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Interesting facts
Why bother about fragmentation functions

Comparison data/theory for inclusive charged-hadron pr spectra:
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Large energy data tend to be overshot by predictions obtained with most of the
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current FF sets = too hard gluon FF at large 27
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Interesting facts
Why bother about fragmentation functions

Extraction of the longitudinally polarised parton distribution functions:

0.03 Laeder et al. [ArXiv:1103.5979] J. J. Ethier et al. [ArXiv:1705.05889]
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® In the presence of semi-inclusive DIS (SIDIS) data the strange quark distribution
1s very sensitive to the FF set used in the analysis.

® Liven fitting PDFs and FFs simultaneously does no lead to a definitive answer.
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Interesting facts

Why bother about fragmentation functions

e SIDIS multiplicities depend on PDFs and thus the precise data from HERMES and
COMPASS should 1n principle help constrain PDFs (noticeably the strange PDF5s if a

kaon 1s produced in the final state).

® On the other hand, SIDIS multiplicities also depend on FFs whose determination in
turn often depends on PDFs.
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® A combined extraction of PDFs and FFs 1s a way to overcome this limitation. 4737



Everything starts from...

T'he collinear factorisation theorem (assumed to work):

Hard cross sections: PDFs and/or FFs:

® process dependent, ® universal (given the hadronic species),
® high-energy dominated, ® low-energy dominated,

® computable in perturbation theory. ® perturbation theory inapplicable.

How do we determine PDFs and FFs?

Currently, the most accurate and reliable way 1s through fits to data.
5737



The general strategy

Each box requires a choice. Different choices lead to different determinations.
6137



The general strategy

Fit methodology
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Fit methodologies

Parametensation: the “‘standard” approach
® Distributions are parametrised by means of the functional form:

fz(ﬂl’) — Az ani(l — iU)ﬁZPZ(w)

with:

| o 1+ YiL
Pl =9 14 Vit + i/

® O(3-)) free parameters for each distribution.

e Asymptotic behaviour defined by the exponents &; and ;.
® Lasy to transtorm analytically in Mellin space.

® Easy to handle 1n a fit thanks to 1ts sscmplicity:

® Potential source of bias. 8/37



Fit methodologies
Parametensation: neural networks (in NNFF)

® Distributions are parametrised in terms of NNs with arch. (2-5-3-1):

Neuron (6 ,(L))

i Link (w,(j))
(j-1)th layer
(7)) _ (—1) (J) (7)
NN (x) S =9 Z & Wi — Y
| k

Activation function:

|
f=1 k=2 £=3, k=4 g(x) = sign(z) In(|z| + 1)
Pt gy Hidden  mgy  Output

® Fach NN has 37 free parameters each.
® Distributions are expressed as f;(z) = NN;(x) — NN;(1)
® The NN;(1) term ensures that f; (J} ) :jl 0

® NNs flexible and thus limit biases but harder to handle.
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Fit methodologies
Figure of ment: the ¥? definition

® A crucial aspect in the determination of PDFs/FFs 1s the definition
of the figure of merit to be minimised/maximised.

® A popular choice 1s the ¥? but many variants are possible:

Ndat

. .. (T; — D)
® No correlation, no normalisation unc.: x°= Y ~— 2 :
i=1 t

Nexp [ Niat |
C : T — D
® Only normalisation uncertainty: X* = ( > Z N o)
i=1 | i=1 |
; 2
® Nuisance parameters: Y [ (1 25 ) } n Z 2
T? + 67

z ,unc 1 Stat

)

Z )o*(T; — D;)

® Due to the D’Agostini bias, a sound treatment of normalisation
uncertainties may require particular care (e.g the { prescription).

® (Covariance matrix:
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Fit methodologies
Error propagation

® A faithful determination implies an estimate of the uncertainty on
FFs/PDFs propagating from the experimental dataset.

1. Hessian method: the 2 is expanded around its minimum ao:

Cldah) = (mh) + 5 55| (o= an) (e — o)

| S
The Hessian matrix Hjj 1s diagonalised and an uncertainty along each
eigenvector 1s defined as Ay? = 1 (sometimes a tolerance 1s introduced).

2. Monte Carlo sampling: artificial replicas of the dataset generated as:

k) (k) k=1,..., Nyep

D" = Di+r Moy,

’ i T i Y1 Zzl,...,Ndat

rik) 1s a normally distributed and unwanate random number. A fit 1s performed to
each replica to produce Nrep sets of distributions {fx}, such that:

1 f(’)[fk] and oo = /{02) — (0)2

rep 11737
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Fit methodologies
Mmmasation and stopping

® Simple parameterisations (0 (20) free parameters) are usually
fitted using MINUIT (or similar):

® the absolute minimum of the y2 1s found deterministically by Computin%
(numerically or analytically) the first derivative and moving downhill.

