit?
lonization energy Information from

loss Cherenkov light
angles

E/P |
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Use clean physics sample to correct MC efficiencies and fake
rates

Eg. ete” - uuy,ete™ - eTeTy, JIyw - €, ...

Construct likelihood ratio for Lepton ID: 7ID = Z,/[Z ,+ £+ £, + L+ L]

efficiency, mis-ID probability
o o o = =
N (@)} (0] o N

o
o

Electrons

1.13 <6< 1.57 rad, electronID > 0.9

o
N

| Belle Il (Preliminary), [Ldt= 34.6 fb~1

j— cm— |

| T T
4+ Jly—ee-¢€(e)
ee - eey - €(e)
ee - eeee - €(e)
-v-  Ks—-nm - mis-ID(m—e) x3
- D* - D°(Km)m - mis-ID(rm - e) x3
T(1p)T(3p) - Mis-ID(mr—e) x3

L - D" - D%Kmn)m - mis-ID(K - e) x3
-
1 2 3 4 5 6
p [GeV/c]

Momentum in lab frame

efficiency, mis-ID probability
o o o o = =
N I o [0 o N

©
o

Muons

0.82 =6< 1.16 rad, muonID > 0.9

| Belle Il (Preliminary), [Ldt= 34.6 fb~1
: .
] + Jly-pu - £(u)

i ee - uuy - ()
i ee - eeuy - (U)
-v-  Ks—-nm - mis-ID(rm— u) x3
. D* - DO(Km)1t - mis-ID(1— 1) x3
3 T(1p)Tt(3p) - Mis-ID(T - u) X3
D* - D°(Km)m - mis-ID(K = 1) x3




€Data

Construct correction tables of efficiency ratios
EmcC

as a function of lab momentum and detector position (polar angle)
to correct MC efficiencies

7.0 ]
s Precision limited by available
"’ control channel statistics (i.e. goes
6.0 .
down by Lumi)
5.5 <
5.0 Non-closure between channels
.s is added as extra uncertainty
) (limiting factor at very high luminosity)
4.0
g 35 Coverage of control channels and
Y - signal are different, i.e. not all control

channels have same relevance)

1 1
2.5 frrrrerdeeeee e
. 1 1 1
i i i i
+7.34% +0.39% +0.31% +0.88%
0.9520:365010-97 £5:355,10-985:316210.98 1557
1 1 1
B 1 1 1 N
2 0 [ ] Y — | FREE—— —| A
. 1 I T I T
- 1 1 1 1 1 E

1 1 1 1 1
+0.21%1 97+3.9% 19 9g+0.35%l0 9o+1.06%ln ga+2.47%ly 65+2.92%]
0947021541097 20733,10- 980340410997 5765410- 9611, 10655 676(

Correlation
model matters!

3.0

|
Jly—ee VS.
ee - eey

2.5

Y S B R S
I : “/: +0.36%: +0.35%: +5.2% : +29%: s
9-92fg'zs%,%EO-96tgi3§%io~97—0.29%50~97—0.34%50-91—4.34%5 0.5%52% | z 100% Correlated errors
s B e s p ° = maximal total eff. error, but no
?.92tg;g%égio.%tg;;‘goﬁ:io.97’:8;?34’%0.96’:5;@3&;%0.9’:%.19/%’% §0-48’:%:2%of_. m_g- 1.0 error on ShapeS
0.5 e
0.89+333%11.05+032% 1+13% 11.01+138%0 05+499%0.81295%]| {111 05 )
_ i i i i i INELE 0% correlated errors
0'6‘.22 0.56 1.13 1.57 1.88 2.23 2.71 09 = minimal total eff. error, maximal

6 [rad] error on shapes



Second example:

- Slow pion reconstruction efficiency

Also needs to be measured in data, e.g. via BY — D" *7~ decays

BO
_/ \D*+ Extract signal in a fit to AE = \/E/Z — Ej
T
RN in bins of pl°
DO T
/ j \ Measure ratio efficiency ratio relative to
K)ntn  K-at Kortata high-momentum region of pl2® > 200 MeV
1750 _ ; g I:'Bg'b;!g; """ -
] LA
. § Data 1 L
1250 | /\
%) [ ] % O .
£ 1000 ] SIS ' -
15 F : Q -
750E 2
500 . ,‘_«‘;J EU 1.0
250?-_|_‘_| 8
e e 0.8
20 o 1
S of ] 1 { 1 { l I | i
e : I } I I 1 I O 6 PER I T T PER I T T PER I T T PER I T T PER I T T PER I T T
I T R ] "7 0.05 0.10 0.15 0.20 0.25 0.30

AE p’ab(ﬂs) (GeV)



The final result (MC)
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w cos6; cosBy, X
0.25
| —— B BGL Theory
1 ---- B* BGL Theony
0.20— Vv B°sD"*ev,
1 m B°-D"* v,
X 1 @ B*-D™ e,
2 0.15 - ¢ Lp
— ' - 8 B"-D MV,
©
= i
~~ -
— i
g 0.10 —
0.05 —

O00—TTTTTTTTTTTI T T T T T T I T I T T I I T T I T T I T T T T T T T 7T

[-1.00, -0
[-0.80, -0

L N T et bt bt et bt

[
[

Note how the different
channels are complementary in
different regions of phase-
space

(e.g. BT has much better precision at low
w than BO, but both have equal precision
at high w)

For a simultaneous analysis, need to determine correlations between different 1D

projections — can be done using boostrapping

Very simple: create a replica of your data set by sampling with replacement

Repeat full analysis chain of 4 x1D measurement for each replica



Pearson correlator of replica sample provides estimator for statistical correlation
between bins:

[1.00, 1.05]
[1.05, 1.10] =
[1.10, 1.15] =

[1.15, 1.20] =
[1.20, 1.25] =
[1.25, 1.30] =
[1.30, 1.35] =
[1.35, 1.40] —
[1.40, 1.45] —
[1.45, 2.00] —

Yo (zi — )y — 7)
Vo - 2 /S (- 9)?

BO-D"* ev,
w cos6, cosOy X

[-1.00, -0.80] =
[-0.80, -0.60] =
[-0.60, -0.40] =
[-0.40, -0.20] =
[-0.20, 0.00] =
[0.00, 0.20] —
[0.20, 0.40] —
[0.40, 0.60] —
[0.60, 0.80] —
[0.80, 1.00] —

19S0D

[-1.00, -0.80] =
[-0.80, -0.60] =
[-0.60, -0.40] =
[-0.40, -0.20] =
[-0.20, 0.00] =
[0.00, 0.20] =
[0.20, 0.40] —
[0.40, 0.60] =
[0.60, 0.80] —
[0.80, 1.00] =

Ags0d

[0.00, 0.63] =
[0.63, 1.26] =
[1.26, 1.88] —
[1.88,2.51] =
[2.51, 3.14] —
[3.14,3.77] —
[3.77, 4.40] —
[4.40, 5.03] —
[5.03, 5.65] =

[5.65, 6.28] =

1.00

0.75

— 0.50

IIIIIIIIIIIIIIIIIII
o .
o
o

— —0.50
—0.75

—1.00

But since we measured
projections of the same
data, the effective degrees
of freedom are not 40, but
37 (Jung, Van DyKk)

Best use of tagged data:

Fit normalized shapes (and if
available total rate)

36 dof from shapes (4*9)
and 1 from normalization



Final result :

BGL33, LQCD

x2 / ndf = 46.5 /36

p=0.11

cos 8y,

CLN Fit
x2 / ndf = 46.8 /33

p=0.06

cos 6,

BGL;,; Fit

x2 / ndf = 45.3/33

p = 0.07

BGLs3, (LQCD)

CLN

o B—>D*£|_)g

|

2.00

1.75 4 o BGLyy;

1.50 A
0.00

Xp/1pd/T (W)
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Untagged measurements of B — DV¢D,

Rest of
Event (ROE)

SU=

*_

Branching I spln conflguratlon
fraction Yemmmmaaaaf

+ sig
U7rT1tagged ‘ <4S>

DO

N\

Recent Belle |l result:

https://arxiv.org/abs/2310.01170
(accepted by PRD)

68% 7T— 31% [) 77
>- 4% Ktm~ 9% KT m m™
. 14% KTn~ 70
Uy 8% Kmtn ™
2 N

Belle IT Preprint 2023-014
KEK Preprint 2023-28

Determination of |V,,| using B° — D*t¢ i, decays with Belle II

I. Adachi ®, L. Aggarwal ©, H. Ahmed ©, H. Aihara ©, N. Akopov @, A. Aloisio @, N. Anh Ky @, D. M. Asner ©,
H. Atmacan @, T. Aushev ©, V. Aushev @, M. Aversano @, V. Babu ®, H. Bae @, S. Bahinipati @, P. Bambade ©,
Sw. Banerjee @, S. Bansal ©, M. Barrett @, J. Baudot @, M. Bauer @, A. Baur @, A. Beaubien @, F. Becherer ©,
J. Becker @, P. K. Behera ®, J. V. Bennett ®, F. U. Bernlochner ®, V. Bertacchi ®, M. Bertemes @,
E. Bertholet @, M. Bessner @, S. Bettarini @, B. Bhuyan @, F. Bianchi @, T. Bilka @, D. Biswas @, A. Bobrov @,
D. Bodrov @, A. Bolz @, A. Bondar @, J. Borah @, A. Bozek @, M. Bracko @, P. Branchini ©®, R. A. Briere @,
T. E. Browder @, A. Budano @, S. Bussino @, M. Campajola @, L. Cao ©®, G. Casarosa @, C. Cecchi ®, J. Cerasoli @,
M.-C. Chang @, P. Chang @, R. Cheaib @, P. Cheema @, V. Chekelian @, C. Chen @, B. G. Cheon @, K. Chilikin

bl

‘-------.

| 4



https://arxiv.org/abs/2310.01170

Untagged measurements of B — DV¢D,

| |
use only Branching ' spin configuration
a ) cleanest mode  fracon @~/ @\ “========
BO 68% )0 —)31% D~ 70
Untagged > 4% Ktg— 9% Ktn m—

14% Ktni— Y
0 Vﬁ 8% K+7T+7T_7T_

) S

\—

Events

05 115 2 25 3 35 4
p’;)* [GeV/c]




Untagged measurements of B — DV¢D,

# 63

—0
T b
Untagged
DO
\_

v

[ﬁncl. — Zﬁz ,J
?

K e
’ . )
6_|_ 1 <Cd> 1
| |
use only Branching l‘spln Conflguratlo'nl
cleanest mode fracon @@/ @\ T======-
BO
Sig * _
i

Reconstruct ROE
to estimate Bsig°
momentum

68% O )31% D~ 70
4% KT~ 9% Kto—n~

14% Ktni 9

0
0
0
.
0
.
0
.0
.0
0
.
0
/e .

PB

51g

p incl

>




Improved Reconstruction Methods

Can exploit that the B meson lies on a cone,
whose opening angle is fully determined by

properties of visible particles:

2 2
2EBED*f — mB — mD*f

COS O pip =
b 2| psl | Ppel
Derivation :
) y)
0=p2=(ps—Pp+)
Pp+ + Dy

eB,D*(

—

6 2EBED*L” — m,% — mlz)*f
COS =
B 21pgl|ppsl

Missing particles :

(pl/ _|_pmiss)2 = ml% + mé*f - 2EBED*f + 2 | pB | | pD*fl Cos QB—D*K - COS QB,D*f -

2 2 2
2EBED>1<Lﬂ - mB - mD*f + (pv +pmiss)
2|pgllppsl 2 pglIppsl

— shifts cos 0 ;,+, to negative values if not included

# 64

y) 2 y) y)
= Pp +Pprp — 2ppPpry = Mg+ Mp., — 2ERE, + 2| Py | | Pp+y| COSOp_piy



Example: reconstruct B — Dfljf (and allow for missing particles, i.e. untagged)

|

B —> Dfljl/ﬂ
: /
x 10
400 g
350 )
300 B — D*¢v,

250
200
150

100
50

\

B — D**fljf

Candidates / Bin width [1]

Good discriminating variable, so we will get back to using it.



