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Heavy Quark fragmentation issues

Important to measure

hadrons

mgmenaionprecess () fragmentation to find :

4 outgoing parton

Hard scatter

1) What is the proper parameterisation for the fractional transfer of
b/c-quark energy/momentum to a given B/D-meson (z) ?
fragmentation function (FF), f(z) or D(z)

2) What are the relative fragm. branchings (FB’s) of B/D-hadrons 7

CND) . elD)
fle=D)=F = 5,00

a) Are v and d quarks produced equally 7 R, ,; =

2cs
cd+cu

b) What is the s-quark production suppression 7 v, =

c) Are vector (B*/D*) and pseudoscalar (B/D) mesons produced

as predicted by spin counting 7 P, = VXPS (=0.757)

3) Are these functions, branchings and ratios universal ?
compare results in e"e~ annihilations with those at HERA
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Heavy Quark fragmentation in e"e~ annihilations

Production Fragmentation Decays

HQ fragmentation is hard
harder for larger mg

e.g., for Peterson param.:

1
f(z) x 2(1-1/z—¢/(1-2))?
e(b) ~ Z—§€<C) ~ 0.1¢(c)

b

pQCD is applicable to “initial” Q-fragmentation: LO, NLO, LL, NLL, ...

anyhow, some parameterisation is needed for the non-perturbative (NP) rest

the NP parameterisation is strongly dependent from the perturbative core

(it is wrong to use MC fragmentation for NLO w/o full retuning the fragm. parameters)

the NP parameterisation can include some decays

FB’s are expected to be independent from the perturbative core
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b fragmentation function, FF with LL MC

5 F o ALEPH, (0™lep.X), 2001

3 o SLD, (inclusive) ,ﬁ‘- measured at LEP and SLD
s b s 0P (tusive), araiminer ? %ﬁ from sec. vertices or s/l decays (ALEPH)

1/N dN/dXs
o
I

2 F o OPAL (inclusive) - .# in terms of the scaled energy: = = Epaqion/ Fheam
sl & for weakly decaying B hadrons
5 B
s <z >=0.7193 4+ 0.0016 ) 0025 (OPAL)
0 g og“au”as"b‘,é“‘o?f“b‘,g“‘og“xw FF with LL Monte Carlo
< ALEPH o2
§§m3-5:_ Bowler, ﬁmi(l 2) exp(— i) , and
Z L z
> 0 b2
S 3p -Daa J[JHL}L Lund symmetric, (1 — z)* exp( bz L), are
25 | - Peterson p[ IL in good agreement with data (2 parameters)
2 [ o Kartvelishl ]F J[ Kartvelishvili et al., z*(1 — z) , is 0.k. with 1 parameter

=
ul

Collins-Spiller, (122 + 2221 4 221 -1 — )2 " and

z

Peterson are too broad (1 par.)

2 = (E + pj)nadron/ (£ + P) quark

0 LowmciTLL . :
001 02 03 04 0508 07 08 09 1L HERWIG cluster model disfavoured

(what about MCQNLO ?)
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1/0 do/dx

1/0 do/dx

b FF with NLO+NLL+Sudakov pQCD

Cacciari, Nason, Oleari
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— x)"2" (Colangelo-Nason)

provides reasonable description with a =24 +£2, b=15+0.2
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b fragmentation branchings

8
5

entries
D
g
o
[

- DELPHI

4000 fit of the secondary vertex charge:

3500

I Iy il fr= (42.09 + (.82 £+ 0.89)%
3000 Fo N

using f(b— =, ) = (1.1£0.5)%

from LEP measurements of =, — ="y X

2500
2000 .
- and neglecting (),
1000

fu = (40.99 4 0.82 + 1.11)%

500

HFAG from B’ — D-I*uX, ) — AH- X, S5 — =1 X
USing fu — fd and fu + fd + fs + fbaryon =1:

e fu=fa=039.7T+£1.1)%
fu=fa=(403+1.1)% using time-integrated mixing
fs=(10.7£ 1.1)%

fo=B8+21)% probabilities (f; and f,) =
fbaryon = (107 + 18)% fbaryon — (99 =+ 17)%

