Tau Analysis 101*

“We use (the name) t because it appears

to be the third charged lepton to be found
and tpttov means third in Greek.”

— Martin Perl, Proceedings of the

Xl Recontre de Moriond (1977)

Soeren Prell (lowa State University)
Belle II Physics Week
October 14-18, 2024 @ KEK
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*101 (adjective): showing most basic knowledge about a subject



The T in the Standard Model

* Tisalepton anda Standard Model of Elementary Particles
memb er Of a leﬁ_handed three generations of matter interactions / force carriers
doublet (fermions) (bosons)
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— T decays always have a ol i ) o
Vv in the final state " d,; v S " b,_, 1 a
— T only decays via down l strange | bottom | l photon
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charged weak current :
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— Only lepton that decays ¢ =22
™ electron muon tau W boson LU
to hadrons (but notto 5 |_neutrino || neutrino || neutrino ) us

¢, b, and t quarks)
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Brief history of heavy fermions

o 1972 Kobayashi & Maskawa predict 37 generation of quarks to
explain CP violation in kaon decays

o 1974 J/¢ discovered independently at SLAC (Richter et al.) and
BNL (Ting et al.) — first strong evidence for the charm quark

1975 rlepton discovered at SLAC —
first evidence for 3" generation fermions (Perl et al.)

1977 Y(1S) discovered at Fermilab (Lederman et al.) —
first evidence for the bottom quark and 3" generation quarks

1995 top quark discovered at Fermilab (D0 & CDF)
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The T discovery (1975)

If a sequential 3" charged Y Ve
lepton exists, it will decay . ad VT i v
to the first two generations va S " ML

Looking forete™ - tt1™ = e*u™E ;o

Early ete™ - eTu*E,,;ss event
l Muon Wire Chambers x
| Iron (20 em)
<= Shower Counters (24)
w <= Coil
']' Trigger Counters (48)

Cylindrical
Wire Chambers

\\\

Trigger

*k
: |
Counters (4) ]

Aol ] l

I 1 meter |

SLAC-LBL detector G.J. Feldman at

Lepton Photon 1975
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T pair production in e e~ collisions

10 = 'l'""rm‘{‘!TT 1 H lll!ffg T | T 1) ':,_ 10,000
+ + g .
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z" Y s r i
+ 1k ” = 1000
- + - + F A i
€ T € T s 1 =
01 E Threshoid ER
g i &
. St . . . gt oo —
15t order diagrams for T pair production N ] -
0.01 _Ei 10
e ee — TT cross-section can be precisely - SuperKEKB :
calculated ooilis _p
— Was already calculated before the T : :
was discovered (assuming that the T - .
. . . . . popegdal o g seanl 2 44 za N 08
is a point-like fermion of a certain il 0 100 1000
m a S S) £tOl (GBV)
Cross-section rises sharply
at the 2 x m(t) threshold
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Belle Il is T factory !
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o We call Belle Il a B factory because of the
large ete™ — BB cross-section at the Y(4S)

The cross-section c(ete™ = 1517) = 0.919+ 0.003 nb at 10.58 GeV
We produce 920,000 Tt~ events per 1 fb!
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T pair production is “clean”

o BB production is clean at the Y(45)
— Only ete™ - BB is allowed (no additional particles)
— Not enough energy forete™ - B*B

— Reconstruction on B (tag) provides parton cascade  hadronization
momentum of the other B

o Charm (and light) hadron

production is not clean

— Additional particles from &
fragmentation

Phadron
])(lllul'k

xr =

relevant variable

— Two charm hadrons can |, |
be Ofdiﬁ.erent lypeS T, = p momentum fraction i

plll;l.\I

T
])lll-'|x — \/.\‘/ 1 = ]}Il-l;l(ll'()ﬂ

* T pair production is clean
— No particles from fragmentation
- Ef = Epogm (= 5.29 GeV at Belle 11)

— Reconstructing tag t reduces
background from non-t-pair events
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T decay (simplified)

DT
T 20% 20% 60%
ey
W
!
V.V, d

|d,> _— Vud|d> T Vus|S>

* Leptonic branching fraction is ~20%
o (Semi) hadronic final states are mostly non-strange

— |V.s|? = sin? 0, = 5% of hadr. decays have net strangeness
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T branching fractions

e 35% leptonic
— ~50:50 electrons and muons
e 065% hadronic

* Leptonic decays

17.4%

— >99.9% I-prong _-v,  59q

T > i Ly 0
szl_/v\\ - 9.0% 10.8%
* All decays
— 85 % [-prong
— 15% 3-prong
— 0.1% 5-prong Lo
— < 3x107 7-prong

* All Tt decays have an odd number
of charged particles (prongs®) in
the final state

25.5%

*prong (noun): projecting pointed parts at the end of a fork
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Tau events are really clean !

