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la) Measurements and Applications -

Physics measured at Belle:

Precision measurements of formation of hadrons
from quarks/anti-quarks resulting from the
annihilation of electron-positron pairs colliding at high energy.

Applications of Measurements:

(I) Measurement of spin-dependent Collins- and Interference- FFs at Belle:
enable extraction of quark transversity distributions
from pp at RHIC; SIDIS at HERMES, Jlab and COMPASS.

(I) Precise information on spin-averaged pion and kaon FFs, in particular
at high normalized hadron energy z: improve the precision of AG
from QCD analysis of polarized pp data from RHIC
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1b) Status of Measurements -

(I) Spin-dependent Collins- and Interference- FFs: extract
qguark transversity distributions

(I) spin-averaged pion and kaon FFs: improve
precision of AG

Published
la) Collins FF for Pions Phys. Rev. Lett. 96, 232002 (2006)
Phys. Rev. D 78, 032011 (2008)

Published

Ib) Interference FF for Pion Pairs Phys. Rev.Lett. 107, 072004 (2011)

II) Pion and Kaon Multiplicities for
Spin-Averaged FF

1

Preliminary (New)




-
2) Belle Experiment

* KEK-B: asymmetric e* (3.5 GeV) e (8 GeV) collider:
-Vs =10.58 GeV, ete>Y(4S)>B B
-\s =10.52 GeV, e+e- -> qqgbar (u,d,s,c) ‘continuum production’

» ideal detector for high precision measurements:
- tracking acceptance 6 [17 °;150°]: Silicon Vertex Detector, Drift Chamber
- particle identification (PID): dE/dx, Cherenkov, ToF, EMcal, Mu detector
- available data:
~1.8 *10° events at 10.58 GeV,
~220 *10° events at 10.52 GeV

BELLE Detector

3 1. Silicon Vertex Detector
2. Central Drift Chamber
3. Aerogel Cherankov Counter
4, Time of Flight Counter
5. Csl Calorimeter
6. KLM Detector
7. Superconducting Solenoid
8. Superconducting Final
Focussing System




3. Measurements:

)Spin-Dependent FFs for Extraction of Transversity

« To determine transverse quark spin distributions:
pp, SIDIS measure:
transversity x Collins FF: o X .
or
transversity x Interference FF (IFF); o X .

» Belle can measure: Collins X Collins or IFF X IFF by identifying two/four
hadrons in two hemispheres in final state, ete>(h)(h) X/ =2>(hh)(hh) X

I Event topology in I

]
2o UK |

ete- CMS frame
Jetaxis: Thrust

1
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Ib) Interference FF at Belle H}

 Interference FF: colliins, Heppelmann, Ladinsky NPB420 (1994)

fragmentation of polarized quark into
two hadrons correlated via partial wave interference;

azimuthal dependence of hadron production oc (Ex R )§ o SINg

. _f\ <\/

g P quark spin <> angle of h,-h, plane

« Benefits of IFF in transversity extraction:
- alternative approach to Collins FF extraction

- no ky dependence, collinear!
-> collinear schemes for factorization & pQCD evolution (vs.

Collins FF)
-> |FF universal for pp, SIDIS, e*e

1




Ib) Interference FF at Belle [H;

PRL 107, 072004 (2011)

PHYSICAL REVIEW LETTERS

week ending
12 AUGUST 2011
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FIG. 3 (color online).
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Ib) Interference FF at Belle H;

A. o
Urto .
S . . . . Y, Th ek ending
PRL Transversity Distribution Extraction U1q4 JGUST 2011
A. Bacchetta, A. Courtoy, M. Radici 40 —
Phys.Rev.Lett. 107, 012001 (2011)
® hg"rM— ® hcf“fxw-t
03-5‘?rthun=: IIIIIIII
0.2f ] | Transversity from Collins Analysis
4 ] }\ Transversity from Belle (IFF*IFF) &
0.0f I HERMES data (Transversity*|FF)
of 1

X

FIG. 1: The zh}" —.r'hf",-"-‘l of Eq. (8) as a function of . The
error bars are obtained by propagating the statistical errors of
each term in the equation. The uncertainty band represents
the same observable as deduced from the parametrization of
Ref. [31].
FIG. yreen) areas

COITE

(12 % " Fhganib ™ 17 Mhaa b D>
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3. Measurements:

II) Pion and Kaon Multiplicities for Spin-Averaged FF

« InLO: FF Di" describes probability for a parton i to fragment into a hadron h

. )&
AVAVAVAV,
—r \
q
1) Extraction from Experimental Data h

* FF at different energy scales relatable by DGLAP evolution equations

« FFs DP can be extracted from e+e- data in pQCD analysis:

iN“(z,Q2 EZ 1 do(e eC;—>hX) ZE\th
: I Oyotha z S

/._ __________ 1 tothad é
measured: NLO QCD o I"'""""I
hadron multiplicity = ZC (z, )@ D'(z,Q%):
i=0,0.9 L :

AN

PQCD fit

-> extracted: FFs




II) Pion and Kaon Multiplicities

1) Extraction from Experimental Data

« recent extractions of unpolarized FFs Di" propagating

experimental uncertainties:

First FF extraction including
uncertainties (e*e):

Hirai, Kumano, Nagai, Sudoh (KEK)
Phys. Rev. D 75, 094009 (2007)

 Improve knowledge of FF via

E high precision hadron measurement at low Q2

'Global' Analyses (e*e-, SIDIS, pp):

de Florian, Sassot, Stratmann
Phys.Rev. D 75, 114010 (2007)

and
Phys.Rev.D 76.074033 (2007)

: 5_ 'i- gluon
15 Q=1GeV . .
; large uncertainties (esp.
= == Lo
i sl IR0
SR iy, o amare - Lack of precise data at
8 O e TP 4 e S5 T T low energy scales (far
S0y, e e T P N D™ | = =
ST i Ty || from LEP)
4 -0.54
s A i
i « quark - Lack of precise data at
13:: Q=143 GeV h|g hz
0.1g ;- I
0. 04 06 08

D
O
OELLE




II) Plon and Kaon Multiplicities

2) Applications

« Input quantities for investigating nucleon structure, e.g.:

11/18

- extraction of quark & antiquark helicity distributions in SIDIS (Hermes,
Compass, JLab 12 GeV) and
- extraction of gluon helicity distribution in pp (RHIC experiments):

p +p > +X

measured at RHIC

N\

+X)

E dx,dx,dz

spin

measured

Mg (xl) Aq (><2)X

: reaction

........ I5.(.2.(3.[.)........ . ...,.’/
"6(99 = 99)i{ 'y
D, (2) :

dx,dx, o (D) i+

Aéé&: Jet

hard :
scatterlng

cms
Eh

Y

fragmentatlon
process .

+

T

Fragmentation
Function




II) Plon and Kaon Multiplicities

3) Systematic Corrections- Particle Misidentification/ PID Calibration

» Particle misidentification expected to be largest uncertainty:

particle identification probabilities p(i->j):
probability that particle of species i PID-selected as particle of species j.

Reconstructed particle

(o)
Belle PID likelihood e
. . inf tion f : P(m>p)
Physical particle Intformation rom: u
@ 5 | Drift Chamber (dE/dXx), s, J Par>m) @
Cherenkov, ToF, D(m>K)
Calorimeter, Muon \®
Detector _ PGm>p)
P
N
P(e>e)  P(u->e) P(m->e) P(K->e) P(p->e)
p(e->p) P(u->p P(m->u) PK->p) Pp->p)
med [Pli= | pes>m Pwsm  prem pksm pp-sm)
P(e->K)  P(u->K)  P(m->K) P(K->K) P(p->K)
Ne Kp(e->p) P(u->p)  P(m->p) P(K->p) P(p->p) /
— Nlu
N, =| N .
" N” e . ﬁ-»— F/>\'1 ':T correction through
K Nj = P Ni ‘T '+ inversion of matrix.




