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T physics at B factories

Belle/Belle Il are general purpose detectors: B and D physics, quarkonium, T-physics, dark sector, ...

e colliding electrons and positrons at mv(45)=10'58 GeV/c?

o(efe” — Y(4S5)) = 1.05nb

— — Belle Il Online luminosity Exp: 7-26 - All runs
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o Belle: 988 fb™* — ~908 million T pairs
o Bellell: 424 fb*— ~390 million T pairs
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o  well known missing mass and energy
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e good track reconstruction, particle identification
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KEKB — SuperKEKB accelerator
e 2xbeam currents, 50 nm vertical beam spot size (“hano beam”)
e design peak luminosity 2.1x10%* — 6.0x10%° cm™2s!
e  SuperKEKB currently holds world record (4.7x10%* cm2s1)

EM Calorimeter (ECL)
Energy resolution: 4%-1.6%

Vertex Detector
N Vertex resolution: 15 ym

Su gerleKB

L, i I_‘

A

Il

challenge: increased beam backgrounds and trigger rates

Spatial resolution: 100 pm

dE/dx resolution: 5%
prresolution: 0.4%

Belle — Belle Il detector

e new 2-layer Pixel Detector with first layer at 1.4cm

e 4-layer Silicon Vertex Detector with larger acceptance

e Central Drift Chamber with larger outer radius

e improved particle ID (K/1m separation) » arXiv:1011.0352 (Technical Design Report)
e improved trigger, and faster electronics in general


https://arxiv.org/abs/1011.0352

Michel parameters in leptonic decays

e Michel parameters (MP) of a lepton decay are bilinear combinations of coupling constants arising

in the most general expression for the decay matrix element

-
- Ve 4
W§< _ 2 g [@mOTYvu(o)] [Em(ve) Ty (0)]
= 1% 2 N=S V,T

8L N - S =1, =y T =i(yry” —y"y*) /2V/2
Scalar Vector Tensor

e MPdescribe the Lorentz structure of the charged current in the theory of weak interaction and

can be used to test the SM (only nonzero term in SM is gLLV =1)

e deviations can be caused by anomalous coupling with the W-boson, new gauge or charged Higgs

bosons, presence of massive neutrinos [1]
» [1] JHEP 2022 (2022) 117



https://doi.org/10.1007/JHEP11(2022)117

Measurement of Michel parameters at Belle

d’r m,

dx dcos @ - 4 73

W}, G/ x* = x¢ (Fis(x) = Fyg(x)P, cos 0 + Fr.(x)P, sin 64,

+Fp(X)P,sin 00, + (£ Fpp(x) + F4p(x)P, cos 6)(3)

parametric
functions
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polarisation insensitive

polarisation sensitive

m72+ m? E, my
W,, = max E, = ) X = y Xo =  Po= P
2m, max E, max E,
B —>eT Y, T e vV | T vy, | SM
p | 0.74979 4+ 0.00026 | 0.747 £+ 0.010 | 0.763 +0.020 | 0.75
n 0.057 £ 0.034 — 0.094 £ 0.073 0
¢ 1.000979-0006 1 0.994 £ 0.040 | 1.0304+0.059 | 1
e ongoinganalysis for g, n, & and &6 in T decays [1] €6 | 0.7511% 0005 | 0.734£0.028 | 0.778 £0.037 | 0.75
_ tieal , dor 10°3 ¢ 1.00 + 0.04 = 0.22 + 1.03 1
statlstlca. uncertainty a2t order ¢ 0.65 + 0.36 B — 1
systematics around 10"

Michel parameters and their most accurate determinations [4]

e measurement of fand &k in radiative leptonic T-decays [2]

° new

measurement of £'in ToUV VY, [3]

» [1] Nucl.Part.Phys.Proc. 287-288 (2017)

» [2] PTEP 2018 (2018) 2. 023C01

» [3] Phys.Rev.Lett. 131 (2023) 021801

» [4] JHEP 2022 (2022) 117



https://www.sciencedirect.com/science/article/pii/S2405601417300901?via=ihub
https://doi.org/10.1093/ptep/pty003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021801
https://doi.org/10.1007/JHEP11(2022)117

First measurement of the Michel parameter €' in
thet — p'v'”vT decay at Belle

e method uses muon decay-in-flight
e searchingfor kinks inside the tracking detector

e theinformation about muon spin can be inferred

from the daughter electron direction in the muon

rest frame due to P-violation in the decay

e using the full Belle data sample of 988 fb!




