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Introduction
e high-energy quarks and gluons appear as hadronic jets

o for example: ete- —= Z% — qq(g) — jets




What do we mean by fragmentation?

e the process by which a (system of) hard quark(s) and/or
gluon(s) radiates more partons ...

e ... that combine into
hadrons ...

o ... that decay
into “stable”
particles ...

e ... that can be
observed in a
detector

<— ElectroWeak —><— Pertng)St'VG >< ><-Decays > < Detector >
Hadronization

e at least 3 definitions In Fragmentation
common use Theory—>

Models —>
e | will discuss experiment (which Experiment
tries to push toward the primary level)




Four questions:
o What types of particles are produced? In what ratios?
— charged vs. neutral?
— ordinary vs. strange/charmed/beautiful?
— mesons vs. baryons
— relative population of spin states?

e What is their energy/momentum spectrum?

— transverse to the jet axis? (~Gaussian,
o = 350 MeV/c)

— parallel to the jet axis? (see next slide)

e Are they polarized?

e Are they correlated?




The Fragmentation Function (FF)

e describes the longitudinal or total momentum
distribution 10°Em -AIIChg (SLD)
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e expressed interms ofa |
scaled variable, e.q. -

— Xg = 2Ehadron / Ecwm, 101i -
where Ecw/2 is also :
the initial quark energy [

= Xp = Phadron / Pmax,
where Pmax IS the
Kinematic limit for :
pair production 102
— and several more! “Z2” ¢
has many meanings
= be careful

e some of the o'
measurements at the Z0
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The Fragmentation Function (FF)
¢ [N e+re- annihilations, these varlables are well deflned

— clear experimentally o = All Chg. (SLD)

- ﬂsi (S)

— all (final state) | g O 72 (ALEPH)
radiative corrections
included naturally
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e modellers use iterative
definitions
— often using

Inaccessible
variables

— ... which don’t (quite)
work for heavy
quarks
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e heavy hadron FFs differ 10
in several ways from :
those of lighter particles 4L
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Features of heavy quark fragmentation

e almost entirely leading 5 i
— s/c/b suppressed by ~3/10°/107 | %
in the hadronization stage LA, !
— and produced

occasionally ¢ v#/2"
in the PQCD
stage =X

— see slides to follow

e soft gluon radiation is
suppressed

— the “dead cone” (see slide 10)

e the leading heavy hadrons are hard, carrying a large
fraction of the jet energy

— ~50% for charm, 70% for bottom

e the heavy hadrons can be polarized




b and ¢ fragmentation at Ecn=29-35 GeV
e measurements are difficult Equark/ Mhadron = 3-9
— D(B) hadrons decay to ~3(8) of* ][] weossen

’ Bo(kgrou'dl

particles on average of A1 g

— PEP/PETRA expts. had ~104-105 b } o
events, combinatorics challenging

— some D* spectra
| o best iInformation
| 1s from leptons

— Ptransverse 1O jel
axis tags B, D
decays

— Ptotal giVes Info
on the FFs

] e results qualitative,
> model dependent N
— hard FFS "<x>c ~ 0. 52; <x>p ~0.73 T .
— consistent with no nonleading production

1

06<R <1.2GeVic

Events/GeV/c




b fragmentation at 91.2 GeV

e inclusive tagging of (weakly decaying) Eq/ Mhag = 8.6
B and D hadrons
— pioneered at PEP/PETRA experiments

— tremendous
progress at the Z°

— exploit long b, ¢

lifetimes, plus
leptons, ...

e example: inclusive
VerteX SeedS 7 L x interaction

— find displaced //
vertices using
the charged / /

tracks in a jet

— Use mass, particle content, kinematic constraints,
etc. to form discriminating variables

— then ...




