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B Semileptonic B hadron decays
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Motivation

» Decay of B - Xlv: measure CKM matrix-elements |V, | and |V,;|
v' Test CKM unitarity triangle
v Impact on the SM prediction of rate for rare Kaon decay: K - mvv

(p.n)
w TS 4] [V Ve W
‘ s |= Vi Vi V|l s
e ) bl Ve Vi Valb
N
dl' G%‘qu|2|L“ <X|Q_%LPL5>\2 (0,0) (1,0)

> Probe the universality of the lepton couplings, g;(l = e, u, ), to the EW gauge boson
v’ Lepton universality is challenged by several current measurements.
v Deviation would be a clean sign of new physics (NP) beyond the standard model (SM)

R _ B(B—=D™ry)
D™ = B(BSDE i)

_ B(B—Xev)
RXe/M - B(B—Xupv)
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Outline of the talk

» Recent measurements of V., and V,,;, from Belle & Belle Il experiments
v |V.,] measurements using B - Dlv [Belle & Belle ]
v |V.,| measurements using B — X_.lv [Belle Il]
v |V,,| measurements using B — mlv [Belle 1]
v Simultaneous Determination of Inclusive and exclusive |V,,;,| [Belle]
v Simultaneous Determinations of |V,,;,| and |V, | [Belle, LHCb]

> Tests of lepton universality
v’ Measurement of R®) [LHCb, Belle II]
v" Muon-electron universality test in inclusive decays [Belle Il]
v Angular asymmetries in B® - D**lv [Belle II]

» Comparison to previous measurements and outlook in the future

» Only cover some selected recent semileptonic b-hadron decay results

» Will not cover many experimental analysis details
v' Some more details in parallel talk by: Kazuki Kojima
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LHCb experiment o

LHCb Detector ;

Weight: 5,600 tonnes Electromagnetic —— I A
oot om Calorimeter i sy il Y

ength: 20 m

Tracking
Station

Dipole Hadronic

Tracking lori
Magnet Stations Calorimeter

Stations vy

A

. 21m
> Large pp — bbX production cross section ~72(144)ub at 7(13) TeV pp collisions

» Forward detector optimized for measurements of b and c-hadrons
v Excellent vertex resolution and charged particle identification
v High multiplicity event (high background) and neutral reconstruction is difficult
v High precision measurement for selected final states

> 9fb~! data accumulated during Run 1-2 (2010-2018)
v" Run 3 started in 2022 with an upgraded LHCb detector
v Goal: 300 fb~! data by the end of HL-LHC
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Belle and Belle IT experiments ¥

Belle I

Features:
T h e Be I Ie I I dete Cto r Energy-asymmetric ¢*¢” collider —low
background.
Mt. Tsukuba Highest luminosity (3.1%10%cm2s™") in
Vertex detector (VXD) the world. ~ 7m

Inner 2 layers: pixel detector (PXD)
Outer 4 layers: strip sensor (SVD)
Vertex resolution : 15 yum

A

Barrel: Time-Of-Propagation
counters (TOP)

Particle Identification
Forward: Aerogel RICH (ARICH)

Target:

Collect more than 50 ab™' data;
700 BB pairs/second
Currently:

428 fh~1 ata are collected.

e (7Gev)

(Central Drift Chamber (CDC)
Track efficiency ~ 99%
dEldx resolution : 5%

\Pr resolution : 0.4 %

7
ElectroMagnetic Calorimeter (ECL)
Barrel: Csl(TI) + waveform sampling

Endcap: waveform sampling Counter (RPC)

K, detector (KLM)
OuFer barrel: Resistive Plate
r
4

KEK Tsukuba CEnergy resolution : 1.6 - 4% Endcap/inner barrel: Scintillato il
Campus P R
) >~ 7.5m Ly =0.28
Belle IT TDR: arXiv:1011.0352
> Asymmetric ete™ - Y(4S) —» BB with production cross section ~1.1nb
v Belle - Belle ll: e*(3.5 GeV)e™ (8 GeV) — e* (4 GeV)e (7 GeV)
v Belle Il has smaller boost but improved vertex resolution
> Belle and Belle Il are general purpose 4m detectors
v" Low background and inclusive trigger (~100% efficiency for all final states)
v" Knowledge of initial state: stringent kinematic constraints for signal reconstruction
> Belle Il collected 428 fb~! data so far with record peak luminosity 4.7x103*cm=2s~!
v Goal: 50 ab~! data and peak luminosity at 6.5x103°>cm=2s~1
5
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V., | and |V,,;| Measurement




|V, | and |V,;, Measurement

> Two approaches to measure |V, | using decay B — (X./X,)lv

v Use theoryl/lattice transform branch fraction or moments into |V, | & |V, |
v' Different method based on how to reconstruct the neutrino (untagged/tagged)

