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Introduction: r physics

@ In the Standard Model (SM) 7 decays due to the charged weak
interaction described by the exchange of W* with a pure vector
coupling to only left-handed fermions. There are two main
classes of tau decays:

o Decays with leptons, like: 7= — £~ vpvr, 77 — £ Dpvry,
T = 00 ", 4,0 = e, u. They provide very clean laboratory
to probe electroweak couplings, which is
complementary/competitive to precision studies with muon (in
experiments with muon beam). Plenty of New Physics models can
be tested/constrained in the precision studies of the dynamics of
decays with leptons.

e Hadronic decays of 7 offer unique tools for the precision study of
low energy QCD.

@ The world largest statistics of 7 leptons collected by et e~ B
factories (Belle Il, Belle and BABAR) opens new era in the
precision tests of the SM.

@ Belle Il is the ongoing and very promising experiment in this
area.
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Introduction: Belle and BABAR

Integrated luminosity of B factories
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o(bb) = 1.05 nb Ny = 1.2 x 10°
o(ct) = 1.30 nb Nz = 2.0 x 10°
o(r7) =0.92nb N, = 1.4 x 10°

B-factories are also charm- and r-factories !

22nd Lomonosov Conference, Moscow, Russia August 234, 2025 Tau physics at Belle Il Denis Epifanov (BINP, NS 3/22



Introduction: Belle Il

Next generation e e~ B-factory at the HEP intensity frontier

20 Belle 1l Online luminosity Exp: 7-35 - All runs.
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SuperKEKB luminosity record (December 2024):

5.1 x 103 cm—2s~!

The project SuperKEKB luminosity: 6 x 10%% cm—2s~!
Planned integrated luminosity is 50 ab—"

o(bb) =1.05nb N,z = 53 x 10°

o(ct) =1.30nb N =65 x 10°

o(r7) =0.92nb N, =46 x 10°
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Tau physics at Belle Il

Belle Il detector

KL and muon detector:
Resistive Plate Counter (barrel outer layers)

Scintilator + WLS Fiber + SiPM (end-caps.
bairellayers)

tfication
ation counter (barel)
Aeragel RICH

Z“ J’]

-

X

A

1

%
Y
ontier

Denis Epifanov (BINP, N 4/22



Introduction: 7 properties at B factories

@ Tau mass:
Belle Il: m, = (1777.09 + 0.08(stat) 4 0.11(syst)) MeV/c?; PRD 108, 032006 (2023)

BES3: m, — (1776.91 + 0.12(stat) + 8‘1g(syst)) MeV/c2; PRD 90, 012001 (2014)

KEDR: . = (1776.81 % 0'1 | (star) + 0.15(sys1)) MeV/c2; PPN 54, 185 (2023)

Belle: m, = (1776.61 4 0.13(stat) 4 0.35(syst)) MeV/c?; PRL 99, 011801 (2007)

BABAR: m. = (1776.68 + 0.12(stat) 4 0.41(syst)) MeV/c?; PRD 80, 092005 (2009)
@ Tau lifetime:

Belle: 7, = (290.17 + 0.53(stat) 4 0.33(syst)) fs; PRL 112, 031801 (2014)

BABAR: 7 = (289.40 £ 0.91(stat) & 0.90(syst)) fs; Nucl. Phys. B 144, 105 (2005)
@ Lepton universality with = — fvv and = — hv (h==,K):

Belle Il (ggf)T = 0.9974 £+ 0.0019; JHEP 08 2024, 205 (2024)

ge
@ Tau electric dipole moment (EDM):

Belle: —1.85 x 1077 < Re(d,) < 0.61 x 10~ e.cm (CL=95%),
—1.083 x 107" < Im(d,) < 0.23 x 10~ e.cm (CL=95%);

BABAR : (@)T = 1.0036 + 0.0020, (g—;)h = 0.9850 + 0.0054; PRL 105, 051602 (2010)

JHEP 04 2022, 110 (2022)
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Measurement of - mass at Belle Il

