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Hadron physics, or the quest for the nucleon structure

Nucleons, protons and neutrons, are those bound states which make up all nuclei

and hence most of the visible matter in the Universe

Understanding their structure and dynamics in terms of their partonic constituents,

and their emergence from quarks and gluons, is a challenge in hadron physics

This talk is about Fragmentation Functions and Parton Distribution Functions,

some of the tools which bring such an understanding from high-energy particle physics
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Outline

DISCLAIMER
The subject is extremely vast, impossible to give a comprehensive review in a single talk
Inevitably, this talk contains a partial subjective selection of topics/results
The focus is on FFs/PDFs in connection with the hadron structure
(rather than on precision physics at the LHC)
Apologies in advance if your favorite subject has been omitted

@ The QCD structure of the proton

» Theory: factorization, evolution, distributions
@ A global analysis of FFs/PDFs

> Practice: combining theory and data with a proper methodology
© Some selected, recent results

» A Fragmentation functions
» B Parton distribution functions (mostly helicity)

@ Drawing conclusions
Some excellent reviews are available in the literature

FFs: [ ]
PDFs: [ ] + PDF4LHC working group reports
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The QCD picture of the nucleon

naive picture realistic picture

QCD indefinite number of relativistic
factorization,evolution qual’kS and gluons

three non-relativistic quarks
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Factorization of physical observables |

@ A variety of sufficiently inclusive processes allow for a factorized description
short-distance part £ s
. . actorization
hard interaction of partons

long-distance part
—

scheme & scale
process-dependent kernels "

nucleon structure
universal parton distributions
@ Physical observables are written as a convolution of coefficient functions and PDFs
1
Oy Z Cry (y, as(u?) @ f(y, u?) +p.s. corrections

fog= dfyf (E) 9(y)
f=a,q,9 Y

p Yy
No J (2, 1?) 0 - h
h D" (z, u?)
D" (2, u?) e
X

Fflz, u?) X flz1,p ) Fw, 1?)
DIS

SIDIS
© Coefficient functions allow for a perturbative expansion

Cri(y.as) = Y akc (), as = as/(4m)
k=0
@ After factorization, all quantities (including FFs/PDFs) depend on p
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Evolution of FFs/PDFs: DGLAP equations | |

O A set of (2ny + 1) integro-differential equations, nys is the number of active flavors

o ot
5 filz, u?) = ZJ:/Z %P]‘i (2, as(1?)) f; (z,;ﬂ)

Olnp

@ Often written in a convenient basis of PDFs

s
ansi: = (6 £G) — (G £G)  answv = (6 —¢) L= (6+3)
[

0
Olnp

O (S \_( P P Ss?)
olnp? \ g(z,p?) )~ \ P9 P9 g(z, u?)
© With perturbative computable splitting functions

Pji(z, os) Z S as = as/(4m)

P —»{Q Py QQQ< Py —>—(é Py w@‘z

———ansit o (@, 47) = PEY (2, 43) ® gus 0 (2, 12)
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Field-theoretic definition on the light-cone | ]

Parton Distribution functions (PDFs) Fragmentation Functions (FFs)
parton hadron

x |
hadron% parton%

l l
collinear transition of a massles hadron h into a  collinear transition of a massless parton 7 into a
massless parton ¢ with fractional momentum &  massless hadron h with fractional momentum 2z
local OPE — lattice formulation no local OPE — no lattice formulation

Expectation values (matrix elements) of certain (bilocal) operators in hadronic states

@) = 4 / dy” e PV (P i(0,y ™, 0.1)7 P (0)](P))
= o2 [y e T [ 00,0,y L YPIR(P) X) ((P) XIP'E(0)0)]
X
y=0"y oy, vt =002y =00 -V vy = ()

All these definitions have ultraviolet divergences which must be renormalized
to define finite PDFs and FFs to be used in the factorization formulas
(PDF/FFs are scheme dependent)
All these definitions can be generalized to include longitudinal /transverse polarizations
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Helicity-dependent PDFs and the proton spin

The momentum densities of partons with spin () or (*) w.r.t the nucleon

Af(z) = fM(z) - fH (=), f=u,4,dds,3,g

Ag(z) = e > — Qﬁ Aglx) = @ﬂ _ @ﬁ,

= [ i P )30, 0.y U ) k(P 9))
1

Ag(x)

Ag(z)

— —izPty~ e — ~
e [ e (R I 0,07, 0,)GE OIR(P, )

G, = 0, AL — 0, A% + foPeAb A

A realization of the total proton angular momentum decomposition

S(%) = Y (PiSIF3()IP;S) = § = ARG + AGG2) + L4 (1) + Ly ()
f 1 1
ax) = 3 [bg@at)+ adwat) AGER) = [ dedglen?)

g=u,d,s

ao = (P; S|J5(12)|P;S)

naive p.m.

