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Motivation

® B — ¢(Kn)* is a charmless B decay

= These decays are called rare decays B ~ O(107°)

a Decay only via penguin loop, no tree level b — s transition in the SM

a New physics could have a comparable large effect on something that
is small in the standard model (e. g. large CP-violation)

m Let’s try to measure as much physics as possible!

a Branching fractions
® Polarization w
a CP-violation .t

V)

K*
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What is the Belle experiment?

a Detector at the asymmetric e~ e™ collider KEKB in Tsukuba, Japan
a KEKB operates mainly on the T (4S) resonance
® T(4S) decays almost entirely into BB pairs
a KEKB is called a B-factory
w [ £ > 1ab~! with > 750 million BB pairs
m Great place to study B-physics
a Initial state known SC solenoid —~4 Acrogel Cherenkoy ent.
a Clean event topology ) e
m No pileup I L {«,—/"35 Gev et

Si vix. det. /'K, detection

- = s -
\ )
31yr. DSSD 14/15 lyr. RPC+Fe
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What does B — ¢(K~)* stand for?

» Decay of a neutral B meson into the final state pK*7 T

a (K)* covers two-body decays via different K* resonances and
three-body non-resonant contribution
® B — ¢K*(892) — ¢K*rT P-wave, Spin 1
B — ¢K;*(1430) — ¢K*nT D-wave, Spin 2
® B — ¢K;(1430) — ¢K=nT S-wave, Spin 0
® B — ¢K*1T (non-resonant) S-wave, Spin 0

a Very similar topology for all decays
a We need to separate them somehow
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What Belle measures

m 5 — 10 charged tracks and a few neutral particles

® Use PID system to separate between K* and 7+

m Combine tracks, compute invariant masses and get a B candidate
@ KK-—=29
@ K*rF = K*
@ ¢oKk*— B

How to measure the B — ¢(K7)*® system?

@ Use the invariant K7 mass to identify the K* resonance
@ Use the angular distribution to learn about the K* resonance
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Modelling resonances

a Resonances can be modelled by relativistic spin-J Breit-Wigners

myly(m) : s m5 — m?
Ry(m) = = sind,e" o= L
,(m) (7% — ) — imyT () sindye”’ and cotdy T (m)
m Mass dependent width of spin-J resonance
F(m) =, ™1 rq (@) Fo(m) =1, T OB+ G (q)
! 1m1+r2q2 i 2 2m3+3r2q2+r4q“ Qe
® my is resonance mass T E relativ. gmgfﬁiﬁﬁ{;’f
p— . V. r
a [, is resonance width .g 02
m ris interaction radius § f
m g is momentum of daughter < -
particles in the resonance b
system after 2-body decay C
® qyis g evaluated at my 005
o:, ------- T‘J' PR Lt CE -
0.8 1 1.2 1.4
m,_(GeV)
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Modelling the S-wave
m LASS collaboration has studied K~ 7" scattering in the reaction
K~p — K~ "n. They found the S-wave can be parametrized as
Ro(m) = sin 5€'® and d = AR+ AB
a Resonant part is a relativistic spin-0 Breit-Wigner

2 2
my — m
cOtAR= 2>
mo Fo(m)
mo q
r =To— | —
o(m) m (qo) e relativ. BW for K (1430)°

B—¢Kn phase space
--------- LASS parametrization

a Non-resonant part given by

an effective rage
parametrization

Intensity | R 2
2 °
o N

1 1
tAB= — + =b
co aq+2 q o

0.05

m ais scattering length
m b is the effective range e
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Mass distribution

e
N
a

--------- relativ. BW for K,(892)°
relativ. BW for K,(1430)°
L e LASS parametrization

Intensity IR I
o
N

0.15

0.