I. Adachi et al. Phys. Rev. D 108, no.3, 032006 (2023).

Use the data sample of [ Ldt = 190 o~ with N-, = 175 x 108
m; is measured in the decay 7+ — 7T 77~ v using the pseudomass edge method

m, = \/M:f7r + 2(ESMS — E%:’Is)(E%:"S — pgj:fls cos atMS)

oS s the angle between the momenta of the 37 system and the 7-neutrino,
EMS = Foum = +/S/2. The pseudomass is defined by a®™S = 0:

Moin = /M, +2(v/5/2 — EQY)(EYS — %) < o

x10°
160F Belle 11 Preliminary
E ILm:morb‘

B
NN
S o

¢+ Data .
[ [ tt backgrounds  ,*

-
o
S

@
?

Events / (15 MeV/c?)
S
T

N
?

Lot =
0.6 0.8 1 1.2 14 1.6 1.8 2
M. [GeV/c?]

min [

In the tests of lepton universality m5T appears, so /71 accuracy is crucial
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Measurement of - mass at Belle Il (ll)

In the analysis the central value of the m, was blinded until the method was validated and statistical
and systematic uncertainties were estimated.

CMS

frame

@ 4-track events with zero net charge;

@ 0.87 <thrust< 0.97, signal hemisphere: = — 3w, tag hemisphere: + — fvv, hv, hrv;
@ E, > (60 + 600) MeV, 115 < m,,(7°) < 152MeV/c?;
@ 25 < EGM <9.0GeV, 0.05 < pSM < 3.5GeV/c, 0.5 < 95Y° < 2.7rad,

0 < M3, < 54GeV?/c*.

miss

In the analyzed pseudomass range 1.70 < My, < 1.85GeV/c?: purity of the sample is 90%,
with the dominant background from e e~ — qg (6.4%) and non-37 7 decays (2.0%).

euig = 92%, g = 2.3%, Nyy = 583192
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Measurement of - mass at Belle Il (lll)
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@ Beam energy /s was calibrated using fully reconstructed neutral and charged B-meson

decays from e e~ — BB. The most probable EGM = /m? + (pSM®)2 B-meson energy
was corrected for the effects of the e"e~ — BB cross section shape and ISR to get /s.
@ The momenta of charged particles are scaled depending on the charge and cos @ to correct
for imperfect magnetic-field description, misalignment of the detector, material mismodeling.
The correction factors are evaluated by measuring the mass-peak position of high-yield
samples of D° — K~ =" decays reconstructed in data and comparing them to the PDG
value.
m, is extracted from the maximume-likelihood fit of the M,,;, with:
Miin — P;
Fot =20 ) 4 PulMoin — P1) + P — P1)°
2
P; = 1777.49 + 0.08 MeV/c? (estimator of m.) overestimates m, by a constant bias
0.40 4 0.03 MeV/c? determined from MC, as resullt:

m, = 1777.09 + 0.08 MeV/c?

F:17P3-arctan(
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Measurement of - mass at Belle Il (IV)

Source Am,,MeV/c PG Average (2022
Knowledge of the colliding beams: BES (1996) :
Beam-energy correction 0.07 17769 5.0 3
Reconstruction of charged particles: resisots=03s T
Momentum correction 0.06 KEDR (2007) =
Detector misalignment 0.03 LT68E a2 2019
. BaBar (2009)
Fit model: 1776.68+ 0.12+ 0.41
Estimator bias . 0.03 Trreorsats ==
Choice of the fit function 0.02 Sl 1 prefiminary 2
Imperfections of the simulation: B 801
Detector material density 0.03 T 7 TS —
ISR, FSR and 7 decay 0.02 m, [MeV/c?]
Total 0.11

Consistency checks

@ Stability of the result throughout various data-taking periods was
confirmed.

@ m, values for the data in sub-regions of various kinematic variables are
consistent with each other.

@ The dependence of the m; on the dynamics of - — wwmv decay is
negligibly small.