“Experimental results on HQ fragmentation” 6



b fragmentation ratios

a) Ryjq = fu/fa =1 by construction (agrees with DELPHI’s f, measurement)

b) v = ffffd = 0.27 £ 0.03 B, production suppressed by factor ~ 3.7

c) P,
B* — B~
Py =0o(B")/o(B)

OPAL, ALEPH, DELPHI, L3 :

o

P, =0.75+£0.04

agrees with spin counting

N/ (2.5 MeV/c?)

LIy

o‘ 002 004 006 008 01 012 0.14 016 018 02
AM (B B)(GeV/c )
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c fragmentation function, NLO with Peterson FF

8 T T T T ‘ T T T T T T T T T T T T T T T T
| ARGUS data |
L e = 0.036 1~
N Solid: of 1 B
2 2 | T
s Dashed: TNLL o? ] ,
: o
~> | Dot—dashed: ay . *o
S A =
e Dotted: TNLL ag .é
- S~
R ) 3
g :
~ r id > ©
L /// 7T ;
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X

Fixed-order approach (NLO fits of P. Nason and C. Oleari) :

e(D*, D,) = 0.035

Resummed approach ( LEP I data fit ):

Kniehl et al.

e(D*) = 0.116

ARGUS data < Recommended !

(fit results depend from the perturbative core)
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c fragmentation function with LL MC

16 NS L L L L L L L L L B L BRI
145_ ﬁ%@% ]
1) 23 CLEO ﬁ %%é @ .
; LA A BELLE% §% 1 Recent precise measurements
o 10 N .
S o z % 1 from CLEO and Belle
S 4t éf % 1 <w,>=0611£0.007£0.004 (CLEO, D*")
© L
: 5
B AL . Wi 5 ]
2L iﬁgfégﬁ e a e
[ i& ‘A* °
0601 6'}?33 04 05 06 0.7 08 oj 1

X =P/ Py
FF (Belle, D*") with LL Monte Carlo

Bowler : X*/NDF = 541.8/55

Lund : x°/NDF = 965.6/55
Kartvelishvili : y?/NDF = 1271.1/54
Collins-Spiller : x?/NDF = 1540.7/54
Peterson : Y?/NDF = 3003.0/54

Qualitatively, the same picture
as for b FF with LL MC
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differential fragmentation ratios (Belle)

35 & 35
o - o -
= - = - X,(D°)
@© 3 oy 0 oo © 3 . O Og o0y oo O ) I
o = XP(D — D W) m} S = On []D[][] []D o m] [m} = XP(D )
C a —— 210 o o
2.5 Xp(D) 2.51 .
: yNlY v
2 o 2 =
: oo ]
: ]
- O
1.5: . O 15 O.k.
- O~
L [m]
1@ - 5 550 oo 1
0.5 0.5p
N N 3
8.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 8.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Xp Xp
®) R ®) C
— 11— — 05—
CG B + (U B +
- : C) XP(DS)‘ = N d) XP(AC)
+ B +
08~ Xp(D") 0.4~ xp(D")
L B °
- - ] o fails
0.6 DDDD 0.3 o
L m] = [m]
=] DDDDDDvD B 'VE] DD
L o vy vyvv?Y IC L [m}
0.4F Vmv 0.2\— v
v o ¥ mvy = b vmvyy f ,
0.2 0.1
8.2' 03 0.4 0.5 0.6 0.7 0.8 0.9 1 8.2' 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Xp Xp

hatched histograms: data
full triangles: tuned Bowler with PARP(13)=0.59 (F,)
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¢ FF with NLO+NLL+Sudakov pQCD

