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Three-prong decays of tau lepton

In this study, we consider the three-prong decays with no

neutral particles.

a0 t—nnnv, (a— pr), =—Krnv, (K—K*r, K,—Kp),

1—KKnv,, T—=KKKv,

BF have been measured with

large error

Precise measurements showed
large scatter of BF

Unfolded mass spectra have
not been measured

A preliminary result had been
shown at TAUOQS, now we
update BF result with
considering unfolded mass

spectra:
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Status before this work

MyeongJae Lee, TAU 2010, Manchester, Sep. 13, 2010 >

Hadronic three-prong decays

Importance : To measure the spectral function, Vus, Leptonic CP violation,
Wess-Zumino anomaly...

</[Oo

GELLE

o Precise measurement (BaBar,2008) showed large deviation from previous world averages.

o No study on the mass spectrum

Difficulty : Estimation of

cross-feeding background

o Main Background of
1—Knnv IS t-nntnv,

o 4 modes are correlated
and should be studied
simultaneously.

o Kaon identification is
the most important in this
analysis

o We use unfolding to
estimate cross-feed BG.

Main backgrounds | Discrimination Background
estimation
Bhabha, dimuon Reconstructed total energy, Estimated
momentum, multiplicity from MC

(e'e— e'er, u'w)

Continuum
(e*e—qq, q=uds)

Event topology, thrust,
invariant mass, multiplicity

Two-photon

Small transverse momentum,

Missing mass/momentum
reconstruction

Beam background

Quality of decay vertex

Other tau decays

Ks, pi0, gamma veto

Cross-feed

Unfolding

3
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Analysis Procedure

Tau/qg/2g Signal MC
MC ~x10 of real data

B!

Event selection & Construction of invariant mass distribution

[ ] [~

{e;m} event Non-cross feed Construction of Efficiency
counting background subtraction || Response matrix calculation

Real data
666.2fb-1

Minv(ﬁﬂn)vMinv( TETE)’

Resionse matrix : A
Minv(KKTc)vMinv( K) : b

Unfolding

Normalization factor

Unfoldid Minv : X

Tuning the efficiencies

!

BR and Minv 4
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Event selection for t——h"h*th—v

1. Tau candidate selection

Number of charged track = 4 and sum of charge =0,
with proper Calorimeter energy, vertex, and Ptml Slg nal’" K:sezw

</[Oo

transverse momentum requirement S|de
2. Background suppression _ ‘f . _ :f
Require missing momentum should be properly ¢ ¢ st
L(;(:C(I)(r;srtéﬂﬁtded, to suppress 2-y and g-qbar “5'\ tagging W/
Tight likelihood ratio cut for Kaon 1D _ 4 | side 4
Selecta eventwithone e or i, and three Korx =~ e -
Event shape : thrust, 3-1 prong topology a5 -
Invariant mass cut : require tau mass range 44—
Final event selection “f | ‘ ‘ ]
No Ks, %, energetic gamma candidate % 2 } ] l A
s YE
KID is the most important : FOM study result a ¢ 3 ] y
tight cut for kaon (L(K)/(L(K)+L(x))>0.9) a3 ] FOM N g
NINEIRIE
3?:I I IU!TI - é}.;"ﬁl - IU.IBI - II}IBEI - ID.IHI - 1I:l..'|5!5I - I‘II

L(K)/(L(K)+L())
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D

Result of event selectlon other BG estlmatl

TONANY —— T>Knny ——
- S raorf- ——L Data : N(rec)
- E _ Signal + Cross Feed BG : t—hhhv
o o _~ Other BG : N(others)
w _ ol 1—Kgnv, T—arnnly , g-gbar,... etc
;:4 f;.;”la,. " M_ R |
555 o] e o]
KK | -mc“ T KKKy o ik sampie | Mode Rec. Eff. (as T—hhhv)
s k t—hhhv 24 ~ 28 %
wf 1—Kgv 1.8%
. o T’y 6.0 %
ok ; Continuum 0.004 %
m:J T I | m.:u Y Y R Two photon 0.0002%
Mode N(rec) N(others) Main component in N(others)
Ty 8.86x10%  9.35x105(10.6%) t—nrnnly (64.2%)
1—Knnv  7.94x10°  9.60x10%(12.1%) t—annnlv (34.3%)
1—KKnv  1.08x105  7.16 x 103(6.66%) ee—qq (30.3%)
—KKKy  3.16x103  1.71x10%(5.41%) ee—qq (53.0%) 6
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Branching ratio calculation
N_true — 5_1”' (erec - N ;)thers)