- = 1777.09 4 0.08 + 0.11 MeV/c?
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Test of LFU in 7 decays at Belle Il ()

In the Standard Model: g, =g, =g,

- B(L~ = ¢ oevi(y)  digt  mp
r(L 0 = = :
(L™ = £ Do (7)) = 32M3, 1927

Feorr(me, mg) = £(X) (1 + g%) (1 I 0‘(2:0 (? _ ﬂz))

f(x) =1—8x+8x>—x* —12x%Inx, x = my/my,

5 Feorr(mL, my)

B(p~ — e vevu(y)) =B(p™ — e bevy)+B(p — e Devpy)+...=1

b M2, Feore (M, M, 7
97— [B(r= = p= s (7)) 2 2 Feon(Myu; Me) 97 _ 4 0027 + 0.0014 (HFLAV2022)
e 7 M2 Feon(Mr, M)’ Qe

9-
Gu

m Feorr ) T
= \/B(Tf = efpeuf(y)):—“m—g%, ZL = 1.0009 = 0.0014 (HFLAV2022)
T + Teorr\MTlr, ITle n

7,0 0) Fonlmemal G _
9 =\ [E 2t 0] Fanleae) 8 — 4.0019 4 0.0014 (HFLAV2022)
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Test of LFU in 7 decays at Belle Il (ll)

I. Adachi et al. JHEP 08, 205 (2024).

Use the data sample of [ Ldt = 362 fo—' with N, = 333 x 108
Both 7 leptonic decay modes 7~ — e~ er, and v~ — pu~ vy v, are studied

g, - BT o uThwn) \gu| _ g f(mE/m)
a B(t— — e~ evr) | ge - . f(mi/mg—)
f(x)y=1-— 8x +8x% — x* —12x%Inx
; V. frame h
TVt K ,VV,C
- .
(3 e e

Ve

The plane perpendicular to the thrust axis divides event into two hemispheres: one
charge particle in the signal hemisphere and one charge particle with one or two 7°
candidates in the tag hemisphere.
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LFU in 7 decays at Belle Il

@ 2-track events with zero net charge;
@ thrust> 0.85, M3, < 20 + 40  p{™s  MeV/c?;

'mi

@ E, > (30 - 80)MeV, 120 < m., < 145MeV/c?, 1., < 1.4rad, |Ap,| <
1.5rad, e_oy, =~ 30%;
@ signal side: Pe > 0.5, P, > 0.9,1.5 < p, < 5GeV/c, 0.82 < 6, < 2.13rad;

EelD = 99.7%, EpliD = 93.9%;
@ tag side: Egc./pc < 0.8,10r2 70 candidates;
signal and background MC events were used to train neural network classifier (NNC)

including 7 variables: thrust, Gust, ESY°, OS2, pﬁ:’fo, 952’;50, m%rso. NNC>0.9

e-sample:

Belle Il simulation — (T uTOe) (T hn®is)

e : e sy 4358376 selected events
I = . oy the purity is 96%
g Othe::) M_sample
< Etrig = 966%, Edet = 955%
; 4371737 selected events
10° 0.0 02 04 06 08 1.0 the punty iS 920/0

Output of the neural network

The dominant background comes from the other + decays.
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Test of LFU in 7 decays at Belle Il (IV)
 Method |

Binned likelihood fit of the momentum distributions in 21 bins was used to extract R,,. The
templates for the signal and background distributions are derived from MC.

L(Ru,X) = H P(ng | v5(X)) H P(ny | v (Ru, X)) H cx(ax | x)

bé&bins bebins XEX

Vg(%) _ Heyg—sig()-é) + ebkg(true)( -‘) + Ve bkg(fake)( -.)

p-bkg(true) ( ﬂ) +u -] bkg(iake)(X)

u[;(HH,fg):Ruﬁe/MneVb S0 X) + vf ,
ng, n{; - numbers of observed events in bin b. ub, ub - numbers of expected MC events in bin b.
Systematic uncertainties are included as a set of nuisance parameters .