2(S4t%) ~1  EMC 1988 ag = 0.098 = 0.076 + 0.113

MS as(u? _
a0 = (P 8175:2) P ) T an ()~ UV nGG2)  AGH) o [as(r?)]
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A global FF/PDF determination: the underlying strategy

A statistically ill-posed problem: determine a set of functions from a finite set of data

[ QCD theory } { PDF parametrization ]

[ theoretical predictions ]

minimization
algorithm

comparison with
experimental data

i

yes

[ best-fit parameters ]
FITTING ALGORITHM

Assume a reasonable FF/PDF parametrization
Obtain theoretical predictions for various processes and compare predictions to data

Determine the best-fit parameters via minimization of a proper figure of merit (e.g. x?)
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A global FF/PDF determination: the ingredients we need

[ methodology ]

DGLAP evolution

partonic cross sections

parametrization fixed-target data

uncertainty estimation collider data

(DIS, SIDIS, DY, ...)

(e*e, ep, pp, pP)

heavy quark treatment
QED/EW corrections

error propagation

minimization strategy

Need for a choice of

@ theory, or the theoretical details of the QCD analysis
(perturbative order, treatment of heavy quarks, treatment of as, theoretical constraints)

@ methodology, or a prescription to determine PDFs and their uncertainties
(uncertainty estimates are crucial to make reliable predictions based on PDFs)

© data, or the set of observables to be included in the analysis
(constrain all possible PDFs in the widest range of Bjorken-z)

Each of these ingredients is a source of uncertainty on the PDF determination )
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Theory: perturbative accuracy (QCD, fixed order)

PDFs Polarized PDFs FFs
Usual perturbative accuracy in global fits
NNLO (do we need N3LO?) NLO (comfortably precise) NLO (roughly OK)
Splitting functions known up to NNLO
P}ik) o< a’;% logk"'l_m % AP]-(ik) X a’;% logk'H_m i P(k) logQ(k'H)_m_1 z
with m = 1,...,2k + 1: soft gluon logarithms diverge more rapidly in the time-like case than in space-like case

as z decreases, the SGLs will spoil the convergence of the fixed-order series for P;; once log = >0 ( 1/2)

numerical implementation of space- and time-like evolution in APFEL-MELA | ]
https://apfel.hepforge.org/mela.html

Almost all relevant processes known at NLO, increasing progress in NNLO (LHC) [ro¢]

DIS: N3LO DIS: NNLO
DY: NNLO SIDIS: NLO SIA: NNLO
jets: NNLO (partial) (di-)jets in pp: NLO SIDIS: NLO
W in pp: NNLO W in pp: NLO m in pp: NLO
tt: NNLO 7 in pp: NLO

Partonic hard cross sections are precomputed in such a way that
the standard numerical convolution with any set of PDFs can be approximated by means
of interpolation techniques (APPLgrid, APFELgrid) [ ]
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Theory: theoretical constraints
NOT NEGOTIABLE: must be fulfilled by a reliable determination of PDFs/FFs
@ Momentum sum rule (follows from energy-momentum conservation)

M(u?) = /(; d:):xZ{ )+ q(a, p4?)] +g(z,u®)} =1 for PDFs
Z/ dzzDl(z,u?) =1  for FFs, for each parton i

PDFs: almost fulfilled by experimental data (MNNLO = 1,002 + 0.014, NNPDF2.1)
FFs: limited practical use in fits (evolution and mass corrections)

@ Integrability (the nucleon matrix element of the axial current must be finite V flavors)
PDFs/FFs cannot grow arbitrarily at small values of z/z

© Positivity (PDFs and FFs must not lead to negative cross sections)

often built-in in the parametrization; PDFs/FFS should not be strictly positive beyond LO

DEBATABLE: usually included in a determination of PDFs/FFs

@ Symmetries

isospin for sea quark FFs: e.g. Dg* = fo

SU(2) and SU(3) for polarized PDFs

(relate the first moments of the C-even combinations to baryon octect decay constants)
@ Reasonable assumptions

e.g. symmetric sea/unfavored quarks: As = AS, D§+ = Der = D§+ = fo+
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Methodology: parametrization

A (general, smooth, flexible) parametrisation at an initial scale Q3 is chosen

wfi(z,QF) = A, a"fi (1 — )" F (2, {cs,})

small F(ades, }) =22 finite large =
z x—1
0
J?f,(.l‘ Q )i} i smooth interpolation in between zfz(;p Q ) Ii}l (1 _x)bfri
(Regge theory) (quark counting rules)

@ Simple parametrization: small number of parameters (O(30) per set)

1
F(z,{cr,}) =np (1 + o2 + Vfi-’v) {a} =A{ns, pri vt Udag, by}
1 smooth behavior (a desirable feature for a PDF)
J potential source of bias if the parametrization is too rigid