</[Oo

N;"u€ : Number of true signal events for i-th mode
N;'¢ : Number of reconstructed events for i-th mode
N;Others - Number of estimated background for i-th mode from non-three-prong decay

& : efficiency migration matrix

The efficiency is tuned by using the unfolded mass spectra :

1. Estimate the efficiency with MC

2. Scale the efficiency distribution over invariant mass using the unfolded spectra
3. By summing normalizing, re-estimate the efficiency matrix

Efficiency migration matrix ¢ & the differences after tuning

rec e TD ATV t=2>Knnv 12>KKnv 12>KKKv

Dy | 022(-0.1%) | 0.079(-0.1%) | 0.002(-1.1%) | 6.4x102(+2.6%)
>Knnvy | 0.012(-02%) | 0.18(-0.5%) | 0.047 (+1.4%) | 0.019 (-3.1%)
TOKKnv | 3.9x104(+0.3%) |4.7x103(-4.4%) | 0.12 (-1.0%) 0.051 (-0.4%)
T>KKKv | 5.0x10° (+4.5%) |1.3x10%(-9.1%) | 2.3x103(-14.0%) | 0.081 (+1.2%)

» Effect of mass dependence of efficiency and the discrepancies btw unfolded and MC distribution
»Efficiency : 10 ~ 20%, Fake rate from nnw to Knr is sufficiently small
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Systematic uncertainties and Normalization

Source AT Knr KKn KKK Method

Tracking eff. +2.2/-2.0 +2.1/-2.0 +2.1/-2.0 +2.1/-1.9 D*—nDP D'—nnKg, Kot
yy—ee/uy, D** -Do H(DO—K-n*)
Apply the eff. change and obtain BF

Apply 1o variations of unfolded mass
spectrum to obtain new eff. Matrix

Particle ID +19 +4.0/-41 £23 +5.4/56

Mass spectrum +0.1 +0.1 +0.1 +0.5/-0.8

Trigger +0.5 +0.5 +0.6 +0.6 Trigger simulation
v veto +0.9 +1.5 +1.7 +0.5 Different cut for y energy
Ks veto +0.2 +0.2 +0.1 +0.3 Remove K veto condition
BG estimation +0.3 +1.3 +0.3 +0.4 Varying BFs of other t decay BG modes
Leptonic t decay  +0.2 +0.2 +0.2 +0.2 Err. of BF(t—e/uvv)
Tot. [%] +3.1/-3.0 5.0 +3.6 +5.9/-6.0
5 ~ Ngker € B, -Br.,,,,  Normalization by {T—evvit—pvv}
rr—)szv - N ) B B m'f_w R Y
sig.eu Exar rr—>evv + rr—),uvv 3 Vl(Ee +E“) —(py + p“)
Vs Z iy
- 200 %
4/\/4%” 5
RN Data, MC sum ((e;p) signal
¥ - MC + other tau decay + 2
W-
/Jx photon) g

Ve Ve 67 Other tau decay, 2 photon



MyeongJae Lee, TAU 2010, Manchester, Sep. 13, 2010 >

Result on branching ratio

</[Oo

Branching ratio

Ty, | (8.4210.00(st.)*0%  ,5(sy.)) X 102
oKty | (3.30£0.01(st.)*%1 14(sy.)) x 10°®
T KKy, | (1.55%0.01(st.)* 0% o5(sy.)) x 1073

KKKy, | (3.2940.17(st.)*019 5 (sy.)) X 107
Published at PRD 81,113007 (2010)

Correlation coefficient

ToKn'rv, | T oKK'nv, | T -oKKK v,
vorrmy, | 40175 ) | +0.049 0.053
oKy, —X | +0.080 +0.035
T KKy, -0.008