Vy
X/ Xy:
X.=D® No explicit reconstruction
c =
X, =1,p,
0 |Veo| Measurements over Time |Vub| Measurements over Time
] CKMFitter Unitarity ? BY-»D" -y, CLN 7] CKMFitter Unitarity it V| Exclusivg 4 B-Tv
4] EPS 2019 Phys.Rev.D 101 (2020) 7, 0720047 ] EPS 2019 PDG CKM Review Phys.Rev.D 92 (2015) 5, 051102
4 |Veb| Inclusive BY-D" -+, BGL ] |Vub| Inclusive B-uv Ny = puv
i N H - i = Nature Phys. 11 (2015) 743-747
] + PDG CKM Review + Phys.Rev.D 101 (2020) 7, 0720047 6 1 + PDG CKM Review * Phys.Rev.D 101 (2020) 3, 032007 ature Phys ( )
46 — |Veo| Exclusive
1 ¢ PDG CKM Review

<
—e—

}+++++%++H

10% |V
.
8
1
6
e
B
e
—0—
lo—
lo—
.| Pl
P
Blg—
10° V|
-
1

° o b L ° 1 % ° ° ? ? ° ° D
[Vep] = (39.10 + 0.50)x 1073 (exclusive) |Vyup| = (3.51 £ 0.12)x10~3 (exclusive)
[V.p| = (42.19 4 0.78)x 1073 (inclusive) [Vip| = (4.19 + 0.17)x 1073 (inclusive)

HFLAV: PRD107.052008 (2022) [arXiv:2206.07501]

> Inclusive and exclusive Measurements of |V, |/|V,»| have 3 o discrepancy
v Small statistical uncertainty, comparable systematic and theory uncertainty
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Exclusive |V,,| from B® —» D*~I*v (Untagged)

» Extract signal using cleanest Experimental mode

cos Ogy = (2EgEy — méc* —m%) / 2pgpy. Y =D +1 et o+ .
Vg/ -7
Belle Il Jcdt=189.3f"1 Belle Il [cdt=189.3fb S
. Ak 7
== signal B°>D**e"V, b B°-D**e "V, / Eno K*
20.0F == True D" background e 35.0 e - 7 ’4. ...... 'Y'(4,S) ....... ;\B ) . d/
A . y &~ 1 B
17.5 =3 Fake D" background 4 30.0¢ 7 Belle Il Preliminar w ‘ . D= -
c § Data % c y o X /"’“\"’\‘\’/\
o 150y MCunc. @ / D -
g3 ;. 8 e\ —
€ 100Ff c
[\ [\
& 75F S
= — 2 2 2
mg+ms«—q
50 . B
Recoiled parameter w = ——2—
25f R ZmBmD*
0.0 ! ; : : : s e : : :
—4 -3 -2 -1 0 1 2 0.142 0.144 0.146 0.148 0.150 0.152 0.154 0.156
cos Bgy AM [GeV/c?]

» Extract signal using cleanest Experimental mode
d*T
dwd cos 9;d cos 9y dy

o< |Vep|*xF?(w, cos 6y, cos Oy, x)

3 form factors as functions of w
parametrize the non-perturbative physics

Neutrino
> Need to know Bg;, direction (neutrino reconstruction)

v Inclusive information of the other untagged B
v (Similar to missing momentum in hadron collider)

v Constraint of cos gy _
v" Constraint of angular distribution of Y(4S) —» BB w.r.t. the beam axis
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Exclusive |V,,| from B® —» D*~I*v (Untagged)

> Belle Il Results: 189.3 fb~1  Belie il Preliminary

VeplgcL = (40.9 + 0.35tat 4 1 oSYst 4 o gtheoyy10-3
VeplcLN = (40.4 + 0351t + 1 0SYSt 4 o ptheoyx10-3

LQCD input used for
Normalization at zero recoil

TABLE V1. Composition of the relative uncertainties (in per-
FNAL/MILC PRD 89,114504 (2014) cent) for the CLN form factors in a combined fit of the

B - D" i, decay. The uncertainties originating from

» Consistent with exclusive and inclusive world average  tracking efficiency, the number of B° mesons, the B° lifetime,

and the charm branching fractions only affect the overall nor-

v NOt COﬂC|USive Statement due tO |al’ge malization but do not contribute to the parameters related to

experimental uncertainty the shape. :

PR Re(1) |Vl
. . . Statistical 2.8 3.7 2.9 0.6
» Experimental systematic uncertainty can be Finite MC samples 05 33 9.4 0.6
significantly reduced Signal modelling 2.7 32 21 04
v Detector related: data driven Background subtraction 1.5 1.3 1.4 0.3
Lepton ID efficienc 0.2 1.5 0.3 0.3

v' External inputs: more difficult but feasible, s;w pion eﬂiciencyy 1 o6 08
need more data and additional measurements Tracking of K, 7, ¢ ; ; _ 0.5
Npgp - - - 0.8

fi—/£00 - - -
B(D*" — D) - - - 0.4
B(D° - K~ =) - - - 0.4
B0 lifetime - - - 0.1
Total 5.0 6.2 4.7 2.5
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Exclusive |V,,| from B° — D*~I*v (Tagged)