Estimating the B Frame

Without tagging, we have no direct access to
the B rest frame

That is bad, since all our angles are defined
with respect to this frame
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Estimating the B Frame

Can exploit that the B meson lies on a cone,
whose opening angle is fully determined by
properties of visible particles:

2ERE:, — mé — mzz)*f .
COS Og prp = 2
2| pgl | Pprl

Can use this to estimate B meson direction
building a weighted average on the cone weerT =L ]

3000}
(EB,]?E,P;,PE) = (\/3/2, | pg|sin Ogy cos @, | pg|sin Oy sin ¢, | pg| cos Opy) -

Events

2000}
with weights according to w; = sin* @, with 0
denoting the polar angle

1000k

0- L——Jd"'-‘—.:"i.—?_f_ ................... -‘.I'T:'.}-‘h_‘_

Wreco. — Wtrue

One can also combine both estimates w; = (1 = prog ﬁBi) sin’ O,



Estimating the B Frame

Events

Events

4000-_'I""I""I""I""I""I"éI'R'O'E'I""I'
1 Diamond + ROE -

[ Diamond
3000 .
: B :
2000 -
1000} i

0

3000F pasjesatiaate
i [ Diamond + ROE 1
2500 Diamond -
2000} :
1500 F .
[ | ]
1000 F | .
; o L
500:' . ey . -
[ v —e i
- =
O'. AP BT BT ST B ETETET AP ETETET TR AP A
—-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20

10.106-0.0750.056-0.0250.000 0.025 0.0

500.075 0.100

Wreco. — Wtrue

COS 9Vreco_ — COS GVtrue

Events

Events

3500

3000

2500

2000

1500

1000

500

0

3000 :_' L L L L L L L e 'él i:{(')'E' L) '_:
I [—1 Diamond + ROE ]
2500 [ Diamond N
2000} :
1500 F .
1000F ]
500 F Eﬁﬁxﬂ ]
O : ‘"":-!:;:J. | ha.:ﬂ!l'._.:.-:'.'-.‘ﬂ ]

[T T rrrrfrrrrfrrrrfrrrr[rrrr|rrrrr1rorrr T
N ] ROE

K 1 Diamond + ROE
:- Diamond
-P‘-..—-—-—_ "

~0.20—0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20
COS elreco_ - COS eltrue

~1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
Xreco. — Xtrue
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Background Subtraction

2 2

21 pgll P ol

2D Fit of COS Op piy =

Belle 1l [cdt=189fb1 Belle 1l [cdt=189fb1
[ =3 Signal B°»D*te~ 1, ]\I — ]\{ . ]\1 B> D*te~ 1,
20.0 mmm True D* background 35'03_ A — D* D
- ] Fake D" background 7 30.0 7
- . § Data 2 c i .
Q@ 15.0F w7 MC unc. ) 2 25.0f
~ I 7 ~ [
: 200!
2 2 200}
| - | | - L .
E ool £ «— Signal
" I COS 8 m 150
- 10.0F r
5.0 " I L
- D* bkg % 5.0f
; , : "1 D* bkg
00,57 =2 -1 o 1 2 0070142 0.144 0.146 0.148 0.150 0.152 0.154 0.156
cosOgy AM [GeV/c?]

Fit each bin of the kinematic variable, unfold and correct for selection eff.
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0.156

0.154 |

2D separation 0.152
power . 0.150

0.154

0.152}F

0.150 [

AM

b 0

0.142




Also focus initially on 1D projections:

Belle Il [rdt=189fb1 ol T ) sl SSSBsaanrenmenssoes
25.0 ; z:gwt: ;rl:(e l;’; [ bkg with true D*
L with fake [ bkg with fake D*
B * - i L 20 MC Unlcertainty | 3500 | p cortainty 1
L BO»D"te "V, [ Signal 5000 46 M Unerciny 7 ey
[ I True D* background 2000 - ] 3000¢
- 4] 2500 f
20.01 [ Fake D" background . < 2
c F .t € 3000 f ] £ 2000
L o c
5 § Data | &
v, + 1500 |
~ 150l Z w2 MC unc. 2000 —
. 1000
$ Z 1000 B
«— 500
-
) 0 . . . . .
c o
o 10.0 5 - - - - 5
m i =
o i g i i b b = bt e bt e
— 8 & 1 T 1 T
5.0F >3 -3 -2 -1 0 1 2 Y . . . , . .
' | cos Oy 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156
I AM
0 I L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1
q.O 1.1 1.2 1.3 1.4 1.5



Also focus initially on 1D projections:

Belle Il [rdt=189fb1 T e e sl e
25_0 =1 bkg with true Di [ bkg with true D*
I B0 R Rp— Sj | s e ey 3500 f P=1 kg with fake Dt 4
L BY>D"te Ve [ Signa 5000 e 1 s MC Uncerciny
[ @ True D* background s000l - ] 3000 ¢
- 4] 2500 |
20.01 [ Fake D" background . < 2
c F -t < 3000} ] 5 5000
I~ w c
= § Data | &
v, + 1500 |
~ 150l Z w2 MC unc. 2000 |
. 1000
g z 1000 B
= 500 F
-
-+ 0 s s s L L
c ol
o 10.0 5 : : : - 5
m i =
> B 20 t t i i =, 1 I i :
— i a 1 1 1 1
5.0F 33 -3 -2 -1 0 1 2 sl . . . . , .
) | cos Ogy 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156
I AM
0 I L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1
q.O 1.1 1.2 1.3 1.4 1.5

Lr!l- 1 1 1 1 1 1 1 1
—
0o 0 0O 0 O 0 0 04 15 80
Ly
"0 0 0 0O 0 0 09 20 22
<t ' 770
<. |
0O 0 0 0 0 05 20 22 1.4
2 4. - Beo
5~ 0 0 0 0 03 21 20 1.3 04
Q" |
— -50
- O o0 0 0 02 19 19 1.4 04 0.1
[N 3 [Te]
o 2% g P
o 0 0 0 0 19 18 1.4 0.8 0.1 0.1
c ~. |
QO o~
SO 0 0 17 16 1.4 05 01 02 0 -30
i o= |
- £~ o 15

11 04 03 02 01 O 220

15 92 08 04 02 01 01 O 0

3 . -10
"EEl 58 06 01 01 0 0O O 0 O

o 1 1 1 1 1 1 1 1 o -

4.0 1.05 1.1 1.15 1.2 125 13 135 1.4 145 15 0

Generated w

“True”



dri/dw [x1071°> GeV]

Also focus initially on 1D projections:

coS Ogy AM = M. — M,
)50 Belle Il Jodt= 189t wl S| wof pmem S
L BOsD*te Ve [ Signal 5000 | 7 e Uncertainty 3500f s ue Uncerainy
I I True D* background wouol ] 3000 ]
20.0¢ Fake D* background : g 2500 =
_;:; I ? thz ackgroun F|'t - | el |
7 w MC unc 2000 - 1500 |
S~ /2 .
w0 150_ 7 1000 1000 |
v _
= 500
= : ;
o 10.0 i 3 5
m 5 = b b bs by
= : 2o : ! : 5 o1 f ] t
5.0 i T - 2 - ° ICOSQBYZ 7> 70142 0144 0.146 0.148 0150 0152 0.154 0.156
| AM
0470 11 12 13 14 15
W . H | ]
Correct for migration effects:
qu‘ 1 1 1 1 1 1 1 1
Belle Il [rdt=189fb1 Correct for , 0 0 0 0 0 0 0 0458 80
[ 50 g —— "0 0 0 0 0 0 09 20 2
L BOD T, acceptance . d B
[ & effici 0 0 0 0 0 05 20 22 14
: O iy o efficienc x4. g o
50 —— —— y s~ 0 0 o0 0 03 21 20 1.3 04
' —— D m_ |
r ) i . — -50
40 F —— - g 0 0 0 02 19 19 14 04 0.1
[ — 2 8. |
[ Ly < o B~ 0 o o 19 18 14 08 01 01 | 20
30 O 2. |
—— O ST o0 o 17 ﬂ 16 14 05 01 02 0 30
20 | C o=n. |
[ Fitted CLN - o ~o 11 04 03 02 01 O 50
10¢ F'tted.BGL N 92 08 04 02 01 01 0 O
i @ Experimental data 9 . 10
S TS L SR SO “"KEll 58 06 01 01 0 O O O O
9% 1.1 1.2 1.3 1.4 1.5 o_. EOEEEEEE N B
1.0 105 1.1 1.15 12 125 13 135 14 145 15

Generated w

“True”



Belle li [rdt=189fb2 Belle Il [rdt=189fb1

ok B°->D** 1~V _ 16[ B°~>D L7V,
: > [
iy v 14F
gop gt 5 R
O i + 0 12t
3 a0p A —— 5 1ol o
X 30 + -:: 8 [
ed m | .
Z0 g of 7
= Fitted CLN S af \ Lepton momentum
10 f Fitted BGL S Lf cut
I 4 Experimental data i
Co 111z i3 T1a s 00 2075 —0.50 —025 000 025 050 075 100
w cos 6,
Belle I Jedt=1897" Belle Il [ dt=189 b2
21F _ :
[ BO»D**{ > B>D**1- T,
> 18} -
;D 15 + —+ 3 i :
| o I A= e = o
9 12f —— a2 3L
o —— L3 T, ——
> of : —— X |
o Ff —— 251
N : ———— — 21
o 6r E [
E [ T qL
S 3 [
2100 —0.75 —0.50 —025 0.00 025 050 075 100 S S B R
cos By X
(ng, np, ne) Vel x 10° Prmax X2 Ndf p-value
3 (1,1,2) 40.2+1.1 0.28 405 32 14%
H/Cb‘CLN = (402 + 0.3 £0.9 & 06) x 10 , _ (2,1,2) 401411 097 386 31 16%
BGL truncation order (1,2,2) 40.6+1.2 0.57 39.1 31 15%
_3 . . (1,1,3) 40.1+£1.1 097 40 31 13%
|Vcb|BGL = (406 +0.3+£1.0+ 06) x 10 . determined using Nested (2,2,2) 402413 0.99 38.6 30 13%

Hypothesis Test (1,3,2) 39.84+1.3 0.98 37.6 30 16%
(1,2,3) 40.5+1.2 097 39 30 13%




Inclusive |V | Inclusive V¢ |

B— X, liy B— Xy

[B = [Vio|? [I‘(b — qlDg) + 1/mep + s + .. U

Exclusive |V | Exclusive |V |
B—)ﬂ'gpg,Ab—)p,u,Du B—)D@Dg,B—)D*epe
2 g2 |
[B X | cbl f2

)

E_

W7 _

Vy




Exclusive measurements of b — ufv,
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Events/Bin

Tagged strategy very similar, but cross feed from different

modes (e.g. B = pfv,) and large backgrounds from
B — DY/0, (+other B decays) and continuum

Can reconstruct q2 with the same method as for ———

B — D*fﬂf

Amount of background strongly changes as a

function of q2

BO - n*e¥v
Belle Il Preliminary [rdt=8.6fb1
i [ Signal WA Other BB
3500 92 < 4 GeV? B Xy Lv [ fo Res.
[ B XLy Signal shape

4% < 4GeV?

2500

2000 :

20r continuum

1000 \
500 -

cosOgy

5.0

Events/Bin

BO - n*e¥v
Belle Il Preliminary [rdt=8.6fb1
1750:— [ Signal WA Other BB
L 4<q?<8GeV? mE X, /v W Off Res.
1500 | B X Lv Signal shape

uso} g2 € [4,8] GeV?

1000 | i
50} A i
5003_ B — XCZ/ﬂULﬂ '

250 F

050 =125 —100 =75 -5.0 -25 00 25
cosOgy

5.0

Belle Il MC14
[ ROE Frame
40000 [ Diamond Frame
[ D + ROE Frame
35000 |
_ 30000
Te)
N
—
o 25000
g
(7))
3
t5 20000
i)
2
< 15000
O
10000
5000 |
0 -2 -1 0 1 2
qtzrue - qrzec [GeV?]
BO - n*e¥y
Belle Il Preliminary [cat=8.6fb2
8000 [ Signal mEEE Other BB
L a2 > 20 GeV2 EE XLy Il Off Res.
700019 El X Lv Signal shape
6000 2 2
_ g% >20GeV?, |
-—= 5000 1
@ 1
S~
n 1
‘© 4000 1
3] |
> 1
L 3000 :
1
2000 |
1000

—015.0 -12.5 -10.0 -7.5 -5.0 -25 0.0 2.5 5.0

cosOgy




Exclusive measurements of b — ufv,

Need strong multivariate suppression to carry out analysis :

Due to different S/B and shapes, train separate one for each BDT bin

# 77

Continuum BB
— A (ap) <t LO Ne) — (@] o <t LO Ne)
o ) ) o ) _ o o) o) o o o _
high high
cos gy cos gy 43 34 31 30 44
COS OThrust . [ 51
cell 13 10 11 4 5 13 cosf.,| 20 22 27 37 49 32
Qiﬁlioss 9 17 24 25 32 38 PROE 14 22 24 24 21 23
Thrustrog| 8 5 5 5 5 5 cos XY | 7 12 9 7 5 5
cc?2 5 8 13 4 5 5 Qlab 7 11 11 9 7 8
maiss
cc3 5 5 8 4 2 3 coS Hp ip 5 6 5 5 5 5
Thrustgg | 3 20 34 56 41 23 nCleanedTracks | 2 2 1 2 3 9
low — low




