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Collinear Fragmentation Functions
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This talk is about a determination of collinear Fragmentation Functions in the vacuum
from a global QCD analysis of experimental data
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Factorisation of physical observables
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Evolution of FFs: DGLAP equations

A set of (2ny + 1) integro-differential equations (ny=number of active flavours)
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LO | 1
NLO | ]
NNLO | 1
Must be careful with fixed-order splitting functions as z — 0 (m =1,...,2k + 1)
SPACE-LIKE CASE TIME-LIKE CASE
Qk+1 _ QF+1 e
Pji o< Zo—loghtt—m 1 Pj; oc “a— log*(+1) Lz

Soft gluon logarithms diverge more rapidly in the TL case than in the SL case: as z decreases,
the unresummed SGLs spoil the convergence of the FO series for P(z, ) if log% >0 (as_1/2
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Fragmentation functions at NNLO: why should we bother?

Example 1: The strange (polarised) parton distribution and SIDIS

Rg=(s+5)/(u+d)
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Can SIDIS data be used to determine s?
What is the bias induced by FFs onto PDFs?
— How well do we know kaon FFs?

If SIDIS data is used to determine As, K+ FFs
for different sets lead to different results

Such results may differ significantly among
them and w.r.t. the results obtained from DIS
— How well do we know kaon FFs?
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Fragmentation functions at NNLO: why should we bother?
Example 2: Ratio of the inclusive charged-hadron spectra measured by CMS and ALICE
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Predictions from all available FF sets are not

compatible with CMS and ALICE data, not

even within scale and PDF/FF uncertainties
— How well do we know the gluon FF?
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Fragmentation functions at NNLO: why should we bother?

Example 3: Baseline for global analyses of TMDs

Matching coeff. ) Collinear PDFs Perturbative Sudakovw
(perturbatlve calculable)| (previous fit) evolution factor J
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Accuracy N®LL~ (PDFs and FFs at NNLO)
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]. . M AP F F]. . O: N LO [Phys.Rev. D104 (2021) 3, 034007]
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MAPFF1.0: pion FFs from SIA and SIDIS
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Pion and Kaon FFs at NNL

Experiment x2/Naat Ndat
BELLE n* 0.09 70
BABAR prompt 7% 0.90 39
TASSO 12 GeV 7t 0.97 4
TASSO 14 GeV 7t 1.39 9
TASSO 22 GeV 7t 1.85 8
TPC ot 0.22 13
TASSO 30 GeV 7t 0.34 2
TASSO 34 GeV 7t 1.20 9
TASSO 44 GeV 7t 1.20 6
TOPAZ n® 0.28 5
ALEPH n* 1.29 23
DELPHI total n® 1.29 21
DELPHI uds =+ 2.84 21
DELPHI bottom 7+ 1.67 21
OPAL n® 1.72 24
SLD total 7+ 1.14 34
SLD uds 7+ 2.05 34
SLD bottom 7+ 0.55 34
Total SIA 1.10 377
HERMES 7~ deuteron 0.60 2
HERMES 7~ proton 0.02 2
HERMES =1 deuteron 0.30 2
HERMES =1 proton 0.53 2
COMPASS 7~ 0.80 157
COMPASS 7+ 1.07 157
Total SIDIS 0.78 322
Total 0.90 699



Comparing FFs to DEHSS14 and JAM20
basis: {07, Dx", DF" =D3", DI" =D, Df" =D, Df = Df", D'}

2
parametric form: zD;’Jr (2, u0 = 5GeV) = (Ni(z;O) —Ni(l;B))

JAM20 Assumes SU(2) isospin symmetry JAM20 fits COMPASS
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D,’{i and Dgi: suppression of MAPFF1.0 w.r.t. DEHSS14 and JAM 20 at large z
DI* and D7} : enhancement of MAPFF1.0 w.r.t. DEHSS14 and JAM20
:f ;Tf and DZf + D;’f + D;rf: overall fair agreement across the three sets
D;ri: MAPFF1.0 has a different shape and larger uncertainties
DEHSS14 | ] JAM20 | ]
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COMPASS largely more
constraining than HERMES

HERMES (8pts) still has
non-negligible impact
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HERMES can be described down
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Choose a SIDIS cut Q > 2 GeV
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2 . M AP F F]. . O: N N LO [Phys.Lett. B834 (2022) 137456]
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SIA at NNLO