The dead cone
e apply such techniques to tag bb and cc events

— measure their
average (charged)
particle multiplicities

e PQCD: the difference in
multiplicity between cc or
bb and uti/dd/sS events
IS iIndependent of Ecwm
— this is consistent with

the data

— a model in which the
residual jet has the
same multiplicity as a
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light-flavor jet of the same energy is not consistent

e also measured for charm: consistent results

e this can be used to measure the b quark mass (backup)



Relative prod. of weakly decaying B states

e tag the flavor of the B hadron seed
— use multiplicity (odd 4000 1
vs. even), total charge  ssoof, |

— dentified K=, p/p, e*, WE o) MCE

* MC B*
— reconstructed D(*)=0 J500 L e other

2000

o fractions of weakly |
decaying B hadrons in 1500 |
/0 decays |

— 0.103+0.018 b-baryons
— 0.098+0.012 Bs

— O.399i0.011 Bu and Bd, _ — — _ Reconslructezd Vertjex Charge
equal within ~1%

— fgs IS less than the expected ~13%
= Will affect s-suppression msmt. in HI collisions

— but this is a LEP avg; PDG has different values....

1000 -




Non-weakly decaying B states

e combine vertex/seed w/ particles from the interaction pt.
— look at the mass difference distributions; examples:

\1ooo - °) by ALEPH CDF Run 2 1.0 fb

28005— ++ ++ B* %B() : _B+K
I 4 ++ - B+K+

N/ (2.5 MeV/c?)
B2 5 2 fz

— Signal
— Background

" C
+ . -
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AM = (424 + 4 + 10) MeV/c? . — | e g
- |
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B ]
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o the PDG now lists: B*(5325), B1(5721), B5(5747);

B3(5415), Bs1(5830), B%2(5840); 2b(5812), 25(5833), Zp(5790), (2p(6071)

— evidence for others; presumably many more exist

— branching fractions, hence production fractions
poorly known, B*:B~0.75 Bs12 — BK explains fgs
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Inclusive (weakly decaying) B hadron FF

e estimate the energy of the B hadron
— use measured E/p, kinematic constraints

— achieve 10-20% — T T T T T

resolution : T-H _
e this is one of the best [ # *i ]
measured FFs ﬂ' -
— covers the full

Kinematic range

— errors must be
considered a
shape envelope

— good precisionon |
<Xe>p = 0.702+0.008 [
(XE)max = 0.835+0.005 ° ~ 02 04 06 038

Scaled Energy 2Eg/Ecpm

W

\®)
r [ T T 1

Normalized Cross-Section

—
| | | | |

e FFs for a few excited states measured imprecisely
— estimate that primary spectrum has <xg> ~ 0.722




Tests of heavy quark fragmentation models

e can test models of the shape of the heavy quark FF
— some must/should be embedded in a MC generator

— best done before data Correctlon
_} examples frOm SLD _JETSET+BCFY T JETSET+BowIer T JETSET+CS SLD

- 105/16 | T 17/15 T o
b 1 1 ¢ &

e most models excluded -

— Bowler, Lund “good”; ™| T i :
Ka rtve I IS hVI I I U C LA _ETSET + Kart. b :_ETSET + Lund B :_ETSET + Peterson :
may be adequate - 32116 , I 1715 I 7016 ]

— similar results from
other expts; more o P
examples In baCkUp 0 :HERWIGcId=0 :_HERWIGcId=1

600
" 1015/17 T 14917

— these are not default ., |
(available) in (m)any &,
generators

ol

=> peware if this matters to you!B



Two-dimensional B
e find two tags in an event

— |look at 2D FF of the B and B

— use the normalized moments:
Gij(®) = Dij(9) / DiD;, where

e data Dk |S the

« NLO pQCD moment of the

1-D FF
Dij(¢) is t

fragmentation

kth

100 =
5

ne 2-D k3

moment in a_

bin of t

ne B-B

openin
aﬁgle q)g

e PQCD explains the data well

— next-to-leading order
corrections needed

— test of factorization, implies

the only correlation is due
to (hard) gluon radiation




Polarization of B hadrons

e measure decay angle distributions

— reconstructed high-x A% baryons show high
T Iongltudlnal polarlzatlon

g 100F 4+ oPAL | e
Ho ]
» corrected ALEPH data 8of '+'+ .+. + Right-sign combinations 3

z, > 0.3 '
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+ Wrong-sign comb,
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— ewdence that Ab are polanzed —0.45+0.16+0.08
— no evidence for B* polarization (slide 19)
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c Fragmentation at 92 GeV
e inclusive tagging not so useful for =0/ Mhad = 24