T pair events have either 2 tracks (73%), 4 tracks (26%), or 6 tracks (2%)

-50 0 50 100

A typical (3x1) event.
Candidate fora e*e™ -» (z* - 3nv,) (v~ - p~v,¥,) event
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T pair kinematics

ete” - 1ttr™

Energy conservation (“jetty” T pairs or boosted T’s)
- Ef = Epoqm = 5.29 GeV - p; = 5.0 GeV (m; = 1.777 GeV)
* Momentum conservation (back-to-back taus)

-p' () =-p (") (* indicates center-of-mass system)

Unfortunately, we don’t know the direction of the T'’s

— FEach t decays to one or more neutrinos, taking away momentum

Approximate the directions of the T’s with the event thrust axis Ny

— The thrust axis maximizes the thrust magnitude T
isotropic jetty . Y57 - nrl
>I5;
i runs over all tracks and
neutral particles in the event

T«K1 T ~1
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Signal T and tag T

Use the thrust axis to split event into two hemispheres

— Each hemisphere
contains decay
products of only one T » :"Tﬁ
\/)/Z/ » [
A
Signal - TN /

hemisphere "~ ./ €

-
— The signal hemisphere / Tag ‘J%

contains the signal T, / hemisph_ere .

and the tag hemisphere V 4
contains the tag t t
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Backgrounds

o The actual background in any analysis strongly depends on the final
state under study ...

o The “usual” backgrounds ...
— BB: many tracks (~10 on average), isotropic topology

— qq continuum: many tracks, jetty-ish, few leptons

... can be effectively suppressed requiring a large thrust value,
and either an e or U in the tag hemisphere (lepton tag)

o The “unusual” backgrounds (low-multiplicity backgrounds)

- eTe~(y) or Bhabha events 25 e
— utum(y) or mu pair events - ;?'-.1 Hadronic cross-section
- ete™ X where X can be a lepton E ot ;"*I "=+ near 10 GeV
pair, a hadronic resonance ™| * :'-,l‘ N
or a multi-hadron final state € *} | ™ . & " wd Neme aratn.
. TI(IS) . TI(ZS) I'T(E"S) . . T(dllS) .
(Wlth or Wlthout Inltlal State I’adlatIOn (ISR) 944 946 10.00 10.02 1034 1037 10.54 10.58 10.62

Mass (GeV/c )

or final state radiation (FSR))
“unusual” backgrounds don’t show up here
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Backgrounds from ee(y) and uu(y)

y can come from ISR or FSR, or

from interaction with

detector material (bremsstrahlung)

Relatively easy to identify, but huge
cross-section ( > o(ee = 1T) )

Even an issue for (3x1) tau events

— Y can convert in detector material to

ete” or (if virtual) turn into a vector

meson

Y is mostly soft, and the leptons have
nearly beam energy and remain very

collinear

— YL(y) events have large thrust value
Cut on thrust is effective against ee(y)

and uu(y) backgrounds

19 sig: 28368.3

0+/-63.64  bkg: 9761.07+/-29.35

v (ISR)

Purity: 0.7440+/-0.0007 _ e(sig): 0.037

3000 —
2500 —
2000

1500

number of events

1000

500

1

Data/MC

Belle Il Preliminary

Z JLdt =86fb’

- Example: T - 3mv sample
- (with 1-prong tag) '

(L [

» Data(proc12 chunk1)— MC14ri_a='= 1—>nnmy
= lity)

- eell, eehh, llll 1t BG

—qq

08 082 084 086 088 09 092 004 096 098 1

thrust
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Four-fermion backgrounds (2-photon events)

