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Fragmentation functions

® Describe the collinear transition of a parton i into a

massless hadron h carrying momentum fraction z D

Represent the probability that a parton hadronizes

® Time-like version of PDFs : information on structure of the nucleon

® Relevant any time a hadron is produced in high energy collisions
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Why care about hadrons?

* Hadrons : dominant final state in pp and ep collisions

* Heavy lon Collisions : QGP by suppression in hadron-production

* The flavor-separation of polarized parton distributions depends
crucially on SIDIS results (Hermes-SMC-Compass)

* Extraction of polarized gluon density depends much on
PHENIX and STAR pion data

Different FFs very different results for spin dependent distributions

DdeF, Navarro, Sassot (2005) nltele, Df wrong Af

* Look into “unconventional targets” : Lambda polarized fragmentation functions

* Key elements for Target Fragmentation: evolution of fracture functions

* Fundamental role in understanding single spin asymmetries, transversity...

* TH challenge: NLO pQCD fails to describe fixed target experiments!



Some properties of D' (z, 11°)

* Non-perturbative objects but universal : can be obtained from global analysis!
Erp,
F;

* Depend on energy fraction 2 =

* Depend on factorization scale ,u2 : described by AP equations

d
dIn p?

DZ(Za MZ) — [qu & DZ + quDﬂ (Za MQ) e

partial NNLO: Moch,Vogt

QCA g 4034 1n2 .

Kernels very singular at small z :negative FFs ! Py = —— — ——

* Anyway, mass and higher twist effects not trivial : no systematic treatment

[ Limits use toz > 0.05/0.1 )

1
* Energy- Momentum conservation sum rule ) é} 2 DMz p?) dz =1
h

without much practical use



Fragmentation Functions

How to obtain them?

Global Analysis : look at different observables
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e*e” SIDIS pp1
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[e+e- (SIA) single-inclusive annihilation]

ete” — (v, Z) — H

* Cross section depends on two structure functions

1 doH 00

Otot dz Zq 63

2
Otot — Zég 00 [1_|_ Oés(ﬂ-Q )]

q

2F(2,Q%) + F (2,Q%)]

* At NLO they can be written as

2
2k (2,Q%) Ze { (2,Q%) + DE(2,Q%)] + a;g )¢t & (D! + D) +C} @ DH] (z,QQ)}

Known up to NNLO Coeff. functions
Calculable in pQCD

* Notice that SIA can only give information on the sum D, (z,Q%) + D7 (z,Q?)



ete- (SIA) single-inclusive annihilation

-

Advantages © Very precise data from LEP/SLD

® Heavy quark tagged data

. © Only fragmentation functions enter (clean process)

" Disadvantages

@SlA data dominated by precise LEP/SLD measurements at Mz

@weak scale dependence (bad resolution for g fragmentation)

@mostly determine “singlet” distribution (high precision)
Y>=Dy+Dyg+Dg+ Dg+ Ds+ Ds+ D.+ Dz + Dy + Dy

@ OPAL offers “flavor separated data’: no trivial interpretation at NLO

@not precise at large z (relevant for pp collisions)

@ Can not separate Dg(z7 Q?) from Dg(z, Q?)
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( SIDIS )

current fragmentation

e Distributions in x and z

dot 2o’ [1+ (1 —y)? 2(1 — g)
d:l?‘sz dzyg ZUSQZ [ Y 1 (Qi,ZH,Q )_|_ y L (QZ‘,ZH,Q )
E 2
2PN - g SXx e /
\
“scaling variable”  zp = \ D
g —— X
p
H 2 2 2 H 2
at LO 2Fl (:13, 2y, Q ) — €q C](QZ‘, @ )Dq (ZH7 @ ) expression known up to NLO

9,9 .
“effective charge” : different for quarks and antiquarks!
Most valuable observable for flavor/charge separation!
Different targets (and x!) can be used



* charged separated data for

EMC (h)

( sIiDIs )
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Other possible observables in DIS:

-

1/Np,g dN"/dzdQ?
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* photoproduction (involves photon pdfs)
* transverse momentum distributions (HERA, EXP+TH uncertainties)

KT, K™

EMC

Hermes (yet preliminary)
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( sIiDIs )

4 )
Advantages :

¢ allows flavor/charge separation

¥ larger z

¢ smaller Q?, improves scale coverage in evolution : D,

¥ relevant for Hermes and Compass kinematics (spin physics)

¢ almost no HQ fragmentation
. J
4 )

Disadvantages :

¢ introduce “dependence” on pdfs (but unpolarized pdfs well
constrained from DIS in the same kinematical range, s?)