Vg-gg p-sig S|gnal ylelds l/e bkg(true) e bkg(true) ebkg(fake) gbkg fake) background ylelds

Ke - free normalization parameter. nie/" = Bg" / Bg“'"

x10° x10°

Belle Il (@ = e (e = hnn)
_ o Other (true )
Jrae=3621 Other fake o)
Uncertainty
+ Data

Belle Il - e D)
fLdt = 362/t == Other (e
= Other (fake 1)

Uncertainty
4 Data

1.01 T
10 447f¢++¢+++*+r—ﬁ—f—y—H——FwH

99
15 20

10 E‘—&a——*—#4+—t#—4—44—4——*—4——#*—*—«{—*—&

0.99
1

2.0

Data/model Events per 0.167 GeV/c
o
Data/model Events per 0.167 GeV/c

40 45 50 5.0

poIGevrd b, 1Gevia "’
The method was validated with MC. To estimate uncertainties using data the central

value of the R, was blinded with help of the random ng;/“u.
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Test of LFU in 7 decays at Belle Il (V)

R$M=0.9726
Source Uncertainty [%] ’ cLeo (1997)
Charged-particle identification: 0.32 oo Ea 00
Electron identification 0.22 B SSreecoomesoons
Muon misidentification 0.19 . HFLAV fit (2021)
Electron misidentification 0.12 oarezz000e
Muon identification 0.05 + 09673 20,0000 = 00036
Imperfections of the simulation: 0.14 e om T The T
Modelling of FSR 0.08 R,
Normalisation of individual processes 0.07
Modelling of the momentum distribution 0.06 T o
Tag side modelling 0.05 S rooesoooss
=0 efficiency 0.02 ~ TRl
Particle decay-in-flight 0.02 N HELAY it (2021)
Trigger 070 10019200014
Size of the simulated samples 0.06 -~ o507 o0
LUmInOSIty 001 0.99 1.00 1.01 1.02 1.03 1.04 1.05
Total 0.37 1941 gel:
Consistency check
0015F gette n Uncertainties: § Total § Lepton identification Statistical
R, =0.9675+0.0007 £0.0036 % ...| \ : | : { HiH LR
-0.010
92| = 0.9974 +0.0019
Ge I T e SR
&3 §
22nd Lomonosov Conference, Moscow, Russia August 23", 2025 Tau physics at Belle Il Denis Epifanov (BINP, NSU) 14/22



Lepton-flavor-violating (LFV)  decays

Y Model B(r = ny)  B(r — ¢00)
W._,_ mSUGRA+seesaw 10—8 109
e ~ SUSY+S0(10) 10—8 10— 10
s \ SM+seesaw 10—9 10— 10
T ! t Non-universal Z' 10—9 10—8
=K SUSY+Higgs 10— 10 10—8

@ Probabililty of LFV decays of charged leptons is extremely small

2
in the Standard Model, B(7 — (v) ~ (A,n’f") < 10~
w

@ Many models beyond the SM predict LFV decays with the
branching fractions up to < 10~8. As a result observation of LFV
is a clear signature of New Physics (NP).

@ 7 lepton is an excellent laboratory to search for the LFV decays
due to the enhanced couplings to the new particles as well as
large number of LFV decay modes.

@ Study of the different = LFV decay modes allows us to test
various NP models.
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Results on LFV decays of ©

52 different LFV modes were studied mostly at B factories
90% CL upper limits on T LFV decays

4-107°
5.10-5] ¥ 1P° 15° 1% 7] thh BNV
*

1.10-5 o 4 HFLAV
4-10°° *e by . * *

.
2-107 - *te . +

L P Y
1-10°64 ¢ 4o
.
4-1077 .
n |
L [] n
2-1077 L] . n an L]
" a .
. iy . .
1 1077 " & g
3* * x '] " - ¥

4108 m . " = kgAY

. INE SESE- ST BN AE L Ax T
2:1078 * 4 * * 1 *

¥ : ¥y ok Traawd

1-10-® x

R N S N N N N N T e N N N L

TR RY XBOS QQ NNNN & X /

03 L v IBEES o (888 F 0 & LIV UIS NS SRS AGN SR £ 903333

RSN COLl PROPIIFEEEENE R SRR $E88]F
vhek phel YUIICITLIICOW 0oIIIRY

® ATLAS m BaBar Belle v Bellell ¢ CLEO O CMS LHCb * Combination

Recent Belle Il (+ Belle) results:

B(r— = p~p—pt) < 1.9 x108 (CL=90%) JHEP 09, 062 (2024)

B(r— — An~(Ax~)) < 4.7(4.3) x10~8 (CL=90%) PRD 110, no.11, 112003 (2024)
B(r — ete) < (1.3 +2.5) x10~8 (CL=90%) arXiv:2507.18236 [hep-ex|
B(r~ — e KI(u~K2) <  0.8(1.2) x1078 (CL=90%) arXiv:2504.15745 [hep-ex]
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Search for LFV 7 — /o at Belle ()

K. Uno et al. [Belle], arXiv:2503.22195 [hep-ex].
Use Belle data sample of [ Ldt = 800 fb~" with N, = 736 x 10°

The idea is to search for a peak in the distribution of the signal lepton momentum p; in the T rest

frame. The peak position depends on the mass of the invisible 0-spin «-particle.

The plane perpendicular to the thrust axis divides event into two hemispheres: one charge particle
in the signal hemisphere and 1- or 3-prong = decay in the tag hemisphere.

2-track or 4-track events with zero net charge;
criteria are optimized to maximize FOM = egie /\/Noke;

2 < ESYS < 10GeV; photons: £, > 0.1GeV, —0.625 < cos 0., < 0.846; 7° candidates:

120 < my, < 135 MeV/c?; no photons and 7’s on the signal side, N, < 4 for 1-prong and
N, < 2 for 3-prong events on the tag side.

signal side: P > 0.9, eep = (80 + 91)%; P > 0.95, e,,1p = (80 + 88)%;

ea(upa): thrust> 0.85(0.87); for 1-prong tag —0.88 < cos Opiss < 0.95

(—0.87 < cos Oniss < 0.97); for 3-prong tag —0.90 < cos Opiss < 0.99

(—0.98 < cos Omiss < 0.99); > pr > 0.1(0.4) GeVi/c; for 1-prong tag > pr i, > 0.2GeV/ic
and 3" Br,ue > 0.2GeV/e, pi™* < 5.0GeV/c (o™ < 4.8 GeV/c);

to validate the procedure the control channel 7~ — =~ #’v, is used.

The dominant background comes from ordinary leptonic = decays.

Niet(T — ea) = 3390311, cqe(T — €0) = (0.9 +1.4)%
Nsei(T — pa) = 3757311, ede(T — pa) = (0.3 +1.5)%
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Search for LFV 7 — /o at Belle (II)

el 7
T 10

LALLM ARt i it e S r Simoton

S0 = E E| E " ; E|
= Belle 5,,,,“,5"0,.‘3'“‘) o) = 1.0x10¢ 2 1408 gerte Simulation 5 <uw Belle Slmularlon < 9% Belle Simulation
2 100) 2 120 T wr Br(r o) = 1.0x10% 0.16F T ea m,=0.5 GeVic? (4| <30) O18F © pat m,=05 GeVic? (k| <30)
4 2 . 4 g o1af 4
% H =05 Gevic® 012 m,=1.5 GeVic® (B,,| <30) o2k m,=1.5GeVic’ (b, <30)
@ J ¢ O o gevs 3 o — m15GeVict (] <4) ] I3 —— m=15GeVic? () <4) 3
60F 9 008 0.08F E
B 0.08F E| 0.06F e
40 3 004f 3 004f E|
3 20 9 00f "\ P 1 ook " S|
tolitata Lol el sl L e \2 = TS —3
0.102 03 04 05 06 0.7 0.8 0.9 0102 03 04 05 06 0.7 08 0.9 0. 1 1 02 “r 06 08 1 12
Truth p? [GeV/c] Truth p; [GeVic] [GeV/c] P; [GeVic]
Signal 7 flight direction is taken as N, = —Phiag / |Phiag |, Where pp,, is the total momentum

of the detected particles (h) on the tag side. To improve the p; resolution, |0.4| < 4° is
applied, where:
2 ECMS ESMS _ 2 m'27
tag

Mag T CMS CMS  CMS

— g - CMS )2 2

0-p = arccos 2 pCMS [CVES , EX = Ems Py (ESS)) m.
P~ phtag

@ The p; experimental distribution is blinded before the whole analysis procedure is
established and validated.

