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F questions to be addressed
in this talk:

€ Is it possible to arrive at a wnified descr'ip‘l'ion\
of all e*e-, ep, and pp data in terms of a
universal set of fragmentation functions ?

e
" If so, what are the uncertainties )
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B analyses so far: overview

the very beginning (before data) : "cascade fragmentation" model
Feynman, Field '78

Rank =
(]k(][ (J](]k (]1(]]>
rank = 1: "valence”, e.g., u—n*
rank > 2: "sea”, e.g., u—m"
A
q1q; q1- . qi( q; .
114 11k 1i4; quo’re (R.D. Fleld):
fragmenting “not meant to be a theory”
quark

now we mainly use two well-known fits, e.g., to analyse RHIC data

"Kretzer” and "xKK" family of fits
S. Kretzer Binnewies/Potter/Albino, Kniehl, Kramer (BKK,KKP,AKK)
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B analyses so far: problems & limitations

all fits are based on e*e- data only, no error estimates

."‘i_ |||||||| | L LN LI UL L N L L B L L

they nicely agree on the s b sum of all flavors at ~ Mz -

flavor singlet at M, where g e y
the bulk of the fitted datais [

05 | R .

:'} _Jllllllllllllll IIIIIIII IIIlI]IIIIlIIIIIII[I]IIII_

% s 9 S . at lower scales (relevant for

, _ ° this fit / KKP _ most ep and PP dGTG), individual

s flavors and, in particular, the
T u=d 1 gluon can be very different
0> Q’=2GeV? gluon :

0 Ol.llalmbg”b; R similar results for BKK '95 and AKK '05

figs. by S. Kretzer
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lack of flavor separation has profound impact on
the extraction of pol. sea pdfs from SIDIS data

dAc" 2 he h .7
f_q’q de Florian, Navarro, Sassot
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rmean x and Q2
plotted at QZ2—center
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[data taken from A. Hillenbrand's (HERMES) thesis]
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multiplicities (HERMES)

m Kretzer assumes

lin. suppression of sea
ot
Dzt /DTt = (1-2)
works well for =n*, not n-

quadr. strangeness suppr.
DET/DET = (1-2)?

does not work at all

m xKK

should not be used for
charge separated data !l

needs illegal modification
eg. D™ /DT = (1 + 2)



precise knowledge of fragmentation functions
also crucial for interpretation of RHIC results

unpolarized pp cross sections are an important baseline for

" studies of saturation effects in dAu and AuAu collisions

" our understanding of A, and the extraction of, e.g., Ag

RHIC also puts fundamental ideas (factorization, universality) to the test

= apparently pQCD works amazingly well for pp— n%X
even at large rapidities n and small p+

" xKK works better than Kretzer (blamed on too small D,)

But how sure are we ?
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Hirai, Kumano,
B recent progress Nagai, Sudoh
hep-ph/0612009

again only based on e*e- data; kaons and pions analyzed

., kaons pions
03] gluon I].G—; Fqllﬂl'k 1_;_ gluon important S.rep:
02 Q1GeV a 0.4 Q=1GeV 1 Q=1GeV
0.1 STy 0.5 1/ P .
R0 | R =N TN * quantifies uncertainty
014~~~ LO 0.2 0 ---1Lo known from co arin
0.2 _\'L{T !-0.4: . 1_{_ NLO f \\rn mp nu 9
: e - j S m————— xKK with "Kretzer
1(;'1111525 1.5 s quark 45 u quark s d quark
i =1Ge Q=1GeV : 2
o ! T | Q-1cev | o-1cev | * but errors extend to
= e 0.5 PP s 1=, = . .
o7 e | L, '::E 0 — N gm— UhthSlCGI region
. - : — neg. pp cross sec.??
0.3 0.4 j ’
0.3 cquark | ;.3 o b quark ] ¢ quark ] b quark o T
01_5 R Q=143 GeV 0.2-5 A; \ Q=43GeV 3 Q=143 Gev 4 Q=43 GeV Dg IOOkS SmC(”
7\ i\ & ¢ — RHIC pp data ??
l].l—;/ \\ 0']_;|I|I \\ 1_5\\ -a_f||'Il
] e B o 4\ *Dr<DKasz— 122
0.1 , I I ] S N g9 g9 ©e
0 0.5 1 0.5 e S T
’ ’ z g * assumes s D~
ym. sea D7,

26 Apr 2007 RBRC workshop on "*Parity-Violating Spin Asymmetries at RHIC™ 8



upshot:

we can only make real progress on

fragmentation functions by performing

a global QCD analysis like CTEQ does for pdfs
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B global QCD analysis

plenty of data from ep and pp - so, why has it not been done already?