@ Redundant parametrization: huge set of parameters (O(200) per PDF set)

Chebyschev polynomials
7 (x,{cs;}) = ¢ Bernstein polynomials {a} = {w(L 1m) O(L "I U{ay,, by )
Neural Networks

J potential non-smoothness, extra flexibility requires a careful minimization
1 bias due to the parametrization reduced as much as possible
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Methodology: error propagation (Hessian method)

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

; ; x*({a})
2 ~ 12 iy S0 -
x {a} = x{ao} + da"H;;dd’, H;; Da0a;

{a}={ao}

@ 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
1 the C.L. is entirely determined by H;; = covi_j1
1 compact representation and computation of FFs/PDFs and their uncertainties
J the Hessian matrix becomes unmanageable if the number of parameters is huge
J is linear approximation adequate? do we need a tolerance Ax? > 1?
J what if uncertainties deviate from Gaussian behavior?

(O[f(z,Q)]) = Olfo(x, Q*)]

Npar 1/2
Tolf (2, @) = 5 | - (Oli(x, @) - Olfo(w, Q"))
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Methodology: error propagation (LM and MC methods)

@ Minimize the function (for fixed values of the Lagrange multipliers {A})

U({a}, {A}) = x*({a}) + Z AjO({a})

@ Map out how the fit to data deteriorates as the observable O, is forced to change
1 no need to rely on any assumption on the x? dependence on {a}
J no compact representation and computation of FFs/PDFs and their uncertainties

@ Generate (art) replicas of each (exp) data point (Monte Carlo sampling of data)
Ogart)(k) = (’)Eexp) + rgk)aoi foreachi=1,...,Nqat, k=1,..., Niep

@ Perform a fit to each replica k = 1,..., Nyep
1 no need to rely on linear approximation, test for non-Gaussian uncertainties
1 compact representation and computation of FFs/PDFs and their uncertainties
J computational expensive: need to perform k fits instead of one

Nrep
O, Q) = 5= > 0LV (@. @)
Nrep = 5 1/2
oolf(#,Q%) = | 7 3 (0/ P, @) - (Olf(x, @)
rep k=1
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Data: PDFs (unpolarized)

Process Reaction Subprocess PDFs probed T
E{pn} -0t + x v'qa—q 4,39 z 2 0.01
tEn/p 5 0f + x yrd/u — dju d/u x> 0.01
' V()N = u~ (ut) + X W*q = ¢ @d 0.01<z<0.5
vN - p pt +X W*s — ¢ s 0.01 <z <0.2
s ON = utp™ +X W*s — ¢ 5 0.01 <z <0.2
efp et + X v*q — q 9,q,d 0.0001 <z < 0.1
etp oo+ X wt{d,s} - {u,c} d, s z > 0.01
eTp o etfce+ X ¥ ¢ — ¢c,v*g — ce ¢, g 0.0001 <z < 0.1
etfp = jet(s) + X v*g — qq g 0.01 <z <01
pp = ptp” + X wii, dd — v* q 0.015 < = < 0.35
pn/pp — ptp~™ + X (ud)/(ua) — ~* 1/a 0.015 <z £ 0.35
" g pp(pp) — jet(s) + X 99,499,499 — 2jets 9,49 0.005 <z < 0.5
pp— (WE s eFuy+ x ud - WT, ad - w— u,d,a,d z >0.05
R pp— (WE s eFuy+ x ud » Wt da - W~ w, d, @, d, (g) x > 0.001
pp(pp) = (Z — tte )+ x uu, dd(ui, dd) — Z u, d(g) x 2 0.001
pp = (W+ce)+ X gs—>ch,g§—>W+E 5,8 x ~ 0.01
pp — tt+ X gg — tt g z ~ 0.01
CERN SLAC DESY FERMILAB
NMC, BCDMS, ATLAS, CMS, LHCb E142, E143, E154, E155 HERA, ZEUS, H1 NuTev, E605, E866, CDF, DO
kinematic cuts: @ > Q2. (pPQCD) and W? = m} + 1=2Q* > W2, (no HT)
after kinematic cuts Ngat ~ O(4000)
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Data: PDFs (polarized)

Process Reaction Subprocess PDFs probed x
2 A {p,d,n} - eF + X g q AqggAq 0.003 <z < 0.8
‘ : Au Az
" e {p,d} = TR+ X Yrqg—q Ad Ad 0.005 < z < 0.5
X Ag
¢ {p,d} - ¢*D+ X v*g — ce Ag 0.06 <o <0.2
— jet X 99 = 49 N 0.05 <2 <0.2
N ; 7T jet(s) + q_g~>qg+ g STs
+ urpdp - W Au Au 0.05< < 0.4
T WEHX drap — W- Ad Ad R
e 99 — qg
— X A 0.05 <z <04
?? T q9 — 99 g ~Es
CERN SLAC DESY JLAB BNL
EMC, SMC, COMPASS E142, E143, E154, E155 HERMES HALL-A, HALL-B, CLAS PHENIX, STAR

kinematic cuts: Q* > Q2 (PQCD) and W? =mj + =2Q* > WZ,; (no HT)
after kinematic cuts Ngat ~ O(400)