® A NN parameterisation (0(200) free parameters) generates a too
complex parameter space to be treated deterministically:

® a genetic algorithm s typically used to explore the parameter space,

@ this avoids getting trapped into local minima of the y2

® |'he extreme flexibility of NNs may cause overfitting, :.c. statistical
fluctuations of the data sample may be unwillingly fitted:

® the cross-validation method allows one to overcome this problem.

® More refined algorithms based on machine-learning techniques
are currently being explored (e.g GCMA-LES). 12737
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The general strategy
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Experimental data
Single Incluswe Anni/zilatiogz (SIA)
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(V) tagged data for heavy-quark FFs. C,,Cns < O(1) while C, x O(a,)
® oluon distribution suppressed by a;. 15737




Experimental data
Sema Incluswe Dee]) Inelastic Scattmng ( SIDIS )
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¢ Fully known so far up to O(a), i.e. NLO.
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Experimental data
Hadroproduction in proton-proton collisions (bp)
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The general strategy
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Perturbative content
DGILAP evolution

® I'l's obey the standard collinear DGLAP evolution equations:

Pys ® Dy

h
G 2003
FPoq  Pyg D’;

® I'ime-like splitting functions tully known up to NNLO.
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® Numerical implementation in the code:
® careful benchmark against in the the N-space MELA code,

e perfect agreement with QCDNUM (after a correction of a bug in the latter).
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Perturbative content

Hayrd cross sections
® Single-inclusive annihilation:

® currently known up to O(a?), i.e. NNLO, in the zero-mass scheme.

® Mass corrections known up to to O(ay),

® Small-z resummation corrections up to NNLL,

® Hadron-mass corrections (particularly relevant for kaons and protons).

® Threshold (large-z) resummation corrections up to N3LL.

® Semi-Inclusive Deep-Inelastic-Scattering:
® currently fully know up to O(ay), 1.e. NLO, 1n the zero-mass scheme.

® partial knowledge of the O(a?) corrections to /7.

® Threshold resummation corrections to NLL.

® Hadroproduction in proton-proton collisions:

® currently fully know up to O(ad), .e. NLO, in the zero-mass scheme.
21 /37



A selection of recent results
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Most recent determinations
“Global™ fits: Overview

® Many more on the market (see e.g http://lapth.cnrs.fr/ffgenerator/ and
http://www2.pv.infn.it/~radici/FFdatabase/).

® More hadronic species available (D*, A, etc.).

® HKKS set not publicly available.



http://lapth.cnrs.fr/ffgenerator/
http://www2.pv.infn.it/~radici/FFdatabase/

Most recent determinations
Comparison for pions
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® Fair agreement betheen NNFF1.0 (red) zfnd DEHSS (green):

® differences u* and gluon distributions at the one-o level.

® More sizeable differences between NNFF1.0 and JAM (blue):

® the d* + s+ and gluon distributions well beyond one-o,

z

® generally smaller uncertainties of the JAM (despite similar dataset). 04 /37



Recent results
The impact of LHC data on FFs

The DSS group included for the first time ALICE data for ©t¥ production at 7 TeV and
K/m ratio data at 2.76 TeV 1in two separate analyses for pion (lefts) and kaon (right) FFs.
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® Poor description before inclusion in the fit (IDSS07, blue curves).

® |'he ALICE data for pions caused:

® a strong suppression of the gluon distribution,

® Larger and more general difference for kaons. 25 /37



Recent results

The furst determanation of FFs at NNLO

NNLO corrections to the DGLAP evolution and the hard cross sections were for the first
time included in an analysis based on SIA data only (not available for other processes)
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experiment data # data e
type in fit LO NLO NNLO
SLD [40] incl. 23 15.0 14.8 15.5
uds tag 14 9.7 18.7 18.8
c tag 14 104 21.0 20.4
b tag 14 5.9 7.1 8.4
ALEPH [41] incl. 17 19.2 12.8 12.6
DELPHI [42] incl. 15 7.4 9.0 9.9
uds tag 15 8.3 3.8 4.3
b tag 15 8.5 4.5 4.0
OPAL [43] incl. 13 8.9 4.9 4.8
Tpc [44] incl. 13 5.3 6.0 6.9
uds tag 6 1.9 2.1 1.7
¢ tag 6 4.0 4.5 4.1
b tag 6 8.6 8.8 8.6
BABAR [10] incl. 41 108.7 54.3  37.1
BELLE [9] incl. 76 11.8 10.9 11.0
NORM. SHIFTS 74 6.8 7.1
TOTAL: 288

