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* integrated luminosity
>1/fb recorded per day
(108 events for o=1 nb)

= ~90% of time on-resonance:

Vs=10.58 GeV
= continuum + Y(4S)

= Y(4S) decays 99% to BB

= ~99% of B mesons

decay into charm particles
= ~10% of time off-resonance:

Vs=10.52 GeV
= only continuum

» o(c, off-resonance)~1.3 nb

Is as high as

o(b, on-resonance)~1.2 nb

Charm Fragmentation
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On- vs. Off-Resonance: Charm production

D from B decay direct D production
(continuum)
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Motivation

o fragmentation as a QCD process
» theoretical aspect:
* how does a quark transform into a hadron ?
e from emission of gluon to emission of n gluons
* how do the infinite number of gluons self-organize ?
* how do all the spins align to exactly spin-0 or spin-1 ?

« are there differences between mesons and baryons ?
(formfactor)

« understand the dynamics
(as a function of quark momentum ?)

e non-perturbative effects ?
e practical aspect:
e improve Monte-Carlo
B meson fragmentation measured well (LEP, SLD), but D meson not
e comparison to PYTHIA 6.2

« important for other analyses of direct charm production
D**, D, etc.
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An Example of Calculating an QCD Process in e+e—

= Ratio of di-quark to di-muon events
= Perturbative Expansion in og

ete” — hadrons

R =

ete” — ptpT

‘ 5 as 33 —2ny a 153 — 190y o
= 3) q; 1+?+(..} 5 w~+('”) > =+

’ 2 g
= 3> q; 1+?+1441 — 1285+ ..

LO NLO NNLO
\AA< MQ wvé + higher order

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 6



Fragmentation
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parton cascade

hadronization
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Data Set
= On-resonance 87.7/fb
= off-resonance 15.0/fb
=  Monte-Carlo 217.0/fb

QQ98 event generator

+ Peterson model fragmentation
+ PYTHIA 6.2

+ GEANT 3.21

Phys. Rev. D73(2006)032002
hep-ex/0506068

decay modes
used in reconstruction

D' — K-zt

DT — K 7atxg"

Df —on" (¢ — KTK™)

AFf—ptK—nt

Dt — D77 (DY — K—7t)

DY — D" (D" — K—n'xh)

DY — D7 (DY — K—71)

efficiency and misidentification probability

=+

K~ P

aa
D°(el ) 96%|26%
D*(elf) 96%|12%

e

(

(
D (elf) (98%]|17%
AY (elf) (98%|15%

06%|26%)

97%|24%)
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97%|21%) (81%|7%)
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History of Charm Fragmentation Data

= fragmentation data from e*e- > cc, V¥s=10.52 GeV E+p)

= before 2000 E max +P max
ARGUS, 314/pb o T
Z. Phys. C52 (1991) 353 i D |
CLEO, 35.8/pb =B
Phys. Rev. D37(1988)1719
nowadays equivalent data
are recorded in ~50 min

= after 2000 ot /
CLEO, D,D*, 8.9/fb A0 S AN
Phys. Rev. D70(2004)112001 X

CLEO, D.,D.*, 4.7/fb [ONEREI :
Phys. Rev. D62(2000)072003 . ]

= BELLE 2005:
» integrated luminosity x 10
= Xp bin size x 1/3 ]
= baryon fragmentation A, - Y
= precision in high X region e e

d(Bo)/dx*(pb)

Bder(D,)/ dx (pb)
[=] o
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On-resonance vs. Off-resonance
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Mass distributions

= 0.68<x,<0.70
(near peak of

"
T

. ‘1@ “©1000F
fragmentation $ v =100 e poge |
function 5ol = s00p D*
off-resonance) 3 1000} S eo0f
= for full x, range i g 400l
increasing L ® 2000 &
prege(_edlng 0 501 5.03 0.08 661 0 O C ' -00(;15 .01 20005 0 0005 0.01 0015
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by factor 210 o o
E 140_— b E m;
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Average number of charmed hadrons per B decay

