S el B e [

i iiii SESSSSSSCERNERSES; - . SAMEEEs ‘g 1

ilts of Lepton Flavor
‘test at the Belle Il experiment

(ZHOU Qi-Dong)

2r and Interdisciplinary Science,
ng Univ. (Qingdao)

202541025288, HAREME, TRP
%=+ =& E TRk L AfCPEIRA &




Lepton Flavor Universality

T [y e
» Lepton Flavor Universality (LFU): W boson couples to -
. e S
leptons with equal strength (me < my < my) AR
: - b > >
. SM fields do mix: 50 T e
Quarks sector -> CKM matrix KM VNG
 Neutrinos sector -> PMNS matrix d s b Vi vV
» Charged leptons -> . = B
the matrix diagonal-like?(neutrino mass) c m Y N
 LFUV: diagonal terms not all equal ¢ - v, ]
g-2, EDM: e U T
diagonal elements| -
o N Lepton Flavor Violation (LFV):
ve e LN 0. 0. off diagonal term
) e
LFUV: Ul 0. L 0. T2y
Relation among Vo T [ SN X N
diagonal elements| Y T? : - A/ . m y



LFU test with semileptonic B decays

» Ratios of b—qtv/quv/qgev branch fractions cancel out the uncertainties on |Ves|,
most uncertainties of form factors and the experimental systematics

t :ﬁ_ll_e": \
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W§< v, Evuii 1735 R(D(*)) _ BT(? — D T ?T)
b > > ¢ N\ BT(BO — D(*)_I_E_I/g)

 LFU is broken in Yukawa interaction
* Charged lepton mass changes kinematics and modifies form factors in the
hadronization

e Long-distance QED corrections depend on lepton velocity (z vs. [ (e, u))

« B— D)ty sensitive to New Physics (NP) because the massive T,
3'd generation b quark and 7 lepton are involved / Lo /
» Sensitivities to high energy scale; ~10 TeV [Belle |l phys. book] » —» >— C 3



https://arxiv.org/abs/1808.10567

LFU test with W/Z decays

e Used existing tension from LEP in W = tv/W — (e, u)v)
« CMS and ATLAS can use ttbar events

scholarpedia.org

I | | | | I | | | | I | I | | | ! | | | I | R(Zo_’T+T_IZO_)e+e_) k LEP+SLC [20051
ATLAS R(ZV-tH17/Z%-su* ™) @ LEP+SLC[2005]
LEP2 - ; R(Z0=u*u-/Z0—»e*e") LEP+SLC [2005]
e*e >WW, Vs=183-207 GeV ; _ :
ATLAS | . RIW™ =T 0y /W ™ —e ve) CMS [2022]
pp—W, Vs=7 TeV, 4.6 fb” o LEP[2013]
LHCDb o N RIW ST D/W =l U)o CMS[2022]
pp—W, Vs=8 TeV, 2 fb :
CMS o— | ATLAS [2021]
d I ¥
pp—tt, Vs=13 TeV, 36 fb” ; o—LEP[2013]
PDG average '_"’_' RIW™ =1 vl W e ve) —e— 1> 120221
OSSOSO O OO JOTTT OO o ATLAS [2017]
ATLAS (this result) \ Q: : e LHdp[2016]
pp—tt, Vs=13 TeV, 140 fb’ ;
I | | | | | | 1 | | | | | | | | ! | | | I | . LEP [2013]
0.92 0.94 0.96 0.98 1 1.02 - ' - '
0.90 0.95 1.00 1.05 1.10
t'
EPJ C 84 993 (2024) B(W—uv)/B(W—ev) ratie

 LFU confirmed in Z/W decays with high precision, also for W = /W — (e, u)v)


http://www.scholarpedia.org/article/Lepton_flavour_universality
https://link.springer.com/article/10.1140/epjc/s10052-024-13070-4