Strong correlation between
Tonn'ry, and t—-Kn'ny,
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Unfolding to measure the mass spectrum <2

In general, unfolding is a “inverse problem™ :
AX =D
o X : real (unfolded) distribution (so, cross-feed background subtracted)

o b : distribution before unfolding (including (only) cross-feed background.
Other backgrounds are estimated/subtracted using MC)

o A detector response matrix (expansion of efficiency matrix(4x4))

Number of event reconstruc ted at i - th bin and generated at j-th bin
Number of event generated at j-th bin

(Bin :decay mode and binning on invariant mass)
4 modes are combined and the response matrix includes the mode-

migration effects

— Cross-feeding BG from mis-PID can be subtracted after unfolding
Algorithm : Developed in ALEPH

o Singular Value Decomposition, Tikhonov-type regularization

A=

10
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Response matrix (A)/mass spectrum before unfolding |§

The off-diagonal part : effect from mis-PID

Generated decay
mode / lmass bin

31_“‘: > i

AR

|
uIq SSew / apowl
Aedaap PalonIIsSu0Iay

Ex) Response matrix (probability) that real t—Knzv

16 su

b-respose matrices a

<
v
X
T ¢ Stz
43 Ea'-:!- 57
J X = _gr=:-'=
= b4 i o
o= =
g 7 y
o
b %
E B A
= x B
o= 0 A4
0= y p
o
g . P —
-
2 1. < A S
E - $ A
7 4
c E '_."‘..'=' .
c * o X
= f 7 5 y
o= i 4 ° y 4
> AlE -
iy * i i
0.4 s 4mn 4
0.41 1.80 | 0.77 1.80 | 1.12
Fe wm*"(m M%"(K ) M**"(KK)

merged to a matrix (A)

events are reconstructed as t—arav mode

T e
i
(recg L(recon) il
E | Subtractio

Merged to a single histogram (b) ™

Bin numbers of M(generated)

Recon. Mass spectrum (b)

Reco i ?’ ﬁ F I

e
[=]
o

IIHII]] T fllllll] T THIIH]

Event number per 10MeV
o

e
o
)

10?

%

n of BG other than three-prong cross-feeds

nstructed M. distribution b . .
- 5 d in unfoldi

s

150 200 250 300

M,,, (Reconstructed)

g

pnse Matrix (A)
i

1.80 | 1.481.80 [GeV/c?]
M*"(KKK)

102

4 107

10°

10°

o7
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Result of Unfolding (x) and check £

Unfolded spectra Residual Norm : (A;x; —0;)/b,
sof [ <10% fluctuation
E 5::: . only for statlstlcallw poor bins
0.: ] IN’L A WW.J h|\|w&% _w"}_“'ﬂ,{ | WWM W
10 0:4% ....... ...... ....... “ ......

10 50 100 150 200 ZSOJ = I300 —
‘ ' J ‘ Y , ‘ , Reconstructed invariant mass bin
Untolded M{rxx
0.41~1.8 0.77~1.8 =

M(rrr) [GeV] || M(Knr) [GeV] jg l\ﬁ

/L

Check on unfolding algorithm : 4 m"BlafoIded higtogram

Use independent signal MC sample, ;: £y Red peneraggy level histogram
unfold and compare with generator level mass spectra ;-
Less than 0.5% diff. for all mass range — UNF1 err. |

: ;
+
- 13 14 15 16 1.7 1.8
M(KK~)

Many other tests on the unfolding algorithm with different samples
. Max. ~1% discrepancies between the generated and unfolded distributions. 12