Cacciari, Nason, Oleari

"'"|"'*'+|""|""|""' 1'000§'"'|""|""|""§
0.6 __CLEO D ] 0.500 | — —]
r o/o.= 0.238 - ]
5T 0.100 . .
50.4_— 2 oos0f CLEO, Belle described with
- Q) B
5t 5 a=18+0.2,b=11.3+£0.6, c = 2.461+0.07
}02-_ £ 0.010F ? ?
"I 0.005 F
0.0 0.001 L] S P B
00 02 04 06 08 1.0 0 5 10 15 20
X N
"'"|""J+""|""|""' 1'000§'"'|""|""|""§
o5 [_ALEPH D 1 os00fF =
- 0/0.= 0.237 ] I 1 above fit does not describe ALEPH
§ ] 0.100
0.4 — £ o0.050f .
3 1 o fit to ALEPH yields
b N g
= oel |Y ] § oo a=24+12,b=139+57,¢=59+17
0.005 F
001 TP PUUUY FUUUTvc- RN IR SO DR = =
0.0 02 04 06 08 1.0 o 5 10 15 20
X N

the difference for D*" hadroproduction up to 20%

experimental info on fragmentation in hadroproduction ?
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Measurement of ¢ — D*T fragmentation function

ZEUS

jet axis

v
| 8

+ © ZEUS (prel.) 1996-2000 (120 pb™)
—— Fit: Gaussian + A(AM - m,)°

wgwww

L = 120pb~!

Combinations/ 0.5 Me\
—

200 -

N(D*¥) = 1268 + 52

AM =M(KTI) - M(KT) (GeV)

In ete™ annihilations, D** energy is related to /s/2. In ep ?

1) ZEUS: find jet containing D** and relate the D** energy
to the energy of this jet: Q< 1GeV?, Pr(D*) >2GeV, ES' > 9GeV

2= (E+p)"” /(E+p)* = (E+p)" )2 B
2) H1, jet method: Q*>2GeV? Pr(D™) > 1.5GeV, ES' > 3GeV

Ziew = (B +p))” /(E +p)™ in 7*p
3) H1, hemisphere method:

Zhem = (B + )P/ Y pe(E +p) in 7*p

D* hemisphere
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Bowler and Kartvelishvili parameterizations

Parameters are extracted using MC (PyTHIA or RAPGAP+PYTHIA),
i.e. they are optimized input parameters of the MC simulations

1/cdo/dz

ZEUS
25 5 3 [ IS 3 L
e ZEUS (prel.) 1996-2000 N L 2 L
—— PYTHIA (Symm. Lund + Bowler, r, = 1) o 2 [ e H1 Prel. Data 2000 N [ e H1 Prel. Data 2000
F e PYTHIA (Symm. Lund + Bowler, ro, = 0.5) B S o 25 N
2 F e PYTHIA (Symm. Lund) o - o) L
b [ © [
S 2r S 2r
i [ - [
15 - : r
: 1.5 + L5p
1+ 1F K . - 1:_ . .
! artvelishvili . Kartvelishvili
i 05k — MCa =45 05 - MCa=5.9
05 + 20 band ' + 20 band
o~ . vy ol 0 vy
0 L L - L 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
0.2 0.4 0.6 0.8 1
z Zjet Zhem
2
1 a —bm7 o
k(1 - e fz) o 221~ 2
Z
ro =1 (default) is preferable a=4.540.5 (H1 jet method)

o = 59j82 (H1 hem. method)

4.0 < a < 6.8 (H1 prel.)
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Peterson parameterization: f(z) o - (

1
1—-1/2—¢/(1—2))?

ZEUS
N 25 = 3r
e =
S e ZEUS (prel.) 1996-2000 N [
S S [ e H1 Prel. Data 2000
5 PYTHIA (Peterson) = 25
=] (o) [
g R T
-0, o :
, =
15 [
I 1.5F
L L [
;- Peterson
05: — MC € =0.030
o +0.011 .
05 - Fit: £ = 0.064 + 0.006 )0 : + 26 band
Peterson N
oLl o 0.4 0.6 0.8 1
0.2 0.4 0.6 0.8 1

e = 0.064 £ 0.006700LL

z
(ZEUS prel.)

