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Overview

» The Universe as an infinite source of puzzles

The world is large —
It contains multitudes.
I look with all-embracing eyes
And I tell you what | see.
Do | contradict myself?
Very well, | contradict myself.
If you are not bedazzled yet:
Look differently, and marvel.

Walt Whitman

» The normal matter puzzle: from atoms to protons to quarks and gluons a wild ride that
continues

*  “The basic building blocks of Nature are few and profoundly simple, their properties fully specified by
equations of high symmetry.
* The world of objects is vast, infinitely various, and inexhaustible.”

A Beautiful Question — Frank Wilczek

» The strongly interacting normal matter puzzle: probing nucleons to understand the strong
interactions



The Universe: Infinite Source of Puzzle

Big Bang Model with Inflation
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What Do We Do to Figure Out the Universe Puzzle?

» Micro-cosm and Macro-cosm: with Space Telescopes (example)
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What Do We Do to Figure Out the Universe Puzzle?

> Macro-cosm and Micro-cosm: with accelerators — colliders
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¢ Large Hadron Collider

-> Study physics laws that governed the first moments
— after the Big Bang, ~10° s

to elucidate questions pertaining to:

e * Origin of mass * Primordial plasma
 Nature of dark matter ¢ Matter vs antimatter
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The Universe Today

» Today we live in an expanding, cold Universe —2.73 K (1012 GeV
typical energy) — populated by normal matter, dark matter and dark
energy
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The Universe Today

A » Today we live in an expanding, cold Universe —2.73 K (1012 GeV

Dark g% typical energy) — populated by normal matter, dark matter and dark
expcnsmn energy
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relative strength of forces acting on

The Normal Matter Puzzle

here: Standard Model
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Essential Quest: The Strongly Interacting Normal Matter Puzzle

» How are nucleons - protons and neutrons - made of
quarks and gluons?

» How are protons and neutrons modified by the
nuclear medium?

].Oa:l ||| 1 I rrrrr I

19 111t 1
10 P e+p facilities
1018 CJ | B M Labi2

1017 [ s1ac
1016

1018 [0 Bonn
1014

1012 O

Bates{Int)
12
10 COMPASS

101t [ ] =1 E66o O H1/ZBUS

1010 HERMES pyenue

109 11 II 1 I | I| 1 1 | I | 1 1 | | 1
10 102 103
CM energy [GeV]

ELIC
MEIC

Proton

LHeC

et W eRHIC
Less than

107 % m

ENCH

Luminosity x 10%/cm?2/s

? = (‘Jl;:z-rk




Nucleon Structure: Perspective

» Nucleon structure has been and is a very active field of research of fundamental importance
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confinement and asymptotic freedom
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Nucleon Structure: Perspective

» Nucleon structure has been and is a very active field of research of fundamental importance

' f ' ; ' g By probing nucleons with electrons we
' learned:

" Rutherford
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= Nucleons are NOT elementary but
are instead made of point-like
particles, partons — quarks and gluons
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HERA

ep collider - Quarks and gluons inside nucleons

are engaged in a dynamics governed
by a force which manifests like
nothing else out there — QCD’s
confirlement and asymptotic freedom

1. How did we get here?”
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2. What more there is to know?



1. How did we get here?

* The Geiger-Marsden-Rutherford Experiments — defining the structure of the atom

* Probing nucleons with leptonic probes — the “Geiger-Marsden-Rutherford Experiments”
at a different scale

* Modeling the structure of the nucleon: Ouark-Parton Model - a good start

* Modeling the dynamics of the nucleon: parton distribution functions and pQCD

2. What more there is to know?

* Parton distribution functions at large x
* Modeling non-perturbative dynamics of hadrons (just mentioned)
* Understand nuclear medium modifications of quarks and gluons (not covered)

e Structure of hadrons beyond longitudinal momentum distributions (just mentioned)



Not Too Long Ago: Atom NOT Like a Plum Pudding

» How did we get to our current understanding of matter?
A: By experimenting and by modeling what we observe —in an iterative manner.

o¥° 1908-1913: work by Geiger, Marsden, Rutherford points to the correct conclusion about the

(\\)c‘ structure of the atom

* Experiment 1 1908
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“there is a very marked scattering of a particles in passing through matter, whether gaseous
or solid ... some of the a-particles after passing through very thin leaves were deflected
through quite an appreciable angle”

Didn’t quite had the acceptance for backward angle detection...



Not Too Long Ago: Atom NOT Like a Plum Pudding

» How did we get to our current understanding of matter?
A: By experimenting and by modeling what we observe —in an iterative manner.

\z\f’ 1908-1913: work by Geiger, Marsden, Rutherford points to the correct conclusion about the
& structure of the atom

A :

* Experiment 2 21909 backward angle detection a-particles source

Lead

Gold
“surprising that the a-particles can be turned within a B 4 Platinum
layer of 6 x 10> cm of gold through angles of 90°, and ;'Ir\‘/er
even moren P m Copper

R ron

: lead to screen S S

.. this was a rare event... 1 in 8000 o particles deflected  from direct hits by o Aluminum
through a large angle by Pt M

* Experiment 3 21910 characterizes the most probable scattering

- Most probable scattering happens via small angles

—> Can be explained assuming compound scattering: total deflection of o results from very
small deflections as many atoms are encountered

Compound scattering cannot explain large angle deflections observed in 1909



Not Too Long Ago: Atom NOT Like a Plum Pudding

» How did we get to our current understanding of matter?

A: By experimenting and by modeling what we observe —in an iterative manner.

\z\f’ 1908-1913: work by Geiger, Marsden, Rutherford points to the correct conclusion about the

O
o

structure of the atom

* Theoretical prediction 21911

Coulomb force, Newton’s laws, conservation of linear and angular momentum

+

atoms consist of a + or — charge concentrated within a sphere of < 10-1* m radius surrounded
by charge of the opposite sign distributed throughout the reminder of 1019 m

Large deflection scattering — one single atomic encounter when o sufficiently close to center

of atom
scattered o

__ ntb?Qcsc*6/2 __ 2NeE ’
- 1612 b= mu? \
* Experiment 4 1913, verification of theoretical prediction S
and experimental determination of the “central charge” of 1‘&_
Au: 197/2 +/- 20% = 98 +/- 20 charged center

of atom



The Scientific Method

» How did we get to our current understanding of matter?
A: By experimenting and by modeling what we observe —in an iterative manner.