\ 4
1.12~1.8 1.48~1.8
M(KKn) [GeV] M(KKK) [GeV]

e,
._._l
§ g §E“"§"“"§""'
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D

Unfolded mass spectrum

T TRV T1—Knanv
E w L
S ooz )f \‘ S .
= = 0.03 :
= 0.015- =
o ‘x,.' o {Tl
3 ool j 3 o002 ear peak at
3 J H'L 3 . + I\tgn resonar
0.005rg,(1260) property not w 0.01 '/H HRH
! hrereere v P R PR EPEPEPE B Dl-l—u—!-l-i'::;:-..u..'".u...‘h.hf".
0.6 0.8 1 1.2 1.4 1.6 1.8 0.8 1 1.2 1.4 1.6 1
(a) M(nnn) [GeVic] (b) M(Knz) [GeVic?]
T>KKnav _ T=>KKKvy
3 r Uk < T
.
5 0.041— : . 1 0.06— ++ ' +J L
= ool : IH g = +# JIA FHrslm'jeasureme
: Do S om t
2 o002 . I'[ ) 1. z . +
z Large discrepancies. 1 -+ z + }
0.01-NON-resonant decay? 1111 0.021~ ++ |
o e, +
1] 2 _é..' I i I LH“—:!-—-— j_ ++
~12 13 14 15 16 1.7 1.8 15 155 16 165 17 175 1

_ (o)

M(KKn) [GeV/c?]

Red: TAUOLA MC
Black:unfolded mass spectrum

(d)

</[Oo

1270 and 1400
t decay

nt on the Minv

M(KKK) [GeV/c?]

Error bar : Statistical error
Green band : Systematic error

13
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Systematic errors of unfolded mass spectra

Source anr Kra KKa KKK Method
Unfolding (1) 05 0.1 0.4 0.6 Unfolding an independent signal MC sample
Unfolding (2) 0.1 1.5 0.9 4.0 Varying the effective rank of unfolding

KID eff. variation from D* sample,

Kaon ID 0.4 0.8 1.1 0.9 ) i
Varying Response matrix.
BG estimation 0.2 0.5 0.3 1.1 Varying BF of other BG component
v veto 04 04 0.9 3.2 Different cut for y energy
Momentum ¢—K*K",D*—>K-*n+ recon. for mom. scale
0.0 0.2 0.3 3.1 : .
scale Assign 0.01% variation of recon. mass spectrum
Tot. sys. 0.7 1.9 1.7 6.2
Stat. 02 038 0.8 4.6 il
Tot. [%] 0.8 20 1.9 7.7 NESE
5E ]
(*) Error at the peak of mass spectrum s
gzoo—:
g
5100—_
Correlatlon 0.41 1.80 | 0.77 1.80 |1.12 1.80 |1.48 1.80 [G-eWc?]
— COV(l,J)/\/ COV(l |) COV(J J)] M(z7r) M(K=r) M(KK7)  M(KKK) 1

[rrrrrrTTT [T T [T T | DR
0 100 200 300

Bin numbers of M, ,
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Result : Contributions to spectral function

S0y /aS(s) = — M1 (122 (14 28) B = (/AET ) 1 dNvja
v 1 —— :
! ! 6] Vis |2 Sew m2 m2 BT — e~ Delir) Nyya ds
Large contribution | T >#RAV | T>Kaav
from T—)‘I(TCTCV E 0.4 r\ E P:
Y | g o : g i :
N N .
+ 3 3 hodel E 0 \" .":
: : uetfSUTTUOTTTIOU VT | R Sy m o S
: ,,,,,,,,, (a) M(znn)? (Gevic2?  (B) M(Kxn)? (GeV/c?)?
ALEPH Colldb. Eur Phys.. C11] 509 (1999). 1—KKnrv JJ] 7| T KKKy
£ 3; u:éom— .I.l'ﬂ!ﬂﬂﬁ[{{ { ié il
2 &
. 0.02 0.05 ”!iHH”HH[H

T ST — et
1214 16 1.8 2 22 24 26 28 3 32 34 0 2.2 2.4 2.6 28 3 3.2

3 (c) M(KKny (Geviczz  (d) M(KKKP? (GeV/c?)?

e Black : spectral function, Err. from mass spectrum
OPAL Collab., Eur. Phys. J. C35, 437 (2004). Green * Error from other Sys. source

The spectral function can be improved significantly. 15
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Result : Mass spectrum of t—KKnv decay

= Data (Error = sys. & stat.)