= from integrated yield
on-resonance minus off-resonance

error of
branching ratio and luminosity

Np_.o ¥ PDG(2004)

DY — K—xt 0.644 4+ 0.003 = 0.024 + 0.021 0.640 = 0.030
D+t — K—g+gt 0.248 4+ 0.004 + 0.033 + 0.020 0.235 + 0.019
DF — on™ 0.122 + 0.015 &+ 0.033 + 0.030 0.105 &+ 0.026
AF = ptK—nt 0.042 4+ 0.011 + 0.033 + 0.018 0.064 + 0.011
D*0 — pYxrd 0.217 +/0.014 + 0.020 + 0.018 0.260 H0.027
D — DO+ 0.218 40.007 & 0.020 & 0.015 0.225 H0.025
— Dyl 0.202 +/0.014 + 0.022 + 0.018 0.225 +H0.025
average D*+ 0.215 4+ 0.006 + 0.022 + 0.016 0.225 + 0.025

~1-2c deviation due to D** feeddown

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 12



Fragmentation Functions

e VS. momentum fraction x
e continuum = 5

= -
e high precision CENd DK
up to x=1 Y Do
¢ estimated i %
syst. error & K
from D** i Y
0.5
feeddown e Ty
e.g. broad p-wave T i
D,*(2308) goe] Al | T
- — 08f "
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QCD Fragmentation Models

. ”12
Bowler er;,m::(l — )% exp <_EI_:J‘)
rl N bm]
Lund N2(1—z)exp (——_4-)
Kartvelishvili et al. # Nz2e(1l—z)
' ' T 1l—x (2—z e, -y
Collins-Spiller  # N (== 4 Bk (14 27
-2
(-f-2)
. . =7
Peterson et al. N1 (1 -1- l—’_‘j)

Soren Lange (Frankfurt Univ.) BELLE

Charm Fragmentation

Term (1-z) from kinematics:

ete” — qqg

-') -)
I do  a c ry + ;5
————=—=Cp
og dzydze 27

# not available in PYTHIA:
re-weighting =

store z and pL

and re-calculate ansatz

June 6, 2006 14



Comparison to QCD Fragmentation Models

Example: §
De fragmentation function =
“fit” MC vs. data: ) ;
define fragmentation ansatz .
(re-weighting if necessary) RTINS
+ full parton shower
+ full detector resoluti

]
Kartvelishyili et al.

']

]

B il b

e.g.

Lund|string fragmentation

- | PP BT P |
o mi aF 3 o4 of

deviations
in high x
region

FF(z) = ;(1 _ z)%exp (_b;”’i)

PYTHIA default a=0.30
“fit” vs. data a=0.68

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 15



Which fragmentation model fits best ?

d.o.f. = #bins - #parameters

DY D+ D;I- »\lr:l- Dt

Yo/ dof. Xoin/d.0.f. Yo /do.f. Yo /d.of, Yoo /d.0.f,
Bowler 1327.0/59 188.4/60 730.7/55 269.1/60 541.8/55
Lund 1500.5/59 527.1/60 513.2/55 266.6/60 965.6/55
Collins and Spiller 3032.1/58 948.0/60 1412.5/55 2836.7/59 1540.7/54
Kartvelishvili 3210.4/59 861.4/60 735.3/55 390.7/60 1271.1/54
Peterson 5070.2/59 2229.6,/60 829.6/55 1345.0/59 3003.0,/54
v? depends on size of data and re-weighted MC
only relative comparison

el b EI

Bowler and Lund appear favoured ~ T|exp | ——

similar trend as for B fragmentation

e.g. SLD, Phys. Rev. D 65 (2002)092006

Soéren Lange (Frankfurt Univ.)

BELLE

Charm Fragmentation

June 6, 2006 16



Ratio of D*/D Spin-1/Spin-0 Fragmentation

3.5

ratio

naive spin counting
probability for spin-1
P,,=0.75

data (off-resonance)
MC Peterson

[0 MC Bowler P,=0.75
¥ MC Bowler P,=0.59

Soren Lange (Frankfurt Univ.) BELLE

P,,<0.75 predicted by theory
because m(D*)=m(D)

see Braaten et al.