N /(8 MeV/c)

Kink candidates

x 102 o N o
7 ' - - C 1 pu —e ey, 50 C 1 p —e vy,
CO 7 —=p 7, A0 C 7 —=p 7,
Bl K- < Bl K —n
B K3 body % 30 EEE K —3 body
B K i, E B K i,
B c-scattering =20 B c-scattering
Bl -scattering Z 10 El -scattering
hadron hadron
- scattering e scattering
0 100 200 300 400 | data 0 20 40 60 b data
p-x [MeV/c] pe, [MeV/c]
e daughter particle momentum in the rest frame e BDT isused to suppress background by 50
of the mother particle with pion and kaon mass times with the signal efficiency €og = 80%
hypotheses

e main background sources are two body decays

of mand K



Result
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cosf,

angle of electron emission direction in the muon rest frame

2D unbinned likelihood fit using'y and cos6_
histogram is signal, filled area is the background function
the measured value is §' = 0.22 + 0.94 (stat) + 0.42 (syst) [1, 2]

o  totaluncertaintyis 1.03

Belle Il (with 50 ab™!) can improve the statistical uncertainty up to
O = 7 x 1073[3]
o enlarged drift chamber, special kink reconstruction algorithm,
higher integrated luminosity
o  GNN-based tracking algorithm for displaced tracks [4]
o  systematics can be controlled at the same level with various data

samples with kinks

» [1] Phys.Rev.Lett. 131 (2023) 021801
» [2] Phys.Rev.D 108 (2023) 012003

» [3] JHEP 10 (2022) 035

» [4] CHEP 2023



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012003
https://link.springer.com/article/10.1007/JHEP10(2022)035
https://indico.jlab.org/event/459/contributions/11761/
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Lepton universality tests at Belle li

e inthe SMthe electroweak gauge bosons have the same coupling to all generations of leptons

e precise test of y-e universality by measuring

9u\ _ BT 2 vepmvu(y) f(mE/m2) B 5 _d 5
(7).~ \/ B vrew.() fongmy) T =1mSerseme e
e ratio of leptonic branching fractions
_ B~ = v vu(y) sm
R, = B S oeiily)) 0.9726

is sensitive to new physics if it violates lepton flavour [2] or lepton universality in weak
charged-currents [3]
» [1] Phys.Rev.Lett. 61 (1988) 1815
» [2] arXiv:1607.06832
» [3] arXiv:2105.06734 9



https://doi.org/10.1103/PhysRevLett.61.1815
https://arxiv.org/abs/1607.06832
https://arxiv.org/abs/2105.06734

leptonic
mode

Event topology

hadronic mode

1ty

using 1-prong decays with one charged hadron and at least one i° on the tag side

e large BF (~35%), low backgrounds, high trigger efficiency

e Signal side selection . @
. Ve
>  1track: particle ID requirement (u or e) tag side Y

Cwr 2
e Tagside selection Ty‘J\N\ 6 Y

+ » /d
> 1track:E, . /p<0.8 ¢ /_‘ ¢
cluster Vel - T
> N@9._ >0 - . signal side

tag W~ N
N\
Vi

Dataset

e on-resonance sample corresponding to 362 fb1 (2019 - 2022)
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Event selection analysis cut

. o 0\166\ l
e Background suppression with rectangular cuts + neural network 1 of ‘ ‘ 7 —— Trouxp
be ao — TToexp
i i (4] 1 —+— tr-otherxp
e exactly same selectionis used for e and p sample \s \&5 ‘IL[ S it
8 107 1~ eey
= A E 4 —— oth
o thrust value Vv max Zi |piCM . nthrust| i 10 ] others
. thrust — SCM =
o  thrustaxis® > 1AM g 10°
5

=
o
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o  totalvisible energy (CMS)

=
(=)
4

o missing momentum: p. 6 (CMS) ﬁL
¢} tag side: p, 6, M (CMS) 0.0 02 0.4 0.6 0.8 1.0

neural network output

=
o
°

e restrict analysis to region least sensitive to particle ID systematics \@
3.0 X10° Y(O eIIe 1l Prellmlnary (2023) .
1 TTUX

o 082<6,,<213 (barrel of muon detector) S 25 rae = se16m- 105 asexn

[T\ —}— TT-1xother
o 15GeV<p, . <50GeV Qo) {7 roathernn

lepton o 15 1 —+— others
o ¢ data

o 94% purity @ 9.6% signal efficiency for combined e+u sample E»

+ - o [t H £/aEY). o) . =11
© e+e__)T+T_ En fakl:gl'; /e2):30/3.3/0 main g Lo %%ﬂmmmmﬁ%%‘%
¢) ee T T \wrongtag): ~4. .

