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T lifetime: physics motivation

* important parameter in SM (e.g. measure as QCD at m.)

* test lepton flavor universality (LFU)
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https://arxiv.org/abs/2008.04665

Previous measurements

Previous measurements of T lifetime in efe™ — 777

Z-peak — LEP (DELPHI, L3, ALEPH, OPAL)

e T-peak — CLEO, Babar, Belle

~,
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Belle II and SuperKEKB

4 GeV,36A

colision point | Belle ]]detectoh

Belle II — 2! generation B factory
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. | Electron-Positron
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“nanobeam” collision sc@
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Measurement strategy
/Proper decay time distribution: \

| (¢.) ~ 250 ym
_t

p(t; 72) = —e 7 = R(1) e

Proper time V. point

resolution KT
T
Dz
production

\' momentum ». — ncutrinos in final state / point (IP)
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Measurement strategy
e Strategy at Belle II ™~

(1) decay vertex — reconstruct vertex for 3-prong 1

3-prong

(2) estimate tau momentum p,— use events where both
T decay with 1 neutrino

(3) production vertex — intersection of pr direction
with plane y = IP,

With respect to Belle:

* exploit nanobeam scheme — use beam-spot
constraint

e need just one 3-prong T — higher statistics
----------------------------------------------------------------- hadrons

10/01/2021 XXVII Cracow EPIPHANY Conference 6



p; reconstruction

When both 7 decay to hadrons h*

—> tau momentum can be found explicitly

General solution in CM frame:

N.B.: in general there are
2 distinct solutions!

30
[ Belle 112020 (Simulation) MC tr all
| Dcorrect Dwrong
25
/g |:|mean
g Strate
s | Angle between ] gy —
S sl reconstructed 1 diserin: A
5 | and true p, 1) select events with discriminant A >0
g or in lab f . S . 5
& | i lab frame 2) estimate p, in CM as mean vector m
: 3) boost prto the laboratory frame
0O = 2 — 4 = 6 8 10 12 14‘ \ /

n, 3-prong Ao [degree]
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¢ _reconstruction and IP constraint

@ke minimization of a function F(¢,, 1P, IP,) \

. 3-prong
using:

 Beam-spot constraints

* Relation between tau candidate displacement and
production/decay vertexes:

/+@m = @’%\

constraint
on 1P,

3-prong
vertex
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N !
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Event topology

Study 1-prongx3-prong topology:
ete” — 7T ﬂ@
G N/
/ L-prong side iz

S\ T — pU

-
-
-
-

* BR(7 — pv)~25%
* Good signature (p-peak) 3-prong side

e Need 7 reconstruction T — TV

-------------------------------------------------------------------------------------------------------------------- "y

Roughly x5 more events than in the channel Uy ===""""

i analyzed by Belle (7 — nrmv x 7 — 7nv)

— already competitive at ~150 fb!! /
@

Simulation study on 200 fb of @
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Event selection

Use 200 fb?! of MC

» Divide event into two hemispheres:

> 3-prong side — 3 charged =«

1-prong side v,
> 1-prong side — 1 charged 7 + 1 7° T —pv Laa=mnT \
» Total energy of additional photons: Y FE, < 600 MeV 3-prong side
o p-peak: 0.5 GeV < M, < 1.3 GeV T /
e Reject possible kaons L agmmmnm ) ~~\nthmt
» At least 1 hit in pixel detector for each m on 3-prong side
@/
T pair events qq background events
Nevents ~ 456 k 86.3% Dr(—> pv)T(= mtmv) 1.8% .qﬁ g=u,d,s
11.7% [Jrrothers 0.2% [qg a=c.b
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Proper decay time reconstruction

Find the minimum event per event — optimized value of ¢,, IP; and IP,

Pro

er decay time distribution

\

Belle 11 2020 (Simulation)

|:| T(—=pv)T(>nnnv) |:|r‘r

—

Reconstructed x and z IP coordinates
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Proper time resolution

For all tau pair events with MC-truth:
— compute residual proper time on 3-prong side
At:treci teen
Binned ML fit with 3 Gaussians: / Compare to Belle resolution _\