* Produced fermions f f can be leptons or quarks & —F—7r——¢e

. o |
— quarks can form hadronic resonances "
— [ [ system can produce 2,3,4, or more hadrons
o They"™ are often emitted collinear with the beams
and the beam electrons disappear in the beam
pipe carrying a lot of energy, but not always v

i
) ) oy —
e Possible scenarios

@

— Beam electrons go down the beam pipe — small mass of the f f system

— Beam electrons are scattered into the detector — if f f system produces 2 tracks,
event can mimic (3x1) T event 6000

— Contrary to T events, there are nov'’s
and the 4 tracks carry the full CM energy

B(t+ — pTpTe™)= 8.0-10°

Sy
o
(=]
o

Example: visible energy of 17 - u*u~e”
candidates in LFV search

Entries / 0.140 GeV

[ Signal eepLL B pppp

B T | eeee B Other

BN qq B T 27/, MC stat. unc. 55
[ eeTT { Data

Bl cc QT T
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Missing energy/momentum in TV T~ events

Belle IT (Preliminary)

e T pairs have at least 2 v, in the SM fcd . + Data  EEE pu(y)
. t=424fb" —— Signal [ eeup

— Hadr. T decays have I neutrino (v;) e = -

— Leptonic T decays also have an v, o . T Stat.

s BB + Unc.

— Large missing energy in T" T~ events

Events per 0.126 rad
w
o

e Missing energy also arises if
particles are not detected (e.g.,
when they go down the beam pipe)

Do
o

< ol e b

—_
o

o [Inreconstructed t+t~ events, the
missing momentum vector is aligned
with visible energy and the thrust axis

o

— Missing momentum vector points into

fiducial detector volume in T T~ events Many low-multiplicity backgrounds
are not modeled very well.
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Typical T analysis cuts

* Object reconstruction
— Usual criteria for tracks and neutrals (incl. particle ID)

— Resonance masses

» FEvent variables
— Track multiplicity (and neutral multiplicity)
— Thrust magnitude
— Visible energy, missing momentum magnitude, missing mass (squared)

— Missing momentum direction

o Tag variables
— 3-prong tag (e.g., if signal tau decay is one-prong)
» To reject £€(y) backgrounds
— I-prong tag (leptonic or hadronic)
» For larger efficiency and to reject qq background
— Inclusive tag (combined many ROE variables in a BDT)
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Trigger efficiency uncertainty is not negligible!

 Trigger efficiency is 100% for BB events, but not for T¥t~ events

* €rig and its uncertainty need to be determined

* Worst €ri4 for (1x1) topologies
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Belle II'’s T analyses

1. Lepton flavor violation (LFV) searches

2. (Precision) tests of the SM

Belle II Physics Week 2024



Lepton number/flavor conservation

Lepton flavor is almost conserved in SM
Loop diagrams with v mixing can give

. . Nz(vz) =1
charged lepton flavor violation (cLFV) N_(1) = 1

V.
Example: LFV decay v - 3u H T /
u \;Vlﬂ e, u,d
Z/y L T
: . R
S u
ik N, =0
— SM cLFV BFs are of order 10~(30£2) -
 Many beyond SM models predict cLFV: —  \__ Lo
— E.g., Leptoquarks (LQ), Z’
_ _ o
4, s—channel (¢
Any observation of cLFV ’ / o
will make you famous ! z

-

_ // .
T > > L[
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90% C.L. upper limits on LFV t decays
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« CLEO

+ ATLAS

» CMS

+ LHCb

v BaBar

s Belle

+ Belle Il (5 ab™)
= Belle Il (50 ab™)

® Belle Il

Belle Il

(not yet public)
Belle |+l
(not yet public)

More searches are in progress, but all 5%, £V°, £hh, and remaining BNV modes
are not covered; should repeat all searches every time our dataset doubles !