¢ non-perturbative corrections at small Q??

¢ almost no HQ fragmentation

10



( Hadron-Hadron coIIisions)

p FP (@) B
Transverse momentum distribution = .\ a9 9
N (=) qq — ¢
hard scale 99 — g
o ~__ a9 — q
o .fw 99 — d
99 — g

1 1 1
do(pp — h) = Z/ dx, fiP(lrl,/[‘};I)/ daxy f})(ﬂfg,[l.:;;vl)/ dz D;’j(z,/[ﬁﬂp)da(i]’ — k)

igkV0 0 0
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( Hadron-Hadron collisions )

P f (@) — _
. . . — — _
Transverse momentum distribution — ' 9 — 9
. a9 — q
hard scale a9g — g
- ~—_

P - _X,_,f""fﬁ “xa qqg — g
[ (x2) g — (g
99 — g

1 1 1
do(pp — h) = Z/ dx, fip(;z'l,/z"f_ﬂl)/ dxs f{)(arg,/['},)/ dz D}z, p%p) do(ij — k)
0

.lj?j.k 0 0

(Advantages : allows (very little) flavor/charge separation (gluon dominated) k

several subprocesses

much larger z

large (direct!) contribution from D,

relevant for RHIC kinematics (polarized/heavy ion)
almost no HQ fragmentation
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( Hadron-Hadron collisions )

P f (@) L _
Transverse momentum distribution — ' qQq — g
qq — q
hard scale ““ g9 — g
P _’_x,.,-f"'xf.x. RHM qqg — (¢
- 'r 99 — q
g9 — g

1 1 1
do(pp — h) = Z/ dx, fip(.l‘l,/l,%-l)/ das ff)(arg,/llfpl)/ dz Dﬁ(z‘,/.[‘;‘_ﬂp)(l(}(ij — k)
0

i.j.k 0 0

(Advantages : allows (very little) flavor/charge separation (gluon dominated) k
several subprocesses
much larger z
large (direct!) contribution from Dg
relevant for RHIC kinematics (polarized/heavy ion)
. almost no HQ fragmentation |
4 N

Disadvantages: problems for fixed target experiments, use only colliders
otherwise Threshold resummation needed (not in first approach)
larger TH uncertainty (scale dependence) DdeF, W.Vogelsang
larger dependence on pdfs
almost no HQ fragmentation

11



NLO analyses for light hadrons
CGGRW(1994), BFGW/(2000) Bourhis et al (2001)

BKK(1995), KKP(2000), AKK(2005,2008)* Albino, Kniehl, Kramer (1995-2008)

KRE(2000)%* Kretzer (2000)
HKNS(2007) Hirai, Kumano, Nagai, Sudoh (2007)

[use only SIA: no charge separation or ad-hoc assumption j

DI (2,Q%) = (1—2) D} (2,Q%)

* AKK2008 includes pp data (with some charge separation)
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NLO analyses for light hadrons
CGGRW(1994), BFGW/(2000) Bourhis et al (2001)

BKK(1995), KKP(2000), AKK(2005,2008)* Albino, Kniehl, Kramer (1995-2008)

KRE(2000)** Kretzer (2000)
HKNS(2007) Hirai, Kumano, Nagai, Sudoh (2007)

[use only SIA: no charge separation or ad-hoc assumption j

DI (2,Q%) = (1—2) D} (2,Q%)

* AKK2008 includes pp data (with some charge separation)

First global analysis of fragmentation functions : DSS (2007)

DdeF, R.Sassot, M.Stratmann

12



Global FIT

-

(

N
Advantage : Constrain FF with almost all available data
Check of pQCD framework
Each experiment spans a different kinematical range
Precise determination of distributions and first estimation of
uncertainties
No need for naive relations between observables and FF’s )
-

Disadvantage : more work required !
Feasible if Mellin technique used
Tension between different observables requires careful analysis

* Complicated observables: e without simple NLO interpretation
* involving MC
* “averaged” bins

