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Outline

@ Fragmentation Functions: the basics

» factorisation, evolution

> higher-order corrections, theoretical constraints

> statistical representation of uncertainties

» FFs: why should we bother? Are current FF sets good?

@ The NNFF1.0 analysis

data set and fit settings

the NNPDF methodology: parametrisation and uncertainty representation

results: fit quality, perturbative stability, dependence on the data set/kinematic cuts
is the NNFF1.0 set better than currently available sets?

© Summary and outlook

> global fits, simultaneous fits

DISCLAIMER
This is not a review talk on Fragmentation Functions
Focus on topics which I've worked on recently
[ ]

Emanuele R. Nocera (Edinburgh) FFs of light charged hadrons 20™" January 2018 2 /45



1. Fragmentation Functions: the basics
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Hadrons in the final state: Fragmentation Functions

FFs allow for a proper field-theoretic definition as matrix elements of bilocal operators

hadron P ' N
| collinear transition
P/z of a parton ¢ into a hadron h
parton with fractional momentum z

| no local OPE — no lattice formulation

! [ ]
!

1 Pt _
D) = 5= 3 [ e 0TI [y Ol PI(P) X) (h(P) X PG (0)[0)]
X
with light-cone coordinates and appropriate gauge links P, P’

y=@ y oy, vyt =0"+y)/V2, oy =0 —y)/V2 oy = (0", 0Y)

All these definitions have ultraviolet divergences which must be renormalised
in order to define finite FFs to be used in the factorisation formulas
(FFs, like PDFs, are scheme dependent)

The definition above can be generalised to include longitudinal/transverse polarisations
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Factorisation of physical observables | ]

@ A variety of sufficiently inclusive processes allow for a factorised description

short-distance part £ s long-distance part
. . actorisation
hard interaction of partons > nucleon structure
scheme & scale p .
process-dependent kernels universal PDFs/FFs

@ Physical observables are written as a convolution of coefficient functions and FFs

§ Cri(y, as(u?))®D;(y, u?)+p.s. corrections f®g f
_ 1=4q,q,9
treT 5 h+ X L4+ N> +h+X Ni+ Ny = h+ X
single-inclusive semi-inclusive deep- high-p hadron production in
annihilation (SIA) inelastic scattering (SIDIS) proton-proton collisions (PP)

@ Coefficient functions allow for a perturbative expansion
Crslv,o0) = S aiCI (). as = as/(4m)

@ After factorisation, all quantltles (|nc|uding FFs) depend on p
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Factorisation of physical observables

et
et +e” > h+ X

single-inclusive
annihilation (SIA)

[ g

h

S

N

{+N -V +h+X
semi-inclusive deep-
inelastic scattering (SIDIS)

Na X
h

N X

N1+ Ny —h+ X
high-p hadron production
in pp collisions (PP)
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do" — Fh(2,Q) + FJ(2,Q%) = FJ(z,Q2)

ara2
Flg,pz = 5gm (e {DE © OF, +nyDh @ CF , + Dlis © N5}
up to NNLO [ ]
doh  _ 2mady, [140-9)?5pn | 20=9) ph
drdydz — Qzem y 2F1 + y FL

2rf =2 {q@ Dl + 52 [gecl @Dl +a@ ), @ Dl + 9o Cl, ® D]}
h 2 L h L h L h
Fp=358%,4¢% {q®cqq®Dq+q®cgq®Dg+g®cqg®Dq]
up to NLO | ]
partial NNLO | ]

3 N
Ethg =Y abefa® fr 85, ® DL

Siinl dog [ dzy f 92 fi/Pa(34) f7/P0 () DMV F (2)61TRG5(5 + £+ 11)

Tq xp,
up to NLO | ]
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Evolution of FFs: DGLAP equations | ]

@ A set of (2ny + 1) integro-differential equations (ny=number of active flavours)

0 o ldz T
i Do) = 30 [ E P (an®) Dy (Z.02)
J

Olnp

@ Often written in a convenient basis of FFs

nf nf
Dnsit = (Dg+Dg) — (Dy £Dy)  Dnsyw = » (Dg—Dg)  Ds =Y (Dgq+ Dg)
q q

mDNS;ﬂ:,v(maﬂ2) = Pi’v(fvlﬁ:) ® DNS;:{:,U(wv /~"2)

0 ( Ds(u?) \_( P 2P\ Dse,n?)
onp? \ D(e.u?) )=\ g P19 P9 Dy (z, u?)

@ With perturbative computable (time-like) splitting functions

Pji(z,a5) = > ab 1P (2), as = as/(47)

Py ———% P QQQ.< P —»—é Py QQQ‘(SZ
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Splitting functions: LO and NLO

67 .
PX) = Cr(2pylx) +38(1-x)) P 0) =40 (pu [ -G+ “0”"“]”“ 96+ 210 H°°]
14 1711,
B(x) = 0 + 313 +8(1—0) [+ 5% —36] ) 4y () [g } (1-y
PYx) = 20,peel) +8(1-x [_ﬁfs])uc, (22wt [H.o -H0+H»] 2Pgql(— )[s $2H 1,

PP(x) = 2Crpel)

~Hyg] ~(1-9)[1- -H.,] ~Ho—(1+x)Hoo+8(1— \[ ~36+64])
A = ¢ (pa+ So1-2) - a1 )

PY(x) = P;s"*(xan-(c; —CT) (pqq 71’)[53+21'Lx_o*Ho,n] —2(1-x)

LO: 1973
A0) = 4G, (BE 26— ab 4 [$H0 20 4 (1451 2]

( 201 - 2 218
P;é’m = 4G (R 24250 2pyg(x)Hr 0~ 2psg)H 2 [Ey -

41— X[H00’7H0+YHI] 45x — 6Hao*9ﬂo)+4t}nf 2pge(x [H10+H11+H.