e = 0.03070-0

e = 0.05 (PYTHIA default)

¢ = 0.053 (LL fit to ARGUS data

Z
jet
(H1 jet method)

€ = 0.018 == 0.004 (hem. method)

by Nason and Oleari)

0.014 < € < 0.036 (H1 prel.)

uncorrected for D** decays

NLO fits are expected

corrected for D** decays
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Charm fragmentation function in ep and e*e™ collisions

ZEUS
%) r ..9 C
E 35 - ® ZEUS(prel.) 1996-2000: E{% >9GeV, 2= (E + p,)p./2E™ 'E35 — ® H1 Prel. Data 2000
; i | o OPAL Vs=91.2Gev, 2= 26, s = E O OPAL
§ 3+ O ARGUSYs=10.6 GeV, z = py,/(Edeam - Mo+ )2 2\ 3 - A CLEO
5 © [ O
Q =
<25 =2.5F
i | % -3 1
i E o
| ) - T o }; %’fa}é
15 T 1.5F 2
B : S
1F 1= A
i % % % " § "
05 |- l\ E’L . 0.5F z A A
i - A
0 B | | E‘L I | | | | | | | | | | | Q 0 -? [ [ I [ [ [ I [ [ [ I [ [ [ I [ [ m I

o 02 o4 06 08 1 02 04 06 08 1
1 Z 1 z

no gluon-splitting component in low-energy data

different 2z definitions

qualitative agreement
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Measurement of c-fragmentation ratios and branchings
D** and ¢ ground states: DY, DF, D* and AF

ZEUS ZEUS ZEUS
E !\. T T T ‘ T T ‘ T T ‘ T T T \7 %) 350 ‘ T T T ‘ E 600 [ T T ‘ T ]
= 10000 [, ¢ ZEUS 1998-2000 = = — o ZEUS 1998-2000 ] = I 1
=] F Without AM tag ] i ® # ]
5 8000 - (@ Reflection subtracted — z 300 - L Backgr. wrong charge = g 500 |- B
a - ] g 130 < W < 300 GeV o i ]
c C 4 Qa [ 2 2 b =] F B
% 6000 N Gauss™ + Backgr. 3 é 250 L Q°<1GeV i -E L ]
£ 4000 - 130<W <300 GeV, Q<1 GeV . ‘g" b, (D*) > 3.8 GeV S 00 B
£ - p(D°D%>38Gev, nDDY <16 ] £ i D*Y)| < 1.6 | 3 L ]
O 2000 |~ untag,~0;/_0 . 8 In@™) < . © [ 1
F N""(D/D") = 11430 + 540 7 200 -~ and p,(D°D°% < 3.8 GeV | r + ]
S O i o @B >16 - 300 - ¢ ZEUS 19982000 .
) c = r : 1
E 600 E () With AM tag E 150 Nad“(D*t) =826+ 40 L Reflectlo:s subtracte;:i il
= - mo mo h
g 00 g NB9(DY/B°) = 3259 + 91 | . ot gk 200 i Gauss ™ + Gauss' " + Backgr. i
Y 200 B E 100 |- auss ackar: - 130 <W <300 GeV, Q?< 1 GeV? 1
= = | ’ 7
£ 300 £ E H - p,(D;,D*) > 3.8 GeV, |n(D;D")| <1.6 1
g g ]
5 B E 100 | o -
g 200 E 50 - N(D)=1102:+83 ]
© 100 - 3 L [ N(D")=239+63 i
0 :\ L1 ‘ Lol ‘ Lol ‘ Lol ) Ih \.\; O 7 L L ‘ L L 0 L L ‘ L L ‘ L ‘ ]
17 18 1.9 2 2.1 0.14 0.15 0.16 0.17 18 1.9 2
M(KT) (GeV) M(KTIL) - M(KT) (GeV) M(KK™) (GeV)
ZEUS 4500 ZEUS o o
> r ‘ T ‘ ] > I B e e e A I I Klnematlc range Of
= 20000 [~ - s s
Barsoo £ I ZEUS lysis:
517500 | . EI- vp analysis:
g 8 ] 5 3500
g 15000 N W , 1 Pr(D,A) >38GeV, |n(D,A)| < 1.6
g [ Reflections subtracted ] 8 i Reflections subtracted ] 5 ,
3 12500 — - mod 17 M- 2
H 1 | — Gauss™ + Backgr. | 130 W 280 GeV 1 GeV
[ — Gauss™ + Backgr. ] 2500 9 < < ’ Q <
10000 . I 130 <W < 300 GeV, Q° < 1 GeV* 1
- 2 2 . 2000 - s A N
: 130 < W < 300 GeV, Q< 1 GeV ] BH(ATR) > 3.8 GeV, [N(AJA)| <16 « d” t . )
- +, + 4 r g -
7500 [ Pi(D)>38GeV, [nD?)|<16 ] oo | N = 1440 + 220 ] Measure X=-sectlons:
r N(D") = 8950 + 600 ] 3 1 ) ) 1 n
5000 . qo qo .
L ] 1000 . untag( ( ) tag( ( > adc < * )
i ] I ] o D", o**&(D"), (D
2500 |- = 500 - -
- 7 L : + + +
ol Ll Ll \ ] O lewe v il b e O_(DS>7 O-<D )7 O-<A(¢>
18 1.9 2 2.2 2.3 2.4
M(Kmm) (GeV) M(Kpm) (GeV)
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R, /d measurement