‘tag” B > Fully reconstruct “tag” B:
\//, ﬁv = ﬁmiss = ﬁe"‘e‘ - ﬁtag - ﬁD(*) - ﬁl
B—" > Better measurement of B, Kinematic variables
o \ S » Small tag efficiency but significantly reduce

background
\ » Full-Event-Interpretation (FEI) at Belle I

B
e . . . . .
g v Multivariate classification using BDT
Bsig Ly v' 50% tag efficiency improvement vs Belle
105 _Belle  B-D" 1y, [Ldt = 711 fo~ Tracks | Displaced Vertices ‘ Neutral Clusters
E B D"t (correct myew) EE D™ (-Dn%)y,  mEE BB Bkg l' 5.3 AN 2
I D1V, (Wrong Mgiow) B D™ (-D"n*)y, EEA Continuum
—~ 10° - == D1 =1 Hadronic Bkg t Data
"g MC normalized to data
B : : :
& 103 -
% 102 3 7 :
E 101 - 4 ’,-‘ —z+
100_ "",
g1.255
%1.00—3“'*{,,-"'0{ |I| |||||
80.755 { by
UL LA B NN LA SUELNLLN NANLLELN O
-10 -05 0.0 0.5 1.0 15 2.0
M2 [GeV%/c?]

miss

M2, =2 Comput. Softw. Big Sci. 3 (2019) no. 1, 1,
miss = Pmiss [arXiv:1807.08680] & Belle II, arXiv: 2008.06096

10
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Exclusive |V,,| from B® —» D*~1*v (Tagged)

BELLE

> Belle Il Results: 189.3 fb™?!
VeplcLN = (37.9 + 2.05tat 4 1.95ySt 4 0 5the0ys10=3  elie 1, arxiv: 2301.04716

> Belle Result: 711 fb~?!
v Analyze the data using FEI developed at Belle |l

[VenlcLN = (40.6 + 0.95%P)x 1073

— €X =g
|VCb|BGL - (40'1 i 0'9 p)X10 | —— Excl. BGLi21 W/ ha,(1)
Belle, arXiv: 2301.07529 ——*¢— Excl. CLN W/ ha,(1)
. . . ——— Excl. BGLyy1 W/ hy,(w)
» Consistent with exclusive world average e Excl.CLN wihy(w)
v Belle central value shift up slightly e L 86w o s,
v" Slightly reduce the tension between — Bl CLN (00 00, )
Exclusive and inclusive V, — Excl. CLN HFLAV Summer 2021
measurements ——
> Belle Il Experimental statistical and Cuinitnty e | |
systematic uncertainty can be significantly R ® o ® e %

reduced with more data

FIG. 11. Our extracted |V_| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [43] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-

tarity (grey).

11
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Inclusive |V, | from B = X .lv (Tagged)

> No explicit reconstruction of D™ in the event
» All remaining particles in the event added to X,
‘\//, » Measurement dominated by theory uncertainty
» Theory uncertainty can be reduced with measurements

“tag” B

e—\ of lepton mass squared moments
Y (4S 2 _ 2_ 2
X, S (45) q> = (o1 +p)*= (5 — Px,)
¢ \ \ - - - - - -
“— 1\3 et Pv = Pmiss = Pete~ — Ptag — Px. — P1
/ \ > A kinematic fit to improve moment measurement
B sig L ! . . ) i
vV » Belle Il inclusive |V, | extraction not available yet
v’ Interpretation with Belle result by some physicists
F.Bernlocher, et.al, JHEP10(2022)068
Belle PRD104,112011(2021)
Belle Il (simulation) Kinematic Fit 1o x:::,e " B B Xy x10°
051 ‘ o 7 =3 Reconstructed [Ldt = 62.8 7o~ = BB Bkg. 1.4 | Bellell - : Z;;:;v
I Ry soxwsomive | o 08) B e caaf T = eeai
S 0.4} rms:2.65Gev2/c* L m Uncertainty L W Uncertainty
-é Reconstructed % t Do % O t Data
g 03| :Aesan;a.ztscev?/c‘ g 2 o
£ S S

P05 1.0 15 20 25 30 35 40 . 10 15
My [GeV/c?] G2, [GeV?/ch]

qrzeco = qéen [GeVzlc"]

FIG. 3. Comparison of reconstructed, fitted, and generated ¢?

for B — X.£Ds. The residuals are the difference of estimated Belle I, PRD107,072002(2023) [arXiv: 2301.04716]

(“reco”) and generated (“gen”) values.
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Exclusive |V,;| from B° — nlv (Untagged)

Belle 1l Preliminary

10-5 [cdt=189fb1
untagged 1.2 >|<_ rrrrrJfrrr 11T rrrrrrr[rrr 1 1]
- | — 1o ]
\/‘/' r% 1'0:' — 20 _
B— O r — 30 A
Y(45) S | :
+§ 0.6 .— —_
[ B + o C ]
‘// . e ? 0.4l E
1 ° - i
Bsig ! ! 2t i
L 2 _ 2 _
v S °2p 9> = (s — Pr) :
0.0 L (I) 1 é 1 I B ] 'R BT T

10 I 15 I 20 25
q° [GeV?]

> Similar analysis technique as untagged B - D™y
v" Significant background from B — X.lv
> Extract V,,;, using measured differential decay rate as a function of g% = (pg — p;)?