16 FT7777T
14 [ do™(4388)/ do™ (u=Q) ] LO NLO NNLO
2 [ ] Exp. Ndat X?/Naat X*/Ndat x°/Ndat
! »‘“—« BELLE 70 0.60 0.11 0.09
08 0=105Gev ] BABAR 40 1.91 177 0.78
08 e b e ] TASSO12 4 0.70 0.85 0.87
e T I T TASSO14 9 1.55 1.67 1.70
14 [ ] TASS022 8 1.64 1.91 1.91
12 ] TPC 13 0.46 0.65 0.85
| S——N TPC-UDS 6 0.78 0.55 0.49
08 L b TPC-C 6 0.55 0.53 0.52
06 [ Q=290Gev b TPC-B 6 1.44 1.43 1.43
e e e e e TASSO34 9 1.16 0.98 1.00
Ler Lo ] TASS044 6 2.01 2.24 234
L4 NLO ] TOPAZ 5 1.04 0.82 0.80
12 [~ W= NNLO ] ALEPH 23 1.68 0.90 0.78
! e Y DELPHI 21 1.44 1.79 1.86
08 E o o12Gey B DELPHI-UDS 21 1.30 1.48 1.54
06 b ] DELPHI-B 21 1.21 0.99 0.95
01 02 03 04 05 06 07 08,09 OPAL 24 2.29 1.88 1.84
SLD 34 233 1.14 0.83
SLD-UDS 34 0.95 0.65 0.52
SLD-C 34 3.33 1.33 1.06
SLD-B 34 0.45 0.38 0.36
Total 428 1.44 1.02 0.87
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Excellent perturbative convergence
FFs almost stable from NLO to NNLO
LO FF uncertainties larger than HO
Effects less evident for K* and p/p
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SIDIS at NNLO | ]

SIDIS at COMPASS: up — 7+ X SIDIS at EIC: e~ p — 7t X
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At k-th order, there are terms of the form:
0.6 LO ) In™(1—z In™(1—x
NLO afs( - (Bal52), aksa -2 (852,
04 F  mes= NNLO k (In™(1—a) In™(1-z2)
g of (a5 )+( -2 )+
TR 02t ) )
s m < 2k — 1 (non-mixed) m + n < 2k — 2 (mixed)
0 Approximate NNLO corrections obtained
o2 | from threshold resummation
o4 L Use similarity between DY and SIDIS to
’ 0.2 04 0.6 0.8 expand NNLL results to fixed-order NNLO
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Ratio

=)

Ratio

Combining SIA and SIDIS at NNLO
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PIONS Data set Ngat NLO NNLO

BELLE h¥* 70 014 013

) BABAR h*t 39 091 0.76
N maperto s | | 4 pos06y | TASSO 12 GeV h¥E 4 090 092
! o I TASSO 14 GeV hi 9 133 135
. 03 TASSO 22 GeV h 8 165 181
n\/\\'”' o TPC hE 13 023 025
; . TASSO 30 GeV A+ 2 030 034
X . TASSO 34 GeV bt 9 1.08 148
o o TASSO 44 GeV b+ 6 113 137
- o TOPAZ hE 5 024 037

| ALEPH h¥* 23 124 146
) DELPHI (inclusive) hE 21 131 125

T J/\ DELPHI (uds tagged) h* 21 268 2.89
) \A 0 - DELPHI (b tagged) h™ 21 158 173
13 15 OPAL h* 24 163 1.79
! 1 SLD (inclusive) h*t 34 105 113
5 05 SLD (uds tagged) ht 34 159 216
o W g SLD (b tagged) h™ 34 0.55  0.68
2 HERMES h~ d 2 041 032
1 e | HERMES AT p 2 001 0.02
. HERMES h~ d 2 017 011

9 — ) HERMES ht p 2 035 032
y COMPASS h~ 157 048 055
B e o COMPASS h 157 062 072
: Total 699  0.68 0.76
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Combining SIA and SIDIS at NNLO
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Data set Ngat NLO NNLO
BELLE h¥* 70 039 041
BABAR ht 28 036 025
TASSO 12 GeV hE 3 085 087
TASSO 14 GeV hE 9 124 122
TASSO 22 GeV ht 6 0.89 0.0
TPC hE 13 038 0.40
TASSO 30 GeV hE - - =

TASSO 34 GeV bt 5 007 0.6
TASSO 44 GeV ht e

TOPAZ hE 3 010 011
ALEPH h¥* 18 049 048
DELPHI (inclusive) hE 23 097 0.99
DELPHI (uds tagged) h* 23 044 038
DELPHI (b tagged) h™ 23 042 045
OPAL h* 10 039 0.36
SLD (inclusive) h ™ 35 083 0.67
SLD (uds tagged) h* 35 137 152
SLD (b tagged) h* 35 075 077
HERMES h~ d 2 018 013
HERMES hT p 2 005 0.04
HERMES h~ d 2 058 048
HERMES hT p 2 056 043
COMPASS h~ 156 074 059
COMPASS ht 156 0.76  0.67
Total 659 0.62 0.55
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Good knowledge of experimental correlations is important

u at 5.0 GeV

Consider the COMPASS 7% multiplicities
[PLB 764 (2017) 1]

Only 80% of the systematic uncertainty
is bin-by-bin correlated

What if you incorporate a different piece of
information in a FF fit?

