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Semileptonic B decays



Motivations of Semileptonic B decays
(Lepton—FIavor Universality tests) ( ) ( )

* In SM, the W boson couples equally to 7,u,e — Lepton-Flavor Universality (LFU)

* Semileptonic B decays are sensitive to new physics beyond SM

* Ratio measurements provide stringent LFU tests: branching fractions, anqular asymmetry, etc.
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Motivations of Semileptonic B decays
( ) ( SM Precision Measurements ) (

\_/
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Motivations of Semileptonic B decays
( ) ( ) C Electroweak Penguins )

Flavor-changing neutral currents are not possible at tree level in the Standard Model (SM)
Branching fractions predicted in the range 1077-10" with 5-30% uncertainties (dominated by

soft QCD effects).
Highly sensitive to potential non-SM contributions.

Standard Model

Feynman diagram of
Penquins with missing

ener'gg
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Belle Il and SuperKEKB



Belle Il and SuperKEKB

SuperKEKB

« eTe” collider with energies 4 GeV
and 7 GeV operating around Y(4S5)
resonance.

* Achieved world-record peak
Luminosity of L = 4.7 X 1034cm=2%s71

Belle Il

New IR
——

New beam pipe SuperKEKB

Py &bellows
—

Add / modify RF systems
for higher beam current

#
Low emittance positrons

v « |
B e I I e II toinject <'\&. ‘ ., Positron source \
Damping ring ’ . A —— —_—

New positron target /

* Nearly 41 detector coverage oy copare secton
* Tracking, PID and photon reconstruction [

to inject

capabilities
* Similar performance for electrons and muons
*  Well-suited to measure decays with missing energy, 7% in the
final state, inclusive measurement

2024, 28" August Giovanni Gaudino




SM Precision Measurements



V| from B? > r=¢tvand Bt - pl¢*vy

* Full Belle II Runl dataset of 364 fb-!, untagged 12
N . . M C2 — E*Z _ CZ p*
* Non-resonant eTe~ interactions and B background suppressed using BDTs bc beam B
* Signal yields extracted from 2 kinematic variables in bins of g* - -
simultaneously for mlv and plv mode — (13 +10) X 4 X 5 bins | AE = Ep — Epeam |
7 = 1 I
L Belle Il I - -1 [ Belle I -
6 Bonlv: B plv: Jedt=36a : gi;ﬂv: | B> plv: [cat=364f0~!
c [ Signal N Other BB { Data | B9 Signal EEE Other BB 4 - mmm Signal mEm Other B } Data | EE Signal EEE Other BE
o 5F 3 Xtv B Continuum i B X, fv EEE Continuum GEJ [ == X, lv B Continuum | B X,fv EEE Continuum
-:;; o pay ! — 3: mm X Ly igxctv
r= 27 i
S N

Npata — Nmc
Npata — Nuc

B(BY - m~1*v;) = (1.516 + 0.042(stat) + 0.059(syst)) x 10~ , ,
B(B* — pl*v) = (1.625 + 0.079(stat) + 0.180(syst)) x 10-+  consistent with PDG
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V| from B? > = ¢tvand Bt - p¥¢*vy

|V.»| extracted separately from mlv and plv mode using e T . ATy W
x* fits to the measured g* spectra Belle II BCL for B® > [y,

N
XZ = z (AB; — AFiT)Cigl(ABj - Al_‘jT) + Z)ﬁz"heory,m

ij=1

Preliminary BSZ for B* — p°lty,

m

("BO S ARV

V|l = (3.93 £+ 0.09(stat) + 0.13(syst) + 0.19(theo)) x 1073 LQCD constraints )
Vol = (3.73 +£0.07(stat) + 0.07(syst) + 0.16(theo)) x 103 LQCD+LCSR constraints
\B+ - p°l*vy |Vl = (3.19 + 0.12(stat) + 0.17(syst) + 0.26(theo)) x 103 LCSR constraints )
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V| from B? > = ¢tvand Bt - p¥¢*vy
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Lepton Flavor Universality tests



Measurement of R(D7,,)

* Dataset Luminosity: L = 189/fb
* Hadronic decay of the Byg.

e  Reconstruct T and decays into the same final state
particles to cancel many systematic uncertainties.

e  Reconstruct the in the following channels:

* Rest of the event: no good quadlity tracks, no m°% candidates. The sum

of all the neutral extra clusters enerqy is called Eg¢y.

