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CKM Matrix
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How do we measure the CKM triangle?

|Vub | Dominated by W-Boson
emission, a-priori free
|Vcb | from new physics
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How do we measure t KM triangle?

N

CPV Kaon Mixing

A
|Vub | Dominated by W-Boson * Q@Q
emission, a-priori free §QJ&< Qb»

|Vcb | from new physics
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How do we measure tf

s

CPV Kaon Mixing

M triangle?

B-Meson Mixing

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

*
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How do we measure tt M triangle?

s

CPV Kaon Mixing

B-Meson Mixing

|Vub | Dominated by W-Boson // x

emission, a-priori free
|Vcb | from new physics

CKM y can be
measured from
tree-level decays
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How do we measure tr

M triangle?

B-Meson Mixing

CPV Kaon Mixing
Today

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

CKM y can be
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tree-level decays Measurements of CP violation

at Belle Il by Pablo Goldenzweig
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How can we measure |V, | and |V, |?

Semi-Leptonic Decays

u Y,

[BR o< |V, |2 f2mE

fg : B-Meson decay constant
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Inclusive |V, |
B - XC'£173

Operator Product Expansion

\

[BR o Vo1 + Cs(u)anZs)(u) R Ce(u):nOBa)(u) R O(mg)]]
k + Shape Funct?on / Fermi Motion .

J

/ Exclusive |V, ]
B - m, p, wfv,

Ap = puv,

By = Kuv,

\_

Exclusive |V, |

(*) p=
B(s) - D(s) fV{)

[BR x |qu|2f2]</

Form Factors
(B|Hy|P)
=@+p0)uf+

~

J

Markus Prim

12



Where do we stand with |V,,;,| and |V |?

DISCRETE 2022 - 06/11/2022

— 2 ]
- Exclusive [V_| Ax” = 1.0 contours =
= . Inclusive 7
- Exclusive [V_]| V :GGOU ]
| ub ch —
E \:I HFLAV Average E
- ‘ 2021 \ -
[ P(x?) = 8.9% ]
: 1 | 1 1 | 1 1 | 1 1 | 1 1 1 | 1 :
36 38 40 42 44
'V |[107]
Markus Prim cb

Significant tension
between inclusive and
exclusive determinations

14



Inclusive |V,

1. Measurement of partial & differential branching fractions of inclusive D
B — X, fv, decays with hadronic tagging

o
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Measurement of partial & differential branching
fractions of inclusive B = X,,£v, decays

Partial: [PRD 104, 012008(2021)]
Differential: [Phys. Rev. Lett. 127, 261801 (2021)]

Biggest challenge:

Tag Side Suppress X background

Signal side
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Measurement of partial & differential branching
fractions of inclusive B = X,,£v, decays

BELLE
Unfolded + acceptance corrected distributions with total Error / Stat. Error
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: y P. Gambino, K. Healey, C. Mondino,

Phys. Rev. D 94, 014031 (2016),

Can be used for future [arXiv:1604.07598]

shape-function independent

determ | nation Of VU b F. Bernlochner, H. Lacker, Z. Ligeti, I.

Stewart, F. Tackmann, K. Tackmann
Phys. Rev. Lett. 127, 102001 (2021)
[arXiv:2007.04320]
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Exclusive |V, |

1. First observation of the decay BS0 — K_,u+vﬂ & measurement of |V, |/ |V.p ]| %

2. First glimpse at |V, | in B = mfv, with Belle Il data Q(B

Belle IT
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First observation of the decay By = K~ u*v, &
meaSL rement Of ‘Vub ‘/ ‘VCb ‘ é ﬁCb [Phys.Rev.Lett. 126 (2021) 8, 081804]

e Directly measure —£ via the ratio

0 |Vcb| _ 1
BR(BY > K~ u*v,) Ny e, Lo X
R = = BR(Ds > K"K mn~)r” 7 p
BR(B® = D-u* N, € P
( S s U Vu) s *k Bg " X=K/Dg
e Separation of decay vertex from P
- g M =\/mP00) + 2O +py () e
primary vertex is utilized to MR g e |
. . . Wi = » L
reconstruct B, flight direction P
* Reconstruct corrected mass m . =
=