Phys. Rev. D51(1995)4819

deviations in

high x region
in PYTHIA
P, = PARJ(13)
Charm Fragmentation June 6, 2006 17



Ratio of A./D Baryon/Meson Fragmentation

total cross section
o(A)/oc(D+D*+D,) =
8.1+0.3+0.2%

0.5

ratio

deviations in
high x region

data (off-resonance)

MC Peterson
[0 MC Bowler P,=0.75
¥ MC Bowler P,=0.59

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 18



What is remarkable in the high x region ?

1 valence c quark
> \\7/ —_— 1 valence u,d quark
- N=0o sea quarks
1 quark / 2 \\ (ud,s,c)
N=o0o sea gluons

1 hadron

« limit x=1: quark and meson have identical momentum
« pointlike — formfactor

* QCD self-organization of infinite number of partons

« where is the energy coming from ?

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 19



Is there a Non-Perturbative Contribution ?

= preliminary data were used by theory: Cacciari, Nason, Oleari
hep-ph/0510032, JHEP0604(2006)6

*= high x
= softgluons x,,o~(1-%p)
— higher order in o (e.g. NNNLO) 1_5'_BEL|LE g _
— but also non-perturbative (o high) [ o/0.= 0.59 ]
. a] i
=  Ansatz: % Lol B
= calculate fragmentation function ° oL
perturbative in NLO < i
0.5 —
= take BELLE and CLEO data and fit i i
perturbative + non-pertubative [ o
(motivated by QCD sum-rules) %0 o2z 04 08| 08 10
Dyp(x) = Norm.|x n [0(1 — )+ cﬁﬂ-’{:hl(l — ,r)“;zrh} FIT
C "

= determine non-perturbative fraction

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 20



Is there a Non-Perturbative Contribution ?

= result: ~25% is non-perturbative, except D°

DF—D° | D*=D+[ D*| D+[__D°
Norm. 0.253 0.227 | 0.211 [ 0.270| 0.598
% 63/46 13/46 | 17/46 | 36/46 | 77/46 \

Do highly non-perturbative ~60%

= why ?

decay D* — D¢ is close to threshold
identical velocity

we ,see transition between the formfactors
(gluon cloud transition from spin-1 to spin-0)

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 21



Cross check: limit x=1 on two sides

= exclusive 2-body e*e-——DD0)

)
e
= consistent with ol. xmﬂ-@'#ﬁ D'*— D’r*
Belle, Phys. Rev. D70(2004)071101 Do, Hy

& = 0.55+0.03+0.05 pb (D**D") i

0.2
c = 0.62+0.03+0.06 pb (D**D*") ok } ﬁ ++ ? |

B.Q 092 094 096 098 1 1.02 1.04
X
P

ete-—D**D-

ete——D**D—~ efe > D*D*-

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 22



Summary hep-ex/0506068

Charm Fragmentation Functions were measured
at Vs=10.6 GeV with a data set of 87.7/fb + 15.0/fb

Bowler and Lund models are favoured

Default PYTHIA parameters seem not suited for charm fragmentation,
best fit:

TABLE XIII. The parameters of the fragmentation functions at the minimum of the y?/d.o.f. distributions.

Dl! D+ D+ .I:\+ D,,,_l_
5 St

parameter pars at min. pars at min. pars at min. pars at min. pars at min.
Bowler alb 0.12]0.74 0.12]0.58 0.12]0.68 0.34]0.74 0.22]0.56
Lund a 0.26 0.45 0.2 0.55 0.58
Collins and Spiller gl 0.04 0.055 0.04 0.04 0.075
Kartvelishvili a, 4.6 4 5.6 3.6 56
Peterson g, 0.028 0.039 0.008 0.011 0.054

Evidence for non-perturbative effects at high x=1

All results posted in Durham Reaction Database
http://durpdg.dur.ac.uk/cgi-bin/hepdata/testreac/11582/FULL/q

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006
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Radiation of a gluon