II) Plon and Kaon Multiplicities

3) Systematic Corrections- Particle Misidentification/ PID Calibration

« Experimental data based extraction of PID probabilities by decay sample study

e.g. D* > DO —> K a) Kinematically reconstruct D*
T 510w \ T fast b) extract PID probability from invariant mass plots
3 mo+ -mp- for K- tracks with
'y Plapin [1.4; 1.6] GeV/c,

c0sB,,,in [0.02; 0.21],
reconstructed as 1T

s EREEEEIRE

A AT B BAM Al B B1ED Aim
Mg = My [GeWic®2]

Dk omey = =mmmmm—————

mp+ -mpe for K- track s with
Piapin [1.4; 1.6] GeV/c,

€0s6,,,1n [0.02; 0.21]

l

| Pk-->m)=0.111+ 0.004

1

EEEEEEER

§ - B T R T EEY Tl

P = My [GeIE*2]




II) Plon and Kaon Multiplicities

3) Systematic Corrections- Particle Misidentification/ PID Calibration

, 12 0.4 == nnsElI B = 0.5
PID probabilities P, b (stat. uncertainties) l? : .
| S "_ [ e o
| P M= > @= a  asf. _ g i 1 ke O .
E:E:I pn- ¥ L= n.sf_ ..... N 18 0 1 L Y 1 0 YOO OOV OO
/ P .. P S A O
. E e s K- n,z;_ ..... ! .. ................... .
Sample PID . T- -3 p- U;W AL &,
probabilities 0 P, unsel i c b [GeVic]
from D* _ _ -
decay StUd|es PID probabilities pm-.i.- (stat. uncertainties) . 12 1.0 <= phh < 1.2 GeVic
P T Bl T
| K+ et M 1: n (m | BN LR AT A
E:I::I p K+ o ut o M:_“ .......................................................................
OB T VU UUUTUTY R
P K+ — 1+
gdl T VU UUUTUTY R
. P K+ - K+ PO S U OO NSO U OO OO SO SO
. p K+ — pt 0 :_ el N T T
EIILIZI P K+ - unsel+ B S S S T ¥ R T
cosf

completed extensive data-based PID calibration by extraction of probabilities
P k ->j) from D* decay sample,

P, p-j) from A decay sample,
E P u->j) from J/y decay sample.




II) Plon and Kaon Multiplicities

3) Systematic Corrections- Impurities in Measurement Sample

« For same luminosity, compare qg, T T, 2y Monte Carlo samples
generated by resp. cross sections after analysis cuts

« Athigh z, main impurities for pions from 1 events: up to 35%.

n” non-had. Corr. Factors

7)) 1.1 ;
e - ]
o = P + K- non-had. Corr. Factors
° ME L —— Plots from about430 * 106 Monte Carlo Events.
e 1 SRURNS SUSUROURS USRS SO SRRARTE SO
- = Rt HHH‘{'I 10t _ _ _ . qgbarMC
o 09 j ‘ . ST Lo R L seuuMC
o = - II [ | eriee eeddMC
g 0.85 — =T Tl EENOORORC orrt B OO SRRSO I LT 7 = esccMC
é E I=] =enpee gassMC
o) 0.8 — E 1u5' ................................... N Frerreeiee e e
c c =

0.75

0.7 f—

n.asf—

o‘sozl 111 I L1l | 1111 | L1111 | 1111 | 111 | L1 11 | 111 Iolsl 1 1 Iolgl I‘I I1

recon z of geniD
1

. — ] 0 .ﬂ-1 0.2 ﬂ.ﬂ ﬂ.-ll 0.5 ﬂ!;:'- ﬂT..ﬂ.ﬂ 09 1
Yields from qq events relative recon z of genlD -
to total yields for m-, K- Absolute yields from different

E eventtypes for




II) Pion and Kaon Multiplicities

3) Systematic Corrections- Other Corrections

« Monte Carlo-based correction for kinematical smearing.

Z reconstructed

I T o R 1 R S N 1

z physical

10° Monte Carlo events after analysis cuts

« Further corrections:
- Decay-in-flight,
- Detector Interaction/ shower particles,
- Detector/tracking efficiencies,

- Analysis acceptance,

E - Initial State Radiation (ISR).




II) Plon and Kaon Multiplicities

4) Preliminary Results

* Binning in z: width = 0.01; yields normalized to hadronic cross section

« Systematic uncertainties: z ~0.6: 1% (2%) for 1 (K);
z ~0.9: 14% (50%) for 1 (K)

Stat. Uncert. for
i 10? oo Syst. (-) Uncert. for =
E Syst [+] Unr.:ert fDI*'.r[
B D e s it
' _— . . 8 : :
@ . . n" (Statistical, Systematic Uncertainty) £y
: o

g 1u—1 «. ..................................... %

G ! 510"

a : !K- {Statistical, Systematic Uncertainty) e

E 1u—.1 ............................ 1“’2

=

= 10°

1u“3 S S 4 L,

10536304 0806 07 08 09 1

Additional normalization uncertainty of 1.4% not shown.
Stat. Uncert. for K-

3
i

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

ST Syst. (-) Uncert. for K-
Syst. [+] Unr.:ert. for K-

-
L=

: IIIII|T1: IIII|'|T|'| IIIII|T1 IIII|'|T|'! TTTT

{.'!2 0.3 04 05 06 07 08 0.9 1
I=E}:lnarlit:IEI'rt"‘fE'r2

Relative Uncertainties
="

Belle experimental data, ~220M events

Improvement of precision: cf. slide 10. 10

: : : : : : I L
10 E!.z 03 04 05 06 07 08 09
z=E, N3z
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4. Hadron FFs at Belle- Summary & Outlook

« After la) first direct measurement of Collins FF,
Ib) first direct measurement of Interference FF: Significant
asymmetries rising with invariant mass and fractional energy, for
complementary extraction of quark transversity distributions.

« Il) Preliminary Result for Pion and Kaon Multiplicities for more precise
spin-averaged FF- publication expected until September 2012.

 Futurehigh precision measurements of Hadron FFs at Belle:
- Kaon Collins FF
- Kaon Interference FF
- chiral-odd A FF
- k; dependence of Collins and spin-averaged FF

- spin-averaged di-hadron FF

1
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3a. Collins Fragmentation Functlons. at Belle HEENEE

« Collins effect: J.c.collins, Nucl. Phys. B396, 161(1993)
fragmentation of polarized quark into unpolarized hadron: _
azimuthal dependence of hadron production cross-section (k X Py, L)- S,

1§q D 6 oc Sin ¢
@ —> @ — . %A\;

q k h Ph.

* Inunpolarized e*e- quark spin unknown -> Collins effect would average out
on single jet -> measure simultaneously in both hemispheres (quark spins
correlated)

_ =) 2-hadron inclusive cross section:
e da(e+e‘ — hlhzx)

dQdz,dz,
oc Sin° ® €os g01+go2

& ™M
ete- CMS frame

BELLE
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3a. Collins Fragmentation Functions H;| at Belle

 Measure ‘double ratios’ of normalized two-pionyields ->
access to favored-disfavored Collins FF (transverse spin asymmetries)

First published: Phys. Rev. Lett. 96, 232002 (2006)
Larger data sample: Phys. Rev. D 78, 032011 (2008)

o

0.15
0.1

0.05

< 0.2

| 020 | 03205
B - hl.ll. B
b LA% I
L i = & F Y
m & & — F
L k.....0........ 0 T .
| ik —
T e e e | BT e e e
L asza7 I P *
L = & = a
L Y

= a A

&

] [ | . a " . a L .

= first direct measurement of
Collins effect

» significant, nonzero
asymmetries implying significant
spin-dependent effects in

e'e >qq(q=u,d,s)

fragmentation

= this measurement used in first
extraction of quark transversity

distributions

Phys.Rev.D 75, 054032 (2007),
Updatein

Nucl.Phys.Proc. Suppl.191,98-107
(2009)

DD

1) />



1. Introduction to Fragmentation Functions (FF)

 Fragmentation: creating color-charge neutral objects from parton in final state of hard
scattering reactions.