— Observe a pattern, may point to existence of “discrete units”: Dalton’s atoms

- Probe “discrete units” to investigate for substructure:

—> scattering a probe off object under investigation: Geiger, Marsden, Rutherford’s scattering

- measure probability of interaction probe - object (cross section) and its dependence on
experimental parameters: helps with modeling

- Model observation, this may:

- involve drastic departure from current understanding — photon as particle

- lead to very different view of the world: fields are primary while particles are derived concepts
appearing after quantization - quantum field theories

- Integrate it all in the BIG PICTURE
... and iterate



Matter Puzzle: Is the Proton Point-Like?

» Do protons have size?

1948-50 — Schiff, Rosenbluth: use elastic electron-proton scattering to probe the proton
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Beam @ _______ q — (E[} _ E!,q’)
Recoll
Proton
’ EO . . .
E" = °F g electronis left with less energy after meeting the proton
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0 2 resolving the structure of the proton
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The Proton Is NOT Point-Like

» Do protons have size?

Yes! from experiments at High Energy Physics Laboratory Stanford, 1955
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How Do the Charge and Magnetic Moment Distribute?
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Matter Puzzle: What’s Inside the Proton?

» Is the proton elementary?

. . . . h
To find out increase the probe’s ability of resolving structure (decrease — )
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Point-Like Constituents Inside Proton

» Is the proton elementary?

Map cross section when proton is
probed deeper resulting in final
states with higher W...
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Point-Like Constituents Inside Proton: Formalism

» Probability of inelastic interaction:

| i 0
Q? = — = —(k— K)? four-momentum transfer 4E0E'sin2—
squared
W? = (q + P)? invariant mass of produced M2 +oM(E- — E)—0?
( / hadronic system squared ( 2 ) e
Q* i
T = - 2 Bjorken x >
2p - q 2M(E0 — E')
. E _E'
y =T P inelasticity -
k- P Ey

What we measure:

d’c
dQdE"

= F[GZ: (x, Q2 )+ EGL\(x, Qz)]: I'or (1 +&- R)

N
Cross section for photoabsorption

of Longitudinal y* (helicity 0)

Cross section for photoabsorption
of Transverse y* (helicity +/- 1)



Point-Like Constituents Inside Proton: Formalism

» Probability of inelastic interaction:

. - 0
Q> = —¢® = —(k—K')? four-momentum transfer 4E0E'sin2—
squared
W2 = (q + P)? invariant mass of produced M2 oM(E. — B — 0>
( ' hadronic system squared ( g ) 0
Q)2 2
T = - ’ Bjorken x O
2p - q 2M(E0 — E')
: E,—-FE'
y = ¢ P inelasticity L
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dOdE SRR ol ) 1
‘= y

Cross section for photoabsorption = aK E 1
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2 -1
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X
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Point-Like Constituents Inside Proton: Formalism

» Probability of inelastic interaction:

In QFT we can calculate:

2 2 2 2.2
E' 4 M 1
d’o = ¢ L W’UV = e l:(l_y_ > J FZ(X’Q2)+y2Fi(x’Q2):|

X

deE' Q4 EO ' i Q4 Q2 :
leptonic tensor \, magnetic structure function
J
hadronic tensor electromagnetic structure function
5. AM? 32 5. 5.
Fr(x, CJz) = (1 | T;) Fy(x, C)zj QIITFl(.’IT,CJ‘z'}

Connection between photoabsorption cross sections that we can measure and structure
functions:
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Point-Like Constituents Inside Proton: Formalism

—> The L & T contributions are separated by ol o= 1246 )
performing a fit of the reduced cross section w'= 278 GeV’ PN
. . , - i v o, (x,0%) 2
dependence with ¢ at fixed x and Q e =
/5""”' R=0.2080:030 i
| I | | | | 1
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ce 7 z il
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! T L p = o
I' dOdE S o — 1
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= i itudi 120 w'= 2.8 Gev' S
¢ = relative longitudinal flux o
ne———
. ‘ ‘ 100 - R = 0.115 + 0.041
- Requirements for precise L/T extractions: TR TR T TR T A T VB TR T

£
= As many € points as possible spanning a large interval fromO0to 1 -2

as many (E, E’, 0) settings as possible

= Very good control of point-to-point systematics =2 1-2 % on the reduced cross
section translates into 10-15 % on F,

L/Ts needed in order to access F, F, F,



Point-Like Constituents Inside Proton: Formalism

» Probability of inelastic interaction:

There is another boson that could couple to point-like constituents inside nucleons

lo®”  2ma?(1+(1—y)?) [~ _1-(1-y)? - e -
do®”_ 2ma*(1+(1-y)%) D Gl 298 v p
daxd()? Qdx 14+ (1—y)2 L+ (1—y)2
. y & .2 Z
Fz_]}—hzfuf + Kk, (V2 + a2)Fs;
T ) ne 7] 272 N\ 2
Fr, = Fp — kzv )7 + k3 (v + a2 Ff
- 7 :
rFy = —Kkga.xcFy) T + H_.ZZQTJE{},E:}?EE
/ \
Kg = @’ ! fﬁfpﬁfngeak Axial-vector weak __4/2

Q% + M2 4sin by ? cos by ° =-1/2+2sin26,, coupling



Point-Like Constituents Inside Proton with Spin %

» Is the proton elementary? No!

Going back to the early SLAC data...

F,, F, account for the sub-structure of the protons and neutrons — structure functions

+ 6° o |18° VT o BRI
x10° & 26° 2xF, e
0.5 T T T T T T T F2 t 12 < Q¥ (GeV/c)* < 16
scaling: no Q? dependence 5 t
04 F + " r spin %
s}
FeP o3t +|*“’H¢* *‘#’ # . ! ,J,\
: | H >
0.2 - 1 l |
st L =028 . T
very similar behavior for F, 05
0 1 1 1 l i | 1 spin 0
0 2 4 6 8
0?/GeV? . e }‘ =
05 x 1
Structure “looks the same” even as the If point-like constituents were spin
probe’s resolution is increased more and zero particles, we would expect F, to

more be zero



Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-
transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)




Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-
transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)

Infinite Momentum Frame:

Proton moves with infinite momentum: time it takes for virtual
photon to couple to partons much smaller than interaction
time between partons

 We neglect the proton’s mass

* We also neglect quark masses and any momentum that’s transverse to the direction of
the proton

* We can calculate the elementary cross section (QED) for elastic electron-quark scattering
for a quark

* We then need to introduce a quark/parton momentum distribution function to account
for scattering off any quark inside the proton carrying a momentum fraction x of proton’s

momentum

* Finally we sum over all quarks in the proton



Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-
transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)

Infinite Momentum Frame:

Proton moves with infinite momentum: time it takes for virtual
photon to couple to partons much smaller than interaction
time between partons

_ do 4na’ e
—> electron scatters elastically off a parton: = 1-y) + —

dQ? Q4




Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-
transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)

Infinite Momentum Frame:

Proton moves with infinite momentum: time it takes for virtual
photon to couple to partons much smaller than interaction
time between partons

_ do 4na’ e
—> electron scatters elastically off a parton: = 1-y) + —

dQ? Q4

- electron scatters off any one particular parton carrying a fraction x of proton’s total momentum

d*oc At ar?

y .
dxdQ? o [(1 RN PIPRLTC))

——————————

Parton distribution
function

g(x)dx — number of quarks of type g inside the proton with momenta fractions
between x and x + dx



Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-

transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)

Infinite Momentum Frame:

Proton moves with infinite momentum: time it takes for virtual
photon to couple to partons much smaller than interaction
time between partons

_ do 4na’ e
—> electron scatters elastically off a parton: = 1-y) + —

dQ? Q4

- electron scatters off any one particular parton carrying a fraction x of proton’s total momentum

d*oc At ar?

——————————

— y .
dxdQ* — @* [(1_3’ )+ | 2efat)
Parton distribution | @>>M?y ,
function 7 Fz( ) 2XF1( =xZeqq
d?c 4ro? szz ) .
aEdq - or [A-y——gz) R +ytAL



Model: Quarks/Partons Inside the Proton...

» 1969-1971, Feynman, Bjorken: Quark-Parton model interpreted the SLAC large momentum-
transfer electron-nucleon scattering as scattering from quasi-free, point-like, spin %
constituents — partons (elastic scattering off partons)

Infinite Momentum Frame:

Proton moves with infinite momentum: time it takes for virtual
photon to couple to partons much smaller than interaction
time between partons

_ do 4na’ e
—> electron scatters elastically off a parton: = 1-y) + —

dQ? Q4

- electron scatters off any one particular parton carrying a fraction x of proton’s total momentum

d*oc At ar?

——————————

_ y .
dxdQ? (4 [(1 "I A D200
Parton distribution | @>>M?y 2
function 5 FZ( ) ZXFl( =xZeqq
d’c  4na® ) M?y? ; 2 «? d
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What Can We Learn from This Simple Picture?

» First of all, we KNOW there are gluons...

anti-quark . 8luon

gluon : gluon !gj .

quark = gluon



What Can We Learn from This Simple Picture?

» First of all, we KNOW there are gluons...

anti-quark N gluon
gluon : gluon g{%
quark gluon
- Simple equations from the Parton Model:
e ) () e ()70
o x[g () " () L (a" () + @ (x))}



What Can We Learn from This Simple Picture?

» First of all, we KNOW there are gluons...

anti-quark

gluon : gluon g{% .

quark

- Simple equations from the Parton Model:
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What Can We Learn from This Simple Picture?

» First of all, we KNOW there are gluons...

anti-quark

gluon

quark

- Simple equations from the Parton Model:

_ isospin
Fyrmoen = x{g (up (x)+u” (x))+ é (d P(x)+d? (x))} symmetry Fyroen= x[ 4

F;—W=x[g(u"(x)m"(x)%é(d"(x)ﬂ?"(x))} W edmu Ff—"”‘”"”:x{%(d(x)+c?(x))+l(u(x)+ﬁ

4’ =u"=d 9
[ I
0.4 2 (GeV/c)? < Q2 < 18 (GeV/c)? -
{:\j 0.3 MOT .$ ) JFZe—pr()t()n(x)dx ~ 018
%
ozl K [ Fyrerexde ~ 0.12
i'.:t 2
.,
il . from data
Y
“Q
0 | | | x se



What Can We Learn from This Simple Picture?

» First of all, we KNOW there are gluons...

anti-quark

gluon

quark

- Simple equations from the Parton Model:

4 _ 1 — iSOSpin e—proton 4
F;"’”‘”""=X{§(up(x)+up(x))+§( ”(X)+dp(x))} symmetry 5" =x[

e e )] o ase Fre = 2l A0 Lulo) ()|

d’=u"=d 9
[ I

0.4 2 (GeV/c)2 < Q2 < 18 (GeV/c)? - E
2 m‘ﬁ?ﬁ ' v
e il A " jF;_”m"’"(X)dx ~0.18 Up quarks carry twice the

i —————————————————————————— >
ol % IF;”"””"(x)dx ~0.12 momentum of down quarks
5‘.,; in the proton and gluons
gl *\-:“.. from data carry half of the total proton’s
L T momentum
ol s,



This Simple Picture, Does It Check Out?

» This picture checks out when probing with a different probe: electrically neutral
neutrinos v

. 2"’ Gs R O S
F,, F,, F3 — proton structure functions - T % (1-3) B (x,0%) +y"xF " (x,0°) -1—;-(1 ~ ;);—F;I (x, Qﬂ




This Simple Picture, Does It Check Out?

» This picture checks out when probing with a different probe: electrically neutral
neutrinos v

) v 1.2 L f -
. d“c" G vp 3 3 VD 1, / Y 3
F1, Fo, F3 — proton structure functions o = 2& [(1-3) B (x,0%) +%xF” (1,0%) 43 (1 -3 ) 6" (x,0)|

dxdy 2m
1 _ -
L (Pt F72) = x[u) + )+ 2 + 0]

1 -
3 (P 4 xP7) = x[u(@) + ) ~ ) ~ )]



This Simple Picture, Does It Check Out?

» This picture checks out when probing with a different probe: electrically neutral
neutrinos V

. ,_ HJ f_.' V:l v s 3 o n
F,, F,, F; — proton structure functions - f}_ °F [(1 di +y2FY (x, 0%) _{_}.(, }_)_‘.F_%:(_‘..Qh}}

%(PPZ + Py) = x[u(x) + d(x) + u(x) + d(x)] %(xF“”g, + xP"3) = x[u(x) + d(x) — u(x) — d(x)]

e — 18/5 F,®N(x) - SLAC : Integral
2 ——————————————————————— -— i
nad |- Modified by Fermi motion <Q > Unit
Charges

and measurement errors
0.4

}'_ _______________________ « Quark
Charges

1 ep en
Q?> 1 GeV? 2 [IFPC0) + F@ldx e, + ¢
W2 > 4 GeV? %I[va(x) + Fv(x)]dx 2

0.2

' 50 100

E, (GeV)

x ‘ Sum of quarks charges can be extracted from combination
of proton’s structure functions in electron and neutrino
scattering



Fi, Fsy

1 -
(2 + P) = afuC) + 4G + 00 + (0]

F X}

P5F

This Simple Picture, Does It Check Out?