@ Binned extended maximum-likelihood fit of the p] distribution is performed in 17 a-mass
points for both types of the final state in the range 0 < p; < 0.95GeV/c. Signal and
background PDFs are taken from MC. The signal (ny;,) and total background yields are free
parameters in the fit.

@ No significant excess of the signal events is observed in the data, upper limit on the
B(t~ — £~ a) at 95% CL is set following frequentist approach (e4.-detection efficiency for
0.95

— — _ sig
agiven a mass): UL(B(7~ — ¢~ o)) = DeauNrr
@ 1/(2e4eN-~) systematic uncertainty ((5.1 + 6.0)% for ec: and (4.7 <+ 6.2)% for pax) as well
as systematic uncertainties in the PDF modeling are taken into account.
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Search for LFV 7 — /« at Belle (lll)

\3 103
& OEN T 5 100f prrerrre
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Q 4
=3 70! 7To(a\ background = 80 EIT?)‘E\ backgvound -
-+ 7
2 &0 Dmherbackgmunds e I:IOmerbackgvounds ]
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3.5; Belle — Expected UL £ Delle § Exzecled ULtto
Expected UL + 1o L=800fb"
3*J‘L =800 1" I Expected UL =20 5 f = g:)peft";ﬂf 20
) — Observed UL 95% CL UL serve
S~ 2.5F 95% CL UL = —— Observed UL at Belle Il
o ° —— Observed UL at Belle Il Py [PRL 130, 181803 (2023)]
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B(r— > e a) < (0.4+6.4) x 1074, B(r— — p~a) < (0.2 +3.5) x 1074 95%CL
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@ The world largest statistics of  leptons collected by Belle and Belle Il allows us to
perform precision tests of the Standard Model and search for the effects of New
Physics.

@ With the statistics of 190 fo~" ~ mass has been measured at Belle II:

m, = 1777.09 + 0.08 & 0.11 MeV/c?
Belle Il result has the best accuracy and improved the accuracy of the world average = mass
by a factor of 1.3.
@ Using data sample of 362 fb~" Belle Il tested lepton flavor universality measuring the ratio
B(r™ —=p~ oyvr),
R. = B((T* e ;':V,)) :
R,, = 0.9675 + 0.0007 + 0.0036
[2+] =0.9974 +0.0019

Belle Il result has the best accuracy and improved the accuracy of the }% \T ratio by a factor
of 1.3.

@ Recently Belle Il performed a search for a number of LFV 7 decays, and improved upper
limits on the branching ratios:

B(rm = pu ppt) < 1.9 x1078 (CL=90%)
B(r~ = Ar (An7)) < 4.7(4.3) x1078 (CL=90%)
B(r — ett) < (1.3 +2.5) x1078 (CL=90%)

@ Combined Belle+Belle Il data sample of 1.4ab~" was used to measure the upper limit on the
B(t~ — £~ K2) for the first time:
B(r~ = e"KY(u~KY)) < 0.8(1.2) x1078 (CL=90%)
@ With the statistics of 800 fo~" Belle performed a search for LFV 7~ — £~ « decay (« is
neutral 0-spin invisible particle) and got the best upper limit on the B(t~ — £~ a):
B(r~ — e a) < (0.4+6.4)x107% B(r~ = p~a) < (0.2+3.5) x 1074 95%CL

@ More interesting results on ~ from Belle and Belle Il will come soon, stay tuned !
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LFU test status

HFLAV-Tau report (arXiv:2411.18639) after Belle Il results on m, and R,
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