Tau Physics 101
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5000

4000

3000

2000

1000

In (most) LFV T searches, final state can

Fully-reconstructed t's

m(1)-AE signal region

be fully reconstructed (no neutrinos)

Important kinematic variables

— mass of T candidate m(7)

— difference between T energy and
beam energy (in center of mass)

AE = E*(t) —+/s/2

— AFE tail towards lower values due to ISR

Signal yield usually estimated in
m(7)-AE signal region

Belle Il Simulation:
T = ppt

—e— Data
Model

+?/ndof = 1.69

1L = 1.7773 +/- 0.0001 GeV/c’

left
Gauss

19 = 4.8001 +/- 0.0728 M

right
Gauss

o = 4.4415 +/- 0.0618 M

aV/c2

L 2
aV//c -
@

m(7)

—_
(ew)
w

S
Simulated signal events

10t

7 Belle II (Preliminary) Signal region
0.3 - /Edt=424fb_1 —— £200 region
] i —— Sidebands
- Bt —p ptp)=6x10" + Data
0.2 ]
0.1
0.0
—0.1 -
—0.2-
0.3
T [ T T T T T T T T T T 1T
1.70 1.75 1.80
Belle Il Simulation:
TS WP
—e— Data
Model

x2/ndof = 1.25

u = 0.0007 +/- 0.0003 GeV/c?

left
6Gauss

right
Gauss

3

= 14.8802 +/- 0.2791 MeV/c?

= 10.0385 +/- 0.4729 MeV/c?

a.’ . ‘.
" “ou, ; 'b
0 M ‘f‘ I R SR TN N | AL M o i ekl N AR T
1.78 1.74 1.75 1.76 177 1.78 1.79 1.8 181 03 -025 02  -015  -01  -005 0 0.05 01 0.15
M,, (GeV/c?) AE;, (GeV)
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Tests of the SM with T measurements

* Tau properties
— Lifetime
— Mass

— Electric and magnetic dipole moment (also of u)

* Couplings

— Lepton flavor universality

— Vus
— Michel parameters
— Second class currents
- ag
— CPviolation
* Hadronic system

— Spectral functions

Almost all measurements
are systematically limited:

— Partial-wave analyses

400M t pair events !l

Tau Physics 101
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 The T decays weakly. T lifetime is the ratio of the leptonic BF and width

Tr =

T lifetime

1 B

Tir (T — lyw,))

* and the leptonic width can be calculated in the SM

e L) =

G
1927r3 f(

2

’T

)TEW

£l =1 — 8z + 82% — 2* — 1222 log

TEw = o

25 s m;
4 ™ m2

(1) ~ 290 fs

Tau Physics 101
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Not quite stable,

not quite prompt

| Detector-Prompt c = = Detector-Stable
B S o
o OH | . T
105 - ° G - G
: W/Z
>
()
=
— 4
- 10 : Bi/BO
(V)]
@)
& O//w
= D*/D°
G e 2 A
£ 103 4 P e ® on p
S y K2  KP
(a 18
O A N
0 +
T
2 » OU
10-%7 1072 107! 10 1071t 107 1073 101 10°

Proper Lifetime T [s]

Tau Physics 101
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Lifetime measurement

e Decay time i
— distribution is exponential with decay
constant A = 1/t and average of T = M
g Qitd ws. t
N(t) m Linear Plot
—At
t) = e 5 05+
o) = :
(t) =1 N, is number of 5 . E
particles att =0 ' !
E 1/e%
0 j i j .

* Decay times are too short to measure ’ t tin mzﬁtnf £y 3 a

— Typical timing resolution in Belle II is
of order I ns (or 3,000 T lifetimes)

» Determine decay time from decay £ mé
distance ¥ (taking into account time [ = —— = —
dilation) IBVC pC

Belle II Physics Week 2024 26
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T lifetime measurement

* Belle determined t lifetime Belle (PRL 112 (2014) 031801)

10°F

from fit to decay time
distribution in (3x3) T pair
events

Entries / 10 um

— averagetis 245 um
(can be measured with good
vertex detector)
* Negative decay times result
from finite detector resolution

0.06 0.08 0.1

Best measurement from Belle _ s ()
(largest s;/;’;.ner;r;!)r:t;rom SVD = z_H l HH ( M ' \H . | HH‘ |H H {
AR R L L B

T(T) = 29017 i 053 i 033 fs -4-0.36] ] '-0.104' ' l-o.loz' — (I)' ' 'o.i)z' ‘ 10.2)4' l ‘0.1)61 ' 'o.i)sl ol
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m, measurement at e e~ — TV T threshold

ete™ — 1117 cross-section as
function of center-of-mass
energy at T 1 threshold
depends strongly on m,