» This picture checks out when probing with a different probe: electrically neutral
neutrinos

F; — proton structure functions ——

0< Q2 <20 GeV¥?

[ ]
o ¢ this experlmem
=

o 18" Neme)

]

R s Sr2® (sLac-miTy

,_ ".|"

C:Fs [{]

FP(x,0%) +y*xF " (x,0*) +y (1

1 o
3 (e, 4 xF7) = xfuo) + ) — () - d00)

e Subtract the two equations to get the anti-quark
parton distribution functions

* Integrate F; to get the number of valence quarks

40 |-

30

20

3 valence
quarks

* xF; goes to zero at very low x as sea dominates and

q(x) = q(x)



Matter Puzzle: Proton’s Rich Inner Life

» After 50 years of exploration we found that the

proton has a very rich inner life...

—> Structure functions do not scale with Q? after
all but they exhibit a well defined pattern of Q?
scaling violations

- It is precisely this approach to exploring the
proton that led to the development of the
Quantum Field Theory of strong interactions —
Quantum Chromodynamics

F, structure function

0

x=6.32E-5 __\ 000102

P x=0.000161 —— ZEUS NLO QCD fit
VA Y o= H1 PDF 2000 fit
# ; -!-"' x=0.0004 !
a L7 x=0.0005
el Ja/, x=0.000632 * H194-00
SV x=0.0008 o
. sE/y + H1 (prel) 99/00
o J.“*“,,f'- g =003 = ZEUS 96/97
n ¥ ﬂ/ -

‘i.:};“?/:,f'(‘f  xe00021 BCDMS
.-q, "

. i =
'y A -t =
i 'E/" A{‘ e K—D.DD.}:

i iy B RS ogea¥p o g x=0.08

sisithitiny gy gr A8 g g4 x=0.13

r---jﬁfn Eaemas g | RS SN E gl B 015
e apeate 3 b5 f-oas

| g TR

Giiiyet-atlglift g-u g 9 x=04
x=0.65

B e NI~ por S R—— IS ..\

1

} 2 3 4 5
v 10 10 10 10 10

early SLAC measurements Qz(GeVE)



Matter Puzzle: Proton’s Rich Inner Life

» And F_ and R are not zero!

:q-h
— H1 PDF 2000
q LN * H1 Data --- CTEQ 6.6
58 .
"--_"I B -=- MSTW 07
L "
(xgg 88 8 8 8 8
0.5
0_ 3 [ e e
! £ E 10 20 B0 100
gz
— NLO (PGCD+TM+HT)
Q?/GeV? LR 1 nLo (Pqeo+TH)

as &0 100

Q* [b]



Matter Puzzle: Proton’s Rich Inner Life

» Parton distribution functions keep track of the dynamics of quarks and gluons inside
nucleons

Three non-interacting Three interacting quarks Three interacting quarks with sea of quarks,
quarks anti-quarks and gluons
. %
> %

fq(x) ‘ fq(x) fq(x)‘

Y, 1x Y, 17X



Matter Puzzle: Proton’s Rich Inner Life

» Parton distribution functions keep track of the dynamics of quarks and gluons inside
nucleons

Three non-interacting Three interacting quarks Three interacting quarks with sea of quarks,
quarks anti-quarks and gluons

‘ Y
Yo - %
fq(x) ‘ fq(x) fq(x)‘

V& 1A /3 14

{
p’ﬁg\ 3 4 j’
» Parton distribution functions are the initial 9009 M

state in searches for new physics within and

beyond the Standard Model Initial State: 2
Parton Distribution 660 g
Functions (PDFs) ‘_j}’ C K

The accurate determination of the Parton
9 Ba Distribution Functions of the proton is a vital
(L ingredient for LHC phenomenology

1

suoTped




Matter Puzzle: Proton’s Rich Inner Life

» Parton distribution functions keep track of the dynamics of quarks and gluons inside
nucleons

Three non-interacting Three interacting quarks Three interacting quarks with sea of quarks,
quarks anti-quarks and gluons

.

fq(x) ‘ fq(x) fq(x)‘

v, 1+ v, 14X

» Quantum field theory of strong interactions — Quantum Chromodynamics (QCD) — models
the dynamics of parton distribution functions
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Matter Puzzle: Proton’s Rich Inner Life

» Parton distribution functions keep track of the dynamics of quarks and gluons inside
nucleons

Three non-interacting Three interacting quarks Three interacting quarks with sea of quarks,
quarks anti-quarks and gluons

.

fq(x) ‘ fq(x) fq(x)‘

v, 1+ v, 14X

» Quantum field theory of strong interactions — Quantum Chromodynamics (QCD) — models
the dynamics of parton distribution functions



QCD Weaves the Story of Hadron’s Rich Inner Life
» Quantum Chromodynamics? This is all there is to it... according to Frank Wilczek

Quarks Gluons Vertices gluon

= m m self-i:itireasction
. T D i\ 7 g
R R s fﬁ\
A AN M A

- In principle this Lagrangian gives a complete description of the strong interactions

& Mass and quantum field
/ of the quark of jt flavor

1 —
coupling constant of <. L = ? GGy + Z q; (iy“D# +§mj§)q i
j 7 ' —

strong interactions 4

color indices SU(3) color (gauge) symmetry

Gy = 0,A%, — 0,A%, +1i f‘@},CAbﬂAF—;’, D, =0, + itA", > gluonfield

... in practice this Lagrangian leads to equations that are very hard to solve.

Ways have been found: perturbative QCD, lattice QCD,..



The QCD Story of Asymptotically Free Quarks

» Energy scale dependence of strong interaction as predicted by Renormalization Group Equations
(perturbative QCD) and confirmed by measurements is suggestive of barely interacting quarks at
high energy scales - asymptotic freedom

Sept. 2013

0(Q) v Tdecays (N3LO) — QCD describes variation as a perturbative
® Lattice QCD (NNLO) . . .
e expansion in the coupling constant, o
03 L 0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® Zpole fit W0y
iR pe 10as(u)l __asw?) g s yag
02} as(p2) op2 4r 0 4n L
Bees O -
0.1t PG §
= QCD 0x(My) = 0.1185 £ 0.0006
1 10 100 1000
Q [GeV]
—> The way the variation happens — decreases with ; + % + gﬁ +...
increasing energy scale of interaction —is born by the \\ \\ —
fundamental properties of QCD: color, self-interacting ¢ jike qeD if gluon ~ Propagator (gluon)
gluon mediator replaced by photon ~ self-interaction — unique to
QcD

—> QCD perturbative expansion valid for u >> A ~400 MeV, beyond QCD predicts non-negligible
non-perturbative effects (QED stays perturbative for pu << 10°° GeV!!)



