CKM matrix elements |V, | and |V ]

Guglielmo De Nardo, on behalf of the Belle Il Collaboration (representing all B-factories)
University of Napoli Federico Il and INFN Napoli

22"d Conference on

Flavor Physics and CP Violation
27-31 May 2024, Chulalongkorn University, Bangkok

D

INFN [

Istituto Nazionale di Fisica Nucleare




Introduction

|V,,| and |V, | important to constrain CKM Unitarity
ub cb

e Extracted from BF measurement of beauty hadron semi-leptonic decays

With exclusive decays:

— 48
S 46

b

BF(B — Hylv) « |Vop| "FF(q%) e

— 4.2

THEORY INPUT: Form factors

or inclusive decays
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BF(B » Xg1v) e |V| (14 ..) 39

34

THEORY INPUT: OPE expansion 39

Longstanding tension among exclusive
and inclusive determinations
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Recent results to be shown today

|Vcb|

|Vub|

|V, | from angular coefficientsof B - D*lv
Belle, arXiv:2310.20286 submitted to PRL

|V | from B — Dlv
BaBar, arXiv:2311.15071 -2 shown by S. Robertson

IV, [from B - D)™ty
LHCb PRD 101,072004 (2020)

|IV,,| from B® —» wtlvand Bt — p°lv simultaneous analysis
Belle Il new result at Moriond 2024

|V, | Simultaneously from exclusive and inclusive decays
Belle, PRL 131, 211801 (2023)

|Vyo|/ |V | from ratio of inclusive b = ¢ and b = u decays
Belle, arXiv:2311.00458 submitted to PRD

IV, |/ |Vy| and observation of B — K~ utv
LHCb, PRL 126, 081804 (2021)
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cb BaBar, arXiv:2311.15071 - shown by S. Robertson
e |V, |from B® — D&ty
LHCb PRD 101,072004 (2020)
e |V, | fromB® - wtlvand Bt — p°lv simultaneous analysis
|Vub | Beﬂoe Il new result at Moriond 2024
* |V, | Simultaneously from exclusive and inclusive decays
Belfe, PRL 131, 211801 (2023)
Vub * |Vpl/ V| from ratio of inclusive b 2 ¢ and b = u decays
Belfe, arxiv:2311.00458 submitted to PRD
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|V, | from angular coefficients of B = D™lv

Belle preliminary

* Full Belle dataset 711 fb! - Hadronic B tagging arXiv:2310.20286

« reconstruction of B¥ — D*lvand B® - D**lv with D** — D%zt D*x©
e Continuum background suppressed by BDT exploiting different BB vs gq topologies

dI'(B — D*lg)  2GEngw|Veb|*mpmp-
dw dcos @y dcos Oy dy 24
+ (Jos sin? Oy + Jo. cos> v ) cos 20, + J3 sin? Oy sin® 6, cos 2Y

X (Jls sin® By + Jy. cos? Oy

* 4D differential rate + Jy sin 20y sin 20y cos x + J5 sin 20y sin 0, cos x + (Jgs sin? Oy + Jg. cos? v ) cos Oy

+ J7 sin 26y sin 0, sin x + Jg sin 260y, sin 26, sin x + Jy sin? @y sin® @, sin 2x) :

mi + mp. — q°

w =
2Mmgmp+

12 ]; = fAW]i(W)dW are estimated in 4 bins from data

Get maximal information from full angular distributions
SM test possibile (some J =0 in SM) and LFU test comparing e vs
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|V, | from angular coefficients of B —» D™lv

Fit results with BGL and CLN parameterizations

Belle
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Belle preliminary
arXiv:2310.20286
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|V, | from angular coefficients of B —» D™lv

|Vcb| in agreement with previous analysis on same dataset [PRD 108(2023) 012002] g Belle preliminary
Better agreement with latest inclusive results and HFLAV inclusive average eyl | 27X1v:2310.20286
This work
This Work (410 + 0.7))(10_3

BGLs3, @ MILC+HPQCD+JLQCD (p=0.75)

BGLs3; o MILC (p=0.81) C«I’T 4.3 L L L 2'| L

BGLs3 o HPQCD (p=0.50) S 46E Exclusive IV | I Ax F 1.0 contours =

BGLs3, © JLQCD (p=0.83) : E . I [ Inclusive 3
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— 42F noe | —

© ~ I:l HFLAYV Average I I ]

Phys.Rev.D 108 (2023) 1, 012002 38 :_ 1 ] _:

BGLs3, (Update) @ MILC+HPQCD+JLQCD (p=0.16) T E I 1 ]

BGL121 O hAl(l) (p=007) 3.6 :_ I I _:

o) - | | 7

CLN e ha,(1) (p=0.06) 34F : : =

32F : | 3

o Excl. CLN HFLAV Summer 2021 - -
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Adding BaBar result

BaBar preliminary +BaBar B — Dlv (2023)

o
1

arXiv:2311.15071 (41.09 +1.16)x1073
Belle B ﬁ D*lv (2023) = 4 8 1 1 1 I 1 1 1 I 1 1 1 'I L LI I Rl | 1 1 I 1
_ ) T E I 1 .
(41.0 +0.7)x1073 - 4.6 Exclusive V| |1 Ax* T 1.0, contours =
~ 4.8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 : ' : I I I I I l i :
- L ! ! b o] ! . — - Exclusive IV_| 11 I nc u.swe Z
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: T F . | Inglusive 3 = - IV IV .| 1 I I |Vcb|: global fit -
— 44 Exclusive IV | I M, GGOU 3 Z 490 - Y e (I (I (| 7
>: - IV IV | | M- global fit 3 - HFLAV Average L | .
Z 40FE w! Vb - C 11 o n
- I:l HFLAV Average I I - 4 - 11 | 1 =
o R 38 R E
38 e E - : o :
|y 36F B :
34F | = 34F : )L =
32F : I E 32 F 11 1o =
3E  |EA - : I | -
C | . 3 E 11 l e
28F | PE)=89% E I | .
I T R TR TR TR N T T T T ' | B | I |- 2 8 [ L I P(x?) = 8.9% —
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I | 10_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Guglielmo De Nardo - FPCP 2024 - CKM Matrix elements |Vcb| and |Vub] 8




‘ \V | from BO - D (*)_:U'-I_V PRD 101, 072004 (2020)
cb S S

o
- B{—=Du*v,
| BY—D, uty,
- 7|Phys. bkg.
- llComb. bkg.

3
XII(I) I T T T T

 Run 1 data set (1 fb'l + 2fb)

* High momentum muon trigger

(O8]
()|

o8
S

* Reconstruction strategy
- Signal mode: BY —» D&ty

[\ B \)
S W

* Normalization mode: B® — D(*)_u+v

* Minimize systematics using same final
state [K"K ]y ™

[E—
wnm O
LILEL TIrTrT TT

e Exp. Challenge: signal peak with
unreconstructed neutrino

05 1 15 2 25
Mo |GEV/C?] p l(D;) [GeV/c]

T

Candidates per 0.1 GeV/c?
Candidates per 0.115 GeV/c
=

Meorr = A/ M*(D;ut) +p (D7u™) +p (D7)
eor \/ (i) + PuDs ) +puD i Vcb and FF parameters extracted from 2D fit to m,,,,- and p, (D5")

\Veb|lcLn = (41.6 £ 0.6(stat) + 0.9(syst)
+1.2(ext)) x 1073

\Vep|BaL = (42.3 £ 0.8(stat) = 0.9(syst)
+1.2(ext)) x 1073

primary vertex
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Belle B > D*lv (2023) LHCb BY - D™ ptv (2020)
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D

V.| fromB? - wflvand BT - p’lv Plia
ub

Belle I

* Untagged reconstruction of B - ntlvand Bt - p°lv Preliminary new result

shown at Moriond 2024
* Large backgrounds of B = X_.lv and continuum
e Suppressed with BDT discriminator
* Require consistency of the rest of the event with B decay kinematics
* Extract signal yields in bins of g2 simultaneously for 7t v mode and p°lv mode

L=364fb1

k
> 1 GeV (ﬂ) 1 4 GeV Belle Il B signal {— R 4 Signal x2 [ Belle Il == Signal O Xelv Signal x2
l [ Comb Signal mmm X {v w7 MC unc. 6 B [ CombSignal mmm X Lv 7/ MC unc.
3.0 [cdt=364fb71 =l % v mm Other BB { Data b [cdt=364fb7! mm v mmm Other B }  Data
2E* E* m2 B> n ity == oty B Continuum [ B-n ity | plv B Continuum
COS QBY | ‘ ‘ B Y 2.5 Preliminary 5| Preliminary
= c
m 2.0 £
4] %)
bc beam B Z s &
S 5
— ~
1.0
AFE = Ex — E},