After BDT selection :

Belle Il Preliminary B - n*e¥v Belle Il Preliminary B® - n*e ¥y
Proc. 12 + b16-25 [rdt=189fb1 Proc. 12 + b16-25 [cdt=189fb2
600 | [ Signal EEm Other BB i == Signal B Other BB
I qz < 4 GeV? I Comb Signal I Off Res. 600 | qz < 4 GeV? I Comb Signal Il Off Res.
500 k X, L /77 MCall. unc. f s X, L /4 MCall. unc.
: m X v ¢ Data 500 e X v ¢ Data
cC - (- i
= 4 = [
“\3 00 i M 400 f
) [ w0 i
+ 300 + [
§ ; § 300 :
L - |
100 ' 100 &
0 0
. _+ ! * I * * =13 0.0 —+ * * + L { * -
{5300 A TR O IO 2 B = ¥ S
Z SRR N N RN S N NS S N N Y MY S Y Y S T Y Y T NS YT T T S B O w1 ZD _2.5'-I.... PO TR T TR [N ST TR TR TR (NN TN ST TR SN [N SR TN SN SN (T TN SN SN SN N SN SN S S SN S S
—-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 5.100 5.125 5.150 5.175 5.200 5.225 5.250 5.275
AE [GeV] Mbc [GeV]
*72
— kR — %k \/_ M. = _ p¥ = 4 — p*
AE =E5—EX =E5—1\/s/2 e = \/ Eocin — P NCERT
*k — k —
EB - Eﬂ' + Ef + Emiss pB = Pzt Pz 1 Pmiss

Built from clusters \ f
& tracks of ROE Pmiss = (Emiss’ pmiss) = — PROE



Final Spectrum :
Belle Il Preliminary

x107> Postfit
1 2 I_ | | | | I | | | | I | | | | I | | | | I | | | | I | |
i — 1o
1.0 — 20

— 30
¢ Data

O
o

©
IN

o
@)
_IIIIIIIIIIIIIIIIIIIIII

combined data &
Lattice QCD fit

dB(B® -» m~1*v,)/dg? [GeV~?]
(@)
N

O
o

g’ [GeV?]



Inclusive |V | Inclusive V¢ |

B— X, liy B— Xy

[B = [Vio|? [I‘(b — qlog) 41/mep + s + .. U

Exclusive |Vub | Exclusive |V |

B—)ﬂ'gpg,Ab—)p,u,Du B—)D@Dg,B—)D*epe

[B x |Vep|? fQJ




. _ # 81
Overview B - X £v,

Inclusive |V, |

B—)chﬂg

B=|Vy|?|T(b— qlog) +1/mep+ s+ ...

Established approach: Use spectral moments (hadronic mass moments, lepton energy
moments etc.) to determine non-perturbative matrix elements (ME) of OPE and extract |Vco|

Ik ué pb pis
— U 4

dI' are calculated
perturbatively

L

Available at O(a?)

Fael, Schonwald, Steinhauser
Phys. Rev. D 104, 016003 (2021)

Urs UG, Pp, PLs €Ncapsulate
non-perturbative dynamics

b HQE parameters must

be extracted from data

L

requires the spectral
moments of B —» X v

Challenge: Proliferation of
HQE parameters at higher order

Bad news: number of these matrix elements increases if one increases expansion in 1/m,, .




Let’s take a moment or two

lllustrations by Markus Prim

arb. units

0.5

mmm Data
— N0,1)
— cut-off

0.4

0.3 A

0.2

0.1 A

0.0 -

o = j (- O ()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”

Moments are measured with progressive cuts in the distribution
— highly correlated measurements

3rd centralized moment

5 -
(o]
(o]
g :
£ o
)
£ 37 o
E 0
% 27 o
-l (e}
1 -
@ Mean
“ — cut-off
0 _.l.‘.*.‘....*. ’ y
-4 -2 2 4
cut-off
0.30 - ® @ Skewness
e © — cut-off
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(e}
0.15 A
O
0.10 A )
(e}
(e}
0.05 4 )
(o]
° %0
000 “"* T T T
-4 -2 2 4
cut-off

2nd centralized moment

4th centralized moment

1.0 ‘B‘."‘ @ Variance
® — cut-off
08 7 .
0.6 - ¢
O
0.4 4 °
O
0.2 4 0‘
O
L L)
O
0.0 -— . . — 99
-4 -2 0 2 4
cut-off
3.0 -500. @ Kurtosis
® — CUt-Off
2.5 1 ®
(@]
2.0 4
@
1.5 -
(@]
1.0
O
0.5 4 ®
'Q
0.0 - — . — %000angai
-4 -2 0 2 4
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How to measure spectral moments

# 83

Key-technique: hadronic tagging

Tag Side

Psig = Pe+e- — Prag

Hadronic Tagging
with Belle Il algorithm (FEI)

[Full Event Interpretation, T. Keck et al,
Comp. Soft. Big. Sci 3 (2019),
arXiv:1807.08680]

Can identify Xc
constituents

[MX — \/ (PXc)ﬂ(PXC)” j

E]z = (psig —pxc>2j

Events / (0.07 GeV/c?)

Events / (0.42 GeV?/c*)

1.0

o
0

o
o

o
N
1

0.2

0.0

1.4}

x10%
Belle Il B B - XLy
= BB Bkag.

[Ldt = 62.8 b2

0.5 1.0 1.5

x 104

2.0 2.5
My [GeV/c?]

B efe” -qq
7//s Uncertainty
t Data

g2 > 1.5 GeV?/c*

B Bkg.

Continuum

3.0 3.5 4.0

Belle Il
[Ldt = 62.8 b2

M8 B Bkg.

Signal
Continuum

10
g2 [GeV?/c*]

B B- XAy

= BB Bkag.

Bl ete” »qq

7//7 Uncertainty
¢t Data

g% > 1.5 GeVv?/c*

15

20
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How to measure spectral moments

Belle Il (Simulation) rZZ Kinematic Fit

0.5 [ [ Reconstructed
i) Kinematic Fit
‘= Mean: 1.20 GeV2/c* B - X Lv Signal MC
:f 0.4  RMS: 2.65 GeV?/c*
o . . .
= Reconstructed Use kinematic fit
£ o3tk Mean: 3.43 GeV?/c*
E : RMS: 5.76 GeV2/c* to |mprove
S
2 0.2 resolution on q
I=
g l
w 0.1 /

0.0 J %

-4 4 6 10
on [GEVZ/c?]



Measurement in a nutshell

Events / (0.73 GeV/c?)

x10%

x104

| [Ldt = 62.8b"

B*tl~
Post-Fit

Belle Il

Determine
Background
normalizations

by fitting M

e

I B- XAy
BB Bkg.
ete” -qq

...........

/77, Uncertainty

t

Data

D S—

L Belle Il
[Ldt = 62.8 b1

1.4

Events / (0.42 GeV?/c4)

Step #1: Subtract Background

(@)

10
g2 [GeV?/c*]

B B - X Av

= BB Bkg.

B ete” -»qq

/// Uncertainty
t Data

g% >1.5 GeV?/c*

15

Event-wise Master-formula

N, 2 2
_ z@ data w(Qreco,i) X QC;LIib,i

Nyata 2
Zj et w(Qreco,j

)

X Ccalib X Cgen )

2
reco)

Signal Probability w(q

=
N

=
o
T

o
o]
T

o
)

o
N
T

o
N)

©
o
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Treco [GEVZ/C]

- Belle Il Cubic Spline
[Ldt = 62.8b?
00 0000 °
@
o o o
I°)
"
[} | *
[}
' |
2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0




Measurement in a nutshell

13 — (R} =M (Gl se) +C ¥V q2>4.0GeV2c* % q?>6.5GevZ/ct
251.5 Gev2/ch © g%>4.5GeV?/c* VvV ¢?>7.0Gev?¥/c*
@ g 5 GeV?/c
8 q2>2.0Gev2/ch 8 g2>5.0Gev/c? @ g%>7.5GeVv%ct
25 2/c4 A G?>5.5GeVv?/c* #8 g2>8.0GeVv/ct
12 - A q°>2.5GeV?/c
253 V2/ch & g?>6.0Gev/ct A g?>8.5Gev?/ct
g g°>3.0GeV?/c
*

Exploit linear dependence
between rec. & true moments

g2 > 3.5 GeV?/c*

) [GeV?/c*]
'—I
o

m=1.04+0.00

/ § 9T ¢ =075+0.01Gev?
—_— o
qcal I (qreco i C) m 81
7 .
6 - | | | Belle 1l (Isimulation) |
5 6 7 8 9 10

(qéen‘ 5e|) [GeVZ/C4]

Step #1: Subtract Background Step #2: Calibrate moment

Event-wise Master-formula

2
z dote (Qreco 1) QCglib,i

Z date (Qreco,J)

(") =

X Ccalib X Cgen )
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Measurement in a nutshell

ADJECTIVES
WELL? FA\L ME.
HON'S 1T

Step #1: Subtract Background

1.03 | Bellell
[Ldt = 62.8fb71

1.02 | (g%

1.01} , ° ° o .
Very small deviation from 0 /‘ °
_ _ U 1.00 p=========mmmmm e e e o----=---
linear behavior between ° o

) 099F o very small .

reconstruct and true g vosl s ca. 1-2%

0.97 : : : : : : :

2 3 4 5 6 7 8

qé, [GeV?/c?]

Step #2: Calibrate moment

Event-wise Master-formula

2
z data (Qreco 1) QCE:Llib,i

Z date (Qreco,J)

(") =

X Ccalib X Cgen )

Step #3: If you falil, try again
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Measurement in a nutshell

ADJECTIVES 1.00 "géﬁé‘"""‘"“""‘"“.‘“;"s“u"f‘f“‘"'"
FA‘L ME. det 62.8 fb~1 A o °
0.98 | (g?) °
o 096 ° \
Account for efficiency & g | . _
S hoal dominant effect:
acceptance effects lepton reconstruction
0.92 | efficiency
0.90 |
2 3 4 é 6 7 8
qé, [GeV?/c*]
Step #1: Subtract Background Step #2: Calibrate moment

Event-wise Master-formula

2
Z data (Qreco 1) QCE:th,i

) = S N ()

X Ccalib X Cgen y

Step #3: If you fail, try again Step #4: Correct for selection effects



Measurement in a nutshell

> i
WELL ?
HONS T
100K ?

\“;r— g

ADJECTIVES

FAIL ME.
A

—pp  Repeat this for many

Account for

1.00 |

0.98 |

0.96

0.94

0.92

0.90 |

Event-wise Master-formula

N(a,a
<q2n> - Zz o

w(

2 2n
W\ Greco 1) QCalib,i

Z e (Qreco J)

Belle i 6 "0 TO OO0
(0]
[Ldt = 62.8f0"L @
(o]
(g% o
(0]

(0]
(o]

2 3 4 5 6 7 8

X Ccalib X Cgen )

different thresholds cuts qt%

qZ, [GeV?/c*]
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Belle I q2 spectral moments

Belle Il o
9F [Ldt = 62.8fb1 *
[ola]
om
oo
: 8 B om
L
o~ om
%J ém
.9 7k éo
(\lc +|:|
6 ta
¢
¢ ¢ Measurement
5| $a # X, Model
2 3 4 5 6 7 8
q2 thresholds > qf [Gev?/c?]
Belle 11 ¢"
800 r [Ldt = 62.8 b1 .
700 [ ¢
z .
L 600} -
o o
O s00} N
& ¢m
< 400} $a
ém
+|:|
300 F ém e ¢ Measurement
o &  x. Model
200 E | ! ! ! ! ! !
2 3 4 5 6 7 8

g3, [Gev?/c?]

(g*) [(GeV?/c*)?]

(q8) [(GeV?/c*)*]

0T Bette o
[Ldt = 62.8 b2 ¢m
80 | o
ém
70 B *D
én
60 - ém
ém
éo
50 ‘e
ém
40 | o
; ¢a ¢ Measurement
(u]
u 7 X. Model
30 ] ] ] ] ] ] ]
2 3 4 5 6 7 8
q?, [Gev?/c*]
x103
8 Belle I e
JLdt = 62.8 b1
7F ¢°
+|:|
6 |
+|:|
5F ¢m
+|:|
4+ ¢m
ém
ém
3 B +|;| +|:|
s ¢m ¢ Measurement
21 4y o & x. Model
2 3 4 5 6 7 8

g3, [Gev?/c?]
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Statistical plus
systematic
correlations

strong correlations!
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From moments to central moments

((@% = (@H)?) [(GeV?/c*)?]

(9% = (g?)?) [(GeV?/c*)]

1.00

Central moments are less
strongly correlated

(q?)

