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The quark model can explain many of the properties of the
observed hadronic spectra.
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CROSS SECTION IN ARBITRARY UNITS

3. Elastic scattering shows that the proton is not a point particle
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— Hadron-hadron scattering is a collision of many point-like particles
(partons)

— Each parton carries a fraction of the hadron’s momentum

— Parton distributions can be described in terms of a probability
\ distribution of a parton existing with momentum fraction in [x, x+dx]

#l 5. Deep Inelastic Scattering cam be described in terms of a
summation over point-like scattering from partons.

6. Parton distributions may be extracted from hard B Y oo @)+ o Q)
scattering data. 9 {ud,..}
vp/, vn . 2 — 2
—  Generally requires data from multiple measurements Fy(x) + Fy" o qe{uzd:m}w (2, Q%) + a(z, Q)]
- C t be taken t id fal ti ! ‘
are must be taken to avoid false assumptions s S e @) i @)
ge{u,d,... }
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Infinite Momentum Frame

= Feynman:
“By Lorentz transformation, the fields to be radiated are becoming narrower and narrower
in the z direction as W rises. The energy in this field is therefore distributed as a 6 function
inz.”
= The concept of longitudinal parton distributions exists in a Lorentz frame in which the hadron
is moving fast enough that transverse momentum of the partons within the hadron can be
neglected, or P, >>> M.

= The proton is Lorentz contracted which implies that during the At of the reaction, the partons
do not communicate with each other. That s, they are quasi-free particles
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Gluons are partons too!

= Gluons also form partons and carry a fraction (possibly large) of the proton’s momentum

1
Momentum conservation / T [u(aj) + u(x) + d(x) + d(x) + - ] dr =1
0

= Part of the “...” in the momentum constraint. Sometimes written out explicitly as g(x).

= Difficult to measure because
— They do not couple to the electromagnetic force (hard to probe)

—They are suppressed by 1/,

= Observation of direct photons
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Scaling
= Bjorken limit

Q? — oo and v — oo at fixed z
The structure functions were

measured to be relatively constant

over many decades of Q?

Paul E Reimer Partonic Structure of Hadrons I

VoLuME 23, NUMBER 16

PHYSICAL REVIEW LETTERS

20 OCTOBER 1969

OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING

M. Breidenbach, J, I, Friedman, and H, W, Kendall
Department of Physics and Laboratory for Nuclear Science,*
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

E. D. Bloom, D. H. Coward, H, DeStaebler, J. Drees, L, W. Mo, and R, E, Taylor
Stanford Linear Accelerator Center,f Stanford, California 94305

(Received 22 August 1969)

ol MOTT

\ s — W2 Gey
' s e W= 3 Gey
s ——W=35 GeV

Lbon il

o N\ ELASTIC
- . SGATTERING :
-“H_ :
5 ey J
HH""\-\.
m"q"_._l_ I R S 1 ] -
0 I 2 ] 4 5 &

9% (Gevic)®



Scaling
= Bjorken limit

Q? — oo and v — oo at fixed z

The structure functions were
measured to be relatively constant
over many decades of Q?

= Field theories predicted gross
violation of scaling except in a
special case:

Asymptotically Free
theories
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What parton distributions are available?

= CTEQ = HERA
— Coordinated Theor.-Exp. Project on QCD — using only data from the H1 and Zeus
— https://www.physics.smu.edu/scalise/cteq/ experiments at DESY HERA

= MRSTW—Martin, Roberts, Stirling, Thorne, Watt " BS15

= GRV—Gluck, Reya, Vogt — Statistical model to constrain PDFs

= NNPDF—Neural Network PDF
— Goal: reduce assumption/theory bias = Others. ..
— https://nnpdf.hepforge.org/

For “black box” use, LHAPDF compiles most available PDF sets into a common interface
— Currently 773 different PDF sets available
— Many superseded by newer versions as more data becomes available
— Many exploring different constraints on QCD
— https://Ihapdf.hepforge.org/

If you want to fit your own, there is a data archive at Durham called HEPDAT
— http://hepdat.net
— Also, be sure that your data makes it into this archive. ..
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Example fits: CTEQ14NNLO

CT14 NNLO
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FIG. 5: The CT14 parton distribution functions at Q = 2 GeV and Q = 100 GeV for u,%,d,d, s = 5, and g.
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Free proton vs. bound proton

Are the parton distributions of nucleons within a nucleus the same as free nucleons?