* large scale dependence
* Weights

13



DSS g|0ba| analysis D.deF, M. Stratmann, R. Sassot

: : _ _ —0 _ _ _
fragmentation functions for o, n KT K, K K ,p,p,n,mh", h

residual

ht =at + KT +p+rest

LO and NLO global fits available

SIA data includes: TPC, TASSO, SLD,ALEPH, DELPHI, OPAL + “flavor” tag

SIDIS data from : HERMES, EMC(h) @ > 1GeV

pp data from : PHENIX, STAR, BRAHMS, CDF, UAI,UA2 pr > 1GeV ()

colliders
cut

Estimation of uncertainties using Lagrange multipliers

14



Technical details
* Flexible parametrization
D (2,Q3) = Ni 2% (1 — 2)% [1+ %(1 — 2)"]

at initial scale
Q(Q) — 1QGeV? u,d, s, g

Q(Q) m2Q c, b
with

o and Agop from MRST 2002

~23 parameters

+ normalizations

* Normalizations for different experiments (if not included in syst.)

* Try to avoid Isospin symmetry assumptions

xT

Dd+ci

T
* Allowing for possible =NDy, 4
breaking of SU(3) of sea and .t + J—
SU(2) in favored distributions Ds =Ds =NDy

+ +
eunless data can not discriminate D> =D}

for unfavored fragmentations DE® — pK* — pK* _ pK*

d

15



D’s obtained by global fit : x* minimization

4 )
ansatz for D at Qg

with initial set of parameters

\ J
4 l( )
S evolve D to relevant scale Q
using DGLAP
\_ i ) change parameters
~400 data points l ~ 10000 times
N (T, - E;)? 4 h
e=y LB
=1 g
Calculate observable
and \°
\ J
Y2 minimum?
no
yes
\

result : best fit



Main problem: how to perform so many evaluations in short time
1
Solution: work in Mellin space D (u?) = / dz 2"t D;i(z, 1*)
0

V' Convolutions become products : simple solution for evolution equations
v Back to “z” space can be done fast
v Rather natural for SIA and SIDIS (analytical)

do = Z///fa,fb da—ab—wXD daja,dxbdzc
abc \_/ dnz_"D”
Cn

271
_1 n
= 5 > dn | D, fafo dGap—cx drodrpdz,
abc
Mellin
Precompute once and save
inversion
New technique developed to compute the grids: any observable deF, Stratmann,

Sassot,Vogelsang

allows for >5000 ev./sec.!

T —
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Some plots z>0.05 (0.l for Kaons/Protons)

_II“”I-I\\ITPC _:
1 d-G j%\mﬁ Ak e MM&'Z'B‘A" ‘{rdll‘::

Oy dz k E

o
o]
g

10 4B

SIA: still works very well
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Good description
\of SIDIS multiplicities)

Hermes data (not final)
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SIDIS 1 1 I 1 1 1 1 1 1 1 1 I 1
: : K* 2 11
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02

K 2
factor of 2 or 3! 1/Npy g dN™ /dzdQ

10

[Em—

Q” [GeV] 10
(EXP) even harder to fit!
(TH) issues with the slope

[HKNS,AKKOS and Kretzer can not be used for SIDIS !J

More precise K data needed essential for As(z, Q?) determination!
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pp data well reproduced
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Charged pions (at large z)
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pp — 7T +X, STAR (-0.5<y<0.5), Vs=200 GeV
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27 —
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3 g ]
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ST n
[mb(Gevy"] 10 £ 1
60 .
. . 10 £ 7 o E
“Charge-sign asymmetries” from pp o ML L] \\\o E
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o I 2 3 4 5 6 7 8 9 10
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22