ﬂ,]+4x’[ﬂu+ﬂco+ ]+’I A)[HwHoo —XH|+29 —E—Hon——l-lo)

P = 4(’_,6;(; +2peg(x) [H,_o S Hyy +H ?Hl] ¢ [31-10 ’T] +45 -2
~THo + 2Hop ~ 2Hix+ (1-+3) [2Hon — SHo + 3| ~2pea(~0H-10) ~4Ceny (3x
o0 38 9] ) + 40,2 (prao) [3Hs 28] + (1) Floo — 3+ 35i] 3t

+1 —5H¢+2Hu‘)

B = 4, (1-x - pela) - %(l—f)-zun)ﬂc-im -0)+4¢2(27
1+\)[7Ho+smo——]+ng 0 [Hoo 210G - (2 ) - 1280

’T“H0+‘P-\s( ——Z,+Hog+_Hm+_H,]+5(l x) -+3$,.|)+4C,n,(°Ho
21 10,

Serteeslesesl ) 0 1980
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Splitting functions: NNLO

i

)

R = s s
Fe -
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O AtLO |

time-like and space-like splitting functions are

@ At NLO |

time-like and space-like splitting functions are

© at NNLO |

an uncertainty still remains on the exact form

0.06

003 |

Properties of splitting functions

]

equal, provided qu’(o) >

]
s T,(0
qu( )

related by analytic continuation

005 [

0.04 B

0.02 B

x(1-x) B (x)

1002 |

) 0.14

x(1-%) P (x)

Emanuele R. Nocera (Edinburgh)

FFs of light charged hadrons

0.6 0.8 1

20th January 2018

of chg) (it does not affect its log behavior)

10 / 45



Properties of splitting functions

O AtLO |

time-like and space-like splitting functions are

@ At NLO |

time-like and space-like splitting functions are

© at NNLO |

an uncertainty still remains on the exact form

0.12

equal, provided Pfg’(o) >
1

related by analytic continuation

T,(0
qu( )

of chg) (it does not affect its log behavior)
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Properties of splitting functions
Must be careful with fixed-order splitting functions as z — 0 (m =1,...,2k + 1)

SPACE-LIKE CASE TIME-LIKE CASE
aftl o ktil-m 1 aftl L o(k+1)—m—1
Pji o< 2o —loghtt—m L Pj; < =—log (k+1)-m-1,

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,as) if log% >0 (a;1/2

Sy ) 80 e

6 x(1=0) PP 1 “T x(1-%) B (%)

4t — =T A

P I N,

o TIZm---.

N,=5
) Ll Ll 20 1 |
107 10" 1 10 10" 1

X X
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Properties of splitting functions

Must be careful with fixed-order splitting functions as z — 0 (m =1,...,2k + 1)
SPACE-LIKE CASE TIME-LIKE CASE

2(k+1)—m—1

k+1
a.
= Jog

k+1
aS
log -~

k+1-m 1
z z

Pji X Pji X z

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,as) if log% >0 (a;1/2

20 e 40 e
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Theoretical constraints

@ Momentum sum rule

1
Z./o dzz DI (z, u?) = 1 V parton i
h

@ Charge sum rule
1
Z/ dzep, DI (z, u?) = e; ¥ parton i
—Jo

where ej,(;) is the electric charge of the hadron h (parton ¢)

© Charge conjugation symmetry

Dh

nt
D q(q)

0 () = D‘ffr = D" V hadron species hE

g
@ Isospin symmetry of the strong interaction
prt=pr D =pr”
approximate, as m, ~ mgq, but no phenomenological evidences of violation

@ Positivity of cross sections
implies that FFs should be positive-definite at LO
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Determining FFs from data: a global QCD analysis

Determine the probability density P[D] in the space of FFs [D]

‘P(Dldata) = L(data|D)r (D)
Project the infinite-dim. space of FFs [D] onto the finite-dim. space of parameters {a}

P(Dldata) = L(data|D)w (D) +— P(a|data) = L(datala)w(a)

L(data|a) = exp {—%XQ]

HG ) _a;mn ( max _ai)

Gaussian likelihood
uninformative flat prior

For any observable O depending on a set of FFs [D]
its expectation value and uncertainty are functional integrals over the space of FFs

E[0] = {(O[D]) = /d”aP(a|data)(’)[a] expectation value

VO] = 03 [D] = / d"aP(aldata) (Ofa] — E[0])?

variance
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A global FF determination: the underlying strategy

[ QCD theory } { PDF parametrization ]

[ theoretical predictions ]

minimization
algorithm

comparison with
experimental data

. . no
stopping criterion

l yes

[ best-fit parameters ]

Assume a reasonable PDF parametrisation
Obtain theoretical predictions for various processes and compare predictions to data

Determine the best-fit parameters via minimization (maximum likelihood)
of a proper figure of merit (usually the log-likelihood x?)
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Maximum likelihood: Hessian method

@ Expand the x? about its global minimum at first (nontrivial) order

; i 1 0°x*{a}
{a} ~ x* +0d'Hijoa!, Hy=- 22X
x{a} =~ x“{ao} + da"Hi;0a’, 1= 3 Basda,

{a}={ao}
@ Assume linear error propagation for any observable O depending on {a}

00{a}
3&1

- 00{a} 00{a}

[oxe) ~ 0;
{a} 7 8ai 8aj

(Ofa}) = Ofao} +ai

{a}={ao} {a}={ao}

© Determine o;; from H;; from maximum likelihood (under Gaussian hypothesis)

-1 _ &?x*{a}

K 8&1‘8(1]‘

= Hi;
{a}={a0}

@ A C.L. about the best fit is obtained as the volume (in parameter space) about
x°{ao} that corresponds to a fixed increase of the x?; for Gaussian uncertainties:

68% C.L. <= Ax> = x*{a} — x*{ao} =1
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Maximum likelihood: Hessian method

@ Parameters can always be adjusted so that all eigenvalues of H;; are equal to one

(diagonalise H;; and rescale the eigenvectors by their eigenvalues)

Npar

(SaiHij(Saj = Z [a;(ai)]z < 00p{a’} = |V'(’){a’}|

i=1

@ Compact representation and computation of observables and their uncertainties

(OID(x,Q%)]) = O[Do(z, Q)]

1/2
Npar /

o[D(z,Q*)] = | Y (OIDi(z,@*)] - O[Do(z, @)

i=1

© Uncertainties obtained with Ax? = 1 might be unrealistically small
(inadequacy of the linear approximation)

