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3.1 Recap of Lectures 1-2
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Recap of Lecture 1

Fragmentation functions encode the information on how partons produced in a hard-scattering
process are turned into an observed colorless hadronic bound final-state
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Recap of Lectures 1-2

@ Factorisation of physical observables

Or(z,Q%) = Crj(x,as(Q%)) ® f5(x,Q%)
J
@ DGLAP evolution of PDFs/FFs

QzaQQf ZPU(J: as(Q%) ® fj(x,Q%)

© Solution of the DGLAP equtions
(=, Q%) ZFU z,05(Q%), 0:(QF)) ® f(z, QF)

© Separation between the perturbative and nonperturbative parts in any observable

Zcfj 2, 05(Q%) ® Tji(z, 05 (Q?), s (Q3)) ® fiu(x, QF)

@ (pre-)compute the perturbative hard kernel

Krj(z,05(Q%), as(QF)) = chk ,5(Q%)) ® Iy (, s (Q%), as(Q3F))

@ Parametrise the nonperturbative PDFs/FFs fy (m,Qg) at the initial scale Q(Q)
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Modern determinations of Fragmentation

Functions
DHESS HKNS JAM NNFF1.0
SIA a a vl a
SIDIS a X X X
PP vl b4 = a
statistical Iterative Hessian |2-|e55|an Monte Carlo Monte Carlo
treatment 68% - 90% Ax* =15.94
parametrisation standard standard standard neural network
HF scheme ZM-VFN ZM-VFN ZM-VFN ZM-VFN
hadron species Wi,Ki,p/f}, nt ﬁi,Ki,p/ﬁ 7ri,I(i

ot Kt p/p

latest update

+ some others (including analyses for specific hadrons)

+ +
Biko6 | LT AEss1 | | )
[ ] A0 SKMNA13 [ | ot K*
EISTX\?I;O[ [ i Bt LSS15 | ] SIDIS 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
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3.2 Fits to SIA data only: the NNFF1.0 analysis
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The dataset

100 P K*
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Emanuele R. Nocera (Oxford)

0.1 1 0.01 0.1 1
z z
] DELPHI | ] OPAL | 1
] TOPAZ | |
TASSO | 1
1 SLD [ 1 TPC | |

FFs and Global QCD Fits

possibly normalised to otot



From observables to fragmentation functions

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

ng ny ng s oo
1 52 h h h €q h h h h
:EE & D=0 Dhs=3 (L& -1]D" D' =D!+Dl
=1 a=1

()

Coefficient functions and splitting functions known up to NNLO
[ ]

hns=5 1 R R R
By = (263 +363) €5, +3 (2 - &3) O35 @ (Dl + Dy )
1r o .. .
= (282 +883) €5, — 2(e% - &) 5] @ (Dl + DIy + D}y )
+ (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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Fit settings

Physical parameters: consistent with the NNPDF3.1 PDF set | ]
as(Mz) = 0.118, a(Mz) = 1/127, me = 1.51 GeV, my, = 4.92 GeV

Solution of DGLAP equations: numerical solution in z-space as implemented in APFEL
extensive benchmark performed up to NNLO | 1

Parametrisation: each FF is parametrised with a feed-forward neural network (2-5-3-1)
DQo,z) = NN(z) — NN(1), Qo =5 GeV

PIONS KAONS
h = 1—‘5‘ _|_7r_i, i = '(L+,S+,C+,b+,g h=K" +K ™, i= u+,d+ —|—S+,C+,b+,g
v+ = D7, (isospin symmetry) no further theoretical assumptions

. . . + -
we assume charge conjugation, from which D;’+ = 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

Kinematic cuts: z — 0: contributions o« In z; z — 1: contributions o In(1 — z)
PIONS KAONS
Zmin = 0.1, zmin = 0.05 (v/3 = Mz); Zmax = 0.90 Zmin = 0-2, Zmin = 0.1 (v/ = Mz); Zmax = 0.90
Zmin = 0.075, zmin = 0.01 (/s = Mz); Zmax = 0.90 Zmin = 0.1, Zmin = 0.05 (/s = Mz); Zmax = 0.90
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Fit quality: =+
02 04 06 08 1 02 04 06 08 1
BABAR (prompt)

NNLO theory

Emanuele R. Nocera (Oxford)

Exp. Ndat X2/Nqat remarks

BELLE 70 0.08 lack of correlations
BABAR 37 1.17 a

TASSO12 2 1.61 small sample
$ﬁ§28§‘2‘ ; ;?g } data fluctuations
TASSO34 8 1.09 d

TASSO44 5 1.95 data fluctuations
TPC 12 0.98 vl

TPC-UDS 6 0.45 vl

TPC-C 6 0.50 a

TPC-B 6 1.41 a

TOPAZ 4 0.66 a

ALEPH 22 0.88 a

DELPHI 16 2.32 tension with OPAL
DELPHI-UDS 16 1.90 tension with OPAL
DELPHI-B 16 1.09 a

OPAL 22 2.05 tension with DELPHI
SLD 29 1.09 a

SLD-UDS 29 0.80 d

SLD-C 29 0.97 ol

SLD-B 29 0.44 ol

TOTAL 378 0.99 a

Overall good description of the dataset
Signs of tension OPAL vs DELPHI (inclusive)
Anomalously small x2?/Ngq.¢ for BELLE

FFs and Global QCD Fits
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Fit quality: K™

02 04 06 08 1 02 04 06 08 1

NNLO theory

Exp. Ndat X2/Nqag remarks
BELLE 70 0.19 lack of correlations
BABAR 28 0.77 fral
TASSO14 3 1.30
TASSO22 2 0.29 } small sample
TASSO34 2 0.09
TPC 7 1.19 a
ALEPH 13 0.72 a
DELPHI 11 0.17 vl
DELPHI-UDS 11 1.97 vl
DELPHI-B 11 0.41 vl
OPAL 9 2.10 tension with other M data
SLD 21 0.77 a
SLD-UDS 21 1.11 vl
SLD-C 20 0.42 a
SLD-B 21 0.71 a
TOTAL 250 0.67 a
Overall good description of the dataset