Confinement: An Even More Complicated Story...

» Quarks and gluons are trapped in color-less hadrons which is all we can observe - confinement

- Confinement is an experimental observation: so far we have not seen free quarks ~e

- Confinement which arises from highly non-perturbative processes is “postulated” »—@
in QCD

One approach: = =8

- Solving of equations derived from the QCD Lagrangian with minimal
fundamental input: quark masses and strength of interaction

“ 0 - ‘

20
Hadron Mass [GeV] =
1.5F = Q]
—_
_ T

L - i = A

1.0_— —0—_;)_ % A -
+ K N

i p

Lol X — Experiment =
o e Lattice QCD

00!




Going Back to Scattering Off Nucleons

1500 -

Lilg

{d :

!
*F' f

E E, = 4.879GeV
E‘; =1 : 9‘ ;w%ﬁvw Wy
= | AR
o |3 ol 1 5% )
5|8

[
|
¥

Elastic Scattering *

L~

e

(Divided by 15)
0 I 1 1 1 1 1 1 1 K|
28 30 3.2 34 36 3.8 4.0 4.2 4.4 4.6
f*.."j [GCV]
| 1 1 1 1 ]
1.6 1.4 1.2 1.0

2.0 1.8
W [GeV]

Elastic scattering: proton stays intact, W =M

Inelastic scattering: nucleon excited, we produce
excited states or resonances, W =M, nce

Elastic and Resonance regions: highly non-
perturbative quark-quark interactions that lead
to confinement are dominant

~e e
s o

To fully understand the behavior . <

of the proton here we must —(f;\'l T \

understand confinement \U—

vy S
&

Deep inelastic scattering: proton reveals its point-like structure, W = large

Dynamics of nucleon that arises from gluon emission at various energy scales is "

encoded in universal functions (parton distribution functions - PDFs) extracted LE7 5
from data within the framework of perturbative QCD q,va%
AU [_I
#£ B U

Having well constrained PDFs is still a challenge



Parton Distribution Functions: Extraction

» In pQCD we can connect the DIS cross section to universal longitudinal momentum
distributions of quarks and gluons inside nucleons via factorization

a"(p) = f,6™°(p) = fo(1)6(p, 1)

O f_;

L i 2 _ I » .

= oNLO contains a collinear divergence which can be regulated by low-energy,
non-perturbative physics

= oNLO can be made finite if PDFs are redefined to absorb these collinear
singularities

- The cutoff A is an infrared scale that regulates the collinear divergence

=> W is the factorization scale



Parton Distribution Functions: Extraction

» PDFs evolution equations (DGLAP) describe their dependence on the factorization scale

d (} S 'S 2
W aafil) =3Py i) Pyw) = SE PP W) + ( “‘)) PO) +..
J

2m 2

— 1
" . 2
. : =1GeV
o Atlarge x u and d dominate but there is <
definitely gluon and some sea as well 0s - a0
— NLOQCDfit / .\
o Atlow x gluon and sea dominate; u~d
0.6 B
As scale changes and gluons are radiated:
04 1
o Partons loose momentum because of gluon _
radiation so at large x quarks and gluons shift 021 1o (x0.05) ] 7 1
to the left XS(XO"S) >
o Gluons create quarks-antiquarks and gluon-gluon of — —T———— = ——>—
. . -4 -3 -2 -1
pairs so at small x sea and gluon increase and get 10 10 1o 10 !
X

steeper



Parton Distribution Functions: Extraction

» Perturbative QCD gives the Q? dependence of PDFs, the x dependence must be extracted
from fits to data

Example of data set used for PDFs extraction

Process Partons x range

(*{p,n} — (X q.q, g x = 0.01

*n/p— X d/u x = 0.01 q . ¢

pp — ”_4.”__ X , g 0.015 :‘; . :{: 0.35 o Need to use a variety ot processes
pn/pp = ptpm X 2 dfu 0.015 < x < 0.35 to separate flavors

v(v) N — p (™) % q. q 001l =z =0.5

vN = pu ptX & s 001 Sz <0.2

PN — ptp— X 5 0.01 <z < 0.2 o Need data} everywhere .we.war.\t
Ep et X 0th T 0.0001 < z < 0.1 weII-c50nstra|ned parton distribution
etp—=rvX d,s r 2 0.01 functions

etp = etec X c, g 0.0001 = = < 0.01

erp—jet + X % q 001 =z = 0.1

pp — jet + X (:g q.q 001l =z =0.5

pp — W+ = (*) X wu,d,ia,d x> 0.05

pp = (Z = ()X d x = 0.05




Parton Distribution Functions: Indeed Universal

» Perturbative QCD gives the Q? dependence of PDFs, the x dependence must be extracted
from fits to data

- Deep Inelastic Scattering on proton

x=6.32K-5

x=0.000102 _ . .
}ﬁ* iy T PHUSNLOQED TR - Production of W*/- bosons in proton-proton
/ 72N —— HI PDF 2000 fit .

oL e AT s collisions at LHC

3 - 0 x=0,000632 * H194-00

¥ x=0.0008
/ + H1 (prel.) 99/00

Xy /e _ .
o “;f/’ | x=0.0013 " ZEUS 96/97 du—>W- ud->W+

v / ; »/
. < X, 4 _ x=0.0021 BEDAIS
4 -"f” . b
"'!:g’ -t x=0.0032

- v -1 -
i.‘:.-_ j,“ 1!"".‘( NIV G}MSI . . . i . 3.'6 p.b Iat I\JE. ?TE.U
S o w‘.“ ¥ :

- """ x=0.005 — CMS-EWK-10-005-003 / CERN-PH-EP-2011-024 {arXn:1103.3470) —
-
a ,“‘

=
(&)

= ¢ ‘:)”I v s x=0.008 iy -é-._ 1
el o ..,f. LB 5 pTe=”>25 GeV/c AL e T
23 e : £ T e
é r‘.:-:‘ _I:! x=0.013 E @ w ey //@d%
= h /s .
A < oW - pv P
. H..”sz'ﬁ X002 @ 02 B “ I B
= . - + E‘) | /%"«
) _f_ﬂ!-w aviar et isrd x=0.032 o ﬁﬁ/ e MCFM:
‘ O i —:?‘"" F " HERAPDF1.5 (prefim.) |
------ o ewt ot it v 5 i MS'!WEUGBNLEre " &
it E i -
iy B B pU B o0l g8 g x=0.08 a s  — ETiOW i
& o -
L T e -..,-..!:r.,,.. : 2 x=0.13 0.1 L _ ] _ _ -
1 ’ e L 2 S S VTR o ll x=0.18% it |t I I : | x : I it .
B T T 0 i 2
e N 3 g 104 Lepton Pseudorapidity In|
e it i A il p— __l__.____.,_______’_‘_=0"55
0
2 3 <+ 5
1 10 10 10 10 10

Q*(GeV?)