N.B. B momentum determined by a
neUtrino reconStrUCtion teChnique 0.0 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 05.100 5.125 5.150 5.175 5.200 5.225 5.250 5.275

optimized for best resolution
P AE (GeV) My, (GeV)
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[V .| fromB? - ntlvand Bt - p%lv A=

Preliminary new result Belle I
Simultaneous 3D fit in ! _ Belle Il Preliminary SHewmiagMonion a0zt [ dt=364fb"
(13 +10) X 4 X 6 bins of 6F B-mLv: | Boplv:
2 [ @@ Signal EEE Other BB 4 Data | B0 Signal mEE Other BB
q X MbCX AE 5F == Xx,tv =R Continuum | Bm X,/v EEE Continuum

L B X Lv :|:|Xclv

Take into account cross-feeds
and correlations with
backgrounds

103 Events / Bin

* Partial branching ratios
AB; obtained from fitted yield
in each q bin and
reconstruction efficiency

My [GeV]
B(B® - m*lv) = (1.516 + 0.042 + 0.059)x10~*
B(B* - p°lv) = (1.625 + 0.079 + 0.180)x10~*

e Total branching ratio is the

sum of all the partial AB; Consistent with PDG

Guglielmo De Nardo - FPCP 2024 - CKM Matrix elements |Vcb| and |Vub| 13



IV, | fromBY - wtlvand Bt - p°lv

Estimate|V,,| minimising y? =

Form factor

B® - ntl7v,

Bourrely-Caprini-Lellouch (BCL)

param. Phys. Rev. D 82, 099902
Theory LQCD Eur. Phys. J. C 82 (2022) 869
prediction

Largest contributions to syst.:

dn/dg? (x10°) [GeV~2]

LQCD + LCSR JHEP (2021) 36

B° - m*lv dB/dq? with LCQD

l] 1(AB

B™ - pol_ﬁl

B° - mtlv dB/dq? with LCQD+LCSR

— AL;T)C (ABj —

LCSR JHEP (2016) 98

Bharucha-Straub-Zwicky (BSZ)
JHEP (2016) 98

— ALT) + Xneo

D

<o

Belle IT

Preliminary new result
shown at Moriond 2024

B® - mtlv: [Vyylioep = (3:93 % 0.0954 + 0.134,6 + 0.19,0)x 107

Vubliresr= (3.73 £0.0754¢ + 0.075ys¢ 0.16¢p60)%x10~*

Bt - plv

|Vub |LCSR

= (319 4 01240 + 0.17y5e £ 0.26,400)X107*

: Belle 11 fﬁdt=364fb_l : Belle 1l fﬁdt=364fb_1
BO—»nm ity g i B> nm {1ty
- T8
| > |
| v |
n O 6l
I o [
[
| a b
= X 4
i Y :
S | LQcD +LcsrR
- — BCL 30 R 2 — BCL 30
[ = 1o § Data S [ mm 1o § Data
- 20 20
A B B S B U i I T I B T A
0 5 10 15 20 25 0 5 10 15 20 25
q? [GeV?] q° [GeV?]
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dB/dg? (x10°) [GeV~2]
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Bt - pYlv

estimation of continuum background and B = & | v non resonant uncertainty

dB/dg? with LCSR

- Belle 1l
- [cdt=364fb?

B+—>p0f+\)[

[ LCSR

- — BSZ 20 § Data

[ mm 1o 30

o b b b b b b
0.0 25 50 7.5 10.0 125 15.0 17.5 20.0

q? [GeV?]
14




|IVub| from B® - mwtlvand BT —» p°lv 7>
4g o

(3.67 +- 0.15) x 1073 with V,, inclusive

N . B 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _ Be//e ﬂ.
' u : Ax?* = 1.0 contours .
2 4.6 Exclusive [V, Ielusive —]| Preliminary new result
b L _ .
i hown at Moriond 2024
— 44 Exclusive [V | V. GGOU 3 shown at Moriond 20
= : it -
> 49 ~ IV INV] IVl global fit
|V,, | excl. HFLAV = 4 :_ HFLAV Average _: Reducing the tension

BO - T[+lv . |Vub|LQCD == 3.8
(3.73 +£0.16)x107* B L= s .