TAUOLA MC
RyPT (Roig, et al.), c4=-0.04,g4=-0.5

EDDUB EMaSS Spectrum ~ — — = (Axial vector contribution)
=S L . . 7 | m - (Vector contribution)
- (Belle estimation) ]
50.007|— ; \
2 - §
S - ;
~0.006— ] ]
< - ,.,IT \a Expectation by Roig et.al,
B0.005 TAUOLAMC i\ (TAUO8 talk)
5 - expectation i\
0.004 BN
= i \
f— %
0.003|— § x
L L] "}:\\
- ] v
0.002— g
- D\
o .
0.001 . .,
— i ¢ - ]
D: I-I-l"TJI 1 I 1 1 1 I 1 1 1 I 1 1 1 | 11 Tj_-lhl"l
14 16 18 2 22 24 26 28 3 3.2

(All plots are normalized to peak) My, (GeV?)

7>
/O
BELLE

Theoretical work on the decay dynamics is still necessary.

16
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-
‘ Summary and Conclusion

</[Oo

= We measured the branching ratio and mass spectra of t—nnnv, t—Knanv,
1—KKrnv, t—KKKv decays, using 666.2fb! data collected at Belle experiment.

| Branching ratio of 1— mnv decay |

| Branching ratio of t— Krrv decay |

DELPHI 97 —e— | [4.90:0.80)<10"
0.13:40.46) % ALEPH 98 | —=— (2.14:0.47)p107
CLEO303 ) (9:13:0.46) CLEO 99 —— (3.46:0.61)107
PAL —_— .60+0.95)=10"
BABAR 08 —— (8.8340.13) % 0 00 (3.60:0.95)< “"4
CLEO3 03 —— {3.84+0.40)<10
This work | —— (8.42:0.26) % | OPAL 04 — (4.1520.66)<10°
BABAR 08 - {2.73:0.09)<107
| This work - {3.30:0.17)<107
. . . e x107
B.5 9 9.5 2 3 4 5 6
Branching ratio of =— KKnv decay | Branching ratio of t— KKKv decay |
ALEPH 98 | (1,63+0.27)10° ALEPH 88 .,
CLEO 99 — {1.45:0.31)<10" <1.9410
OPAL 00 +———— (0.87+0.69)10" CLEO3 03 < 3.70:107
CLEO3 03 — (1.55:0.11p<10° BABAR 08 - (1.58+0.17):107
BABAR - 1.35:0.04)10
o8 (1.35-0.04)10 This work —— (3.29+0.26)<10°
This work . {1.55+0.06)10"
=107 ) x10°

0 10 20 30 40
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We also measured the mass spectra of three-prong decays of 7.

To.025)- ~ §
> hﬁl 3 o.0a-
= . =
S o.02 f 1”‘ 5 )
= J = o.03f Je
%o.msn— ] 1 % Sy ..-JJ:'I
3 ] y 3 o0z i “
= 0.01 = J 2
Py | F 7
0.005 = 0.01 ..‘. e
J \ . JJJJ LLLIWLH -
0 L [ 1 1 L 1 1 I
06 08 1 12 14 16 1.8 5% 1 1.2 1.4 1.6 1.8
(a) M(nzn) [GeVic?] (b) M{Knx) [GeVic?]
T o005 Y T 008 ¥
: s 3 +H.*L
= 0.04 '. . S 0.06- ++ . +J |_
= . = +
= o0.03 J* 1'-‘ " s + J_'_’J +H L
> . L ", = 00 + t —L‘
o S G A
= * ° = 1 +
.01 ||.. 1'11_.'.' 002 ++ |
A e y 1,
Em‘rﬂﬁ-r.—r.—..........:‘-—'r—r— = 2
s 14 15 16 17 18 055 155 16 165 17 175 18
() M(KKn) [Gevicy] (2 M(KKK) [GeV/c?]

A special unfolding techniques to remove any dependence to the MC model and
to subtract the dominant cross-feed backgrounds.

