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What is the universe made of?

m Democritus held that everything is
composed of “atoms” (460 BC)

m Also we know that
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And we have a model
for their interactions
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Theory of strong interactions
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Key questions

m How do the quarks and gluons
carry the spin of protons?

m What is the detailed partonic
structure of the nucleons?

m How does confinement work?

To answer these questions we need to look inside the hadrons
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How to zoom in

Fructose Hadron

107 %m 10~ 15m

Mass Spectrometer Particle accelerators




An example of a scattering
experiment
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Deep inelastic scattering (DIS) at HERA
1992-2007

DESY UND HERA il
ep-Collider im Herzen von Hamburg B = 920GeV

Halle NOR

Hall NORTH (HI)
Hall nosd (H1)

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HERMES)

€ (27.6 GeV)
ZEUS

Halle WEST (HERA-B)
Hall WEST (HERA-B)
Hall ovest (HERA-B)

Halle SUD ZEUS)

Hall SOUTH (ZEUS)
Hal sud (ZEUS) /
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A DIS event: e"P —e™ X

ATTENTION: this is just
a single event!

H1 Run 122145 Event 69506

Date 19/09/1995

[@* = 25030 GeV?, y =0.56, M = 211 GeV|




A DIS event: ¢"P — v+ X ATTENTION: this is just
a single event!

Run 85987 Event 99058 Class: 2 4 B 20 22 Run date 01/09/94

LC event Q**2 = 20000 GeV*¢*2 y=0.48 x=0.44

Hadrons X

_p
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Gauge bosons (v, Z,W*) as probes

Q? = 25030GeV?

Dx Q? = 20000GeV? s Q2= ¢
i m Bosons propagation length ~ 1/Q
L) : m proton radius ~ 0.84 fm

BE1GeV1~02fm=02x10"1%m

m Interaction range < 10~° m
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Intuitive picture
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How small is 1 fm = 1071° m?

Ldet ~ 10 m
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How small is 1 fm = 1071° m?

Lint ~ 10_15 m
1 Leartn ~ 107 m

Lx = (Laet/Lint) Lgarth ~ 109 ly
Diameter of Milky Way ~ 10° ly
Distance to Andromeda ~ 106 ly

High energy experiments allows one to resolve the inner
structure of protons from far away detectors
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How do we describe the
data?



Events and cross sections

Integrated Differential
Number Luminosity cross section

of events \ /

dN L

Phase space volume
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Events and cross sections

Integrated Differential
Number Luminosity cross section
dN .y

of events \ /
dS)

i.e. dQ = dpdn “~_ Calculable
using QCD

Phase space volume

The events can separated into subprocesses
dN dN(e'*'Pﬁe'*’X) dN(e-FP*)VX)
= +

daQ dQ dQ
do do.(e*P—w*X) do.(e*P—n/X)

- a0 T aa T

+ ...
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Theoretical cross sections

do = gL |W[2dQ)




Theoretical cross sections

1
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Theoretical cross sections

1
Ao = fy

U |2dS)
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Theoretical cross sections

do = gL |W[2dQ)

0 il

m The upper part of the diagram can be calculated using QED

m The lower part is more complicated — Factorization

16
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Factorization in inclusive DIS

m The lower blob represents a collection of Feynman diagrams
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Factorization in inclusive DIS

Schematically

do ~ |HP [ dk~dk*L(zP" k™ k) [dITU(17)
~——

Hard

Parton densities Jet function

17 /32



Factorization in SIDIS

m Additional information about the lower blob can be accessed by
measuring hadrons in the final state (i.e., flavor separation,
intrinsic transverse momentum)
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Factorization in SIDIS

m Additional information about the lower blob can be accessed by
measuring hadrons in the final state (i.e., flavor separation,
intrinsic transverse momentum)

m The upper blob along with tagged hadrons characterizes
formation of hadrons from partons

m Factorization of these regions assumes large Q% = —¢°
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Factorization in SIDIS

Schematically

do ~ \H\z/dk—dk%(xptk—,kﬂ/dk;dk,fU(k,j,zP,;,k,i)dQ
——

Hard

Parton densities Fragmentation function

18 /32



Extensions to hadron-hadron
collisions

19/32



Extend the formalism to hadron-hadron collisions
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Extend the formalism to hadron-hadron collisions

Schematically

do ~ ]H|2/dk:‘dle(a:an,k‘,kL)/dl‘dlLU(:erg,l‘,lL)dQ
——

Hard

Parton densities Parton densities
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Example: The LHC and the Higgs
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The LHC and the Higgs P,

CMS Experiment at the LHC, CERN ~ §
Data recorded: 2012-May-27 23:35:47.279Q
Run/Event: 195099 / 137440354