Excellent BELLE/BABAR consistency
Signs of tension OPAL vs DELPHI (inclusive)
Anomalously small x2/Ng.¢ for BELLE
Data description rapidly deteriorates at low z
Prediction uncertainties blow up at low z
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12 zDg(z,Oz)
Q=10 GeV 1}

zDg (2,Q%)

Dependence upon perturbative order: 7

_|_

Emanuele R. Nocera (Oxford)

LO NLO NNLO
Exp. Naat X?/Naat x*/Naar Xx*/Ndat
BELLE 70 0.67 0.12 0.08
BABAR 37 1.64 1.26 1.17
TASSO12 2 1.19 1.57 1.61
TASSO14 7 1.60 1.81 1.83
TASS022 7 1.81 2.19 2.16
TASSO34 8 1.26 1.11 1.09
TASSO44 5 2.05 2.00 1.95
TPC 12 0.51 0.69 0.98
TPC-UDS 6 0.79 0.52 0.45
TPC-C 6 0.54 0.51 0.50
TPC-B 6 1.45 1.41 1.41
TOPAZ 4 1.25 0.75 0.66
ALEPH 22 2.25 1.10 0.88
DELPHI 16 1.63 2.17 2.32
DELPHI-UDS 16 1.40 1.75 1.90
DELPHI-B 16 1.45 1.18 1.09
OPAL 22 2.68 2.19 2.05
SLD 29 2.66 1.35 1.09
SLD-UDS 29 1.63 0.98 0.80
SLD-C 29 2.39 1.15 0.97
SLD-B 29 0.45 0.43 0.44
TOTAL 378 1.50 1.05 0.99

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

FFs and Global QCD Fits
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Dependence upon perturbative order: 7" (oo o0

T |
Q=10 GeV? : experiment data # data x>

S Is type in fit LO NLO NNLO
& SLD [40] incl. 23 15.0 14.8 15.5
fay ! uds tag 14 9.7 18.7 18.8
Nu. os c tag 14 10.4 21.0 20.4
b tag 14 5.9 7.1 8.4
ALEPH [41] incl. 17 19.2 12.8 12.6
1, DELPHI [42] incl. 15 74 9.0 9.9
8” A VR uds tag 15 8.3 3.8 4.3
= 8 DSS14NLO . b tag 15 8.5 4.5 4.0
ey ] OPAL [43] incl. 13 89 49 48
s , Tre [44) incl. 13 53 60 69
03 B uds tag 6 1.9 2.1 1.7
o o c tag 6 4.0 4.5 4.1
10! ny 7 [T z 1 b tag 6 6
BABAR [10 incl. 41 108.7 54.3 37.1
Dy =3 (D +Dj) BELLE [sg] ] incl. 76 . . 0
=1 NORM. SHIFTS 7.4 6.8 7.1

Kretzer FES (Phys. Rev. D 62, 054001 (2000)) TOTAL: 288 2410 190.0 175.2

DSS FFS (Phys. Rev. D 91, 014035 (2015))

Slide: courtesy of D. P. Anderle
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+

2D (2,091}

Lo NLO NNLO 25
Exp. Naat X%/Ndaat X?/Ndat x>/Ndas 15

Q=10 GeV

BELLE 70 0.37 0.34 0.19 T 0

BABAR 28 1.02 0.96 0.77 05 £ NLO ===

TASSO14 3 1.23 1.24 1.30 0 (NNLO &=z

TASS5022 2 0.29 0.32 0.29 14 pratioto LO

TASS034 2 0.02 0.03 0.09 1

TPC 7 0.41 0.49 1.19 06 ‘

ALEPH 13 0.66 0.71 0.72 ‘ pe 27 12
DELPHI 1 0.17 0.16 0.17 2Dgrsr @ Q) |

DELPHI-UDS 11 2.01 1.94 1.97 08
DELPHI-B 11 0.51 0.44 0.41 06
OPAL 9 2.02 2.08 2.10 04
SLD 21 0.81 0.80 0.77 02
SLD-UDS 21 1.16 1.19 111 o

SLD-C 20 0.49 0.46 0.42 i 18
SLD-B 21 0.71 0.68 071 .

TOTAL 250 0.73 0.72 0.67 ‘ 02

20K .09

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

i N“tlLo/NLO Dy, Dy D,y DL

0 NLO/LO [%]  95-300 70-80 65-80 70-85
1 NNLO/NLO [%] 70-130 90-100 90-110 95-115
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Dependence upon the dataset: 7

2D (2.09)
Q=10 GeV

ZDS‘(Z,QZ) N

NNFF1.0
no BB ===%3

BB+LEP zzzz1
NNLO theory

;
ratio to NNFF1.0

,
ratio to NNFF1.0

Emanuele R. Nocera (Oxford)

NNLO theory NNFF1.0 no BB BB-+LEP
Exp. Naat X*/Naat X?/Naat x/Ndat
BELLE 70 0.08 (5.95) 0.08
BABAR 37 1.17 (82.2) 1.22
TASSO12 2 1.61 0.84 (1.61)
TASSO14 7 1.83 1.77 (1.85)
TASS022 7 2.16 1.55 (2.48)
TASS034 8 1.0 1.35 (1.55)
TASSO44 5 1.95 2.22 (2.60)
TPC 12 0.98 1.94 (0.87)
TPC-UDS 6 0.45 0.56 (0.79)
TPC-C 6 0.50 0.73 (0.57)
TPC-B 6 1.41 1.59 (1.47)
TOPAZ 4 0.66 0.75 (1.50)
ALEPH 22 0.88 0.69 0.71
DELPHI 16 2.32 2.50 2.38
DELPHI-UDS 16 1.90 1.98 1.91
DELPHI-B 16 1.09 1.10 1.13
OPAL 22 2.05 1.87 1.98
SLD 29 1.09 0.72 1.07
SLD-UDS 29 0.80 0.60 0.73
SLD-C 29 0.97 0.80 1.10
SLD-B 29 0.44 0.43 0.43
TOTAL 378 0.99 1.14 0.93