B(B —» D*tv)
B(B —» D*tv)

*  The main challenges are the separation between the 7(3v) and R(D:/g) —
£(1v) final states and the poor understood B — D**#v backgrounds.
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Signhal extraction

Two-dimensional binned likelihood fit to

Egcp: energy from neutral clusters remaining in the calorimeter after removing
all reconstructed particles

M?. = (Pete— — PBiay — PD* — pg)2 missing mass of the event

Comparable sensitivities
between BT and B°

miss
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2024, 28" August Giovanni Gaudino



In the future:

Belle II preliminary result

R(D;/;) = 0.262*3:043 (stat) *3:033 (sys)

First result from Belle II data
Main systematics: MC statistics, shape of Egcp -
Consistent with SM and HFLAV

Previous version presented in Lepton Photon 2023
Minor updates applied

Update of the measurement with 362/fb in progress
Belle II will provide the most precise experimental information to

| Belle 2019

| LHCb 2022 I

[ Had. tag, 189 fb™!

BaBar 2012
Had. tag, 426 fb™'

| Belle 2015 L

Had. tag, 711 fb™!

Belle 2017
T—avipv,711 fb’!

SL tag, 711 fb™!

30 fb!

| LHCb 2023 _u =

t—anmxv,50 fb!

Belle 1T 2023

HFLAV Summer 2023 | F+—

SM Prediction ""'

| e |

resolve the R(D) and R(D") anomalies [Snowmass White Paper: 0.1
2207.06307/]
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https://indico.cern.ch/event/1114856/contributions/5423684/attachments/2685890/4660084/2023-07-04_LP2023_KojimaFinalVer2_main.pdf
https://arxiv.org/abs/2207.06307
https://arxiv.org/abs/2207.06307

Electroweak Penguins




Measurement of B —» Kvv

* Dataset Luminosity: L = 364/fb
* The final analysis is the combination of 2 measurements:
1. ITA: Innovative Metode, more sensitive.
2. HTA: Hadronic Tag Analysis (Conventional way, cross check for
the inclusive analysis)

B( — Kvp)B BB

PR

T

Belle II [ Ldt=3.62fb

Focus on the Inclusive Tag: Two consecutive classifiers with signal [ = o
kaon (the one with the lowest g), event shape and Rest of Event 0.06 | =

- B ss
. . ﬁ I vu
information z —

[ab) —/ ' r

< 0.04 ] B* I
Final observables: g2,. in different second classifier (BDT) bins g N D

-

= 0.02
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Control Sample studies

Signal Efficiency Validation: B — ] /1K sample, removing J /¢ and owof] g Pl TR TR
correcting K+ kinematics Lé P00 1’; 1000 -
}:.‘—l()()()— E o
Ei S000 / é ([)].(E)'nﬂ:n:;ﬁﬁ:g;.[)
S M et e
1000 B7| =3B+ - K+ 10 simulation § BY— K+ 147 data
Background Validation: %fm jzf(u‘ . T;r-{'\] ”
* (qq: off-resonance data | | BDT, " |
* Undetected K; in ECL can mimic neutrinos: <000
« K efficiency: eTe™ = yp(— K, Ks) ' e -
«  Corrections for B¥ = KK, K; background from BT — KKK o feam : g,?
4000 /7 Sim. stat. unc.

* B - X (K. X)K corrected using a pion enriched sample

2000 |

Candidates/(1GeV?/c?)