Anderle et al. [ArXiv:1510.05843]

® Large NNLO/NLO K-factors (O(10%)) in the B-factory region (Q = 10.5 GeV),

® Marked improvement of the global 2 upon inclusion of higher-order corrections:

® mostly driven by BABAR when moving from NLO to NNLO.
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Recent results

Impact of mass corrections on FFs

Heavy-quark mass corrections relevant for Q = my. 'The precision of the B-factories

data and the kinematic coverage (Q = 2mp) 1s such that these corrections are significant.
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® Mass corrections known to O(ay) for SIA.

® Use of FONLL to smoothly interpolate between massive and massless scheme:

® appropriate both for B-factories (Q = 10.5 GeV) and LEP (Q = Mz) data.
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® Marked improvement of the y2 of BELLE (and BABAR).
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Epele et al. [ArXiv:1604.08427]
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Recent results
T he impact of small-z resummation corrections
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—_—

are implemented in the SIA hard cross sections A SPRTER
and the DGLAP splitting functions. | oetiton ——
)
)

| BELLE(TOT
BABAR-PRT(TOT

——i

N

® Fits at the different orders are performed to a
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w.r.t. the to fixed-order (particularly at NNLO). Anderle et al. [ArXiv:1611.03371]
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Unidentified charged hadron FFs

A brief overview

® Many experiments provide data for charged-hadron production:

® this data includes, not only pions, kaons and protons, but also heavier (and less
abundant) charged hadrons.

® Restricting to SIA experiments, data 1s available from:

e TASSO, TPC, ALEPH, DELPHI, OPAL, SLD.

® Some experiments measure also the longitudinal cross section:

e ALEPH, DELPHI, OPAL.

® Predictions for the longitudinal cross section start at O(as):
® as a consequence 1t 1s not possible to go beyond NLO (i.e. O(a?)) yet.
® 'This data provides a strong handle on the gluon distribution.
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Unidentified charged hadron FFs

. L. N [ArXiv:1709.03400]
T/Z@ .N.N F F ] o O/Z anab/ S ZS Experiment R:r(:niraomew:le 1V\/E [GeV] Nat X% /Ndat

TASSO14 [5] R 14.00 15200  1.23
® General good description of the entire msson ) L& 2o se oS
— 1 do" ) )
dataset (2 / Naat = 0.83). oW L ve e e
TASSO35 [5] SN 35.00 15200 114
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® Significant differences w.r.t. DSS, - ar
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particularly for the gluon. "

Total dataset 471 (527) ¢ 0.83




Unidentified charged hadron FFs

Hadvroproduction in pp collision data
® CDF at the levatron, and CMS and ALICE at the LHC released

charged-hadron pr spectra at different c.o.m. energies:

® CMS and ALICE at vS = 0.9, 2.76, and 7 TeV,
e CDF at VS =0.63, 1.8, and 1.96 TeV.
® Sensitivity to the charged-hadron FFs, particularly to the gluon.

. I h ..................................
1 P[D (Z PT) Ehd o/d’p] SRR N
_ &g}a \\\-\'\.-\ 333\
0.5 & ';
:. " ll ”' r"“\ .
U === S SR, - =~ - - -y ssscrcoseces oo essssao s o. =
3 \ CDF Vs=1.80 TeV -weeeeeem ]
05 _ CDF Vs=1.96 TeV :
B ALICE/CMS Vs=0.90 TeV =wwwwe:
ALICE/CMS Vs=2.76 TeV
-1 — ALICE/CMS Vs=7.00 TeV
0.01 0.1 0.2 0.3 04 05 06 0.7 0.8 09

Z
31 /37



Unidentified charged hadron FFs

Hadvroproduction in pp collision data
® CDF at the levatron, and CMS and ALICE at the LHC released

charged-hadron pr spectra at different c.o.m. energies:

® CMS and ALICE at vS = 0.9, 2.76, and 7 TeV,
e CDF at VS =0.63, 1.8, and 1.96 TeV.
® Sensitivity to the charged-hadron FFs, particularly to the gluon.

® Hard cross sections currently know to NLO (1.e. O(ay’)).

® large scale variations at low pr. Consider only data with pr > 7 GeV.