" NLO expressions for ep and, in particular, for pp are very
lengthy & difficult to handle in fits (CPU time)

" many sources of uncertainties: experimental (syst., stat.,
normalization) & theory (scale variation, bias from chosen
ansatz, framework, ...)

] : D. de Florian, R. Sassot (B s Aires
Cmalysus collaboration formed: Mo RIKEN) (Buenos Aires)

uses technology spin-offs & experience from global pdf analyses:

= "Mellin technique” to handle exact NLO expressions in fits
" "Lagrange multiplier” technique to estimate uncertainties
" fast & well-tested DGLAP evolution codes
\ = vast array of NLO calculations for ep and pp at hand /
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B theory: properties of D(z,p)

hadron

Dh(z. 1)

Z

* non-perturbative universal objects
to be extracted from data (like pdfs);
scale p-dep. predicted by pQCD quark/gluon

k

|
|
|
- describe the collinear transition of a massless parton "i"
into a massless hadron "h" carrying fractional momentum z

» fragmentation independent of other colored particles

* needed to consistently absorb final-state collinear
singularities like, e.q., in pp — 79X (" factorization”)
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these properties are very much at variance
with hadronization models in PYTHIA et al.

(colored "strings”, "soft physics”, non-collinear)

pQCD framework not applicable to all processes
at least a "hard scale” is required
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B theory: constraints & limitations

bi-local operator: D(z) ~ /aly‘e'iPJr/Zy_Trq/Jr (0 w(y_E(O) 0)

Collins, Soper 81,83 no inclusive final-state
— ho local OPE — no lattice formulation

isospin & charge conjugation invariance:
expect, eg., Dg-l_ = DZir_ — DZ‘I_ — D§+

\/
g|

" n" + _l_ +
valence enhancement”, e.qg., Dy, > D% ~ D7

\ . n + +
* “strangeness suppression”, e.qg., Dgf > D,,If
| |

NS

basis for "leading particle"/"flavor tag” assumptions:
highest momentum particle in jet resembles flavor of parent quark

cCt

A4
=
+

\ /
N
+
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* but: “leading particle” picture incompatible with definition of D(z)

can compute /ncl. distributions of hadrons with momentum fractions z
but not a cross section for a “leading hadron”

(under certain kin. conditions it might be a good approximation though)

1
W . n h —
* “energy-momentum conservation”: ) /o zDj'(z,p) =1
h

(a parton fragments with 100% probability into something preserving its momentum)

of very limited practical use in fits because

* "mass effects” completely spoil framework for D,"(z) for z < 0.05 + 0.1

also, p-evolution “goes crazy” as z — O (soft gluons)

no systematic way to include mass/higher twist effects

p m3
rough measure: O.K. as longas £ — |1 — E—g ~ 1
h
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B e*e” annihilation: theory

h

oo 1 doh |
relevant: "normalized distribution” =
Gtot dZ q
1 1 dy z 5 /
- >, [/ — |Ci(=, Q, pr, us)| Dy (v, uf)l‘
Otot i=q,d,9 2 Y Yy
o “coeff. fct." i — h
. calculable frag. fct.
total hadronic in PQCD
cross section
...... A LO: C,=5(1-y) o0: €, = 0
: 2
254“0‘ 21+ =2 +..) O(a,) NLO: Altarelli, Ellis, Martinelli, Pi ‘79;
q: s '” Furmanski, Petronzio '82
Ec70 O(OLSZ) NNLQO: Rijken, van Neerven '96,97
2 2
§ = q°= Q
“scaling”  _ 2pPh.q 2ER _
variable Z = 7 = ? where Pe:I: == (Q/2, 0, 0, :I:Q/2)
¢ = Pp+P
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B semi-inclusive DIS: theory

SIDIS = DIS plus one identified hadron with x-> 0 :ﬁ

do"

2 hr h !
~ e f(.’E,u, )D (Z s U )+O(as) f !
e X @D ) 40 Py

T f=q,q

“scaling” p ph.pN

variable * PN .4

why important?