September 6, 2016 19 / 43

Emanuele R. Nocera (Oxford) FFs and PDFs (IWHSS201



Data: FFs

Process Reaction

Subprocess PDFs probed

z
- n
%‘ ete” 5 h+ X

4/2° > qq D3 PT 0001 <z50095
g
-
Dy, Dy
{p,d} » e*h+ X v'a—aq DZ D: 0.005 < =2 <0.8
-
N, X
99 — ag
- X D 00552504
pp T 99 — ag g ~ES
Ny X
»
CERN SLAC DESY KEK
ALEPH, OPAL, DELPHI, COMPASS, ALICE

BNL
TPC, HRS, SLD

TASSO, HERMES TOPAZ, BELLE PHENIX, STAR

kinematic cuts: z > zcut (HM effects + singularities); pr > pr.,, (RHIC vs LHC)
after kinematic cuts Ngat ~ O(200) (kaons) to Naas ~ O(900) (pions)
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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 =T0TeV

Data/Kretzer
o =
o
i
“’\ N

““"{o‘w.orﬂgﬁi 0 9 000 L

scale uncert
< . ctl0uncert. |

04 | o CMSy| < 1.0 — KRE - - HKNS
0 ¢ ALICE [n| < 0.8 - - KKP HKNS uncert.
’ 2 5 020 50 100 200
pr [GeV/c]
24 : T
VE=2160GeV
20 b =Y I 1
S 6} 1
z
4 | 7
= I
£ I“ & 1]
a $ol { 2o

04 FoCMS |y < 1.0
© ALICE || < 0.8

- DS —-

AKKO05
| —— BFGW AKKO08

2 5

0 20 50 100
pr[GeV/d]

Figures taken from [
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Example 2: The strange polarized parton
distribution at Q2 = 2.5 GeV2 (As = A3)

0.03
002t 7™ LSS11(HKNS FFs)
¢ —— Lss10(DSS FFs)
0.01] —— LSS06(DIS)
0.00
-0.01
-0.02 XAg
-0.03
0.01 0.1 1
X
Figure taken from [ ]

1 Predictions from all available FF sets are not
compatible with CMS and ALICE data, not
even within scale and PDF/FF uncertainties
— input for nuclear medium modifications

2 If SIDIS data are 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
— input for polarized PDFs and TMDs
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Fragmentation Functions:

available sets

Process DSS HKNS KRE AKKO8
SIA vl 7 vl vl
siDis v X X X
PP vl X X vl
statistical Lagr. mult. Hessian no uncertainty no uncertainty
treatment AXZ/X2 =2% AX2 = 15.94 determination determination
hadron species KT = KE mE, KE pE WivKivT—’/ﬁv
’ p/p h*E p/P h* K3, A/A
latest update
+ some others (including anlyses for specific hadrons)
BKK95 | ] o, K* AESS11 | 1 n
BKK96 | ] KO SKMNA13 | ] wf K*E
DSV97 | ] A0 LSS15 | 1 SIDIS only
BFGWOO [ ] ht NNPDF | ] eTe™ only
SSZ10 | ] nFFs JAM [ 1 eTe™ only

some of these determinations are publicly available at
http://lapth.cnrs.fr/ffgenerator/

Focus on 7 and K which constitute the largest fraction in measured yields

(small room left for other hadrons)
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Fragmentation Functions from a global determination

A global analysis of FFs from hadro-production data in SIA, SIDIS and pp collisions

™
T T T T T T T T T T T
7] M /
[~ u+u ' 12
— . DSS14 | 1
[ — — THISFIT/DSS 08 &
13 | N s X =1189.5
hg F d+d A PP §_ (Ndat = 973)
S L el 112 _
QQ: =" Jos ¥ Du+aNDd+d
N T & (little c.s. breaking)
F L_d’ T .
05 | Z7 S, Dy largely uncertain
= = 1
Fo sizable D, an
o5 ble D d Dy
et E L 1 1 1 rhe
P ‘s =5 ‘ I P s
1 - - - DSS .3;
T | S —— THIS FIT atQ*=10Gev? JE._ 1 L L L3 g DSSO07 [ ]
NO.’ F ‘g]uon' T s § 2 _ 3904.1
-8 1 & i(tot = . )
=) S Ngas = 232
N ~--< g
E W 405 N . .
- S, worse data description
. ] JF e=t 1% wort the 7 fit
S - ] g
S s no uncertainty estimates
L L L L o e .
08 08 02 04 06 08 sizable D, and Db
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Fragmentation Functions from a global determination

A global analysis of FFs from hadro-production data in SIA, SIDIS and pp collisions

0.7 vy —— ) ———

[ K . — gluon

06 F zD. (Z) 10 & _
e ~eo 21 N N ----c+cC

05 : = qar . T

5T S =M SUANY ———b+b
N <

04 _ o —1F N .