® No CDF data at 0.63 '1eV survives.
® Include CMS, ALICE, and GDF data in the NNFF1.0h analysis of

charged-hadron Fk's by means of Bayesian reweighting:

® start with a sample of 2000 replicas,
® use NNPDF31 nlo as 0118 for the PDFs.
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Unidentified charged hadron FFs
The NNFF1. 1h analysis: the fit quality

Process Experiment Ref. /s [TeV] Ndat Xin/Ndat  Xow/Ndat
SIA various, see Table 1 in [33] 471 (527) 0.83 0.83
pp CDF [9] 1.80 2 (49) 3.32 0.20
10] 1.96 50 (230) 2.93 1.23
CMS 13] 0.90 7 (20) 4.20 0.70
14] 2.76 9 (22) 10.6 1.24
13] 7.00 14 (27) 12.4 1.64
ALICE 15] 0.90 11 (54) 4.94 1.88
15] 2.76 27  (60) 13.3 0.82
15] 7.00 22 (65) 6.03 0.53
603 (1054) 6.54 1.11

® Dramatic reduction of the y?’s:
® global y? from 6.54 to 1.11,

® reduction of all the single y?’s,

® x2 of the SIA data set unchanged = comnsistency with the pp data.
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Unidentified charged hadron FFs

The NNFF1.1h analysis: comparison to pp data
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® Dramatic reduction of the FF uncertainties going from NNFF1.0h to NNFF1. 1h.34/
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Unidentified charged hadron FFs

The NNFF1.1h analysis: the FFs

35/ 37

0.1
hape
lues of z.

111 S

0.01

1um va

d

1

Z

O
® Suppression of gluon Il at large 2

0.01
1ignificantly affected
duction are me

® pronounced decrease of the uncertainty.
® uncertamty re

® required to describe the pp data,
® Singlet FF not s



Summary

Well-established procedure in the context of collinear factorisation
to extract non-perturbative quantities from fits to experimental data:

® PDFs have driven many of the technical developments 1n this context but in the
last years FFs are quickly catching up.

e An imﬁressive amount of new results have been produced recently in the field of
FFs (I have only quickly mentioned a few of them).

The intrinsic complexity of the procedure leaves room for different
choices that make up most ot the ditferences between the determinations.

On the experimental side, a wealth of new precise data from:
e BELLE and BABAR (SIA),

e HERMES and COMPASS (SIDIS),

® ‘levatron, LHC, RHIC (pp).

Many developments on the theory side:
® higher-order corrections,

® resummation corrections,

® heavy-quark mass corrections.

It 1s our duty to exploit this information to extract accurate FFs. 36 /37
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Recent results
T he impact of LHC data on FFs

The DSS group included for the first time ALICE data for ©° production at 7 TeV and
K/ ratio data at 2.76 TeV in two separate analyses for pion (lefts) and kaon (right) FFs.
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These datasets were very poorly described by the preceding analysis that did not
include them (DSS07, dashed blue curve).



Recent results
The imp

act of LHC data on FFs
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® The ALICE data for pions (left plot) caused:

® a strong suppression of the gluon distribution,

® a corresponding enhancement of the charm distribution.

® Larger and more general difference for kaons (right plot).



Recent results
A global fit of the FFs of D**

® Global fit based on data for:

® single inclusive annihilation,
® /) collision,

® 1n-jet fragmentation 1n pp collision.
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Charged hadron

The NNFF1.0h analysis

® General good description of the entire

dataset (2 / Ndat = 0.83).

® Parucularly good the description of the

longitudinal data.
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Unidentified charged hadron FFs
Aside: the impact of the longitudinal data

CMS charged particle differential cross section at 2.76 TeV for Inlk1
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® Strong sensitivity to the gluon distribution.

® Significant impact of the longitudinal data:

® reduction of the uncertainty,

® better agreement with CMS data.

® LHC and Tevatron data expected to have a big impact.
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Settings
® Physical parameters:
as(Mz) =0.118, aem(Mz) =1/127, m.=1.51 GeV, my =4.92 GeV
® Parametrisation scale:

Qo = 5 GeV (> mc,mb)

® substantial heavy-quark intrinsic component,

® heavy-quark FFs parametrised on the same footing as the light FFs.

® 5 independent FFs for each hadronic species A:
{Du‘|‘7 8‘|‘_|_d‘|‘7Dc‘|‘7Db‘|‘7D3}
® inclusive SIA data only constrains three Il combinations,

® heavy-quark FFs constrained directly by tagged SIA data.
® Fach FF 1s parametrised by a Neural Net (architecture 2-5-3-1).