LFU test in Ds decays

BESIII PRD108(2023)11200, v (5.29+0.11+0.09) x 103
| | | | | | | | ’ | | | | ‘ | |
CLEO PRD79(2009)052002, t.v 5.32+0.47+0.22
CLEO PRD80(2009)112004, t,v 5.50+0.54+0.24
CLEO PRD79(2009)052001, t.v 6.47+0.801+0.22
BaBar PRD82(2010)091103, TQ-HV 4.961+0.371+0.57 —t —
Belle JHEP09(2013)139, 1, v 5.70+0.21+0.31 N
BESIII632fb1 ............. i;ﬁB’i6556513655665; ...... : V ........................................... g:iiﬁi:iéﬁi:i? ........................... BuE—
BESIII 6.32 fb! PRD104(2021)032001, t,v 5.29+0.25+0.23 —
BESIII 6.32 fb! PRL127(2021)171801, 7.V 5.27+0.10+0.12 -
BESIII 7.33 fb! PRD108(2023)092014, v 5.44+0.17+0.13 —
BESIII 7.33fb! JHEP09(2023)124, t,v 5.37+0.17+0.15 —
BESIII W. . 5.33+0.07+0.08 o Combined
-5 0 S

B(D] —1*Vv) (%)

~ B[D->tTV]
Tk T BDf-ptv]

R =10.05+0.35 consistent with the SM prediction 9.75



“B anomaly” in semileptonic B decays 2023
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» Model independent sum rule, possible cross check

“B anomaly” validations
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LHCb R(J/p)
PRL 120 (2018) 121801
0.71x0.17 £0.18

SM prediction

PRL 125 (2020) 222003
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PRD 99 (2019) 055008
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.075005

New physics scenarios for the R(D)) anomaly

In general, there are three typical candidate scenarios to Thute
explain the anomaly observed in R(D") e -
e H t b £ i_?_u_il_?_e_i
eavy vector bosons ; S . ;
* Constrained from W’ —1v and Z’—tr search B’ p**

 Charged Higgs

* Previously, it was rejected by B.—7v measurement,

however, recovered by recalculating the B. lifetime.
PRD 105 095011(2022) ° D+

» | eptoquark
* gg—LQ LQO* still broad parameter regions are ).
allowed

* Constrained from B.—1v and H*—1v ,still allowed Tk
H;< S



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.095011

Tagging methods

 The BB pairs are produced near threshold

* Btagging is necessary to measure B—X/D*rv, B—X/D*lv (v=2) simultane

 Hadronic tag
- Fully reconstruct B—D)(/J/y/A)X

- Tagging efficiency 0.2~0.4%
- less background

* Semileptonic tag
- Reconstruct B—D)[y
- Tagging efficiency ~1%
- More background

* Full Event Interpretation (FEI): trained 200
Boost Decision Tree (BDT) to reconstruct ~100
decay channels, ~10,000 B decay chains

*£=0.30% for B+
*£=0.23% for BO

x10° Belle Il preliminary

_ IL’, dt=34.6fb1! [ Baryonic
7L Boag m— J/yX
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https://arxiv.org/pdf/2008.06096.pdf

First R(D*) result from Belle Il &=

 Belle Il first result for R(D*) @ 189 fb-

- Hadronic tag with FEI

» Leptonic T decays

R(D*rr) = 0.262 +0.041 g g39 (stat) +0-935_g g32 (SYSt)

 Consistent with
SM: 0.254 + 0.005,

HFLAV24: 0.287 + 0.012
« SM vs. experimental average

deviation: 3.20 & 3.30

Mzmiss
M2miss = (Pbeam - PBtag - PD() - pl)z
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Source Uncertainty
_ - +15.4%
Statistical uncertainty ;
-14.6%
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EecL PDF shape
P -8.3%
MC statistics +7.5%
- +4.8%
B—D**[ly modeling ;
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— i i M
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072020

R(D™)+) w/ semileptonic tag

- Belle |l data @ 365 fb-

» Semileptonic tag: B—D®)]y
» 26 D decays

 Signal reconstruction: only B9, leptonic
tau decays
» 13 D decays

A BDT trained to separate events in 3
classes

* Semitauonic signal events z;
o Semileptonic normalization evnets z;