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

FFs and Global QCD Fits

June 14 2017
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Dependence upon the dataset: K™

- T

ZDE (2,02)
Q=10 GeV

-
20§ (2.7
NNFF1.0 s
no BB ===x1

BB+LEP wzzzz1
NNLO theory

NNLO theory NNFF1.0  noBB  BB4LEP N
Exp. Ndat x?/Ndat X*/Ndas x>/Ndas 15
BELLE 70 0.19 (16.3) 037 o
BABAR 28 0.77 (190) 0.99 K
TASSO14 3 1.30 1.80 (1.23)

TASS022 2 0.29 0.23 (0.33)

TASS034 2 0.09 0.02 (0.04)

TPC 7 1.19 0.61 (0.45)

ALEPH 13 0.72 0.75 0.63

DELPHI 1 0.17 0.23 0.16
DELPHIUDS 11 1.97 2.05 2.00

DELPHI-B 1 0.41 0.45 0.48

OPAL 9 2.10 2.01 2.01

SLD 21 0.77 0.76 0.77

SLD-UDS 21 111 112 1.19

SLD-C 20 0.42 0.36 0.47

SLD-B 21 071 0.76 0.70

TOTAL 250 0.67 0.86 0.74

no BB: larger uncertainties; different gluon
shape and different light flavour separation;
significant degradation in the description of
BELLE and BABAR data
BB+LEP: comparable uncertainties; FFs stable;
no significant degradation in fit quality; fair
description of the data not included in the fit

Emanuele R. Nocera (Oxford)
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Small-z resummed Fragmentation Functions (oo om0y
@ Double logarithmic enhancement in the splitting/SIA coefficient functions
1 —a S, 1 a S 1 ol
Pg(f) o Oégk+1) ; 1n2k (Z) CT E]k) §Z In 2k—1— (Z) C (k) I;z ln2k: 2 (2)
k =0,1,2 corresponds to LO, NLO, NNLO; a = 0,1, 2 corresponds to LL, NLL, NNLL
@ In Mellin space double logarithms correspond to N = 1 poles

A
0

M z z N (N)2k

NNLO ao/N a/N o, /N2 as/N as
S o5 o5

‘ l NNLL : Vogt (201 1), Kom ,Vogt, Yeats (2012)
NLL : Mueller (83), Albino, Bolzoni, Kniehl, Kotikov (1)

N<'LO

I Fixed Order

LL : Mueller (81); Bassetto, Ciafaloni, Marchesini, Mueller (82)
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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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Small-z resummed Fragmentation Functions | ]

[NNLO and NNLO+NNLL]

5 |
4t OPAL ——
TPC ——
BELLE
3| BABAR ——
resummed ---seeeee

o o . . . . 5.5
§ =-log(2)

Slide: courtesy of D. P. Anderle
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Dependence upon kinematic cuts

Hadron BL no cuts con. cut cutl cut2
(mz) (mz) (mz) (mz) (mz)
“min Zmin  Zrmin Zmin  Zmin Zm min Zmin i Zmin
ot 0.02 0.075 0.00 0.00 0.05 0.10 0.01 0.05 0.01 0.075
K* 0.02 0.075 0.00 0.00 0.10 0.20 0.05 0.10 — —
30 BL
2 L]
25 Fx“/Nyy LO NLO NNL
X+/ dar LO NLO O no cuts x
20 con. cut -
15 cutl o 4
x
10 F cut2 o
XXX X X
5. X X 4
4- x ) o o E
st 0¥ ° x } 8 . ]
° 8o 2
2 g8 855 aTE et a, 8 °
3 L] §8% x Bx, X, = g s g== s *
as a x g8 %
1 _— SO SRS B LA YOEC R PO - 83
s
g. ope gHE " !.l P L] ag ks
0 s
e VA A A A A A A A A Ay 9 9 O 0O @ e e @ 2
° v D [
T B D DD O 0 0 0 nhBHIIT T T T O o o %
Qo7 Qe o - = - Ry 00 DT o - 5 =
" 399935299 eR 2" 3559 %
DN A S S S EEC 2 %8 'S
% T o % 3 g\) - 4
- “ 5 @ 2 -
o 2
g
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Dependence upon kinematic cuts

Hadron BL no cuts con. cut cutl cut2
(mz) (mz) (mz) (mz) (mz)
“min Zmin  Zrmin Zmin  Zmin Zmin  Zmin Zmin i Zmin
ot 0.02 0.075 0.00 0.00 0.05 0.10 0.01 0.05 0.01 0.075
K* 0.02 0.075 0.00 0.00 0.10 0.20 0.05 0.10 —
30 BL
2 L]
25 Fx°/N LO NL NNL E
X +/ dgat LO NLO o no cuts x
20F K™ con.cut - 1
15 cutlt o
10 E
x
5 - 4
4F E
3b . . e x 1
« .
ot o % Bpy - pan s S N )
x °g0 Rge
1 » e fas Sk x® T =" v Ezé x x .EE
S ° 2z 28 2
0 s @ com 22 =" °o° ads L1.1.] B2 : 283 ped
A A A A A A A
2 % 2T 7 T Y T OO % ?r\ ?r\ ?r\ 2 ¢ ¢ ¢ ¢ >
. ® ® o o o v = W ¢ v v » o o o o 3
Lo (S { N ¢ RS { - A T T W s S~ S
~ % 9 9 9 3 9@ % 3 T T 3 3 % ° B g
©oF R 2% z 7 B = % % B s
o %— =3 ?6 _/ 2 %
- e % - -
% =
—
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Dependence upon kinematic cuts: 7w

zDg(z,Qz)