Parton Distribution Functions Extraction: Complicated

Business
A PDF landscape
Pert; sy From A. Accardi
A “Do we need N°LO parton distributions?”
____  Forteetal, PLB 731 (2014)
N3LO | (277 Plenty of
J - -
T opportunities
@ NLO
l
INPD
MMHT D
AB(K)M % #
NLO CTEQ-JLab > Theory input
(roughly x)
>
LT NUCL TMC/HT RESUM Quark-hadron

duality



Parton Distribution Functions Extraction: Complicated

Business
A PDF landscape
Pert. order From A. Accardi
A “Do we need N°LO parton distributions?”
TS :# — - Forteet al., PLB 731 (2014) Plenty of
=" opportunities
@ NLO
l
NNLO QUNPDP @

< \

NLO < CTEQ-JLab > Theory input

(roughly x)

-

LT NUCL TMC/HT RESUM Quark-hadron
duality

Will focus on this




Preamble: Parton Distribution Functions & Constraints from Data

» Perturbative QCD gives the Q? dependence of PDFs, the x dependence must be extracted
from fits to data

Example of data set used for PDFs extraction

Process Partons |z range
F{p,n} =+ X q.q. g xr = 0.01
fn/p -+ X d/u r = 0.01
pp — pupm X ?o q 0.015 < = = 0.35
pn/pp — ptuT X IS d /i 0.015 < x = 0.35
V()N — p~ (") XZ q.q 001 <z = 0.5
vN = pt X & s 0.01 <ax <0.2
vN = putp= X 5 0.01 <ax < 0.2
etp—et X q.q,q 0.000] = = < 0.1
etp—vX d,s z =z 0.01
etp s efecX Ly 0.0001 < = < 0.01
eFp—jet + X % q 001l <z =0.1

0

o

pp — jet + X qg.q 0.01 <z 0.5
pp— (WE = )X wu,di,d = = 0.05 \

pp— (Z =YX d xr = 0.05 Why stop here?




Parton Distribution Functions: Constraints from Data

» Most PDF extractions not well constrained at large x! Why?

Typical kinematic coverage of data used in PDF fits (early 2000)

........ | | A 1.5 E I T T 171110
example ) - CTEQ6.1 \ xg(x) 1
O o » 4 A C Q#=10GeV? _
20" S ; g LE 5
S (o hed g : : xuix)
Y TN 4 0.5 =
A TN
. ; xc(x i
el £ Ref A 0 :
AAMAAAAg%%E § | - T T TTTrT] | I——
10 222 ak E
0.5
ob
-0.5 - relative err.
1 IIIIII - 1 1 IEIIIIl 1 |

y 0.01 0.1 1
X



Parton Distribution Functions: Constraints from Data

> At least 2 complications with low W and low Q2 kinematic regime

o Non-perturbative dynamical higher-twist contributions become large; process
dependent, no prescription to treat them in a unified way across various processes —
inclusion would spoil PDF universality

Operator Product Expansion: Expansion of F, moments in powers of 1/Q?
Twist = dimension - spin

A’s — matrix elements of operators with specific twist

1 0 A )
[ .09 = Aot s 3, @D
0 7=4,6,...
Leading twist: calculable in pQCD higher twist
o :
L—Z_: q q S'\I.!
Jff . ﬁ
q ¢ q

5 D \é:jg



Parton Distribution Functions: Constraints from Data

> At least 2 complications with low W and low Q2 kinematic regime

o Non-perturbative kinematical higher-twist are large (Target Mass Corrections)

C22 For massless quarks and targets (or Q?> =) Bjorken scaling

— 9 . variable is the light-cone momentum fraction of target carried
pP-q by parton

_ 2
Finite Q?, light-cone momentum fraction é — = ——
given by Nachtmann variable 14 -\/l - da? M?/(Q?

A prescription for target mass cormrections can be derived in terms of the

Operator Product Expansion and moments of the structure functions
- Result is “master equation”

FTM (. 02 r Fy *|:tf-":,?2:] {.,_Ug.ra ! I f‘qé:ujli.r’.f J"4 4 o F "” “2
2 Lo, ) ,l_3 {;'2 ‘\‘\ | '{-32 ,I‘_"* ¢ th1 J_,E {'}4 ,I"E'

massless limit structure function calculated from PDFs

arXiv:1201.0576



http://arxiv.org/abs/arXiv:1201.0576

Parton Distribution Functions: Constraints from Data

> At least 2 complications with low W and low Q2 kinematic regime

o Non-perturbative kinematical higher-twist are large (Target Mass Corrections)

No universally agreed upon prescription
to calculate TMCs



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Next-to-leading order (NLO) analysis of expanded data set on proton and deuterium

A. Accardi et al., Phys. Rev. D 81 (2010) 034016

- Improve large-x precision of PDFs with larger DIS data set on both proton and deuterium by
relaxing kinematic cuts to push to larger x; this leads to a factor of 2 increase in number of DIS data
points used for fitting

Q? [GeV?]

].ﬁﬁ L I

10! |

OO & 6 B ":-4

e OO0 OOOIDO 0 O 00
o

o
MDOIHRE @ & @00
bz

, _

IO & B 80«08 —
TITTI =
>

—r—r—
DIS data
& ZLAC
JLAR
BCDIMSE

|-
w2=m?+0*—=
X

stringent cut:
Q2> 4 GeVZ, W2 >12.25 GeV?

relaxed cut:
Q% >m2 GeV?, W2 >3 GeV?