@ Rescale to the Ax? = T interval such that correct C.L.s are reproduced
(no statistically rigorous interpretation of 1" (tolerance)

© Unmanageable Hessian matrix if the numer of parameters is huge
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Maximum likelihood: Monte Carlo method
@ Generate (art) replicas of (exp) data according to the distribution

ol — olerr) L Mg i=1,.  Naa, k=1,...,Nuep

where rgk) are (Gaussianly distributed) random numbers for each k-th replica

(T,EM can be generated with any distribution, not neccesarily Gaussian)
@ Validate the Monte Carlo sample size against experimental data
@ Perform a fit for each replica k = 1,..., Nyep

ompact computation of observables an eir uncertainties
C t tat f ob: bl d th taint
(PDF replicas are equally probable members of a statistical ensemble)

O Q) = 1 3 01D (2,Q?)]
Nrep k=1
Nrep , 1/2
olD@.QY) = | y=—7 2 (010" (.0 - (O[D(.Q*))

k=1

= no need to rely on linear approximation
=- computational expensive: need to perform N, fits instead of one
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Maximum likelihood: parameter optimisation

Optimisation usually performed by means of simple gradient descent:
compute and minimise the gradient of the fit quality with respect to the fit parameters

(?c(u , fori=1,..., Npar X = Zd (T;[{a}] — D) (cov_l)ij (T;[{a}] — D;)

¥

(cov),; = bijs; + (Zam o) Z ©) “))DD

Optimisation should minimise the noise in the x? driven by noisy experimental data

Additional complications in case of a redundant parametrisation (huge parameter space)

@ need to explore the parameter space as uniformly as possible
(in order to avoid stopping the fit in a local minimum) — genetic algorithhms

@ need for a computationally efficient minimisation
(non-trivial relationship between FFs and observables) — adaptive algorithms

© need to define a criterion for minimisation stopping
(avoid learning statistical fluctuations of the data) — partition and cross-validation

Covariance Matrix Adaption Evolution Strategy [ ]
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Nested sampling ]

Basic idea: compute

/C(data\a a—/ L(X

The algorithm traverses ordered isolikelihood contours in the variable X
such that X follows the progression X; = ¢; X;_1

The variable ¢; is estimated statistically

The algorithm can be optimised iteration by iteration
One can sample only in the regions where the likelihood is larger (importance sampling)

L(datala) in a space L(X) in X space

Ly
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Comparing maximum likelihood and sampling methods
Toy example: data(z) = Nz®(1 — z)?

Absolute distribution Relative uncertainty Relative uncertainty /NS
partition+resampling om0 partition+resampling 2o partition+resampling
5 1 -
30 0.08 — N%
- . -
20 006 14
15 | t 0os H ngz\
10 10
05 } 0.02 08
00 06
000
107 102 107 107 00 02 04 06 08 00 02 04 06 08
X X X

partition+resampling+CV partition+resampling+CV

107 10 10 100 00 ¥ 04 06 08 00 02 04 05 08
X X X

Results are independent from the parametrisation and from the shape of the data
A quantitative explanation of these results require a proper Bayesian formulation
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Available FF sets (status 2017)

DHESS HKNS JAM NNFF
< sA vl il vl vl
5 SIDIS 4| X X X
PP vl X X X
T statistical Iterative Hessian Hessian Iterative Monte Carlo
E treatment 68% - 90% Ax? =15.94 Monte Carlo
=
parametrisation standard standard standard neural network
é pert. order (N)NLO NLO NLO LO, NLO, NNLO
ﬁé HF scheme ZM(GM)-VFN ZM-VFN ZM-VFN ZM-VFEN
= hadron species Wi,Ki,p/ﬁ, hE wi,Ki,p/ﬁ o KE Wi,Kivp/iﬁ
latest update
+ some others (including analyses for specific hadrons)
+ +
Doy [ ! o SKMNA13 | | nE K=
[ ! ' LSS15 | ] SIDIS only
BFGWOO [ 1 h

Focus on 7 and K which constitute the largest fraction in measured yields
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Fragmentation functions: why should we bother?
Example 1: Ratio of the inclusive charged-hadron spectra measured by CMS and ALICE

24 ; . . ‘
V5 =[70Tev scale uncert. L2 5 = 7000 Gev — Kretzer |
20 F ct10 uncert. | o Il < 1.0 e
. .
16 F I
g g osr
< 12r %\% 06 L
% 08 F TSame, ¢ ;1 H \:ci }
[a e lotv.:ouglﬁz}{ 0 0 000 =5 o4l
0.4 F o CMSTy| < 1.0 — KRE - - HKNS 1
- 02 g +
o Lo AMICE [l <08 - KKP 5 HKNS umcert. - ;ﬂ;}‘f{: ';l J};l,
" 0.0 1 I
2 5 10 . Vzo 50 100 200 ; PR e 0
pr[GeV/c] pr [GeV/c]
Na, X
h
=
jo3
2
&1 N
X N X
=
= d’c o h
< — c
A Edp%_za,b,cfa(@fb@o-ab@l)c
04 o CMS|n| < 1.0 -—--DSS  —- AKKO05 | . .
o ALICE || < 0.8 | —— BFGW — - AKK0S, Predictions from all available FF sets are not
00 5 p o s 1o  compatible with CMS and ALICE data, not
pr [GeV/c] even within scale and PDF/FF uncertainties
) — How well do we know the gluon FF?
Figures taken from [ ]
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Fragmentation functions: why should we bother?
Example 2: The strange polarised parton distribution at Q* = 2.5 GeV? (As = A3)

NNPDFpol1.0 | 1
J dz[As + A5] = —0.13 £ 0.09
JAMIT7 | |
[ dz[As + A5) = —0.03 £ 0.10

First moment constrained by _
asz = fol dz[Aut — AdT]
= 1.2701 + 0.0025

ag = fol dz[Aut + AdtT —2AsT)

T
E x[As+As](x,Q2=
0.06[— 7] NNPDFpol1.0
SSV08 Ax?=1
.04~ BB10 Ax?=1
[] AACO8 ax?=1
[” —— positivity bound

1 GeV?)

directly from SIDIS Kaon data

| £ I3
] h
3 %
1 N

indirectly from DIS + SU(3)

¢ ¢

2
I X

= 0.585 + 0.176
10° 10?
0.03 T T
0.02] —— LSS11(HKNS FFs) ]
| —— LsS10(DSS FFs)
0.01} —— LSS06(DIS) ]
0.00 —_—
-0.01} 1
202 A5
-0.03 .