Relative Data

9 Data normalization points

. Experiment type in fit fitted 2
Typically x*/dof ~ 2 i b X

TPC [15] Inclusive 0.94 17 18.5

“uds tag” 0.94 9 19

“c tag” 0.94 9 57

“b tag” 0.94 9 74

5 TASSO [38]  Inclusive (34 GeV)  0.94 11 301

. . Inclusive (44 GeV 0.94 7 20.5

Large X from a few isolated data POIﬂtS SLD [16] Inclu(sive ) 1.008 28 140

. “uds tag” 1.008 17 116

(small z in SIA, and some SIDIS and pp) ‘e tag” Los 17 I

. “b tag” 1.008 17 332

very precise data ALEPH [11] Inclusive 0.97 2 383

DELPHI [12] Inclusive 1.0 17 42.3

“uds tag” 1.0 17 264

“b tag” 1.0 17 428

OPAL [13,14] Inclusive 1.0 21 9.2

“u tag” 1.10 5 118

“d tag” 1.10 5 90

Also tension between experiments s tag” L10 5408

¢ tag 1.10 5 383

(like Delphi at large z) bt b0 > PO

HERMES [17] 7t 1.03 32 674

T 1.03 32 1208

PHENIX [18] 70 1.09 23 764

STAR [22] 70, (n) = 3.3 1.05 4 34

70, (n) = 3.7 1.05 5 98

BRAHMS [21] =« (n) = 2.95 1.0 18 282

7, (n) = 2.95 1.0 18 43.0

Total 392 8437

X2grows (~25%) for LO fits : mostly from pp data
where NLO corrections are very large

Pions + kaons + protons almost saturate charged hadrons:
Mainly a prediction
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Meet the Distributions : pions

u+u
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.\. - == u
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. o __c+T

i nt \\\ .\.\ ] t ]
__ ZDI (Z) N . '\. -] ZD1 (Z) —
- QP=10GeV? s {F Q*=10GeV’ -
RESE i ——t—t— ———H :
| THIS FIT / KRE |E THIS FIT/KRE
s T = e S L T
'_ ......... ~ \\.\ | L
\} ___________ E
+ [ | L . 1-
L I_I.s. T | LI B B T } l—
\\\\\\\ THIS FIT / AKK / E
R - :
. N~ e N. . ] ]
| THIS FIT / AKK Lt =
Lo | 1 L \
10" z 1 10" ;1

10

large rapidity at STAR

[ - --- KRE

d’c"
dp3

-
THIS FIT *

AKK

scale uncertainty
|

0

[ub / GeV?]

STAR data
¥ (N)=33 ;
43 (n)=38 |

T T T T | T T
(data - theory)/theory

Large differences visible in the gluon at large z : explains pp

Large differences in unfavored distributions : explains SIDIS and pp

Similar singlet

For pions u fragmentation smaller than AKK : required by SIDIS
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Smaller u required by SIDIS

VERY different gluon by pp
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Issues for K- (s and u in proton at large x)
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Meet the Distributions : protons

0.3 _I 1 1 1 1 1 1 1 |_ _I 1 1 1 1 1
C p _ 1C
- 7D (z u+u 1E __  gluon
025 1( ) -1 g _ —
N - _ . c+C i
02 " RN — 4
. L Oy e b+b ;
B N BN
015 __ __ .\\ —_
» » '\\ .
C “ ]
C N ]
0.1 — '\\\. -
: \\-\
005 — NN —

110

{ E THIS FIT / HKNS

=10

Differences with HKNS also sizeable : gluons, unfavored and large z (pp)

No SIDIS : favored/unfavored separation not that reliable (assumptions)



Meet the Distributions : protons

0.3

_I 1 1 1 1 1 1 1 I_ 1 1 1 1 1
C p _ 1F
- zDY(z u+u 1E _ oluon

025 1( ) a1 & _ —
- - ____. c+¢cC

02 F - = ~
' NN e b+b

0.15 | SO ]
» = '\\ n
= — o\ 7
n - N N

0.1 :— — '\\\. ]
B \\.\

005 [ = AN -

110

{ E THIS FIT / HKNS

=10

-1 -1
10 Z 110 7z 1

Differences with HKNS also sizeable : gluons, unfavored and large z (pp)

No SIDIS : favored/unfavored separation not that reliable (assumptions)

In general differences look much larger than for pdf
fits : comparison between GLOBAL fits
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Charged hadrons:  Pions + kaons + protons almost saturate charged hadrons:

residual only sizable for HQ
Mainly a prediction/check : OK

2 T T T T T T T T T T 2 - I I I I I I I I I I I 1 1 1 1 1 1 I
10 I | 10 - I I I I ]
I/Npg dN"/dzdQ*>  EMC ¥ 1N dN"/dzdQ’ EMC 5 N 1
24 1
0F e F — 110 ELC [mb/GeV’] 4
A A A A A 3
| b a2 | & 5 2 1 dp :
G- - O~ -5 0 - -5
-1 O 0O @) @) -1
10 = e ® e — - 10 (:3 UAI (630 GGV)
. , n UA2 (540 GeV)
10 10
102 " v 22010015 ' @ 22035055 102
A 7z=0.15-0.25 O z=0.45-0.60
A z=0.25-0.35 ® z=0.60-1.00
10 - e . _ 110
e f 1t
1 F----< T - & A s o £ 1
aF oo oo 5 o 1
10 ® l.\
| Ie[1 (x 0.01)
. = —— THISFIT 3
10 E - - - AKK (m+K+p) 4
S
i N H y
1 . [ Q ]
10 45 %‘Qéﬁ%% ....... %% ................. -
— THIS FIT g + E
2 F -- KRE D) [ i
10 ”””1lo T '1|() — 10 N | | | | g
2 2 I [ I | [ I | [ I | [ I
Q Q 5 10 15 20
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Uncertainties on fragmentation functions

v HKNS uncertainties using Hessian Method .Hirai et al

only e*e” data so uncertainties are not well defined for
gluons and flavor/charge separation

Hessian method might fail when far from quadratic dependence

v DSS uncertainties using Lagrangian multipliers D.deF, M. Stratmann, R. Sassot

study uncertainties for truncated moments but does not
translate easily into uncertainties for z-dependence
fragmentation functions

4 )
More work (and data!) needed for a precise estimate

g of uncertainties )
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Improvements on description of fragmentation functions over the last few years

Future:

EXP
SIDIS: COMPASS

, [ SIDIS: Hermes Final?

Belle/Babar: precision at lower energies
more pp data (RHIC, LHC?)

“hext summer’

TH
SIDIS at NNLO

Splitting at NNLO
Threshold resummation for several processes
More global fits to compare!

* More precise determination of fragmentation functions

* Realistic estimate of uncertainties and several sets to compute
uncertainties for other observables (like pdf’s)
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Improvements on description of fragmentation functions over the last few years

Future:

EXP
SIDIS: COMPASS

, [ SIDIS: Hermes Final?

Belle/Babar: precision at lower energies
more pp data (RHIC, LHC?)

“hext summer’

TH
SIDIS at NNLO

Splitting at NNLO
Threshold resummation for several processes
More global fits to compare!

* More precise determination of fragmentation functions

* Realistic estimate of uncertainties and several sets to compute
uncertainties for other observables (like pdf’s)

TH effort usually triggered by precise data !
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COMPASS-II proposal : Q&A
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Older data not very well documented (no
multiplicities, only FFs)

MEASUREMENTS OF THE u VALENCE QUARK DISTRIBUTION
FUNCTION IN THE PROTON AND u QUARK
FRAGMENTATION FUNCTIONS

The European Muon Collaboration

Nuclear Physics B321 (1989) 541-560
North-Holland, Amsterdam

M. Arneodo et al. / Quark distribution function

(z)
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| ! I I

o DE‘

B
* © LEMC, 19]
s 0y

n'.'
oDy EMC,This exp. %

] | 1 |

0 02 04 06 08
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Uncertainties on fragmentation functions
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zD™ (z)

HKNS uncertainties using Hessian Method

2.5 ¢ quark

2+ Q = 1.43 GeV

0 02 04 0.6 08 1
Z

AXQ(G’) — X2 _ X(Q) — ZHij(Sai5CLj + .-

1,7
Ax? = 15.94
OD!(z, a) _, (0D} (z,a)
DI'2)]? = Ay’ i 1% HL i 1%
5D (2)]2 = Ax z( o) ! ()
3
2.5 u quark
z Q=1Gev Main issue : only SIA data
1.5-
14
0'34/\\\ Gluon: uncertainties overestimated

due to lack of other data?