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Next-to-leading order (NLO) analysis of expanded data set on proton and deuterium

A. Accardi et al., Phys. Rev. D 81 (2010) 034016

- Improve large-x precision of PDFs with larger DIS data set on both proton and deuterium by
relaxing kinematic cuts to push to larger x; this leads to a factor of 2 increase in number of DIS data

points used for fitting

o Include all relevant large-x / small-Q? theory non-perturbative corrections: dynamical and
kinematic higher-twist (HT)

o Include nuclear corrections: use of deuterium data requires careful treatment of nuclear
corrections -- off-shell effects and sensitivity to the deuteron wave function



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

o Non-perturbative 1/Q? corrections: dynamical and kinematic higher-twist

. 'z )
Fy(z. Q%) = FyY(z. Q% (1 + %) C(z) = 1 2%(1 + esr) dynamical HT
TMC here
6‘ I LI | I I T I I I I I 1 I I | lr_l I ],5 _I 1 | ! 1 I I | LI 1 I 1 1 I I 1 T I_
i ) -’f | - d/drel’ —
S ?fszfﬁng ;-"' !_f: i Xé/d.0.0~1.3 ]
I 4= OFE _r." /! 1 p= —_— e ]
> I CF e - Tl T
S x  MRST ;o R i
O = o me N ]
22 :I A - ----- £-scaling : .
© 0.5 ——- oPE —
- —— CF . "*,\ .
i "' x2/d.o.f~1 |
0 = = | i
1 1 1 | I I-ﬁ;e_r | I 11 1| | L1 L1 1 | L1 1 | [ | [ | | L1 1
0 0.2 04 _r_{].ﬁ 0.8 1 0 02 0.4 1,_0_5 0.8 1

1) The dynamical HT extraction depends on the TMC prescription used

2) Almost identical results for the d-quark distribution when different prescriptions of TMCs are used in
conjunction with the dynamical HT = that’s great! We don’t want the PDF extraction to be affected by
our imperfect knowledge of non-perturbative corrections



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

o Nuclear corrections: wave function & off-shell dependence

A. Accardi et al., Phys. Rev. D 81 (2010) 034016
A. Accardi et al., Phys. Rev. D 84 (2011) 014008
W. Melnitchouk DIS2015

Weak binding approximation:

N=p+n
o P

| Fé(z, Q%) = / dy f(y,7) FN(2/y,Q?) + 60 Fg

i
N / off-shg:

nucleon momentum
distribution in d
d (“smearing function”)

correction

d3p , 9 e . &Y L v -1y 2e 7’ 9.2
Fy,7) = / (27)3 [Ya(p)|? f’(if— == ) gee {l T (H Tt 33}3))}

&

y = deuteron’s momentum fraction carried by the struck nucleon

v =lal/q = /1 +4M222/Q2 in the nucleus rest frame, virtual photon relative
velocity



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

o Nuclear corrections: wave function & off-shell dependence

A. Accardi et al., Phys. Rev. D 81 (2010) 034016
A. Accardi et al., Phys. Rev. D 84 (2011) 014008
W. Melnitchouk DIS2015

1 o ] - 1 o 1 " ] l.{} I ] 1 Ll 1
— == WJC-1 7
Paris
- == CD-Bonn 1

10

T

f oy
GAY)

—> greater wave function dependence at large y (and x)

- more smearing for larger x and lower Q?



Parton Distribution Functions from CTEQ-JLab: Beyond the

Perturbative Regime

o Nuclear corrections: wave function & off-shell dependence

A. Accardi et al., Phys. Rev. D 81 (2010) 034016

A. Accardi et al., Phys. Rev. D 84 (2011) 014008
W. Melnitchouk DIS2015

J. Owens et al., Phys. Rev. D 87 (2013) 094012

- Representation of a quark g in an off-shell nucleon with invariant mass p? in the off-shell
covariant quark “spectator ” model

) = [ 4@, AG)
/ N

appliedto ¢,, ¢ & g

momentum distribution of quarks
with virtuality p2 in bound nucleon

=

[
9
.

= o

Scale parameter A(0°) which is related to the nucleon

confinement radius (swelling of nucleon in nuclear

medium) suppresses large-p? contributions

Off-shell rescaling parameter \ = 9log A2/01og p?

0.95

p2=M2

[ CJ2min
- CI2mid
—_——— Cl12max

1.05

varied in fit to minimize chi?




Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

J. Owens et al., Phys. Rev. D 87 (2013) 094012

Different combinations of wave functions and size of
nuclear corrections

CJ12min: WIC-1 + small off-shell (A = 0.3%)

CJ12mid: AV18 + medium off-shell (A = 1.2%)

T R CJ12max: CD-Bonn + large off-shell (A = 2.1%)

13 T T T T T T T T

- —— CJ12min 1.6 ..~ CJ12min
12 F — CJ12mid F —— CJ12mid
| ——— CJ12max 1.4

——-— CJ12max

1.1F 1.2

PDF uncertainties relative

ref
ref

= 1 = 1 I .
s = | to the reference CJ12mid

0.9 0.8

0.6
0.8 - ,
» 04k © =100Gev i
0'70 . 0.2 . 0.4 . 0.6 . 0.8 . 1 0 . 0.2 - 0.4 . 0.6 : 0.8 1
X X

- Is it worth using deuterium data and dealing with nuclear corrections?



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

J. Owens et al., Phys. Rev. D 87 (2013) 094012

13 — : —
S no deuteron 2 | =~ nodeuteron

1.2 | ——— nuclear error 1.8 | ——— nuclear error i i i
Py O Global fits without deuterium data

show:
- modest increase in the error band

11F

éﬁ 1 _EE 1.2 i
= | < o;. for u for x> 0.7
- o6k - significant increase in error band

for d

0.8 F - -
0’ =100 GeV’

0.7 . 1 . ! . 1 . 1 0 [ . 1 . 1 . L&
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

X X

- smaller error band for d if deuteron hence nuclear corrections included

13 e | — L R A R T T T T —T;
- —— CJ12mid Y 1.6 —— cI12mid 7
. 12| —- CTI10 ) [ -—— CTI10 A
Inclusion of more data at large |~ MSTWO8 - A -~ - MSTWO08 J/
-~ ABKMO9 '

x leads to better constrained 5l

ref

PDFs

u/u

08

0.8

0.7
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Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Nuclear and high energy connection

- W* asymmetries at large W-boson rapidity are sensitive to d/u PDF ratio at large x

Example: W and decay lepton charge asymmetry at large rapidity

o W) —oW™) _dfu(zs) — dju(z:)
O—(W+) + O-(I/Vi) - d/u(‘LZ) + d/u(l/l) [x1 > x9]

Aw(y) =

p (P)

Ai(y) = Aw @ Bw_i(y)

0.8f —— G5

o Earlier CDF and more recent DO W-asymmetry data

0.6 “ ” 1
select” small but non-zero nuclear corrections

In CJ15 DO W, lepton asymmetries constrain the d-
qguark in a free nucleon so that the deuteron data
can be used to constrain nuclear corrections




Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Nuclear and high energy connection

- W* asymmetries at large W-boson rapidity are sensitive to d/u PDF ratio at large x