0.01 0.1

Figure taken from [
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X

d 27ragm
Tdy = o (2 —v)gi]

doh  _ 2mal, [14(-)25 n , 20=9) &
dzdydz — Q2 |: Yy 291 + y 9L

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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2. The NNFF1.0 analysis

[EPJ C77 (2017) 516]
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The dataset

T T T T T T T T ~
pes
91.2 L p/p
58
44
= 3
& 29
o 22
=
14
i2
10.5
TASSO =<+ BABAR = ALEPH -
BELLE o TPC ¢ DELPHI o
TOPAIZ . SLD L OPAL © . . . .
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1
z z z
CERN-LEP: ALEPH | ] DELPHI [ ] OPAL [ ]
KEK: BELLE (nf =4) [ ] TOPAZ | ]
DESY-PETRA: TASSO | ]
SLAC: BABAR (ny =4) [ 1 SLD | 1 TPC | 1

doh 47ra (Q )

dz Q? F}2,Q%) h=nT+7, Kt 4+ K~ ,p+p possibly normalised to oot
2

+ /
Ngat =428 NE" =385 Nf;af = 360
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From observables to fragmentation functions

Fp = (e?) {qu ® D& +nyC5 , ® D) +C35 @ D{&TS}

ng ng ng 2
_1 2 ho_ h ho_ €q h h _ ph h
_EE:% D =%"Dh D=3 @y 1) P Dy =D+ Dg
g=1 q=1

q=1

Coefficient functions and splitting functions known up to NNLO
[ ]

h,n =5 ~ ~ ~
By =2 (262 +383) €5, + 3 (&3 — &3) 85| @ (Dl + D)

1
5
+1 (22 +383) 5, —2(e2 - &3) 5| @ (Dl + DIy + D
5 u d 2,q d+ st bt
+ (262 +3¢3) C5 , @ DI
No sensitivity to individual quark and antiquark FFs
Limited sensitivity to flavour separation via the variation of &, with Q>
é1/e3(Q* =10GeV) ~4= D", Dh 4+ D" ; el/e(Q* = Mz) ~08= D§
Flavor separation between uds and ¢, b quarks achieved thanks to tagged data

Direct sensitivity to D} only beyond LO, as C5 , is O(a?2), and tenous
Indirect sensitivity to DZ via scale violations in the time-like DGLAP evolution
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The NNPDF methodology: parametrisation

© Neural network (NN), i.e. a generator of random functions in the space of FFs

’ 2Dz, Q%) = Z/' (2, {c}) ‘ F'(2,{c}) is a feed-forward neural network

in terms of a huge set of parameters (O(200) per PDF set)
h h
{e} = {wi; V7,077

@ What a feed-forward NN exactly is?

l/"‘\\ '.\ (nll >

N ST . @ _ (I=1)(1=1) ®

S V=g > wi Ve — 0!
.A\ . output layer 1

input layer q(y) =
hidden layer 1 hidden layer 2

made of neurons grouped into layers (define the architecture)
each neuron receives input from neurons in the preceding layer (feed-forward NN)
activation 51@ determined by a set of parameters (weights and thresholds)

activation determined according to a non-linear function (except the last layer)

vV vyVvVYyy

= potentially non-smooth
= bias due to the parametrisation reduced as much as possible
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Fit settings
Physical parameters: consistent with the NNPDF3.1 PDF set | ]
as(Mz) =0.118, a(Mz) = 1/127, m. = 1.51 GeV, m; = 4.92 GeV

Solution of DGLAP equations: numerical solution in z-space as implemented in APFEL
extensive benchmark performed up to NNLO [ ]
Parametrisation: each FF is parametrised with a feed-forward neural network (2-5-3-1)
D(Qo,z) = NN(z) — NN(1), Qo =5 GeV
h=nt4+n ,h=K"+K ,h=p+p i=ut,dt +sT,c, b7, g
we assume charge conjugation, from which Dz;ir = D;‘:

initial scale above my, but below the lowest c.m. energy of the data, avoid threshold crossing
Heavy flavours: heavy-quark FFs are parametrised independently at the initial scale Qo
Hadron mass corrections: included exactly a la Albino-Kniehl-Kramer | 1

Kinematic cuts: z — 0: contributions o In z; z — 1: contributions o In(1 — z)
Zmin = 0.075, Zmin = 0.02 (v/5 = M2); Zmax = 0.90
Momentum sum rule: check a posteriori that
1 =1 fori=g
/ dzzD!(z,Q) < N N{ =2 fori=uT,ct,bt
h:wi,Ki,p/ﬁ Zmin =4 for i =dt + st
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Fit quality: =+

02 04 06 08 1 02 04 06 08 1

1.2 IBELLE ABAR (prompt) y
1
0.8 |7, dataltheory (NNLO) A s

12 NNLO theory
Exp. Ndat X2/Nqat remarks

14 frassorz | TASSO14 | 1.4 BELLE 70 0.09 lack of correlations
on 1 T e BABAR 40 078 @
14 T - T 14 TASSO12 4 0.87 small sample
prassoz2 i : )OI ST I TASSO14 9 1.70 !
N 7 06 TASS022 8 Lop ) data fluctuations
) 18 TPC 13 085 @
1 TPC-UDS 6 049 @
02 TPC-C 6 052 @
18 TPC-B 6 143 0@
! TASSO34 9 1.00 a
02 TASSO44 6 234 data fluctuations
I TOPAZ 5 08 @
06 ALEPH 23 078 @
) 1 DELPHI 21 1.86  tension with OPAL
T % 1 DELPHI-UDS 21 154  tension with OPAL
. ] ‘ 06 DELPHI-B 21 095 o
1.4 EDELPHI (incl) i T3EDELPHI (uds) , !;% 14 OPAL 24 1.84 tension with DELPHI
1%@ g 1 SLD 34 08 @
06 . : . 06 SLD-UDS 34 0.52 a
/ R SLD-C 34 106 o
n e ] T I SLD-B 34 036 @
14 ESLD (incl) ‘ Jstowas) 41 TOTAL 428 0.87 a
06 . T . T 0s
14 A 14 Overall good description of the dataset
e Signs of tension OPAL vs DELPHI (inclusive)
0.1 1 0.1 1 Anomalously small x2?/Ngq.¢ for BELLE
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Dependence upon perturbative order: 7