0.75

2 2 0.50
(@) @ A
ah | L@
(@) (@~ (@)
{g°) ((¢" = (7)) )
T, S
5F "
i +l -0.50
3t " t=
¢= ~
2| - z
. 48 . . é -0.75
e e Ty
2 3 4 5 6 71 8 100

qé, [GeV?/c*]

g2, [Gev?/c*]

(q?) ((@? = (a@*)?) (@2 = (g% (@2 = (@*)*)
6 Belle I . ] Belle Il
[Ldt = 62.8 b2 [Ldt = 62.8 b1
51 * :Ir: 60 | r
< s0f
4t + E o
+ =40t *
3F g r
t T30} ]
2 } 8 ) $
+ o I 20| +'
] N o
1t + . S ¢
b i < 10} v,
| ¢ Measurement "E e g ¢ Measurement ¢ ¢m
0 & X Model + + + + f OF & X.Model Ao K
2 3 4 5 6 7 8 2 3 4 5 6 7 8

qé, [GeV?/c] qé, [GeVv?/c?]



Inclusive |V | Inclusive V¢ |

B— X, liy B— Xy

[B = |qu|2 [P(b —>qlle)+1/mep +as+ .. ]J

Exclusive |Vub | Exclusive |V |

B—)ﬂ'gpg,Ab—)p,u,Du B—)D@Dg,B—)D*epe

[B x |Vep|? fQJ




Overview B — X £v,

Measuring |Vub| is hard due
toB—- X.Cv,

BY %QQQQQQZ :ge i X, B

—
B-X v (x0.02)
B-wlv

B-n'tv

B-nlv

B-plv

B-mlv _'

Higher resonances -
& non-resonant

N
o
T
!

| |

100N

Events / (0.10 GeV)

- x 0(100) more abundant

- Very similar signature:
- high momentum lepton, hadronic system

- Clear separation only in corners of phase space

- high E,, low My,

# 94

Events / (0.04 GeV)

EP [GeV]

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 |



Going Hybrid : MC for B — X, (T,

Exclusive make-up of B — X £V, :

B Value B™ Value B°
B—mlty, *  |(7.840.3) x 107° (1.5 +0.06) x 10~*
B—=nltuy, ™ |(3.9£0.5) x107° -
B—ntty P [(234+08)x107° -
B—wlty, ©° [(1.240.1)x107* -

( )

( )

B — ptty, ©° 1.6+0.1) x 107* (2.94+0.2) x 10~*
B— X, 0Ty, 4 [(22403)x107% (2.0£0.3) x 107?

Hybrid = Combining exclusive & inclusive predictions

ABZE = ABSE -+ w; X ABSE

17 ) 17k >

¢ =10,2.5,5,7.5,10,12.5, 15,20, 25| GeV~,

E;S =10,0.5,1,1.25,1.5,1.75,2,2.25, 3] GeV ,
0,1.4,1.6,1.8,2,2.5,3,3.5] GeV .

S
|

>
]

1.4F — Resonances
<15 [ Non-resonant
> 4“I' 3 Hybrid model

() p—

O o[ E-= DFN
1 [ i0F BLNP
o

9 0.8

~ 0.6

w0

c

g 0.4

048. 15 3.0
EIB [GeV]
x105
F— T 1 T T T T T T
| Resonances
__ 25} == Non-resonant |
2 | [ Hybrid model
O L0l C-21 DFN
~ {0 BLNP
S| .
O 15f -
- |
B 1of
C L
v |
>
w

©
n

My [GeV]
5
1.4><10 : !
Resonances

o~ L2f I Non-resonant -
> [ Hybrid model
8 1.0 - DFN
= 1.5 BLNP
& 08
S :
-~ 0.6
2
c 04
]
>
L 0.

10 15 = 25
q® [GeV?]

#95



# 96

Analysis Strategy with hadronic Tagging

Tag Side




Analysis Strategy with hadronic Tagging

Tag Side

T

DO

=
Sy

Candidates reconstructed with
hierarchical approach & neural
networks in hadronic modes

1104 decay cascades used with
an efficiency of 0.28% / 0.18% for

B* and B%/R°

}(
| sl
T ldentified < T(49) > » X
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Analysis Strategy with hadronic Tagging

Charged Tracks Neutral Clusters

l l
Signal side Px =) (\/mi + ‘pz“2>pi) +2_ (B k)

Tag Side

T ,

175 |
D 150 [ RMS = 0.47 GeV
)b-_)(- N1255—

o 100 F

— 0

012 G

7TIJEjentified
DO

75 |

50

N

AN

»
Events / (

— 25

VVVVVVVVVVVVVVVVVVV

100 |
L go| RMS =159 GeV?
& I
I 2 2
g 60 - q :(psig_pX)
— :
»n 40 |
= I
c
w o
o 20 |
0- L L L | L L L | L L L | L L L Il L L
-6 —4 -2 0 2 4

qgeco - q%rue [GeVZ]
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Analysis Strategy with hadronic Tagging

Tag Side




Events / (0.225 GeV)

Events / (0.057 GeV)

Hadronic Mass My, = \ /p)z(

3 B B-D{v
7 - -
: Xc Bkg B B-D"lv
6F . _ N\ mm B-D™ v ]
: My ~ mp p [ Gap modes ]
5 : [ Sec. & fake 7
[ [ Continuum
4 I Bl B-X v
33 } Data
[ /7+ MCunc.
2t -
1f -
0 i } T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
My [GeV]
<o
: Signal enriched W 5-Dlv
2.0 | B B-D*v
MX < 1.7 GeV e B—>D**£V
! [ Gap modes
L5r [ Sec. & fake |
1 Continuum
B B-X v
1.0 } Data
MC unc.
0.5
0.0 — ..
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
EP [GeV]
Lepton Energy in EB
signal B rest frame 4

Four-momentum transfer o 2
squared 4 = \Pp— Px
x10% — —
st B B-Dlv
il B B-D"lv
% : s B-D™fv ]
G [ Gap modes 7]
Tl [ Sec. & fake |
N 3| [ Continuum
= mm B-X, v ]
-~ } Data
v 2 77/ MC unc.
C
S
il 1
0 I B S B e e e S 1
0 5 10 15 20 25 30
g° [GeV?]
25 B I . I I I I I BI_)DZV I
. Signal depleted — .
> My > 1.7 GeV W= B=D v
V20t B B-»D Iv |
O [ Gap modes |
S 1 Sec. & fake |
o 1.5 3 Continuum |
) E BoX v
~ 1.0 } Data
_Icg [ /7s MCunc.
cC
Yos
L
0.0
1.0 1.2 1.4 16 18 20 22 24 26
EP [GeV]
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Multivariate Sledgehammer

Can exploit that there are

differences: Higher multiplicity
X < > X Often come with charged
U C and neutral Kaons x10% | | -
D* decays (slow pions) [ [ Other
: : (Slightly lower E) al - B-Xclv ]
Direct cuts on my, £, problematic e [ B B-X,v
(i.e. direct theory / shape-function ™ i L2 B-X,lv shape |
dependence) S 3 $ Data ]
= | ' MC unc.
“““““ e =T ﬂzi_
— el [ B-XAv | -_ 7
N> 107" ¢ Other _ / G>)
() 1 LLl I
o _ ] 1+ !
o 10 E L ]
N~ Ly e em—amnT T |
S '\ ' - !
Z 1073 o L= . . .
4 0.0 0.2 0.4 0.6 0.8 1.0
§ 10-4 BDT classifier output
i _ + 9 other
1075 F e -
R N BN variables
Mrzniss [GeVZ]
er = s Can reject 98.7% of Xc
T S - = omer
€ sl | — | Selection B— X, 0"y, B—X.0"v, Data
= | My, >5.27CGeV  84.8% 83.8%  80.2%
§ | | Oppr > 0.85 18.5% 1.3% 1.6%
107
H Ogpt > 0.83 21.9% 1.7% 2.1%
1o Ogpr > 0.87 14.5% 0.9% 1.1%
107° Fl | | | | —
-1 0 1 2 3 4 5 6 7

Number of K* ... and retain 18.5% of X,



After BDT selection

: _ 2
Hadronic Mass My = 4/ px
1750 | B B-Dlv y
. : B B-D*(v
> 1500 | Xc Bkg mm B-DIv
8 [ Gap modes ]
LA 1250 [ 1 Sec. & fake 7
m [ 1 Continuum
Y 1000 [ B B-X, v ]
=) [
~ [ } Data
; 750_‘ 777 MC unc.
H L
S 500 | -
b :
250 .
0 .
00 05 10 15 20 25 3.0 35 4.0 45
MX [GEV]
400_"'I"'I"'I"'I"'I"'I"'I'I
- 5-Dhv Signal enriched
=~ 350 F mmm B-Dtv ]
W 4o | B B-DT Y My < 1.7 GeV ;
300 |
O - 1 Gap modes
B 250 _:] Sec. & fake ]
) - 1 Continuum
o 200 | mmm B-X,Lv .
g [ { Data
~—~ i
wn 150 F ,// MCunc.
e :
o 100 }
> i
W50 |
0
1.0 12 14 16 18 20 22 24 26
EP [GeV]
Lepton Energy in EB
signal B restframe 4

Four-momentum transfer o 2
squared 4 = \Pp— Px
. B B-D{v
- 1000 I B-D"lv
<  B-D""fv
>
L 800 [ Gap modes A
O [ 1 Sec. & fake |
ﬂ [ Continuum
. 600 m B-X, v ]
~ } Data
S~ [
n 400 F 77+ MC unc.
+J i
c
v _
11 200 L :
0
0 5 10 15 20 25
g’ [GeV?]
700_'"I'"I"'I"'I"'I"'I"'I"'I'_
: Signal depleted = BoDhv ]
<~ 600 B B-Dlv -
% i My > 1.7 GeV mm B-D v 1
O 500 F [ Gap modes -
™~ [ ! [ Sec. & fake |
8 400 A t 3 Continuum A
o [ | m B-X,lv :
— 300 ¢ { Data .
v 77+ MCunc. ]
c 200 ! :
) _
> [ ]
L 100 F .
O . PR PR
1.0 12 14 16 18 20 22 24 26
EP [GeV]
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The COSt Shaping in efficiencies, so some model dependence

1-2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! '_ 0-5 —I L L e e e e e e e I‘
1.0 1 0.4 - ]
: much higher _ [
> 0.8 efficiency near kinematic | !
. l u 0.3 » -
c . endpoint {, < | + :
v | — v | |
= = 02| ¥ ' 1
W 0.4 | ¥ 1w b } |
. ! .
e " . ] 0.1} 1
0.2 i 5 g 8 8 8B s s o ® kin. endpoint B — X £, ] I minimal mass of B — X /0, _
0.0 _—1 PR I U AN USRS NSRS SR EN S SRR S SIS R l P I _ 0.0 —_I T T T R l I I (U S RS l_-
10 12 14 16 18 20 22 24 26 00 05 10 15 20 25 30 35 4.0
EP [GeV] My [GeV]
0.5 [ — — — — — ] 0.7 L L ) B L B L I
i ‘ 0.6 [ 2D: Mx: g2
0.4 B + ] [ i
Jos| ! o> ;
c - ! | < 04r ]
3 3 '
S Lt IIIIII'I"I"I',I, 1 Tosf f ' )
oo bty . 't * Pt
* + + 1 0.2 F L * i i * 1
0.1 + T I ]
[ kin. endpoint B — X 0, * + ] 0.1 _ ]
0.0 | ! ] :
R B S S (S S S S S S S E S S B 0.0 I R B B B N R R B
0 5 10 15 20 25 0 2 4 6 8 10 12 14 16

q* [GeV] Bin number



Fit for partial BFs

Subtraction of bkg in fit with coarse binning

Projections of 2D fit in mx : g2

to minimize Xy modelling dependence 5000 |- B8 Background i
. | B Signal ]
(low mx, high g?) sooo | 1 Data ]
= r /7. MC uncertainty
o [
iy [
. 7 nonres. X, w 3000 ¢ _
bins J‘ | / c . Resonance region
] [ ][ | o 9 2000 }
£ - 7) ('n/,“ V’I/) >< gk ) TE\M’ / %EZ:‘dde Lﬁ
) k / 51‘5’ 23 1000
LﬁOAS n zg — —
Signal and Bkg shape errors included in W e = 0'0 : I I ]
Fit via NPs W/o detector smearing o _2.5 _ I 1 ! ]
00 05 10 15 20 25 30 35 4.0
MX [GeV]
Unfold measured yields to
3 phase-space regions: _ - 200 ——mm ———————————————————]
- Signal - Background [ /7 Background
or — c 175 - B Signal ]
g -45 150 | { Data .
Phase-space region 5 :..__' = - /777 MC uncertainty |
0 ——t - 1
2 L c
My < 1.7GeV % 10 | I — 9 100 ]
My < 1.7GeV, ¢° > 8 GeV? £ T - i
B © 15 ————— v 75 : 7]
By >1GeV < —_— "GC_; ! Resonance region
g I 50
5 20 | T T
= — 25
2 S —
25 I -— 0
A ° 25 F 1 L T — 1 T ]
30 | — S oo+t !
9 \/AB(B%XUWW) S &—251111 L E
ubl = + 52 1 0 1 -2 -3 0 5 10 15 20 25
: AF(B — X, L Vﬂ) Standard Deviations