NNFE1.0 3
NFF1.0E(Ic

\

_|_

tio to NNF

NNLO theory NNFF1.0 NNFF1.0 (Ic)
Exp. Naat X?/Naat Naat x*/Naat
BELLE 70 0.08 70 0.09
BABAR 37 1.17 40 0.82
TASSO12 2 1.61 4 0.87
TASSO14 7 1.83 9 1.69
TASS022 7 2.16 8 1.88
TASSO34 8 1.09 9 0.97
TASSO44 5 1.95 6 2.32
TPC 12 0.98 13 0.88
TPC-UDS 6 0.45 6 0.47
TPC-C 6 0.50 6 0.52
TPC-B 6 1.41 6 1.42
TOPAZ 4 0.66 5 0.75
ALEPH 22 0.88 30 2.39
DELPHI 16 2.32 22 1.70
DELPHI-UDS 16 1.90 22 1.43
DELPHI-B 16 1.09 22 0.85
OPAL 22 2.05 38 1.31
SLD 29 1.09 38 0.97
SLD-UDS 29 0.80 38 0.61
SLD-C 29 0.97 38 0.84
SLD-B 29 0.44 38 0.41
TOTAL 378 0.99 468 0.94

0.1 1

Emanuele R. Nocera (Oxford)

FFs and Global QCD Fits
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Slight improvement of the overall fit quality
Excellent consistency in the overlapping region
Significantly varied FF shapes at low z
Possible tensions with ALEPH at small z
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Dependence upon kinematic cuts: K™

3 N K A2y 12
25 §§\~ 299 Q) 1
5 QN\\ NNLO theoryd o
N : '
NNLO theory NNFF1.0 NNFF1.0 (Ic) ‘-f‘ §\>§“ gj
Exp. Naas x*/Naat Naas x*/Naa o . ot
BELLE 70 0.19 70 0.32 0 \ 0
BABAR 28 0.77 43 112 148 7
TASSO12 — — 3 1.02 - R 1
TASSO14 3 1.30 7 2.03 06 RN 5
TASS022 2 0.29 4 0.33 12 N 12
TASSO34 2 0.09 4 0.04 | ;
TPC 7 1.19 12 0.72 08 08
TOPAZ — — 3 0.73 06 06
ALEPH 13 0.72 18 0.48 04 04
DELPHI 11 0.17 16 0.23 02 02
DELPHI-UDS 11 1.97 16 1.63 o o
DELPHI-B 11 0.41 16 0.33 18 18
OPAL 9 2.10 10 1.68 ] .
SLD 21 0.77 29 0.71 0z k oz
SLD-UDS 21 111 29 1.02 ‘
SLD-C 20 0.42 29 0.41 12 12
SLD-B 21 0.71 29 0.84 1 1
0.8 0.8
TOTAL 250 0.67 338 0.73 06 06
0.4 0.4
Slight deterioration of the overall fit quality °'§ : : ‘;'2
Excellent consistency in the overlapping region 18 A | —_ 14
Significantly varied FF shapes at low z T RN s W&\\N 1
0.1 1 0.1 1
z z
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3.3 Global fits: the DEHSS analyses

Emanuele R. Nocera (Oxford) FFs and Global QCD Fits



Fit settings

Physical parameters: consistent with previous DSS analyses | ]
as(Mz) =0.118, a(Mz) = 1/127, m. = 1.43 GeV, mp = 4.3 GeV
Solution of DGLAP equations: numerical solution in N-space

Parametrisation: standard functional form at Qo =1 GeV

Niz%i (1 — Z)ﬁi 14+~ -— z)‘si]

DP z, =
#(2:Q) B2+ «aj, B; + 1] + v B[2 + a4, B + 6; + 1]
rroNs Joons
h=xnt,i=ut.d+ a=4d s, c" b =8
s £ F g i=ut,u=d=d=s,s",c",b",g

=D7, (i in symmetr . .

ut a+ (isospin sy Y) no further theoretical assumptions
assume charge conjugation, from which D;Z:r = D;Z:

Heavy flavours: heavy-quark FFs are parametrised independently at their thresholds

Kinematic cuts: z — 0: contributions o In z; z — 1: contributions o In(1 — z)

PIONS KAONS
Zmin = 0.1, Zmin = 0.05 (/5 = My) Zmin = 0.2 (v/3 = 10 GeV), zmin = 0.1
pr > 5 GeV pT > 5 GeV
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Data sets and fit quality: pions and kaons
pions: X2t /Naat = 1.19

kaons: Xfot/Ndac =1.06

2

experiment data  norm. # data x
type N;  infit
Trc [48] incl. 1.043 17 17.3
uds tag  1.043 9 2.1
c tag 1.043 9 5.9
btag 1043 9 9.2
Tasso [49] 34 GeV incl. 1.043 11 30.2
44 GeV incl. 1.043 7 222
SLD [19] incd. 0986 28 153
uds tag  0.986 17 18.5
c tag 0.986 17 16.1
btag 0.986 17 5.8
ALEPH [16] incl. 1.020 22 229
DELPHI [17] incl. 1.000 17 28.3
uds tag ~ 1.000 17 33.3
btag 1.000 17 10.6
OpaL [18, 20] incl. 1000 21 14.0
u tag 0.786 5 31.6
d tag 0.786 5 33.0
s tag 0.786 5 51.3
c tag 0.786 5 30.4
btag 0.786 5 14.6
BaABAR [28] incl. 1.031 45 46.4
BELLE [29] incl. 1.044 78 4.0
HERMES [30] " (p) 0980 32 27.8
= (p) 0980 32 478
7t (d) 0981 32 403
T~ (d) 0981 32 591
Compass [31] prel. at(d) 0946 199 174.2
7T~ (d) 0946 199 2290
PHENIX [21] ™ 1112 15 15.8
STAR [33-36] 0< n <1 ° 1.161 7 5.7
08 <n<20 w° 0.954 7 2.7
Inl < 0.5 7r L0718 43
Inl <05 7ta=/zt 1006 16 17.2
ALICE [32] 7 TeV ° 0.766 11 27.7
TOTAL: 973 11546

experiment data norm. # data  x
type N, infit

Trc [37] incl. 1.003 12 134
SLDp [33] incl. 1.014 18 172
uds tag 1.014 10 315

c tag 1.014 10 21.3

b tag 1.014 10 11.9

ALEPH [30] incl. 1.026 13 29.7
DELPHI [31] incl. 1.000 12 6.9
uds tag 1.000 12 131

b tag 1.000 12 11.0

OPAL [34] u tag 0.778 5 9.6
d tag 0.778 5 7.7

s tag 0.778 5 234

c tag 0.778 5 42.5

b tag 0.778 5 16.9

BaBar [17] incl. 1.077 45 30.6
BELLE [18] incl 0.996 78 15.6
HERMES [19] K¥ (p) Q° 0843 36 61.9
K~ (p) Q* 0843 36 29.6