R
Pl

Altarelli et al. '79;
Furmanski, Petronzio '82;
de Florian, MS, Vogelsang '98

= charge separated data for «*, n-, K*, K- from HERMES
— valuable handle on flavor separation!!

. + +
LO analysus: Dzir ~ (1 — 2«')D,z,,r Christova, Kretzer, Leader
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H pp — hX: theory

well-know framework: factorization,

._ NLO corrections
B ==
" ;-
. C - :'-DC_'l.'__\
do~ (s

long-distance
from exp.; p-dep.: do/dp = 0 {pQCD)

| L 1
BT > / 12 dy dze A Fu(@as ir) Afo(@or 1) DX (200 1)
- = dx, dxy, dz,. Ty UF) L xp, i f) D7 (ze, 1
dp',r'(f?] — a b c R Ja\Las M b\ Loy [ f Hy
anc
dAa_ahﬂnX’ . = A -
X —(_qu_]'_’{“:}_'b B B /'Zr_‘w Hr f’ll‘f‘-ﬂf‘) if? C)(_) .
dprdn ; pr
I I
short-distance power corrections
calculable in pQCLD: power series in os neglected
26 Apr 2007

Aversa et al.; Jager,Schafer, MS,
Vogelsang: de Florian

hice data from RHIC:

10
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~ _ scale uncertainty

E

3 0
d’c”

— [mb / GeV?]
dp

{ PHENIX data

T
subprocess fractions

15 20
py [GeV]

plus STAR and BRAHMS
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m pp — hX data: why important?

central rapidity e (2)
(PHENIX data) 0.4} 0.4}
pr [GeV] Py [GeV]

— low p; data probe gluon fragmentation

0.5] | | | u_s./ <z>
forward rapidity oof—u (1)
(STAR data) il |
| 30 40 =) k0 | 30 : 40 5IZI“- : k0 - <$2>
E. [GeV] E" [GeV]

— probe gluon and quark fragmentation at large z

BRAHMS =%, K* data (n ~ 3) — flavor separation from pp data !!

26 Apr 2007 RBRC workshop on "*Parity-Violating Spin Asymmetries at RHIC™ 18



B global analysis - setup & goals

goal: provide NLO (and LO) D" for 7‘1:/i K+, p,m. A, .

and estimate their uncertainties

analysis method:

. . ] 2 Ra0

- input scale for evolution: u=1GeV oufline of x* analysis:

. _ B S\ :g model ansatz for FF’s
Di(Z,M) - N z° (1 Z)B [1 Ty (1 Z) ] g with nitial set of parameters
fori=uds;i=g,c,bw/o[.], £ j=

” in f S ” iIsosbin Vi | tions N evolve FFs to relevant scale
allowing for small isospin violations < ,
£ with DGLAP z
- 7 parameters for exp. normalizations : {
. e . . C lculate ob bl :gf

» standard %2 minimization (MINUIT); e =
||} e ° . n
Lagrange multiplier technique I E—
for studies of uncertainties
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B comments on data selection

included: all LEP, SLD, TASSO, TPC e*e” data w/o “flavor tagging”
[other (= older e*e-) data have no impact on the fit]

HERMES SIDIS ep data
BRAHMS, PHENIX, and STAR pp data

reluctantly included: e‘e “flavor tagged” data

only constraint on ¢, b — light hadrons

many conceptual problems: strong model dependence;
leading hadron assumptions;

possible contamination from weak decays:; ...

excluded: e‘e unidentified charged hadron data  (work in progress!)

ep photoproduction from H1, ZEUS
[large uncertainties from photon structure;
but known to be consistent with ere- data (xKK)]

UA1 pp data for kaons [inconsistent with STAR]

