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Lepton Flavor in the SM

In the Standard Model (SM) gauge interactions are flavor universal!
Universality is broken only by the Higgs Yukawa couplings, and different masses.

. . : : . e ;5
* SM fields mix: quarks — CKM matrix, neutrinos — PMNS matrix = CKM PMNS
/:j‘ 0 0 d 5 b v Vy Vs,
* Charged leptons — purely diagonal matrix Ve, € L
vy, | 0. R O u [ : v, . =
* Lepton Flavor Violation (LFV) — non null out-of-diagonal elements y_ ¢ N
(LFV) T 0. 0.1 D)) . o - wm B

Lepton Flavor Universality Violation (LFUV) implies different diagonal terms
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Lepton Flavor in BSM physics

In the Standard Model (SM) gauge interactions are flavor universal!

Universality is broken only by the Higgs Yukawa couplings, and different masses.

* SM fields mix: quarks — CKM matrix, neutrinos — PMNS matrix S CKM PMNS
_/:J\ I 0 d S b vy v, V3
* Charged leptons — purely diagonal matrix Ve, € b
V| 0. \\ s u o : v, . o
* Lepton Flavor Violation (LFV) — non null out-of-diagonal elements y_ ¢ j
( ) g T 0 0 \) : H i v, D .

Lepton Flavor Universality Violation (LFUV) implies different diagonal terms

* LFU is only accidental symmetry, not dictated from first principles Charged Higgs '
~ sensitive to physics beyond the SM (BSM), moreover tensions observed in various H 3
channels '
\ b —» B g
— —_— T_
d “ -«
LFUV limits interpreted as constraints on effective couplings (W;, four-lepton, two-quark- v,
two-lepton operators) and new models ( W', Z' boson, Leptoquark, charged Higgs) [1]
Leptoquark tj LQ C_
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https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-110121-051223#abstract_content

How to observe LFU violation

* Ratio of decay rates (R) involving different lepton species is a very precise probe for LFU

* Main theoretical (hadronization and form factors) and experimental systematics (absolute normalization and reconstruction)

cancel in the ratio A.Knue

B®—00
B®— OO

R =

* Experimental observables:
— W and Z boson decays

— Light meson (pion or kaon) decays ) .. ) )
g (p ) y * Unique/competitive measurement at at B-factories experiment

— T decays — Belle Il results discussed here:

~ (Semi)leptonic decays of beauty and charm hadrons | > - R(D®) measurement

— Rare decays of B mesons - Rufrom7 decays
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Belle Il experiment at SuperKEKB

.\\ e+ 4 GeV 36 A
i

Belle Il

* Clean environment at asymmetric energy e*e collider + ~ hermetic detector: L

— at s = 10.58 GeV: 0,, ~ 0__~ 1 nb, B & T, charm factory ewsesm s SUPErKEKB

& bellows

— known initial state + efficient reconstruction of neutrals (T°, ), recoiling
system and missing energy

Add / modify RF systems
for higher beam current

| Tsukuba,

K. e muon detector
u-1D efficiency: ~90%
EM Calorimenter
o(E): 4% - 1.6%

ol Low emittance positrons
PiTackZ_lgtSe\{S;%m Damp:;iri :Ct ; Positron source
e (7 o m Em o EEEEEEEEEEEEEE®E®E®SEE =" ing ri ~— New positron target /
Ge\/ ' beam beam-beam ' P ;
] 1 t t
1 Lorentz current parameter 1 u y capture section
] \ / ]
y factor : N P ' /
Central Drift Chamber : LY . \1 é P k'\ geometrical : Low emittance gun
spatial resolution: 100 pm o, sty . )
dE/dx resolution: 5% ' L= A b -t FE Rt Pedustion, - Low emittance electrons
prresolution: 0.4% ' 2er o ﬂ \R. / factors toinject
' e 1 . x ."lt \7,),‘ M
1 1
] - ] . .
' beam asEecltP Jertical Beta fuhietion ' GOAL: 30 x KEKB peak
' ratio at the at the IP ' . .
LA e Y Shovu o APEEIIII. luminosity, L= 6 - 10%® cms’!