= Hard scattering assumption includes an implicit assumption that the interaction is so
energetic that the binding of quarks in a proton is negligible

— so surely, the binding of protons in the nucleus is also small
= Nuclear targets are used in many experiments

1 v-DIS cross sections are small -> require dense targets
= Do the quarks change configuration?

Paul E Reimer Partonic Structure of Hadrons I

13
ﬁ July 2017



The EMC Effect (European Muon Collaboration)

Volume 1238, number 3,4

THE RATIO OF THE NUCLEON STRUCTURE FUNCTIONS F 5‘

FOR IRON AND DEUTERIUM

The European Muon Collaboration

Attempt to increase integrated
luminosity using a denser target.

Comparison iron data with earlier
deuterium data found a striking
difference

Systematics:

= Normalization uncertainty 2H and Fe
= x-dependent uncertainties in slope
= Additional data helped clarify effect

Paul E Reimer Partonic Structure of Hadrons I
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1.1
The EMC Effect o NMC DIS
Additional data revealed 105 k Egégg IR)éSDIS
= Larger-x depletion in strength was i E E %
correct . 4; T
— 1 ¢ L ¢
= Low-x structure was significantly % I
different. % I %
50.95
: 7
Are the parton distributions actually I T - 9%
different? 0.9 :
o
2 —
Fy(z) = Z eq la(z) + q(z)] oss
qgc{u,d... }
0.8 | I I ] I ]

0 01 02 03 04 05 06 ¢
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1.1

The EMC Effect

Effect generally divided into 4 regions

e NMC DIS
B E139 DIS

1.05 | ALE665 RC IPIS

o

= x < 0.1 Shadowing Region
= 0.1 < x< 0.3 Anti-Shadowing

[E—
_|
@
|_
H—O—
aat

=" 0.3<x<0.6 EMC effect
= 0.6 < x Fermi motion

—e
o

What do we understand?

(or what are we guessing at?)

0.9

GF; d
S
Shadowing ' e |—o|=|’"'|_.

Anti-Shadowing
EMC effect
o

0.85

Fermotion

0 01 02 03 04 05 06 ¢
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The EMC Effect H

Fermi motion « SLAC E139 (Fe) bIS
o . _ 1.2 * EMGC (Cu) .
= Intrinsic motion of nucleons in
a nucleus at rest. = [
LR . !
= & e 2
B Bp ¥ ’
" “ogy?
0.8 -
i |
0 01 02 03 04 05 068 0.7 08 09 1 Q g
0.9 E i %3
0.85 &
08 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 02 03 04 05 06 0.7

X

Paul E Reimer Partonic Structure of Hadrons I

17
s July 2017



The EMC Effect

Fermi motion

® |ntrinsic motion of nucleons in
a nucleus at rest.

Shadowing

= Small-x partons (gluons) from
one nucleus overlap with those
of a neighboring nucleus

= Expect to start at some X
and saturate at x__,~ %2 rM

Paul E Reimer Partonic Structure of Hadrons I
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The EMC Effect

Fermi motion

® |ntrinsic motion of nucleons in
a nucleus at rest.

Shadowing

= Small-x partons (gluons) from
one nucleus overlap with those
of a neighboring nucleus

= Expect to start at some X
and saturate at x__,~ %2 rM

Anti-Shadowing
= Small-x parton (gluons) overlap?
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1.1

e NMC DIS

The EMC Effect
OE139 DIS

Fermi motion 1.05 AT665 RC 1
= Intrinsic motion of nucleons in

a nucleus at rest.

s

Shadowing =

= Small-x partons (gluons) from "o %
one nucleus overlap with those
of a neighboring nucleus 0.9

= Expect to start at some x,,
and saturate at x__,~ %2 rM 0.85

EMC effect
o

Anti-Shadowing

= Small-x parton (gluons) overlap? 08 001" 02 03 04 05 06 07

EMC Effect X
= Many theories or models exist. None are satisfactory.