Charge separation: uncertainties could be
underestimated due to assumptions

2
For some parameters, X profile

0 02 04 0.6 08 1

VERY different from quadratic even

Z . .
in global analysis
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DSS uncertainties using Lagrangian multipliers

PO {a}) = (i) + 3N Ol{a) [ =ptea=sGov)a:

2
See how fit deteriorates when FFs forced to give different prediction for (O,

/7415

860 | P
~ 710

, | /]
855 .
X [ 1 5

] -5 Precision
15

850 |

845

860 | ]
110

> 855}

850 | <
AXpHENIX

[ 5 I 5 1 5 - AN [ p - ]
845 : T : T Y S : XSTAR [ K .15

nm, nm, nm,

nm,
u<5% dominated by z~0.2
s~ 10%
uncertainties : factor of 2 larger for Kaons
~ 20-25% for protons

Tension

Complementarity

Constrained parabola as a result of global fit
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* The flavor-separation of polarized parton distributions
depends crucially on SIDIS results (Hermes-SMC-Compass)

1 1 IIIIIII 1 1 IIIIIII 1 LI 1 1 IIIIIII 1 1 IIIIIII 1 T rrrrr
i - 1F r i e
0.04 ~ xAu JL xAd _ 0.04 € /
i 1t ] \ h
002 | qF 7 002 \\ . ——
: : :‘-“ ...“’.j:’\
-0.02 - - -0.02 /
004 - DNS == DSSVag=l  qp 1004 C]'—— X
~ b —— GRSV DSSV Ay /x*=2%At 17 ;
i 1 11 IIIIII III 1 1 IIIIII- i 1 | | IIIIII 1 1 IIIIIII 1 / p "“.":\
U.uo — T B B
; 11 10 107 ¢
0.04 | xAu i
;  KKP FFs DSSV (deF, Stratmann, Sassot, Vogelsang)
0.02 .
0 |

0.02 |

[ Kretzer
-0.04 _ FFs i
006 — ey e
10~
XBj

Different FFs » very different results for spin dependent distributions



* Extraction of polarized gluon density depends much
on PHENIX and STAR pion data

[ Ve
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- "
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37



Example @ Phenix T A 3 0

ple @ AR EYC [mb/Gev?]
10 E— dp
10'3:5
4E

e o e PHENIX d

Lot of “initial gluon” 0¥ | ata

10 F

(gg and qg) .

é_ . \\\\:\:\‘\
“flavor blind” afusing DSS "%
£ frag. fct.

0"k NLO QCD
10 QE' =7 scaleuncertainty
- _ ———
0.6 F
04 E
0.2 E—
0 [
0
* |ow transverse momentum probe
gluon fragmentation
1M r r r T ; r 1M
central 08 08
rapidity B o
PHENIX o 041
n.2F n.2r
1] 1] 2 4 B g in 1z
P [GeV]
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17. FRAGMENTATION FUNCTIONS

INete ,ep AND pp COLLISIONS

Revised October 2009 by O. Biebel (Ludwig-Maximilians-Universitat, Munich, Germany),
D. de Florian (Dep. de Fisica, FCEyN-UBA, Buenos Aires, Argentina), D. Milstead

(Fysikum, Stockholms Universitet, Sweden), and A. Vogt (Dep. of Mathematical Sciences,
University of Liverpool, UK).

10

Figure 17.6:
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Comparison of up, strange, charm and gluon NLO fragmentation

functions for 7™ + 7~ at the mass of the Z. The different lines correspond to the
result of the most recent analyses performed in Refs. [93,94,98].
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10

More K multiplicities AKK(08) and Kretzer
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Spin-off

Can we say something about the strange pdf?
May be, first make sure fragmentation is right!

from fit of
same data

l

INK(z) _ Q) | Dig(2)dz + S(a) [ DEs()d

Careful : only true at LO!!!

dNDIS(z) 5Q(x) + 2S(x)
90.4 | Hermes CI':'EQGL

_. x(u(x)+d(x))

-
-
------
-
-
-

J
bl
-~
-~
-
-
-
-
-

Better: check directly multiplicities with different strange distributions
(even possible to fit them at NLO)
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* Present TH challenge: Serious disagreement between TH
and EXP for fixed target kinematics in pp collisions

pp = +X  Exd’o/dp’ (pb/GeV?)
3
107 el
© u=2
0 .
20 0 e T =1 / 2
10"~ 5 1
0
10
»
! NLO . 5
0
MRST2002 KKP
L WAT70Vs=229 GeV Im|<0.05
a 45 5 55 6 6.5 7
p(GeV)

Ad-hoc intrinsic transverse momentum sometimes introduced.

But pQCD can solve the problem : resummation
D.deF, W.Vogelsang



* Present TH challenge: Serious disagreement between TH
and EXP for fixed target kinematics in pp collisions

pp =1 +X  Exd’o/dp’ (pb/GeV?)
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