Fit kinematic distributions and Stability as a function of BDT cut:
V| = \/ AB(B = X, " vy) measure partial BF

2.6 . ,
+ — otal uncertain
TB ’ AF(B — Xu f Vﬁ) % 2.4 ¢ % ;tatt.luncerr:aintt;, 5100 510
(52 otal unc. for cut = 0. 1 1
. . . 7\' 2.2 ;tatt.lunc. ffor BBDD‘;I'-cutt=(())::55 180 3 1s
4 predictions of the partial rate e 20 |z
> 16} ] a;_'_’
l :12 L } E40 ;S; 4
S 1.2 . . o ;20 2
0.83 0.85 0.8
DG E | - | / BDT classifier cut 7\\
37%
GGOU ——— 330/0 |eSS Bokg
more Bkg
ADFR
*
Post-fit N_, distribution:
1200 | o E Et&e}v
= 1000 ) o
o oo % ; g}Ex{
_ﬂ 600 | = ﬁ::j)rl:so. B—»Xulv;
A S R S ST HE R SRS R SR S S W N o (L ,iaztfmci
u>J 400 '
2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
3 200 (/LA
10 |Vub| o I . R

Number of m*

Arithmetic average:
| V| = (4.10£0.09 £0.22 £0.15) X 1072

Dr. Lu Cao

Bkg. efficiency (%)



Inclusive |V | Inclusive |V |

B — X, iy B — X iy

[B = |Vq(,|2 [I‘(b—) qlug) +1/mep + Qs +]J

Exclusive |V | Exclusive |V |

B—)ﬂ'eﬂg,l\b—)puﬂu B—)Déﬂg,B—)D*fpe

[B x |x|/cb|2 fﬂ

Time to stop — thank you for your attention!
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Time flies if you are having fun :-)

Things we did not talk about (non-exhaustive list)
- Form Factor Expansions (i.e. what do you actually fit to your measurements)
- Experimental Questions that arise from this : Truncation uncertainties, etc.

- Measurements with 7 (Additional introductory material is attached)

- Differential Measurements of inclusive B — X v, and why they offer unique input to non-

perturbative physics
- B - D**¢{D, and the like

- NP Fits and Full angular measurements



A) Measurements with 7

or

let’s make this even harder :-)
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Measurement Strategies

Signal

\ B 1. Leptonic or
R— b— qTU; Hadronic 7 decays?
b — q f ﬂg Some properties (e.g. T polarization) readily
/ accessible in hadronic decays.
Normalization l = €, U
E_

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to
separate from normalisation and backgrounds

LHCDb: Isolation criteria, displacement of 7, kinematics
B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics
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Measurement Strategies

3. Semileptonic decays at B-Factories Signal
_ - n
» et/e- collision produces Y(4S) — BB K\
> Fully reconstruct one of the two B- n €< D™ /, -=77
mesons (‘tag’) — possible to assign all DO ~
particles to either signalortagB AW __---~ .

> Missing four-momentum (neutrinos)
can be reconstructed with high precision

Pmiss — (pbeam — PBtag — Pp() — pé)

v’ Small efficiency (~0.2-0.4%)
compensated by large integrated
luminosity

Nice lllustration

Tag from C. Bozzi
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Measurement Strategies

4. Semileptonic decays at LHCDb

> No constraint from beam energy at a
hadron machine, but..

> Large Lorentz boost with decay
lengths in the range of mm

v’ Well-separated decay vertices

v/ Momentum direction of
decaying particle is well
known

» With known masses and other decay
products can even reconstruct four-

momentum transfer squared g2 up .
to a two-fold ambiguity e lustation
2 2
q = (pr o qu) Even bit more complicated

for leptonic tau decays



R(D™)) from Belle

G. Caria et al (Belle),

Phys. Rev. Lett. 124, 161803, April 2020

[arXiv:1904.08794]

» Reconstruct one of the two B-mesons (‘tag’) in
semileptonic modes — possible to assign
all particles in detector to tag- & signal-side

» Demand Matching topology +
unassigned energy in the calorimeter

EECL to discriminate background from signal

Eextra — EECL — Z Eiy

i - T L L L R
E i Signal — B - D(*)tv ]
Qo 0.2 Normalization — B - D(*) v 1
< B ]
0.15 :_ — Background _:
- L ]
0.1 -
:_l_l_' '_‘ E
0.05 :_I:%E ~
0 - ! oy T -

0 0.2 0.4 0.6 0.8 1 1.2

Tag

Signal
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Separation of signal & normalization

» Use kinematic properties to separate 5 — DOy signal from

B — D¢y normalization

0.15

Arbitrary units
o
=

0.05

In case you are wondering how a cosine can be outside [-1,1]: it’s because the reconstruction

cos 0

B-D*|

2 2
EVIS’ mmiss — pmiss
[ ] [ |
H B
H B Signal
B . B E-
Normalization

uses measured energies and the definition assumes only a single missing neutrino
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Separation of signal & normalization

» Use kinematic properties to separate from

» Construct BDT with 3 variables:

0 0.2 0.4 0.6 0.8 1 1.2

EccL (GeV) > @ B DT

Signal-enriched selection with cut on Ogpt
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Separation of signal & normalization

» Use kinematic properties to separate from

» Construct BDT with 3 variables:

" R(D) = 0.307 & 0.037 + 0.016

R(D*) =0.283 +0.018 + 0.014 )

\_

Most precise measurement to date

0 062 04 06 038 1 1.2
Ecc (GeV)

Signal enriched selection with cut on Ogp
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*) R. Aaij et al (LHCb),
LHCDb Measurement of R(D*) ryeiecioi oo

» Tau reconstructed via = r+z+7-(79)v, only two neutrinos missing

Although a semileptonic decay is studied, nearly no background from B = D* Xu v

TG r—— > Main background: prompt
Xb = D*nrr + neutrals

s .. BF ~ 100 times larger than signal,
all pions are promptly produced

> Suppressed by requiring

" N e, minimum distance
V between X, & r vertices (> 4 o)

OAz : resolution of vertices separation

LZ = . Reduces this background
PV Az>4o n’-“ by three orders of

P P + .
- " magnitude
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LHCb Measurement of R(D*)

» Tau reconstructed via = r+z+7-(79)v, only two neutrinos missing

Although a semileptonic decay is studied, nearly no background from B = D* Xu v

> Main background: prompt

— 104 §_ T T T ' T —§
S - R LHCb simulation a
§ __ Prompt (D*7x7X) __
:'g 10° - B Double-charm (D*DX) =
Fg E B Signal (D*7v) E
8 10 = =
ol » Suppressed by requiring
minimum distance
I between
8 4 0 4 8 12 16 20
AZ/OAZ
> Remaining double charm bkgs:
Xs — D*D<*X ~ 10 x Signal > Reduces this background
Xp = D*D+X ~ 1 x Signal by three orders of

Xp = D*Dso*X~ 0.2 x Signal magnitude
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LHCb Measurement of R(D¥*)

> Remaining backgrounds reduced via isolation & MVA

Require signal candidates to be well isolated

l.e. reject events with extra charged particles pointing K+
to the B and/or 7 : V T | BD*riy,
Events with additional neutral energy y Ve
are suppressed with a MVA y ~
VT
More information about that in backup ‘ B i
T
Z &
PV Az>40 T_[+
Lt

. Missing (neutral) energy in a
I cone around the 3it
"~ direction
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LHCb Measurement of R(D¥*)

> E . . D f. 2 2000 4, 1800
& o 1600 -

xtraction in 3D fit to g decay| =z

2 . % 1400 . g 12002_

MVA : g2 : T decay time S time| &w:

el — -

' | i
Invariant masses of 3z system \ g2 recor)structed W'th 400 | 2 00k
Invariant mass of D*3x system some tricks (more In 20 (g) =

Neutral isolation variables backu p)

4 Bins 8 Bins 8 Bins
> Components:

1 Signal component for t— r+z+7-(7%)v

11 Background components

> ~ 1296 + 86 Signal events

Purer MVA Selection

> Using normalization mode
and light lepton BFs:

60F 4 Data
t — Total model

50 :_ -Bo — D*—.L.+ v,
40 E_ B — D"t* v,

More information about normalization in backup b BB DD
F B — D" 3xX
20F mmB— DD(X)

- [ Comb. bkg

10}

R(D*) = 0.286 = 0.019 (stat) = 0.025 (syst) ——______} FIE - -
+ 0.021 (norm) v el 4 [GeVict




LHCb R(A,.) Measurement

.y

Same experimental Method: exploit vertex
separation

- - p —_
Ur.: =
: K =

. n

] T g

o ©
:A+ S
AW 7 =
O

e T.
T — T
7 e
/ I 5 ﬂ 7T
Ve ;
- 50

——

pp collision

Target ratio:

-
C(AF) =

C

B(AY - Afr70,)
B(AY — Af3m)
Nsig

N’I’LO’I"’)’I’L

6’I’LO’I"’)’I’L 1

B(t— — 3n(7%)v,) y

€sig

Nice lllustration
from L. Grillo
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LHCDb simulation

T IIIII|T| T IIIIIII| T IIIIIII| TT

I:lAg — Prompt A'mmwtnX
c

B - o
|:|A‘b’ - ATV

107 Long-lived
10
Signal
1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1
-10 -5 0 5 10 15
Azlo
ms, € [mp —45MeV,my, +45MeV]
S S
% 100 LHCD
> - 31fb
(5 I~ ¢ Data
E 80_— T(gtal model_ Bkg
© b B A, = AD; "
~ - AL AID* CompOS|t|0n
£ o0l ﬁg = ADS constrained
E - A > A.2593)D: by fit
- B A, — A2625)D;
40r AE — D] * to Ly
- Bl A, — 0D;
B I Combinatorial
20
O_ + X
4200 4400 4600 4800 5000 5200 5400 5600 5800
m(Al ) [MeV/c?]




2 1600 LHCb = i LHCb - Daa
§ 1400 - ; 2500 — Total model
i i 1 . - -1 = C -1
> Extraction in 3D fit to s -t 3 % oo 2P W,
- A2 - - g 12002_ $ E A= AD(X)
MVA : g2 : T decay time = 1000} T f _
gk 5 1500 | ety
T S 800F - B A~ AD )
Kinematic and angular information of 3« 600 1000 :_ Combinatorial
system, neutral energy in cone around 400 F - —
3r direction 200 B 500 =
o 0 1.0 1.5 2. 0.2 0.4 0.6 0.8 1
N(Ag — ATT7 ) = 349 £ 40 t_[ps] BDT output
1400 ) - LHCb
> SRR
81200 8 300E
= 1000 @ p b
External input: SO T 20— Toulmodd
5 800f § ppop MA-a
e - e - A= AD(X)
E 600: g 150 IA-AD0
U 400 | e oop  IA-ADW
L - Combinatorial
200 F 50 F
BN - Atro)=(1.50+0.16+0.25+0.23) % 0 5 10 0 10
b () T
q* [GeV?/c*] g [GeV?/c#]
First observation with 6.1 ¢!
More external input:
Compatible with SM
N = + + + +)
R(AY) = 0.242 + 0.026,,, £ 0.040,,, + 0.059,,, R(AN)gy = 0.340 + 0.004

R(A}) = 0.242 £ 0.026,, % 0.040,,, % 0.059,,,

F. Bernlochner, Zoltan Ligeti, Dean J.
Robinson, William L. Sutcliffe,
[arXiv:1808.09464], [arXiv:1812.07593]



Can also use SM prediction for 99(/\2 — Afub,) 0551
instead of LEP measurement 0.0
FB, Zoltan Ligeti, Michele Papucci, Dean Robinson, =
[arXiv:2206.11282 [hep-ph]] = 005
0.20
R(AF) = 0.285 %+ 0.073

Exclusive |V] 1

LHCb Published

R(A}) = 0.242 +0.076

SM Expectation (BLRS)

LHCb Our Evaluation

t Inclusive |V,




%(D(*))

R(DNgm

R(D)gy = 0.299 + 0.003
R(D*)gy = 0.258 + 0.005

|

HFLAV arithmetic average

of SM Calculations

More Recent SM Calculations:

BaBar B->D*

https://arxiv.org/abs/1903.10002

- R(D*)=0.253+-0.005

R(D*) / R(D")