26 Apr 2007 RBRC workshop on "*Parity-Violating Spin Asymmetries at RHIC™
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B global analysis: results e*e” (‘untagged”)

excellent description of all data for e*e-— (n*+n~) X for z > 0.05

1 1 1 1 III 1 1 1 ] 1 LI I_
% s 3 04
g N TRC WER:
10 E %A%}g.}.,.& _..._T...—..e.lf'mm.!n&z!.&? S - 0
1k ' — -0.2
" 1 & | 3 -04
10 - “ ——] .
3 SLD 3 -
N R
10 2 H!"_'ﬂq"vmmmm‘ﬂnﬂhﬂmsbq srnes 0
= 1IN d 025
1B 4 -04 &
s 11—+ — R
10 AN\ ALEPH 4 032
TR e J o013
. KMM%&MHJR‘: ....... Vi 0 O
4 -01 2
L 3 &\ ' | 4-02 =
I N 1 1 T I | 1 1 1 I T | —
B 1. ] i R & @ :
e E & DELPHI %_4' E 8-2 S some tension
> 3 uted s
3 %m:ﬁ@ﬂm.h.m‘r&ﬂ.d.rr.‘.f.:?.::?.: ............ 4 0 for‘ lar‘ge-z
107 {P , iy DELPHTI data
5 THIS FIT 1B ' . i 06
B[ =i KRE . \\\ OPAL i - 04
L AKK 13 ¢ 14 o2
- : = w ey e ol s ol iy --#—-r-nun!--- - 0
T ] . o * = - B -
af | 1R | g 02
10 L 1 L L Ll Ll - L L L L L1 L1 1]
-1 ool
10 Z 1 10 Z 1
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despite conceptual difficulties, also “uds-flavor-tagged” data work well

]_04= T L B T T
F J ' 0.4
0.2
10°
F 0
-0.2
10° i
3 P -04 —
T 1 o,
04
jab)
10 E o !
= 0.{. %
O
o
0 <2
1 =
=
02 8
2

e
=

<

- A -

= L . [N

[ 1 1 1 [
/ "

DELPHTI again ...

.. similar for charm and bottom-tagged data
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B global analysis: results ep semi-incl. DIS

T T T T T T |_
I/N,, . dN" /dzdQ? 025520357 02 nice description
S DIS T

1 .02 shaded bands:
s ., our estimate of
1 01 “Q2-bin effects”

0

E not fitted
B 1 | 1 | 1 1 1 1 | 1 |

LT
I 10 e
z - bin = \\§ - 0.1
I Wﬂ:i-m.ﬂ | f""%""'ﬁ*&‘"g“i**ﬁ""""“"'—_ 0 of HERMES
B = L _ _01 :*: . . . .
L %Mmj_wz B oot o 197 m* multiplicities
: : B | | | | | | | |
- \E:Mr—u———oﬂ%-o_aﬂ__ ! ' AR
L \ 1 & 035=z2<045 02
L —_ = — — = = = =, -~ 4 — ] 01 —
o 0.60-0.75 7 [
N\ A G| S T
10 ¢ THIS FIT 4L \ *& o o 101 B
~ —— - KRE TEN J-02 =
H -+ —H | —t 3
C < ] =
o 5 s 045<z<0.60- 02 .3
z - bin _—\\\ SRR O G
1 C ;\\ ’ o —\-94\'-&

102 precall:

xKK of no use
for nt data
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B results pp— n%*X

good description of all RHIC data
with scale choice p = py

scale uncertainties sizable

"Kretzer" always much too low
for p=ps

10

example:
STAR forward pions

[ - -~ KRE

djo_rto

E _
dp’

[ub / GeV?]

STAR data

THIS FIT *

=33 3
E:J my=3.8 ]

-2 cs <
10 b AKK o i
scale uncertainty e
| ! ! | ! |
_ | T T T T T
I = (data - theory)/theory ]
0.5 + —
05 = -
1 ] ] ! ] | ] ! ] ]
1 2 3 o\ 4
P [GeV]
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N7 L B L L= . L L I L B L L
U 3 n° 3w E
F d°0" [mb / GeV* d'G" [mb / GeV?] 3
charge separated data A W ] BT /
10'2;— 4 STAR data 4 STAR data —
. . . _4: :
(upps, we missed them in the fit) ™ 3
sf —— THISFIT 5
10 & _ kRE E
10 -7 :_ scale uncertainty _:
B B T E::|:::|:::I:::|::‘::|:::|:::|:::|::E
bE 3 ot E3 o 3 'r 1 (data - theory)/theory p
- I'o I GeV?] I d’o I GeVi 1 9O T T B
1 E 29 [mb/GeV] E SO [mb/GeV] L 1 1
10 ¢ dp3 =+ dp3 E 0 - +#++++ i + ........ T ¢|+.¢.¢¢r|" g d] + ...... | 1
) \ 1 \ 1 05 e + *——WF‘:":J T
0 F +BRAHMSda[a—E— %BKAHl\-ISda[a—E e e e L T L L L L
F E A ac E 2 4 6 8 2 4 6 g
. _3; n=2.95 T n=2.95 ] p‘[ [Ge\'] pT [Ge\*]
_45
10 F = E
_55 —— THIS FIT
0 E __kre E3 3
10 -6 ;_ scale uncertainty L 4
Hf_.:}::::}::::}::::}:::::_:}::::}::::laaaala _
B + + + T (data - t;eory)..-"theory % . BR A H MS
O'; 2 *!§*#+++++++ + + J T mﬁ"‘ﬁ] lﬂjﬂe i o 43 l B
os b T |
e b v v by v v b e v v e b v by e by by A
1 2 3 2 3 5