T rwronstag ° backgrounds R T T A T
o e'e—e'eTT1:02% El. [GeV]
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108 ao? . Blelle I.I Prelilrninary (202.3)
. -ch | signal (u*) 77/ Uncertaint
R t t \6\\\\ 1(0)7 ﬁrz_f?tnne - i ( :1) I_ Uncertainty
1 other (h* dt = 361.6 fb~!
extraction ) 10° = onern
M 5 10
e
104
® measure R with a binned maximum likelihood fit using the 10°
pyhflibrary [1] g 107 ——
e Y il 7
e 21 binsdefined over lepton momentum from 1.5 to 5 GeV S 0;3 Uil
H H H H H § 1.5 2:0 215 310 3.‘5 410 4:5 5.0
e systematics are included with (constrained) nuisance e Candi% te momentum [Gev/e]
. \©
parameters that modify the templates N 00° Belle I Preliminary (2023)
e 3templates for yand e channel \s’i\\\}% s-rzr_mfai:na = sigmll) 2% Incerainy
= other (h*) [Ldt = 361.6fb?
o signal decays o 10°
c
o  background with correct lepton on the signal side % 10°
104
o  background with misidentified particle on the signal side 163
o 102
© T T T T T T
& YO iR
E 0.97 f IR
S 15 20 25 30 35 40 45 50

» [1] JOSS 6 (2021) 2823

e* candidate momentum [GeV/c]
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https://doi.org/10.21105/joss.02823

Systematics

Particle identification (leading) (0.32%)
e correction factors and uncertainties derived from
calibration channels
o eff:)/Jy—Ul ee—e'el'f ande’e — L' (y)

o fakes: KSO — T and T — ]Ti]TI]TiVT

Trigger (sub-leading) (0.10%)
e used triggers are based on EM calorimeter information,
targeting low multiplicity events
o mostimportant: E_ >1GeV trigger
e correction factor for MC obtained directly from data

o £€=99.8%for1—e Vv v _and e=96.6% for T_—>U_V_”VT

Source

Uncertainty [%]

Charged-particle identification:

Electron identification 0.22
Muon misidentification 0.19
Electron misidentification 0.12
Muon identification 0.05
Trigger 0.10
Imperfections of the simulation:
Modelling of FSR 0.08
Normalisation of individual processes 0.07
Modelling of the momentum distribution 0.06
Tag side modelling 0.05
70 efficiency 0.02
Modelling of ISR 0.01
Photon efficiency < 0.01
Photon energy < 0.01
Size of the samples
Simulated samples 0.06
Luminosity 0.01
Charged-particle reconstruction:
Particle decay-in-flight 0.02
Tracking efficiency 0.01
Detector misalignment < 0.01
Momentum correction < 0.01
Total 0.37

relative systematic uncertainties of Ru

13



Stability of the result

e checked for consistency of the result before unblinding
e sub-regions for different kinematic variables (momentum, polar angle, missing momentum, charge),

data-taking periods as well as different requirements for particle-identification

e good agreement between the measured values

0.015 \.ad\ Belle Il Preliminary (2023)
E oY

aQQ( é stat + sys $ LIDsys ¢ stat

0.0 O |
o
~ 0.005 1
oC

< oo00l# |t g i X T b + ........................................................................... { ....... 4
—0.005 | 1

_0.010 1 L L 1 L L L 1 L Il 1 1 L L 1 L 1 L I L

T N N o v VW W M O O | W|W N H N O N O 1)

Edm g 7 T R 7 S5 0BT T oo 2 A S 2RO s

E v v v = = = o y A g S A © © 5, © © . ﬁ

o ~ ~ ~ \Y \Y \ \% 0 n — - A A @ A A o i}
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Result

e Wwe measure Ru =0.9675 £ 0.0037
o statistical uncertainty 0.0007
o  systematic uncertainty 0.0036

e consistent with SM expectation at the level of 1.4 sigma

x10°

Belle Il Prellmlnary (2023)