 Background zykg
» Extract signal in a 2D binned template fit

¢ Zr VS. Zdiff( Z[- Zbkg)

Belle 11
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Results of R/(D™+) w/ semilep. tag e

 Main systematics

* The finite size of the simulated samples

D 112 032010 (2025)

* Belle Il R(D™+) result with semilep. tag

* The lepton ID efficiency and fake rate

corrections

—1
[ £dt = 3651b
s B°-D * 10, Dty
Bl B°-D" post-fit
4000 o
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R (D) = 0.418 + 0.074 (stat) + 0.051 (syst)

Ru(D*) = 0.316 + 0.034 (stat) + 0.018 (syst)
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https://arxiv.org/abs/2504.11220

Rz/(D™) with hadronic tag

Belle [l UPDATED result for R(D™) @ 365 fb-
Hadronic tag with FEI
Exop = ) E7
Leptonic T decays o Z ’
B—D*+, D¥0(n0), D*0(y), D*,D0,t/ly ~ MPmiss = (Dbeam - Patag = P -

Belle Il Preliminar Belle Il Preliminar L dt = 365 fb™'

—~ 1600
NJ A~~~
O ; > . B B8—-D"tv
o 1400 : o 2 20 CB-Drv
Q) i LO -B%D/v
1000 : O @50 nlv
LO i o CB8—=D"1t/lv
=3 800 : =~ @ hadronic B decay
% - 7
) i —
5 - s
- — i
_8 400 : 'CC5
G 200 : S
O
0 s
= ¢ S
g § ; H**H Pty z
—2 2 4 6 8 *s B 02040608 1 12141618 z 0 02040608 1 121416 1.8 2
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Results of R/(D™) w/ had. tag Preliminary

 Main systematics

* Belle [l R(D™) result with had. tag

e The finite size of the simulated samples R/ (D) = 0.439 + 0.055 (stat) + 0.045 (syst)

« Branch fraction of B—D®ply

Uncertainty

Source

R(D*) R(D)
Statistical uncertainty +8.3% +16.3%
Simulation sample size +4.8% +8.4%
B—D®ply branch fraction +2.8% +3.6%
B—D**[y branch fraction +0.3% +1.3%

Ry(D*) = 0.242 + 0.019 (stat) + 0.016 (syst)

Belle Il preliminary

0.45 -
e
—— Belle Il had. tag 2024 4 SM
Belle Il sem.tag 2025 —.— SM exp. R(Xzy)
0.40 - Belle Il had. R(X+;)
055 Fr/iXe) Semilep. tag.
g K
% 0.301 1o World Avg.
'\,\. X
0.25- \*'\.\
R(D *) .\.\'\,
0.20{ PRD 110 072020 RN

O\.
.
~
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R(D) 14




“B anomaly”