(nano-beam scheme technique”)
* Collect 50 x Belle — 50 ab™
* Accumulated 424 fb! (~ Babar, ~ half of Belle) and unique energy scan samples during run 1

* Resumed data taking in February 2024: run 2 ongoing! See previous talks from D.
Ghosh, M. Mantovano
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https://arxiv.org/abs/0709.0451

Precision tests of the SM
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LFU test with b— ¢flv transitions

B(B - D{*Jf_ffr) —  signal channel
B(B ek D[é-}f_ﬂf') —®» normalization channel

* Measurement of the ratio: R(D{*]) =

~ 04 — ——— ——
* Observed 3.10 tension between theory and experiments (HFLAV): a : SEtmions
o~ - Moriond 2024, Belle® BaBar -
SM _ SM(D)*) — _ ]
RSM(D) = 0.298 + 0.004, RS™(D*) = 0.254 + 0.005 035 - — -
B 1leTT ]
Tagged 03 3
(Full Event Interpretation) B
_ 025 = o, 2

--<_~-Signal C y
L % Leptonic T decay - -
o ,*"\‘ 02—  $HFLAV SM Prediction R(D) =0.342 +0.020,,,, —
/ v B R(D)=0298 =0.004 R(D*)=0287 =0.012,, .
gao ke B R(D*)= 0254 =0.005 [V o
{ s C 0 0 v ow e T owow ow ow [ o CERCERE ]

-, Y - Three 02 0.3 0.4 05
neutrinos R(D)
£ in final
\ state * Close kinematic is crucial to reconstruct semileptonic B decays, with neutrinos — puuss
Leptonic 7 decay, derived from Beg (piag )and Ecws (Peam ) cOnstraint
identify e/u * Exploit Full Event Interpretation (FEI) [1] to exclusively reconstruct the tagged B
D* — D'r" and D'z’ decaying into hadrons (hadronic tag), similarly to previous B-factories methodology

D* 5 D%’
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
https://link.springer.com/article/10.1007/s41781-019-0021-8

PRD 110, 072020 (2024)

R(D") measurement at Belle Il

* Fully reconstruct D mesons with suitable combination of pions and kaons; . .
Candidate reconstruction:

reconstruct 7 leptonic decay (single track) 1) reconstruction of signal Bug:
sig-

* Require at least 5 good (= pr > 0.1 GeV/C and from interaction point) tracks + ¢ Cembine sseousiudiad D candidsics

event geometrical properties compatible with B decays: with slow pions for a D* candidate,
g prop P ys: and with a track identified as muon

~ total visible energy higher than 4 GeV/c to reject two-photon events; or electron
* Require successful vertex fit to the

— spherical event shape to reject jet-like continuum processes;
P P . ] P signal decay chain with mass

* Main challenge is to control the large background contamination due to fake D* from constraints

2) Reconstruct a 7°(4S5) candidate as
combination of B, and a hadronic-

— Use sidebands (requiring at least one additional 7°) for data-driven validation tagged Bug

poorly known B— D™ /v modes

* reject events with additional good

) tracks or ™ in the Rest Of Event
squared M? : (ROE)

* Extract the signal from the residual calorimeter energy Eec. and the missing mass

Define the residual calorimeter energy

r2 o * * %) 2 — % — % — %\ 2 .
]Lfmiss — ( beam — Ep+ — Eﬁ ) — (_I)Btag —Pp- — Dy ) Eec. as the sum of the remalnfng ROE
clusters not used for the candidate

reconstruction.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.072020

R(DY) results at Belle Il

PRD 110, 072020 (2024)

* From a 2D binned maximum likelihood fit to Eec. and M?yis extract yields for signal and normalization channels

* Assess systematic uncertainties as standard (or maximum) deviation of A R(D") shift distribution, when varying the

corresponding model in the fit — main impact (~9%) from shapes variation to account for possible mismodeling of Egc.

and Mzmiss
_800F Bellell p*—p'z e Data
o - -1 B Dy
= - | Ldt=189.31b
o 700 C f : [ peiv
8 600 ;— 1 B D#tir)v
0 500 F 1 I Hadronic B
=} E 1 I Fake D'
- 400 - 1 [] Other BG
% 3005_ : | Fit uncertainty
% 200 B : Signal enhanced Iregion
& ook | 1.5 < M2 <6 fev/c?

E 1 _ -
0 ;.._m— . —— e
C 1 I
— 2 3 1 * . . g 1 -
= '_- e A . P .//' i sssthosi g e e .
o U E . 1 - = s ls
-2F MR B !'. [P -' . R
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\ Candidates / (0.1 GeV)

- = N N W
o o o O

Belle I p+—=p'g+
F [ Ldi=189.3 1"
L 15< M2

miss

< 6.0 GeV/ct

—— Data

B Doy

I Dy

B DT )v
I Hadronic B
I Eake D'
[] Other BG

Fit uncertainty

B(B — D*t7v)

B(B - D*fv)
_ ND‘?L Ep-fL

{ND‘./'M(Z) €p ny ‘

R(D*)

R(D*) = 0.262555 (stat) {533 (syst)

0 0204 0608 1 12 14 1.6 18 2
Eeo, [GeV]
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— comparable statistical
precision to Belle (711 fb!)
— consistent with SM and

previous results
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.072020

. PRL 131, 051804 (2023) e/ universality test
I N Cl usive R (X) PRL 132, 211804 (2024) 7/¢ LFU test

Possible to compare the inclusive rates: independent and new theoretical input!