Ratio to MAPFF1.0 NNLO

Consider two cases:

full correlation; full decorrelation 02 04 0.6 038
X

g at 5.0 GeV

22’ - o= fits - 225 — |
o o o NLO (o) MAPFF1.0 NNLO (68% c.I.+10)
2.00F RN e Etg (eom) 49,00 100% correlated (68% c.l.+10)
q e \\ o NNLO (unc) _ 100% uncorrelated (68% c.|.+10)
L751 L R e NNLO (com) |10
. —e— NNLO

per point
o
8
T

2
tot
o
S
T
.

X

Ratio to MAPFF1.0 NNLO

02 04 06 08
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3. Conclusions
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MAPFF1.0: making the code open source

M.A.P. Collaboration
Multi-dimensional Analyses of Partonic distributions

© Amsterdam, Edinburah, Paris, Pavia

@ Overview [J Repositories 3 € Packages A People 11 Teams [J Projects i3 Settings

Pinned
{3 NangaParbat Public
Nanga Parbat: a fiting framework for the

determination of the non-parturbative component
of TMD distributions

eHmL %3 ¥o

[ Repositories

Q Find a repository.

MontBlanc  Pubic

A code for the determination of collinear distributions

@ uupyerioteoook Y0 F0 (0

NangaParbat-Beta | Private

oHmL fr1 BMT %0 Qo

NangaParbat  Public

Nanga Parbat: a fiting framework for the determination of the non-perturbative component of TMD distributions

oHmL 3 BMT %3 Qo0

no

no

no

Customize your pins
[ MontBlanc Pubic
A code for the determination of collinear

distributions

@ Jupyter Notebook

Type ~ Language ~ Sort ~

Updated 2 days ago

Updated 2 days ago

Updated on 28 Jun

https://github.com/MapCollaboration J
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Towards MAPPDFPol1.0 (NNLO)

xAX(x, Q)

Data set Ngat x2 /Ndat
' PRELIMINARY . EMC gi 10 0.51
work in progress with A. Bertone and A. Chiefa SMC ay 12 0.36
g 12 1.20
A% NNPDF 4.0 PDF + Std, random FF E142 giL 7 0.69
U MAPP[;F 1.0 L E143 gb 25 0.74
0.30 F pol.. g9 25 1.25
: NNPDFpoll.1 E154 ay 1 0.26
0.25 F 1 E155 9y 22 0.80
E 3 9y 22 0.80
0.20 E COMPASS g7 15 0.98
0.15 b 3 g¢ 17 1.49
E HERMES 9y 8 0.23
0.0 F E 9y 14 0.55
] g7 14 0.77
0.05 =
3 +
i ] COMPASS AT, 22 179
oo E AT 4 2 0.95
: ] Kt
N . 1 Alpa 22 1.00
= 4 A{i’@ 6 22 1.10
.3 P
- B
= . HERMES AT, 18 1.45
EE AT 4 18 172
) ,
= . 0 A{(j 9 0.90
10-* 10- 10-! 10 o
- Ax, 9 0.93
Total 356 0.79
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Towards MAPPDFPol1.0 (NNLO)

PRELIMINARY
work in progress with A. Bertone and A. Chiefa

2.0

1.5

1.0

0.5

*AG(x, Q)
(=]
(=]

NNPDF 4.0 PDF 4 Std, random FF
T T

[ NNPDFpoll.l

MAPPDFpoll.0

Q = 1GeV

Ratio to
MAPPDFpoll.0
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Data set Naat X2 /Naat
EMC gi 10 0.51
SMC a7 12 0.36
9y 12 1.20
E142 9} 7 0.69
E143 gé 25 0.74
g4 25 1.25
E154 gi 11 0.26
E155 g}b 22 0.80
917 22 0.80
COMPASS gb 15 0.98
g¢ 17 1.49
HERMES gi: 8 0.23
97 14 0.55
g 14 0.77
+
COMPASS Air,p,d 22 1.79
f"jr’d 22 0.95
K
Al,p,d 22 1.00
e
Alf’d 22 1.10
HERMES Air,p,d 18 1.45
’1'7 4:1 18 1.72
K
Al,d 9 0.90
e
Al’d 9 0.93
Total 356 0.79




Summary

@ A number of hard-scattering processes require an appropriate knowledge of FFs

> probing nucleon momentum, spin and flavour
> understanding hadronisation
> understanding spatial distributions and the dynamics of nuclear matter

@ Significant role of new data, combined with increasing theoretical sofistication

> increased accuracy of fragmentation functions

> increased precision of fragmentation functions
© Fragmentation functions as tools

> global fits of TMDs
> global fits of polarised (collinear) PDFs
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Summary

@ A number of hard-scattering processes require an appropriate knowledge of FFs
> probing nucleon momentum, spin and flavour
> understanding hadronisation

> understanding spatial distributions and the dynamics of nuclear matter
@ Significant role of new data, combined with increasing theoretical sofistication

> increased accuracy of fragmentation functions

> increased precision of fragmentation functions

© Fragmentation functions as tools

> global fits of TMDs
> global fits of polarised (collinear) PDFs

Thank you
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