Paul E Reimer Partonic Structure of Hadrons I

20
s July 2017



Drell-Yan Cross Section

n

[
<
T 1 |||||I'|

= Cross section is a convolution of beam and 10 )
target parton distributions

d*c 4ra® Ny _
_— = — e X
drydry  xTpTS Z q | () gp

g€{u,d,s.} Acceptance limited

(Fixed Target, Hadron Beam)
= u-quark dominance

(2/3)2 vs. (1/3)? Beam Sensitivity Experiment
Hadron Beam quarks Fermilab, J-PARC
target antiquarks RHIC (forward acpt.)
Anti-Hadron | Beam antiquarks J-PARC, GSI-FAIR
Target quarks Fermilab Collider
Meson Beam antiquarks COMPASS, J-PARC
Paul E Reimer Partonic Structure Ta rget quarks
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Structure of nucleonic matter:
How do DIS and Drell-Yan data compare?

B Shadowing present in Drell-Yan

B Antishadowing not seen in Drell-
Yan—Valence only effect?

1.1
O NMC DIS
L05 L £ E139 DIS
I q;% 7 q] A E665 RC DIS
l ‘ ‘ H‘](? (P
o -
©0.95
bl %fa
o] )
0.9 [
: ]
0.85
(0
0.8 0
Lo b b b v b by by
0 01 02 03 04 05 06 07

X
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Structure of nucleonic '

matter: Where are the 12
nuclear pions? 115
M The binding of nucleons in a o

nucleus is expected to be
governed by the exchange of

_ =]-05
virtual “Nuclear” mesons. P
B No antiquark enhancement seen © 1
in Drell-Yan (Fermilab E772) data
0.95
B Contemporary models predict 0.9
large effects to antiquark
- . : 0.85
distributions as x increases.
0.8

B Models must explain both DIS-
EMC effect and Drell-Yan

Paul E Reimer Partonic Structure of Hadrons I
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N
Kulagin and Petti sea vs. valence nuclear effects

»

1.15 . 1.15 . X

---- EMB + OS N FMB + OS « &

—— FMB +0S + NS Fe/Nucleon | | = FMB + OS + NS Fe/Nucleon | ~

1.1 1.1 -+ —— FMB + OS + NS + PI - —

S

LOS myr5lerce distributions 1.05 Se distributions 3

.................. '\-"\ Lo

| e = | \ 1 S

0.95 0.95 S

. : “_‘/EI . -g

0.9 | 0.9 C

: H i : ©

: Q

0.85 . R | RPN . PR | . 0.85 N PP | R . e ] g

le-04 0.001 0.01 0.1 le-04 0.001 0.01 0.1 >
Bjorken x Bjorken x

FMB—Fermi Motion and Nuclear Binding
OS—Off shell effects

NS—nuclear shadowing

Pl—nuclear pions

Paul E Reimer Partonic Structure of Hadrons I

. 24
S July 2017



Aside: Problem for PDF fits

Many experiments used nuclear targets
= Does this data need to be thrown out now?
= Information of d-quark distributions comes from Deuterium and isospin symmetry

= Neutrino DIS data? y N ,
F D T —|_ Fl/n X T a’/‘) —|_ [E’
_0ld H2 bubble chamber data ok 2 ) 12 > =le(@ 0 + (= Q")]

qe{u,d,... }
—Modern experiments use iron target
—Magnitude of Sea Quark rFyN (1) o Z x [Q(% Q%) — q(x, QQ)}
distributions dominated by neutrino ge{u,d,... }

data

= Parameterize measurements?
K. J. Eskola, V. J. Kolhinen, and P. V. Ruuskanen, Nucl. Phys. B535, 351 (1998);

Paul E Reimer Partonic Structure of Hadrons I
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5
Spin dependent structure functions in Pictures

. @

Polarized parton Polarized Proton
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N
Spin dependent structure functions in Pictures

. @

Polarized parton Polarized Proton

o ©

Parton and Proton Parton and Proton
both longitudinally oppositely,
polarized. longitudinally
polarized.

g (x) or qt(z) qe(x)or g (z)

Paul E Reimer Partonic Structure of Hadrons I
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N
Spin dependent structure functions in Pictures

@

. @

Polarized parton Polarized Proton

Parton polarized
transversely and
Proton longitudinally

& & polarized.
Parton and Proton Parton and Proton
both longitudinally oppositely,
polarized. longitudinally
polarized.