B(B— XTv;)
B(B — X/{v)

* Reconstruct the tagged B with FEI method R(‘Y) _

Search for the signal B in the rest of the event as a charged lepton (from 7 — e//,L;v
decays) + hadronic system “X" = {remaining reconstructed particles} e : pr/pab > 0.3GeV/0.5GeV

i pr/plap > 0.4GeV/0.7GeV

* Primary experimental challenge is background characterization and modeling

— Use signal free control samples to estimate normalization and backgrounds :
+.l
*B — X{v " \f’ Ll

* BB misreconstruction -
w 3 Vi wird

* continuum e*e — qq (estimated from off-resonance data)

unspecified hadronic “X" system

is challenging to control
WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.051804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.211804

Editor's suggestion

|ﬂC|USiV€ R(X) results PRL.132.211804

* Extract the signal and normalization yields with a two-dimensional fit to the distributions of ps’ and M?nis

* Main systematic uncertainties due control sample size used for the reweighting of the Mx system, with data-driven corrections
derived from high-ps’ (>1.4 GeV/c?) sidebands

¥

T = with expected SM contributions of D,

» X removed

R(X;/.) = 0.232 £ 0.020(stat) £ 0.037(syst). 035} 68.3% CL contours
R(X,;,) = 0.222 + 0.027(stat) % 0.050(syst). |
030
Combined: aé
S

R(X,/,) = 0.228 £ 0.016(stat) & 0.036(syst) P2

0.20f

* Consistent with SM: 0.223 + 0.005 (JHEP11 (2022) 007)

— systematically limited, largely independent probe of b — cfv anomaly

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il
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https://link.springer.com/article/10.1007/JHEP11(2022)007
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.211804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.211804

LFU in 7 decays

* In the SM all three leptons have equal coupling strength (g,) to the charged gauge bosons: LFU — may be

violated by new forces [1]

e Test LFU with leptonic T decays

B(r~ = p~ ;)

R, = = (

=1 in SM
B(t— — e~ v.v,)

g_p)z _p . fm/md)

0.), " f(m2/m2)

* Previous best results from BaBar (467/fb) [2] — R,®® = 0.9796 + 0.00164.. + 0.0036.y

— Achieve 0.4% precision dominated by systematic contribution of particle identification and trigger selection

[1] Phys.Rev.Lett. 61 (1988) 1815

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle II [2] Phys. Rev. Lett. 105, 051602 13


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.61.1815
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.051602

Typical 7 signatures at Belle |l

* Tau pairs in ete— TTT events produced back-to-back in CM system

* Possible to separate them in two opposite hemispheres defined by the plane perpendicular to the thrust axis nT

the other tau: tag T

' 5 o s
I:u!"\(‘_"“)—luf)

faz 2. P T _
€+ “ e
> 4
’T | ”n'a‘r:
search process. /‘E Slgnal
e/p ;' "*
V Vv

WIFAI24, Bologna - 2024/11/14

vy
tag YA
(1x3)-prong Vs /
(1x1)-prong R i
e
T o

Reconstruct a specific
topology to suppress
background, mainly :

from ete'— qq

L.Zani, LFU at Belle Il
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JHEP08(2024)205

Ry measurement strategy

tag side

Select 1x1-prong decays, with one charged hadron + nT° on the tag side

pt
Rely on to select signal side ( muon or electron) N 6 v

e High trigger
efficiency

Use neural network to isolate signal (94% purity, 9.6% efficiency)

Extract Ry with template fit to the lepton momentum distributions

Vr
8] %107 U x10°%
o T T T T T T S T T T T T T
2 _ | Bellenl B (- g Od(rt - hnnliy) - _ | Bellell B (77— e eur)(T* = hPnn®iy)
Q _ —1 mmm Other (true y) p ] _ -1 Other (true g) ]
Ldt = 362 fb Ldt = 362 b
[5 'r B Other (fake u) B ‘r Other (fake e)
~ 4 <7 Uncertainty — Uncertainty
2 Data S Data Experimental challenge:
w u - g - -
2 Y instability of R in function of
- =
3 S lepton ID selection and polar
> >
i w angle
% 1.01 T T J T ¥ ¥ B % 1.01 T T T T T T 3
g ORIy O U e i L
E 1.0 fdgtd ot d ottt (B E 1op+tgd bbby y byt ¥ 1'r 1
—_— 4 = T
8 0.99 : . - : : : 3 8 po9 . : . . . . ]
a 15 20 25 30 35 40 45 50 S 1.5 20 25 30 35 40 45 50
pu [GeV/c] pe [GeV/c]
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https://link.springer.com/article/10.1007/JHEP08(2024)205