First m; measurements came
from the cross-section of
ete™ - eu X events

= (1900 + 100) MeV

This is still one of the most
precise techniques

=(1776.91 + 0.121313) MeV

.. but SuperKEKB operates far
away from 1~ threshold

55 rj T I - T ] T T T. B
; SLAC-LBL Magnetic
50 ’ Detector Collaboration
conﬁcaence ;c e (1977)
| upper
O = limit | S
N
L S
I -
0 J L | T =
@) 9 4 8 o N

Ec.m. (Ge\/) 312881
g 2.0 _' R AR SN A TS TR NN Tea. '_
< [ BES III, Phys. Rev. D90 (2014) 012001 ]
~ 15+ o
5 | :
= - 2 X m(1) 1
O 10 .
(/p) i i
D os5F Cross-section of -
O - (1x1) T pair events
O L ]
0.0 | l | i)

3540 3550 3560 3570 3580 3590 3600 3610

W (MeV)

Tau Physics 101
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m., mass measurement at Belle I]

e T mass measurement with T = 3mv

M, . approximates m; assuming

the neutrino direction is the same as
the three-pion momentum direction

— Ifit’snot, M,. <m,

2 2
g8 8

14000 |-

Entries / 0.8MeV/c?
N
(=]
b3

10000

Perfect

8000
w0l detector /
w0l FE€SOlUtion \

ISR + FSR

. . 2000 | Only FSR
- < .
mlll \/M /2 E )( 3z p3ﬂ) =M, 168 1.7 172 1.74 1.76 1.78 18 162 184
M. (GeV/c?)
x10°
* Sharp drop of M. distribution at m; s Bellen { Data — Fit
' % 14f J.L dt =190 b 3 Background

— Smeared by detector resolution 2t

o 12F m, = 1777.09 + 0.08 + 0.11 MeV/c?

m(r)
= B
o Most precise T mass measurement 2 sf
P g b Actual detector
— Largest systematics from knowledge " t  resolution

of beam energy and momentum scale Y S o p— i

_ 2 _ ................................................................ gers O essssursnes R ————

S 0 _!!.. v e e o e ... ;!...;.‘,a.' ....... B X AT

i 5 o g S .................... S -

Belle II, PRD 108 (2023) 032006 1.7 1.72 1.74 1 76 1.78 1.8 1.82 1.84

M., [GeV/c?]
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SM test

Test of SM with T mass and lifetime

0.1790 -
] m.PDG 2023 (w/o Belle Il 2023)
1 m. HFLAV 2023 (with Belle Il 2023)
.
0.1785
T, 1
g I
q) \
T
L
m
0.1780
| )  mbe Fm
B'(t > evv) = B(u — eVv) —— 2023 prelim
T | 1 | 1 |
HH o895 290.0 290.5 291.0 291.5
te [fs]
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Light-lepton universality

x10° Belle Il Preliminary (2023)

® ]I’l the SIM, ge — gﬂ 5 | u-channel B signal (u*) 727 Uncertainty ]
v post-fit other (u*) Data |

o Vi 4 mmm other (h*) [Ldt = 361.6fb™1 ]

g g.
e = =

—
v
’?a ’
A
3
’?:
| =
events

7]
— -U 1 1 I 1 T T 2}
gu) B(r~ = vrpmvu(y)) f(mZ/m?) S 1.005 [ )9
—=] = — - S 1.0 g WWM ¢
<ge T B(r= — vre ve(y)) f(mﬁ/m% © 0.995 | /é/ | 1 o | &z
= 15 20 25 30 35 40 45 5.0

u* candidate momentum [GeV/c]

x10° Belle 1l Preliminary (2023)

e-channel  ®=m signal (e*) 72/ Uncertainty |
5 | post-fit mmm other (e¥*) Data .
mmm other (h*) [Ldt = 361.6fb ]

tag side

events
w

1.005 | | | | | ' ' ]
1.0 pebebogpap bt W 7 %
0.995 | ARAKA ¥ N

1.5 20 25 30 35 40 45 5.0
e* candidate momentum [GeV/c]

data / model
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Light-lepton universality