Parton polarized
transversely and
Proton unpolarized.

g (x) or qt(z) qe(x)or g (z)

Paul E Reimer Partonic Structure of Hadrons I
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N
Spin dependent structure functions in Pictures

Q(X)%Q 7 Q

q(r) = g () + g ()

s - @ — @

/ otec: dOmMeE autnors separate
Ag(x) _ q_)(x) o q(_ (ZE’) Note: S th parat

~

While others denote their sum by

A
\ q

qE{u,ﬁ,d,cZ,s,&...g} )

Paul E Reimer Partonic Structure of Hadrons I
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Spin dependent structure functions

1 ://www.scholarpedia.org/article/Helici
g(z) = 5 Y, €[Aq)+Ag(x)] i s
1€{u,u,d,... }
114 4 1 1 1
= —|=-A — AT —A A A — A5
2[9 u(x)+9 u(x)—l—g d()—l—9 d()—l—9 3(x)+9 s(x) + ]
1
Agsz = (Au+ Aa) — (Ad + Ad) g5 = Agsdz
0
1
Ags = (Au+ Au) + (Ad+ Ad) —2(As+ A5) g = [ Agsda
0
1
AY = (Au+ At) + (Ad+ Ad) + (As+A5) gy = | AXdz
0
113 1
g1(x) = 9 ZAQ3<$) -+ ZAQg(CE) + AE(JE)]

Paul E Reimer Partonic Structure of Hadrons I
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Spin dependent structure functions

Bjorken sum rule:
relates g3, and g8, to the axial and vector coupling constants G, and G, in 3 decay

g5 = ga = 1.2670 £ 0.0035 and ¢5 = 0.585 & 0.025

Elis-Jaffe Sum Rule: g% — gi + 3 (As + As)

1
/gl(x)da:

0

/Aq:; Ydr + — /Agg d:z:—|—/ A (x dx]

— A (1) dx The spin carried by the partons
49A + 49,4 + /O () ]

I

Ol = O+

Paul E Reimer Partonic Structure of Hadrons I
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The proton’s spin

= The proton is a spin-% particle
= The quarks are spin-% particles (this was also established in the parton model.)
= The gluons are spin-1 particles

How do the quarks’ and gluons’” angular momentum add to
form a spin-% proton?

Should be able to sum over all partons with appropriate Clepsch-Gordon coefficients, right??

1 1

= AY is integrated over x with a normalization convention requiring %

Now,

" L, is the orbital angular momentum of the quarks
= AG is the integral spin and orbital angular momentum of the glue

Paul E Reimer Partonic Structure of Hadrons I
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EMC Measures g,

Volume 206, number 2 PHYSICS LETTERS B

A MEASUREMENT OF THE SPIN ASYMMETRY
AND DETERMINATION OF THE STRUCTURE FUNCTION g,
IN DEEP INELASTIC MUON-PROTON SCATTERING

European Muon Collaboration

= scattered longitudinally polarized muons on a longitudinally polarized target

19 May 1988

= measured the asymmetry in cross sections between the parallel and anti-parallel spins

A

ot — 517
oM oM
T
0 '
1 1 ! ' ‘ I 0.18 IT.‘ELUS-MFFE sum rule
08 - w This experment ‘/ oB
o SLAC [26] d

i o SLAC [27] o 0.12

&
=
s 0.09
0.4 I . 3

0.06
0z

: ¢ 0.03

* xg; xl
x fgll’ (x}dx

4 0.0

1 0.08

0.06

[x]

B
Ng‘

4 004

0.02




The spin crisis

= Assuming that the missing spin for the Ellis-Jaffe sum rule is in the strange quarks:

(S,)e = 0.373+0.019 +0.039

(S.)g = —0.254=+0.019 £ 0.039

(S,)s = —0.113+0.019 £ 0.039
(S usdes = 0.006%0.058 +0.117

= Compilation of recent experiments gives
AY ~ 0.40

= Nevertheless, where is the proton’s spin?

I 1
—=-AX+ L, + AG
5= 5 + Lg +

= Could the problem be with strange quarks and the Ellis-Jaffe sum rule?

Paul E Reimer Partonic Structure of Hadrons I
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N
Semi-Inclusive Deep Inelastic Scattering SIDIS

= Try to tag the struck quark by detecting a fast outgoing particle

(E’, k)

= Measure Kaons to identify strange quarks

(E, k)
e —
I_I-""f

= HERMES (DESY)
= COMPASS (CERN)

Paul E Reimer Partonic Structure of Hadrons I
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Spin dependent
structure function g,

X gll-"

0.06

0.04
= World data compilation from PDG

0.02

©0.02
CY)
» 0.04

0.02

=+0.02
0
» 0.02

-0.02
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Where’s the spin? E

= The strange quarks seem to have very
little of the proton’s spin

= Again, turn to global parton
distribution fits, as no one
experiment or measurement tells
whole story.