* Most precise test of U-e universality in T decays from a single measurement, systematically limited by lepton ID (0.32%)

Ry results at Belle |

JHEP08(2024)205

WIFAI24, Bologna - 2024/11/14

— consistent with SM expectation at 1.4¢0

L.Zani, LFU at Belle Il

R:M=0.9726 gu = ge
i CLEO (1997) CLEO (1997)
—_——
: 0.9777 + 0.0063 =+ 0.0087 ’ 1.0026 + 0.0055
BaBar (2010) BaBar (2010)
o 0.9796 + 0.0016 + 0.0036 “ 1.0036 + 0.0020
L HFLAV fit (2021) . HFLAV fit (2021)
0.9762 + 0.0028 1.0019 + 0.0014
Belle 1l (2024) Y Belle Il (2024)
i 0.9675 + 0.0007 + 0.0036 0.9974 + 0.0019
0.96 0.98 1.00 1.02 1.04 009 1.00 1.01 1.02 1.03 1.04 1.05
Ry |91/ Gelr

[1] Phys.Rev.Lett. 61 (1988) 1815
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.61.1815
https://link.springer.com/article/10.1007/JHEP08(2024)205

THIS 1S WHERE YOU
LOST YOUR WALLET?

NO, I LOST IT IN THE PARK.
BUT THIS 1S WHERE THE LIGHT Is.

WIFAI24, Bologna - 2024/11/14

L.Zani, LFU at Belle Il
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Lepton flavor violation

* Charged Lepton Flavor Violation (cLFV) via SM weak interaction charged currents and

neutrino mixing < O(10°°) — below any experiment sensitivity N

QO

QUEDEN

— observation of LFV decays is per se a proof of non-SM physics!

* Hints of Lepton Flavor Universality (LFU) violation and deviation from SM

predictions in rare B decays:

~b—clv (T Vs light leptons)

~— b— sl (one-loop process, sensitive to new physics) ;E Phys.Rev.D 104 (2021) 5, 055017
1071
New interaction that violates flavor (Z’ boson, leptoquark) - m_,i
.
— Special role of the third family ] Y
T
- r i f
] BUN . | : f
) : 140 b~ : L,
} 4
1078 ¥ | /
EllllllIIIIIIII.IIIIllllllllllllllIIIIIIIIlllllllllllllllIIIIE : r | e l "\ B(‘lll‘ _ “ | B('“l‘ :
:Simplified U1 leptoquark model = 10-9 , , -
(L LN NN NN RN RN R RN R RN RN RN RN ]l) ]!, 1[) ]] 1(] 12 ][) ]L] ].‘l R ](] ”
T — | V' via leptoquark interaction .
B(T — ;up)
18
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https://arxiv.org/pdf/2103.12504.pdf

LFV sensitivities
_— == | arger non-resonant background

@ — - o .
0 0 0 degrades sensitivity, experimentall
= Fh | IP° IS \Y Il Ihh BNV - O tivity, exp y
2 . more challenging
-5
T 107 . =
P E * . .o-o.. * . L T =
E :. . = . e o . .
| ~ L] ...... ® 5 @ -1
c
S 108 * oo =
i = 2 v - + -+ CLEO
2 v v =]
1E_ B . I v £ 3 : v v 1+ ATLAS
= v vix v vl .
b 7 Yy b — ¥ CMS
a 10 E A A‘ i A X A " A e i 3
% 4 v Y 4Aa v * 4 il ld A fJa ‘Z+LHCb
: - ¥ I‘ v X Iy Y Ve i A 4 - N L BaB
- = N I ‘Ax 4 4 4. - v Babar
+
_ ¢ ¢
3105:—-_. Pt et e s P EamL , +=  Belle
= 4 3 _1
S o - .t $ohe ™ ¢s | *ee , T+ Belleli(5ab)
= 4 = i
C ‘e | = Belle Il (50 ab™)
- " | | - | ]
1097 = B ok a L o a » a "5
E = " om =g ml mm 3 .
= u . . ! «=n T arxiv:2207.06307
- . . 3
10—10 [ gt e et | | [ 1] [
DERPIRCSE o298 L LA SP oo xx ok kLo vk bk RSl 3o 30 %
Yooy PICICAPIOy 55 P X8BL 30 4R EELLLERRANE Mk Y bek}: 53505
20303 Yy oy Yy 220, BY Qigin

* Belle Il expected to provide world’s leading limits on many channels
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https://arxiv.org/pdf/2207.06307.pdf