KT (p)z 1135 36 75.8

K- (p)z 1135 36 421

Kt (d) Q> 0845 36 447

K~ (d)Q* 0845 36 41.9

KT (d)z 1095 36 489

K- (d)z 1095 36 444

Cowmpass [22] K+ (d) 0.996 309  285.8
K~ (d) 0.996 309 265.1

STAR [24] K¥ K~ /K™ 1088 16 7.6
ALICE [23] 2.76 TeV. K/m 0.985 15 21.6
TOTAL: 1194 12717
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Data/theory comparison: SIDIS multiplicities (pions)

T T T
3 [ AE e il
- 0.004<x<0.01 0.01 <x<0.02 0.02<x<0.03
M
ud \
2 N e 2 b Q=244 . Q=418 -
b?Mﬂllg]GcV \O M +1.0) M+10]
Ry
1+ —HF Q=107 -
Qats [M+0.25]
M +0.25]
Lol Loul, Ll N
SER T N
o+ 0.03<x<0.04 0.04<x<0.06
M,
ud
°r T SR ]
+
5.90 3
2 Q=368
[QM ,20621 (M +0.5]
1 gvl:qo?s]
= Q:=Z 59 * 7
g\'l :1182‘51 [M+0.25]
=133 =185
I i I Ty L I 1 I
N T T T T T ™" 02 04 06 08 1
o 0.10<x<0.15 0.15<x<0.70 z
M
ud
2 B o COMPASS nt* data
= THIS FIT
with 68 and 90% C.L. bands
1 i
--- DSS
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Data/theory comparison: SIDIS multiplicities (pions)

T e e T e e e
- 0.004<x <0.01 0.01 <x<0.02 0.02<x<0.03
M
ud
2 1 ghisscer — —+ Q=418 -
Mg M+10]
i i i
L 1 1 L
3 [F T T T T T T 7
- 0.04 < x < 0.06 0.06<x<0.10
Mud
2+ - Q=127 B
M +1.0]
b _ i
1 I et 1 1 1 I
3 [ T T T ™™ 02 04 06 08 _ 1
- 0.15<x<0.70 z
M
ud
2 F 1 B e COMPASS " data
foe) = THISFIT
2 with 68 and 90% C.L. bands
1 1T Rirors
e --- DSS
1 1 1 1 1 1 1 1

02 04 06 08 02 04 06 08
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Data/theory comparison: SIDIS multiplicities
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Data/theory comparison: SIDIS multiplicities (kaons)
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Data/theory comparlson pp data (plons)
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Data/theory comparison: pp data (kaons)

E

10 E_ not fitted

10

or
=~~~ DSS 07

f === THIS FIT
L with 68 and 90% C.L. bands

.
K
&’

3
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} STARdata 4

K_
&’s

3

~ o
T I 10

N |

(data - theory) / theory
P R I B P

\§ Edp
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¢ STAR data
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Comparison among various

2D (2.09)
Q=10 GeV

;
ratio to NNFF1.0

ZD”‘(Z 02) N

1016

EHSSGS"/C ESSSXJ 2

JAM 16 zzzz1
NLO theory

zD’j: (z,Q2

Emanuele R. Nocera (Oxford)

FF determinations (pions)

DEHSS |
(+SIDIS +PP)
JAM | |
(almost same dataset as NNFF1.0)

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

D;,rJr. slight disagreement
different shapes, larger uncertainties
DEHSS: data; JAM: parametrisation

D’r+, D"'Jr good overall agreement
excellent with JAM though larger uncertainties

slight different shape w.r.t. DHESS (dataset)

Dz" Dl:"+ good overall agreement
excellent with JAM, same uncertainties

slight different shape w.r.t. DHESS (dataset)

FFs and Global QCD Fits
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Comparison among various FF determlnatlons (kaons)

DEHSS | 1
(+SIDIS +PP)

JAM [ 1
(almost same dataset as NNFF1.0)

i
DF, " : excellent agreement (both c.v. and unc.)
bulk of the dataset

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

+
D"'Jr : mutual sizable disagreement
differences in dataset and parametrisation
comparable uncertainties in the data region

+ +. e
Der+ + D:+ : fair mutual agreement
differences in dataset and parametrisation
comparable uncertainties in the data region

+

D;r+ : excellent mutual agreement
uncertainties similar to JAM

DHESS shows inflated uncertainties

X
D!,

Emanuele R. Nocera (Oxford)

zDK(Z Q?)

.0 1(; (Y
SS9

JAM 1(5 Zzz71
NLO theory

ratio to NNFF1.0

20K 2.9

ratio to NNFF1.0

ratio to NNFF1.0
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Impact of different flavours schemes (pions)
_— charm changes significantly

16
14 -
2 light flavors constrained by sidis
: i —
08 . .
0s bottom constrained by high Q
04
02
16
14 experiment data # data ZMVFN  GMVFN
12 type  infit  N; XX N .
1 ALEPH [23] incl. 22 0968 21.6 0.994
08 BABAR [13]  incl. 39 <1019 76.7 1.002
06 BELLE [14] incl. 78 1.044 195 1.019
04 DELPHI [24] incl. 17 0978 6.7 1.003
02 uds tag 17 0978 20.8 1.003
b tag 17 0978 105 1.003
OpaL [25) incl. 21 0946 27.9 0.970
SLD [26) incl. 28 0938 280
BaBar: (data - theory)/theory uds tag 17 0938 21.3
¢ tag 170938 340
o1+ ° b tag 17 0938 111
. " ool Tec [27) incl. 170997 317 1.006
.. 0000007 i °°° uds tag 9 0.9¢ 2.0 1.006
¢ tag 9 0997 59 1006
0 “Hmﬂ H“H”H f b tag 9 0997 9.6 1.006
Cowmpass [28] #* (d) 398  1.003 378.7 1.008 :