« e*e-annihilation into quark-antiquark pair:

hadronicjet

. Ecms

LT e

S W/

L N\ D) 2
q

hadron (h)

Q*=0g°=(p_+p.) =s

 InLO QCD: FF D" describes probability for a parton i to fragment into a hadron h

. LOQCD i
do(e =2 ) T2 e b (z.Qd)!
i=q,J L :

R s
e Sum rules: ZIZ'DQ(Z’QZ):l
h o

1 S [[02(2,0%)+ (2,04 k2 =n,




1. Introduction to Fragmentation Functions- Evolution

« Fragmentation Funtions from different energy scales can be related by evolution
equations (DGLAP) from first principles QCD:

d%QZDQ(z,QZ)oc P,®D;+P,®D], Df => (D; +D})
q

« Evolution enables to relate fragmentation functions/ cross sections from different
energy scales/ experiments:

b LO QCD i
do(e edz—> hx) =2 >e’ DM (z,Q%):
i=q,q |

daldz x ¢(vs)

.~

’ DD

EI World e*e- -> h+- X data <o




1. Introduction to Fragmentation Functions- Universality

 Fragmentation Funtions also found in deep inelastic scattering (DIS) processes:

e
* X=—-
Y . %" )
/ | O h 2 " 2 2 2
+ - Q =—0. :(pe_,in_pe‘,fin)
P —

« Parton distribution functions (PDF) ®i gives probability to find parton in proton with
momentum fraction x.

d?c(e pt — hX) Ltoqco | :
TEL 2T T T (@)Dl (20
i=0,q .

G -

« FFssame in e+e- and SIDIS (universality) -> determination of nucelon
structure/PDFs via semi-inclusive DIS (SIDIS, e.g. HERMES experiment) will benefit
from precise knowledge of fragmentation functions.

0 B




1. Introduction to Fragmentation Functions- Universality

Fragmentation Funtions also show up in proton proton collisions:

p+_> é
qb(xl,cz\agqg/'O
\
" éoﬁ DI
Z,
b, (4, Q%)

o 040,04, (6, Q%) L9 Wiy, gyl

d’c(p*p* — hX)
dx,dx,dz dxdx, ! :

Also present for spin dependent case:

3A(7( p+T + - hx) d2 G(gq N gq).
dxldXZdZ A¢ (XliQ ) A¢ (XZ’Q ) dx d LD (Z Q )|_|_

1




1. Introduction to Fragmentation Functions- Summary

« Fragmentation Funtions describe formation of hadrons from partons

Need good knowledge of fragmentation functions to enable best extractions of quark
and gluon distribution functions from experimental data:

QCD analysis X, 2
Osipis, pp T ¢q( Q)
. AG(x,Q%), Aq(x,Q?)
measured RO

Extraction of fragmentation functions: use relations with measured (normalized) cross
sections from e*e-, SIDIS, pp

Ge+e‘ 0"“ ...\
QCD analysis S h 2\%
Osipis > :D;(z,Q%):
o
measured

1




2. Extraction of FF from experimental data- History

 Fits of e*e- annihilation data:

- Kretzer, Phys.Rev.D 62, 054001 (2000)

- Kniehl, Kramer, Poetter, Nucl. Phys.B582,514 (2000)

- Albino, Kniehl, Kramer, Nucl. Phys.B725,181 (2005)
Nucl. Phys.B734,50 (2006)

« Fits of e*e- annihilation data fully propagating experimental uncertainties:

- Hirai, Kumano, Nagai, Sudoh (HKNS), KEK, Phys.Rev.D 75, 094009 (2007)

« Fits of e*e- annihilation, SIDIS and pp data with uncertainties:

- de Florian, Sassot, Stratmann (DSS), BNL, Phys.Rev. D 75,114010(2007)
Phys.Rev.D 76, 074033 (2007)




2. Extraction of FF from experimental data- Extraction Scheme

« Extract FF via NLO global pQCD analysis. e.g. e*e-annihilation:

NP (2,02 i: 1 do(ee” — hX)
/‘ i_ __________ ; Oothad dz
LOQCD
measured: = Z .D/'(z,Q )/
hadron multiplicity i=0.q i=0,9

i NLO QCD NLO ""'""":
i = >C a,)®D/ (z,Q%):
i i=0,7,9 L !
i_??_(_:_tz_flt_ ______________________________ > | extracted:

Parton FFs

« parameterize of Dih at initial scale Qg 2
HKNS D (z, Qo )= MHKNSIZan (1- Z)ﬂ;]
DSS D (z, Qo )= MDSSIZ (1 Z)ﬂ b-l-)/ (1- Z) J

« Evolve expressions for normalized cross sections to Q? of fitted
datasets via DGLAP equations and simultaneously fit all datasets.




2. Extraction of FF from experimental data- Limitations |

 Lack of experimental data and high uncertainties on existing data at high z

Effect: high z behaviour of hadron multiplicities weakly constrained -

-> large uncertainties on extracted fragmentation functions at high z

! & TASS0 Q=121GeV o 14 GeV 11 GeV
0.5 {
rs T ~
o & gy
o ale dus. ukel IZM%IZ O v®Oo O X 0.5 1 I
80 e fASSO ¢ TOPAZ o OPAL 5 -1 —————— —] . .
] 2
] TPC o SLD x DELPHI +|§ e _
- i 0.5
2 60_-«»00 . @ HRS . T & 1 }
&) : Z 0 ﬁi:l-‘é_‘* R
— 1mseee @ @ ° ® —
o 40 = 0.5 .
1ameee o000 o ° ° ‘ - Q=19 Ge\
ETITTEOAAAMA AA A A A A A A T 1
3| @meeee o o o o = 14
1 PNPR® % ® © ™ +l|:e‘- ] - sID = OPAL « DELPHI
i i u"‘; + ALEPH
0 ' ' ' ‘ ' e e i T &
0 0.2 0.4 0.6 0.8 1 z ] i f !
zZ Y e \
+ i . v
. : 0 Charm qguark
HKNS experimental ; Ll
D} et AL ETIT LR T T I B Y
data o \
] Q=DMz
_14 T r r
1] 0.2 0.4 0.6

HKNS agreement of pQCD

EI fits with data




2. Extraction of FF from experimental data- Limitations |l a)

« Lackof precise data at low enerqgy scales (far from LEP)

Effects:
a) Large uncertainties after evolution to small energy scales (fragmentation
functions needed as input in SIDIS and pp measurements)

A

;_3 u quark 1.5 u quark
E :_ Q=M E 1-:_\ Q=1GeV
T LI B )1
% 1_ % .5 hﬁ“‘*:__:-__q_._ﬁ{
o 0 e —
] evolution -85
'1-"'I"'I"'I"'I"' ~ -1...|...|...|...|...
3 ¢ quark :-— c quark
] Q=M l-j— Q=143 GeV
-: 17y
1] 0.5+l
'I}—— ﬂ_.\“\‘—-—
E 0.5
']--"'I"'I"'I"'I"' '1"'I"'I"'I"'I"'
0 02 04 06 08 1 0 02 04 06 08 1
z i
World e+e- -> h+- X data (PDG) HKNS extracted

fragmentation functions

1




2. Extraction of FF from experimental data- Limitations Il b)

« Lackof precise data at low enerqgy scales (far from LEP)

Effects:
b) gluon fragmentation function: quark-gluon mixing in evolution weak & only
enters cross section weekly at NLO -> only loose constraints

gluon

C——_c+T

d h 2 h Ej 2D
Tno? D;(z,Q°) <P, ®D; +P,, @O .| QZ;(;)GE#

£ THIS FIT / KRE

=1
3
T

T T I I |
£ THIS FIT / AKK

DSS extracted fragmentation

functions and agreement with
En_ previous extractions

>
/>
BELLE
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2. Extraction of FF from experimental data- Summary -

* Mostrecent extractions of fragmentation functions suffer from :

- Lack of precise data at low energy scales (far from LEP)

- Lack of precise data at high z

* Motivation of present analysis: improve knowledge of fragmentation functions by

high precision

multiplicity measurement
at low Q2
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4. Particle Identification: Time-of-Flight Detector -

» concept: measure time-of-flight of particle and combine with measured
momentum from track curvature in magnetic field

Al
Ve p =@y v

ToF

- at Belle: start signal for timing measurement given by collider RF clock, stop by
plastic scintillator signal

STOP
N | Belle ToF, r ~1.2 m
B=15T
e+ R e-
START
ol p<12GeVic Extract PID likelihood

information for each
track

L P | L
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Mass(Gev)
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4. Particle Identification: PID Probabilities -

* not possible to unambiguously assign species to measured particle because of
likelihood character of PID

Reconstructed particle

m->e
Belle PID likelihood -2 ._) @
Physicalparticle | information from: P> ) @
@ __ | Drift Chamber (dE/dx), ., J P@r>m) @
Cherenkov, ToF, D(m>K)
Calorimeter, Muon 3 /@
Detector _ P@r>p) \@

» particle identification probabilities p¢i->j): _
probability that particle of speciesi is reconstructed as particle of species|.