Search for 7— e decay

* Reconstruct the signal T in three charged tracks identified as muons; associate all remaining particles to Rest Of Event (ROE
* Reject four-lepton and radiative di-lepton events with data driven selections
* Suppress residual continuum qa background with BDT classifier, exploiting signal and ROE properties

— final signal efficiency above 20% (> 2 x Belle)

prong tag
+ >
3prongs

* Extract signal with Poisson counting experiment technique in elliptical signal region in A Es,= Es,—+/(s)/2 and M3, plane

=S 1 Belle 11 —— Signal region
% 0.3 7 ]ﬁfﬁ! 424 —— +204 region
— 18 T . —— Sidebands
= 1 Blr —=p pTp ) =6x10
Sl 4+ Data
[€a) N
<] 0.2

0.1
00
01

024" .

—034=

1.70 1.75 1.80 1.85
j 2
M, [GeV/es]

WIFAI24, Bologna - 2024/11/14

104

=
Simulated signal events

1

Nops — N,
Bl S obs exp
i R L x20.; x g3,

One event observed in 424 fb! (expected
0.5 from data-driven estimate)
Compute 90% CL upper limit with CLs
method:

| BU(T— puu) =19x10° |

World’s best

L.Zani, LFU at Belle Il

JHEP09(2024)062

ROE

new untagged

approach
Experiment By Hr—uu)
(Luminosity [fb])  [107¥]
Belle (782) 2.1
CMS (131) 2 2.9
LHCb (3) ® 4.1

[1] Phys. Lett. B 687 (2010) 139 , [2] arXiv:2312.02371,

[3] JHEP02(2015)121

20


https://link.springer.com/article/10.1007/JHEP09(2024)062
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://cds.cern.ch/record/2883172
https://link.springer.com/article/10.1007/JHEP02(2015)121

Search for 7 — A (A) 7

Baryon number violation required for explaining matter-antimatter asymmetry. Baryon and lepton numbers

conserved in the SM, might be violated in beyond SM scenarios.

Previous search at Belle (154 fb 1) [1] set limits at 90% CL of order 107

Reconstruct events with four tracks and total null charge

L epT

— A flight significance (L/o) most discriminant variable to reject efe~ — 7f7 background. Residual

qq events suppressed with gradient-BDT selector.

Poisson counting experiment technique in elliptical signal regions in M4, and AE= E"Sig

— 4s/2 plane

Final signal efficiencies of 9.5% (9,9%) for T ~ — /\(K)r[— with 1 (0.5) expected events

Belle Il (Preliminary) Data:fﬁdt =364 fb !

—— Signal region @ Simulated bkg
------ Sideband 4+ Data (a)
+ L ]
* & + °
g o Q ¢ ¢
+ )
K B
° °
*-—----- = o
b
°
1.70 1.75 1.80 1.85

M(A) [GeV/c?]
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Belle Il (Preliminary) Data:fﬁdt: 364 fb !

—— Signal region e

Simulated bkg

----- Sideband 4 Data (b)
™
™
° P 0 o, o
ds L J
& o®
°
® +i ®
R 3
®
1.70 1.75 1.80 1.85

M(Am) [GeV/c?]
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—@

+

/ tag side

Belle Il [Framiminany]

Accepted by PRD
ArXiv:2407.05117v1

\

Data [ror= 364 b

= ol
[=] o

Events pre 2

T SAm ! Data = eely)
— Signa Lyl
(C} iyl . Stat
. G © Unc.

_ »®)
1 ~ @
ﬂ'n(ﬂ':l)
-
i lP . -
signal side n,

40 g0 120

L/o(A)

* No event observed in 364 fb?, set world’s
best upper limits at 90% CL:

B (T — Am)< 4.7x10®

B(t— Kn)< 4.3x10°®

[1] Physics Letters B,Volume 632, 1 (2006)
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https://www.sciencedirect.com/science/article/abs/pii/S0370269305015169?via%3Dihub
https://arxiv.org/pdf/2407.05117v1

Search for LFV in rare B decays

* Flavor Changing Neutral Currents occur at loop level and are suppressed in the SM, but can be enhanced by new LFV

mediators coupling mainly to third generation

* Previous searches by BaBar (PRD 86, 012004, 2012), LHCb (JHEP06(2020)129), most
stringent results from Belle (711 fb') PRL130, 261802 (2023)
%10-3
5 -_Q Belle (711 fb!) A DBaDar (429 fb'!) LIICh (9 {b)
E A A
3 4:- Forbidden
5] L
X 3
A
S | @
A 2F
! e o
1 | |
L . * Fully reconstruct the tagged B in a hadronic decay mode
0 I I 1 ! |y F i
25X Lo o A % * Reconstruct signal B as K" + lepton and compute the recoiling mass of the 7
b L s _'LE- Og._. Qﬁ.;
¥ B 2 ¥ ¥ 5 2 2 2
4 * + 4 N ™ i (Pete-—Pxk —Pr — pB“S)