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

* GMVEN scheme HERMES [29]  #* (p) 64 0.981 74.0 0.986
| [ ° ZMVEN scheme % (d) 64 0.980 107.3 0.985
[30] 15 1174 143 1167
STAR [31] 38 1.205 312 1.202
=° 11 0.696__33.3 0.700

| relative exp. error

02 04 08 02 04 08

Slide: courtesy of R. Sassot
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3.4 Interlude: the helicity structure of the proton
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Where does the proton angular momentum come from?

naive p.m.

ao = ( P; 8|5 (u*)|P; ) 2(S2HT) = 1

(ap ~ 0.6 including relativistic effects | )]
EMC 1988 ag = 0.098 £ 0.076 £ 0.113 | ]

An anomalous gluon contribution to the singlet axial charge | ]

N Qs 2 _
ao = { P S|J5(u?)|P; S ) "B AX(u?) - w%AG(ﬁ) AG(2) o [as(u?)]

The gluon does not decouple in the asymptotic limit

A realization of the proton's total angular momentum decomposition | ]

- 1 1
Tw?) =3 (PiSIFAIPiS) = 5 = SAS(?) + AG(?) + Lg(u?) + Lo(1?)
f
The decomposition is not unique

What should be the decompositions that lead to gauge-invariant, physically meaningful terms
(and in which sense these are measurable) are discussed in | ]

Here | focus on AY and Ag

ASGE) = 5 [ 1) + 23] 860D = [ denge,?)
q 0 ’ ’ 0 ’
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Data: spin asymmetries

PROCESS OBSERVED ASYMMETRIES SUBPROCESSES PROBED PDFS
4 4
T4 Aa@)+Aq(x) . Ag + A7
MR T @) e g Ag (NLO)
N X
DIS
4N et px
£, £
A Dh Au An
h AP ~ M g s Ad Ad
LR F  d@eDh () T
q a Ag (NLO)
X 0
N N—DgX Ag@DD" (2) _
A7 0 ~ c %) Y*g — cc Ag
SIDIS LL g(z)@DcDO(z)
(F AN s FR+ X
Ny X Adet o Xab=q,q.g Afa(z1)®Afp(x2) 99 — qg Ag
LL >a,b,e=q,q,9 ta (1)@ Fp(z2) qg9 — qg
AWt o Au@)d(ey) —Ad(z))u(zg) urdp — W7 Au Ad
L u(zp)d(zg)+d(zy)u(zg) drag — W7 Ad Ad
Ny X
PP Ah o Tabie—q.q.g Aa(@)8AF (#2)9DE (=) 99 :: ag Ag
LL Sa,b,c=q,q,9 Fa(@1)@F(z2)®DE(2) a9 — 49

Ni+No = A+ X
A:jet(s),Wi,w
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Overview of available polarised PDF sets

DSsV

NNPDF

JAM

Lss

v

v

4

v

N X
DIS
L £
h
y | X X v
N
SIDIS
N,
M o X (jets, %) (jets,Wi)
statistical Lagr. mult. Hessian Hessian
Monte Carl
treatment AxZ/x% = 2% onte ~arle AxZ =1 Ax?2 =1
L polynomial neural network polynomial polynomial
parametrization (23 pars) (259 pars) (10 pars) (20 pars)
X minimally large-x higher-twist
features global fit biased fit effects effects
latest update
+ some others: AAC | ] BB [ ], AKS [ L ...
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Theory: theoretical constraints

@ Polarized PDFs must lead to positive cross sections

> at LO, polarised PDFs are bounded by their unpolarised counterparts
|Af(z, 1) < flz,1?)

> beyond LO, other relations hold, but are of limited effect [ 1

@ Polarized PDFs must be integrable

> j.e. require that the axial matrix elements of the nucleon are finite

(P, S|thgy"v51bq| P, S) — finite for each flavor ¢

© Assume SU(2) and SU(3) symmetry

> relate the octet of axial-vector currents to 3-decay of spin-1/2 hyperons
1 1
asz = / dx AT; = 1.27014+0.0025 ag = / dx ATg = 0.585+0.025 [ ]
0 0

AT3 = (Au+AT) — (Ad+ Ad)  ATg = (Au+ A) + (Ad + Ad) — 2(As + A3)

» note: violations of SU(3) symmetry are advocated in the literature [ 1
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Kinematic coverage and fit quality

Foemc COMPASS-OC”
[+smC ° STAR-W*

[ ©SMClowx + STAR-jets
PHENIX-jets

ES

*

E142

10°eE143

[xE154

FxE155

| compass-D
+COMPASS-P

F4COMPASS-P15

FoHERMES97

[sHERMES

[ +JLAB-E06-014

2
Ti[c;evz]

QYM?/p

[=JLAB-EG1-DVCS
o LoJLAB-E93-009

-

m

10°¢ T \\\HH‘ T \\\HH‘ T T TTTTTH

o o0 m owm

#
*
ol

ot
L .8
s A3
L s
AAO.A 4
Af‘ﬁﬁ N
[ palas o o -
1E L \\\HH‘ L \\\HH‘ L Lrrn
10° 102 10" 1
X

Emanuele R. Nocera (Oxford)

2
X“/Ndat
EXPERIMENT Nat 1.0 1140
EMC 10 0.44 043 043
SMC 24 093 090 0.92
SMClowx 16 0.97 097 0.94
E142 8 0.67 0.66 0.55
E143 50 0.64 0.67 0.63
E154 11 0.40 045 0.34
E155 40 0.89 0.85 0.98
COMPASS-D 15 0.65 0.70 0.57
COMPASS-P 15 1.31 138 0.93
HERMES97 8 034 034 0.23
HERMES 56 0.79 0.82 0.69
COMPASS-P-15 51  0.98* 0.99* 0.65
JLAB-E93-009 148  1.26% 1.23* 0.94
JLAB-EG1-DVCS 18 0.45*% 0.59* 0.29
JLAB-E06-014 2 2.81*% 3.20% 1.33
TOTAL DIS 0.77 078 0.74
COMPASS (OC) 45  1.22% 122 122
STAR (jets) 41 — 105 1.06
PHENIX (jets) 6 — 024 024
STAR-Aj, 24 — 1.05 1.05
STAR-AL 12 — 095 094
TOTAL 077 1.05 1.01

* data set not included in the corresponding fit
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Polarized PDFs from inclusive DIS: status 2013

. 140 T T
— 120 xAg(x,Qg=1 GeV?)