V| = (3.55 + 0.125tat 4 0,135yt 4 o.17theoyy 19—+

» Consistent with the world averaged of |V, |
v Systematic uncertainty dominated by the e*e™ — gg continuum bg estimate
v" Will be greatly reduced with more off-resonance data taking

Belle Il, [arXiv: 2210.04224]
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Exclusive |V,;| from B — mev (Tagged)

“tag” B A )
le—5 Belle Il Preliminary [cdt=1893fb"! gle=8 lBeIIe Il Preliminary [cdt=189.3fb~"
N IR RS REIE AL KSR KA A SRR ELEEF AEERD BRI RS R
| S7F .
/ 1 L6k E
S 1 ot ]
B 1 =3k 3
— 1 E o i
€ ] 34 3
] + 3
] o ~F 1
Y(45) | 5 _:
1 T _F 3
1 &% E
S et 1 3 :
\
[ L PR BT R L PR
= / \ 0% 5 10 15 20 25
i e ! q° [GeVic™4] q? [GeVv3c™]
sig Y

» Similar analysis technique as “tagged” B — Dlv using FEI
v' Smaller signal statistics but significantly reduce background from B - X, .lv
> Extract V,;;, using measured differential decay rate as a function of g% = (pg — p;)?

V.| = (3.88 + 0.458XP)x 104

» Consistent with the world averaged of |V, |
v' Dominated by statistical uncertainty
v' Systematic uncertainty is half of the one in “untagged” exclusive measurement
v" Primarily due to FEI calibration and ° efficiency determination
v' Both are data driven and will be reduced with more Belle Il data

Belle Il, [arXiv: 2206.08102]
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BELLE

Simultaneous meas. exclusive & Inclusive |V, |

IIIIIIIIIIIIIIIIIII LI 2500

350 | Ne=0 Npe =1 Np= =2 Np= =3 High My
“tag” B
< 300 2000 <
3 3
~ 250 ~
/ - 1500 o
Vv 200 A
B~ S S
. _\ = 150 | 1000 =
£ E
[0 [0}
100

Y(4S) i @

w
TlT[i \ \ 50 F
> B +
\ e 125
\ T 1.00
e 8075 |

ooooooooooooooooooo
> - sH H N g oA
s Woow o

n o N = n o n cmn N &k E &
Ao TR
o~

Belle, [arXiv: 2303.17309]

> Belle measurement 711 fb~?!
> l|dentifical all = associated with lepton to form X,, system
v' BDT rejects >98% B — X_.lv with signal efficiency ~ 18.5/%
- Decay vertex probability, M2 .., number of K and Ks; mesons near lepton
v Signal extraction: 2D fit of g = (pg — px)? and N+
> Extract |V,,;,| using measured differential decay rate as function of g?
> Large systematic uncertainty (comparable to statistical error)
v Exclusive: tagging efficiency calibration (4.0%), B — X, lv modeling (3.5%)
v" Inclusive: B - X, lv modeling (12.1%), b - X,, fragmentation (5.3%).

1
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Simultaneous meas. exclusive & Inclusive |V, |

5 V¥
=©= Bkg-subtracted (fit with LQCD & exp. const.) BCL (fit with LQCD & exp. const.)
=fe= Bkg-subtracted (fit with LQCD const.) == BCL (fitwith LQCD const.)

Input LQCD const.

N
T
1

dr/dg? x 108 Gev—!

—_
T
’/
Il

o L L L L 1 n n n L 1 n L L L 1 n n n n 1 L L L L 1
0 5 10 15 20 25

q° [GeV?]