B(r™ = vz~ vu(7)) Iu f(m2/m2)
R, = = LRI T e i
B(t— = v.e Te(y)) 9e )+ f(mi;/m3)
Rj"" =0.9726
CLEO (1997)
CLEO (1997) 1.0026 + 0.0055
0.9777 + 0.0063 = 0.0087
BaBar (2010) BaBar (2010)
abar
1. +0.002
0.9796 % 0.0016 + 0.0036 0036 + 0.0020
combination combination
—a— »
0.9735 + 0.0026 1.0005 + 0.0013
0.96 0.98 1.00 102 1.04 098  1.00 102 104 106
Ry 19,/ Gel+

Most precise measurement of R,
(largest syst. error from lepton ID)
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Michel parameters

e Generalized matrix element

/-
w- Uy 4GE -
= = Z 01/ [ul(Z)FNVH(VK)] [“m(VT)FNUj(T)]
T- Fe ‘/Z N=S,V.T
s  j=L.R
m, < "%N ¢ o
T = ' I/r
e hem DS =1L, T =y, T =i(y"y" —y"y") /2V2
Scalar Vector Tensor

o Test Lorentz structure of weak current (in SM g{; = 1, all other gf\]’- =0)
dI'  G%m m
dz 19273 {fo( )+ pf1(x) + ﬂm—ffz (z) - P, [591 (z) + £Ago (3?)] }

o Michel parameters p,n, &, and £O are related to gll\]’- in SM
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Michel parameters (cont’ed)

u— —>e vV, T e vl | T = u vV, | SM

All measurements consistent | p | 0.74979 £ 0.00026 | 0.747 &+ 0.010 | 0.763 +0.020 | 0.75
with SM predictions n | 0.057£0.034 - 0.094 +0.073 | 0
. ¢ 1.000973-0916 1 0.994 +0.040 | 1.030 +0.059 | 1

Most precise measurements | ¢s | 07511190912 | 07344 0.028 | 0.778 +0.037 | 0.75
are from CLEO and LEP ¢ 1.00 + 0.04 - 0224103 | 1
0.65 + 0.36 - = 1

. 1/
experiments S

More Michel parameters can be

measured if polarization of outgoing

lepton is known

- 1 and ¢k in radiative decays

— &' with decay in flight muons with
T — UV (Belle; PRL 131 (2023) 021801)

¢ =0.22+0.94+£0.42

Tau Physics 101

Belle II Physics Week 2024
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Cabibbo-Kobayashi-Maskawa (CKM) matrix

Unitary matrix that gives
strength of weak quark
transitions

— Most relevant for Belle I1
are |Vyupl, \Vep|, and ¢,/

quark transition

X

AN

y

W_

Va V.

\Vzd 4

Belle II can also measure |V, | with

T decays

— Current measurements with kaon
decays and T decays differ from

CKM unitarity

|Vu5|2=1_|vud|2_|vub|2 P I

0.225

0.22

\

us

us I/ub \
I/cd V V b

CS c

th/

Is

Vi i Nf =2+1+1

0.2233 + 0.0005

Vis Kip, N = 2+1+1

0.2250 + 0.0005

CKM unitarity & Vud &V,
0.2272 + 0.0011

T = XV

0.2184 £ 0.0018 + 0.0010
T ->Kv/t->av

0.2229 + 0.0016 + 0.0010
T > Kv

0.2223 + 0.0015 + 0.0008
T exclusive average
0.2224 + 0.0017

T average

0.2208 + 0.0014

| 2023 prelim \

Tau Physics 101
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|V,,<| from exclusive T decays

2)2

© (1 —mz/Im?

Bt > Kv) fzlV

Bz > nv)  f2| V4 (1 —m2im22 7

Dominant systematic error from hadron ID

Tau Physics 101
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|V.,s| from inclusive T decays

u

|V,s| from T — X v, uncertainties budget

o Determine |V,¢| from fraction of
hadronic T decays with strangeness il

. . i_(o_3_7r°fT +(ex. K° )
— Inclusive BF as sum of exclusive BF's o pie
. K n n nu, (ex. Ko,w,n)
* Measurements can be extended to higher " K,
moments of hadronic mass distributions  |f,
K v,