R, _ or(p0r0y o(D%)—o(D*:)xBR
u/d = od — olir(DE*E) 7 o(DF)—o(D**)x(1-BR)+0(D**)
_ o(DY)—o(D*)xBR _ ogwtag(pl)

= J(Di)—{—J(D*i)XBR - J(Di)—{—atag(DO) ’ BR — BD*+—>D07T+ — <677 :i: O5> %

R,/q = 1.100 & 0.078 (stat) T 1e; (syst) o (br) (ZEUS ~p)

ZEUS yp @
- ZEUS (prel.) DIS ' —@—
5 H+1 DIS I B _ fle— D"~f(c — D*"))xBR
- e'e comb. -V ~ fle—= D")+f(c — D*7)xBR
[ \ ! ! ! ! \ ! ! ! ! | ! ! ! \ ! ! ! ! + -
0 05 1 15 5 for H1 and e"¢
Ru/d

consistent with isospin invariance

u and d quarks are produced equally in charm fragmentation

more precise measurement in DIS 7
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2cS
Vs =

Vs Mmeasurement

20(D§t)

— dtci

v = 0.257 & 0.024 (stat) 50t

—0.016

(syst) 7005

(br)

v -

- ZEUS yp
- ZEUS 96+97 yp +—o—t
- ZEUS (prel.) DIS ——@—
- H1 DIS | u |
- e'e” comb. V¥
| | i |
0 0.2 0.4

O‘(Dj:)—|—0untag(D0)—|—O‘tag(DO)—|-0add(D*i)-(1—|—Ru/d)

(ZEUS ~p)

2f(c = DY)

~ fle— D)+ flc— D"

for H1 and e"e™

perfect agreement between measurements

D, production suppressed by factor ~ 3.9 in c-fragmentation

note: excited charm-strange mesons like to decay to non-strange D mesons

— Lund strangeness-suppression parameter is 10 — 30% larger
than the observable -,
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P% measurement (P? = P, for c¢d/éd mesons)

Pd - v - U(D*i) B Jtag(DO)/BR—}—Jadd(D*i)
v = V+PS O(D*i)+0dir(Di) o J(Di)+0tag(D0)+0add(D*i)

P4 = 0.566 4= 0.025 (stat) "5 09s (syst) 70053 (br)| (ZEUS ~p)

ZEUS yp +o
- ZEUS (prel.) DIS ot
- HLDIS - fe D)
- e'e comb. I-Y-I - flc = D)+ f(c — D*").BR
B ‘ | | | | | | | B | | L
0.2 0.4 0.6 0.8 for H1 and e"e
d
I:)V