sz(z,Qz) 1
Q=10GeV 1¢ - LO NLO NNLO
Exp. Naar X°/Naas x*/Naar X*/Ndas
0 \ BELLE 70 0.60 0.11 0.09
(0 == BABAR 40 1.91 177 0.78
NNLO &2z > TASSO12 4 0.70 0.85 0.87
TASSO14 9 1.55 1.67 170
TASS022 8 1.64 1.01 1.91
TPC 13 0.46 0.65 0.85
s ‘ g TPC-UDS 6 0.78 0.55 0.49
25 2Dy 2Q _ TPC-C 6 0.55 0.53 0.52
ffffffff TPC-B 6 1.44 1.43 1.43
TASS034 9 1.16 0.98 1.00
TASSO44 6 2.01 2.24 2.34
TOPAZ 5 1.04 0.82 0.80
ALEPH 23 1.68 0.90 0.78
DELPHI 21 1.44 1.79 1.86
DELPHI-UDS 21 1.30 1.48 1.54
DELPHI-B 21 1.21 0.99 0.95
OPAL 24 2.29 1.88 1.84
SLD 34 2.33 114 0.83
SLD-UDS 34 0.95 0.65 0.52
SLD-C 34 3.33 133 1.06
SLD-B 34 0.45 0.38 0.36
TOTAL 428 1.44 1.02 0.87

Excellent perturbative convergence
FFs almost stable from NLO to NNLO
LO FF uncertainties larger than HO
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Dependence upon the dataset: 7

I 2Df (2.7 2D (2,07 ° NNLO theory NNFF1.0  noBB  BB+LEP

1 Q=10GeV NNFF10 sssmd 29 2 2 2

8 no BB ==~ 2 Exp. Naat X“/Ndat X°/Ndat x°/Naat

6 BB+LEP tzzzz1 15

. NNLO theory | BELLE 70 0.09 [4.92] 0.09
BABAR 40 0.78 [144] 0.88
TASSO12 4 0.87 0.52 [0.87]
TASSO14 9 1.70 1.38 [1.71]
TASSO22 8 1.91 1.29 [2.15]
TPC 13 0.85 2.12 [2.15]
TPC-UDS 6 0.49 0.54 [0.77]
TPC-C 6 0.52 0.74 [0.58]
TPC-B 6 1.43 1.60 [1.48]
TASSO34 9 1.00 117 [1.38]
TASSO44 6 2.34 2.52 [1.97]
TOPAZ 5 0.80 0.92 [1.72]
ALEPH 23 0.78 057 0.74
DELPHI 21 1.86 197 1.82
DELPHI-UDS 21 154 1.56 1.42
DELPHI-B 21 0.95 1.01 0.95
OPAL 24 1.84 175 1.92
SLD 34 0.83 0.87 0.95
SLD-UDS 34 0.52 053 0.63
SLD-C 34 1.06 0.69 0.96
SLD-B 34 0.36 0.49 0.37
TOTAL 0.87 1.06 0.82

no BB: larger uncertainties; different gluon

shape and different light flavour separation

BB-+LEP: comparable uncertainties; slightly
different size of gluon and light flavoured quarks
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Dependence upon kinematic cuts: 7+

BL no cuts con. cut cutl cut2
(mz) (mz) (mz) (mz) (mz)
ZminZ Zmin Zminz Zmin zmmZ Zmin ZminZ Zmin meZ Zmin
0.02 0.075 0.00 0.00

0.05 010 001 005 001 0.075
6>
X“/Ngqt LO NLO NNLOBL = nocuts ~ con.cut - cut1 o cut2 =
o : ° o o
o8 ° x M N
o Bc a = N
ok L Ae 1H aTB,a ", 8 ]
- % go® x PR ' x
am a X o » A o
a R goy X x - Aun . N
L L I b x x N 2
e 0o 893 H l é g, X85 % o
1 - T L L -E - T R | I
F ] 55 - is 4
[ ]
0 (p! o A A A A A A A A A A [o) lo) fe) fe) [ [ %) ) A
>
0 © ©° O [o)
T B %% 30300020 TETT IO O 0B %
L R R () R T U NS A T M T T S S N N
™™ 9 9 Q3 G e B o QW T T T T 3 % ° % g
SIS T T - Z z % 2 e % 8 s
& - - 2 % 3 & 7~ %
57 v x o 2 -
% 57
2

Emanuele R. Nocera (Edinburgh) FFs of light charged hadrons 20" January 2018 32 /45



Dependence upon kinematic cuts: 7

_|_

BL no cuts con. cut cutl cut2
Zr(nTZLnZ) Zmin anTnZ) Zmin Zi:;an) Zmin Zr(n‘r?nZ) Zmin ZEHTHZ) Zmin
0.02 0.075 0.00 0.00 0.05 0.10 0.01 0.05 0.01 0.075
1 o o
ZDU+(Z,Q) ZDd++S+(Z,Q)

—

Ratio to B%

Ratio to BL

BL M
con. cuts
no cuts

% Q=10 GeV, NNLO

———

zD’C‘f(z,Q)

O=4M O=N ON H O ® O=N O=N O WO © N

Emanuele R. Nocera (Edinburgh)
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Small-z resummed Fragmentation Functions | ]

[xren] o b -"’YHE}L&
—— 436 Total data Points: —— || .am— i,
$ BABA?E;LE § E ﬁ\

- LEP cut (z = 0.01) due to inconsistency .
between OPAL and ALEPH o

z=10.075 z=0.02"

- TPC lower cut (z = 0.02) based on N[ROSR
difference of energy fraction z = 2 Ej,/Q T o — A’M:

and three momentum fraction ¢ e
x, = 2 —2mi /(2Q%) + O(1/Q") &
in c.m.s being less than at least 15% !

