H E P 0 1

D. Muller SLA C J uly 13, 2001

Fra gmentation and Hadr onization in e^+e^- Annihilations:

The Z^0 Era

David Muller SLAC

Precise Measurements

¥ Multiplicities and moments ¥ Rapidity Gaps ¥ IdentiÞed P articles 512 511 211,670

Flavor Dependence and

Leading P articles ¥ Hea vy vs. Light Quar ks ¥ Leading P articles ¥ Individual Light Quar ks ¥ Gluons

512, 670 217,673,670 21 670 Summar y & Future Prospects

H E P 0 1

D. Muller SLA C J uly 13, 2001

Fragmentation/hadronization remains a (last?)

frontier in elementar y par ticle physics

Fragmentation (~left of b lack box)

¥ calculab le (XLLA, parton sho wers) ¥ obser vable (par ticle/energy ßo w, multiplicities)

Hadronization (~b lack box)

¥ intrinsically non-per turbative ¥ may look like XLLA (LPHD) ¥ man y phenomenological models ¥ study using ® precise inclusive measurements ® identiÞed/recÕd par ticles (push from right) ® ßavor-tagged jets ® correlations (see talk b y T. Aziz) ....

H E P 0 1

D. Muller SLA C J uly 13, 2001

Precise Inclusiv e Measurements

Many studies of inclusiv e distr ibutions ha ve become quite precise indeed ¥ New study of charged tr ack multiplicity and scaled momentum distr ibutions from L3

L3 note log scales coverage o ver ® ® very wide ranges

® ® these are v ery difÞcult msmts!

years of w ork on systematics

L3

®

® stringent tests of fragmentation models:

all OK to few % ...but imperfect

H E P 0 1

D. Muller SLA C J uly 13, 2001

¥ Now measure the q^{th} cumulant and f actor ial moments of the m ult. distn. and the r atio H_q

® minimum at q »5 and subsequent

oscillations predicted by NNLLA QCD ® obser ved in nuclear , lepton-n uclear , e^+e^- ® ...but also seen in models with ~NLLA ® ...and b y L3 in different ßavor, n-jet events ® nice search f or origin of effects in MC ® ...but no clear source ...or inter pretation of the data

DATAHERWIGP

H E P 0 1

D. Muller SLA C J uly 13, 2001

Rapidity Gaps in 3-jet Ev ents

Rapidity gap e vents at ~1% level in ep, pp interpreted as e xchange of a color singlet

¥ New L3 study using e .g. asymmetr y in angles between tr acks in ea. jet to their bisector

® No evidence f or singlets , limits of 6-8%

Jet 1 e_- e_+ color singlet

Might expect in up to 10% of e_+e_- ® 3-jets

RathsmanAB qg

H E P 0 1

D. Muller SLA C J uly 13, 2001

IdentiÞed P articles

¥ p^±K^±p data no w quite precise , wide co verage

® again, not easy to measure well ® need to combine all LEP/SLC msmts . ® nice range f or fragmentation model tests

SLD p

SLD K

SLD p

JETSET

UCLA

HERWIG

50

SLD Preliminary

H E P 0 1

D. Muller SLA C J uly 13, 2001

¥ Improved results from ALEPH on w,h

® another challenging analysis ® nice coverage and precision ® ...though w ould like to go to lo wer x_p ® continuing to push the models

Have obser ved

pseudoscalar , vector, scalar , tensor mesons , octet, decuplet, orbitally e xcited bar yons Are still more type of par ticles produced? How man y (few!) primaries are in a typical e vent?

H E P 0 1

D. Muller SLA C J uly 13, 2001

Hea vy and Light Fla vors

Effect of the b-quar k mass seen in ¥ Hard Gluon r adiation (see talk b y P.Bambade ) ¥ Soft Gluon r adiation (dead cone) B-hadron proper ties seen in man y ways ¥ Inclusive distr ibutions from L3

® coverage same as for full data sample ® precision still very good

L3(a)

H E P 0 1

D. Muller SLA C J uly 13, 2001

¥ IdentiÞed par ticles from SLD , in light-ßavors

® coverage compar able to full data sample ® same problems with models

SLD K

SLD p JETSET UCLA HERWIG

SLD Preliminary

50

H E P 0 1

D. Muller SLA C J uly 13, 2001

¥ ...and b-, c-ßa vors

® qualitative features expected from hard frag., high deca y multiplicity of B,D hadrons ® precise model tests f or B,D prod. & deca y problems with HER WIG p, K all models suspect f or high-x p/ p

SLD Preliminary

H E P 0 1

D. Muller SLA C J uly 13, 2001

Leading P articles

Leading B hadrons ¥ Spectr um ~calculab le in pQCD! ¥ Partial reconstr uction of large samples done

® wonderful coverage , precision ® experimental disag reement!

H E P 0 1

D. Muller SLA C J uly 13, 2001

Leading light hadrons ¥ updated u+d+s result from SLD

® nice qualitative results , clear signals ® ...but no quantitativ e information on the individual light ßa vors

p^- K^- (x0.5) p (x0.1)

SLD Preliminary

_

H E P 0 1

D. Muller SLA C J uly 13, 2001

¥ Can e xtract using v ery high statistics and doub le tagging of jets with high-p par ticles ¥ Pub lished result from OP AL

® experimental tour de f orce ® ...but limited b y doub le-tag statistics

kaon

H E P 0 1

D. Muller SLA C J uly 13, 2001

Individual Light Fla vors

Applying leading par ticle tags

¥ New result from OP AL

® distributions for tagged samples consistent with good precision ® ...but universality test limited b y knowledge of the tagged sample compositions

® n_u, n_d anticorrelated; results consistent n_u=17.77 ±0.51 (stat) +0.86 (syst.) - 1.20

n_d=21.44 ±0.63

+1.46 - 1.17

n_s=20.02 ±0.13

+0.39 - 0.37

H E P 0 1

D. Muller SLA C J uly 13, 2001

Gluon Jets

Well known that gluon jets fragment diff erently from quar k jets: more , softer gluons/par ticles Is there an y difference in hadronization ?

¥ New study from SLD: f_p^{g-tag} /f_p^{uds-tag} , etc.

® uncorrected data de viate from unit r atio ® ...but MC consistent; diffs . <~few % level

H E P 0 1

D. Muller SLA C J uly 13, 2001

What ha ve we Lear ned?

¥ Fragmentation is ~understood; LL calculations work too well ® but still plenty of new ways to test

¥ Hadronization is still e xciting experimentally ® obser vation of tensor , scalar mesons excited bar yons ® effects of large quar k masses ® energy dependence ® quar ks vs . gluons ® leading par ticles

¥ Models are quite useful; need more !

® JETSET : can do it all...b ut with an e ver increasing number of par ameters ® HERWIG: now the fragmentation standard ;

less succesful f or hadronization ® UCLA: does a remar kable job for so few parameters - needs fur ther testing

H E P 0 1

D. Muller SLA C J uly 13, 2001

WhatÕs Ne xt?

¥ Many more studies could be done with Z^0 data ® but already pushing e xperimental limits from statistics of doub le-tags detector calibr ation with data

¥ Higher energy lepton colliders:

® not clear ho w useful without a huge increase in statistics ....

® jet ßavor tagging has man y potential applications at higher E ® run these machines at the Z^0 to calibr ate detector and physics !

¥ B Factor ies

® plenty of statistics ® low energy is good !

clean obser vation of resonances handful of pr imary par ticles?!? clean char m belo w bb threshold ® asymmetr ic machines ha ve no gaps in tracking, PID in the c.m. fr ame