Closure validation measuring:

B (B* - ntK% = (2.5+0.5) x 1075 s
Compatible with PDG (2.384+0.08) x 107> £ Op e
0 5 10 15 20
Trec [GeV?/c']
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Evidence for BT - K*vv

n(BDTy)
0.92 0.94 0.96 0.98 1.0 f ITA \ f HTA \
3000 3 _ -5 _ +0.940.8 -5
. ; BR =[2.44 0.5+ 0.5] x 10 BR = [1.113370%] x 10
z Jra e bt - Excess Significance: 350 Excess Significance: 1.10
= 2000 : . R -
S o \ 290 SM deviation / \ 0.60 SM deviation /
;g_; { Data
© 1000 : Total Compatibility:
arXiv:2311.14647 )(z/gdl — 5.6/5
0 Accepted by PRD , SM Average
= 2 . i —_—— B(l‘l‘(_ I}(%f)fﬂ}' combined)
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T4 S 4 B 4 S 4 8 B previous L el T (363 1, nclusive
q?(.c {Gevz/C“l] meqsur\ements : 2.740.7 This analysis
\_ J : A Belle II (63 b, inclusive)
Q O 1 )+ 1 PRL127, 181802
/ Comblnatlon’ \ .ii:' - Belle (711 fb'!, semileptonic)
ITA and HTA com Gt|b|||t . 1.20. . : I 1.0+0.6 PRD96, 091101
P Y 0 : 1.80 tension : ! ° Belle (711 fb'!, hadronic)
+ + — _ + . — . : 1 294+1.6 PRDS&7, 111103
- = :
BR(B K™vv) [2.3 + 0.5(Stat)_0_4(sys)] X 10 with Belle ol | BaBar (418 b, semileptonic)
) f . 2.36 ten5|on 1 0.24+0.8 PRDS2, 112002
Excess Slgnl icance: 3.50 Wlth BaBar : !. B_aBar (42_9 ﬂ')‘_l. hadronic)
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https://arxiv.org/abs/2311.14647

Belle II G | Meeting, KEK, J 2024
Belle II at SuperKEKB: rich and diversified phgsics - enerdl Tecting —
program to probe new phgsics in an indirect way

[
Few highlights presented today, using full or partidl Gl e : “ s
dataset E e B
* First evidence of BY - KTvv, 280 above . e R s,
the SM prediction SR it Tyt L ] il e
* New Exclusive |V,;,| measurement from . SO g e A EXE & TS
untagged B = m/pfv 0= el et L{ \TE
* New measurement of R(D:/{)) ' 42 ‘
More and more results to discuss (2 other /‘
important results in the backup) = ﬁ‘?\j

More and more data to analyze
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Measurement of R(X,/,)

R(Xz/e) =

B(B - Xtv)

B(B - X{v)

2024, 28" August

Dataset Luminosity: L = 189/fb

Hadronic decay of the Bygg.

Reconstruct T and decays into the same final state
particles to cancel many systematic uncertainties. p, > 0.3 (0.5)

GeV and p, > 0.4 (0.7) GeV in CMS (lab)

The remaining particles on the signal side are coIIectiveILj
referred to as X

Main challenge: correct model of backgrounds.

Glovanni Gaudino
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Data driven MC Corrections and Fit

Belle II Preliminary /£ dr=189.0fb"" Belle II Preliminary /€ dr=189.0fb~"'
B:;: = X[ttt =F " wl 15000 ¢ BU Po Xkt = tul = ;"Lx 5l
. 30001 pE>1.4Gev p>14 )
MC corrections: 3 _ 12500 —p
. . = = b BN Other X./v
* Detailed adjustments to MC (Ffs, B and D BFs) g 000F g " b
. . . . . . b] Z 7500F Secondaries
* Detailed corrections based on comparisons of simulation with 5w} 5 = fu
ions: 2 i - = = e
control regions: low g?, low M. ..., high My. 2000 ssool A,
0 v W W v \
° ° } ”E 2.5 'ﬂﬁ.*ﬂ'o . . £ m;f 25F K """'ﬂ -. - .' .‘.."-'u ..
Final Fit: 1% 0o o R O ] R -
. . :; "'5:—25 3 . o..o'....."”. i --—E "‘@_2.5 F e .. ,l.*. \ ; ‘
« 34 bins in py vs M2 T 3 —] i 0 i
. — Belle II Preliminary f[ldr 189.0 Belle II Preliminary /£ dr=18
* Fit components: Xtv, X{fv, BB background (fakes and TS 5 T 5
secondaries) and continuum (off resonance data’) 80001 _ G - 125001 pf> 14iGeV =]z
£ soool o oot . =
E >5 N X, v >5
= o | 7500t S g"w o
— 4000 \VCCUI
5 o} =% J
2000 2500 F ! ‘ ] [\Dd:;;
0 .
z‘g\fﬁgjr L . . gllE 2.5
|1 +3 0.0 .o -ﬂ ...'.-'. -‘._._.c... .i. .n -.'.. > . I_‘ 0.0 —
. Aléast \ . 5|"E25F .
Off resonance data: data taken under 60 MeV the Y(4S) threshold A= - - 15 ; 3 i0