< 20000 F

Candidate

10000 F
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First observation of the decay BY — K- utv, &
measurement Of ‘Vub ‘/ ‘VCb ‘ Eﬁﬁ@ [Phys.Rev.Lett. 126 (2021) 8, 081804]

Extraction at low and high q2 = (pg — pK)Z

q% < 7 GeV? q? > 7 GeV?
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DISCRETE 2022 - 06/11/2022 Markus Prim 21



|V.,p| in B = mfv, with Belle Il data

[2206.08102]

* Hadronic tag-side reconstruction Belle Il Preliminary Jror=1983%

< 2 _= S 0GeV2/c* < g% < 8 GeV?/c?
.. . 2 Tag Side Signal side “% e
* Fitin 3 bins of g“ to subtract S sl
background =l
T 5 5t
* Form factor & |V,,; | fit g
a ile o %#;##%**“é
. S T il - ? P =p....—p e
le-s__ ,B."?".e.lf l"l:e'llrlnlll'la'r'y'j'/l.'qt':'18'9.l3f'b:’ e - <] 'l:ellfnllrllalr'ylflﬂqt'—'lsl9.l31:b'_- sig = De+e tag M2 [Gev/ct] 5
_1af T ] mz, =( R — )~2
0§ 1P E miss Psig — Pn — D¢ Py
3 1 &6 3 _
180 Vil = (3.88 £ 0.45) x 1073 |
%0.8;— ¢ %4; _
o 1% with LQCD data from FNAL/MILC Phys.Rev.D 92
o 7+ 2F ] .
& Lt ER- N (2015) 1, 014024, [arXiv: 1503.07839]
0.0:' 0 -

g? [GeVZc™4]
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Inclusive |V |

D
. . . . . < />

1. Measurement of g“ moments of inclusive B = X_.fv, decays with hadronic tagging BELLE
Measurement of Lepton mass squared moments in inclusive B — X .€v, decays with lgys

the Belle Il experiment /O

Belle IT

2. First determination of |V, | from g% moments

3. Third order correction to the semileptonic b — ¢ and the muon decays
Three loop calculations and |V |
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Measurement of g% moments of inclusive =
B — X .fv, decays with hadromc tagglng ¥

* Similar analysis strategy for Belle and Belle Il ¢ o=
* Hadronic tag-side reconstruction : e,

Tag Side & i Signal side

= (psig - pXC)Z o

M= (o), ()"

(]
Qs

0
~

s 20F
Tracks = 9
a 7 -~

@ | 15 F
SNEs & =& s

FEI / FR ANNNVAN L a0}
- N\ — w

05}

Belle: [PRD 104, 112011 (2021)]
Belle II: [2205.06372]
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Events / (1.32 GeV?)

Measurement of g moments of inclusive
B — X_.fv, decays with hadronic tagging

 Event-wise Master-formula

(q

2m> —

Subtract
Background

) |

2. Calibrate
moments

|

[1.

eeeeeeee

*!  Determine Background
5t normalizations by fitting My

.50
0.25 ! .
0.00

5 10

15 20
g? (GeV?)
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[ Ccal] acc

events

<o

D

Belle I

Belle: [PRD 104, 112011 (2021)]
Belle 1l: [2205.06372]

Exploit linear dependence
between rec. & true moments

2m _
eali =

2m

(qrecor -

c)/m

b

3. Correct for
selection efficiencies

|

Markus Prim
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First determination of |V, | from g moments

. / N\ ;i F. Bernlochner, M. Fael,
* Fit to both Belle and Belle Il measurements - (.- / <. Olschwesky, E. Persson,

Vel = (41.69 + 0.63) x 1073 il };;;0 ] nven Tonden K. Vos,
o] 3 o K i [JHEP 10 (2022) 068]
o o e Leverage reparametrization
invariance to reduce the set of
i . HQE parameters = only 8 non-
: TR T perturlciative parameters up to

T order —

o m?