F u+u "\ U K
. . N

03 F ____g \. ar AN ZDi (z)
L _ N N

02 F —ucoe 545 N SIS N NQ =M A
L NN

0.1

0 Lol L L Lo P L P S S T S
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™

DSS14 | ]
X2, = 1189.5

(Ndat = 973)

Dyta ~Dyig
(little c.s. breaking)

Dy largely uncertain
sizable D, and Dy

K
DSSO7 | 1
X2y = 394.1
(Ndat = 232)

worse data description
w.r.t the 7 fit

no uncertainty estimates
sizable D, and Dy,
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Impact of data: SIA (NLO, n* and K*%)

1 clean process (only FFs involved)
1 very precise data (mainly LEP and B-factories); tagged data for D. and D,

1 only information on Dy + Dg (with partial separation of u and d due to electroweak couplings)

do” 4
= = e (o) { DL @5 +ny DY @ C5 + Dl @ €Y}
dz Q
1 nf nyg ny A2
(e2y = — éi DQ:Z(D;‘+D;) Dgszz(eg ,1> (D;}+D§)
"f op=1 p=1 p=1 \ (%)
1 Dy determined only via scaling violations

02 Tl
ol G105 GeV 3
of sasex et e
o ot f Bole 1+ 1 BB |+ T o o . e —
S B S
o5l ]
2 Q=12-58GeV | ~ 2 ] S sz ss gev
E o z i E £ 3 v =
= 1 5 o ; L
= = niliAk 1 F: B
S 05 frsso B S 05| TASSO e TPC e HRS i TOPAZ e -
2 - 2
E oos E oos ! N
& Q-Mz 1 & Q-Mz 1
T SO - R S
a ° - . § o R e
+ S
os 05
a-mz P :iﬂf ! o 3
0 P R e e T L i ik 0 1 ;ii wf“g‘ 1 H -
SLD(LG) SLDB) 41 sipjof L=t 4 i e sL%(ng i ‘ 1
05| DELPHILG) -~ DELPH(®) —r— . 05| DELPHILG) <« | DELPHEB 1 v 1 B
01 1 01 1
z r4

pions
overall good descriptions of all data sets (for illustrative purposes, plots from |
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Impact of data: SIA (NLO, 7* BELLE and BABAR)

1 substantial improvement in the description of the data after their inclusion in the fit
1 sensible constraint on Dy through evolution up to LEP scale

1 significant reduction of the uncertainties

1 be careful when comparing BABAR and BELLE data (e.g. different normalizations)
BABAR | ] BELLE [ ] 4+ re-analysis of BELLE [

T T T T T T T

102k i
A\ BABAR 1 do" 4L BELLE 1 do" 7}
L prompt data ] Gmt dZ ]

10 &\

THIS FIT
10k with 68 and 90% C.L. bands

----DSsS

e + ——+—
04 £ (data - theory)/theory (data - theory)/theory E
02 B -3
0 %r, = 0 i PE
£ ]
o f ; .
R S R R SR | i EEPR BRI SR S i

02 0.4 0.6 08 z 0.2 04 0.6 08 7z 1
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More on SIA: NNLO, 7+ |

1
N, N,
K = A (N"LO) 2 NS (LMY Ed:at NLT; — Ej)?
=— "/ X2 = E A Waldj = B5)”
do™(N™—1LO) 4 SN - SE?
i=1 j=1 J
2 T T T T T T T L
18 I e'e’ — mX K-factor i 2 E
1.6 [~ computed with NLO FFs Pt B R b
I -- ] Sis 1
12 - < ]
1 =, ]
=105 GeV - 3
08 ) 2 1 |e L I 1 I I 1. A 1
T T T T T T T T T N ]
18 [ 46"(NNLO)/ d6™(NLO) A 0.5 3
L6 - -~ 46"(NLO)/d6™(LO) T

2T o B
NLO ] 6
N LO ]
o5 E Kretzer NLO 7]
T T T T T T T T T 5 PSS, 1 4
L8 - S e g N,
16 | s [a) ] \ ]
Wbl --mT 3 N 1 1,
12 | E ]
1 i[ singlet X ]
F Q=912Gev E ! 0
0.8 Il 1 1 1 Il 1 Il Il Il 10 1 10-1 1
01 02 03 04 05 06 07 08,09 z z
. Improvement of the x? (BABAR)
40% correction from LO to NLO 2 _o41 2 —190 2 — 175
0 . X1o = XNLO = XNNLO =
10% correction from NLO to NNLO (Nigay = 288)
dat —
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More on SIA: NLO, 7%, heavy quark masses | ]

do™M ZM ZM B
P = Z ;7 (Q) ® D(Q) "
z i=q,g.h Jos
doM ) = . Ju
- Y Memen@ T
= i— sp 1do} ldaj| 0%
=49 Gz |im02 67 |im0s ] g5
+ oM@, mn) @ D}
do M GM GM
— = > M@m)e DY)
i=q,9,h