3.6 Il =N - - - - - i . EEE I I I S S S -

34

B° - POlV : [Vuplresr = 3 2
(3.19 iO.33)><10‘4 :

= —
f— . L4 —
- |[teaaa=" —
= —
= —

Still large (10%)
uncertainty

3
2.8

-3
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D

|V, | from exclusive and inclusive B decays -

PRL 131, 211801 (2023) \

* Extends previous Belle analysis of B — X[ v inclusive decays with hadronic tags
[PRD 104, 012008(2021)]

* Reconstruction flow

* Full reconstruction of the tag B (hadronic)
* require an e or u with p,>1 GeV
 assign the remaining reconstruction objects to X system

* Fit Normalizations (signal and background yields) and B — mlv form factors from g? shape

Data divided into bins of charged pion multiplicity (V_+=0,1,2, = 3) to separate Bt -
v, B - ntlv,andotherB - X, lv

My > 1.7 GeV defines b > ¢ dominated background region
b = u enhanced region with My < 1.7 GeV is divided in 5 g2 bins

Guglielmo De Nardo - FPCP 2024 - CKM Matrix elements |Vcb| and |Vub] 16



|V, | from exclusive and inclusive B decays (s

BELLE

norzt 1zt 2% >=37%

i 2500 :
. 350 s Np==0 Npz=1 Np==2 Np==3 ;
[ |
: < 300 | 777 woue x2/ndf = 13.8/(24-3) 2000 < ;
® Dat
[ 8 250 [ Bi§°lv 8 :
[ 1 B-ntiv -
Low MX ! : [ 1 Other B->X,tv 1500 : ! ngh MX

: V 200 _ =3 Background Al :

o x
P2 g0 000> |
2] ) [ |
/7. MC unc. g = I

i o Q
® Data & 100 .
. i 500 g
B B-mrvlv [ 50 !
[ |
3 B-ntiv : 0 0 :
[ OtherB-X, v £ 125 :
3 Background - ' g 100 '
I 8 0.75 i
[ | | | | | E B = = = = I

Five g bins per N_.
ﬂ_
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Incl |Vp| X 103

|V, | from exclusive and inclusive B decays Palfam

PRL 131, 211801 (2023) BELLE

5 — T T T T T 1 — T T T T
H H H - - -subtracted (fit wi exp cons it wi exp cons
Extracted with several theory constraints/assumptions o Caubimetd (i LOCD oney | I BOL (it it LOGD congty
: Input LQCD const
48 [ LI B B B NN B B B B N L B B B L I B B B L B B B I B B lElI IVI —r 1 T r 1 _ 4+ |
e Bontfy TXI1 Comb m® * fit S|v|:|nx§|—|'v“:|| =1 Co
4.6 L o B-mfv  -::+ Belle (GGOU) W HFLAV (incl GGOU) ] o) ,
) 1 O 3 A i i
® i h o R _--—#__
|_C') '_,——""—__ i —
_ ol —— b,
NC‘ ° : B \\\ ]
— \
iR ] 2 &
e s n s s EnEEEEE \ .................................. 'O \
\ 1 L \\ -
‘\ N\
. | 'I | | i \\\:
: ' *4) ll : %0 5 10 15 20 5
B 1 i
3.8 | ‘ / _ S
i \ K ] q° [GeV?]
i \ ] — -3
3.6 \, ,’ - |Vub|excl - (3-78 T 0-23stat x 0-16syst T 0-14theo)><10
L - V4 p _ _3
- S~ 1 |Vub|incl - (3-88 T O-Zostat x 0-315yst x O-Ogtheo)X1O
3.4 _I 1 1 I 1 1 X 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 ]

3.00 325 350 375 400 425 450 475 5.00 (4t 0.97 +0.12 compatible with w.a. within 1.2c
Excl |Vyp| X 103
Weighted average |Vyplqpg = (3.84 +0.26)x107°
Consistent with CKMFitter (3.64 + 0.07) within 0.8c
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Recent results to be shown today

V.. | from angular coefficients of B — D*lv
Beife, arXiv:2310.20286 submitted to PRL

|V | e |V, | fromB — Dlv
cb Baﬁ)ar, arXiv:2311.15071 -> details already shown by S. Robertson
e |V, |from B® — D&ty
LHCb PRD 101,072004 (2020)
e |V, | fromB® - wtlvand Bt — p°lv simultaneous analysis
|Vub | Beﬂoe Il new result at Moriond 2024
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mts /

IV, |/|V.,| from inclusive decays (Belle)