® Kinematic cuts:
0.02 for /s =

Zmin S 2 S Zmax;  Zmin = { 0.075 otherwise - Zmax = 0.9



Settings
® Physical parameters:
as(Mz) =0.118, aem(Mz) =1/127, m.=1.51 GeV, my =4.92 GeV
® Parametrisation scale:

Qo = 5 GeV (> mc,mb)

® substantial heavy-quark intrinsic component,

® heavy-quark FFs parametrised on the same footing as the light FFs.

® 5 independent FFs for each hadronic species A:
{Du‘|‘7 8+_|_d+7Dc+7Db+7D3}
® inclusive SIA data only constrains three Il combinations,

® heavy-quark FFs constrained directly by tagged SIA data.
® Fach FF 1s parametrised by a Neural Net (architecture 2-5-3-1).

contributions < M/ sz2 and In(z)

¢ Kinematic cuts:

<min <z S Zmax s




Settings
® Physical parameters:
as(Mz) =0.118, aem(Mz) =1/127, m.=1.51 GeV, my =4.92 GeV
® Parametrisation scale:

Qo = 5 GeV (> mc,mb)

® substantial heavy-quark intrinsic component,

® heavy-quark FFs parametrised on the same footing as the light FFs.

® 5 independent FFs for each hadronic species A:
{Du‘|‘7 8+_|_d+7Dc+7Db+7D3}
® inclusive SIA data only constrains three Il combinations,

® heavy-quark FFs constrained directly by tagged SIA data.
® Fach FF 1s parametrised by a Neural Net (architecture 2-5-3-1).

o Kinematic cuts: contributions o In(1 - 7)

o 0.02 for \/g — MZ -



Dataset

® Only SIA cross sections (normalised and absolute) included.
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Dataset

® Only SIA cross sections (normalised and absolute) included.

® We have fitted FFs also to K* and p/p data.
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q y XQ/Ndat (hzﬂ-i) XQ/Ndat (thi) XQ/Ndat (th/p)
Exp. LO NLO NNLO LO NLO NNLO LO NLO NNLO

e it quality increasingly better going
from L.LO to NNL.O: BELLE 060 0.11 000 021 032 033 010 031 050

BABAR 191 177 078 28 111 095 474 3.75  3.25

TASSO12 0.70 085 087 110 103 102 069 070 0.72

® substantial from LO to NLO, more TASSO14 1.55 167 170 217 213 207 132 125  1.22
moderate from NIL.O to NNIL.O. TASS022 1.64 191 191 214 277 262 098 092 093
TPC (incl.) 046 065 085 094 109 101 1.04 110 108

TPC (uds tag) 0.78 055 049 — @ — — - - —

® NNLO corrections are anyway TPC (c tag) 055 053 052 @ — @ — - —
beneficial (particularly for pions).  ™c bt 144 143 143 —  — - - = =
TASSO30 - - — - = — 025 019 0.8

TASSO34 1.16 098 100 027 044 036 082 081 0.78

TASSO44 201 224 234 @ —  — — - - —

TOPAZ 1.04 082 08 061 119 099 079 121  1.19

ALEPH 1.68 090 078 047 055 056 136 143  1.28

DELPHI (incl.) 144 179 186 028 033 034 048 049 0.9

DELPHI (uds tag) 1.30 1.48 1.54 1.38  1.49 1.32 047  0.46 0.45
DELPHI (b tag) .21 0.99 0.95 0.58 0.49 0.52 0.89 0.89 0.91

OPAL 229 1.88 1.84 1.67  1.57 1.66 — — —
SLD (incl.) 233 114 0.83 0.86  0.62 0.57 0.66  0.65 0.64
SLD (uds tag) 0.95 0.65 0.52 1.31 1.02 0.93 0.77  0.76 0.78
SLD (c tag) 333 133 1.06 0.92 047 0.38 1.22  1.22 1.21
SLD (b tag) 045 0.38 0.36 0.59  0.67 0.62 .12 1.29 1.33

Total dataset 1.44 1.02 0.87 1.02 0.78 0.73 1.31 1.23 1.17




XQ/Ndat (hzﬂ-i) XQ/Ndat (thi) XQ/Ndat (th/p)
Exp. LO NLO NNLO LO NLO NNLO LO NLO NNLO

o o
Fit quality
e it quality increasingly better going
from L.LO to NNL.O: BELLE 060 011 009 o021 032 0333£010 031 050