BaBar: (data - theory)/theory

i

+ GMVIN scheme
M [ o ZMVEN scheme
il [ | relative exp. error

F Q=4Gev

« GMVEN scheme
0.1 [ o ZMVEN scheme
| relative exp. error

02 04 08 02 04 08
z z

X%MVFN = 966 XQGMVFN =876  (Ngay = 924)

Emanuele R. Nocera (Oxford) FFs and PDFs (IWHSS201 September 6, 2016 28 / 43



Impact of data: SIDIS (NLO, *, K¥)

1 separate information on D, and Djy

4 new accurate data on 7% and K* multiplicities (HERMES and COMPASS)

| additional convolution with PDFs

h 2ra2, 14 (1—1y)?2 2(1 —
da _ ﬂ—aem [ + ( y) 2F1h + ( y) F£:|
y

dedydz Q2

Qs
2rt =5t (000} + 2 1630 58 446G, D3 4050l 03]}

a9

h_ %s 2 L h L h L h
Fr _TTZeq [q@qu®Dq +q®ng®Dg+g®ng®DtJ]

q:q9

S
, M, 2.Q)

' s l s
. 2 2
pions Q' [Gev] Q'[Gev]

HERMES |

U N aNFTazaQ?

IN\SSES

025575035

K K

107E \eeevseTe 00,
3 Tis T
-~ KRE

035575045

s Ko
£ 1Ny AN d2dQ

' Q' [GeV) 0

! Q' (Gev]

0

Xfﬁp = 25.8; X?r_p = 52.4; Xim =44.7, Xi—d = 58.2; (Ngas = 32)
Xt =23.9; X5 = 131.2; (Ngat = 24)
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More on SIDIS: new COMPASS multiplicities |

Need of a combined analysis of HERMES and COMPASS data (kinematic complementarity)
1 new COMPASS multiplicities for 7+, 7~
1 so far, good agreement between HERMES and COMPASS (preliminary) = multiplicities

0.2
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0.2 F
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Impact of data: 7 production in pp collisions

1 direct sensitivity to Dy

d3
5,272

a,b,c

¢ _ fa® fp ® 65, @ DI
1 scale (pr scan + universality check) dpi Z ¢ o ¢

1 uncertainties from PDFs (up to 10%) and from HO QCD corrections (> 50%for pr < 5 GeV)

I\

T —
x Edl‘: [mb/GeV?]

o

NN\
not fitted

¢ PHENIX data

THIS FIT

with 68 and 90% C.L. bands
---- DSS

Lol bl l

R
(data - theory) / theory

Ll
T
scale variation: py/2 <t < 2py
mm PDF uncertainty

10°F &l

0 E

10k
3f === THIS FIT

0k with 68 and 90% C.L. bands
4f ----Dss

10

d’s" 2
Edi,[ub/GeV] 1
p

k|

¢ ALICE data (7 TeV)

T
NN

T T
scale variation: p/2 < < 2p

05 |\ § . PDF uncertainty (90% C.L) ]
= 5 |
N\ 1
05 | \\\\X El
T T T T Lol
2 4 6 8 10 12 14 16 18 20 22

pr [GeV]

PHENIX (/s = 200 GeV)

[ ]
X2 = 13.9 (Ngat = 15)
— harder Dy

ALICE (/s =7 Tev)
[ ]

J x2 =321 (Ngae = 11)

— softer Dy

cut pr > 5 GeV in order to reconcile RHIC and LHC data
(different treatment of pion decays in the two experiments?)
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Parton Distribution Functions:

available sets

CT14 MMHT14 NNPDF3.0 ABM12 HERAPDF1.5
fixed-target DIS E m m m X
HERA val v v | v
fixed-target DY E E E E X
Tevatron (W, Z) E E E X X
Tevatron (jets) E m m X X
LHC val val val 7w, z) X
statistical Hessian Hessian Monte Carlo Hessian Hessian
treatment Ax? =100 Ax? dynamical Ax2 =1 Ax? =100
N Bernstein pol. Chebyschev pol. neural network polynomial polynomial
parametrization (26 pars) (20 pars) (259 pars) (14 pars) (14 pars)
HQ scheme ACOT-x TR’ FONLL FFN TR’
ag varied fitted+varied varied fitted varied

latest update

Focus on precision physics and searches at the Large Hadron Collider

@ Higgs boson characterization (PDFs are becoming the dominant source of uncertainty)