INn Ssemil

leptonic decays

» Similarly sensitivity as Belle 15’ result @ 711 fb-1 with only 365 fb-1

. . BaBar, had. ta : :
SaBar,had tag ; ; o 0332 % 0.024 0018 T 5
a : ! Belle®, had. ta : :
Belle®, had. ta . . ’ g - —
0,375 < 0.064 +0.026 : —e 0.293 £ 0.038 = 0.015 N
Belle’, sl. tag 5 5 6376 = 0058 D5 —e—
0.307 + 0.037 = 0.016 " Belle® sl tag i B
LHCbH® i i 0283 = 0018+ 0.014 | ———
0.441 = 0.060 = 0.066 ; : e LHCbH? : :
LHCbH | | 0.281+0.018 = 0.024 T
0.249 + 0.043 = 0.047 s L.LHCb®. (hadronic t : |
Belle TI° sl ta , , 0267 = 0012 rio(r)l.l(?zoau) . B
L ’ . N : : 7 ¢ : :
(])3'41118 hg .OIZ4d_t ol ; ; A2 0,081 0.085 A &
elle 1%, had. ta . . b : :
0439 = 0/055 0046 | i " 6506 = 005458 018 N
Average ' : Belle II*, had ta i i
0.358 =+ 0.024 — 0242+ 0019+ 0016  =—h—=
SM Average : Average -
0.296 = 0.004 . 0281+ 0011 e
PRD 94 (2016) 094008 : SM Average : '
0399 2 0008 . 0.254 = 0.005 B
EPJC 80 (2020) 2, 74 | SPIC 80 (2020) 2,74 -
0.298 + 0.003 . L= -
- PRD 106 (2022) 096015 :
PRD 105 (2022) 034503 _-_ 0.249 + 0.0(03 )09 .
0.296 = 0.008 : JHEP 01 (2024) 022 i &
PRD 106 (2022) 096015 ; 0.258 = 0.012 ——
0.288 + 0.004 '5 PRL 123 (2019) 9.091801 2
JHEP 01 (2024) 022 i 0.253 = 0.005 -
0.304 + 0.003 \ PLB 795 %2019) 386 |
FLAG24 arXiv:2411.04268 ' 0-234 = 0.007 '
" ' ' L EPJC 84 (2024) 400 :
0.294 = 0.005 | 0.262 + o.(()09 ) ——
; : CKM 2025 CKM 2025
| E E | | | I I | I E IE | I I I | I
0.2 04 0.1 0.2 0.3 04
R(D) R(D*)
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“B anomaly” In semileptonic decays 2025

—~ 04 ,
\
%@/ \ H FL A V 68% CL contours
a Belle? BaBar
0.35

IR -

025 .\\

/
‘//<\~

-
s
®
oy
)

+ HFLA)V SM Predictic

R(D) =0. + 0.0(A
0.2 R(D*) = 0.254 £ 0 R(D) =0.358 = 0.024,,,

4 1-QCD FLAG24 =241 for R(D*)) R(D 0) 3:72-281 £ 0011,
R(D) = 0.2938 4/0.0054 N,
R(D*) = 0.258 ) =27%

0.2 0.3 04 0.5
3.80 deviation R(D)

Standard Model prediction Experimental average results




Constraint on charged Higgs scenario

Model Coefficients T u e
[ tan” B I
Cs, = —mpme(Up) 2 H- -
+ | I |
2HDM (type-Ii < H TR R
Phys. Rev [()?3/;3 034())28 1 SS Ve | Vui Ve
¥e. ' ' CSR — _mc(ﬂb)mr(ﬂb) 2 b > > C
mH+
\ _
BO D E +
General 2HDM Cs,
2HDM (type ) General 2HDM
B O e —— 60 [ 3 3 3
s . d : ;
. . | |
S0 0 . 50 21
- ] | |
. | ol |
a0p 1 40} 2 3 1 28
_ : | = SR P S
_ ATLAS ] 4| 3 o 3
30 2/ (5=13TeV,36.11b" | O 30 ! = O 0 . =
hMSSM i0 A : I
20 H" = tv 95% (s;l:.elri‘r?\'i’;gi 20 L 1 Ug)) —1 L v 1 (%
Observed exclusion ] | ;
2015 result - Expected exclusion | |
10 Y Observed [+ 1o . 10 2t
---- Expected [ |+2c j i [
o e e e L e b L o | T I B N S S gl G
200 400 600 800 1000 1200 1400 "5 500 400 600 80010001 2001400 3 2 1. 0 1 2 3
JHEP 09 (2018) 139 M [GeV] m,,. [GeV/c?) R(C,)

* Charged Higgs in 2HDM (type |l) is disfavored
* General 2HDM still survives
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Br(B—1v) result with had. tag eao 112032010 o5