K n 7ty (ex. K% w)
Spectral Moments: R

K 7 v,

2 K nv,
kl __ fl L k. 1dR- . q K gur (¢ K*K")

Ry = Jo dz(1 —2)%2" 5, 2= o7 edidien)
K 2r 2n 70, (ex. KO)

* Many spectral function measurements o

e
theory

0.3933
0.3789
0.3715
0.3452
0.2561
0.2438
0.2373
0.2201
0.1646
0.1573
0.1453
0.1148
0.0254
0.0198
0.0137
0.0136
0.0094
0.0021
0.0010
0.0855
0.0044
0.4863

are still from the LEP era

Courtesy: A. Lusiani [Tau2023 slides]
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Conclusions

e T pair events at the Y(4S) are clean and provide many constraints on
kinematic variables

— T pair events are quite different from B and charm decays

e T properties and decays provide a wide variety of SM tests and
opportunities to search for new physics

Belle Il will soon have the
largest pile of T's in the world

— New physics may be hiding in it .. s = =
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Strong coupling constant o

|
ATLAS

\
—@- Hadron Colliders

September 2015 —@- Category Averages PDG 2022
oL (QZ) v T decays (N°LO) ~®- Lattice Average FLAG 2021
s & DIS iets (NLO) -@- World Average PDG 2022
_ Jets ¢ : -®- ATLAS Zp_8TeV
0 Heavy Quarkonia (NLO) T
03 L o ge jets & Shapﬁﬁ (tes. NNLO) | ATLAS ATEEC -— 11— 0.1185+ 0.0021
® c.w. precision fits (NNLO) CMS jets —% 0.1170£0.0019
AR : H1 jets —e—— 0.1147 + 0.0025
v pp —> Jjets (NLO) HERA jets . 0.1178+ 0.0026
v pp —= tt (NNLO) CMS tiinclusive ———— 0.1145+ 0.0034
Tevatron+LHC tf inclusive — 0.1177 £ 0.0034
02¢ {1 CcoFzp, +eo— 0.1191 + 0.0015
Tevatron+LHC W, Zinclusive | | i . S 0.1188+0.0016__
1 decays and low Q° —1— 0.1178+0.0019
QQ bound states 0.1181+0.0037
PDF fits — 0.1162 + 0.0020
01 G AT e*e jets and shapes — T 0.1171 + 0.0031
= - ' | Etectoweak it | 1 @ 0.1208+00028 _
QCD 0(M,)=0.1177=0.0013 Latiice | o T 0.1184 + 0.0008__
' ' - Worldaverage | ________ '% __________ 0.1179+0.0009_ _
1 10 100 1000 ATLAS Zp_8 TeV 0.1183+0.0009
Q [GeV] 0.1115 0.1‘20 o.1|25 0.1|30
as(mz)
as can be determined from 7 hadronic width and spectral moments
Last measurements from LEP & CLEO
— Very precise measurement from ATLAS at LHC
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Tau g-2

Ultra peripheral Pb-Pb collisions
» Photoproduction cross-section of tau pairs

depends on a; Pb

— ATLAS result has similar precision to
DELPHI result; ALICE analysis is in
progress

o Also possible at Belle II (pol. beams help)

T | [ T 1
OPAL 1998
L3 1998 ° Pb
—+E—
DELPHI 2004 : ATLAS
Pb+Pb \s,,=5.02 TeV, 1.44 nb™

u1T-SR P — @ Best-fit value
U3T-SR — =g g

— 95% CL
ue-SR — =@
Combined __._—._
Expected  ———
1 I 1 1 L 1 J 1 1 1 L I 1 1 1 1 I 1 1 1 1 l L
0.1 -0.05 0 0.05 0.1

1-loop QED, Schwinger term
a/2x = 0.0012
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Tau electric dipole moment

e New measurement of tau EDM from Belle
using spin correlations

—  Expect to improve to (1 — 2) x 1071° ecm
with improved technique and Belle Il data,
Re(d,;) = (—0.62+0.63) x 10717 ecm,
Im(d,) = (—0.40+0.32) x 10~!7 ecm.

M%, ~ (S xSk |

AA%m ~ (S+ - S—)k’ ) (St‘_ S_)p
g™ . F/B asymmetrynﬁ/ e .

AV I\
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