-

0.05

1.4
my, (GeV)

We need to determine the weights A, of the coherent sum of amplitudes
R, from data.
IMP =1 ARP#DAIRSP
J J
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Angles that define our system

From the reconstructed tracks, we can compute three angles 64, 6, and ¢
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What about the angular analysis?

m Bis a pseudoscalar-meson with spin 0
m ¢ is a vector-meson with spin 1
® K* can be scalar-, vector- or tensor-meson with spin 0,1 or 2

@ Decaysof S — VS, S — VV or S — VT are not isotropic
a The partial angular decay width of B meson decays is given by a sum
over the helicity amplitudes H,

d3r —A A 2
_ E AY —01,—®)Y.(02,0
d cos 61 d cos Od¢ | S 2o (= 01, =0) Y (02, 0)]

where ) takes all discrete values between —j and -+, with
j = min(Js, o) and Y7 are the spheric harmonics
m Thus our system is a sum of 7 different helicity amplitudes
S — VSwith A =0 LASS
S — VWWwith A\ =0,+1 K(892)
S — VT with A =0,4+1 K(1430)
a We need to determine the weights A, for each amplitude from data

Michael Prim Angular analysis of B — ¢(K)*? at Belle and search for CP-violation 09.10.2012 10/20



Angular distribution in S — VV
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Figure: Angular distribution of a longitudinal (Hp) (top) or parallel (H = %)

(bottom) polarized S — VV decay.
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Angular distribution in S — VT
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(bottom) polarized S — VT decay.
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Combined 4D mass-angular model

a We need to determine the weights for the resonances Ay
a We need to determine the weights for the helicity amplitudes Ay
m Combine this to a 4-dimensional mass-angular model
a‘r
dcos 01d cos O>dpdmy

X |./\/l|2 X FmK¢(mKﬁ)
with F, ¢(mK,r) being a phase space factor to take into account the

three body kinematic limits in B — ¢(K7)*°
m How does the combined matrix element look like?
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4D mass-angular matrix element

|IM[? = | Ao(mMkn, 01, 02, @) + At (Mkr, 01,02, ) + Aa(mir, 01, 02, |2

with each amplitude A, being a sum over all possible helicity amplitudes,
multiplied with its corresponding description of the invariant K7 mass
distribution R,(mkx):

Ao(Mix, 01,02, ¢) = Awo Yo (m — 01, —¢) Y7(62,0) x Ro(mkx)

At(Mir, 01,02,0) = > A Yy A — 01, =) Y7\ (62,0) x Ry (micr)
A=0,+1

Ao(Micr, 01,02,0) = > Ao Yy N — 01, =) Y7\ (62,0) x Ro(micr)
A=0,+1

with Ay, being the complex weight of the corresponding amplitude A,
= We need to determine 7 magnitudes and phases from data.
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Can’t there be CP-violation?

= Direct CP-violation means Ay # Ay

= Measure the weights for B® — ¢K+7~and B — ¢pK 7+
a Doubles the amount of parameters

a Probability density function for signal

Pi |Mi(mKﬂ'7017027 )‘ X FmK¢(mK7r)
N

Sig(mKTl" 01 9 927 q>) =

with the normalization N\ being averaged
=3 //\/l+| X Fmy,d cos 01d cos 0od¢pamys

+//\/l| X Fimy,d cos 01d cos dpdmy)
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Combining everything to a maximum likelihood fit

@ Signal model Py (mkx, 01,62, P)

@ Background model Ppyg(mkr, 01, 62, ) from MC studies

@ 4 additional observables that distinguish between signal and
background: P;,t-g(mbc, AE, Mgk, C;VB) and Pbkg(mbc, AE, Mgk, C;\IB)

my is the beam constraint mass of the B candidate
AE is the difference of Eg to half the beam energy
mkx invariant KEKF mass

Cjg neural network to suppress continuum background

a Everything is combined in a simultaneous 8D maximum likelihood fit
to determine the signal probability, the angular distribution and CP
violation of the B — ¢(Kn)*® system