,ul[fs] —3.43 £0.13 Belle Il 2020 (Simulation) #, 4 wMcal
O'[fS] 79 3 :|:O 7 104'_ y —— Belle resolution (2014)
[ Belle I 2020 (Simulation) ¢ trall (MC) — Fit total ) g
10° — Gauss1 — Gauss2 g_ s L
E — Gauss3 9] 10 E
~ [
» ® H
pa S0 f N
& 2 y
g w 4
2 L #+
§ 0F Hﬁﬂ W
P
2500 —400 -300 —200 —100 O 100 200 300 400 500
7 3-prong (ct™ - ct®") [um]
_ sf. o Belle II — Factor ~2 narrower
g o L A TAL L AR EEEE IO A e el el
-5 o 0, %0
10— —— Tt ——%0o

gen

trec _ t
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Pull

Lifetime extraction

e Subtract u.d,s and c¢.b backgrounds

» Fit proper time distribution with convolution of resolution function and exponential distribution:

| | — Generated lifetime

Pl 7r) = e TR ) rlfs] > [ T,= 290.57 f5
o T —— 1)SamestatlstlcaluncertamtyofBelle(2()0fb1vs711fb1) ...................
1°7 [ ares 2) 7, presents ~3 fs bias:
“F » ISR/FSR losses — p, overestimation — underestimate proper
10° time Tt m—
102 TC
N Remove ISR/FSR losses

. g U ﬂﬂ bon. ) Resolution: Convolution:

[ puilfs] —0.80+0.20  7lfs 90.6 £0.7
,2 M*ﬂf# +*H+} m#ﬂ*#{'ﬂ}” +#M++H}{* #ﬂﬁ#ﬂ +++H"H+t+t4ﬂ?ﬂ+“ : [ ]

3o (9 e intrinsic in the measurement — rescale final result from MC
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Conclusions and outlook

With respect to Belle:
» Use information on beam-spot region (nanobeam scheme)

* X3.6 effective luminosity (711 fb~! — 200 fb™')

> Tight selection — gain “only” a factor x1.4 in event yield
(1615 events/fb~! — 2280 events/fb?)

> Proper time resolution — X2 narrower

Collected ~80 fb! during 2020 = already competitive by end 2021

Further studies to estimate systematics (not exhaustive):
1. Test dependence from resolution function in the fit
2. Background parameterization
3. Beam-spot position, ISR/FSR simulation
4. Vertex detector alignment (dominant at Belle and Babar)

10/01/2021 XXVII Cracow EPIPHANY Conference

E Belle 112020 (Simulation) #, b wmcal

— Belle resolution (2014)

| £
10 #}H % F&

i MWW s

3500 2400 <300 200 100 0 100 200 300 400 500
en
7 3-prong (ct™ - ct®") [um]

14



Thanks for your attention!
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LFU test with precise 7-decay measurements

From the ratios between partial decay widths of leptons:

Bry 1
B,ue Tr

g
Je

() -

Present values are:
e

97— 1.0029 + 0.0014

5 2 B 5 R = phase-
My R 9r _ Pre Tp (M R space and
Te B TH radiative

mr 9u pe Tr msr .
corrections

97— 1.0010 % 0.0014
Iu

0.17904

0.17851

D.1780 1

Be ()

0.177514

B(t — evr,) = (17.85 £ 0.04) %

0.17704

/Assuming LFU (g,/g9:)=1

B,ue ° R/
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Tu
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SM __
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Others 7 LFU tests

7 LFU in W decay
. "'N"w"'w"'x"w"w'x
W— (¢ v produced at W-resonance (LEP): ATLAS e LEP (Phys.Rept, 532 119)
_ ATLAS - this result
2 B(W - 7'1/7,) Vs=13TeV, 139 fb" Statistical Uncertainty
— — = 1066 Zl: 0025 [ Systematic Uncertainty
B(W — eye) —I_ B(W — IU’VM) \ 5.6 —e— Total Uncertainty
.00
B ]
W— ¢ v from top-pair events (LHC):
{
B(W — 1tv
( 7r) _ 0.092 + 0.013
B(W - J15% ) 0.98 1 1.02 1.04 1.06 1.08 1.1
\ H R(T/u):B(W—rcv)/B(W—y
_— 7 LFU in b — c transitions —
§04:_Iﬁl;{}71_:\v;v¢mlgel — T IA;(Z:II,(I)co;to:nsl_E R(D(*)) B<§_> D(*)T_ET)
E e BaBarl2 E B(E % D<*)*€_v£)
0351 R .
C LHCHTE /@ ] I 2
03 S~ 3
025 ¢ _E Ve, Uy
02 sl + Average of SM predictions HLAV 1
F L R R DO, Do)

0.2 03 0.4 0.5
R(D)

10/01/2021 XXVII Cracow EPIPHANY Conference 18




Belle II detector

e general purpose spectrometer
e high hermeticity
e designed to deal with high background rate

| KiL and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)
~ Scintillator + WLSF + MPPC (endcaps, inner barrel)

—

Electromagnetic calorimeter (ECL):
Csl(TD crystals
waveform sampling (energy, time, pulse-shape)

1.5 T superconducting

' Magnet: J

Trigger:

Hardware: < 30 kHz
Software: < 10 kHz

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD, partially installed)
4 layer double-sided silicon strip detectors (SVD)

e+ f4 G@V)

| Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)

Aerogel Ring-lmaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDC):

Hel50%).CzHs (50%), small cells,
fast electronics
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SuperKEKB luminosity

-  Vertical
< - Beam _ beam-beam
‘Lorentz factor " currents ' tune shift

N N Y

94 —
*’7 Ty : I et Sy et / Geometncal

L = 1+ = . : eductlon factor/
2ere o . ng

/ !