\Ignal(u )
other (u*)
mmm other (h*)

5 L p-channel

post-fita QQ(O

—— Data

iz Uncertalnty 1

[Ldt = 361.6 fb~? ]

u* candidate momentum [GeV/c]

Ko} 0

'8101_ T T T T T ]
1S 1.0 4 Y PP PV s Y973 V*//‘//VA/

~ L0 WA AR AR AR IR TAN, /%

© ¥
450.99- . . . . . . E
© 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Belle Il Preliminary (2023)

e 95% CL

Gaussian approximation
parameter scan

0.962 0.964 0.966 0.968 0.970 0.972 0.974
R
u

68%.CL]

6 x10° Belle II Prellmlnary (2023)
e- channel \E Ignal (e* ) 2 Uncertalnty

5 post -fit Q( other (e*) —— Data E
\Y = other (h*) [Ldt = 361.6fb?

ev(
B

N

o) 0

'81_01_ T T T T T T -
. %

1S 1.0 INIT VY, VRVIF VDT VL ) y,x/x/-/,l//#/(///i//i/ ol

~ L 2 g | Ze 2 o /y)r/y,";ry/?//T//}//*/

©

4{30.99k ! ! ! ! ! ! ]

k] 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

e* candidate momentum [GeV/c]
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Result

(0\136\
a\0)
oY *
Q€ " RM=0.9726
WO '
\° CLEO (1997)
0.9777 +£0.0063 + 0.0087
BaBar (2010)
0.9796 = 0.0016 + 0.0036
Belle Il Preliminary (2023)
. .
0.9675 + 0.0007 =+ 0.0036
. combination
0.9735 +£0.0026
L L L L Il
0.96 0.98 1.00 1.02 1.04
RH

<g_u) _ g, f(mZ/m3)

CLEO (1997)
1.0026 = 0.0055

BaBar (2010)
1.0036 +0.0020

Belle Il Preliminary (2023)
0.9974 + 0.0019

combination
1.0005 +0.0013

0.98

1.00 1.02 1.04 1.06
|91/ Gelx

most precise test of y-e universality in T decays from a single measurement

o determination of g”/ge from global fit to tau BFs: 1.0019 £ 0.0014 [1]

combination of CLEO, BaBar and Belle Il (assuming indep. systematics) yields gu/ge = 1.0005 +0.0013

» [1] HELAV, Phys.Rev.D 107 (2023) 052008

16


https://doi.org/10.1103/PhysRevD.107.052008

Summary

e Belledata (988 fb) is still being actively analysed

o first measurement of the Michel parameter ' using a novel method
e Bellell recorded 424 fb™! so far, resuming data taking soon
e new results for test of y-e universality

o  world’s best determination from single measurement

o similar systematics as BaBar measurement

o stillroom for improvement in systematics

e more (1) physics to come from Belle/Belle |1 !

Thank you!
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Radiative and five-body leptonic
T decays

» Radiative and five-body leptonic 7-decays provide information about Michel
parameters that describe daughter lepton polarizationin = — £ U,v,

* Their understanding is also crucial for LFV studies as they are main background

i —
dI'(tz— > ¢ b = ey - =—1/4 N+ 2/3ES
g'g - KT}/)=(A0+’_7A1)+<BO+§KBI>'ST *f_K (§+§H)+ ¢
A= § dE,dQ,dE,dQ, i=4/3p— 1/4&" - 3/4
((r-cv & E Belle collaboration measured (flc(e)1= —04=x1.2, &(u) = 0.8 £0.6, and
! nw =-13£17(&="7111fb") PTEP 2018 (2018) 2, 023C01
- " A
P Belle estimations for & = 700 fb™
= -C.a Bl i Mode SM Br Measured :Expected N Systematics
8 § 8 §'g G oeteteny | 421(1)x 1070 (1.8 £ 1.5)x 1070 1300 (r, = 47%); (6 —12)%
=L 0
0 g§a é BB v —uetetr,|1.984(4) x 1075 1< 3.2 x 1075(90%) 1430 (r, = 50%) | (8 — 13)%
—_ [ - s (O] :
Reg i L7 7 rzewwradiann)x 107 SUENMEEEE 8¢,=37%) | (G6-7)%
L_g/ T = R, | 1.183(1) x 1077 NM 4(ry=16%) | (36-72)%
L JHEP 04 (201_ 6) 185 VJ.ths.Conf.Ser. 912 (2017) 14‘
7 /20