® |.e. we determine all the complex weights A,y and Ay in a single fit
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8D fit example
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Figure: Exemplary toy MC fit and projection on mpe, AE, myx and Cyg for
B® — ¢KTn~ (top) and B® — oK~ 7+ (bottom) with signal enriching cuts on
the other three corresponding dimensions.
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8D fit example
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Figure: Exemplary toy MC fit and projection on my.., cos 64, cos 6, and ¢ for
BY — ¢K*r~ (top) and B — ¢K— 7t (bottom) with signal enriching cuts on
Mpe, AE, mgx and Cjg.
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Physics parameters

H(KT)0  ¢K*(892) @K (1430)
Parameter Definition J=0 =1 J=2
By % (|:J+|—J)/I'1ma\ Bo B4 B>
fry %(‘;‘J‘le/z 1A 12 + 1A0l/5 1450 17) 1 fi1 fr2
fiLy %(‘AJL B/ 1258 2+ 1AL B/ 1Agn 12) - fia fio
?| 3 (@rg(Au /An) + arg(As/An)) - |11 B2
b1y 3(arg(AsL/Ap) + arg(AsL/Ap) — ) - b1 $12
Sou 3 (arg(Aoo/a,0) + arg(Aeo/A)) 0 do1 do2
Acpy - (':J*FJZ)/ (l_'ﬁg;) . Acro Acp Acpz
1A017/32 120 12— 1A /3 1AsA ]

Aes (120 l?/s \ﬁﬁ 2+1401%/= \Aj;\z) 0 ALy Alps
AL (@MZ/Z V:‘JA@*WMZ/Z 1Az 1) _ AL AL

cPJ (1AL 1B/ 1Agn P+1A L I7/S 1A\ 12) cP cpP2
Agyy 3 (arg(Au /An) — arg(As/An)) - Ay Ag|z
Adiy 3(arg(As1/ap) — arg(As/Ax) — ) - Adlq Adir
Aoy 1 (arg(Aoo/a,0) — arg(Aw/an)) 0 Adbopq Adboo

Table: Definition of 26 real physics parameters in the B — ¢(K7)*® system
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Summary

Studying B — ¢(K)*® means studying a system of decays

Understanding the system means studying mass and angular
distributions

Working with complex amplitudes implies to deal with interferences

Combining everything opens the door to a large amount of physics
that can be measured

Final results on data are expected soon
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BACKUP

Acceptance — 4D numeric integration — Correlations
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Acceptance and orthogonality theorem

@ Angular acceptance is not uniform
a An acceptance function &(mg, 01, 02, ®) needs to be included

| ME (M, 01,02, D)2 X Fpp.., (Micr)
st?g(meQhez,q’) = N e

with the normalization A being averaged
N = ;(/€|M+!2 X Fpmy,d cos 61d cos O2dpdmy

+/E|M_|2 X Finy, d COS 01d cOS O2dpddmyr)

Orthogonality theorem from scattering theory

Interference effects between states of different spins cancel out in the
projection on e. g. invariant mass during integration over the full phase
space if the acceptance is uniform.
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4D numeric integration

a Below a simple example of a sum of two complex amplitudes (Ap, A1)
with complex weights (age’®, a;e/*') is shown

a If only the weights are free parameters in the fit, we simplify the
calculation of [ |M|? by calculating the integrals in advance

/|M|2 = / ‘aoei¢0Ag + a4 e’¢‘ Aq ‘2
= a02/|A0|2 + 812/‘/\1‘2 —+ apay /2Re{e"A°°Aoﬂ}
=+ aa /2Re{(cos Ag¢ + isin Ap) x (Re{AvAr} + ilm{AvAi})}

= a02/|A0|2+a12/\A1\2+2a0a1 cosA(‘p/Re{AOE}—Zaoa sin A<b/|m{AoE}

a During the fit, only the complex weights are free parameters
a The amplitudes are fixed and integrals can be calculated in advance
a Acceptance € appears below each integral but was omitted here
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Correlations in maximum likelihood fits

m Q: How to deal with the correlations in a 8D maximum likelihood fit?
a A: By identifying them and modelling with conditional pdfs
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