My [GeV] M3 [GeV?]
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Data driven MC Corrections and Fit

MC corrections:

* Detailed adjustments
e Detailed corrections

control regions: low

Final Fit:

* 34 bins in p; vs MJ

* Fit components: X
secondaries) and co

‘Off resonance data: dat

2

[GeV?]

miss

Belle II Preliminary [£dt=189fb""!
I ngg-'_ —>X[T+ —)f"'yy]y, f:e”u : Bkg.
- 3 xo
i : Xtv
i 5
30 ‘
| [ L5 2 - s
0.5 10 15 20
pE [GeV]

Example of
2D
distributions

Belle II Preliminary /£ dr=189.0fb™!

00F BY" = X[r* — ¢ * o]y W X (x15]
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I Dy
| B Other X.Av
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1 Other BB
d i 1 Secondaries
%- I Fakes
HE Continuum
MC tol. unc.
¢ Damn

500

)00 |

500

000 ¢

500

0 N
25 b . .......ﬂ '0- (] ........ .
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[oe®e® \
25 oete e

0 5 J
Somiss LT o d
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B S X[t — ¢ )y EE Xu|
- . D
B
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[
Il Othej|
B X, Av
[ Othey
[ Secol

B ke
Hl Co

MCt
f Data

6 5 10

=4

)00 ¢

500

00 |

500

0
25¢F
0.0
25F

Mr%liss [GEVZ]
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Belle II preliminarg result

R(X;/p) = 0.228 + 0.016(stat) + 0.036 (sys)

dominated by gap modes branching fraction,
B — D™ form factors, background shape

Belle IT Preliminary JLdr=189fb~!
20 2 !wr%”-“ < 1 - wa%ll\se ( ]' 23] Ml%ll.\hE{z'}“il ‘leilw E.ﬁl - ii::— Ebb]b
E= 3 aa =1 ¢: Background
2 16¢ B - Continuum
b, i MC tot. unc.
Q5 - - ¢ Data
ﬂ I e MI'I:I.I&\ >8
5 3 - r
> 8f
w -
S 4
n
m E—
-1 28 o . . . o . . .
s . i & L
R LSRN SR B AR A
&) . cl L uJ-. L u:‘ : I| : llllllll L . . Il .I I| : I| - c| I.l|-' u:’ D] e
==

pf |GeVic]
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Largest systematics: signal and background

Consistent with previous measurements from
LER the SM expectation and constraints from
R(D*). Rough SM expectation: R(XT/{)) ~
0.223 [JHEP11(2022)007]

Belle IT Preliminary JLdt=189fb~"

M3 €(4,6]

g
o
T T

=
s}
T T T

B X[r— vy
 Xuw

] u: Background
i Continuum

10° events per bin
=
3]

MC tot. unc.
¢ Data
fIl')"n:u:'.\' €(6.8] "wriﬂw

1.2

Regiduals
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https://link.springer.com/article/10.1007/JHEP11(2022)007

Mecasurement of B - K*0tt1~

* Dataset Luminosity: L = 364/fb

* Hadronic Tag Analgsis

Challenges Bi .
* Low Branching Fraction: BRgy = (0.98 + 0.10) X 107 [PRD 53, 4964 (1996)] \/
* No signal peaking kinematic observable tf& TP
* Large backgrounds+more than 3 prompt track . K*0 -t /
* Up to 4 neutrinos orignating from the 2 T "‘ RO
e K*O has low momentum due to the phase space “ ” T N
“ t.=(,m, P
Status of the Art: o t‘
Belle (L = 711 /fb): BR < 3.1 X 1073 at 90% CL Biag
[PRD 108 LO11102 (2023)]
2024, 28'"" August Giovanni Gaudino
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.53.4964
https://link.aps.org/doi/10.1103/PhysRevD.108.L011102

Strategy and Resuits

e Combinations of sub-track from 7 lead to 4
categories: £€, ¥, wm, pX

« BDT is trained using missing energy, extra
cluster enerqy in EM calorimeter, qz, etc.