» Consistent with inclusive |V, |

from lepton energy and hadronic

T invariant mass moments

gl [GeV?]
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Theory Progress

* Semi-leptonic rate at N3LO —>Update inclusive fit of lepton energy

M.Fael, K. Schonwald, M. Steinhauser HP :
/ / and hadronic invariant mass moments
[Phys. Rev. D 104 {2021) 1, 016003] M. Bordone, B.Capdevila, P.Gambino
0.5 [Phys.Lett.B. 822 (2021) 136679]
E:; 0.52-
S NLO _3
L Vep| = 41.16(30) 1,(32) e (25)r 10~
2 0.48-
I 7 NNLO NSLO
0.46 =
f Kinetic Scheme = o A|Vcb |
0 444 — 12%
_ 2 3 4 5 6 7 8 9 10 V |
’/""'\\ Us (GeV) | Cb
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Exclusive |V, ]

1
2
3.
4
5

Beyond zero-recoil lattice prediction for form factors

Measurement of |V, | with B — Dg*) v, decays
D
Vep| in B = Dfv, with Belle 1l data =d (¥
Vo : —
|V.p| in B > D*#v, with Belle || data IEEEE

Measurement of Differential Distributions of B = D*#v, and Determination of |V ;|

<o

BELLE
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Beyond zero-recoil lattice prediction
for form factors

* Theory progresses and delivers beyond zero-recoil predictions for the
B — D*fv, form factors for the first time

e FNAL/MILC under review 7 Bazarvovet.al

[2105.14019]
* HPQCD & JLQCD in preparation

= % B'—= D" 77v,)/T(B" = D* p"u,)

Lattice { =71 Joint fit £=1 0.175
1

FNAL/MILC

dU'(B— D " fv)/dw

1.1 1.2 1.3 1.4
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Measurement of |V, | with B, — Ds(*)uvu decays

[Phys. Rev. D. 101, 072004] E ﬁﬁb

e Separation of decay vertex from primary vertex is utilized to
reconstruct B, flight direction

* Reconstruct corrected mass m;; B, b
. . . P. ecay .
rimary
* Hadronlc rec0|| W reconstructed Via Vertex
' — 2(n—,,+ 2cn—,,+ -+
CorrEIatlon to pJ_(DS) mcorr=\/m (Dsﬂ )+pI(D9” )+pJ_(DsM )
LHCb Simulation 1 f&zojl'oz'""""""""""'L
- 00 > "I LHCb ‘ Dus
= . — 0 - -
= 135 g'g E = 25 W5 -y, T
13 06 = 220l B -0, 4
1.25 = B i isics bac |
1.2 8451 g 2_.15_ DPh}, backg. |
1.15 0 .3 E 3 B . Combinatorics
R < 10F o -
Ll 02 = =il Fit
1.05 0.1 .S 2 5
1 il I 0 g s>t |
0.5 1 1.5 2 25 £ &)
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Measurement of |V, | with B, — Ds(*)uvu decays

* Fitto mgyrr-P

LHCb Simulation

D.5 1 1.5 2 2.5
p (D7) [GeVic]

Fraction relative to maximum

{5 T O N N S
h © W

Candidates per 0.1 GeV/c?

—_ —
Ln o n o
T LI LELLELI LLELELI

x10°
L

. T
- B_?—)Di,u’fvﬂ
- B{—D, utv,
- _ |Phys. bkg.
o y g
t B Comb. .
- llComb. bkg

Mg, |GEV/2]

Candidates per 0.115 GeV/e

[Phys. Rev. D. 101, 07

2004]

22
20F
18
16
14
12
10

SRR

05 ] 5
p(Dy) [GeVic]

-
an
®
2

2 25

(Veplper = (41.7 + 0.8(stat) £ 0.9(sys) +

[JHEP12(2020)144]

* Unfolded w distributions for B —» Dsuv,
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|IVep| in B = Dfv, with Belle Il data e

<o

[2210.13143] Belle II

* Untagged reconstruction and 189.3fb~! for B¥0,¢ = e, u

- . . | .
—4 -3 -2 -1 0
cosBgy

Belle 11
e Signal extraction in to e Preliminary
2 E* E* m2 - ;Z x2/ndf: 18.20/14.00 |
cosfpgy = M r 2 E e
2|pB||pY| E
U]
Belle Il Preliminary [cdt=189.2fb"! ? 20
= 5“?!":' B--D%V, S
* Signal peaks [-1, 1] = 3
— R < 10
. x v S
* Main background: D* < d
g ol
_50,9 1i0 ll.l 1I.2 1i3 1t4 1I.5 1i6 1.7
%Eiﬂ *‘" *i* %fi#’r‘* H‘##‘*giim
LA RS newlVeslger = (38.53 + 1.15) x 1073
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V., | in BY = D*#fv, with Belle Il data

Candidates/(0.10 GeV?)