The LHC and the Higgs P,.P - h — ZZ — vv,ete”

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-2 5:47.279930 GMT
Run/Event: 195099 / 137440354

\

CMS preliminary

> T

[

S 30 ¢ Data \s=7TeV:L= 5.1fb’
) % ?H=Z1226G9V \s=8TeV:L=19.61b"
~ v,

2 Bl z+X

C

9]

>
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The parton densities and nucleon structure
m Factorization allows us to characterize nucleon structure
f(z) = /dk*dkLL(thk*,kL)

f(z) : Probability of finding a quark/gluon with
momentum fraction x = k™ /P
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The parton densities and nucleon structure

m Factorization allows us to characterize nucleon structure

f(z) = /dk‘dkLL(a:PJr,k‘,kL)

f(z) : Probability of finding a quark/gluon with

momentum fraction x = k™ /P

0.8 d
d+u
— 06 d—a
&
Q) S
E 4 9/10
o~
S

Q% =10 GeV?
)

F x 2!

100

10°

10t

10°

102

10!

100

107!

102

1079

I swLac

I HERMES
T BCDMS
P Nwve
— s

2 510 20 50 100 200 500

Q* (GeV?)
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PDFs and LHC
H->ZZ

Systematics
[ Summary of relative systematic uncertainties |
Common experimental uncertainties
Luminosity 2.7 %
Lepton identification /reconstruction efficiencies 4-9%
Background related uncertainties
QCD scale (qq — ZZ, gg — 27) 3-10%
PDFset (qq — 2Z, gg — 27) 3-5%
Electroweak corrections (qq — ZZ) 1-15%
gg — ZZ K factor 10 %
Reducible background (Z+X) 40-90 %
VBF tagging efficiency (experimental) 7-14%
VBEF tagging efficiency (theoretical) 15-25 %
Signal related uncertainties
QCD scale (qq — VBF/VH, gg — H/ttH) 3-10%
PDF set (qq — VBF/VH, gg — H/ttH) 3-4% —
Acceptance 2%
BR(H — ZZ — 4() 2%
Lepton energy scale 0.04-0.3 %
Lepton energy resolution 20 %
VBF tagging efficiency (experimental) 2-7%
VBF tagging efficiency (theoretical) 5-15%
CMS Higgs Results, Moriond QCD 2016 David Sperka, on behalf of the CMS Collaboration 32

24 /32



The parton densities and nucleon structure

m Helicity distributions
fla) = f1(@) + fH)
Af(x) = fN(z) = f(x)
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The parton densities and nucleon structure

m Helicity distributions
fla) = f1(@) + fH)
Af(x) = fN(z) = f(x)

m Spin of the proton

Lo [N (Rasi) + ag)) e

107% 102 0.1 03 05 07 4
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The parton densities and nucleon structure

m Helicity distributions
fla) = f1(@) + fH)
Af(x) = fN(z) = f(x)

m Spin of the proton

;:/Olda:< AY(x )-I—Ag(:c))—i—[ 022

m From existing analysis

107% 102 0.1 03 05 07 4

m AY®) =0.284+0.04

B Ag) =14+15

25/32



Fragmentation functions

m Factorization allows us to characterize nucleon structure
D(z) = / dkdkiU (ki 2k, ki)

D(z) : Probability of finding a hadron from quark with
momentum fraction z = P, /k~

02 04 06 08 02 04 06 08 02 04 06 08

02 04 06 08 02 04 06 08 , 02 04 06 08
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m analysis  (x?/Nppts = 1.31)

g ;;.\;?:W‘.‘,‘ || m Zeye > 0.1 for low energies
e v B Zeyut > 0.05 for high

energies

e i
5 ) “T( o \ f \ 05 ‘ N o TI’(‘HY‘ ‘ |

b W m We use BaBar prompt
data set

HRS — Mrorsz : | o o OPAL(w)
| ”\1 ] ””‘\ﬂ '
b e ) m Belle data set needs 10%
| OPaLe) \ | oPaLe) | OPALe ‘ ‘ normallzatlon
- L ‘ — 1 L m Good agreement at low—z
21y ALEPH :: DELPHI H"{ “ ILP) : DELPHI(b) \ for Inclusive data sets

data/theory

|

datatheory

data/theory

——— m Data inconsistencies at

H Iy : ‘] SLD(c) :] bl,l.)'\‘\v,\ ) Iarge_ for Q2 M2
] SLD(uds) HH o u
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K analysis

(x?/Nppts = 1.01)