Belle, [arXiv: 2303.17309]

FIG. 3. The ¢° spectra of B = 70~y obtained from
the fit of the combined LQCD and experimental information
(orange, solid) and from the fit to LQCD only (green, dashed)

VL] = (3.78 + 0.235%at 4 0.165YSt + 0.14the0)x 103
vincl| = (3.90 + 0.205tat + 0.325Yst 4 0,09the0)x 103

Correlation = 0.10

excl| s yincl — g97 4 0.12€xp

o Bomttv  TIJ Comb. n®* fi SM: e =1 i
46 [ o Bty ec= Belle (GGOU) @ HFLAV (incl. GGOU) ]
m 44 b
S ]
TP 4

—_ 42 e S b
o preeerereessssssceacasannanes PATT . CoTem (P L LT TP PP PP PP PP PP
S / \ 4
~ II 1 d
— 40+ i § b
° : . A e | ]
(= 1 1
= 38 1 ! ]
\ Vg ]
36 N 4 ]
! \\~~-_—’,/ ]

1 1 1 1 1 1 1

34l A ]
3.00 325 350 3.75 400 425 450 475 5.00
Excl. |Vp| - 103

o Bomtlv  EXN Comb. n®* fit SM: el =1 ]
46 L o Borftv  tex Bel(GGOU) g HELAV (inc.GGOU) ]
m 44 e
S ]
A~
42 SN ]
-Q I,IIIIIIIIIIIIIIII\\I ---------------------------------
N / i ]
— 4.0 \ .
S ae I ]
€ 38 / ]
. ) 1
/
3.6 7 4
(S 1 d
T T T TS I T T T T T N T T T T S S |

34 L0, .
3.00 325 350 375 400 425 450 475 5.00
Excl. |Vp| - 103

FIG. 2. The |V,3| values obtained with the fits using (top)
LQCD or (bottom) LQCD and experimental constraints for
the B® — 7€~ form factor are shown. The inclusive |V|
value is based on the decay rate from the GGOU calculation.
The values obtained from the previous Belle measurement
[9] (grey band) and the world averages from Ref. [1] (black

marker) are also shown. The shown ellipses correspond to
39.3% confidence levels (Ax? = 1).
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il

Measurement of |V, |/IVel

“tag” B
E /’
e _\
Y(4S)
XC / Xu \ \
> B e +
\
Buiy | \
- \
sig v
T T T T T T
LHCb

B! >Ku'v, = LCSR (Khod.& Rus.2017)
q%<7GeV?/c*
B! > K p'v, ~e— LQCD (MILC2019)
q%>7GeV?/ ¢4
A) >puv, - LQCD (Detmold2015)
q%> 15 GeV¥/c*
Vo] /[ Vo], PDO) ™

| N 1 N L | N

0 0.1 0.2

| Vo /] Voo |

\Vusl/|V | (low) = 0.0607 £ 0.0015(stat) + 0.0013(syst)
-+ 0.0008 (Dy) £ 0.0030 (FF),

\Vus|/|Vep|(high) = 0.0946 £ 0.0030(stat) F)00ss (syst)
+0.0013 (Dy) £ 0.0068 (FF),

475 F
4.50
425

4.00

IVup|[1072]

3.50

325

3.00

275 k.,

IVl Vsl

AL
Exclusive [V

= Exclusive |V,

wl

E - HFLAV Average
- -
a -

A e
Ay? =1 .6contours
-~

Inclusive

[V, GGO
~global fit

S

Belle Preliminary
711 b’

375 F

This analysis

HFLAV
E

P(x?) =8.9%
PR |

PN S S LS Y R T A

38

40

42

|Vep|[1073]

44

Belle: inclusive |V,,;,| measurement complicated

v Large “bg” contribution from B — X_.lv

Treat B — X_.lv as part of signal

v' Simultaneously measure |V,,;,| & |V, |
v B - X, lv dominate (>86%) in high p{ bins

LHCb: 2 fb~1data at 8 pp collisions
Observation of By - K~ p*v,l

v" Branching fraction measurement

B(BY = K~ u*v,)

Rop =
BF = 3BI > Dsutv,
v Determination of |V,;| / |[Vup| in low/high g2 bins

LHCb, PRL126.081804(2021), [arXiv: 2303.17309]

D
Do

BELLE

Chunhui Chen, lowa State University

LP2023, July 17-21, 2023
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Belle & Belle IT recent |V,p| & |V, | Summary

Inclusive HFLAV Inclusive HFLAV
S e e e e e e e e e e e L L e e L b = = ] 44 I~
42
" " 4.2F
o o
— 40F — 4.0F ®
X o] X
= — 381 -
S’ 38F Exclusive HFLAV >3 36k Exclusive HFLAV
3.4F
36r HFLAV: exclusive HFLAV: exclusive
HFLAV: inclusive 3.2F HFLAV: inclusive (BLNP)
1 1 1 1 1 1 1 1 1 L 1 L
" * v A v Tagged mlv Untagged mlv Inclusive X, lv
ed ed P goe® P usN® *e % ‘
Y (\‘agg .(agg A \)(\’(_a \(\C\ A A

Bellell, [arXiv:2210.04224]
Belle, [arXiv: 2301.07529]

Bellell, [arXiv:2206.08102]

Bellell, [arXiv:2301.04716]
Belle, [arXiv: 2303.17309]

Bellell, [arXiv:2210.13143] Simultaneous determination of Belle, [arXiv: 2303.17309]

Exclusive and inclusive V,, Simultaneous determination of

Exclusive and inclusive V,,;,

Belle 1l, PRD107,072002(2023) [arXiv: 2301.04716]