1.6

1.4

1.0

0.3

Gambino, Jung, Schacht using Belle 2019 data

https://arxiv.org/abs/1905.08209

- R(D*)=0.254 +0.007 -0.006

Bordone, Jung, van Dyk using Belle 2019 data
https://arxiv.org/abs/1908.09398

- RD=297+-0.003, RD*=0.250+-0.003

FB, M. Sevilla, D. Robinson, G. Wormser
[Rev. Mod. Phys. 94, 015003,arXiv:2101.08326]

B Belle 2015

BaBar 2012
Belle 2020
Average (pp++)

+

B

elle 2017 :
LHCb 2015 )
LHCb 2018

LHCb R(A])
LHCb-PAPER-2021-044
0.242 +0.026 = 0.040 = 0.059

SM prediction

PRD 99 (2019) 055008
~1 o with input from
PRD 92 (2015) 034503
I | 0324 + 0.0P4
L H C b ! L1 ! L1
0.2 0.3 04 0.5
C R(AY)
| |
LHCb R(JAp)
PRL 120 (2018) 121801 A
0.71£0.17 £0.18
SM prediction
PRL 125 (2020) 222003 ~1.80
0.2582 +0.0038
| I R S AN N RN N R R S |
-0.5 0 0.5 1
\ =/ R(J/ )

Note that there is a difference in stat. coverage for the 2D
(89.3%) versus 1D measurements (68.3%)

0.50

075 1.00
R(D)/R(D)sm

See also: https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

25



https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1905.08209
https://arxiv.org/abs/1908.09398

More on some selected Topics




=

Future sensitivity with full Belle Il and LHCb data sets

+ some improvements on LQCD / incl. calculations

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

excluded area has CL>0.95 7

v ()

. Combined tree-level constraint
. onapex (V,,,V.,,CKMy)
|

S +«—_ Approximate combined
loop-level constraints on apex

-0.4

(@]

- IIII|IIII|IIII|IIII|IIII|IIII|IIII
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F. Bernlochner, M. Fael, K. Olschwesky, E. Persson, #

2
| Vcb ‘ frOm q mom. R. Van Tonder, K. Vos, M. Welsch [arXiv:2205.10274]

: 2) _ .
Extraction of | V_,| from g~ moments: Included corrections
on the mom. predictions
1 — Fit Result —— Fit Result
91 & Bellell 6 é Bellell 2\n 2 3
A Belle g : A Belle <(q ) > tree  as s Qs
< 8 & :
> =47 Partonic | v/
o =
<7 L He 2
g ] I ]
6 R P 2
] = 1/m} v
5 ]
L L L L N L N LA o--—-—TT—T—1
1 2 3 4 5 6 71 8 1 2 3 4 5 6 71 8
qgut [GeV2] qgut [GeVz]
6— —— Fit Result ] —— Fit Result 0.100 4§
] é Bellell 80 é Bellell 18
& 5 i Belle =] A Belle 0.075
% ] %J 0.050 15
O 9 '
N N 0.025 12
T G ' 0.000
! ! ?
—0.025
~0.050 °
~0.075 3
~0.100 0
g2, [GeV?] 40.0 41.0 42.0 43.0

—> V| = (41.69 £ 0.59|g & 0.23],.0.) - 107° = (41.69 & 0.63) - 10~°
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Chiral Fermion states

Reminder: Helicity = Projection of spin on momentum of particle

spin
Eigenvalues 3 “right-handed” - —
R l D of h: ) = _|_l 45 particle S, T T P
h = E = |_)| 2 ) >
p _ S
A== l )= — l SZ:> > “left-handed” g T ~l« —>
t 2 2 > particle SZ P

momentum

Chirality = “Handedness”, no observable
Weak charged Currents

BUT property of particle state Couple to LH Chiral

particles & RH Chiral

Uy, Up anti-particles
: 1 5 1 5 l
Define: uL=5(1—y)u uR=§(1+y)u
Couple to

“left-chiral” “right-chiral”



Introduce chiral projection operators

1 1
L= < v ) R="H
with properties: PI%,R = P g

“select” L,R component

(1+7°)

of Dirac spinor

P,Pr=PyP, =0

1
left-handed (4 = — 5)

1 p 1 p
1 right-chiral left-chiral
right-handed (1 = + 5)
1 p 1 p

right-chiral

left-chiral

Although only LH chiral particles participate in the Weak interaction, the contribution from

RH Helicity states is not necessarily zero!



Derivation of this important result on next few slides (not covered in this lecture,
cf. particle physics lecture)

In matrix form (Dirac representation):

pL=%(1—y5)=%[<(l) (1)>_<(1) (1)>] =%<—ll _11>

Note: for discussion of chiral states, the Weyl representation (also “chiral representation”)
is often used, since then

()= () ()= ()



0
Look at Dirac spinors for fermions with ? = <O>
P

Case 1: m = 0 or E > m (e.g. neutrinos or highly relativistic particles)

( 1 ) (1\
0) 0 1
gy =VE+m| _» —>\/E ) has/1=+5
E+m || E>m
1 1
uLH:\/E+m 0 —>\/E (1) has/1=—5
p E>m
\_E+m) \_1)




(1 0:i—=1 0)(O0 (0 ) (0 )
1 0 1:0 —=1]|1 1 2 ]
— P = VEIS T o |72 VE o | T VE] o [T
0 —-1:0 1)\-1) \—2) —1)
Pp ugy = gy = Ug
Ppujy=0 —> Form = 0: helicity = chirality

For arbitrary spinors u, we can define chirality components via

u=Pr+ Pu=Pru+ Pru=up+u

Anti-Particles

Note: Particles
l/_thuz}/O u_l<1_5)u
1 L = > /4
1 uRz_(l +7/5)M
— MT— ()/0 _ 7/5}/0) 9)
% iy = i~ (1+7°)
1 _1 zzR=al(1—y5)
=MT)/05<1+]/5)=M5<1+}/5) 2

2
v=l(1—5)v
R= 5 Y
I 5
szvg(l—y)
szv%(1+y5)



Case2:m # 0

—=f=1
( p \ E>>mT
) _
(1 0 -1 o\((l) Sy (1)
1 0 1 0 -1 0 1 p 0
Prugy =—VVE+ = —/E+ — —+\/E+ 1 —
L0 -1 0 1)| 9 E+m L0
N . 0 )
(0 )
1 1 D 1 E>m
=——: Piuyy=—vVE+m|1l+ —
A 2 LA 5 ( E+m> 0 L
\—1)
Degree of “polarization”: . — = > > y— = —f=——
PA=+))+PU=-7) (-7 +U+77=>) E c

= Leptons that couple to W bosons have negative helicity with a probability of /3
(close to a 100% for relativistic particles). The probability for positive helicity is 1 — f

For anti-leptons it’s the other way around!

E>m
—s ()




We note: Electron and muon are both (p) 1.9GeV

Ivisti ~ ' ((ﬂ)max ~ —
relativistic (f . 0.99), tau carries a lot less B (L02+ LT72GeV)
momentum with respect to its mass

~ (.73

r—r+ 1 T | ‘v v T T [ 7+ T+ T
_ DALITZ PLOT

10 Bo—=D""+1"+V, _

T -
—1
~ e” _
D
O gl _
% F .
- Phase-space in 2D T 1.9GeV




Spin situation: D-meson is a pseudo-scalar and has spin O:

Let us consider the situation for a B decaying into D, tau, anti-tau neutrino (i.e.
particles) at zero recoil

w=1,g*=q2.

Weak force couples

only to RH chirale antiparticles

Projection of spin (and LH chirale particles)

7 < ¢ : . - Anti-Neutrinos have almost no
i t mass, i.e. have RH helicity
momentum l

To conserve angular momentum
tau needs to possess RH helicity



1 p 1 p

1 right-chiral left-chiral
right-handed (1 = + 5)

Zero-recoil is strongly helicity suppressed for light leptons with 7
+m

But for 7 leptons this is not the case:

B
— Q — B~ 0.1 — 0.7 RH helicity state

U
) has LH chiral contributions

7

/

m, ~ 0 : RH helicity state = RH chiral state




Spectral Moment Fit from
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HFLAV (Kinetic scheme)

A Br

>)> (GeV?)

<(M2-<M

T T T T ‘ T

0.08- \ -
0.06 \ -
HFLAV \ |
\
I 1 1 1 l l 1 1 1 I 1 ]

0.0% 05 1 15
E.. (GeV)

<E> (GeV)

> (GeV?)

2
X

<M

I
18 /
1.65 / -
/

7 ]
1.4;_//7 .
OllllOfS11 1i11111{51

E..t (GeV)

4.6

theory error

1 15
E..t (GeV)

;(Z-fit of the spectral moments,
which includes theory
uncertainties and correlations
based on a fixed correlation model

Constrains m!> = 0.986 = 0.013 GeV

Br(B -> XcInu) (%) | V4l (103)
10.65 +/- 0.16 42.19 +/- 0.78
mpki" (GeV) | mu?y; (GeV?)

4.554 +/- 0.018 || 0.464 +/- 0.076

Py pe—
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State-of-the-art

Fantastic progress on the theory side: 0-547
semileptonic rate @ N3LO! o]

_ NLO
0.50—_

o.48—_%
] NSLO

NNLO

SL Rate
F(b—ctv)/(To(mI>/mEin)3)

0.461
_ Kinetic Scheme = o
M. Fael, K. Schonwald, M. Steinhauser 0.44 e T
[Phys.Rev.D 104 (2021) 1, 016003, arXiv:2011.13654]

Us (GeV)

Renormalization scale
Updated inclusive fit to (E,), (My) moments:

my'" Me(2GeV)  pz  ph pa(me) pis BRew 10°|Ve
Vep| = 42.16(30)th(32)6$p(25)r 1073 4573 1.092 0477 0185 0.306 -0.130 10.66 42.16
0.012  0.008 0.056 0.031 0.050 0.092 0.15 0.51
1 0307 -0.141 0.047 0.612 -0.196 -0.064 -0.420

1 0.018 -0.010 -0.162 0.048 0.028 0.061
— |
A | Vcb | /l Vcbl = 1.2 % " 1 0735 -0.054 0.067 0.172 0.429

. . 1 -0.157 -0.149 0.091 0.299
M. Bordone, B. Capdevila, P. Gambino 1 0.001 0.013 -0.225

[Phys.Lett.B 822 (2021) 136679, arXiv:2107.00604] 1 -0.033 -0.005

1 0.684
1



qu II’L% pgb /03[5
dl = dI dr, = +dlr, —= +dlr,.— +dlr,, . — + ...
0 _|_ e i _|_ ¥ l2) _|_ oD z —i_ PLS 2 _|_

Bad news: number of these matrix elements increases if one increases expansion in 1/my,, .

Innovative idea from [JHEP 02 (2019) 177, arXiv:1812.07472]
* (M. Fael, T. Mannel, K. Vos)

— Number of ME reduce by exploiting reparametrization
invariance, but not true for every observable

Spectral moments : v = pplmg

n n 4 UL
<M [W]> — d(I)W (Vapfapy)W L/,w

w = (mgy — q)7° = (My) Moments not RPI (depends on V)
w=v-p,= (E}) Moments not RPI (depends on V)

w = g% = ((g%)") Moments RPI! (does not depend on V)



2 M 3
dr =dlo+dlr, == +dlN, =

mb mb mb mb

Innovative idea from

— Number of ME reduce by exploiting reparametrization
invariance, but not true for every observable

Measurements of g° moments of inclusive B — X .U, decays with
hadronic tagging [PRD 104, 112011 (2021), arXiv:2109.01685]

Measurements of Lepton Mass squared moments in inclusive

B — X v, Decays with the Belle Il Experiment
[Under review by PRD, arXiv:2205.06372]

Belle IT

h,c



Belle I q2 spectral moments

Largest uncertainty from reconstruction, background subtraction, X model

! Total Sys. Uncertainty [ Total Sys. Uncertainty
25 i Belle Il [ Non-closure Bias - Belle Il [ Non-closure Bias
T det = 62.8 fb~! 1 Background Subtraction 8}

det = 62.8fb71 [ Background Subtraction
I [ Calibration (MC Statistics)
[ Calibration (Reconstruction)

[ Calibration (MC Statistics)
I [ Calibration (Reconstruction)
2.0 [ Calibration (X, Model)

X X | [ Calibration (X, Model)
£ . S 6
<D : |
S 15¢ o |
= - = |
<D [ o B
IS - i
~ 1.0 | | | =5
& >
@) @)

| 1 |
O'ST_I_I_‘—'—-__I L ‘I_l_l_'_l_‘
o.o:.mfl_'*::a_ L T e

g, [GeV?/c?] g2 [GeV2/c*]

Belle Il sensitivity similar to Belle alreadly.