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il

Creditto M. Liu
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.012004
https://link.springer.com/content/pdf/10.1007/JHEP06(2020)129.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.261802

Results for B— K%t/

* Require 7 decays to one charged track, exploit event shape to reject continuum e*e~— ¢gq contamination

— Main residual background from semileptonic B decays with charm mesons, suppressed with a BDT classifier

* Signal yields extracted from fits to the M7 peak in the recoil mass distributions— no excess observed, set 90% CL upper limits

B' Koy B’ Kitus
%12 Belle+Belle Il preliminary — Data %'2 Belle+Belle Il preliminary — Data
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Summary and conclusions

* LFU precision measurements are compelling tests of the SM and can constrain new physics
— Experimentally challenging analyses, mainly systematically limited and tight interplay with theory inputs
LFV searches are predicted by many new models and compelling to pursue

* Belle Il has unique reach in both, already with run 1 data set provided world’s best results

— B decays:
* R(DY),PRD 110, 072020 (2024)

* R(X), Editor's suggestion PRL.132.211804

Belle Il Online luminosity Exp: 7-33 - All runs
e B— K¢ 175 §- e
mm Recorded Weekly
— 7 decays:

15.0 1+ J'fnecordedﬂ‘t =531.34 [fb_"l] m— ‘ i s il

12.5 4--

* R,,JHEP08(2024)205
* 7t —utu pt, JHEP09(2024)062
* 7t— Aw*, accepted by PRD ArXiv:2407.05117v1

g -
wn
L=
(=]

Total integrated Weekly luminosity [fb~1]

2.5 i ——————

|
0.0~

Thanks for your attention!
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.072020
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.211804
https://link.springer.com/article/10.1007/JHEP08(2024)205
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://arxiv.org/pdf/2407.05117v1
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B tagging at Belle Il

B-tagging

Precise knowledge of the initial state kinematics
allows to reconstruct one of the two B mesons and
kinematically constrain the second B meson of
interest

Extremely useful for B-semileptonic decays
with missing energy i.e. neutrinos

Pmiss = (pbeam — PBtag — PD() — pé’)

RDY)atBellell  ta0qing —

semileptonic inclusive

leptonic L
hadronic x x

T decay

hadronic

Not impossible but very challenging

WIFAI24, Bologna - 2024/11/14

Credit to . Tsaklidis, slides

S

T~ e Valy

T =nnntv,

Effi

T = n’n%e,

== nly,

L.Zani, LFU at Belle Il

Inclusive Tag
e = 0(100)% AGE
Consistency of By,
Semileptonic Tag /IE

e=0M1)%
Knowledge of B,

ciency €

Hadronic Tag b
e = 00.1)% —e<<< |
Exact knowledge of B

—_
=
=3
c
=

—E =
by =
'ov [

ag o
=
L

.

tag
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https://indico.cern.ch/event/1345421/contributions/6084737/attachments/2933532/5152114/itsaklid_Vienna_combining_RDstar.pdf

Published R(D") measurement at Belle Il

Credit to |.Tsaklidis

First R(D*) measurement at Belle Il ! First ever R(X) measurement at a B factory !
Using hadronic tag  R(X./¢) = %

Using hadronic ta
9 g reconstruct a single lepton and combine

Reconstruct B —» D®)+—5_ Y X | I
with remaining tracks - 15} e rueﬁ’fmlnto an X system inclusively

Gap modes:
The difference between the
sum of exclusive BFs to the i ve BF.
Filled in MC with an educated guess

Reconstructed ConSiStent With SM '
=0~ -1er IR(X, /) = 0.228 £ 0.016(stat) £ 0.036(syst)

13.3%

leptonic T decays in both
charged and neutral B mesons

R(D*) = 0.262+3935 (stat) 79 0og (5yst)

B(B— Xtv) =8B(B— D1v)+B(B - D'1v) + B(B — D(gap),Xu‘rv]

. X, removed

1 = with expected SM contributions of ,D[L )

Unconsidered [D* — D[~ -] fv: 36.7% |

Consistent with SM ! 035

Statistical correlation with R(D") ~0.02 o0t R

Similar precision to Belle *g '
with 25% of the data Systematic correlation (mainly D" BFs) & -
non ftrivial

arXiv: 2401.02840 0.20}
PhysRevl ett.132.211804

68.3% CL contours
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Work in progress on R(D)) updates

e Hadronic tag, leptonic 1
o Update R(D*) with full 364 fb™
o Measure R(D) simultaneously
o Further optimize selection = g
o Reuvisit signal extraction strategy
e Semileptonic tag, leptonic T
o Simultaneous measurement of R(D*) and R(D)
o Completely orthogonal measurement
e Hadronic tag, hadronic 1-prong 1
o Measure R(D*). R(D) challenging due to backgrounds
o Simultaneous measurement of T polarization
e Inclusive tag, leptonic Tt
o Simultaneous measurement of R(D*) and R(D)
o High reconstruction efficiency but low purity