- 0j~D"K’ ALEPH

=
=}

masses, FFs
— resort to full reconstructlon of D, D*

r > 70 £
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fractions of weakly decaying c-hadrons in Z° decays
— 0.093+0.022 A%

— 0.125+0.026 Dt .. D% = 0.547, which is > D}
— 0.235+0.016 D} due to D*+ = D¢ decays
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The D* fragmentation function

o E, p measured well, but huge B decay backgrounds
— FF measurements are severely statistics limited

— reconstruct D mesons, use ¢t and bb event tags
— D" is the best measurea:

~ 0.014
OPAL

® data
b-like

<
-,
-
O

ALEPH

ot
o
—t
N

c-like
- MC b-like
--  MC c-like
fit result

1/N, ., dN/dx(D*

0.01}
0.008}

(I/N,, . ) AN(D* from charm)/dXE

|
o 02 04 06 o8 00'0102030405060708091
x(D*) X, =E/E

e not possible to make rigorous model tests e
— <xe>p = 0.484+0.008 ... plus model/shape dep.




Spin-alignment of vector mesons

e can also measure angular distributions very well
— still challenging statistically at high momentum
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Gluon splitting into c¢, bb pairs
e ook for pairs of low-E D™ or B tags in 3- or 4-jet events

— some clean evis;
a candidate from ~

A

SLD:

[/
[ 7

o jet energies and
angles consistent
with PQCD

Mvtx=4.5 GeV
predictions
— “secondary”

ldecay=1.9 mm
cc In 2.96+0.38%

/ N §
L - SR \
bb in 0.25:0.05% ESNEEEEEP .m

of events '
e but rates are ~2x higher than initial predictions
— implications for cc/bb production in pp collisions
=> and heavy ion collisions?

— cC/bb production in hadronization <~ 0.5/0.3%
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Charmonium and Bottomonium

e reconstruct J/P, P’ and Y candidates
— could be from gluon splitting or hadronization
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o rates are very low, spectra are very soft

— consistent with gluon splitting
— cc/bb production in hadronization <~ 0.1/0.03%




c Fragmentation at 10.6 GeV

e experiments here have very high statistics Ea/ Mhat=2.8
— ARGUS, CLEO 107, 108 events Des.y(2573,2860) — DOK-

— Belle, BaBar 109 evts ' FE. |'[* =F. | [ [%h.

e can therefore reconstruct 2728
many higher states

(b)
— including some [ |
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e PDG lists: Ds(1969), Di(2112), 20(2317), Ds1(2460), Ds1(2536),
Ds2(2573), D%1(2700), D%4(2860), D%2(3040)




Candidates / (2.5 MeV/c?)

— ...and many many baryons
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— ...and recently six new
orbitally excited D’s

xlOOO
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e PD@G: D(1868), D*(2010),
D6(2400), D3 (2425), D%(2460),
D*(2640) e —

— most of what we know MO (GeVid)
about charm spectroscopy is from these experiments

— just starting to measure branching fractions, and
hence relative production rates

Events (0.005 GeV/c?)




D meson, baryon fragmentation functions

e can measure some of the FFs precisely
— no B background when running at Ecv<10.57 GeV

— ...or for x>0.48, the kmematlc limit for B decays

2.5 — i
0.15 A

2.0

N ‘_ -
B opess
l..! 0
| I | I 1
0.6 0.8 1 0 0.2
Scaled Momentum X, = Phad / Pmax(Mhad)

e the heavier particles have harder FFs
— shapes are similar for all mesons, also all baryons