Denis Bodrov Tau physics program at Belle Il
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7 lepton polarization at Belle |

e The beams at Belle Il are not polarized, so average 7 lepton polarization is
zero. Nevertheless, spins of 7 leptons are correlated in ete™ — t177:

do(e*e~(W™) = 73,(S50)70s(Sag)) 2B L
o = —— |4+ DG Gap)
1% wn L,
1+— ] sin“6, 0 —sin 260,
sin?@ s Y
Ay=1+cos?0, +- — D;= 0 —p?sin? 6, 0
J 1 ,  sin®6,
—sin 26, 0 I +cos” 0, ——
¥ /4

* One can use tagging 7 lepton as a spin analyzer with the decay mode

+T[0l71. This mode has the largest branching fraction (around 25 %),
and it is also well-studied

T o

Denis Bodrov Tau physics program at Belle I




Leptonic differential decay width
parametric functions definition

2
Fi(x) = x(1 —x) + 6p(4x2 —3x —x3) + nxy(1 — x)

Foit= a2 |1 —xe=s| 43 %
x) ==& /x* —x —x+—=6|4x-3-——
a 3 0 3 2

L o , x¢ 3 X3
F,P(x)—5—4\/x s |—=9¢ (2x—3+?>+4§<5—z> <4x—3—7>]

Fyp(x) = % [5” (2x2 -—X = x(:))‘) +4 (p - %) (4x2 - 3x - x(:)z) + 21" xo(1 — x)]

Fr(x)=— % [z (z;" +12 ( - 3) >(1 — X)Xy + 3n(x* — x3) +n"(3x* — 4x + xg)]

4
1 al /
Fr0 == x*—x3 <3X(1 - X+ %(2 - xg))

Denis Bodrov Tau physics program at Belle I 25 21




MP parameters through coupling
constants

3
2 [( |gRLI + | gzl ) (lgLTR|2+ |31§L|2> +R {gRLgRL+gLRgLR}]
S* T+ V(S T+ V 8% 4 VS
R {g (82r + 687x) + &1k (&R + 68xr) + (8rr8LL + 8118kR) }
&= 4R {gneln — stieh ) + (18512~ 18kl ) +3 (18— 181
1
2 2 2 2 2 2
+5 (1aZel = 1kl ) +5 (1851~ lgfel + 185 ~ 185 ")
- 3 S |2 S |2 5 12 S 12 3 V2 vV 12 T (2
55_1—6 |gLL| "'lgRR| +|gRL| _lgLRl +Z IgLLl "IgRRl "lgLRl

T 2 S T+ S _T*
+lgr "+ R {gLRgLR - gRLgRL})

Denis Bodrov Tau physics program at Belle I 26
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MP parameters through coupling
constants (2)

’ 2 2 2 2 2 2
5=—[3(|g,§| —1fal?) + (ke + 18K, = gkl = 181, )
1 2 2 2 2
7 (18l + 1881 = 185~ 165217

1
&= 1= (1e8 P+ 185l ) +2 (185, + 1ske* + 187+ 185 )

+4R {gRLgRL + gLRgLR}

1
P V (.S* T V (. §* T* vV _sx vV S
n = Em {3gRL (80% +68iz) + 387 (g3, +688;) — (8Rx8LL + 8118k%) }
ﬁ_ls V(S*+6 T*)_ V(S*+6 T*)
) 8rr \8rr T O8re) — 8rr \81r T 81k
g1
— ==
A 4 {gRRgLL gLLgRR}
Denis Bodrov Tau physics program at Belle 11
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collision poine | Belle 1l detector

<~

Positron damping ring

SuperKEKB accelerator @Tsukuba, Japan

Belle Il detector

Resistive Plate Counter (barrel)
WLSF + MPPC (end-caps)

KL and muon detector:(KLM) ]

EM Calorimeter: ( AN
Csl(Tl), waveform samp Q
Pure Csl + waveform sam

agation counter (barrel) }

electron (7GeV) g Aerogel RICH (fwd)

2cm diameter

Vertex Detector

[Beryllium beam pipe
[2 layers DEPFET + 4 layers'D

positron (4GeV)

He(50%):C2He(50%), Small ce
lever arm, fast electronics

» arXiv:1011.0352 (Technical Design Report)
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