Belle |l Br(B—1v) measurement @ 365 fb- Leptonic Decay SM Values PDG Values
Theoretical clean B(Bt — etv,) (9.78 £1.03) x 1012 <9.8x1077
B(BT — utv,) (4.18 £0.44) x 10~ 7 < 8.6x1077
Rare decay B(B* — tu,) (9.30 £0.98) x 10-° | (1.09 =+ 0.24) x 10—*
Sensitive to new physics, e.g. charged higgs VR
IV | V
G 2 2 | ’ :: 1 I | | | I | I | I | | | l
mam? m | » .
k. £l FITeBIlby ¢ 2 g Belle II (365 tb™", hadronic)
B(B — g V) 8 (1 ) fBIVUb‘ B 1t 1.24 =0.41 =£0.19 Preliminary
7.‘- mB I :
—evy — T_>7Z'V ,,,,,, ii _ BaBar (417.6 fb~1, semileptonic)
 Bellenn s Sig ' Bkg Unc. - "  Bellell | m Sig 7 Bkg Unc. ] i 1.7 £0.8 £0.2 PRD 81(2010)051101
100 - [dt =365 fb-! — Bkg + Data - :fﬁdt=365 fb~! — ?kg + Data ii
Tt s et v,D, — Tot - (1t >0t D, — lot ] 1t _
MO 10 Geviyct ] 60 Fasz,, > 0.8 Geve/c! 1 __  BaBar (426 fb~!, hadronic)
120 | + + ] iy i 1.831033 £0.24  PRD 88(2013)3,031102
=P b 1 8 + i i
%100; + ! +_L_ %40 + ol Belle (711 fb~!, hadronic)
S 80 = o S 1t +0.27 .
:% —l— T ev v I 2. i 0.72%555 £0.11 PRL 110(2013)13,131801
6o b ° 1 | % I
1=V V. __ 20 | + ] i Belle (711 fb~!, semileptonic)
! T—TV, ; : ] It 1.25 +£0.28 £0.27 PRD 92(2015)5,051102
; ' 10 - ] i
20:— T—)pv Wlthp—)r[r[ — | | | :J: | | | | | | | | | | ! | | |
00__0 Y T T 1-.0 Oo.-o oz 04 o0e o8 1-.0 0 2 4 0 8
Egda (GeV) EZEr (GeV) B(BT = 7t1) (x107%)

Br(B—1v) = (1.24 + 0.41(stat) = 0.29(syst)) x 104 30 wrt background-only hypo’chesi?c,8


hhttps://journals.aps.org/prd/pdf/10.1103/dcwd-5tg4

Br(B—wuv) result with inclusive tag

- Belle&Belle |l Br(B—uv) measurement w/ inclusive tagging @ 1076 fb-1

 Theoretical clean
- Rare decay

» Sensitive to new physics, e.g. charged Higgs

B(B+ — /,L+V“) = BSM X (1

m% tan? f3

2
M+

Belle & Belle IT Combined preliminary [ £dt=1076fb~!

I I I I I I I I
20
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T T T | T . |
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u
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g) 5 - I 1 1 1 I | | | I I I
T of Ii‘}*{P44“&*"f"" s x
cg _sE I R L L
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250
200
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= 150
-
100
20 068% CL
e 95% CL
O -
0 200 400 600 800 1000

My + /| GeV
Br(B—uv) = (4.36 = 1.89(stat) + 1.02(syst)) x 10-7

2.350 over background-only hypothesis 19
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Category ii) (Semi) Leptonic B decays [ESPPU 2026 Projections]

The Belle 1l Physics Book, PTEP 2019, 123C0f1
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https://doi.org/10.1093/ptep/ptz106

Summary and prospects

* R(D™) shows 3.30 deviation between experimental average value and standard
model prediction
* Hint of Lepton Flavor Universality Violation
* Belle Il performed new tests of LFU
* 189 fb-1 data

R (D*) = 0.267 +0.041 g g39 (stat) +0-028_g p33 (Syst)

» 365 fb-1 data
* Semileptonic tag

Rr(D*) = 0.418 + 0.074 (stat) + 0.051 (syst)

Rz (D*) = 0.316 = 0.034 (stat) + 0.018 (syst)
* Hadronic tag
Rz (D) = 0.439 + 0.055 (stat) + 0.045 (syst)

R (D) = 0.242 + 0.019 (stat) + 0.016 (syst)
 R(D*) vs. Pz(D*) result with hadronic tag @ 365 fb-'1 coming soon, stay tuned !!!
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