X, | v enhanced sample

D

/O

BELLE

* Full 711 fb! Belle dataset analysed with Belle I - ‘v."l;'*-"l'j:l‘;f'-'*
reconstruction hadronic tag software of B3 w0
* K* or K reconstruction to tag a b—> c decay o B8 52 x5

* N(K) >0 signal depleted sample for of X. | v decays
* N(K) =0 signal enhanced sample to extract signal yields

* Inclusive D* reco to veto b—> ¢
* reconstructing soft pion and high M2,

» 1D fit to E, in u-depleted sample to get NXc!V
* 2D fit to E; X g2 in u-enhanced sample to get N*u!V

Pull

Ewve

X v

extraction

sample

x,d, 3
ke | =
o

2N <q [GeVE] a9 L96<g* [GeV?|<T.51

5, ¢

T.51<¢* |GeV?|

AB(B — X fv) XV NXutV

AB(B = X tp) XtV NX

2.5 2
Guglielm

o De Nardo - FPCP 2024 - CKM Matrix elements |Vcb| and |Vub|

=196 (1 +8.4% +7.9%)x 102

Belle preliminary
arXiv:2311.00458
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[V /1 Ve | frominclusive decays (Belle) P

BELLE
F 4.8 1 1 ] | — T | T T T r r r 1 7T _ [P | L
1 p— 2 -
o - - Ay* = LdTontours -
[Vup | AB( ) AT(B - X, Iv) ——> KIN Eur. Phys. ). C81,226 S 46 - Exclusive [V, | ”, o =
= = clusive -
[Ven| AB(B - X.lv) AT'(B - X,ly) =——> BLNP Phys.Rev. D72,073006 ___ - Exclusive [V | - V |-GG .
GGOU JHEP 10 (2007) 58 < 4.4 - Vil - —
— global fit -
BLNP > - VoIVl - .
Von L 0.0072(1 + 420 4+ 3.9%, 4 5.69 —42F -~ E
Vbl = 0.097 ( * 4.2%stat T 3. /OSYS'C e /OthGO) ~ - HFL}SM(verage .
v, |6GOU 4 ’,’ =
ub - 3
T = 0.0996(1 + 4.2%stat £ 3.9%syst £ 3.0%¢heo) 3 8 == -~ e S
cb O L - i
3.6 s o \ e -
- Jl S —
g T :;:::l“hd S — é‘ ? :i:i;.xx:lttt‘cl — 3 -4 :_ - o "\~~ ,o"" —:
;.::m ! > — - ”¢’ ot -
3 1 g 32F - E
B +4- Z_f JE =
< #DH:I;-?{- =1 - 2021 .
=107 - 2 9 - -
) f ) 28 2 =
< < 107 O L P(x") =8.9% -
L0 L5 2.0 25 0 5 10 15 o] 25 L 1 1 l 1 1 1 | 1 1 1 | 1 1 1 | 1 ] 1 | -

Bus (v 2 (a2
B GeV 7 [GeV? 36 38 40 42 44

[Vl [107
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rach

V., |/ |V | and observation of B — K~ utv m
- - > 1804 (2021)

PRL 126, 08

» Dataset: 2012 data 2 fb! @ 8TeV
e Signal mode: B - K—u*v
 Normalization mode: B? —» D;utv, D > Kt K~

FF(B? = K-u*v) B(BS - K-u*v) Ng
X = =
FF(BY — Dyu*v)  B(B? - Dyutv) Np

Theory input Exp data

LCSR for BY — K~ u*v g2<7 GeV2 JHEP 2017, 112 (2017)
LQCD for B2 —» K~ u*v q2< 7 GeV2 PRD 100, 034501 (2019) - .
LQCD for B® — DI u*v all g2 PRD 101, 074513 (2020) gy

primary vertex
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V.ol /|V .| (Iow) = 0.0607 == 0.0015(stat) & 0.0013(syst)
,) & 0.0030 (FF),

+0.0008 (D

Vsl /|V | (high) = 0.0946 = 0.0030(stat) £ 005 (syst)
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Conclusions

* BaBar, Belle and Belle Il producing recently many updated and improved
measurements of |V, | and |V, ]|, with both inclusive and exclusive decays
* Decided to restrict in this talk to the latest and had to neglect many others slightly older

* LHCb results less recent but bringing unique observations like Bs S.L. decays
* Keeps demonstrating competitive results in S.L. decays

e Future: huge improvements in statistics expected from both LHCb and Belle Il

* Will permit to reach ultimate sensitivities and exploit maximal information from differential
distributions
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