1 \
accuracy x> x>/dof s ‘HB*L&““ .
LO 1260.78  2.89 +f po = 10.54 GeV
NLO 354.10  0.81 .
NNLO 330.08 €0.76.2 >
LO+LL 405.54  0.93 z 1
NLO+NNLL 352.28  0.81 1
NNLO+NNLL 329.96 0.76> 0

L=-oalz)

Slide: courtesy of D. P. Anderle
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Emanuele R. Nocera (Edinburgh)

Comparison with other

Q=10 GeV

T

2D} (2,Q%
NNFF1.0 Gy
DEHSS =31
JAM zzzz1
NLO theory

FFs of light charged hadrons

FF determinations: 7"

DEHSS | ]
(+SIDIS +PP)

JAM | ]
(almost same dataset as NNFF1.0)

different cuts at small z

Dgr: excellent mutual agreement
both c.v. and unc. (bulk of the dataset)

D;r+: slight disagreement
different shapes, larger uncertainties
DEHSS: data; JAM: parametrisation

D’TI, D’TI: good overall agreement

u S

excellent with JAM, though larger uncertainties
slightly different shape w.r.t. DHESS (dataset)

D:r, Dl’:r: good overall agreement
excellent with JAM, same uncertainties
slightly different shape w.r.t. DHESS (dataset)
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Dependence upon the

XZ(x,Q%)

T T T T T
- NNFF10_PI07_CMAES

NNFF10_PI07

1.4
1.2

0.8

Density

0.6
0.4
0.2

Emanuele R. Nocera (Edinburgh)

1 1 ! ! 1
02 03 04 0'5x0'6 0.7 08 09

2 distribution for ALEPHPI

- NNFF10_PI07_CMAES

l:l NNFF10_PI07

I FEE T FEE N R .

4.5

o

minimisation algorithm
xg(x,Q?)

L ey

[N

- NNFF10_PI07_CMAES

NNFF10_PI07

o
o
ARRARRRRN AR RN N RN ERRRNRRARARRRD)

o

-0.5

-15

E ! ! ! L I
_%J 02 03 04 0.5)(0.6 07 08 09

Singlet and Gluon FFs at Q = 5 GeV

NNFF10_P107_.CMAES NNFF10_PI07

X2ot/Ndat 0.93 0.92
(Btr) £ otr 1.9740.28 1.9740.71
(Byal) * 0yal 2.1640.37 2.9141.72
(TL) &+ oy, 306541673 556049394

FFs of light charged hadrons



Fit quality: K™

02 04 06 08 1 02 04 06 08 1

NNLO theory

> 12 I EBABAR (conv)
Exp. Ngat X°/Ngat remarks | f
BELLE 70 0.32 lack of correlations 0.8 7 datatneory (NNLO) 7
BABAR 43 095 @ 14 frassota 1] ]
TASSO12 3 1.02 ) L
TASSO14 9 2.07 } small sample ’
TASS0O22 6 2.62 06 i
TPC 13 1.01 a 14 a4l |
TASSO34 5 0.36 1E
TOPAZ 3 0.99 } small sample ¢~
ALEPH 18 0.56 o]
DELPHI 22 0.34 a
DELPHI-UDS 22 1.32 a
DELPHI-B 22 0.52 ]
OPAL 10 1.66 tension with other Mz data
SLD 35 0.57 a
SLD-UDS 35 0.93 a
SLD-C 34 0.38 a
SLD-B 35 0.62 fral
TOTAL 385 0.73 o]

Overall good description of the dataset
Excellent BELLE/BABAR consistency
Signs of tension OPAL vs DELPHI (inclusive)
Anomalously small x2/Ng.¢ for BELLE
Dependence upon the data set and kin cuts
similar to pions
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Dependence upon perturbative order: K+

Lo NLO  NNLO ) 2D 2,0H AN 2DK(20%] 12
Exp. Naat X?/Naat x?/Ndat x*/Naat A Q=10 GeV \\ 08
\
BELLE 70 0.21 0.32 0.32 5 \\\ 06
BABAR 43 2.86 1.11 0.95 T 0 04
TASSO12 3 1.10 1.03 1.02 05 F NLO oo 02
TASSO14 9 217 2.13 2.07 0 (NNLO &=z
TASS5022 6 2.14 2.77 2.62 14 pratioto LO
TPC 13 0.94 1.09 1.01 1
TASS034 5 0.27 0.44 0.36
TOPAZ 3 0.61 1.19 0.99
ALEPH 18 0.47 0.55 0.56
DELPHI 22 0.28 0.33 0.34
DELPHI-UDS 22 138 1.49 1.32
DELPHI-B 22 0.58 0.49 0.52
OPAL 10 1.67 1.57 1.66
SLD 35 0.86 0.62 0.57
SLD-UDS 35 131 1.02 0.93
SLD-C 34 0.92 0.47 0.38
SLD-B 35 0.59 0.67 0.62
TOTAL 385 1.02 0.78 0.73

Excellent perturbative convergence
FFs almost stable from NLO to NNLO
LO FF uncertainties larger than HO

i NitlLo/NiLo

Dy Ds

D4

Dyt

0 NLO/LO [%]
1 NNLO/NLO [%]

95-300 70-80

70-130 90-100 90-110 95-115

65-80

70-85
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D

(almost same dataset as NNFF1.0)

P

+
T
DS’
+
™
D+

+ +
D7l + D7

P
ct

Comparison with other FF determlnatlons

DEHSS [

+
s
Dy}

uncertainties similar to JAM
DHESS shows inflated uncertainties

(+SIDIS +PP)

JAM |

bulk of the dataset

Emanuele R. Nocera (Edinburgh)

]

+
T excellent agreement (both c.v. and unc.)