— 1 Tag Side

* Reconstructed with hadronic tagging and 189.3fb
* Background subtraction in

mr%liss = (psig — Pp* — pf)z ~ pf =0

Psig = Pe+e- — Prag

Belle Il Preliminary Belle Il Preliminary o

180 ?-|' 2 < 0.008 J. . P—— 50 Belle Il Preliminary
160 [ :; dt=1§9'3 & [signal 0.007 | Lwﬂ.ﬂaa{b —— best it _ JLdt:189.3 o * best fit
sanE B” — D u'v, and cc. BBG 8" = D I'v,and cc. % ;:‘,';f::r ""C_) 45 B° - D T'v,and cc. 7; °
120 | selection | {5 0.006 - = o

o : 8
100 |- - 0.005 >

- =3 * i = a5
it 3 S 0.004 g
60 B 0.003 | = %
40 ? L . E 25 L L 1 L 1 L L 1 L
20 b © 0.002 0 02040608 1 1214 16 18 2
‘ " g o 02
0—1 -0.5 0 0.5 1 15 2 25 < 0.001 3
: : 2 0 1 I | L I 1 L 1 1 _ —_
NSO MEgT RHAtEC S8V ) 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 145 1.5 Veplen = (37.9 £ 2.7) X 10

w
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Measurement of Differential Distributions o
B — D*fv, and Determination of \Vcb\

[Preliminary]

e Analysis in 4 separate decay modes: BX9, ¢ = e, u
 Utilize hadronic tagging (Full Event Interpretation)

e Extract form factors from differential shapes,
and use world averaged absolute branching ratio

e Extraction with model-independent variable Y fuo=

2 2 2
"ﬁ‘fmi:-s:-i — Pmiss — (Pﬁ b 7 Prag — Pp*t — Pf)

10
B D7év (correct Mgey) B D77 (= D"nY)w 55 Bkg
EEE D"y (Wrong fsaw) B 0" (-D™p*);y  EEE Continuum
10 mm Div 3 Hadranic Bkg t Data
Jrd

= =
o o
= T

=
o
W

ries / (0.15 GeV?/c?)

Ent
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Measurement of Differential Distributions
B —» D*fv, and Determination of |V, ]

D

BELLE
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=
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Signal extraction in bins of M
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+ Unfolding + Acceptance Correction
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Measurement of Differential Distributions

B —» D*fv, and Determination of

D
W

Vcb

[Preliminary]

Measured Shapes + External Branching Ratio Input

500 w cos 6, cos By X
ESNLEZ (Lattice) B6Lu o BG L(l%l) Value Correlation
1754 = soLn: X/ ndf = 42.0/ 33 X I ndf = 42.8/ 33 ap % 10 24.93 + 1.41 —0.21  0.26 —0.30
e 5Dty P04 p=012 by x 10° 13.11 4 0.18 —0.01 —0.01 —0.62
1.50 1 b, x 10°  —11.93 + 12.72 .00 0.25 —0.48
. 15 e % 10° 087097 0.25 100 —0.49
° V.| x 10° 40.77 4 0.92 —0.48 —0.49  1.00
T:i 1.00 1
g - C|;N Value Correlation
' Je 1.25 £ 0.09 0.56 —0.89 0.38
0.50 - R, (1) 1.32 £ 0.08 1.00 —0.65 —0.03
0.25 - R,(1) 0.85 4+ 0.07 —0.63 1.00 —0.15
[ [V x 107 40.30 + 0.86 —0.03 —0.15  1.00 |
A L L L L L L
STTISRTRERCCISiCiSiffiificiiifiifRiiiiil Based on the lattice input at zero-recoil:
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ha, (1) = 0.906 + 0.013
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Here: beyond zero-recoil points overlayed (not in fit)
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(GGOU, Kinetic scheme)

Exclusive
Wor
Ji =1, = Z.
”

|Ves|

40 12 4
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ub |' |Vcb|
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g, - ¥
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S U m m a ry New inclusive |V, |
Belle/’
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1etic scheme)

Val (1077
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summary

The inclusive-exclusive

tension remains, but the

experimental hunt
intensifies

3.0

ubl' |Vcb|

451 1etic scheme)

J
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