N

P(e->e)  P(u->e)  P(m->e) P(K->e) P(p->¢)
Pe->  Pu>m  P(m->p) P(K->g)  P(p->H)
[P]ij — Pe>m  Pu>m  P(m->m) P(K->m) P(p->m)
p(e->K)  Pu->K)  p(m->K) P(K->K) P(p->K)
Kp(e->5) P(->p)  P(m->p) P(K->p) P(p->p) )

« off-diagonal elements ~ O(10%) -> correct for particle mis-identification

1




5. Particle Identification Correction

* correction by inversion of PID probability matrix:

N

e

~

AN
Nj = P

H —> s .
x Ni i

K

N
N =|N
N
N

P

« for inversion have to determine all elements of PID probability matrix

- ‘Monte Carlo Simulation’: detailed statistical description of detector, based
on detector properties and material interaction physics

- response of PID detectors only modeled to ~10% accuracy

Extract PID

mmmm) | probabilities/ ‘calibrate’
Belle PID based on
experimental data
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5. Particle Identification Correction- PID Calibration from data -

* Belle experimental data-based calibrations exist (to resolve B meson decay
particles)

* limitations:
- calibration available only for limited kinematics (z < 0.5)
- only available for diagonal and largest off-diagonal elements

— Intenswe effor.ts needed to extend PID
to full kKinematic range

* Belle PID response depending on track kinematics — perform calibration on
binning in [aboratory frame momentum and scattering angle

ToF forward geometry acceptance limit

a 1= . S L S A ——
s H i /// . —_— .
8 0.8[= s e - fill matrix of PID probabilities for each single
06 IEESES /5_// bin from real data calibration- need large
“8 el — 7 ' statistics N
02 \ | Dle>d P>  P(r=8) P(K=&) P(p->6)
= 7 ~ Ple>i) P> P>k  PK->D)  Pp->K)
0.2 e | ,/1 ‘ [P]ij (Plab, COSOlap) — | P(e>m  P(u>m  P(m->m) P(K->m) P(p->m)
0.4 RS / P(e->K)  P(u->K)  pP(r->K) P(K->K) P(p->K)
=111 : . T 3 ->p >p K->p >p
0.6 HT //‘ | . Q)(e->p) P(u->p) P(m->p)  P(K->p) P(p->p)/
0.8 ! 1 | //
. e Z g g e ) ToF backward geometry acceptance limit

L 7 J L 8
Ps [GeVic]
scatter plot: e, y, M, K and p tracks from 4e+05

events




Backup: 2. Extraction of Fragmentation Functions

1 do(e'e” - hX)

Nh(Z’QZ):a dz
LOQCD
= D/ (z,Q° )/
NLO QCD
= Y C"(z,,)®D'(2,Q%)

i=0.7.9

- > (2@, D! 1)+ )

|=q,q,g Z
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2c. FF Extractions by HKNS & DSS

« Method of extraction:

- parameterization of Dih at initial scale Qo2

1 h h
HKNS D/(z,02) = M"z% (1-z2)”
i ( QO) B[2+aih,,Blh +1] i ( ) /

1
B2+, A" +1]+¥"B[2+¢a], " + 5 +1]

DSS D'(z,Q2) = M"z% 1-2)" [1+ " (1-2)7 ]

- evolution of (scale-dependent) Di" to Q2 of fitted datasets via pQCD
DGLAP evoluation equations and simulataneous fit of all datasets.

d ~h 2\ oM ~h 2\.
dIan D (ZvQ )_[P ®D ](Z’Q ):

h N
ShE(Dﬂ, pr=Y, @+D), PUE Lo po
D
g
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2c. Fit Results HKNS
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TABLE VII: Each v contribution in the pion analysis.

experiment # of data 2 (LO) 2 (NLO)
TASSO 29 52.1 51.9
TPC 18 33.5 27.3
HRS 2 1.1 2.0
TOPAZ 4 2.6 2.6
SLD (all) 29 11.3 10.6
SLD (u.d.s) 29 46.0 36.4
SLD (c) 29 24.4 26.1
SLD (b) 29 71.2 66.4
ALEPH 22 22.8 24.0
OPAL 22 45.4 45.8
DELPHI (all) 17 48.3 48.6
DELPHI (u,d.s) 17 29.6 31 1
DELPHI (b) i 64.9
total 261 1532 | 433
(/d.o.f) e e o

(1.81) l-e1-!-3, i



2c. Fit Results DSS

E T L L L L L L LR experiment data rel. norm. data points ¥~
: i Y TRC q %4 . -
1 ] T e o o Wﬁ,;r.il— o.g tvpe n fit fitted
~ : T R TPC [15] incl. 0.94 17 18.5
TN Ao “uds tag” 0.%4 9 1.9
_§ S — 04 “o tag"” 0,594 g 5.7
_: s mr et b + _____ E 00 “h tag" 0.94 g 7.
4023 | TASSO [17] incl (34 GeV) 0.04 11 30.1
TR ] 4B incl. (44 GeV)  0.94 7 20.5
FRN ALEPH ey 192 = | SLD [1g] incl. 1.008 28 14.0
] R oot gy B ] 08 “uds tag” 1.008 7 11.6
5 & B “c tag” 1.008 17 11.1
:\:::::i —t— IH%E 0;% “b tag” 1.008 T 33.2
0 F = \\\ DELPHI 1{4 7 04.3 ALEPH [11] inel. 0.97 22 38.3
%”wf:@vw—-ﬁﬂ*ii % DELPHI [12] incl. 1.0 17 423
107k SR T i “uds tag” 1.0 17 26.4
: THIS FIT TE T s “b tag” 1.0 7 42.8
3L "7~ KRE ‘\L \\\ OPAL ITI: 04 OPAL [13, 14] incl 1.0 21 0.2
o ARK (00D '3 D SN I “u tag” 1.10 5 11.8
I N | s A . “d tag” 110 5 9.0
0! _— 0 7 1 “s tag” 1.10 5 40.8
“c tag” 1.10 5 38.3
“b tag” 1.10 5 73.0
HERMES [18] at 1.03 32 67.4
L 1.03 32 120.8
PHENIX [19] '’ 1.09 23 76.4
STAR [22] 0 (py=133 105 4 34
™ =37 105 5 9.8
BRAHMS [21] =t (5 =295 1.0 18 28.2
T, (g =205 10 15 43.0
TOTAL: LT
S-S
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2c. Extracted FF HKNS

Loose constraints at low

2.5
p glllﬂ]l Q2 = h|gh Uncertalntles,
1. Q=1Gev esp. Gluon
-> remedied by precision
measurement at low Q2
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2c. Extracted FF DSS

- Inclusion of pp and SIDIS data provide better constraints at low Q2 & high z

- Gluon FF still loosely constrained because
NLO corrections not large enough and

guark-gluon mixing from scaling evolution requires precise data far
enough from M,,

large theoretical uncertainties in pp-
-remedied by precision measurement at low Q?
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3. Particle Misidentification Correction—
Lepton PID Probabilities from J/W -> /*/-

e / lJ Real data exp[7;55], HadronBJ
onres ~590 fb”-1, cont~70fb"-1

i =Po- —
Example fits e/u PID cut B | g — &
p H B ol B
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H E [ e -
- 2000
€0s0j,,in [0.21; 0.36] N NI NI N D e e e = I R -
m,., (GeVicr2) M. (GeVIcA2) M.y (GeVicA2)
O T — P o
e and y components not i : - o oF -3 o=
. . . 2.18e401) 17 2100 @ ndf 114040117 E: 1 sne‘m; U IG‘
resolvable with kinematics only. s tnes : B s " s e
4450402 1 2330402 2000 < P2 +1.80e401 1 4.60e+00 10: s ‘ozse;o;;‘aol‘
s
S/N too low for KPID and pPID. 3 :
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3. Particle Misidentification Correction—
Lepton PID Probabilities from J/W -> /*/-

* Lepton PID probability samples.