(recent precise Belle results: P? = 0.564)

P,# 0.75 = naive spin counting does not work for charm

challenge for fragmentation models:
thermodynamics and string fragmentation predict 2/3

BKL predicts ~ 0.6 for e"e~ where only fragmentation diagrams contribute
for ZEUS ~vp kinematic range, BKL prediction is ~ 0.66
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Charm fragmentation branchings, f(c — D, A¢) = o(D, A¢)/0gs

ZEUS ~p
fle = DV) = 0.217 & 0.01479.013+0.014
fle — D% = 0.523 + 0.021 10018 +0.022
fle — D) = 0.095 4 0.00879:002+0.026
Fle — AF) = 0.144 + 0.02210-013+0.037
f(e — D) = 0.200 = 000970505 70005
ZEUS yp e
- ZEUS (prel.) DIS ro+—

-~ H1DIS H

* e'e” comb. Wl

o o1 o0z 03
f(c—D")

Combined e"e~ data

0.226 & 0.01070 01

0.557 4 0.02370013

0.101 £ 0.0091943¢

0.076 £ 0.00710:027

0.238 = 0.007 £ 0.003

- ZEUS yp . e
- ZEUS (prel.) DIS ——
- e’e comb. 4
R R T R S S R Lo I R
-0.2 -0.1 0 0.1 0.2
0
f(c—>A;)

consistent with universality of charm fragmentation branchings

a half of the difference in f(c — D*") is due to the difference in f(c — A})
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Summary

Measurements of HQ fragmentation

- test pQCD calculations

- provide non-perturbative input

LL Monte Carlo with Bowler FF is generally able to describe b/c fragmentation
fails for z,(DY)/x,(D") and x,(AS)/z, (D7)

NLO/NLL pQCD calculations are compatible
with high-precision FF measurements

sizeable difference between fits to CLEO-+Belle and ALEPH data observed

measurements of b/c fragmentation ratios suggest

u and d quarks are produced equally in HQ fragmentation

s-quark production suppressed by factor 3 — 4 in c-fragmentation

P,(b) =0.75 = naive spin counting works for beauty

P,(c) #0.75 = naive spin counting does not work for charm. Why ?

Measurements of charm fragmentation at HERA generally support
the hypothesis that fragmentation proceeds independently
of the hard sub-process
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Estimates of extrapolation factors

factors which correct the ZEUS ratios and branchings
measured in the accepted Pr(D,A.) and n(D,A,) region
to the full phase space

Peterson Bowler Cluster model
(PYTHIA) (PYTHIA) (HERWIG)

R4 0.9975:52 0.9975:92 1.007005

Yo 1.0470:08 1.0070:03 11870 0:

P4 1.00 4 0.02 0.975:08 0.96%0 07

flc — D") 1.0070-02 1021003 0.9970 08

f(c — DY 0.99 £ 0.01 0.98 £ 0.01 0.96005

flc — D) 1037003 1.0070:08 1150008

fle — A 1.01+0:02 1.0870:03 1,460

flc — D*) 1.0070:02 0.9690 0.9370 0

large extrapolation factors are not expected
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Fragmentation branchings for excited D mesons

Using world average for f(c — D*") :

fle — DY) [%] fle = D3°) [%] fle = Dy) [%]
ZEUS (prel.) | 1.464+0.18703240.06 | 2.00 4 0.587 110+ 0.41 [ 1.24 £0.187 308 +0.14
CLEO 1.840.3 1.940.3
OPAL 21+0.8 52426 1.640.440.3
ALEPH 1.640.5 A47T£1.0 0.94+0.22+0.07
DELPHI 1.940.4 47+1.3

1) the same amounts of excited D mesons in e"e~ and ep data
2) situation with f(c — D3") is not clear

3) f(c — DY) is twice as large as the expectation :
v X f(c— DY) =~ 0.3 x 2% = 0.6%
Why f(c — D7) is so large ?

Is it connected with its strange helicity 7
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