* BDT output §(BDT) is used to extract the
signal yield with simultaneous fit to 4 cateqories

Validation:

A

Events / (1.00 GeVZ2/c?)

100

80

I BelleII preliminary

Data

- - . - -
BelleII preliminary ¢ Data

+
B 'K+t ¢ - B 'Kt ¢
- ~r 175 | S il g
/Ldl 362 fb! 5B 2 /cmfsssz ! BB
{( category 9 150 | ¢ category 9q
Uncertainty Uncertainty
— Signal B=10"* | ~ 55| —— Signal B=10"7 |
:5 +
=
@ 100
=] 7 ST
2
1m 75 /.f
°l WL—"—-\
25 B T i
A L4
: : 0 . h h ;
- - % T T T r r
=, 1l = o0
1 &4
3
12 13 14 15 16 17 18 19 20 0.4 0.5 0.6 0.7 0.8 0.9 1.0
¢ [GeV?/ct] n(BDT)

* Total efficiency and Peaking BB: B® = K*°J /y sample, replace K*°J /Y with K*0ttt™ (14% uncertainty)
* Non-peaking BB : sample with Bg;; and By,4 and having same flavor

* qq background is scaled by off-resonance data

Belle II Preliminarg Result

BR < 1.8 1073 at 90% CL

2024, 28" August

Twice better with only half sample wrt Belle!
Better tagging + more categories + BDT classifer

Backup

Glovanni Gaudino




Missing Energy decays at Belle i

BBBBBB



Reconstruction techique

Two different algorithms to reconstruct events with at least one neutrino in the final state

Full Event Interpretation (FEI): Inclusive Taq or Untagged:

1. Reconstruct all the decag chain of a B meson 1. Reconstruct the signal signature, identifying the

(both hadronic and semileptonic ways) Bsig

2024, 28th August Gilovanni Gaudino
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https://link.springer.com/article/10.1007/s41781-019-0021-8

Reconstruction techique

Two different algorithms to reconstruct events with at least one neutrino in the final state

Full Event Interpretation (FEI): Inclusive Taq or Untagged:
1. 1.

2. Search for the signal signature in the Bigg 2. All the remaining tracks and clusters represent
recoil the Btag

et

Efficiencg

2024, 28" August Giovanni Gaudino
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https://link.springer.com/article/10.1007/s41781-019-0021-8

Control Samples Background Validation

The final result is extracted using a MonteCarlo template fit. To validate/correct the shape and the
normalization three different control samples:

J

¢° = (py +pe)® < 3.5 GeV AMp+ = Mp« — Mp Sideband B — D n 'ty
2 232

ﬁrﬁmﬂjzwﬁ%ﬁw—m—mﬁ—m - T T T T T T T T T T T T T T T T T T T T T ] 20 T 1 0 < MmlSS |< 5 0 ((:IeV/]C: ) T LA I S B B B B R
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- [ D*iv 1 160 | [ D*iv 3 3 [ D*lv E
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3 . [ Hadronic B ; b 120 £ ] Hadronic B ] 8 12F ] Hadronic B 3
B8 150 | [ Fake D 11 12 g I Eake D ) 3 I Fake D E
= 11 |2 100 3 g 10 ]
S - [ ] Other BG ] S - [ ] Other BG 5 3 I:] Other BG E
o 100 | MC stat. error = © 80 E MC stat. error © - {7 MG stat. error
L 60 | . 6 C E
50 F - 40 = 4 ; _;
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4 = I | ot | U ! '_: 4 :_‘ T 1 1 1 I N _: 4 :_' T I T T T T T 1 T T _:
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