BABAR 101 177 078 \286 111 095/ N\&L74 375 325

TASSO12 070 08 087 110 103 102 060 070 0.72

® substantial from LO to NLO, more TASSO14 1.55 167 170 217 213 207 132 125  1.22
moderate from NIL.O to NNIL.O. TASS022 1.64 191 191 214 277 262 098 092 093
TPC (incl.) 046 065 085 004 100 101 104 110 108

TPC (uds tag) 078 055 040 — —  — o _

® NNLO corrections are anyway TPC (c tag) 055 053 052 @ — @ — - —
beneficial (particularly for pions).  ™c bt 144 143 143 —  — - - = =
TASSO30 - 02 o019 018

TASSO34 116 098 100 027 044 036 08 08 0.8

® Tension between BELLE and BABAR 1550 200 220 2 — -
for kaons and protons: TOPAZ 104 08 08 061 119 09 079 121 119
ALEPH 168 090 078 047 055 056 136 143  1.28

DELPHI (incl) 144 179 186 028 033 034 048 049  0.49

® opposite trend upon INclusion of  pepruisteg 130 145 13 1 1w 12 0ar ods 04
h1gher-order corrections. DELPHI (btag) 121 099 095 058 049 052 080 08 091
OPAL 220 188 184 167 157 166 — —  —

SLD (incl.) 233 114 083 08 0.62 057 066 065 0.64

SLD (uds tag) 095 065 052 131 102 093 077 076  0.78

SLD (c tag) 333 133 106 092 047 038 122 122 121

SLD (b tag) 045 038 036 050 067 062 112 120 133

Total dataset 1.44 1.02 0.87 1.02 0.78 0.73 1.31 1.23 1.17




@ @
Fit quality
e it quality increasingly better going
from L.LO to NNL.O: BELLE 060 011 000 M 021 032 033 010 031 050

X*/Naat (h=7%) X*/Naat (b= K*) x?/Naat (h = p/p)
Exp. LO NLO NNLO LO NLO NNLO LO NLO NNLO

BABAR To1 L7 078 286 LIl 005 17 3n a>»

TASSO12 070 085 087 110 103 102 069 070  0.72

® substantial from L.LO to NLO, more TASSO14 1.55 1.67 170 217 213 207 132 125 122
moderate from NIL.O to NNIL.O. TASSO22 164 191 191 214 277 262 098 092 093

TPC (incl.) 046 065 085 094 109 101 104 110 108

TPC (uds tag) 078 055 040 — —  —  —

® NNLO corrections are anyway TPC (c tag) 055 053 052 — @ —  —  —
beneficial (particularly for pions).  ™c b L4 143 18— —  — = =
TASSO30 - — 025 019 0.8

TASSO34 116 098 100 027 044 036 082 081 0.8

® Tension between BELLE and BABAR  1assou 200 220 23— — o
for kaons and protons: TOPAZ .04 08 08 061 119 09 079 121 119
ALEPH 168 090 078 047 055 056 136 143 1.8

DELPHI (incl.) 144 170 18 028 033 034 048 049 049

® OPPOSIte trend upon inclusion of  pgrpm (uds tag) 1.30 148 154 138 149 132 047 046 045
h1gher-order corrections. DELPHI (btag) 121 099 095 058 049 052 080 08 091
OPAL 220 188 184 167 157 166 — —  —

SLD (incl.) 233 114 083 08 062 057 066 065 064

® AnomalouSly small X2 for BELLE: SLD (uds tag) 095 065 052 131 102 093 077 076 0.8
SLD (c tag) 333 133 106 092 047 038 122 122 121

SLD (b tag) 045 038 036 050 067 062 112 120 133

® possible underestimate of the
uncorrelated systematlc Total dataset 1.44 1.02 087 1.02 078 073 1.31 1.23 1.17

uncertainty.