— mesons have entries near x=1: heavier/excited
mesons have more of them

o
1/Neyen; dn/dx,
o
>

Normalized Cross-Section




Results on the FF shapes

e these are some of the best measured FFs
— full Kinematic range

— Belle: <Xp=> Xmax
0.5703+0.0022 0.587+0.002
0.5780+£0.0015 0.600+0.002
0.6353+0.0042 0.681+0.003
0.6076+0.0061 0.612+0.004
0.6122+0.0014 0.631+0.002
0.5825+0.0025 0.618=0. 023

n o A, BaBar

e the shapes of the baryonand  Z2sf .y .y et
meson spectra differ

— baryon FFs are narrower
and more strongly peaked

[\
92

L = D" avg., Belle

— N
o1 o
TTTTT1

—
o
L L

e model/shape tests are
generally consistent with those 2 | "
for the inclusive B FF at the Z0 B o

Normalized Cross Section, P(x
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Model tests for Ac baryons

» models have been tested extensively for ~ Ea/ Mnad =2.3
the Ac FF

— some must be embedded in a MC generator

¢ most models can
be excluded

— No model has
a good 2

JETSET % JETSET ’#*

—_ BOWIer, Lund Ok io_m - +Bowler | +Peterson
— Kartvelishvil, Zo | | '
UCLA not too ; , A

bad; predict
meson-baryon
difference

— these are not ; %, bt
defau|t or even 0 0.2 0.4 06 08 1 02 04 06 08 1 0.2 O4XO6 0.8 1

p

avallable In any generator
=> beware if this matters to you!




Energy dependence of the D* FF

e would like to compare FFs at different Ecwm
— such comparisons are dangerous ...
— different experimental methods
— different definitions of x/z

o ZEUS(120 pb™') :2<E">=23.6 GeV,z=(E+p,)° /2E™
O ALEPH :Vs=91.2 GeV,z=E" /E"®*™

A CLEO :vs=10.5 GeV,z=p" /p™*

o Belle : vVs=10.6 GeV,z=p° /p™*

o
o

w
T T T T T 71

e but try it anyway
— CLEO and Belle are
consistent

— difference from ALEPH

at low z within syst.
errors, ...

— at high z due to defn. of |
z, few-body events, ...? '}

— ZEUS has a range of jet osf
energies, another z '
defn.; is probably
consistent with all others

Arbitrary units

N
o

N
T 1T T T T T T T
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Charmonium production
e inclusive J/P and Y(2S) spectra measured  =a

— one of the earliest Belle results
— very nice recent follow-up, in-depth study

Mnag = 1.7

| OAll
- B w/ D meson
| @ w/ charmonium

e the inclusive FF Is
very hard!

— expected for cC
pairs from the
hadronization
stage

e look for additional cc-
— many rec’d D/D
mesons: expected

— and charmonium
(see next slide)

— but ~30% have none: gluon splitting, or ...?
=> relative cC production in hadronization >~ 2x10-4

)
S
S

— JAp X)/dp" (nb/0.5GeV/c)
-
S

- O w/ charm
- ¥ w/0o charm

e

do(e




Exclusive charmed final states

e CLEO, Belle have seen ete- = DD at a rate of one in
~104 cC events
— “pair” production of several combinations

J400f a) Belle

e Belle, BaBar have seen 5 |
ete- = J/PYUnc J/PUxco = 300] J/W
J/PU)¥c2 as one in 104 gm
— rates are ~2x higher <"

than predicted 100}~

— production mechanism ol
not understood 50

e not really considered
fragmentation,

— but presumably becomes
larger as Eq/Mnhad decreases

— must also happen for bb at 65—
similar scale

40




Correlated Ac-Ac production

e CLEO saw ~4x too many events with ~ Ea/ (Mac+Mp) =1.6
both a Ac and a Ac

— explained via long-range baryon # correlation

— could also be (palr) production of heavier states, e.g.
pentaquarks, or . A —
Bar 380_

e BaBar studied these 600 . Tracks

Ba
events in detail 160} + F |

160}

— most have no other N 1t
baryons 5 4ot
— but several pions 280 11
— structure consistent w/ o} 120
‘normal” fragmentation | ] |

P Wrale liralls sl oirsl IO

— but not with decays 42 6 8 10 12 3 4
Multiplicity Missing Mass (GeV/c?)

e this is a new feature of fragmentation
— affects ~4% of cc events at 10.6 GeV

— how does it vary with Ecm?
— must also affect bb at corresponding Ecm = beware!