Real data exp[7;55],

* VS Py and cosBy, . onres ~590 fb”-1, cont ~70fb”-1
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3. Particle Misidentification Correction—
Pion and Kaon PID Probabilities from D*

* -> o >
D Mslow (D Tast K) Real data exp[7;55], HadronBJ
Example fits onres ~590 fb”-1, cont~70fb”-1
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3. Particle Misidentification Correction—
Pion and Kaon PID Probabilities from D*

Cumulative Chisquare

m

distribution of all chisquares
fitted with theoretical
Chisquare distribution.
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3. Particle Misidentification Correction—
Pion and Kaon PID Probabilities from D*

« Pion PID probability samples. Real data exp[7;55],
m «  Good kinematic availability. onres ~580 fb*-1, cont ~65fb”-1

er 120 0.5 <= cos8, < -0.3 e, 120 -0.2 <=cos8,, < 0.0 PID probabilities p_ ~F {stat. uncertainties)
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3. Particle Misidentification Correction—
Pion and Kaon PID Probabilities from D*

« Kaon PID probability samples. Real data exp[7;55],
K' « Good kinematic availability. onres ~580 fb”-1, cont ~65fb”-1

er 120 -0.5 <= cosb, < -0.3 e, 12 -0.2 <=cos8,, < 0.0 PID probabilities pK__”___ (stat. uncertainties)
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3. Particle Misidentification Correction—
Proton PID Probabilitiesfrom A->p 1

p_

Real data exp[7;55], HadronBJ
MDst_vee?2,
onres ~590 fb”-1, cont~70fb"-1

Examplefits

hist[5](4](0](0)(2] | = PID-

obshist(5][4](0] (0] 0] | noPID-

no PID cut Im' i T PID cut

£ e/uPID cut |
. E 800~ 000 —
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3. Particle Misidentification Correction—
Proton PID Probabilitiesfrom A->p 1

* Proton PID probability samples. Real data exp[7;55], HadronBJ

p N ¢ VS and cosO,., . MDst _vee2;
Piab lab onres ~590 fb"-1, cont~70fb"-1
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Backup: Particle Misidentification Correction—
Lepton PID Probabilities from J/W -> /*/

e-/ p' Realdata exp[7;55],
onres ~590 fb”-1, cont~70fb/-1

508 112 suff stats bins 112 suff stats bins 112 suff stats bins

67 goodfulifit 559 18 dfulifit

‘1 e/luPID cut

! : ! P [c-wj

g

Kinematic extraction
availability

| 41 goodOprob

] wPID cut l

Red/blue: good fits.

Green: failed fits (no signal) ] i e b sutstatsbins | uu 79 suff stats bins
White: by-hand-rejected. ]| vy 66 goodoprob g 2 oeodtprets
7 . = * | 1 toolowstats 33 »
Restricted kinematic phase space / ——
for decay leptons (J/%¥ from B). II K PID cut PID cut Unsel.
R ¢ fyl_ [Guvlcf ¢ ip_ [Guvrcf ¢ ipl- (&vlcf
Consistency Check
30 112 suff stats bins i 112 suff stats bins
i M 8
25 :_ 58 this hist entries 75_ 18 this hist entries
£ 4 : o : :
:: :: 20:_ 55 goodfullfit g 18 goodfullifit
snsan P ) E : : 5—
o . T N 4 5:_ > inherbadfit af 41 goodOprob
e - 3 probstat >= 1,0 3
P P ) .3
- || emPD H | = PID-
- - e T, T T
(fit ratio - cons check ratio)/differenceuncert (fit ratio - cons check ratio)/differenceuncert
Agreementbetween the two methods within 1
o(delta) sigma for all extracted probabilities.




Backup: Particle Misidentification Correction—

Kinematic extraction
availability

m

Red/blue: good fits.
Green: failed fits (no signal)
White: by-hand-rejected.

Good availability.

Pion and Kaon PID Probabilities from D*

136 suff stats bins

131 goodfullfit

3 badfits

no PID cut

Real data exp[7;55], HadronBJ
onres ~590 fb"-1, cont~70fb"-1

105 suff stats bins. 135 suff stats bins

[

A 117 goodfullfit

|| 4 goodOprob

¢ in‘_ [G.vrcf

128 suff stats bins

8 toolowstats

140 suff stats bins
130 goodfullfit

10 badfits

s

4% |28 goodOprob

¢

ip._ [G-vtcf

122 suff stats bi
y suffs ins 5 suff stats bins
85 goodfullfit

| 131 toolowstats

14 toolowstats

nherbadfit

Unsel.
*

139 suff stats bins
116 goodfulifit

111 suff stats bins

93 goodfulifit
d “| 3 goodoprob

1 badfits

4 1 toolowstats

136 suff stats bins
105 goodfullfit
“ 15 goodOprob

4 badfits

4 toolowstats




Backup: Particle Misidentification Correction—
Pion and Kaon PID Probabilities from D*

P g
. = = Real data exp[7;55], HadronBJ
Consisten cy check - onres ~590 fb"-1, cont~70fb"-1

s

|| e/p PID cut I_

Inpmcm|

- - nf-
- | i SRS N Wi | sk ;|81 goodfulifit oE 126 goodfullfit
_ Hlemien e 20 E— 8 goodOprob . E_ badfits
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e nf d
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Backup: Particle Misidentification Correction—

p_

Kinematic extraction
availability

Red/blue: good fits.
Green: failed fits (no signal)
White: by-hand-rejected.

Good availability.

Consistency Check
£ i
. i

FEEEEN
ERRR R

o(delta)

By
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131 goodfullfit
5 badfits
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L AL L L L L L

|KPmcm|
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Proton PID Probabilitiesfrom A->p 1

| 67 goodtulit
| 18 goodOprob

34 toolowstats

Real data exp[7;55], HadronBJ
MDst_veeZ2,;
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Backup: Particle Misidentification Correction-
Obtain MC Probabilities from ,MCHadronBJ‘ Sample

» For extrapolation techniques need MC PID probabilities
« If PID correction performed with probabilities from generic uds charm MC: unphysical
corrected spectra:

e* PID-corr Real Data (Stat. Uncert.)
N " 4+ u* PID-corr Real Data (Stat. Uncert.)
wE 5 F 2 # 7* PID-corr Real Data (Stat. Uncert.)
o’ b o b = 10 ¢ K+ PID-corr Real Data (Stat. Uncert.)
osf- osf.. e . ... | #% p+ PID-corr Real Data (Stat. Uncert.)
04 f_ a4 _ 3 ““““‘“«::::“‘m% ! - -
) ;. I et et
0-— g n- spinpinpinpia 2 10 \\
E, | £, ) 1
v b [GeVic] ¢ h pl:b [Gevic] 10! ‘I
5 streams exp7-55 cont, ~335 fb”-1, ~600e06 events 10° ll
IPdr < 13mm, IPdz < 4cm; N_SVD(rphi + z) >=3; Evis>7 GeV ,’
10 “a ,/
. - Namd”
e-->j- | |mu-->J- | v
N R PR P P \ | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

z= Enarﬁcle’\l’az

uds charmgeneric MC cont exp7-55 3 streams, std cuts (Ipdr, Ipdz, NSVD, Evis)
In generic uds and charm MC,
‘ most high z electrons are created in pair

o'

production,
most high z muons created in decay-in-flight
-> high fake rates -> unphysical PID-corr. spectra

ot

“LL i 1A, -

Lo ke Sl NI 0t
01 02 03 04 05 06 07 0B 08 1 01 02 03 04 05 06 07 OB 09 1
recon gen-tagged 2 recon gen-tagged 2
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Backup: Particle Misidentification Correction-
Obtain MC Probabilities from ,MCHadronBJ*‘ Sample

* Include non-ggbar processes entering HadronBJ skim in MC probability sample
« Otherwise MC PID probabilities produce unphyiscal spectra in correction

.~ type  cross section (nb) _ _ _ _
tautau (KKMC) 10.9187 (4-0.0003) After extensive discussion with Casey-
eeee 40.9 san, Inami-san provided tau, two-photon,
Iee“‘““‘“ ”:?3 I muon and Bhabha MC on the Nagoya
ecuu .
leedd 0798 | cluster.
|eess ||0.22? |
leecc 0.030 | All processes are generated in amounts
eotautau___ [0.018 | according to their cross sections at the
mumu (Kkmc)  [1.005 +- 0.001 | )
: lbhabha (BHLUMI)[[123.5 + 0.2 | respective energy levels.