#140



Going differential ;
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Unfolded + acceptance corrected distributions with total Error / Stat. Error

2.00 ——

: T T L N B . T Ilja‘ta‘ T T
= 1.75 —e— Total uncertainty -
Y [ M —e— Stat uncertainty ]
><3 1.50 X —e—i —— Hybrid B=X,lv MC 7
T ..... DFN ]
@, 1.25 T BLNP E
§ 1.00 ¢ —i ) | | Different incl.
So7sf [ |_J_ i_4_  Calculations / Models
% 0.50 F  Feeeeed f—o—i '__,i, / N
m 0 |
O 0.25 . B
— = I
0.00 1 -
Jo - - A | N Ll 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
MX [GEV]
2-50 T T T T T T T T T T T T T T T T T T
| e Data
g I —e— Total uncertainty B
< 2 00 [ —— stat uncertainty i
><: [ —— Hybrid B-X,fv MC { l
T e DFN o f
e 1.50 BLNP i
g
< 1.00 | R
© [ :l: ——i i y
mo 0.50 *f . i anti-correlated - g
— ‘PI—‘ i (from bkg. subtraction) l 1
0'00 [ L n n | - n 1 n | - n L n n n 1 n n n | - n n 1 n ;7_.(.]'_7
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
EP [GeV]

0.18 F———— T — T T T
I ® Data
/s 0.16 | —e— Total uncertainty ]
Y [ 2 —e— Stat uncertainty
><3 0.14 - q ~—— Hybrid B-X,fv MC ]
0.12 - o= J +£& X L. DFN ]
cg ? l—"—' ——I—l—. BLNP ]
N -+ ]
-g 0.08 | =L .
R 006 i=iL
. @ == -
© i
m_ 0.04 f il ]
o I I @
— 002} TEim ]
0.00 [ n 1 n 1 n 1 n n n n 'PQ
5 10 15 20 25
q* [GeV?]
080 ——m—F————— T T L T
[ ® Data
~~ 0.70 | —— Total uncertainty .
% [ —e— Stat uncertainty P -_ ] 1
0.60 | —— Hybrid B-X,fv MC 3
>,F e DFN ° ! ®
e ST
N b | @i ] ]
Q 0.40f i | I
[ — ' ]
-E 0.30 i | - | ]
m . i [R—-Y ]
S 0.20] oLl :
m  UeY 5—1 ]
o ! i ]
— 0.10 | r—1 3
: RN ;
0.00 & e . - e !
0 1 2 3 4 5
P_ [GeV]

X2

EP Mx

M% q°

P, P

n.d.f.

16 8

D 12

9 10

0.60 - ‘ I ‘ ‘ ‘ I ‘ ‘ ‘ I ‘ ‘ ‘ I ‘ ‘ ‘.I ‘Dat‘a ‘ I ‘ ‘ ‘ ;
’:'; l 2 —e— Total uncertainty ]
N} —e— Stat uncertainty
><3 0.50 '_£_| . M ~— Hybrid B->X,tv MC ]
...... I veeer DEN ]
é 0.40 ] X BLNP ]
X =1
S 030f... | | :
© [ |
\ I hans aa'l
Q 0.20 r | ]
© [ _|
m [ —e—|
2 0.10 : | ]
[ o
0.00 E N R S T R 2 N R R ]
0 2 4 6 8 10 12 14
2 2
M; [GeV~]
F L B B L B A L B B B AL B
2.00 ® Data ]
— —e— Total uncertainty |
3 1.75 _I_ —e— Stat uncertainty ]
) g l i P —— Hybrid BoXyfv MC
>§ 1.50 ,':."_L'-. e | A e DFN 7
@ 105 _-t_..... ! BLNP 1
\_T_ i .—|l 1
Q 1.00f 15 ]
_E [f ==
Q 0.75 F | ]
© [ 1 T =o=
m 0.50 | | 7
™ 025} & ]
0.00 S S : :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
P, [GeV]
Agreement

(w/o theory uncertainties)

Hybrid 13.5 2.5 2.6 4.5 1.7 5.2
16.2 63.2 13.1 18.5 29.3 6.1
BLNP 16.5 61.0 6.3 20.6 23.6 13.7

DFN




. . _ . #142
Simultaneous Determination of Inclusive and Exclusive | Vub\

l Accepted by PRL ] p k
. . . > 71
New Idea: Exploit that exclusive X, final states
can be separated using the # of charged pions pl
nﬂ+ = () . B —> ﬂ'ofljf Use ‘thrust’,
expect more collimated system
/ —1- for B — n%¢v,and B — ¢,
! i _ Hpr = 1. than for other proceses
~ — .
n.=72:
U AN max|n—; (3, [pi - nl/ Y, [pil)
n.>3:

q Extraction of BFs and B — & form factors, in 2D fit of q2 o (.

MX Use high My to constrain B = X .£7,



First Simultaneous Determination of Inclusive and Exclusive |V, |
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2D Categories :

For fit link

B — 10,
)

assuming isospin

Float BCL B — n FF

constrained to FLAG 2022
WA

Nt-1
1

f+(@?) = % Z a,; [Zn - (_1)an+% zNT

n=0

NO—1
fold®) =Y ad2", (3)
n=0

350

w
o
o

250

My < 1.7 GeV)

(
—
o)
o

Events

50 |

Data/MC

100 |

— 7///, MC unc.
[ @ Data

| mmm B-n%y
[ 3 Bomtlv

[ [ Other B=X v
[ [ Background

200

x2/ndf = 12.6/(24-3)

1.25 |
1.00 |

0.75

BB — 7t 7)) = (143 +0.19 + 0.13) x 1074,
AB(B — X tvy) = (1.40 £0.14 +0.23) x 1072,

sl
+ H

O = N M
A
H +

S T
=

] 2500

2000 <
()]
0]
N~
1500 —~
Al
s
1000 =
I=
()]
>
500 Y
0



dr/dg? x 1018 Gev~!

Two sets of results:

1) FLAG 2022

[vexel-| /|vinel-| — 1,06 + 0.14,

[Vexel| /|vind| = 0.97 £0.12,

5 —mmm——————————— —
- == Bkg-subtracted (fit with LQCD & exp. const.) BCL (fit with LQCD & exp. const.)
—A— Bkg-subtracted (fit with LQCD const.) == BCL (fit with LQCD const.)
i Input LQCD const.
4 |

V) w
T ‘l T T T T T T
\
\
\
\
\
\
\
\
T \
\
\
\
L B "\
\
\
1
< 1
1
1
1
I
1
1
I
1
1
1
/
’
/ -
V4
/
/
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—
T T

Excl. |Vyp| - 103

4.8 LI L L L I L B L B L L B e e e D D B B B R B B
[ e Bomtly "X Comb. m® * fit SM:% =1
46 F o Bom'ly © Belle (GGOU)  w HFLAV (incl. GGOU) ]
m 4.4 .
S [
— [ P ~
. B -, N |
_Q 42 e /./. ................ .\\. ...................
S - / \
> - / \
— 40 II \l ]
° i I' ° A ® |
E 3.8 B \‘ ,Il _
[ \ /!
3.6 | \\\ . -
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3.00 325 350 375 400 425 450 4.75 5.00
Excl. [Vyp| - 103
4.8 LI R R | LI | LENNNLENL R DL DL L D I AL L B B L L L L L e e e
[ o Bomtly "X Comb. ¥ * fit SM:%=1
46 F o B-nlv * Belle (GGOU) W HFLAV (inc. GGOU) ]
o 4.4 F ]
S [
— I
4.2
2 i
= 40}
[ [
= 38}
3.6 |
34|||||||
3.00 325 350 375 400 425 450 4.75 5.00
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Truncation Order in FF Fits

Martin will tell us more about form factors (FF) and how to determine from these distributions |V, |

One model independent way to parametrize FFs is the BGL parametrization (Boyd-Grinstein-
Lebed, [arXiv:hep-ph/9705252])

1 S B 1 o B 1 o
90 = B em 2 SO = pye oy LB R = gy 2 E

One Problem you face as an experimentalist: where do you truncate?

Truncate too soon:

- Model dependence in extracted result for |V, | ?

Truncate too late:

- Unnecessarily increase variance on |V, | ?

Is there an ideal truncation order?
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Nested Hypothesis Tests or Saturation Constraints

This work
[arXiv:1902.09553, PRD100,013005 (2019)]

Use a nested hypothesis test
to determine optimal truncation order

Challenge nested fits

/ BG Lna+ 1,ny,n,

BG Lna,nb,nc «— BG Lna,nb+ 1L,n,

Test statistics & Decision boundary

A == D>

Distributed like a y2-distribution with 1 dof
(Wilk’s theorem)

Gambino, Jung, Schacht
[arXiv:1905.08209, PLB]

Constrain contributions
from higher order coefficients
using unitarity bounds

N

N
Yiar<t D (16,P+161) <
n=0 n=0

2 2 2
9 X —X +)(penalty

2
4 penalty A

> Y la,l’



Nesting Procedure

Steps:

1 Carry out nested fits with one
parameter added

Accept descendant over
parent fit, if Ay2 > 1

Repeat 1 and 2 until you
find stationary points

If multiple stationary points
4 remain, choose the one with

smallest N, then smallest y2

BG Lna+ 1,n,,n,

stationary
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Toy study to illustrate possible bias

Use the central values of the
BGL22: fit as a starting point >
to add fine structure

ARB

BG L222 BG |_333

cos 0,

‘“1-times’ ’10-times’

Parameter | Value x 10% | Value x 10°
a2 2.6954 26.954
b —0.2040 —2.040
C3 0.5350 5.350

!

Create a “true” higher order
Hypothesis of order BGL333

Has fine structure element the
current data cannot resolve
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Toy study to illustrate possible bias

Use the central values of the
BGL22: fit as a starting point
to add

llllllllllllllllllllllllllllllllllllllllllllllll

. 4
*

* ..

Toy Test

Produce ensemble of toy
measurements
using untagged covariance
& BGL3as central values

v

Each toy is fitted to build the
descendant tree and carry
out a
nested hypo. test to select
its preferred BGLNnanpnc

* *
.....
-----------------------------------------------

i Construct Pulls Pull =

‘1-times’ ’10-times’

Parameter | Value x 10% | Value x 107
. a2 2.6954 26.954
b2 —0.2040 —2.040
C3 0.5350 5.350

!

Create a “true” higher order
Hypothesis of order

Has fine structure element the As calculated

current data cannot resolve from
selected
BGLnanbnc fit
of each toy
% v,
‘ “ltrue | “ltoy

> AV,

If methodology unbiased, should follow a standard normal
distribution (mean 0, width 1)



B

1aS
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Mean and Variance
of Pulls

“1-times’ / ’10-times’
L>>.. :l T 171 | T T 17T | T T 17T | T T T | T 17T T 17T T 17T | T T T | T T 17T | T T T |: L>>,‘ :l T 1T | T T T | T 17T | T 17T | T 17T T T 17T T T 17T | T T 17T | T T 171 | T T1 |:
> - - o=1.06=0.05 7] S C o=1.03=+0.05 7]
S 03 fix BGL122 w=-1.32 + 0.04 |3 8 03 fix BGL122 w=-2.27 + 0.07 |3
= = 0=0.99+0.03 | ] - - . 0=1.01%0.05 |3
5 025F 5 = 5 025F O 1 —
= i’ : T A L AN :
e 0.2 ;! . Nested @ 0.2 | 1 "\ | —
LLJ - ] | . ] LLJ - ! SN \ ]
= | ; Hypothesis - = | | N Nested 1
0.15F A - 0.15¢ ' ' " | Hypothesis -
- R { Test | : . | TP .
0.1 L g — 0.1 , 41y S Test —
- ! K ] - ’ o \ ]
- 7 * . - } ) . . =
005__ Ir" "l' \‘{ — 005__ '1| Ir' \‘\ Y —
OEL_L“*’.T_n_l—I’_l%||||||||||||||||m:_r_ﬂtlﬂ||J4LLE O_I‘_II'_I_IJ_ LLLLL '7|+ﬁ'||||||||||%LL|MA;LLL|||:
5 4 3 =2 4 0 1 2 3 4 5 5 4 3 =2 4 0 1 2 3 4 5

Pull on IV bI in Standard Deviations
(o

Pull on IV bI in Standard Deviations
C

— Procedure produces unbiased |Vcp| values, just picking a hypothesis (BGL122) does not

Relative Frequency of selected Hypothesis:

BGL122 BGL212 BGL221 BGL222 BGL223 BGL232 BGL322 BGL233 BGL323 BGL332 BGL333
1-times 6% 0% 37% 27% 6% 6% 11% 0% 2% 4% 0.4%
10-times 0% 0% 8% 38% 14% 8% 16% 3% 4% 8% 1%
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More on the Gap