Moment measurement only, extraction of V., with Belle result
Belle PRD104,112011(2021) by F.Bernlocher, et.al,
JHEP10(2022)068

18
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Lepton Flavour Universality tests
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Measurements of Rp- and R,

Py = B(B - D*mv) __ B(B —» Dw)
"= 'B(B > D*Iv) D™ B(B - Dl)

» Uncertainty from form factor and V., drop out
v" Small uncertainty for the SM prediction
» Ratios test lepton universality
v NP change rate, angular and g? distributions
» Measured values consistent above the SM prediction

’\0'4'"I""I""I""I""l""I""I""I"
o [T mf=10conours ] Measurement of R, and R+ exceed the
o~ T Preim2oz2 | 1 SM predictions by 1.820 & 2.490,
035~ o -] respectively, for 2-degree of freedom,
- LHCb18 -~ 1 deviation above the SMis 3.50.
03  [End of 2022]
B LHCb22 A
008 E ;{‘;\Bcnclg : - Including result from a recent LHCb
Tk T i 4 simultaneous measurement of Rj- (closer to
SE——— { the SM value) and R0 (Further away from
5 PRD 55 2017 115008 World Average 5 N : :
02 [~  $HFLAV SM Prediction  JHEP 17120017060 R(D) = 0.351 £0.029, ,, — the SM prediction), which are at a combined
B R(D) = 0.298 + 0.004 ELB 795 2019)386 R(D*) =0291£0.014,,, . .
B R(D¥)=0254£0.005 1o s0 oo ga {;&2‘;’:“370/ 4 1.90 above the SM value [arXiv:2302.02886,
A AR AT A B A A i | }’={DI105IG(.J22|(J};&5L)I,% ' B A A >| ra v g a1l aa Subm'tted to PRL]
02 025 03 035 04 045 05 055

All LHCb measurements here are based 3 fb~1data at 7 and 8 TeV pp collisions
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Measurements of Rp-

> LHCb measurement using 2 fo~1data at 13TeV pp collisions
v’ pp - bbX cross section at 13TeV twice of the one at 7/8 TeV & improved trigger
v More than 40% more signal candidates than previous analysis (3 fb™! at 7/8 TeV)
» Hadronic t* -» ntr ntv, ttn 7 1% final states
v" Reconstruction of two neutrinos: 6 unknowns with 6 Kinematic constraints
B meson and 7 lepton directions using vertex positions
« B meson and 7 lepton mass constraints
» Branching fraction measurement: using normalization mode with similar topology

30Fx10° g% [9.35, 12.6] GeVZ/c* LHCb
W D(J e

8]
(=}

—_
[=]

(=]

%10° %€ [9.35, 12.6] GeV%/c* LHCb
sl D*+‘u_

Candidates / (0.3 GeV¥/c4)

S = N W

5 210
m2._ (GeV</ch

‘miss

Figure 1: Distributions of (left) m?2

miss

Candidates / (75 MeV)

30

20F

—_
(=]

(=]

S =N W

Fx10° g€ [9.35, 12.6] GeV?/c* LHCb
. D —
E H | 4 paa 3 1Y
I 3D’
r B B—Dtv
= B-D"'DX
S10° € [9.35, 12.6] GeV?/ct LHCy| MM B=D v
E o D w Comb. + misID
: I B—-D uv
B—-Duv
[ | f
I B3-D"uv
1000 2000
Ex (MeV)

and (right) F}; in the highest ¢? bin (above 9.35 GeV?/c*)

of the (top) D4~ and (bottom) D**p~ signal data, overlaid with projections of the fit model.
1 Iz

R B(B° - D*"ttv,)
BF ~ B(BY » D*~mtm—m™)

R = B(B° - D* " ttv,)
b BB > D*~utv,)

= (1.97 £ 0.135%t 1 0.185YSt)

LHCD, [arXiv: 2305.01463]

x K- .
F T B —=D"1'v,
VT
l_)O
" @
X e
B .
Az>40,, T
7

= (0.247 + 0.0155tat + 0,0155Yst 4+ 0.012€Xt)
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Status of Rp: and R, S

Including the latest LHCb result: [arXiv: 2305.01463],
before the LP2023

BaBar 2012, had. tag : ;
0.332 £0.024 +£0.018 0 . —_— O 4

Belle 2015, had. tag ] 5
0293 +£0.038 £0.015 1 v

Belle 2017, (hadronic tau)
0.270 £ 0.035 + 0.027

™ LHCb 2023, (hadronic tau) | :
0.257 +0.012 £0.018 —_——— ' 035

Belle 2019, sT'tag

HFLAV Ay* = 1.0 contours

BaBarl2

R(D*)

Bellel5
0.283 +0.018 + 0014

LHCb 2022
0281 +£0.018 £0.024

Average
0284 £0013 03

———
—
N : \
< SM Average D LHCb23 \\\\ \\ LHCb22

0.254 + 0.005
PRD 95 (2017) 115008
0.257 £0.003

JHEP 1712 (2017) 060
0.257 £ 0.0

[ ]
il
]09152‘193 (2019) 386 —_
—-—
!