1] 105 E T T T T E::mnm 1] 105 E T T T : :::m“m

- F ——— mumuMC =) = : ——}—— mumuMC

E - e :::t:lu.‘:c E - : ——— tautauC

= [ e s

_E 10‘ E_TL_.“'--- ...... s ﬂﬁ ‘E 10‘ E_ :

ERE o e ER-

=] C E : -- - mlllll:: a [

g 1u3§_ ............................................................................................. 5 1u3§_

.mz_ ....... ) 10
0L 10l
- 1 - | : : : : . I|:-| 1 Qo I : : :, 'I:Ir'L:i.':E .'i|::: ,':,': 'E I'I: :,': B :
‘] 0 01 2 03 04 05 06 0T 08 085 1 0 01 02 03 04 0.5 06 0.7 0.8 09 1
recon z of PID e- recon z of PID -




Backup: Particle Misidentification Correction-

Obtain MC Probabilities from ,MCHadronBJ‘ Sample

« Comparing ,MCHadronBJ‘ to real data HadronBJ skim for selected runs in exp41l

e ratio Real Data/ udscMC
e ratio Real Data/ MCHadronBJJ
O 10 = o - ratio Real Data/ udscMC
= . " ratio Real Data/ MCHadronB.
E C w ratio Real Data/ udscMC
B L 1 ratio Real Data/ MCHadronB.J
[y} & 9] K- ratio Real Data/ udseMC
Q0 1 = # K- ratio Real Data/ MCHadronBJ
— - 8] p- ratio Real Data/ udscMC
g - - p- ratio Real Data/ MCHadronBJ
[ L
O oo e D
g = e
— B :
v B
|
10—
=
I ) : i : : : : : :
. bl
10.1IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIIIIII
0 0.1 0.2 03 04 05 06 0.7 o8 09 1

recon z of PIDsel

Exp 41 stream# 1, 63 runs continuum;
generic uds + charm + ‘Nagoya MC’; real data HadronBJ skim
IPdr < 13mm, IPdz < 4cm; N_SVD(rphi + z) >=3; Evis>7 GeV

S S 0.
a2’ PPN A A O O Y
I -
" NCT T
5 streams exp7-55 cont, ~335 fb”-1, ~600e06 events
IPdr< 13mm, IPdz < 4cm; N_SVD(rphi + z) >= 3; Evis >
7 GeV
le->i- | | mu-->j- |
W 12p 0.2 <= COSﬂub‘:ﬁ.ﬂ 0.2 <= cosh, < 0.4
i 0.!‘5-.—-
o_gf._. ...................................
d.dE-_.
0.2‘_———-
of-

o e
P, [GeVic]

Exp 41 stream# 1 + 2, 63/64 runs continuum, 557/572 runs onres;
generic uds + charm + mixed + charged + ‘Nagoya MC’,

total ~100 fb”-1, 235e+06 events

IPdr < 13mm, IPdz < 4cm; N_SVD(rphi +z) >=3; Evis >7 GeV
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Backup: -

Particle Misidentification Correction—
Extrapolation of Real Data PID Probabilities

» Interpolate small gaps with real data PID probability
« Extrapolate high p,y, probabilities in high plab bins with Monte Carlo help.
» Color points: real data probabilities, gray points: generic MC probabilities.

L1z
*:%‘ o3 LU p(p+ -> Tl'+) __________ JTr" 1
& &

[ = I | N B 14 15 0 0 1 1 1 U OO OO OSSO o 98

JORN &4 o Pp->p-)

&L | Ll
nnn
o 08 R 1 e e Y S RSN HSOUOOROUUOO .

0.6 efebe b de b e e b

0.4 A 555 A O I

o02be AL L L p(11'+_> TT+)

)| I N 0 1 0 0 A O copedeeqeeerpe e g g e
[i] 1 2 )

5 [ k.
Pos [GeVic]




60/18
Backup: Particle Misidentification Correction- -

PID Correction & averaging between T1) and T2)

Proton turn-off at z~0.8: caused by fake rate K->p.
in D* sample fake rate K->p higherthanin MCHadronBJ:

bin T, (54 <= coad, < 06D bin B, 0LE9 <= cosd, , < 0.84
= [ S = [ -
T asE UL | e ] eaf
o o [ | I Y A Y 8 A O e
i | i .
F L [ : .............. b
u:__ .........................
[ N R I e e
DA "' ............. "
az el
AE [~ "' ............... !’.I. r 3 L
i B [GeVic] : ‘ " p_ [GeVic]
K-->p- |
| p ; e- PID-corr a Real Data
. g 10°g 4 u-PID-corr a Real Data
Color: real data K- ->p- probs from K out of D* decays. 3 = i - PID-corr a Real Data
Gray: MCHadronBJ probabilities from all gen K reaching the detector after : 407 [ i K- PID-corr a Real Data
std cuts. =
- 2 107 i & p-PID-corr a Real Data
Black: method a) extrapolated probabilities. E, ; . ; ;
< 0 O N M oV AORE SN S S
104 : : : ............. .................. -_-._,. ,. ..............
Systema’“c uncertainties of PID 10* ................................................. G

correction consistent with positive 10°
proton yields at high z. A S




Backup. PID Probability Extraction

» Probability extraction p(i->j): building ratios between signal yields- integrated signal

functions
—_ - —~, 100001
¥ 34000— ¥ E
Ebm o g= o000
Z 32000 Z 00—
e 7000—
30000~ e c
C 8000
28000 5000
26000/ 4000
- 3000
z‘ono_wuwluuw|w||||w|\|w|||ww|w|w|w|w\||| ISR NP AR | P A 1| B A WP
3777502 504 506 308 34 342 314 316 318 37TE02 504 I0e A08 R TE R RIS  Has
My, [GeVicA2] wr. [G€VIC?2]
no PID cut e/p PID cut
N i N _I->
Mhigh _eig - \
: R (par ~i— i, v.m)dm
=, .fm low 9 Di—7 (m) \J D=2 (m) '
N i— 7 histbinwidth
]')_; = e—
bl \? my ; ;
Iy - high ,sig - \
- N - - ~
2 fmlou' f-g i (m) \PAT i (m),) dm

histbinwidth




Backup: HadronBJ Impurities

Process o (nb)
bb 1.1
q7 (q=u, d, s, c) 3.3
T 0.93
QED (25.551° < 6 < 159.94°)  37.8
vy = qq (w > 500 MeV) 11.1

* Ininitial test study, following BN 390,

* QED backgroundwas neglected;

* Beam-gas background was also neglected, since only tracks within the ToF geometry
acceptance and with z < 0.75 were consideredin our analysis.

* upperboundis estimated for tautau (gamma gamma) events:
additional directed systematic uncertainty of -1.8% (-1.4%) per z-bin.