Model 1: Model 2:
Equidistribution of all final state particles in phase space Decay via intermediate broad D™" state
+ 0
Decay B(B™) B(B) Decay B(B") B(B')
B = Dyt v, (0.03+£0.03) x 107> (0.03+0.03) x 102
(= D=nr)
B - Di(ty, (0.034+0.03) x 1072 (0.03 +0.03) x 1072
(= D=nr)
B = Dynn T v, (0.108 £ 0.051) x 1072 (0.101 = 0.048) x 10~*
(= D*rnr)
B = Dinn €t v, (0.108 +0.051) x 1072 (0.101 + 0.048) x 10~2
. (= D*rr)
B — Drmd™ v, (0.6+0.9) x 10732 (0.6 £0.9) x 1073 B— Dyt (0.396 4 0.396) x 1072 (0.399 + 0.399) x 10>
B — D*rr it vy, (2.2+£1.0) x 1073 (2.0 £1.0) x 107 (= Dn)
B — Dp ot ” (4.0 £ 4.0) x 1073 (4.0 £ 4.0) x 1073 ' B — D} "y, (0.396 + 0.396) x 1072 (0.399 + 0.399) x 10~2
B—D'nfty, (4.0£4.0)x107° (40£4.0)x107° | (=+ D)
—2 -2
B — Xty (10.8£0.4) x 107~ (10.1 £0.4) x 10 (Assign 100% BR uncertainty in systematics covariance matrix)
a |:| ‘B‘roz‘ad‘D‘**‘n";oc‘:iel‘ | ] I | ‘ | IZI‘ Broad D**‘ model 0.10 - — ‘Broad D**‘model 1
1.0 i Phase space model 1 9 0.5 Phase space model 7 %) ' Phase space model
[ = £
A Provides better | 2, | Zoosl -
081 kinematic 5 © 2
: ! description | ; s MX 2 006 | | q- |
: o o
I g O 0.04
0.4 i EE | % 0.2 %
B | %, £
02 A S o1l |_ S 0.02
@] r @]
[ | -
0ol 0.0 = ‘ ‘ ‘ ‘ 0.00 ‘ ‘ ‘ ‘ i
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 1 2 3 4 5 6 0 5 10 15 20 25 30

EL (GeV) My (GeV) q? (Gev?)
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Probability / (0.46 GeV?/c?)

0.175 |
0.150 |
0.125 |
0.100 |
0.075 |
0.050 |
0.025 |

0.000 &

Belle Il (simulation) B B-Dlv
I B-D v
I B-D"" v
I non-res. B- X Av

q? [GeV?/c?]

Efficiency

1.0

o
o))

0.0

=
o

o
IN

o & & @ q&%mummmqu-*‘{ld e

a2, [GeV?/c?]

8
8
¢ B ~ Dl Belle Il (simulation)
= B—>D**lv Piab > 0.5 GeV/c
A B-D Iy 17° <6<150°
$ non-res. B-XJAv
0 2 4 6 8
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Full Angular Information without going to 4D

Full angular information can be encoded into 12 coefficients :

dr’ Gi |Vep| m3 Each of these coefficients
— _ _ )
dg? d cos By d cos 0y dy 27 is a function of g“ ~ w
X {Jls sin? 0y + Jq. cos? Oy l

Jos sin? Oy + Jae cos? 0 26
+ (Jas sin” Oy + Jac cos” Oy ) cos 20, With some smart folding,

+ Jzsin Oy sin” 6, cos 2x one can “easily” determine
+ Jy sin 260y sin 26, cos x + J5 sin 26y sin 6y cos x them

) 2
Je.sin” 6 Je..cos” 0v) cos @
_|_ ( 6s Vv _|_ 6c V) ¢ Based on the ideas of:

: i : . : : JHEP 05 (2013) 043
+ J7 sin 260y sin 0, sin x + Jg sin 260y, sin 26, sin JHER 08 (019 139

Phys. Rev. D 90, 094003 (2014)
http://cds.cern.ch/record/1605179

+ Jg sin? By sin® 6, sin 2x} .

8 Coefficients relevant in massless limit & SM


http://cds.cern.ch/record/1605179

How can we measure these coefficients?

#154

Step 1: bin up phase-space Iin q2 ~ W in however many bins you can afford

Step 2: Determine the # of signal events in specific phase-space regions

The coefficients are related to a weighted sun of events in a given q2 bin

Ji un 77@‘9 ‘ 77,»9 v normalization N;
L3y FoW L) e
. . Jic 4F +,a,a,+ +,d,d,+ 2m(1)(2/5
J. — ;,])( ;,Ief ;,IHV )(l ® 8] ® @k Jos {4+ (6,6~}  {—cc—) 2m(~2/3)2
l N ij ik il £ V Jae {(+} {=bb—} {+.dd+} 2m(—2/3)(2/5)
i . . Js {+— -t ot {+} {+} 4(4/3)°
]—1 k,l—l Jo A{++,-,- - -+ +} {++,--} {++ -} 4(4/3)?
Js {+7+7_7_7_7_7+7+} {+} {+7+7_7_} 4(7T/2)(4/3)
. . Jos {+} {++,—,—} {—,¢0c -} 2m(1)2
Norr;aaci[[zc)e;tlon Weights Phase space region Joe {+} {(+,+, —, -} {+.dd+} 2m(1)(2/5)
J7 {+7+7+7+7_7_7_7_} {+} {+7+’_a_} 4(7T/2)(4/3)
Js {+H+++--—-=-} {++--} {++,--} 4(4/3)?
Jo {+,+-—-++,—-— {+} {+} 4(4/3)?

E.g. for J5: Split y into 2 Regions

'+': y € [0,x/4],[3/47,5/4x], [1/47,2x]
'~y € [#/4,3/4x],[5/4x,7/4x] N

a=1-11/2,b=a\2,c=20/2-1d=1-4/2/5

FB, Z. Ligeti, S. Turczyk, Phys. Rev. D 90, 094003 (2014)



Step 3: Reverse Migration and Acceptance Effects

Resolution effects: events with a given “true”

value of {qz, cos 6, cos Oy, y} can fall into

different reconstructed bins

w Generated

E.g. w migration matrix

Belle B°-»D"*ev,

Acceptance x Efficiency

Corrections:

1.00 1.0
0.0950.015]0.005|0.002 | 0.000| 0.000 | 0.000|0.000|0.000
1.05
0.026 | 0.004 | 0.002 | 0.001|0.000 | 0.000 ] 0.000
1.10 — 0.8
0.007 | 0.098 0.009|0.002|0.002|0.000|0.000
1.15
0.002 | 0.005 0.0260.0110.0030.0010.001
1.20 0.6
0.000|0.001 0.109 0.0210.011]0.004 | 0.001
1.25
0.000|0.000/0.002|0.003|0.104 0.0250.009]0.003 -
1.30 — 0.4
0.0000.000|0.000|0.000(0.006/0.118 0.017 | 0.006 o
1.35
0.000|0.000]0.000|0.000]0.001|0.009]0.113 -
1.40 — 0.2
0.000|0.000|0.000| 0.000|0.000|0.000|0.006 -
1.45
0.0000.000|0.000|0.000(0.000/0.000|0.001]0.006]0.136 o
2.00 i — 0.0
Q & 0O O N M» N0 H O v» O
Q Q N N ™ ™ Q
RSN RO N TN N
w Reconstruced
arXiv:2301.07529 [hep-ex]
2
QI o e_l —_ an
+ eff,+,g; +
2 —1
Ni - e = ndi
— eff,—,q; —

Unfolded yields

Acceptance / Eff.
corrected yields

T

Migration
matrix

Bkg subtracted
yields

Acceptance x10°

R R =R =N
N U1 NN O N Ul N O
oo o u1 o U1 o u o

o

<— Unfolded yields

arXiv:2301.07529 [hep-ex]



https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/2301.07529

Step 4: Calculate J,; for a given w/ g’ bin

2 2 2
n-lq—l Aq2 1 I’l_lq_’ - I’lgl
—> J) = — =
2
nd 307 44/3)2

Normalization

fictitious errors

r=2o (sZuf oz - Zosf 23 11 12 1.3 14 15
w
More involved for the other coefficients: need full experimental
covariance between all measured w/ q2 bins and coefficients
(statistical overlap, systematics)
J; nx 772.95 77? v normalization N;
) Jis {+ {+,a,a,+} {—,c,c,—} 27 (1)2
SM . S {+} {+,a,a,+} {+,d,d,+} 2m(1)(2/5)
2 2 2 2 2 2 2 2 Jas {+} {=bb-} {-cc-} 2m(—2/3)2
{]qz' : qu' ] J% : ]qz' : ]qz' : qu' : J% : ]ql' } Toe () {=,b,b,—} {+.d,d,+}  2m(—2/3)(2/5)
s’ 1c’ " 2s° 2¢’ 3 4 5 65 Js === =4} (+} (+ 4(4/3)?
Js A{++----++ {++--r {++--} 4(4/3)?
Js {+7+7_7_7_7_7+7+} {+} {+7+7_7_} 4(71'/2)(4/3)
_ . . Jos {+} {+,+,—,-} {-,¢c -} 2m(1)2
e.g. 5 x 8 = 40 coefficients o ) o2} {+.dd4)  20()2/5)
J7 {+7+7+7+7_7_?_7_ {+} {+7+7_?_} 4(7/2)(4/3)
. J A+ +,++ ===} {++--} {++ - -} 4(4/3)?
or full thlng (SM + NP) Jo {++,——++—— {+} {+} 4(4/3)?

with 5 x 12 = 60 coefficients

a=1-11/2,b=a\/2,c =2/2 - 1.d=1-4/2/5

FB, Z. Ligeti, S. Turczyk, Phys. Rev. D 90, 094003 (2014)



1D versus Full Angular Sensitivities

Errors and central values from

#157

1D projection fits of
arXiv:2301.07529 (Table XVI)

1/ x dlf/dw

1/l x dl'/dcos 8y,

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

mm BGLEY,
o BGLER,

. B-D *lVf

Some distinguishing power of ¢’
BGL “121” versus “222” shapes in w

Otherwise “222” is completely overfitted
with strongly correlated coefficients

1.1 1.2 1.3 1.4

w[l]

cosBy [1]

1/l X d'/dcos 6;

1/T x dr/dy

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

Little distinguishing power
in 1D projections of angles

— blind directions !

—-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

cos6; [1]



https://arxiv.org/abs/2301.07529

Errors and central values from #158

1D versus Full Angular Sensitivities ... 20 s me

Data points: Asimov Fit using MC (!)

Belle Simulation [Ldt = 711 fb~!

Asimov
B-D"fv,

Proj. Fit
p BGLYRF

SM Coefficients

g BGLYRY P

J1c X103

N

Angular Coefficients
show greater
separation power

Ja x103

-8 -
| | | |
2 2 - 2 2 -
X 0 + x O o + + ¢ x 0 + + + s x 0 + + + $
= Massive = . = =
5 - _> 1 NP Coefficients 5 - _o -
Leptons
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.0 1.1 1.2 1.3 14 15 1.0 1.1 1.2 13 14 15 1.0 1.1 1.2 1.3 14 15 1.0 1.1 1.2 1.3 14 15

w w w w


https://arxiv.org/abs/2301.07529

1D versus Full Angular Sensitivities

BGL121 1D projection fit of
arXiv:2301.07529 (Table XVI) or
FNAL/MILC prediction
[arXiv:2105.14019]
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1/ x dl'/dw

1/I x dl'/dcos 6y,

2.00
0 BGLyy,

1.75 o g BGL53SP

1.50 -
1.25
1.00 -~
0.75 -
0.50 -

0.25 A

0.00 I I |
1.0 1.1 1.2 1.3

w 1]

2.00
1.75
1.50

1.25
1.00 -
0.75 -
0.50 A
0.25 -

000 | | | |

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

cosBy [1]

1/I x dI'/dcos 6,

1/ x dlri/dy

2.00
1.75
1.50 -
1.25
1.00
0.75
0.50 -
0.25

0.00

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

cos 6, [1]

2.00
1.75
1.50
1.25 -

0.75 A
0.50 A
0.25

0.00
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1D versus Full Angular Sensitivities

BGL121 1D projection fit of

arXiv:2301.07529 (Table XVI) or

FNAL/MILC prediction
[arXiv:2105.14019]

jls X103

SM Coefficients

2 -
S
x 0
X Massive
—2 7 Leptons

1.0 1.1 1.2 1.3 14 1.5

w

le X103

NP Coefficients

1.0 1.1 1.2 1.3 1.4 1.5

w

8 - o BGL,,,
m 6 BGL53;"
=S
x 4
<
<\2

#160

1.0 1.1 1.2 1.3 14 1.5
w

T T T T
1.0 1.1 1.2 13 14 1.5
w

Angular Coefficients also will allow us to better investigate
what is going on with lattice versus data tensions..
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