0.25

\-fc\‘\B\e\l}el9

PRL 123 (2019)9091801
0.253 £ 0.005

EPIC 80 (2020) 2,74
0.247 £0.0(

Bellel7 PRD 94 (2
(2016) 094008
PRD 95 (2017) 115008 World Average

+HFLAV SM Prediction ~ JHEP 1712 (2017) 060 R(D) =0.356 £0.029,,
9 3 * +
EPJC 82(2022) 12,1141 g(g?; 0(.)23241:)3)335 i;'ﬂ’i gg}‘i;;*ﬁsm g(_DO)”O 284 0013
(D*)=0.254 £ 0 EPJC 80 (2020) 2, 74 P(x?) =25%

0265 0015 . HFLAV ,
i i L L1 I Ll 1 1 I Ll 1 1 I P=(DI1 U5I (2‘:22' 03;‘50;; Ll I Ll L1 I Ll 1 1 I Ll 1 1 I Ll
s . 0.2 0.25 03 0.35 04 045 0.5 0.55

0.2 03 R(D)
R(D*)

0.2

Measurement of R, and R~ exceed the
Very good agreement with the SM SM predictions by 1.980 & 2.150,
value, reduce tension 2.490 — 2.15¢ respectively, for 2-degree of freedom, the
deviation above the SM is 3.20
[Reduce from previous 3.50].
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5 Latest Status of R,

Belle I
New
“tag” B L ' e ] For LP2023
- BaBar 2012, Had. tag L
\/ - Belle 2015, Had. tag i—‘-—i
/ L Belle 2017, (Had. 1)~ +———+ 1
— > | ‘ ‘ ]
B - LHCb 2023, (Had. 7) - .
€ \ - Belle 2019, SL tag —t :
Y(4S ) - LHCb 2022 -—|—°r—|— 1
D* \ g T ]
B 2023 ad. tag —A—To——+ T
> e > - Belle I12023, Had. tag T rminary |
e - HFLAV Average 2023 s 1
Bsi ‘ : 1 ]
g \ [ SM Prediction =
! [ |
1% . | . | N .
I/t(z-l) ¥
( ) 0 0.1 0.2 0.3 0.4
R(D*)

> Belle Il preliminary: 189 fb~'data

P LSl L B L B LR B BRI ELELELELE R

2/ S HFLAV Ay* =10 contours -

[ [_summerzozs | i

Rp+ = 0.2673:3% (stat.) $3:928 (syst.) 035 -

[ Bellell ]

» Consistent with SM prediction and HFLAV 03 i

o = Belle” E

Average due to large uncertainties - -

(dominant systematic due to MC statistics 025 LHCY’ ]

and Egc, can be reduced with more data) . :

: World Average :

. . o 02— $HFLAV SM Prediction R(D)=0.357 20.029,,, -

> Slightly increase the deviation above the [ ED-oamoo S

SM: 3.2¢0 — 3.30 R T N I I T Gl P
e ' 0.2 0.25 03 0.35 04 045 0.5 0.55

> Future measurement as a function of g2

o See more details in K.Kojima’s talk at LP2023
and angular distributions
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https://indico.cern.ch/event/1114856/sessions/457254/

Test lepton universality using b—baryon ﬁ‘g’ﬁ%

> LHCb measurement using 3 fo~1data at 13TeV pp collisions
B(A) - ArT™v;)
Rpy+ = T ——
¢ B 2 Acuvy)
» Similar analysis techniques as the recent Ry measurement
v Hadronic t+ - ntn~ntv, t*n~ntn% final states
v Reconstruction of two neutrinos: 6 unknowns with 6 Kinematic constraints
- AY baryon and t lepton directions using vertex positions
« AY baryon and T lepton mass constraints
v' Using normalization mode (A} — Afmw~m*n~) with similar topology

LHCb R(A))
—t ‘ll LHCb-PAPER-2021-044
0.242 +£0.026 £ 0.040 + 0.059

SM prediction

PRD 99 (2019) 055008
with input from
PRD 92 (2015) 034503

032440004
0.2 0.3 04 0.5
R(A) P

LHCb, PRL128,191803(2022) [arXiv: 2305.01463]