Physics VSon s = 10.58 GeV Vo = 10.52 GeV
Process | Cross Section [ub] | Relative Number of Events | Relative Number of Events
BB 1.09 27.9%
qq 2.62 67.0% 92.9%
R 0.05 1.3% 1.8%
QED 3.1073 51074 0.04%
¥ 0.04 1.0% 1.4%
Beam-Gas 0.11 2.8% 3.9%
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Backup - Binning for Particle Misidentification

Correction

Piab biNNing:

bin0=0.5-0.65GeV
bin1=0.65-0.8 GeV

... widths of 200 MeV

bin12=2.8-3.0 GeV
bin13=3.0-3.5GeV
bin14 =3.5-4.0 GeV
bin15=4.0-5.0 GeV
bin16=5.0-8.0 GeV

c0sBiab binning:

bin O:
bin 1:
bin 2:
bin 3:
bin4:
bin5:
bin 6:
bin7:
bin 8:

-0.511--0.300
-0.300--0.152
-0.152-0.017
0.017-0.209
0.209-0.355
0.355-0.435
0.435-0.542
0.542-0.692
0.692-0.842

1

Oiab binning within ToF acceptance
ToF 01an[34;120)°,
C0SBiabin [0.829;-0.5).

@iab binning reflects ACC hardware
segmentation.




Backup — Likelihood Cuts for Particle Selection

Selected Cuts on Likelihood Quantities
SpeCieS ] Leid Ly, LK:?T LK:p L?TZp
e [0.85; 1.()] [—5.0; 0.9) - - -
. [0.0;0.85) | [0.9; 1.0] - - -
i [0.0; 0.85) [—5.0; ().9) [0.0; 0.6) [0.0; 1.(_)] [0.2; 1.0]
K [0.0;0.85) | [=5.0;0.9) | [0.6:1.0] | [0.2;1.0] | [0.2;1.0]
P [0.0; 0.85) [—5.0; ().9) [0.0; 0.6) [().O; ().2) [0.0; ().2)
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Backup- CDC, ToF and ACC PID

discrimination power

« CDCdiscrimination power via dE/dx

«  ToFdiscrimination power via time-of-flight

—>

Track Times-of-Flight for Particle Species i [ns]
Momentum [GeV /(] e Ju T K p
1.0 4.004 | 4.209 | 4.274 | 4.892 5.572
2.0 4.003 | 4.008 | 4.013 | 4.123 4.421
3.0 4.003 | 4.005 | 4.007 | 4.057 4.194

+ ACCdiscrimination power via Cerenkov thresholds

dE/dx

6.5 1
log,,(p (GeV/c))

Refractive Cherenkov Threshold Momentum for Particle Species ¢
Index e [MeV/c] | u[GeV/e] | w [GeV/c] | K [GeV/c] | p [GeV/(]
1.010 3.6 0.75 0.98 3.48 6.62
1.013 B 0.65 0.86 3.05 5.80
1.015 2.9 0.61 0.80 2.84 5.40
1.020 2.54 0.53 0.69 2.46 4.67
1.028 2.14 0.44 0.59 2.07 3.94

1




Backup: Particle Misidentification Correction-
Uncertainty Propagation Procedure

For inverse values: take analytical inverse.

For uncertainties: Build MC ,instances’ of original PID matrix by varying each element

within its uncertainties, impose probability requirements, sample size 106

hSEDrej[4][4]
F Entries 1000000
7000~ Mean 1.153
C RMS  0.009224
6000
5000
4000 f
- / \
3000 f \
C +
20001 ;:’ g‘
1000
Iy N
D_llL_se-.:i::/r/llllh ||||E||||| |||||M:|‘_1-+_4.ILLJ_J_I|
112 113 114 145 116 117 118 1149 1.2

i

values of element i4 j4 in inverse MC instances

25000

20000

15000

10000

5000

hSEDrej[0][2]

AR R AR AR

Entries 1000000
Mean 0.0006577
RMS 0.001512

4
L
3

s {/-I_h"’l“rl 1 EI 1

-0.005 0
values of element i0 j2 in

1 1 1 I 1
0.005 001
inverse MC instances

T R
0.015




Backup- Accounting for Probability Nature of
Matrix Elements in Uncertainty Propagation
through Matrix Inversion for Sample PID Matrix

« green:all MC variants of original PID matrix.

* Dblack: rejecting all variant matrices which are not complying with
probability interpretation (columnsum > 1.0 || matrix element< 0.0).
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4a. Correction for Particle Misidentification -

I\VV. PID Probability Extrapolation

* PID probabilities not extractable for entire kinematic plane from real data

« Toobtain PID information and representative uncertainties also for highest z:
extrapolate real data probabilities with MC information.

« Toaccount for sample impurity of real data HadronBJ skim, extract MC information
from ,MC HadronBJ‘ = uds + charm + 2gamma + QED events.

« Perform PID correction with probabilities from two different extrapolation methods.
PID-corrected yields are average of corrections.

bin 4, 0.21 <= cosd, < 0.36
R N

u_;E_ 0 1 A O O O s

Mz_ 0 0 O PO : Color:real data probabi”ties_

0 311 Gray: MC probabilies.

SECTTTT b A 4 S Black: method a) extrapolated probabilities.
I S T T ST T 2 v Triangles below O: internalindicators.)

0 2 3 2 Pl;b[ﬂf’-‘wci -n.z_t:” ﬁ e - ( : .

plah[GeWc]

|pi--> pi- | |K--> K-‘l |




4a. Correction for Particle Misidentification
V. PID Probability Correction Results

| e- PID-uncorr Real Data j e- PID-corr a Real Data
> p- PID-uncorr Real Data 10° g g : : 7 u-PID-corr a Real Data
[ z-PID-uncorr Real Data FE : n- PID-corr a Real Data
O K-PID-uncorr Real Data Ll S A C A K-PID-corr a Real Data

p- PID-uncorr Real Data sy S f p- PID-corr a Real Data

Absolute Yields
Absolute Yields

QID'"un"CO'rr """ |
' ..|....|....|....|.... 1 e

0.2 D..'l 0.4 0.5 0.7 0.8 0.8 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1
z= Epalrtii:le"‘\'{g"2 z= Ep\ﬂrtii:le"‘\'{_"2

Belle experimental data, ~110M events, about 10% of available dataset

, e- PID-corr b Real Data : e- PID-corr avg Real Data
7 p-PID-corr b Real Data 100 e— : : : W |- PID-corr avg Real Data
: : i 7-PID-corr b Real Data E y - PID-corr avg Real Data
1“7 7 ................ ................ ............ 1 K. PlD.co"' h Real Da‘la - ................ ................ ............ I K- P|D.co|*|' avg R_ea| Data
10° et : 5 5 A p-PID-corr b Real Data 10° g .. S ¥ p-PID-corr avg Real Data

407 gy o 10° EOTO W ........ o . e ................

PSS W S M D

- ................ - ..... - el D wh e

10°

Absolute Yields
Absolute Yields

10 8- O T SOV STV PTROE S~ S 3 ) 10 Pchorr.Avg.a)’b) ................ ........... w
! "u.'z' S 'u.'-t' - 'u.'s' B L ) P02 03 04 05 06 o7 o8 08T
z= Ep\alrtii:le'r\'{g"2 z= Ep\artii:le'r\'{g"2




4c. Acceptance Corrections

« MC-based correction for decay-in-flight losses, detector interaction, detector/tracking
efficiencies, analysis acceptance.

« Accountfor dependence of correction factor on MC hadronic interaction package

h, measured h,all _hall hall
I\Iz T I\Iz gz,global z, analysiscuts
h
gz,total

| Efficiencies for z- [ Efficiencies for K+ |

global particle |A and det/recon eff

+
+ analysts o
+

total correction factor

ar | T i — i S i B i L i S i S i — i L a 111 i 1111 i 1111 i 1111 i 1111 i L1l | i 1111 i L1 1| i 1111 i 1111
0 T 02 03 04 08 o neiated ID o 01 02 03 04 05 06 07 08 08 1
g a generated z for generated ID

1077 MC continuum events

1




Backup: Pion decay-in-flight study
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|) Absolute yields of all strongly generated particles, MC-tagged and
analytically calculated DIF parents

I1) MC-tagged and analytically calculated DIF parents relative to all
strongly generated particles
[11) charge ratio of all strongly generated particles and MC-tagged DIF
parents