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il

- ey
Other
T = Vb
Tt
W

Efficiency ¢

Credit to |.Tsaklidis

T = nn%;

Inclusive Tag
e = 0(100)% —@g
Consistency of Btag

Semileptonic Tag ot
. NPLN
e=0(1)% T
Knowledge of By, e

Hadronic Tag
c=o00% &<
Exact knowledge of By,,

UOT}RULIOJU]
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PubConf arXiv:2305.04759

T — [ at Belle |l
untagged approach

Credit to L.Polat

eV, UV, exclusive inclusive
T e + i +
Ttag | Tsig 5 Trag | Tsig
e, gk e, i
| | :
Vr | |
e o

— Increase signal efficiency: reconstruct explicitly only signal side, no requirement on I

the tag side (untagged inclusive reconstruction) len
— Exploit signal and event features in BDT classifiers to suppress background ?

* First application for T — |$ search on 190 fb! sy Also used for T — 3 search (see Justine’s talk)

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il


https://arxiv.org/abs/2305.04759
https://indico.ijclab.in2p3.fr/event/10264/

Search for T — #K<at Belle and Belle |l

* First analysis for LFV search on the combined data set Belle (980 fb!) + Belle Il, run 1 (424 fb!)

Experiment Luminosity ~ UL at 90% CL [x10%] (expected) Ref.
[ fb ] eKs° MKs?
BaBar 469 3.3 4.0 Phys. Rev. D, 79 (2009)
Belle 671 2.6 2.3 Physics Letters B, Vol. 692, 1, ( 2010)
Belle 4+ Belle 11 1404 <2 <2 This analysis! Not yet unboxed

* Reconstruct signal in one-prong tag approach
* Use lepton ID to distinguish two channels and tag sides
* BDT-based selection to reject main background from e*e"— qq

WIFAI24, Bologna - 2024/11/14 L.Zani, LFU at Belle Il

30


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.012004
https://www.sciencedirect.com/science/article/pii/S0370269310008129?via%3Dihub

* Tag-type dependent pre-selections against radiative dilepton and four-lepton final states

1.0

0.5

0.0

AE

-0.5

-1.0

Define region for

in (M

T — LK< : strategy

IKs ’

AE) plane, hide signal region (SR) and use sidebands (RSB) for data validation

Exploit tag side, missing momentum and event shape properties + Ks® properties from signal side to train a BDT against ee — qa — final
efficiencies > 10% for both channels

Expected number of events N, in SR after final selections extracted by a linear fit to 6 bins of Mis in the RSB and scaled by the ratio Aci/Avec

Belle Il Simulation

Electron mode: T — eKs®

206 SR

[—J386SR —— 36RSB

1.6

17 138 1.9 2.0
M(K2e)

WIFAI24, Bologna - 2024/11/14

1.0

0.5

Muon mode: T — UK

20 6 SR

CJ26SR —— 36RSB

1.6

1.7 1.8
M(KZp)

L.Zani, LFU at Belle Il

1.9

2.0

10?

10!

10°

* Count the number of event in SR ellipse
after unboxing, Nabs (still blinded)

Ncbs - Ne:z:p
2Ell(g LO_T?

B(r™ = (K2 =

* Statistically limited — estimate expected
upper limit at 90% CL including
systematics uncertainties exploiting CLs
method in a Poisson counting experiment
model
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New physics in neutrinoless tau decays

T — £VO (¢ = e, p; VU neutral vector meson) LFV decays can be
enhanced in many new physics (NP) models: MSSM, Type-Ill Seesaw,

| Model | B(red) | Blrus)