@ Consistency stress tests of SM (PDFs dominant source of systematics, e.g. W mass)

© Search for BSM physics (accurate PDFs to discriminate between various models)
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PDFs from a global determination: NNPDF3.0

T T T T T T T T T TTTT] 1

NNPDF3.0 (NNLO) ]
xf(xu2=10 GeV?) 3
0.8 3 0.8

g/10

0.9

xf(xu2=10° GeV?) 7

0.7]
06 E 06
05 . 05
0.4f |
0.3 \ . 03

0.2 B 0.2

10° 10 107 1 107 107 107 1
X X
A lot of extra sophistication in dedicated analyses recently:
QED correction and a determination of the photon PDF [ 1
PDFs with threshold resummation | B
intrinsic charm PDF of the proton [ | -
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Helicity-dependent PDFs: available sets

DssvV NNPDF JAM LSS BB
DIS v v | v v
SIDIS vl X X | X
pp {Z (jets.7r0) {Z (jets.Wi) X X X
statistical Lagr. mult. Hessian Hessian
Monte Carl Monte Carl
treatment AxZ/x% = 2% onte ~arlo onte ~arlo AxZ =1 Ax2 =1
N polynomial neural network polynomial polynomial polynomial
parametrization (23 pars) (259 pars) (10 pars) (20 pars) (15 pars)
y minimally large-x higher-twist simultaneous fit
features global fit biased fit effects effects of ag
latest update
Zf e2
q
DIS : g1 = T (CNS [ AQNS + CS QRAY + 2nng X Ag)
f

SIDIS: g} =" e? [Aq® O}y ® D} + Aq@ O} @ Dl + Ag @ O3yl @ D}

9.9

i Aoc=o0MF o= 37 Af, @ (A)f(@Dh) @ AL
a,b,(c)
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Helicity PDFs from a global determination

A global analysis of helicity PDFs from DIS, SIDIS and pp collision data
from (GS96) 1996 | ] to 2014 (NNPDFpoll.1) | ]

04F yAu

03 Q°=10 GeV?
0.2

0.1

EINNPDFpol.1
-0.1- — GS96
Z posilivity bound
. L

10° 0?10 1

. . . . . .
10° 10? 10" 1 10° 102 10" 1 10° 10? 10" 1
x x x

1 first hint of a symmetry breaking in the light sea quark sector
1 first hint of a sizable, positive polarization of the gluon in the proton
1 large uncertainties in the small-z extrapolation region (lack of data)
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New inclusive DIS data: COMPASS and JLAB

Final COMPASS measurements of single spin asymmetries

AT

1and A%

]

including 2011 (p, E, = 200 GeV) and 2006 (d, E,, = 160 GeV) data

X, [0 ¥ commmmma] 07000 EET T o0 % Froom omau ERE PR
« commss w0 605
+ 4 b bk
. . # 1 Ty * ¥ ¥ ¥
4 fih : potot bt :
T H T H T H T 2 T 12 14 1618 2 1 T2 14 1618 2 1 T2 14 1618 2 1 T2 14 1618 2
{x)=0.009 0=0015 %=0.025 00=0035 =004 x=0.024 0 =0.035 x)=0.049
* | ++ ; 005 b :
01 + - + +
(Xl L [} L TS
0_ § & e ++ + v ¥
NEMER ! L
LR B e S e R N e B ¢ i i 5 =
o400 wroos w0 Twmoms ; oo o o e
q . 02
bt gt ' :
02 'R PRSI B o . . PR I
WO, ey f o .
R e
T 3T R T L R R EL R U T R R T e
weozzm -0z =008 T w-os7 - - .
) ; -029 =040 =087 m\“a
! po#t 0s : + o, 0te
. ool ik pS
Vone, LI ™ 1 : ’ Y N\\?
— o T T cQ
T I 7 i e o R | R R R T e b

0
@ (GeV/c?)

20 50 40 ito
Q@ ((GeVic))

1 increased statistics w.r.t previous COMPASS 2007 (p) and 2002-2004 (d)

1 reduced uncertainties (up to a factor 2)

New JLAB measurements of single spin asymmetries A} and A¢

[

T very accurate measurements
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More on DIS: nuclear corrections and higher twists

ny 2 TMC HT
g(:vQQ):qie‘I(C @ Agns + C ®Az+2nC®Ag)+h—+h—+O(i)
1(, 2n; NS Ns +Cs #Cq o o? 0l
leading-twist factorization power-suppressed TMCs and HT
Helicity PDFs (DIS only) including TMCs and HT (up to 7 = 4) | ]
04} — IAU+ — :rD!L
0sl T s Ad" 0.10F — aDy
I =1 zAst — zH,
0.2} Ay 005} = 21,
0.1
0.00
0.0
—0.1} —0.05¢
1077 102 0.1 0.3 0.5 0.7 x 1077 1072 (]il 03 05 07 4
LT PDFs (contributing to g-'T) g7=3 < D and g7=* = H/Q?