DIF spectra for =-, in beamline for 10cm |

DIF spectra for =+, in beamline for 10cm |

10 —— strongly generated particles 10 —— strongly generated particles
10 10 charge ratios for 7, in beamline for 10cm
L EE S SO OO SURURTR O I O SO SR PP SOT
10 MC tagged DIF parents 10 MC tagged DIF parents - TN RV EAVURURERIN ¥ § RN | ot e L. ...
08 [ F T 1 EEE O FH PR S 13:_- : : : : : : !
L s P A analytically calculated DIF parents L PO A analytically calculated DIF parents 16 r
100 10° 1_4:_ .........
5 5 r
10 10 1.2
10 10¢ N
10° 10? e 08 LE L L L
102 102 V] RS SOSPOURIS PRSP POUON 2511 TS0 0 U A0 PRI SRR S0
10 i ! : : [/ P T FR e . 1||. 0.4 P bbb e b
ST P T P AT I o = PR PP P, DY S P T TS TN A £ T T L (Y VRO VRO UNON VPR WONPR O O 010 O AP SO |
g o1 02 03 04 05 06 07 08 09 1 g o1 02 03 04 05 06 07 08 09 1 o
generated z for generated ID genearated z for genarated ID

| Ratios to tot gen for ==, in beamline for 10cm

sagged DIF pareris | 3l generated

| Ratios to tot gen for =+, in beamline for 10cm

Coi11 I 1111 | 1111 | 1111 | 1111 | 1111 | 111 | 1011 | 1111 | 1141
0 o1 02 03 04 05 06 07 08 09 1
generatad z for generated ID

o.nnssé ...... i ......................... nﬁnmmmnwmmun — I Summary go 0 d I
—rL | consistency between

0.002F
0.0015
0.001 -

0.0005 -

: IR feme= e
.| 07 08 09 1
ganerated z for generated 1D

[|] = AT LN s 5 L E e o
¢ 01 02 03 04 05 06 07 08 09 1

ganerated z for generated 1D

[
I pi+ and pi- MC and :
I with analytical I
j calculation along
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5. Acceptance Correction |

- for systematic uncertainty on g,,,,,: generated 1M particles each for pion/kaon,
negative/positive, Fluka/Geisha/no hadronic interaction.

1M per sample, exp55
872'3.” 872'8.” single particle MC: conditions
z,global ®z, analysiscuts
: g 4+ g from FLUKA

—+—— 1 from GEISHA
—+—— 7 from no hadronic IA
—+—— K from FLUKA
—+—— K from GEISHA
—+—— K from no hadronic IA

1.0-'Global’ Efficiencies (up to det/recon) for charge - | 1.0-'Global’ Efficiencies (up to det'recon) for charge + |

z,analysis 7, all
|\Iz T Nz

0.07 0.07

0.06 0.06
0.05 0.05
0.04 0.04
0.03 0.03 -
0.02 0.02

0.01 0.1

]

0 1] ;
0 01 02 03 04 05 06 O0F 08 09 1 0 o1 02 03 04 05 06 0T 08 09 1
generatad z for generated ID generated z for generated ID
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Backup: non-gqgbar contributions in MCHadronBJ

Exp 41 stream# 1, 63 runs continuum;
generic uds + charm + ‘Nagoya MC’ vs real data HadronBJ skim
IPdr < 13mm, IPdz < 4cm; N_SVD(rphi + z) >=3; Evis>7 GeV

e a——
4 Oans ™
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|
|
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\
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\

.
Bassaas
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Fr

Absolute Yields

10"
107
10°
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10*
10"

10
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......

J 1 1
recon 2 of PID K-




Charged Pion and Kaon Multiplicities from Belle

- MC fractions of particles produced in strong or weak decays in
e+e- -> qgbar (u,d,s,c) -> X +pi, X + K strong decay products
- plotted is strong/(strong+weak) and weak/(strong+weak)

[Relative MC Yields for n+ | [ Relative MC Yields for 7- |

weak decay products

107 107
10° 107 =
107 i P TS P IR I P B 10° | T R TS R PR FTETR I
0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09
generated z for generated ID generated z for generated ID
[ Relative MC Yields for K+ | [ Relative MC Yields for K- |
1
10" 10"
10° 107
10° i P P IS U DU DU P
0 01 02 03 04 05 08 07 08 09 1

3 j NN I NI T I N B
9~ 01 02 03 04 05 06 07 D8 09 1
generated z for generated ID generated z for generated ID

EI Belle Monte Carlo data, ~500M events




3. Chiral-odd Fragmentation Functions for the
extraction of transversity distribution

« To determine transverse quark spin distributions:
pp, SIDIS measure:
transversity X Collins FF: o X .
or
transversity X Interference FF (IFF): o X .

» Belle can measure: Collins X Collins or IFF X IFF by identifying two/four
hadrons in two hemispheres in final state, ete>(h)(h) X/ =2>(hh)(hh) X

I Event topology in I

]
GELEL L H

ete- CMS frame
Jetaxis: Thrust

1




3a. Collins Fragmentation Functlons. at Belle

« Collins effect: J.c.collins,Nucl. Phys. B396, 161(1993)
fragmentation of polarized quark into unpolarized hadron: B
azimuthal dependence of hadron production cross-section o (k X Py, l)- S,

1§q ﬁ 6 oc Sin ¢
o— o—— " N

q K N P

* Inunpolarized e*e- quark spin unknown -> Collins effect would average out
on single jet -> measure simultaneously in both hemispheres (quark spins
correlated)

_ =) 2-hadron inclusive cross section:
e da(e+e‘ — hlhzx)

dQdz,dz,
oc sin® ® cos ¢1+(p2

€ ™M
ete- CMS frame

BELLE




3a. Collins Fragmentation Functions [H; at Belle

Measure ‘double ratios’ of normalized two-pionyields ->
access to favored-disfavored Collins FF (transverse spin asymmetries)

First published: Phys. Rev. Lett. 96, 232002 (2006)
Larger data sample: Phys. Rev. D 78, 032011 (2008)

o~

—
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1 . AUt I
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: - v a
0.05 N s - A .
' A .
0 19-....! e smnsions . sl N..... . k. ..
-0.05 E
o PR . | T B L - |
< 0.2 - 05207 L 0.7<z<1
0.15 - B
0.1 | : . .
K
oos -, * 4
[ = “ ” e ' = o -
o ..........................................................................
-0.05 | : =

0.2 0.4 0.6 0.8 0.2 0.4 0.6

= first direct measurement of
Collins effect

» significant, nonzero
asymmetries implying significant
spin-dependent effects in

e'e" —>0gg(g=u,d,s)

fragmentation

= this measurement used in first
extraction of quark transversity

distributions

Phys.Rev.D 75, 054032 (2007),
Updatein

Nucl.Phys.Proc. Suppl.191,98-107
(2009)
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3b. Interference Fragmentation Functions H; -
at Belle

« Again asymmetry would average out on single jet (unpolarized initial
state at Belle, quark spin state not known)

« ->measure simultaneous azimuthal modulation of two pion pair yields in
opposing hemispheres

Ao COS(% "‘(92) Hf(zl’ml)ﬁlq(ZZ’mZ)

Model predictions for IFF from:

Jaffe et al PRL 80, (1998)
Bacchetta et al. PRD 79, (2009)

ete- CMS frame

1




3b. Interference Fragmentation Functions H;
at Belle- Model predictions

= 0,041 = 004 = 0.04F = 0,047
[ ] o [ ] E L] E L] E
0.03} 0.03F 0.03¢ 0.03¢ g
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M= LA 0.015 0.01F
-0.01:— -0.01:— 002 0,02
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F E 0025 ¥ 0025
0.0z 0021 —— o.0f S o ) o.01f fﬂ‘#—
F +* . E == . = = 2= - E —

0.01F ootE oF of
of ol MM T 0.01F 0.01F
001t Q4p<z <055 001t 0s5<z <075 0.02¢ 040 <z, <0.55 o.02p 055 <z <075
: ' v E ' 1 0.03F ) 0.03F ]
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m, [GeVic’] m, [GeVic’] z,

Red line: theory prediction + uncertainties, Bacchetta et al, PRD 79 (2009)
Blue points: data (after sign change and cos moment, decay angular moments adjustment)

* Model prediction: IFF larger around invariant mass of correlating resonance,
then fall-off

 Measured: ~ constant IFF at high invariant masses, raising |IFF for
increasing fractional energy

1