4 4
Pr [GeV] Pr [GeV]
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B uncertainties: method

pioneering work by

basically two methods explored for pdf analyses: CTEQ collaboration

1) . 0" 6Af — aAf
: d" [6Af12 = Ax? i
Hessian metho [6Af] X %: da; 9 Oa;

assumes that y2-profile is quadratic in all parameters a;;
uncertainties propagate linearly to observables

* "Lagrange multiplier method” ®();,a;) = x2(a,j) + ) X0i(a;)
probes uncertainties in observables O,directly, s‘rr'aigh‘rfor'war'é to implement
steps: minimize for 1,= 0 — "best fit" with y4?, parameters a,°,0,(q,°)

explore y2-profile for various fixed %, # O (=force values of O,)
ideal case: parabolic profiles, Ax2=1 for 1o errors

in practice: unaccounted errors, Ay?= 1 - 2% more appropriate

our choice: use, e.g., n,= [y,! z Di(z) dz as "observables”
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« ae . ni = Jo2! z Di(z) dz
B uncertainties: y°-profiles Q- 5 Gev

L L L L L R N L ) |
- B oy ;
860 _ .............. 7 i overia":
. | | | almost parabolic
A~ 85S¢ . .
%2 - profiles
850 |
845 | .
- assuming Ay*~ 15
Usos— ° constrained
860 best (3% variation)
X~ 855 U,,— n" ~ 5%
850 | s >t~ 10%
845 | g —nh R 8%
ID‘)I — 1 — Il.ll ID.S"I — 1 - I1 1I I09I - 1 - I] ll
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ni = Jo2! z Dy(2) dz

B role of different data sets Q- 5 Gev
study partial contributions to y2 from different data sets:
T AL A N

m+/ 7
||l -

N
—r—r—r

= -~ T~ 17" A
1:\ - Il. .TH' ;'-Tﬁ .
: \ N )
10F . R

AY; |
1]
* data sets probe diff. z-ranges |
and aspects of D,(z) SN
0.98 1
* complementary information — Mora
. . — Ay
leads to well defined minima e Ay
KHERMES
. . 7 Mdopar
* result is always a compromise - AY renrc
Tt ‘&xéma
* ee  data alone would lead AXBRAHMS

to different or no constraints
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B comparison with KRE & AKK

1.4
1.2
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-
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new = fit closer to
Kretzer than AKK

— e o —

10

-
| IIIIIII|
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IIII|
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B final remarks: LO & kaon fits

main results of global analysis of kaon data:

* can achieve a good global description of all e*e-, ep, and pp data h
* quality of available data not as good as for pions
* STAR and old UA1 pp data cannot be described both (we use STAR)

. overall: uncertainties are considerably larger; 2 profiles less paraboli9

main results of LO fits:

£ quality of fit much worse: 25 =+ 30% increase in 2 w.r.t. NLO b
* quarks fairly stable; LO D, larger (make up for large pp K-factors)
* LO sets should be only used for rough estimates )

G
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I summary & outlook

E 15 global analysis of fragmentation function

* good description of e*e-, ep, and pp data
* pion fragmentation well determined; kaons less
* new data sets can be straightforwardly included

* important stress test of Mellin technique for global anal.

B outlook

* additional sets (protons, chg. hadrons, ..) in preparation

* more detailed studies of uncertainties
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