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Interesting facts
Why bother about fragmentation functions

Comparison data/theory at NLO for inclusive charged-hadron pr spectra:
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® Large energy data tend to be overshot by predictions obtained with most of the
current FF sets = too hard gluon FF at large z?

@® Not much progress since then.



Fitting methodology
The NNPDF approach in a nutshell

® Monte Carlo sampling:

® construct a set of data replicas which reproduces the statistical features of the
original dataset,

® clear statistical interpretation.

® Neural network (NN) parameterisation:

® flexible (redundant) functional form parametrised by a large set of parameters.

® Genetic algorithm/CMA-ES for the fit:

® suitable exploration of the parameter space to avoid to fall into local minima of
the figure of merit.

® Determination of the best fit by cross-validation:

® exploit the random distribution of the statistical fluctuations 1n a given MC
replica to avoid over-learning.

® So far, successtully used to extract PDFs and FFs.



Fitting methodology

A word on the parametrisation

® I'l's are parametrised 1n terms of NNs with architecture (2-5-3-1):

Neuron (05“)

i Link (wfj))
(j-1)th layer
(J) _ E : (J—=1), () (7)
NN () S =9 S W — 0
k

Activation function:

|
=1 k=2 £=3, k= g(x) = sign(x) In(|x| 4+ 1)
Input * Hidden » Output

® Flach NN has 37 free parameters.
® I'l's are expressed as fi(x) = NN;(x) — NN;(1)

® The NNi(1) term ensures that f;(x) — 0

r—1



DGLAP equations

Time-like evolution
® I'Fs obey the standard time-like DGLAP evolution equations:

v 8—M2DNS = Pyg ® Dig
h h
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® [1me-like splitting functions known up to NNLO.

® 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).



Relevant observables
Single Incluswe Anni/zilati%fz (SIA) T

4

h :

dd% = & [Cq@Dg‘FCg@DZ-FCNS@DQS]

Clean channel: only FFs involved,

higher-order corrections to NNLO, Dh =

precise data available.

¢ No flavour separation, Dl = ( B 1) n
@ tageed data for heavy-quark FFs. - < q>

® oluon distribution suppressed by a;. Cy, Cns x O(1) while C, o O(as)



Relevant observables
Hadvroproduction in proton-proton collisions (pp)
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Fit settings
® Physical parameters:
ag(Mz) =0.118, aen(Myz) =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—H 8-|—_|_d—|-7DC+7Db—|—7D;L}
® 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



Fit settings
® Physical parameters:
ag(Mz) =0.118, aen(Myz) =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—H S-I—_|_d—|-7DC+7Db—|—7D;L}
® 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:

Zmin <z S Zmax s




Fit settings
® Physical parameters:
ag(Mz) =0.118, aen(Myz) =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—H S-I—_|_d—|-7DC+7Db—|—7D;L}
® 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 _



Charged hadron FFs

An 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.



Charged hadron
The NNPDF analysis

General good description of the entire

dataset (2 / Ndat = 0.83).

Particularly good the description of the
longitudinal data.

s E. Nocera [ArXiv:1709.03400]
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Charged hadron FFs
T he NNPDF analysis

® Charged hadron FFs at the Z-boson mass scale:
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® Significant differences w.r.t. DSS, particularly for the gluon.

E. Nocera [ArXiv:1709.03400]



Charged hadron FFs
Aside: the impact of the longitudinal data for the LHC

CMS charged particle differential cross section at 2.76 TeV for Inl<1
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® Strong sensitivity to the gluon distribution.

® Very significant impact of the longitudinal data:

® dramatic reduction of the uncertainty,

® better agreement with CMS data.

® LHC and Tevatron data expected to have a big impact on FFs.



Charged hadron FFs

Impact hadroproduction in pp collision data
® CDF at the 7evatron, and CMS and ALICE at the LH( released

charged-hadron pr spectra at different c.o.m. energies:
e CMS and ALICE at Vs = 900, 2760, and 7000 GeV,
e CDF at Vs = 630, 1800, and 1960 GeV.

® Sensitivity to the charged-hadron FFs, particularly to the gluon,

® Hard cross sections currently know to NLO (1.e. O(a%)).