24

Chunhui Chen, lowa State University LP2023, July 17-21, 2023



Muon-electron universality: inclusive

Belle 11 JLdr=189fb!
0 N Xev Xuv [
| 1 e: Background u: Background [
M — B(B - Xev) “tag” B c 12500 EE c: Continuum u: Continuum [l
e/u B(B = Xuv) \/ -S 10000 | *} hD4§t;0t. unc. -._.'.’_._I}fl‘(.:. tot.ggtcé *
[} =5
o e
_ 7500 pes
q>) 5000
No reconstruction Y(4S) L 2500
<~\ ©
X ; B ¥ owv 0
/ e 2‘ © 2.0F e . .
/ m_g 0.0 B 0 ° . e o L4 -
c= = ® O U . « °
Slg V B $-2'0 [® 1 1 1 1 1 1 1 ¢ 1 1 1 1 1 1 1 1 1 1 1
= = 14 1.6 1.8 2.0 2.2 14 16 1.8 2.0 2.2
pB [GeVic] pf [GeV/c]

» Sample composition fit to lepton momentum spectrum in signal and control regions
v' Using “tag” B (FEI) and flavor correlation to greatly reduce the background

> First and most precise test of LFU in light leptons using semileptonic decays

Ry,,, (f > 13GeV) = 1.005 + 0.00951 +(0.0195Yst

Belle II, [arXiv: 2301.08226], submitted to PRL Dominated by lepton efficiency
(data driven calibration)

» Consistent with the SM prediction of 1.006 + 0.001.
v" Need more statistics to reduce experimental uncertainty

[M.Rahimi,K.K.Vos, JHEP 11,007(2022)[arXiv:2207.03432].
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Muon-electron universality: exclusive

> Arecent claim of 40 deviation from SM in the angular distribution of B » D™y %
v" Reinterpretation of public Belle result (1-D projection plot) by theorists

C. Bobet, et, al, Eur.Phys.J.C 81(2021)11,984: arXiv 2104.02094

> Measure five angular asymmetries of e and u using B® - D*"[*v

2 2 2
mptmp-—a”

. _(dF>_1 1 0 ; 42T Recoiled parameter w = F——
W) =G fo | dwdx

—_— =

+ -

[ Apg(W): dx = d(cos ;)

Highly sensitive to lepton 4 S;(w) :dx = d(cos 2y)
universality violation
Ss(w) :dx = d(cos y cos 6y)
Less sensitive or insensitive to NP. S, (w)
Control tests of the analysis method = 7

:dx = d(sin y cos 6y )
Neutrino

| So(w) :dx =d(sin2y)
B.Bhattacharya, et, al, PRD107,015011(2023): arXiv 2206.11283

» The difference of those asymmetries between e and u sensitive to interactions that violate LU

Ni(w) — Ny (w)
Ny (w) 4+ Ny (w)

A A (W) = Ay (x) — A5 (x) =
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D(

B sig

ArB
S3
S5
S7
So

Muon-electron universality: exclusive

e e
A — Agn

A= A

All consistent with the SM within 5-7% uncertainties (statistically limited)

. Belle IT Ldt =189 fh*
Similar to |V,,| measurement 1000 /
“tag” B using B® - D*~I*v. Using LD
“tagged” B (FEI) allow better 500 |- HE Background
/ neutrino reconstruction to = AL Wi,
B — calculate kinematic variables *g 600
Reduce background -
Y(4S5) 5 400
I+ Simultaneous determine all
«— B +  symmetries in different w bins 2000
\
Ve § {,
l \ v {<—®-—->7V vtl—>l)* -1.0 -0.250.250.751.25 -1.0 -0.250.250.751.25 2.0
M zero recoil \ Wiow Whigh max. recoil ﬂ[l%liss [GCVQ]
1.Io Winel. 1.2I75 1I.5 w
Belle IT (2023) [Ldt =189 fb~!
@ Whigh
Winel, —— ——\E, | T “ow — |
——e———— Wincl. —_—
——— SM — s
[ ——— —_—— 27/, Belle (2023) —— |
° W\ Belle IT (2023) —_—
— b — —_—— 1 Bobeth, et al. —_—C———
—_—e —— — —
—_—— —_—— —_—
—— ——— ——
LA L L L LN L Y BN LB B A R L O L L L L B LI LB BB L L L B L L L AL B
-0.2 —-0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2 -0.2 —-0.1 0.0 0.1 0.2
AA = A" — A°
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Summary and Conclusion

> Afew selected recent measurements from Belle(ll) and LHCb experiments
v' Measurements of |V, | & Vi3]
v’ Tests of lepton universality

» Discrepancies (> 30) of measured |V,,| and |V,,; | between inclusive and
exclusive final states remains
v' Measurements not limited by statistical precision
v’ Better design analysis choice to reduce systematic uncertainties
v' Many systematic uncertainties can be reduced with more data
v' Important to improve precision of theoretical calculations

> Deviation of measured R from the SM prediction remains (> 30)
v" More precise measurement expected with more coming data
v' Measurements as a function of g2 and angular distributions

» Test muon and electron universality: inclusive and angular distributions
v Systematic uncertainties that will further be reduced with more data

» Semileptonic b-hadron offer reach opportunities to look for NP, expect
new results soon

Chunhui Chen, lowa State University LP2023, July 17-21, 2023
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