: good mutual agreement
similar shapes, larger uncertainties
DEHSS: data; JAM: parametrisation

: mutual sizable disagreement
differences in dataset and parametrisation
comparable uncertainties in the data region

: fair mutual agreement
differences in dataset and parametrisation
comparable uncertainties in the data region

: excellent mutual agreement

K+

zDK (z, 02)
Q=10 GeV

-
20§ (2.7
NNFF1.0 mmmmw
DHESS ===
JAM zzzz1
NLO theory

ratio to NNFF1.0

FFs of light charged hadrons
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Dependence upon perturbative order: p/p

LO mmm
NLO ====<3
NNLO wzzzz3

ratio to LO ;

DR (2,07
Q=10 GeV

zDg (2,Q%)

Lo NLO NNLO .
Exp. Ndat X*/Ndas x*/Ndat X*/Ndas 075 8
BABAR 43 0.10 031 0.50 e
BELLE 29 4.74 2.75 1.25 .
TASSO12 3 0.69 0.70 0.72 ia
TASSO14 9 1.32 1.25 1.22 i
TASS022 9 0.98 0.92 0.93 E
TPC 20 1.04 1.10 1.08

TASS030 2 0.25 0.19 0.18

TASS034 6 0.82 0.81 0.78

TOPAZ 4 0.79 1.21 0.19

ALEPH 26 1.36 1.43 1.28

DELPHI 22 0.48 0.49 0.49

DELPHI-UDS 22 0.47 0.46 0.45

DELPHI-B 22 0.89 0.89 0.01

SLD 36 0.66 0.65 0.64

SLD-UDS 36 0.77 0.76 0.78 1
SLD-C 36 1.22 1.22 121 02 ‘
SLD-B 35 112 1.29 133 o ‘
TOTAL 360 1.31 1.13 0.98 05

Excellent perturbative convergence
FFs almost stable from NLO to NNLO
LO FF uncertainties larger than HO

Dependence upon data set and kin cuts
similar to pions and kaons

Emanuele R. Nocera (Edinburgh)
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Fragmentation functions of unidentified charged hadrons

Combine the information from identified 7+, K* and p/p FFs 30 E. ‘zDhi(z @
. . . : x (2,
with that from residual light charged hadrons [ ] 25 QPM2
Preliminary analysis done consistently with NNFF1.0 (NLO) 20
Additional F7, data (non-vanishing O(ass) contribution at LO) 15
10
Experiment ~ Observable Vs [GeV] Ngat x2/Naat s
TASSO14 Fy (incl.) 14.00 15 (20) 1.23 o [NNPDF sy
TASS022 Fy (incl.) 22.00 15 (20) 0.51 DSS iy
TPC F5 (incl.) 29.00 21 (34) 1.65 1.6 NNPDF/DSS
TASS035 Fy (incl.) 35.00 15 (20) 1.14 1 E
TASSO44  F, (incl.) 4400 15 (20) 0.68 04
ALEPH Fy (incl.) 91.20 32 (35) 1.04 ’ :
Fp, (incl.) 9120 19 (21) 0.36 30 IR
DELPHI Fy 9120 21 (27) 0.65 (5x) 2Dg (2,Q°)
Fy (uds tagged) 91.20 21 (27) 0.17
Fy (b tagged) 91.20 21 (27) 0.82
Fy, (incl.) 91.20 20 (22) 0.72
Fy, (b tagged) 91.20 20 (22) 0.44
OPAL Fy (incl.) 91.20 20 (22) 2.41
Fy (uds tagged)  91.20 20 (22) 0.90
Fy (c tagged) 91.20 20 (22) 0.61
Fy (b tagged) 91.20 20 (22) 0.21
Fy, (incl.) 91.20 20 (22) 0.31
SLD Fy 91.28 34 (40) 0.75
F5 (uds tagged) 91.28 34 (40) 1.03
F5 (c tagged) 91.28 34 (40) 0.62
F5 (b tagged) 91.28 34 (40) 0.97
Total dataset 471 (527) 0.83 z
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Fragmentation functions of unidentified charged hadrons

10°

' CDF|

\s=1960 GeV 41

Vs=1800 GeV 721 b

NLO theory i &
In|<1.0 4

CMS
\s=900 GeV 741
Vs=2760 GeV 7247

Inl<1.01

GeV 4] &,

ALICEA
\s=900 GeV ZZ%
\s=2700 GeV 47

10°

10-10

1072

10'14

0.6
1.4

0.6

0.6

pr[GeV]

Emanuele R. Nocera (Edinburgh)

pr[GeV]
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pr [GeV]
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3. Summary and outlook
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More global fits

. 2
pions: Xiot/Naas = 1.19 [ ]
. - P AN NARLARRR AAS A a0 A a0 Ans Bas b
experiment data  norm. # data ¥
type Ni  infit d3
TrC [45] ind. 1043 17 173 102F 5 4
uds tag  1.043 9 2.1
ctag 1043 9 5.9 0 b ]
btag 1043 9 9.2
Tasso [49] 34 GeV  incl. 1043 11 302
44 GeV  ind. 1043 7 22.2 L F X 3
SLp [19] incl. 0986 28 15.3 F not fitted ¢ ALICE data (7 TeV)
uds tag  0.986 17 185 10 F e
ctag 098 17 161
btag 098 17 5.8 10k R
ALepH [16] incd. 1020 2 229
DELPHI [17] incl. 1.000 17 28.3 -3F = THIS FIT
uds tag 1000 17 333 10 F with 68 and 90% C.L. bands E
btag 1000 17 106 4F ----Dss
OpaL 18, 20] incl. 1000 21 140 0 B e 1
;tag g.;gg g gé.g S AL A A AL A
tag . X \
Stag 0786 M 513 os b N (data - theory)/theory
ctag 0786 5 30.4
btag 0786 5 146 o b oo 8 |
BABAR [28] incd. 1031 45 464 o ¥y T
BELLE [29] incl. 1.044 78 4.0 .%
HERMES [30] 7t (p)  0.980 32 27.8 -05 S, - -
™ (p) 0980 32 478 R
7t (d) 0981 32 403 e
7w~ (d) 0.981 32 59.1 scale variation: py/2 < <2p,.
Cowmpass [31] prel. 7t (d) 0946 199 1742 05 | WM PDF uncertainty (90% C.L.)
7~ (d) 0946 199  229.0
PHENIX [21] ™ 1112 15 15.8 o b |
STAR [33-36] 0< < 1 ° 1161 7 5.7 ) T
08<n<20 x° 0954 7 2.7 %
<05 ot o1 8 43 05 F E
Inl <0.5 "Jr"/’r 1.006 16 17.2 AP N P B B B B P PR P
Avice [32] 7 TeV x° 0766 11 27.7 2 4 6 8 10 12 14 16 18 20 22
TOTAL: 973 1154.6 pr[GeV]