® large scale variations at low pr. Gonsider only data with pr > 5 GeV.

® No CDF data points at 630 GeV survive.
® Include CMS, ALICE, and CDF data in the NNFF1.0 analysis of

charged-hadron FFs by means of Bayesian reweighting:

® use NNPDF3.1 for the PDFs.



Charged hadron FFs

Impact hadroproduction in pp collision data

: 2 2
Experiment /s [TeV] Ngat Xbefore/Ndat Xafter/Ndat

CDF1800 1.80 7 2.03 1.36
CDF1960 1.96 60 3.45 1.23
CMS900 0.90 10 3.78 1.18
CMS2760 2.76 11 0.31 1.13
CMS7000 7.00 17 10.5 0.98
ALICE900 0.90 15 4.90 1.05
ALICE2760  2.76 21 11.8 0.96
ALICE7000 7.0 26 5.21 0.91
TOTAL 167 (6.01) —¥ (1.27)

® Substantial improvement of the single ¥?’s as well as of the global one:

® no tension between the different datasets.



Charged hadron FFs

iohting
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Charged hadron FFs
Comparzson to LH C/ ﬁvamn data AF TER rewezg/ztmg
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Ratio

Charged hadron FFs

Impact hadroproduction in pp collision data (preliminary)
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Charged hadron FFs

Impact hadroproduction in pp collision data (preliminary)
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Summary

® First determination of charged-hadron FFs including Tevatron

and LHQC data:
e CMS and ALICE at Vs = 900, 2760, and 7000 GeV,
e CDF at Vs = 1800, and 1960 GeV.

® 167 datapoints in total.

® Inclusion of these datasets by reweighing ot a pre-existing FI set

based on SIA data only.
® Remarkable consistency of these datasets:
® simultaneous inclusion of all of them,
® very good description of all single datasets.
® Strong impact on the gluon FF:
® dramatic reduction of the uncertainty, particularly at large z,

® much softer large-z gluon (in agreement with the predictions d’Enterria et. al).
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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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F ’ t 1 ’ t ,
q X*/Naag (h=m%) x*/Naas (h = K*) x*/Naat (h = p/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 0.11 009 021 032 033 010 031 050

BABAR 191 177 078 28 111 095 474 375 325

TASSO12 0.70 085 087 110 103 102 069 070  0.72

& substantial fr()m LO toO NLO, more TASSO14 155 167 170 217 213 207 132 125  1.22
moderate from NIL.O to NNIL.O. TASS022 1.64 191 191 214 277 262 098 092 0093

TPC (incl.) 046 065 085 094 1090 101 1.04 110 108

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

® NNLO corrections are anyway TPC (c tag) 0% 03 052 — —  — - —
beneficial (particularly for pions).  ™c b 44 143 13— — — - -
TASSO30 - - — - - — 025 019 0.8

TASSO34 1.16 098 100 027 044 036 08 081  0.78

® Tension between BELLE and BABAR 145504 .
for kaons and protons: TOPAZ .04 082 080 061 119 099 079 121  1.19
ALEPH 1.68 090 078 047 055 056 136 143  1.28

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

® OPPOSIte trend upon inclusion of  pgpm (uds tag) 1.30 148 154 138 149 132 047 046 045
h1gher-order COI‘I‘GCUOHS DELPHI (b tag) .21 099 095 058 049 052 089 0.89 091
OPAL 220 188 18 167 157 166 — = — —

SLD (incl.) 233 114 083 086 062 057 066 065 0.64

® AnomalouSIY small X2 for BELLE: SLD (uds tag) 095 065 052 131 102 093 077 076 0.8
SLD (c tag) 333 133 1.06 092 047 038 1.22 122 121

® poss1ble underestimate of the SLD (b tag) 045 038 036 059 067 062 112 129  1.33
uncorrelated systematlc Total dataset 1.44 1.02 087 1.02 078 073 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
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Description of the data
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® Often also the data excluded by
the cuts are well described. 102

- p/p 5% NNLO theory

® 'The predictions for pions for
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Perturbatie stability (Pions)
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Fragmentation functions
Perturbatwe stability (Kaons)
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