1 remarkably accuracy of all distributions (except the gluon)
1 nonzero twist-3 quark distributions
1 twist-4 quark distributions compatible with zero
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Impact of data: W production in pp collisions

OBSERVABLE

EFrFECTS
+ _ First evidence of broken flavor symmetry
g — 0 . .
A = —— for polarized light sea quarks

ot +o~ e
0.08F o -
FEATURES [ X(AT - Ad) ]
@ at RHIC, o8 ’ E
(z1,2) ~ MTVSVefmﬂ ~ [0.04,0.4] oot E
@ Aj sensitive to Ag, Ag at Q ~ My 002l B

(no need of fragmentation functions)

backward lepton rapidity forward lepton rapidity

| By
AV Aliy dgy (1 — cos0)? — Ady | Tig, (1 + cos)? el ]
Uy dao (1 — cos 0)2 — dyy Ugy (14 cos 6)? .0,02} {
~ o -0.0af -
L_L_\@_d d_"-_%ﬁ [ Q?=10 GeV? MG (-p)  --PB (ansatz) |
'°'°Gf [777] NNPDFpolt.4  —MC (p) -casM

DSSV08 Ay?<1 -+~'MC (n-0)  --ST
@ for Wt, d+— wand Ad +— Au ™ S A
@ no access to strangeness (W* + c) X
MEASUREMENTS @ Au>0> Ad, |Ad| > |Ag
@ STAR| ] @ |Aw— Ad| ~ | —d
@ PHENIX [ 1 @ some models are disfavored
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Impact of data: jet and 7 production

OBSERVABLE

Solid: 5200 GeV.

ErFrFECTS
First evidence of a sizable, positive
ot —ot- | colas
App = ——— gluon polarization in the proton
ott +ot- R e
038 -
FEATURES ]
@ at RHIC PPEQ=10GeV* E
~ 20T ,—1/2 ]
(w1,2) = e 1/2 % [0.05,0.2] 04 s
@ ¢g,gg initiated subprocesses dominate 0.2F |
(for most of the RHIC kinematics) ]
0F
@ Aj; sensitive to Ag 1
) N E
?‘: ]
o ™ -0.4] —
.. ]
e PRsjetsX 06 |
2 s NLO CTEQ6M —
e f Anti-kT R=0.6 ]
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g Ll Ll T
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The spin content of the proton

.
- g B R R o A ey
AT @=10GeV® 2[ [7Z7] NNPDFpol1.0 .
0al 3 E F [ NNPDFpolt.1 3
E 15 NNPDFpolEIC ) ]
0.2 | E ' 1
7 = -
0.1 — C 3
o [ZINNPDFpol1.0 1 B AE&S; E
[SJNNPDFpol1.2 J-dxA):(x,Qz) E PO Y - A .
0.1 [MNNPOFpolErc ) = g r ]
t t H < C |
2 — V0.5 E
1 E A E
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NNPDFpoll.0 +0.23 + 0.15 —0.06 + 1.12
NNPDFpolil.1 +0.25 £+ 0.10 +0.49 £ 0.75
NNPDFpolEIC +0.24 + 0.04 +0.49 £ 0.25

quarks and antiquarks ~ 20% — 30%
o s i T J gluons ~ 50% [ ]-
0 0 0 0 ~ T0% [ !
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Summary and final remarks

Fragmentation and Parton Distribution Functions play a leading role
in our understanding of how hadrons emerge from quark and gluon dynamics
and how quark and gluon dynamics makes up nucleons

Global determinations of FFs and PDFs support the validity
of the underlying theoretical framework, based on perturbative QCD,
and, in particular, the notions of factorization and universality of collinear PDFs and FFs

There has been significant progress in the sophistication of the determination
of FFs and PDFs, which are being known with increasing accuracy

Theoretical efforts try to keep up interesting physics questions
specifically in the gluon and sea quark regime

Forthcoming experimental results will provide further input
for the improvement of our knowledge of FFs and PDFs
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Summary and final remarks

Fragmentation and Parton Distribution Functions play a leading role
in our understanding of how hadrons emerge from quark and gluon dynamics
and how quark and gluon dynamics makes up nucleons

Global determinations of FFs and PDFs support the validity
of the underlying theoretical framework, based on perturbative QCD,
and, in particular, the notions of factorization and universality of collinear PDFs and FFs

There has been significant progress in the sophistication of the determination
of FFs and PDFs, which are being known with increasing accuracy

Theoretical efforts try to keep up interesting physics questions
specifically in the gluon and sea quark regime

Forthcoming experimental results will provide further input
for the improvement of our knowledge of FFs and PDFs

Thank you
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