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Puzzles...

It may look cute, but that
might be deceiving...
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... Long-standing discrepancy since

about a decade

|Vup| Measurements over Time
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Puzzles...

It may look cute, but that ... Long-standing discrepancy since
might be deceiving... about a decade
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How to inclusive V_,

Inclusive |V, |

B—)chﬂg

[B = |qu|2 [F(b — qlvg) +1/mep + s + .. U




How to inclusive V_,

Inclusive |V, |

B — X by
N
[B = |qu|2 [F(b — qEDg) + 1/mc,b +as + ...
y,
Other complication: OPE does 1.4 parton model
not allow point-by-point 19 : p.am. + O(1/m?)
predictions T ’
L
dI’ |
— 08 OPE breaks down >
dE, 0.6 |
0.4
0.2
0 v
0 0.5 1 1.5 2



How to inclusive V_,

Other complication: OPE does
not allow point-by-point
predictions

But converges if integrated
over large parts of phase
space

v = pplmg

dI’

v
an(vapfapy) qu) dd

Inclusive |V, |

B—)Xcéﬂg

[B = |qu|2 [F(b — qlvg) +1/mep + s + .. U

Example weight functions

(pf +p1/)2 — q2
(mgy—q)" =M}
(V ‘Pf) — Efj

=
|

four-momentum
transfer squared

invariant mass
squared

Lepton Energy



How to inclusive V_,

Inclusive |V, |

B—)Xcéﬂg

B=|Vy|*|T(b— qlig) +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

b 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

Q 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
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How to measure spectral moments

# 11

Key-technique: hadronic tagging

Tag Side

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

0.2

0.0

1.4}

[PRD 107, 072002 (2023), arXiv:2205.06372]

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

[Ldt = 62.8 b2

B efe” -qq
7//s Uncertainty
t Data

g2 > 1.5 GeV?/c*

B Bkg.
Continuum
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
My [GeV/c?]
x10%
Belle Il B B - XLy
== BB Bka.

[Ldt = 62.8 b2

M8 B Bkg.

Signal
Continuum

Bl efe” -»qqg
7//7 Uncertainty
¢t Data

g% > 1.5 GeVv?/c*

5 10 15

g2 [GeV?/c*]

20
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How to measure spectral moments

[PRD 107, 072002 (2023), arXiv:2205.06372]

Belle Il (Simulation) 77 Kinematic Fit

0.5 I Reconstructed
4 Kinematic Fit .
c Mean: 1.20 GeV?/c* B - X v Signal MC
:'f 0.4  RMS: 2.65 GeV?/c*
o] . . .
5 Reconstructed Use kinematic fit
£ 03l Mean: 3.43 GeV?/c* .
: ' RMS: 5.76 GeV?/c* to Improve
= . 2
o
2 02 resolution on ¢g
+J
C
o}
>
Ll

-4 -2 0 2 4 6 8 10
qrzeco - qgen [GeVZ/C4]



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

#13

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 )

# 14



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

# 15



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

ADJECTWVES
NELL’ FAIL ME.
HOWS \T
| look? ECe

%

Account for

1.00 mggiiaTi

0.98 | (g2) °
(0]

(0]

0.96 |

0.94 |

0.92

0.90 |

[Ldt = 62.8 b2
(o]

(0]

(o]

1) [0} 0] @ @ (0]

Event-wise Master-formula

(q™") = D

2
(Qreco 1) QC;Llib,i

X Ccalib X Cgen )

Z e (Qroco J)

—pp  Repeat this for many

different thresholds cuts qt%

qZ, [GeV?/c*]

#17



Example: Belle | q2 spectral moments

Belle II on 0T Bette ¢m
9F [Ldt = 62.8fb1 * [Ldt = 62.8 b2 %
oo 80 [ .
om
om — ém
— 8F o i
ﬁ'& . ém q_g 70 ém
%J %m % 60 | $ "
.9 7k ém E_D, $
& ém — .
g +I:| q-c‘ 50 B +I:| \
6 | +E‘ ém
+U 40 » +I:|
s ¢ Measurement ; ¢n ¢ Measurement
(u]
5| +E‘ ¥ Xc Model 30 L ¢ o Xc Model
2 3 4 5 6 7 8 2 3 4 5 6 7 8
q2 thresholds » g [Gev?/c?] g, [Gev?/c*]
x103
Belle Il ¢
8001 1/ 4t = 62.8 01 . ST Bellen ¥
¥ [Ldt = 62.8 o2 )
700 | 4 7t ¢
= 600 ¢o o ¢m
%) ém % 5L ¢
g 500 ém 9 +|:|
6\ éo : 4 | +|:|
Z 400} % & %
o ¢= 3L . o ¢m
300 ¢ ¢m * ¢ Measurement s ém ¢ Measurement
éo b 8 Xc Model 21 o = & Xc Model
200 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 2 3 4 5 6 7 8

qé, [Gev?/c?] g2, [Gev?/c*]