Beam aSpect—rat'io
 attheIP | Vertical beta-
— - fuction at IP

~— Nanobeam scheme — reduce “hourglass” effect Y
d
~ /
2 20, o0y
d = 2¢ = 83mrad
sin2¢ ¢
N— -
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¢ _reconstruction and IP constraint

3-prong side

[ﬁT =7, /|13’T|] 3 prong T — MOV

Use vertex
constraint /
on IP,
i A i
‘|’@n7' — VU3nr

- +
(& > e
2 nom o 2 2 roduction
(23 B 0 | P B =) | @D e~ =
O-'Ua; O-’Uy O-’Uz
PIom)? (P, 1pRom)2 |
2 + 5 <« beam-spot constraints
o o

Minimize F(¢,, IP, IP,) — ~x? with 2 d.o.f.
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-y
MC samples:
MC run-indepedent, Y (4S) energy

* 200 fb* “generic”:

...................................

L N S S
¢ ¢ —aq q=u,d,s,c,b -

{articles: S

Tracks:
e |dz| <3 cm dr<1cm

* EECL/p < 0.8 “Good 7 :
TO—yry o FEgrcr > 200 MeV
\0 105 MeV < M,, < 150 MeV * Not from a ’ITO/
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Event requirements

| peMs . p
VTS Lo
» 4 charged tracks (zero total Ll K
o . . 0
charge) >c——>( Divide in 2 prong side ™ V
* 1 reconstructed m’—~yy hemispheres T py o v
/ A
3-prong side .
T — TV y
‘\“Ahrust
v, 4--"""""
3-prong vertex: 33_}11) ron% fldel; 1-prong side: /
) charged tracks 1 charged track @
P(x?) > 0.001 1 reconstructed T’
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Event preselection

* 0.90 < Thrust < 0.99

¢ 4GeV < Fupone< 10 GoV Reduce qq and beam backgrounds

10° 10°

IS
o

F Belle 112020 (Simulation) I:ITHP")TH"’“W) I:ITT F Belle 112020 (Simulation) Dz(%pv)t(ﬁmv) |:|w

60 -
N lqﬁ g=u,d.s lqﬁ g=c,b lqﬁ g=u,d,s lqa g=cb

Events / (100 MeV)
P

-
(9]
T

10

6
cms
Evis

7 8
[GeV]
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Optimized selection

Equivalent to

.. _ N N, sgn
Maximize @/ /Negn + Nokg &= N,

1) S E, < 600 MeV

10°

[ Belle 11 2020 (Simulation) I:ITHPV)THWW) |:|"

01k lqﬁ q=ud.s lqﬁ a=c,b
I 1

0.5 1

1.5 2 25 3
total E, [GeV]

P

Events / (50 MeV/c)

20f

30}

ngn Dr(-) pv)T(= mrmv)

L ngn
ngn + kag kag

|:|’C‘E
.qﬁ g=u,d,s
B 5 oo

2) pao > 250 MeV

10°

[ Belle 112020 (Simulation) Df(ﬁpvmﬂwm |:|W

lqﬁ g=u,d.s lqﬁ g=c.b

0 0.5 1 1.5 2 2.5 3
P [GeV/c]

3.5 4 4.5
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Optimized selection

Maximize @/

Equivalent to
Nogn N, sgn

\ ngn + kag 5 - NO

3) 0.5 GeV < Miw(1-prong) < 1.3 GeV

10°

90 F
[ Belle 112020 (Simulation)

o
o
T

Events / (20 MeV/c?)

%2 0.4 06 038

10/01/2021

|:| T(—>pv)t(—nnnv) DIT
lqﬁ q=uds lqﬁ a=c.b

:
M., 1-prong [GeV/c?]

1.2 1.4 1.6

P

ngn
ngn

ngn + kag kag

Dr(-) pv)T(= mrmv)

|:|’C‘E
.qﬁ g=u,d,s

- qg g=c,b

4) 0.8 GeV < M (3-prong) < 1.6 GeV

Events / (20 MeV/c?)

x10°

E Belle 11 2020 (Simulation) DTHPV)TH

- lqﬁ g=uds

M, 3-prong [GeV/c?]