The Born process ete™ — ¢ is modified in first-order QCD by the probability for the q or
q to radiate a gluon, i.e. by the process ete~ — qqg. The matrix element is conveniently
given in terms of scaled energy variables in the c.m. frame of the event, z; = 2E,/E,,
Ty =2Ez/E,,, and x3 = 2E,/E_,. i.e. 1 + x5 + x3 = 2. For massless quarks the matrix
element reads [F117(]

1 do o, dtd (26)
og drydzs 27 (1 —a1)(1 —a2)

For massive quarks, the amount of QCD radiation is slightly reduced It rfT;]:
1 do _ s x]+ a3 B 4m? ( 1 N 1 )
ag day das or ¥ (1 —29)(1— x9) s \l—x; 11—y

2m? 1 1 dm} 1 1 2
_ ) ()
g \(1—21)2 (1 —mx9)? 82 \l—mz 1—mx

PYTHIA 6.2 manual
this is origin of (1-z) terms in fragmentation function

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 25



Non-uniformity in on-resonance X, distribution

« peak at x,=0.3-0.35 is due to two-body
B—D®D
BR<1%

e notseenin Dy

g v T l

o xn' 5:_ 0 - Rl :_ *a 0 +
o C +F D’ Kt 2[ D —-Dn
iy AR A L .
B % B + +
3 + _+_ - + ¥
C + L +
- * = + +
20 * + B + _i_—j:—
-+ + 05 = +
1:_ -+ n B % +
;l_|-+- | | | I m D_l III 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |¢|_{-+
% 0.1 0.2 0.3 04 'o.sx 0 0.1 0.2 0.3 0.4 0.5
P )(F,
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Estimate of contribution from D**

» difference of primary
D° and DY
(after D* correction)
o difference ~13%
must be compared
to uncertainty in
branching ratio ~6%

Soéren Lange (Frankfurt Univ.) BELLE
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Ratio vs. primary D
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Total Cross Sections

TABLE X. Three ratios of total cross sections, each of the
form o(ete™ — AX)/o(eTe™ — BY) for the continuum sam-
ple. The denominators of all ratios contain the contribution from

D™ — D and other decays. For comparison, see [32]

A B Ratio

D™ + D** DT + DY 0.527 = 0.013 = 0.024
DY Df + DT + DO 0.099 + 0.003 + 0.002
A DY + Dt + DO 0.081 *= 0.002 * 0.003

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 29



? Ratios.

Where in X, does the Peterson model fa

neutral vs. charged

spinl vs. spin O

= Ve,
L=< asrsssspys,

)

2

0.4

: ra
L I

/
1 __________wl__

I I
= o
= =

jr]
(=]

baryon vs. meson

strange vs. light quark

30
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The Belle Detector

e NN
Superconducting PN \\*s\
Solenoid B=1.5T % ., \ _~>>3  Aerogel Cherenkov

EM Calorimeter
CsI(TI) 16X, |

u / K, detection
14 layer RPC+Fe

Soren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 31



Detector

Type

Configuration

Readout

Performance

Beam pipe

EFC

SVD

CDC

ACC

TOF
TSC

ECL

KLM

Soéren Lange (Frankfurt Univ.)

Berylhum double wall

BGO

Double-sided 51 strip

Small cell drift chamber

silica aerogel

Scintillator

Csl

{towered structure)

Resistive plate counters

Cylindrical, r = 20 mm
0.5/2.5/0.5 (mm) = Be/He/Be

Photodiode readout segmentation:

Rmeg:;5mib

Chip size: 57.5 % 33.5 mm’
Strip pitch: 25 (p)/50 (n) pm
3 layers: 8/10/14 ladders