, 1— [ ]NNPDFpol1.0

o.8f 7} DSSV08 ax?=1

03 xz(x,o§=1 GeV?)

0251 [77] NNPDFpol1.0
£ DSSV08 Ax*=1

0.2 3 E
E EUBB10 ay?=1 E [ EUBB10 Ayt
0.5 ] AAC08 4y*~12.95 E 085 7] AAC08 ax?=12.95
F— positivity bound 3 0.4~ — positivity bound

0.1F

0.05F

wEEE E
05 0af E
10 10 N 10 1 10° 102 . 10" 1
1 9 1
/ dzAX(w, Qo) = +0.25 £ 0.09 / dzAg(x,Q5) = —0.26 +0.19
0.001
0.001
1
2 1
/0 dzAX(w, Qo) = +0.22 £ 0.20 / deAg(r,Qf) = —1.2£4.2
0
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Two new analyses in 2014

DSSV++
Ag update of DSSV08

PRL 113, 012001 (2014) PHYSICAL REVIEW LETTERS I

Evidence for Polarization of Gluons in the Proton
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Ag, Ag update of NNPDFpol1.0
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Impact of data: W production in pp collisions

OBSERVABLE
ot —o~
Ap = ——
ot 4o~
FEATURES
@ at RHIC,

(1,2) =~ MTVSVe*’H/2 ~ [0.04,0.4]

@ Ay sensitive to Ag, AG at Q ~ My,
(no need of fragmentation functions)

w—  Alg dey (1 —cos0)? — Ad, | Tig, (14 cos0)?

A ~
L Uy dao (1 — cos 0)2 — dyy Ugy (14 cos 6)?
" d d s

backward lepton rapidity forward lepton rapidity

@ for W+, d+— uand Ad +— Au

@ no access to strangeness (W* + c)
MEASUREMENTS

@ STAR | ]

@ PHENIX | I

EFFECTS

First evidence of broken flavor symmetry

for polarised light sea quarks

(AU - Ad)

o
°
=

-0.02F
-0.0af

[ Q%10 GeV? ~MC (t-p)  --PB (ansatz)
'0'065 [777] NNPDFpolt.1 —MC (p) - CQsM

[ DSSV08 Ax?=1 --~MC (m-c)  --ST

T R B
102 10"
X

@ Au > 0> Ad, |Ad| > |Ag|
@ |Ad— Ad| ~ |a—d|

@ some models are disfavored
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Impact of data: jet and 7 production

OBSERVABLE
P o+t — ot
LL = v+ ot-
FEATURES
@ at RHIC,

(x1,2) ~ 21’736*77/2 ~ [0.05,0.2]

@ ¢g,gg initiated subprocesses dominate 02f
(for most of the RHIC kinematics)

@ Aj; sensitive to Ag

PP-sjet+X
NLO CTEQ6M
Anti-kT R=0.6
Inl<1

Subprocess Fraction

aa+aq’

Solid: 5200 GeV.
Dotted: V=500 GeV

T T T T

DR B N E R X R ¥ e
Jetx, (=2p I¥s)

MEASUREMENTS
@ STAR (jets) [ ]
@ PHENIX () | 1
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ErFrFECTS
First evidence of a sizable, positive
gluon polarization in the proton

0.8

08-QP=10 GeV?

-0.8] — positivity bound
Lol Ll L
10° 10% 10"
X

Q% =10 Gev?  [92 dzAg(xz, Q)

NNPDFpoll.1 +0.15 £ 0.06
DSSV14 0.107 99

FFs and Global QCD Fits



Open issues: the spin content of the proton

1 Y S N U
J.dxAg(x,Qz)

ps

<A):(02)>

o A L B B HA
0_4 Q*=10GeV* 2/ [727] NNPDFpol 1.0 e E
ool E [ [ NNPDFpol1.1 e 2 ¥ 3

E 1.5F ([EI) NNPDFpolEIC / E
o2 3 i E
B 1= E
0.1 E £ E
. [ZINNPDFpol1.0 E gosE E
- A F 3
[SINNPDFpol1.2 J-dxA): xQ? 3 ‘g S 5151552 500 7 3
o [NNPDFpolEIC E g % 7
t } oy 4 2 ;:&:::‘ ° ]
2 = V0.5 : E
. E - ]
0 = 55 -
: E P Q°=10 GeV* J
- E 2k E
] TR o

— [

Q2 =10 GeV? 1 _3dz AT f110_3 dz Ag

NNPDFpol1.0 +0.23 £0.15 —0.06 £+ 1.12
NNPDFpoll.2 +0.25 £ 0.10 +0.49 £ 0.75
NNPDFpolEIC +0.24 £ 0.04 +40.49 +0.25

quarks and antiquarks ~ 20% — 30%
- L L Tt gluons ~ 70%
10° 10 10° 10° 1

Xmin OAM ~ 0%

Emanuele R. Nocera (Oxford) FFs and Global QCD Fits

X




Open issues: SU(3) breaking and strangeness

NNPDFpol1.0 | |

[ dz[As + A5) = —0.13 £ 0.09
Lattice [

Jo dz[As + A5 = —0.020(10)(1)

First moment constrained by _¢

az = [§ dz[Aut — AdT]
= 1.2701 4 0.0025

ag = [y de[AuT +AdT —2As7T)

= 0.585 + 0.025
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0.03

0.02

0.01

0.00

-0.01

-0.02

-0.03

R AR
E x[As+A§](x,Q§=1 GeV?)