What other issues are there at low scales?

e Could there be other long-range correlations?
— between flavor, spin, etc. of leading heavy hadrons

— between their momenta

o At what scale do we move from few-body processes
to jets?
— at Equark=Mnadron, Can have only pair production

— few pion masses higher could give 3-, 4-body,
decays of heavier 2-body, are they jet like?

— again, not really fragmentation, but important

e There are a few relevant measurements
— studies of few-body non-heavy systems at 10.6 GeV

— near cc threshold via initial state radiation
— studies just above bb threshold
= see slides to follow




Exclusive states at 10.6 GeV

o BaBar, Belle have studied exclusive processes w/ o~fb
— e*te- = pY%0, pd: discovery of 2-y* annihilations into
hadrons
— ete- = ¢n, p*p~. nice new tests of QCD
— also some non-resonant component, could be jets

* one such study, ete- — pppp gave no such
“Interesting” results 3 ° AR

= 0.8
— concentration in % o Bgéfﬁalfy

) O 0.6
lower rlghf[, asS  0af
expected in normal ,.:

fragmentation ... o
— but it’s a rather i
extreme case, with
Mq / ZMP =2.9 0.8F

'1-1 08 06 -0.4 02 0 02 04 06 0.8

=> Qpen question as COS B 12
to when/how jets start forming




ISR/radiative return to near cc threshold

e can access lower Ecm given e
sufficient statistics g

e discovery of new charmonium y
states (see backup) et ISR

e which spurred studies of DD(r()) and AcA. final states
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BB production just above threshold
e Belle, BaBar have run up to ECM_11 2 GeV Eo/Mhaa<1.06
— stats too low for useful & T T

1.8 *_

fragmentation studies...

Wi N

o except for a Belle study at
10.86 GeV near a maximum
|n the BB cross sectlon
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— information useful,

iIf not really quite
fragmentation

— “complete” study
© M, (GeVic?) AE M - . of BB final states:
BsBs : BB : BB*: B*B* : BBx : BB*x : B*B*n

33.0:55:13.7: 375: 00: 73: 1.0
90:11: 16: 45: 12: 24:-15

can we extend to higher energy?
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Summary

e Heavy quark fragmentation is understood reasonably
well empirically at high energy, i.e. large Equark / Mnadron

— almost all leading, very hard

— many primary states

— some FF shapes measured well

— some particles carry the initial quark polarization

at lower Eq, 2-5 times the hadron mass, things evolve
— pair production

— long-range correlations
— we’ve really just scratched the surface here

some advice and caveats
— be careful with models - may need to modify/tune

— must consider few-body processes evolving into jets
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The (running) b quark mass
the dead cone also affects 3-jet rates —| ¢
and other event shape variables

— few percent effects clearly visible in |
Z9—bb events, maybe also cc —
I

— Expectation|for m =3.5»2. 4

can measure the b quark mass using
a set of such variables

— some model

dependence |
in the value oz
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=
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4

3.5

— clear that My(Mz) is nonzero

and lower than the pole
mass

3

2.5

= PDG (Production threshold)

A ALEPH

v Brandenburg et al. (SLD data)
A DELPHI

v OPAL

2

ALEPH: EPJC 18, 1 & hep-ex/0008013 (00)
Brandenburg, et al. (SLD data): PLB 468,

168 & hep-ex/9905495 (99)

DELPHI: EPJC 55, 525 (08)
OPAL: EPJC 21, 411 & hep-ex/0105046 (01)
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More tests of b fragmentation models

e can also look for functions that describe the distribution
— and put through a detector S|mulat|on

600 |- - Collms and Spiller -}

some model functions : 41 p
are better outside the SR T
MC, some are not

— a polynomial must ¥ L
be 6th Order, pIUS : :—Kartvellshwll
cutoff factors 8 400 [ 205715 } rssrre

¢t

— not dft./available in
many generators

= pbeware If this

matters to you!
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