SO(10) GUT, SM + Heavy Dirac N Littlest Higgs Model with tsepogluark < PR
+ Hea irac Neutrinos, Littlest Higgs Model wit
“ : ) 5 d : &8 SO(10) GUT (1-5)x10° 4x10-9 - 2x10-8
T-parity, Unparticles...
Littlest Higgs (1-2)x108
_ ~ o ’ :
T — £ (b = ssbar meson of mass ~1020 Me‘.\f/c ) in particular is Unparticles 6x10-11 — 10-9 6x10-9 - 10-7
related to the U, vector leptoquark hypothesis.
- could explain both Rp,) and Ry, anomalies. i
(i_ T Ty LR | LELELLLLLL | T = L k= e L
10~ E 105+  EHIll  m —
Excluded at 95% CL = = : :_
1077} . ¥8w - wlR -
" 3 588 | 1074 : i
g o 2 i i
Bl 1078 = g3n i ] e
:982| © E Belle 11 (50 ab™) S ER = i i L TR === m=15TeV
el o o ISR YT N B ==s m= 28T
TS 9 1077 - «asla P i i TR —=- m=35TeV
o El?.g I_ E ; g “3“3 III IFI :I I:: ::} :: —('nm-:lllmuml
TRE0| & gl 225E| ol ol . R Fue Sy
10 - - i ¥ } } i PR ‘uture Sensitiy Il}
SESE| T - 1 |9583 E | D | R
NE-EE- nf < s 82 _ i R B
5™ 10~ e - SE| 91 iy | (N ¢ SIS | i PR |
§d ; s gga F ELE2T s TTTz
b 5 1 F % r T & £ & 5 3
el e b oo SIS £ & B & o B os 5
10-* 1007 10° 10° 100* 107 2 B g g £ £ = ¥ =
' m M @M [ MA@l AMm o oo
B(B, = %) &
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Also dark searches, chiral Belle...and other tests

* T decays to new LFV bosons, possible ALP candidates [1]

* Search for T— Ila decays with |=e or W looking for bumps in

normalized lepton energy spectrum over irreducible background

from T,— Vv
0 Best limits at 95% CL

20 b Belle Il Preliminary - Obseved UL [ Expected UL +1 std. dev.
18 F j‘Ldt =62.8f0"

-+ Expected UL

Expected UL +2 std. dev.

Br»>eu))B(rT»ev,v)

| | | | | 1 1 | | | | | 1 | | L
0 0.5 0.7 1 1.2 1.4 1.€

M, [GeV/c?]

* Possbile SuperKEKB upgrade with polarized electron beam

[2] — precision electroweak physics and non-SM searches!
— Use tau polarimetry for 0.5% precision (BaBar method [3])

P _p cos & 8Grs _ [ . 1ﬁ|+2 , cosd
T 7 14 cos?d 4\/§mxgv 9 p’ AT cos’0)

— Unprecedented precision on edm and MDM of the T

2
4BSM BSM(::T) e
u

Current bound in tau ~ 0(1072)

* Test Bell Inequality violation (non-locality of quantum mechanics) with ete— TT?

[1] M. Bauer, et al. Phys. Rev. Lett. 124, 211803 (2020)
[2] arXiv: 2205.12847 , [3] PRD 108 (2023) 092001

WIFAI24, Bologna - 2024/11/14

— Measure T spin orientation with polarimeter-vector method,
arXiv:2311.17555 M. Fabbrichesi et al.

L.Zani, LFU at Belle Il

Chiral Belle reach ~ 0(107°) with 50ab-!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211803
https://arxiv.org/abs/2205.12847
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.092001
https://arxiv.org/abs/2311.17555

Invisible boson in LFV T decays

* T decays to new LFV bosons (ALPs) predicted in many models [1]

Search for the process ete— T (— la) T

tag

(— 3mv), with I=e or I=p

* Approximate T pseudo-rest frame as E__~ Js/2 and pg, & — ﬁ‘,m/|ﬁrm|

Two-body decay: search a bump in normalized lepton energy x, spectrum over

irreducible background from T,,— Vv

No signal found in 62.8 fb? — set 95% CL upper limits on BF ratios of

BF(T,, — la) normalized to BF(T,,— 1vV)

i

Between 2-14 times more stringent than
previous limits ( ARGUS, 1995 [2])

[1] M. Bauer, et al. Phys. Rev. Lett. 124, 211803 (2020)

[2] ARGUS Collaboration, Z. Phys. C 68, 25 (1995)
WIFAI24, Bologna - 2024/11/14
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017

Events /0

16000F -
Belle Il —+— Data
14000 . = Total uncertainty
J'Ldt =62.8fb" T ——
12000 I Other
1—ea, M, = 1.6 GeV/c?
= 10000 t—~ea, M, = 1.2 GeV/c®
1—ea, M_ =0 GeVic®
8000
6000
4000} Xp = -
; m.c</2
2000
e _'__;--;\_\_"I"\“:I.—nn—l- '
% 06 08 1 12 14 16 18 2
Xe
il
o0 X10
> 20 Belle ll Proti~inow: = Observed UL [ Expected UL =1 std. dev.
> 18F [Ldt=62.8f -+ Expected UL Expected UL +2 std. dev.
v 16
T 14
£ 12
QD 1
]
> 8
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m 2
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
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