Fit quality

X*/Naat (h =7%) X?/Naat (h = K*) X%/Naat (h = p/p)
o Tit quality increasingly better going Exp. LO NLO NNLO LO NLO NNLO LO NLO NNLO
from LO to NNLO BELLE 060 011 009 021 032 033 010 031 050
BABAR 191 177 078 28 111 095 474 375 3.5
TASSO12 070 085 087 110 103 102 069 070  0.72
® substantial from LO to NLO, more TASSO14 1.55 167 170 217 213 207 132 125  1.22
moderate from NIL.O to NNIL.O. TASS022 1.64 191 191 214 277 262 098 092 093
TPC (incl.) 046 065 085 094 109 101 104 110 108
TPC (uds tag) 078 055 049 — —  —  — —
® NNLO corrections are anyway TPC (c tag) 055 053 052 @ — @ — - —
beneficial (particularly for pions).  ™c b 144 143 143 —  — - - =
TASSO30 — - - —  — — 025 019 018
. TASSO34 116 098 100 027 044 036 082 081 0.8
® Tension between BELLE and BABAR 1550 20t 22¢ 2 — -
for kaons and protons: TOPAZ 104 08 08 061 119 09 079 121 119
ALEPH 168 090 078 047 055 056 136 143 1.8
DELPHI (incl.) 144 179 186 M028 033 034
® opposite trend upon inclusion of  peipur (uds tag) =TT e Nem— , — _
h1gher-order corrections. DELPHI (btag) 121 099 095 058 049 052 08 08 091
OPAL 220 188 184 167 157 166 — —  —
SLD (incl.) 233 114 083 08 062 057 066 065  0.64
® AnomalouSly small X2 for BELLLE: SLD (uds tag) 095 065 052 131 102 093 077 076 0.8
SLD (c tag) 333 133 106 092 047 038 122 122 121
® pOSSlb1€ underestimate of the SLD (b tag) 045 038 036 059 067 062 112 120 133
uncorrelated systematlc Total dataset 1.44 1.02 0.87 1.02 0.78 0.73 1.31 1.23 1.17

uncertainty.
® Possible tension also between DELPHI inclusive and the other experiments at Mz:

® opposite trend upon inclusion of higher-order corrections.



-0 uncertainty.

Description of the data

® Data/'Theory comparison for BELLE and BABAR using NNFF1.0 at NNLO

® the bands indicate the 1

y (NNLO)
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® Data/'Theory comparison for
the experiments at Mz using 10"

NNFF1.0 at NNLO.

10’

® Very good description 1n the
region allowed by the kinematic

cuts.

107"

® Often also the data excluded by
the cuts are well described. 107

® 'The predictions for pions for

DELPHI overshoot the data:

102

® origin of the worse y? as
compared to the other

experiments at Mz.

Description of the data

%
%!

..
s

33
RIKEL
2%

5

oI
55

o
08
e
5%

sootetel

o
’598
o
o
38
%
2

<5
2%
3%

2%
5
00388

A

IR
Sto%et

5%

030

o
o<

(1/6,y) do/dz
DELPHI

(1/0gy) do/dz

%
o
KIS
RS

5
IR

5

%
5%
<5

0383

.-..~
223
RIS

Sotetetotete!
e

,
T
00388
5%
R

T3
%
%

3
098

5
s
5
o

55

Sogesatetatetateret

%
5%
o

&

5

5
o2t

o368

2
o3t

,
5
ot

,V
%
o2t
<

5

55
25

kS

—

RIRIRE,

X%
%8
Sotesatesatetatesed

5
55

09

S

0
R AR

9%
0%
5
55
55K

28
o
35

Sotes
35
%%
55
240s

S
0%
o
oot

5%
R
S

AR

s
29%eS Satores
S
SRS
2%
098
oareates

RTIRIATS

RIS
s

SIS
6268

0%

X%
LK
%
R
R
SIS
LS

%S
So%e%0%s

S
o388

%
%%
5
%5
o

55

Stotateset
008
5%
558

%3
0%
o

S
o5

o2

%
oate%st

5
S
0%

%
5
0%
098
293
So%e%st
S0t

2
oatesatoratert
S

oate%st
5

5

%

s
0
%

SEERAKK
20
5
093

%
5
55

S
5

%
3
S

o

Sotesstenst
o8
o388

o
%
Sototele’

X

oo
55
S

098

5%
5
o288

0%

oateratetateret

o

Sotatertes

X

o

23

S
2

%
3%
oS

0
5
5

5

%5

o0t

o
09
S

;4,
”0
%
%
%
X
5

393
o280

5

2

%5

o%es

%
0%t
%
S
5

o

5
&

0%
9%
0295

o
29
0

%
X
S5

5
38
028}

%
o
%

098
o2
S

o5t

o

d0%s

T

5
%S
003809
3

%

0%
0
5

%
X
o2l

1%
9%
%
K
%

293

5%
o409

Setekee

<5
555

5
29
o280

S
5

,V

%
5

0

5

0%
o
098

o368

0%
S

o

5
o0
9%
098
5
293
0393

%

X5

o2

0%

55

%
55
S
5
S

o
o

7
9%

55
9%

5
b8

5

o%el

R

%%
5
55

S
5

5

oo

5
oo

0%

SRR
%t

IR
oS

%5
<

K

29%S
585%
290
o3t
S

o

oS

o

88

o%eS

0%
3%

5

s
255K
09t

oS

3

50
e

5%

5

35

5
5

ot

S
o9%eS
S
<
55

K2

o
ot
90%°

098
%5

<5
%
<5

b9%
S

55

%5

2

23

3

%

%

3

g3

X

%3

o

RIS

2

R

R

IR

5

o8

: DELPHI (inclusive)