Statistical plus
systematic
correlations

strong correlations!
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# 20

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?]
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# 22
State-of-the-art: | V., | with E, : M;

Fantastic progress on the theory side: 0-547

semileptonic rate @ N3LO! 0.52-

NLO

0.50-

o.48{%
7 NNLO N3LO

LO
Il NLO

Kinetic Scheme = Lo

m N3LO

M. Fael, K. Schénwald, M. Steinhauser 0.4 e S
[Phys.Rev.D 104 (2021) 1, 016003, arXiv:2011.13654]

SL Rate
F(b—ctv)/(To(mI>/mEin)3)

0.46-

Us (GeV)

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

_3 my'™ m.(2GeV) 2 ph  pe(my) pis BRee 10°|Ve
’Vcb‘ — 42-16(30)th(32)exp(25)r 10 4573 1092  0.477 0.185 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 0.307 -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 Vcb | 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 M%; pgb /0%5
dl = dI dr, = +dlr, —= +dlr,.— +dlr,, . — + ...
0 _|_ e % _|_ ¥ 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 = pglmy

(M"[ ])‘j ”(/ )d—FdCD
Wiy = | W WV, Des Py 4D

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

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



2 ,LL 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
[PRD 107, 072002 (2023), arXiv:2205.06372]

Belle IT

h,c



25
F. Bernlochner, M. Fael, K. Olschwesky, E. Persson, #

2
| Vcb ‘ frOm q 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  a s Qs
< 8 & :
> =47 Partonic | v/
o =
<7 L He 2
g ] I ]
6 R P 2
] = 1/m} 4
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
% 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~°



|V, | from g* versus E, : M3

Incl. E;, mxy Moments ®
Phys.Lett.B 822 (2021) 136679

Incl. g2 Moments
JHEP 10 (2022) 068

Incl. E;, mx and Incl. g°

Our Average /

Assume fully correlated BF uncertainties
and uncorrelated moment information

M. Fael, M., Prim, M. & K.K. Vos,
Eur. Phys. J. Spec. Top. (2024). https://doi.org/10.1140/epjs/s11734-024-01090-w

39 40 41 42
|Vcb| X 103

43

# 26



Moment party: g* : Ef : M)Z( # 27

https://arxiv.org/abs/2310.20324

The g* moments in inclusive semileptonic B decays

G. Finauri® P. Gambino®?¢
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LHCb might enter the scene .

https://arxiv.org/abs/2312.05147

Inclusive semileptonic Bg meson decays at the LHC

via a sum-of-exclusive modes technique: possibilities
and prospects

M. DE CiaN?, N. FELIKS”T, M. RoToNDO® AND K. KERI Vos®¢




# 30

LQCD might enter the scene Placeholder

https://arxiv.org/abs/2311.09892

On the study of inclusive semileptonic decays of B;-meson from
lattice QCD

P. GaMmBINO(}), S. HAsHIMOTO(?), S. MACHLER(!)(®), M. PANERO(}), F. SANFILIPPO(4),
S. SIMULA(%), A. SMECCA(') and N. TANTALO(®)(*)

(!) Dipartimento di Fisica, Universita di Torino & INFN, Sezione di Torino - Torino, Italy

(2) Theory Center, Institute of Particle and Nuclear Studies, High Energy Accelerator Research
Organization (KEK) - Tsukuba, Japan

(3) Physikinstitut, Universitit Ziirich - Zirich, Switzerland

(*) INFN, Sezione di Roma Tre - Rome, Italy

(°) Dipartimento di Fisica, Universita di Roma “Tor Vergata” & INFN, Sezione di Roma “Tor
Vergata” - Rome, Italy
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QED will enter the scene Placeholder

https://arxiv.org/abs/2309.02849

QED effects in inclusive semi-leptonic B decays

Dante Bigi, Marzia Bordone,* Paolo Gambino,?%?

Ulrich Haisch¢ and Andrea Piccione®
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. # 33
Experimental and Theory Errors




Isospin and Lifetimes .