Anode: 50 lavers

Cathode: 3 lavers

r=8.3-86.3 cm
T7=z=160 cm

960 barrel/228 end-cap
FM-PMT readout

128 ¢b segmentation
r= 120 cm, 3-m long
64 ¢ segmentation

Barrel: r = 125-162 cm
End-cap: z =

14 lavers
{3cm Fe+ 4 cm gap)
2 RPCs in each gap

BELLE

102 cm and 4196 cm

160 = 2

gy 4096k
z: 4096k

A: 84k
C: 1.8k

128 x 2
64

6624
1152 (F)
960 (B)

f: 16k
¢h: 16k

Charm Fragmentation

He gas cooled

RMS energy resolution:
7.3 % at 8 GeV
5.8% at 3.5 GeV

@4, ~ 80 pum

T = 130 pm

7. = 2001400 pm
T, pe = 0.3%/p7 + 1
TaEide = 6%

N . = b

K/n separation: 1.2<p<3.5 GeV/e

a, = 100 ps
K/n separation: up to 1.2 GeV /e

op/E = 13%/y/ E
Tpos = 0.5 em [/ E
(E in GeV)

Agp = Al = 30 mr
for K
~ 1% hadron lake
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T he Belle collaboration

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation
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D**



_3
S

J + (8, + L)
D** — -
J 4F Jq

e assume heavy quark symmetry

mcharm_)OO

e light quark couples to L first

e then
L=1 states are 2 doublets

Jg=1/2
broad (decay by n S wave)

Jg=3/2
narrow (decay by = D wave)

Soéren Lange (Frankfurt Univ.) BELLE Charm Fragmentation June 6, 2006 36



D**

« BELLE observes the two broad D** (jq:1/2) states D> K-t
Phys. Rev. D69(2004)112002 D*—Dox*
65.4 Mill. BB DO—>K-rt

. mass width DoK'

D*0(J=0) 2308+1/+15+28 MeV 2/6+21+18+60 MeV
D'1(J=1) 2427+26+20+15 MeV 3844107 24470 MeV

7 140 e T
g 100 - = 50 7
£ 80 \?4&
2 60- 2 30t
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History of Charm Fragmentation Data

= fragmentation data from ete- — cc, Vs=10.5 GeV

= pefore 2000

ARGUS, 31.4/pb
Z. Phys. C52 (1991) 353

CLEO, 35.8/pb
Phys. Rev. D37(1988)1719

nowadays equivalent data
are recorded in ~50 min
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() = DZP(x)+ B(D*t — D*x%)DP* (2)

+B(D** — D*9)DP" D()

(z) = DRP(x) +[B(D' — D7) +

B(D*D . DD?I'U)]

+B(D* — D)D"’ (x) .



Fragmentation Functions in PYTHIA 6.2

MSTJ(11) : (D = 4) choice of longinuc-lin-adl fraémentat-ion function, i.e. how large a frac-
tion of the energy available a newly-created hadron takes.

= 1 :  the Lund symmetric fragmentation function, see PARJ(41) - PARJ(45).

= 2 : choice of some different forms for each flavour separately, see PARJ(51) -
PARJ(59).

= 3 :  hybrid scheme, where light flavours are treated with symmetric Lund (=

1), but charm and heavier can be separately chosen, e.g. according to the
Peterson /SLAC function (= 2).

= 4 : the Lund syvmmetric fragmentation function (= 1), for heavy endpoint
quarks modified according to the Bowler (Artru—Mennessier, Morris) space—
time picture of string evolution, see PARJ(46).

= 5 : as = 4, but with possibility to interpolate between Bowler and Lund sepa-
rately for ¢ and b; see PARJ(46) and PARJ(47).

PARJ(51) - PARJ(55) : (D =3*0.77, —0.05, —0.005) give a choice of four possible ways
to parameterize the fragmentation function for MSTJ(11) = 2 (and MSTJ(11) =
3 for charm and heavier). The fragmentation of each flavour KF may be cho-
sen separately; for a diquark the flavour of the heaviest quark is used. With
¢ =PARJ (50+KF), the parameterizations are:
0 < ¢ <1: Field-Feynman, f(2) =1—c+ 3¢(l — 2)%
—1 < ¢ <0: Peterson/SLAC, f(2) =1/(2(1 = 1/2 — (=¢) /(1 — 2))%);
¢ >1: power peaked at z =0, f(z) = (1 — 2)°7";
c < —1: power peaked at z =1, f(2) = 271,
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