O

R

-~

s

o262

LI
_DELPH

1

e

} FrEET Prﬁ t
| (inclusive)

NNLO theory

(1/0gy) do/dz

0.1 1
y4



Most recent determinations
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® More substantial differences all over the board as compared to pions:

e fair agreement only for b+,

® larger differences in the uncertainties,

® particularly marked for the gluon distributions.



Fragmentation functions
Perturbatie stability (Pions)
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e Stabilisation going from LO to NNLO,

® [.O uncertainties shightly larger: poorer theoretical description.



Fragmentation functions
Perturbatwe stability (Kaons)
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® Same for kaons...



Fragmentation functions
Perturbatwe stability (Protons)
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® ...and for protons.



Fitting methodology

The NNPDF approach
® In the NNPDF procedure applied to PDFs the parametrisation 1s:

file) =27 (=) NN:(@

Preprocessing function
® '['he preprocessing function:

® helps implement physical constraints (c.g fi(1) = 0 and integrability),
® determines the behaviour in the extrapolation regions,

® facilitates the task of the neural network making the fit easier.

® The values of a; and B; are iteratively determined from data.

® lor the fits of Fks we remove the preprocessing functions and use:

® no need to iterate to determine a; and f..

® the NN defines the behaviour also 1n the extrapolation regions.



Fitting methodology
The NNPDF approach

® Removing the preprocessing functions requires a proper
choice of the activation function of the neural networks:

(j-1)th layer . . .
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Non-saturating function

g1(z) = sign(z) In([z| 4 1)




Fitting methodology
The NNPDF approach

® Removing the preprocessing functions requires a proper
choice of the activation function of the neural networks:
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Fitting methodology

The NNPDF approach

® Removing the preprocessing functions requires a proper
choice of the activation function of the neural networks:

Non-saturating function

g1(z) = sign(z) In([z| 4 1)
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Fitting methodology

The NNPDF approach

® Removing the preprocessing functions requires a proper
choice of the activation function of the neural networks:

Non-saturating function
g1(x) = sign(z) In(|z| + 1)

Our choice for the FFs
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Closure tests

® How do we know whether our fitting strategy 1s reliable?
1) Assume underlying FFs are known (e.g HKNSO07).

?) Generate pseudo-data with given statistical and correlated systematics.

3) Perform a fit and compare to the “truth”.

® If needed, use the closure tests to tune the fitting algorithm.

® Levels of closure tests:

® level 0:
® data point central values equal to the HKINSO7 “true” values,
® uncertainties assumed equal to the experimental ones,
® we must find y? ~ 0 and that uncertainty on predictions tends to zero.

e level 2:
® data points obtained as random fluctuations with exp. covariance matrix about the “truth”,
e generate Monte Garlo replicas of this data,
® fit a PDF set to each Monte Carlo replica,

® we must find y? ~ 1 and that HKNSO7 “true” FI's are within the 1-0 band.



Closure tests: ‘“level 0”

® We find:

v2 (global) = 0.00027

ARGUSPI Observables

xDg(%x,Q2)
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Data points

® Predictions coincide with the data central values.
® Prediction uncertainties shrink to zero.
® I'l's in the data region very close to the “truth”.

® Uncertainties blow up in the extrapolation region.
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Closure tests: ‘“level 0”

® We find:

v2 (global) = 0.00027

ARGUSPI Observables

xDg(%x,Q2)

closuretest1_IviI0_HKNSO07
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Data points

® Predictions coincide with the data central values.

® Prediction uncertainties shrink to zero.

® I'l's in the data region very close to the “truth”.

® Uncertainties blow up in the extrapolation region.
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Closure tests: ‘“level 2”

® We find:
v2 (global) = 0.99307
xDg(x,Q?2) xDy(x,Q?)
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® “Irue” IFs do fall within the 1-o0 band ot the fitted FFs (in the
data region),

® Faithful representation of the experimental uncertainty.
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data/theory (NNLQ)
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data/theory (NNLQ)
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