XXVII Cracow EPIPHANY Conference

ATV |:|m
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Optimized selection

Equivalent to Nsgn [ J<(> pv)e(> annv)

Nsgn N, ngn
Maximize @/ Nom + Nora £ — 'sen P = O«
r = No Nsgn + Nokg Noke g g-u.0.5

- qg g=c,b

5) kaon-ID < 0.95 for all tracks

10°
s N Belle Il 2020 (Simulation) Dr(apv)r(—mmw) |:|rr
[ Belle 112020 (Simulation) D‘HPV)IHWW) I:Iﬂ S
’ N B il
i _ _ qq g=u.d,s a4 g=c.,b
20l qu g=uds qu g=c,b
r o .
s | | S 10
S sF | S
2 | | 210
S 1ol &
S 10 | o
L : I ) )
[ | 10
5 r I
: |
1
0 a7 L L 0
01 02 03 04 05 06 07 08 09 1 L . L
Kaon-ID had 1prong : aiscriminant -A
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Proper decay time and IP reconstruction

Find the minimum of event per event — optimized value of ¢, IP; and IP,

Events / (0.10)

Minimum of  F(¢,, IP, IP,)

x10°

30T Belle 11 2020 (Simulation) DTHPVM%W |:|ﬂ

i 4 a=u,d,s l 0 a=c,b
25 f quq qaq

10
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Lifetime extraction (correct p-)

Look at the proper time reconstructed from the correct solution of tau momentum:

Resolution: Convolution:

N (4.297 £0.006) 10° N (4.317 £0.007) 10°
i1 [fs] —3.80 +0.12 7 [fs]
o [fs] 52.7 +£0.3 pur [f5] ~1.0+0.4
e[%] 26.4 +0.8 o1(fs 54 +1
o [fs] 101 +1 e[%] 23 +3
0% 1.8 £0.2 oalfs) 105 +4
o3[fs] 243 +5 0[7%] 0.88 4-0.15

o3|fs] 305 £16
Remove ISR/FSR losses

Resolution: Convolution:

mlfs] —098+0.17 TS

,Lbl[fS] —1.2+£0.5
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Lifetime extraction (correct p-)

The offset p1in the resolution depends on generated proper time — scale factor

(200, 400)

een fg]
pi1 [fs]

(0, 80)
~1.21+£0.23

(80, 200)

—2.55+0.24

—4.58 = 0.26

> 400
—7.01 =£0.24

ISR/FSR — overestimate momentum p, = ¢ — gT&

x10°

50 Belle Il 2020 (Simulation)

Events / (2 MeV)

[ t(—pv)r(—>nnnv)
e

ISR /FS]

I L I
-80 -60 -40 -20 0

I
20

(P - p2") 3-prong [MeV]

10/01/2021

\/("

Events / (2

.5:

10°

@

[ Belle 112020 (Simulation)

Remove ISR/}

=L

T(—>pv)t(—>nnny)

[
e

)

=

L. I I I
-100 -80 -60 -40 -20

rec _

(P,

gen
. )

p

0
3-pro
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Lifetime extraction (wrong p,)

Look at the proper time reconstructed from the wrong solution of tau momentum:

Convolution:
N  (4.317 £0.007) 10°

N (4.297 £0.007) 105 f
p1 [fs] —9.754+0.13 7 |fs] 279.7 £0.5>

Resolution:

fs —3.1+0.4
o1 [fs] 60.0 0.2 H1LIS)
01 fs 53 +1
e[%] 23.0 +0.5 e
e[ %] 24 +3
oo [fs)] 127 +1 o]
oo |fs 104 +4
S5[%)] 2.7 £0.2 L
oslfs] S S§[%] 0.92 +0.16
s o3[fs 292 +15
Remove ISR/FSR losses

Resolution: Convolution:

nlfs]  —7.3+0.2 7lfs]
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Background subtraction

| Belle 11 2020 (Simulation) $ qq g=uds — Fit total All the IlOn 7_7_ eVel'ltS (1.9%) are qq bkg:
10° — Gauss1 — Gauss2
2 . « qg=u,d,s quarks (1.7%)
S > no lifetime component
@ E > fit proper time with resolution function
\\ . .
L m > find bias p"®=(0.34+1.0) fs
p— — — — I Belle I 2020 (Simulation) —Fit  § o3 a=cb
50 ++++++++H'*ﬂ++*+w” CLITAEN, ittty 1"++*#+++*r+**++*+++++++ 10t |
%30 %00 —400 72:03 pror(ig . [f:;)o 400 600 800
* g=c,b quarks (0.2%) :
> possible long-lived particles (e.g. Do, D*, B¥)
> include a decay time component (convolution of i
Gaussian and exponentlal) 5 é bt Yo ,,,_ "?”ﬁ. +aﬂy,H,m;,u,ugmu,ﬂmﬁp”tﬁtﬁp
> fll”ld TCb — (300:*:10) fS :iésio‘ ‘ %" RT3 ———"2500

T 3 prong t [fs]
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