0.061- [7777] NNPDFpol1.0

003~ BB10 Ax’=1
[] AACO8 ax?=1
021" positivity bound

] f ‘
T N; i><
oIS

directly from SIDIS Kaon data

indirectly from DIS + SU(3)

—— LSS11(HKNS FFs)
—— LSS10(DSS FFs)

| —— LSS06(DIS)
T S

XAS

0.01 0.1
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Open issues: SU(3) breaking and strangeness

NNPDFpoll. [
po 0[ ] 0.08 x[As+A§](x,Q§=1 GeVZ)

4 directly from SIDIS Kaon data
[ dz[As + A5) = —0.13 £ 0.09 1

0.061- [7777] NNPDFpol1.0

. DSSV08 Ay*=1 E
1Lattlce [ ] o00al 8810 A7 ] S
Jo dz[As + A5] = —0.020(10)(1) ook, [ AACOB a1 T W

—— positivity bound

First moment constrained by _ indirectly from DIS + SU(3)

az = [§ dz[Aut — AdT] e S :
= 1.2701 + 0.0025 M ]
-0.04| ]

1 " DIS *

ag = [y de[AuT +AdT —2As7T)
= 0.585 £ 0.025 008

10° 10? 10" 1

All PDF determinations based only on DIS data (+ SU(3)) find a negative As™
PDF determinations based on DIS+SIDS data (+SU(3)) find a negative or a postive As™
depending on the K FF set

Is there mounting tension between DIS and SIDIS data?

SU(3) may be broken [ ], but how much?
— in NNPDFpol, the nominal uncertainty on ag in inflated by 30% of its value to allow for a
SU(3) symmetry violation (ag = 0.585 £ 0.025 — ag = 0.585 + 0.176)

— but e.g. lattice finds a larger SU(3) symmetry violation | ]

No neutrino DIS data so far
Inclusion of SIDIS data requires the knowledge of the fragmentation s — K
— how well do we know the kaon fragmentation function?
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3.5 A simultaneous determination of PDFs/FFs
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The idea | |

@ Perform a simultaneous determination of polarised PDFs and FFs
from all available data of polarised DIS, polarised SIDIS and SIA

DIS Z do_DIS ® Af

f
do_SIDIS _ Z da_SIDIS ® Af ® Df
f
dO’SIA _ Zd&SIA ® Df
f

@ Release usual SU(2) and SU(3) constraints used in all other analyses
1 ?
/ de(Aut — AdT) = ga
0
1 ?
/ de(Aut + AdT — sAsT) = ag
0

© Use the Iterative Monte Carlo fitting procedure
statistically sound representation of experimental uncertainties
avoid potential biases introduced by fixing parameters not well constrained by the data
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Recap of the lterative Monte Carlo procedure

(T ) (7))

validation

priors new priors
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Fit settings
Physical parameters: as in previous JAM analyses [
as(Mz) = 0.118, a(Mz) = 1/127, me = 1.43 GeV, my, = 4.3 GeV
Solution of DGLAP equations: numerical solution in N-space

Parametrisation: template functional form at Qo = 1 GeV

T(z,{a}) = B Mo?(1 = 2)°(1+ eva)
(n+a,l+b)+cB(n+1/2+1,1+0b)
PDFs: n =1 Aq*", Ag, Ag =T(x,{a}) FFs:n=2,¢=0
PIONS KAONS
Dy =Dj =T(z{a}) DE" = Df" = 1DK"
D" =Df =Dy DI =T(x{a})

assume charge conjugation, from which D;‘J:r = DZIT;
Heavy flavours: heavy-quark FFs are parametrised independently at their thresholds

Kinematic cuts: remove small-z SIA data and large-x, small-Q? (SI)DIS data
PIONS KAONS
Zmin = 0.1, 2min = 0.05 (v/s = Mz) Zmin = 0.2 (v/s = 10 GeV), zppin = 0.1
Q2% > 1GeV, W2 > 10 Gev? Q2% > 1GeV, W2 > 10 Gev?
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0.04 JAMLT + SU(3)
002l AeEh | DSSV09
’ --  JAMI5
0
.02 * As+ distribution consistent with zero,
004 slightly positive in intermediate x range
. - S * Primarily influenced by HERMES K-
10 10 107 04 08 T data from deuterium target
process target Ndat X2
DIS . d,3He 854 854.8 P ‘ —T
SIA (7, K¥) 850 997.1 Tl —  JAMIT AK*
SIDIS (n%) 06f .. As* <0 1d
HERMES d 18 28.1 . )
HERMES P 18 14.2 O4r f t HERMES
COMPASS d 20 8.0
COMPASS p 24 18.2
SIDIS (K*)
HERMES d 27 18.3
COMPASS d 20 18.7
COMPASS p 24 12.3
Total: 1855 1969.7
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Moments

Normalized yield

Normalized yield

02 03 04 05 -0.2 0 0.2
gaA = 1.24 4+ 0.04  Confirmation of SU(2) symmetry to ~2%
asg — 0 46 + O 21 ~20% SU(3) breaking + ~20%; large uncertainty

* Need better determination of As+ moment to reduce a; uncertainty!

AsT = —0.03 4 0.09

Slide: courtesy of J. Ethier
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Moments
sue) | [ ag SU(3)

ga

Normalized yield

Normalized yield

A E . O 3 6 :|: O 09 Slightly larger central value than previous
— e . analyses, but consistent within uncertainty
Preference for slightly positive

sea asymmetry; not very well A'L_l/ - ACZ - 005 Zl: 008

constrained by SIDIS
Slide: courtesy of J. Ethier
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3.6 Summary of Lecture 3
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Summary
@ Fits to SIA data only

— overall good description of the data
—> theoretical improvements consistently result in fit improvements
— residual signs of tensions among some experiments in some kinematic regions

@ Global fits
— overall good description of the global data set
—> stress-test for FF universality/QCD factorisation

© The spin structure of the proton
— SIDIS provides an importannt piece of experimental information
— SIDIS might bias a determination of polarised PDFs

@ The first simultaneous determination of polarised PDFs and FFs
— properly assess cross-talks among various nonperturbative distributions
— possible solution of the strangeness conundrum

Ultimate goal
a simultaneous global determination of unpolarised/polarised PDFs and FFs J
End of my lectures
Thank you very much for your attention J
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