Emanuele R. Nocera (Edinburgh)
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SimU/taneOUS fits [PRL 119 (2017) 132001]

JAMIL7 +SU(3) « ¢ e h [2 ¢
DSSV09
JAM15 X

0.04F
0.02f

X
0 N X e N
—0,02 R e
2 ga sue) | [ ag SU(3)
—0.04} 29
103 102 107" 04 08
- 1.1 1.2 1.3 0 0.5
process target Nat x? :é AY Au-Ad
DIS p.d, e 854 8548 e
SIA (n%, K¥) 850 997.1 =
SIDIS (7¥) g
HERMES d 18 28.1 0 o1 05 03 0
HERMES P 18 14.2
ggxgﬁgg d 32 12(2) ga =1.244+0.04 ag = 0.46 £0.21
SIDIS (K+) g ) confirmation of SU(2) symmetry to ~ 2%
HERMES d 27 183 ~ 20% SU(3) breaking +20%
COMPASS d 20 18.7 X
COMPASS  » 24 123 As™ = —0.0340.09
Total: 1855  1969.7 AY = 0.36%0.09 Au—Ad = 0.05+0.08
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Conclusions

@ A number of hard-scattering processes require an appropriate knowledge of FFs
> probing nucleon momentum, spin and flavour
> underlying spatial distributions and the dynamics of nuclear matter

@ FFs are poorly known in comparison to PDFs

> limited set of available data, observables often require PDFs and FFs simultanously
> are uncertainties faithfully represented?

> troubles in describing some observables in pp and SIDIS from current FF sets

© New analysis based on the NNPDF methodology, NNFF1.0

> at LO, NLO and NNLO, based on SIA data for 7+, K+ and p/p
detailed study of the stability of the results upon variations of the data set/kin cuts
FF uncertainties (gluon) larger than in previous determinations

>

>

> differences in shapes, to be further investigated

> good description of the hadron spectra at the LHC within uncertainties
>

applicability limited by insensitivity to favoured/unfavoured FFs
@ Future improvements

> More global fits
> Simultaneous fits of FFs and PDFs
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4. Additional slides
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Methodology validation: closure tests | ]

Validation and optimization of the fitting strategy with known underlying physical law )

INPUT SETTINGS !

[ theory ] [ underlying true law ] [ fitting methodology ]4—.-

1
e.g. perturbative order e.g. FFs from HKNSO07 e.g. minimization algorithm :
1
1

generate a set
of pseudodata

i

‘ perform a fit ’

yes

is the underlying
law reproduced?

is reweighting
equal to refitting?

to pseudodata is the x? value

consistent?

p - . ) | VALIDATION & OPTIMIZATION
ready to fit real data o~ ——4———-—"+—+"---------------——-—- -~~~ ——-
ety J

Full control of procedural uncertainties )
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Closure tests: levels

© Level 0: generate pseudodata DY with zero uncertainty
(but (cov);; in the x2 is the data covariance matrix)
— fit quality can be arbitrarily good, if the fitting methodology is efficient: x2/Ngat ~ 0
— validate fitting methodology (parametrisation, minimisation)
— interpolation and extrapolation uncertainty

@ Level 1: generate pseudodata D} with stochastic fluctuations (no replicas)

Nsys
DI,1 = (14 rporgpor) DO + E : Tsys SYS + rstatgstat

(3

— experimental uncertainties are not propagated into FFs: x2/Nga; ~ 1
— functional uncertainty (a large number of functional forms with equally good x?)

© Level 2: generate N,op Monte Carlo pseudodata replicas Df’k on top of Level 1
Nsys

2,k k k tat,k
Di, — (1+T?Or’ J?or D1+ § : sys 57}’5 T$37 o_lstat

K3

— propagate the fluctuations due to experimental uncertainties into FFs: x2/Nga; ~ 1
— input FFs lie within the one-sigma band of the fitted FFs with a probability of ~ 68%
— data uncertainty
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Closure testing NNFF1.0

zD[+(z,Q)

Ratio to HKNS07

Ratio to HKNS07

CT level 0
CT level 2
HKNSO07 (NLO)

Q=5GeV

22
NN

zDgf(z,Q)

O=N O=N O N A O ® O=N O=N O N » O ®

X?/Ndat, = 0.0001 (LO)

Emanuele R. Nocera (Edinburgh)

X?/Naar = 1.0262 (L1)
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Dependence on oy

w5 N
400 | ]
395 | ]
e 390 | . :
385 | :
380 | :

Fete > X total %2 * 1
375 | ad(M;)=0.117998+0.000853 (Ax?=1)  parabolic fit ]

0.114 0.115 0.116 0.117 0.118 0.119 0.12 0.121 0.122
og(My)
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Minimisation: adaptive algorithms | ]

The Covariance Matrix Adaption - Evolution Strategy (CMA-ES)
© Initialisation at the (0)-th generation

(O N(0, C(())), c® _1
@ Mutation at the (i)-th generation, A mutants, step-size o' ~1
D a4 gD A0, ) fork=1,...,\

compute the fitness of each mutant and rank them such that x2(xz) < x2(xx+1)

© (Non-elitist) recombination
compute the new search centre as a weighted average over the y = \/2 best mutants

a® — 50— U“‘Z“’ ( (1) —a“—”)

update C using information on the parameter space learnt from the mutants
iterate until convergence is reached
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Minimisation: the CMA-ES algorithms |

Mutation Selection Adaption

The key features of the CMA-ES family of algorithms are
the determination of the search distribution covariance matrix c®
(and possibly of the step-size o*)

These features are optimised by the fit procedure,
making use of the information present in the ensemble of mutants
to learn preferred directions in parameter space

Internal parameters (0'(0), A, w;) tuned by trial and error
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