Comparable accuracies with large statistics BF measurements
Large differences with MC (current theoretical) predictions on the mass spectra

First measurements on the mass spectra with large statistics. .
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Backup slides
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Comparison of M, distribution of
v—h'h*hv_for data and MC background

M{rer)for t-57nry, ith stacked background

i

1§ 18
Mirx) (GeV']

M{K)for - ey, with stacked background

M{KKz) for 1 K, with stacked background

</[Oo

(KKK) for 1= KKKy, ith stacked background

ﬁono -I-Hea\data‘

el
—=0hes

I-»Knrw R A O T
]ﬂ l—>KK\ Lo 5+fi -
OF -k v :
B T 'L ],Inﬂfﬂ?ﬂ: \Y
1#000 Bk b o

120007 g2y e
ST

R

Black point : real data

Colored-(stacked)-histogram————

: background estimated from MC

i

M{kor) G

E + el
F =

+++}+++
_ L1
L S

=K
i
Bk 3 : : ‘

B : : 1B ‘
Bk + A

C=hay ; 3 ¥
— 14 (thers o '
[ 4] ; |

Mg /+
P | L

g B EBEUETETE

EETERTIE) § o
MK Gl

18 T T AT AT

MIKKK) [GeV]

Data : 666.2 fb-1 (613M tau pair sample)

on/off resonance
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g Generated decal\y mode / mass bin [
= A
@ \ z | Acceptance
o N 8
@ =) > -
= = i
wwwwwww = 0.35
o 5 = -
“Z 2 0.3~
N= o il
- O I
.y B 0.25ff (Y
S8 3 3 B w/ﬁh"ﬂ.,
¥ =] "
38 3 0.2f fho,
o ) =~ |- % hl.'h*.'\'-r
g wn 191 |
NG ) » !
< S S .. A ‘ LA (=3 i
o 3 0 I —— I | I —— | | i1 L1 l — L1 |. | - | | - — L I 1 L1
v4l 18 077 1.8 1.12 1€ 148 18 3 50 100 150 200 250 300

M(nrr) M(Knn) M(KKn, M(KKK) [GeV]
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Test of unfolding

Testing of unfolding Is important since we used some
new techniques In constructing the b and A.

Tikhonov regularization check with p(770) MC sample
Tikhonov regularization check with t—hhhv MC sample
Tikhonov regularization check with L-curve analysis
Truncated SVD (TSVD) method check

Conjugated Gradient Least Square (CGLS) method

Unfolding of ToyMC samples to measure the correction
factor

All test results maximum ~1% discrepancies between the
generated distribution and unfolded distribution.
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Reqgularization

Direct inversion of matrix A (although Singular value decomposition
IS used) Is know to generate fast-fluctuating solution. So we need
special regularization techniques.

Most well known regularization method is “Tikhonov regularization”

min{||Ax — b||§ + )\ZHLQ":H%}

(A.Hoecker and V.Karvelishvili, NIMA 372 (1996))
Very popular method in HEP

A : regularization parameter

L : a-priori information on the curvature of the solution

Also, the initial distribution (x™) is required to rescale the histogram.
Signal MC samples are used.

o This method also involves the inversion of any matrix, and Singular value
decomposition (SVD) is used.

o O O O
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Tikhonov regularization test with t—hhhv MC

sample
Deferent (independent) MC sample which is enriched by the signal

modes(t—hhhv) are generated as a test data.
This test data were unfolded using the same algorithm.
o The same process with unfolding the real data, but input was MC

o Used statistically independent MC set to construct response matrix
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Truncated SVD method

When solving reverse problem Ax=Db, response matrix A can be inverted using

SVD (Singular value decomposition)
- B rank(A) I/;kUg;
A=UXV S‘fi:Aﬁjbj:Z é: b;

- o
J k
TSVD : rank(A) can be truncated to “effective rank (A) = A”, to suppress
fluctuating solution
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Efficiency dependence on M(Knr)

</[Oo

To check any dependence of efficiency to decay model,

phase space decay of signal mode is simulated.

Eff.vs.M(Kpipi) Efficiency for normal decay
0.24 ; : ; (managed by TAUOLA) : 14.21£0.02 %

..... i | Efficiency for phase space decay
: : : (managed by PYTHIA) : 14.26+0.06%
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