= Nevertheless

1 1
—==-AX+L,+ A
5~ 5 + L, + AG

AX is clearly not the whole story

World data compilation from PDG

Paul E Reimer Partonic Structure of Hadrons I
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Polarized gluons
I

O'Ti —|— O'TT

=RHIC p+p—Jets+ X App =

0.08— : T
- 42006 STARData  PP—jet+X
L e
- Ag=0
0.06 — 9
B GRSV Ag=-g
- e GSC
004 — DssV
A _
LL 0.02 — /
o=~ E :,_{_-._-:': hh f ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
— +8.3% scale uncertainty from
-0.02— polarization not shown
:| L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 | L1 1 1 I L1 1 1 I L1 1
5

10 15 20 25 30 35
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Polarized gluons

=RHIC p+p—Jets+ X App =

0.08

\
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Global fit to spin density--DSSV

PRL 113, 012001 (2014) PHYSICAL REVIEW LETTERS 4 JULY 2014

5%

Evidence for Polarization of Gluons in the Proton

Daniel de Florian” and Rodolfo Sassot’
Departamento de Fisica and IFIBA, Facultad de Ciencias Exactas v Naturales, Universidad de Buenos Aires,
Ciudad Universitaria, Pabellon 1 (1428) Buenos Aires, Argentina
Marco Stratmann’
Institute for Theoretical Physics, Tiibingen University, Auf der Morgenstelle 14, 72076 Tiibingen, Germany
and Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

Werner Vogelszmg§
Institute for Theoretical Physics, Tiibingen University, Auf der Morgenstelle 14, 72076 Tiibingen, Germany
(Received 17 April 2014; published 2 July 2014)
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Global fit to spin density--DSSV

PRL 113, 012001 (2014) PHYSICAL REVIEW LETTERS 4 JULY 2014

5%

Evidence for Polarization of Gluons in the Proton
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Global fit to spin density--DSSV
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4 JULY 2014

PHYSICAL REVIEW LETTERS

PRL 113, 012001 (2014)

Evidence for Polarization of Gluons in the Proton

rLt 7 e, x
et ....._rr ..4...... e 8
++.__ﬂw........_ TR .” s e ..!f#..’ﬂo i
R
B R e R
e
- e it .....-_v".1+ﬂ+.._rr.‘ -..“..._...-......-.-....ﬂ_..-!r... i
e
AR
R
m 7 +__J. 7 ._... 1__.__,-,..h..."...
1 .,

90% C.L. region
DSSV*

%82 NEW FIT

90% C.L. region
DSSV

A

0.3

0.2

| 1
Jdx Ag(x)

0.05

-0

-0.1

-0.2

I -
|RHIC x rangel

—l_g. -

L
."';-"'-
.

" imel. 90% C.L. variations _|
—e—— DSSV*
- == PSSV

107!

1072

-3

10

Paul E Reimer Partonic Structure of Hadrons Il

49

July 2017



Where are we? A or
s e e
| et

g = §AZ + L, + AG . e
SAT ~25% AG~0=16% 5 feea iz

Quarks carry some of the Proton’s spin =~ . &

sk arheal e

Gluons might carry some (a small o
amount) of the Proton’s spin :

o By
- 1 % 2. ,.}_._-_1_.
! ‘ Syt
dot = & ¥

=T )

»

ety o i
& -!- I .

Paul E Reimer Partonic Hadron Structure |

July 2017




The proton in terms of all parton distributions
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Transverse Momentum Distributions: Introduction
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Conclusions

= Data looks like scattering from many point

particles (partons)

— These distributions are universal and process

independent

=2GeV

xf(x,QatQ

= Data allows the determination of the
distributions of partons

— But having the correct assumptions in interpreting
data is critical!
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FIG. 5: The CT14 parton distribution functions at @ = 2 GeV and Q = 100 GeV for u,%,d,d, s = 5, and g.

= Data says that these distributions change when the
proton is contained in a nucleus

— Models of these effects are not satisfactory

= The proton’s spin is not where we are looking, but the options are

narrowing
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