T 5T e o7 e
= [ opaL) HEOPAL(s) o) | oparw)
o . |
—ﬂ
) s ot ol b ol
z o
2] 01 G 07 02 0T Zwwm 07 02 0T Zww 07 02 BT Zun 07
12 . 1 1
ALEPH | DELPHI || DECPHIu) | DELPHIG)
Ww it i i}
T
g ol ol [ARRTI i
o CEa) o [ 5T [ 5T T 00
grfsn, 12 SLD(uds) 1af sLD(e) ) H\‘
£ o 1 1
\ 1t : A IV I - f
3 il T
= 3 03 + 03 !
o R 5T T o STz 08 o ; ;

Zeut > 0.2 for low energies
to avoid hadron mass
corrections

Zeut > 0.05 for high
energies

Smaller x? that 7 due to
larger errors

Consistent shapes across
all z

Inconsistencies mostly due
to normalizations

28/32



The collinear master plan

JelEr

m Extract reliable collinear polarized and unpolarized parton
distribution functions (PDFs) and fragmentation
functions (FFs)

m Improvements in fitting methodology:
Iterative Monte Carlo

m Reliable description of g integrated SIDIS data.



Status a

FF

DIS (¢ + q) ADIS (q+4) SIA (¢ +q)

ASIDIS (q,q

I l

PDF/HT APDF/HT

DY (¢,q) SIDIS (¢, q)

| | |
I I

JETS (g) AJETS (g) pp — X
Wasy (u,d) pp = X

p = X (9) AWasy (u,d

=
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Milestones

m Global analysis of all inclusive polarized DIS data

Iterative Monte Carlo is of spin-d dent parton distri

(Jefferson Lab Angular Momentum Collaboration)

Nobuo Sato," W. Melnitchouk," S. E. Kuhn. J.J. Ethier,” and A. Accardi

41
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(Jefferson Lab Angular Momentum Collaboration)
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41

m Global analysis of all SIA data

PHYSICAL REVIEW D 94, 114004 (2016)

single-inclusive e¢*e~ annihilation

(Jefferson Lab Angular Momentum Collaboration)

First Monte Carlo analysis of fragmentation functions from

Nobuo Sato,' J. J. Ethier,” W. Melnitchouk,' M. Hirai,* S. Kumano,** and A. Accardi"®
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Milestones

m Global analysis of all inclusive polarized DIS data

is of spin-dependent parton distri

Iterative Monte Carlo

Nobuo Sato," W. Melnitchouk," S. E. Kuhn,” J.J. Ethier.’ and A. Accardi*'
(Jefferson Lab Angular Momentum Collaboration)

m Global analysis of all SIA data

PHYSICAL REVIEW D 94, 114004 (2016)
First Monte Carlo analysis of fragmentation functions from
single-inclusive e¢*e~ annihilation

Nobuo Sato,' J. J. Ethier,” W. Melnitchouk,' M. Hirai,* S. Kumano,** and A. Accardi"®
(Jefferson Lab Angular Momentum Collaboration)

m Invited talk in FCCee workshop

Parton Radiation and Fragmentation from LHC to FCC-ee
Workshop Proceedings, CERN, Geneva, Nov. 22nd-23th, 2016

Editors
David d’Enterria (CERN), Peter Z. Skands (Monash)
Authors
D. Anderle (U. Manchester), F. Anulli (INFN Roma), J. Aparisi (IFIC Valencia),
G. Bell (U. Siegen), V. Bertone (NIKHEF, VU Amsterdam), C. Bierlich (Lund Univ.),
S. Carrazza (CERN), G. Corcella (INFN-LNF Frascati), D. d’Enterria (CERN),

M. Dasgupta (U. Manchester), L. Garefa (IFIC Valéncia), T. Gehrmann (U. Ziirich),
0. Gituliar (U. Hamburg), K. Hamacher (B.U. Wuppertal), A.H. Hoang (U. Wien),
N.P. Hartland (NIKHEF, VU Amsterdam), A. Hornig (LANL Los Alamos),

S. Jadach (IFJ-PAN Krakow). T. Kaufmann (U. Tiibingen). S. Kluth (T.U. Miinchen).
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Summary and outlook

m Factorization is a powerful framework
to study nucleon structure
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Summary and outlook

Factorization is a powerful framework
to study nucleon structure

It allows to separate short distance
scales from the long distance scales so
that nonperturbative scales can be
studied.

Reliable extractions of nucleon
structures depend on how good is the
factorization framework and the fitting
methodology.

Parton distributions are universal and
they play an important role for LHC
physics

DEMOCRITYS

tiquo apud T &

5

JLab 12 has just started and the new theoretical and
analysis innovations will allow the nucleon’s quark
structure to be reveled in unprecedented detail
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