\ . CJI5
0.8/ MMHT14

0 0.2 0.4 0.6 (.8
xr

Marked improvement in the d/u uncertainty

1% no DIS (d). no Wasym
- == no Wasym .

no DIS (d) & A

relative error (d/u)

( 0.2 o 04 0.6 0.8
H &€
Deuterium data DO asymmetries determines the
allow for precise ii “free nucleon” d-quark AND
determination of ii Deuterium data determine the

d/u jioff-shell correction



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Next-to-leading order (NLO) analysis of expanded data set on proton and deuterium
A. Accardi et al., Phys. Rev. D 81 (2010) 034016

- Improve large-x precision with larger DIS data set on both proton and deuterium: relaxing
kinematic cuts to push to larger x leads to a factor of 2 increase in number of DIS data points used
for fitting

].ﬁﬁ T L] ) I T ) I ] ) L] I 1 T I T T L]
1. . DIS data .
o & 3 g LI ¥ To. X
0F, 282 el WrP=Mt+0P——
'o:;._| . & @& O -] -] X X x
xd I |
O BB B B stringent cut:
o, 10° & By 1 Q2> 4 GeV2, W2 > 12.25 GeV?2
3

relaxed cut:
Q% >m2 GeV?, W2 >3 GeV?

10t

, ........... Can we pUSh beIOW W2 > 3 GeV2 ?



Quark-Hadron Duality

» What is Quark-hadron duality?

Quark-hadron duality = complementarity between quark and hadron descriptions of
observables

015
z Z .
hadrons quarks '
24 = 0.1 —%. _
Description suitable for Description suitable for % _ resonance region
low-energy regime high-energy regime M data (hadrons) —
(confinement) (asymptotic freedom) Lo *¢“ corfinement in action 1
-
..
0.05 - /7' |
- We can use either set of complete basis PDF based ‘;;43_..
states to describe physical phenomena - extraction Te
(quarks) s oy
v-o._.___“
. . . . 0 | : ! : | . | °e ‘ -
- In practice, at finite energy we typically 06 07 08 0.9 1
have access only to a limited set of basis X
states Resonance region data average to PDF based curve:

1/Q?" corrections small or cancel on average

- Even so, quark-hadron duality shown to hold globally and locally in many observables

W. Melnitchouk et al., Physics Reports 406, 127 (2005)



Bloom-Gilman Duality

» Duality in inclusive electron-proton scattering: Bloom-Gilman duality

vW,

vW,

0.4
0.3
0.2
0.1

0
0.4

0.3
0.2
0.1

0

8

: =
scaling curve >

1 I S SR SR R N L 1 L

1.0 20 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0
U)f

The resonance region data:

0.4
0.3

02|
0.1
0

0.4
0.3
0.2
0.1

.Wz
B a):1+?

| SR T N TN N AU [ T ST ST N

0
1.0 2030 40 50 6.0 70 8.0 9.0 10.0

0]

- o’ allows comparison of high-W?, high-Q? curves (fit to DIS data) to low-W?, low-Q? resonance region data

- oscillate around and are on average equivalent to the scaling curve
- “slide” along the deep inelastic curve with increasing Q?

The Q? dependence of the proton’s resonances (hadrons) is strongly correlated with the dynamics
of the proton in the DIS region where quark and gluon degrees of freedom take over



Quark-Hadron Duality in QCD

» Duality in QCD via the Operator Product Expansion

Twist (= dimension - spin) expansion of F, moments in QCD

W
i

7 . :
Perturbative leading twist e a 3 N Non-perturbative higher
/

results in shallow Q2 : \éf»g twist would induce a
dependence of integral 9/ 4 % ' strong Q? dependence to
' (o'e]

the integral
1 n) 2
— (n) A T(aS(Q ))
[ axen2r, 0% = 47, (a0 + =
0 T=4,6,...

—> The total integral - moment of the structure ™ o e

function - exhibits a shallow Q2 dependence _ >3 e Elostic subtracted

down to a Q2 value of ~ 1 GeV?! S 02F ey . ﬁ

@ 0.1 —

Quark-hadron duality = higher twist (leading to
confinement) are small or cancel on average

10 |
The more remarkable as: I
- At fixed Q? resonances occupy the largest x = 107 L
- At lower Q2 resonances occupy a larger x region of the
total x interval than at higher Q2 e I T T T S S S T
- For higher moments (n=4,...) the contribution from 0.5 1 1.5 2 2.5 3 3.5 4 4.5

larger x (resonances) is even more enhanced Q2 (GeV?)



Quark-Hadron Duality: How Well It Works?

» Global study of global and local Quark-hadron duality in F, structure function: averaged
resonance region data vs PDF fits

e E00-116 EJ Labg

local intervals in the resonance region 4 £94-110 (JLab
— == *_|. Niculescu (JLab)

SLAC
SLAC (E8920)
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r ] 5 ) x I
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0 .I [ Ly | P B [ B a 14 72“ — 14 - DIS —
15 2 25 3 35 4 45 5 TRy I 1 4=l h
W= (GeV*) - gﬁgi’*‘iﬁ%z;r{_%ﬂ X 1 L ;;ggTT@f;_
— T — T \ — S B + 4 P I .
012 F 5 = 5 08 I (b)] o8 [ (e)]
0.1 o L ] data — 0.6 5 L é L \6 L o 0.6 5 L :la L é L S
g . E 1)
F — QCD calculation o
O E 2 e 16
L ; ; . [ T T | T T T T ] . [ T T | T T T T ]
o ; 1430 - 14 Fglobal :
0.04 - = — 12k __ 1 4 12 F . .
0.02 [ 3 1 BRI Al Ll D
ob o b b s TRy 3.2__' L I(CI‘)__ 3-2__' L ‘(f‘)__
055 06 065 07 075 08 085 09 095 1 6 3 5 9 %0 s 5 p
x Q° (GeV?d)

- We define local W2 intervals in the resonance region to verify local quark-hadron duality

- We calculate integral to verify quantitatively how well duality holds when compared to PDF fits constrained
at large x

Xmax Xmax
f Fdata(x’ QZ) dx/f Fparam.(x, Qz)dx

Xmin Xmin



Parton Distribution Functions from CTEQ-JLab: Beyond the
Perturbative Regime

» Next-to-leading order (NLO) analysis of expanded data set on proton and deuterium
A. Accardi et al., Phys. Rev. D 81 (2010) 034016

- Improve large-x precision with larger DIS data set on both proton and deuterium: relaxing
kinematic cuts to push to larger x leads to a factor of 2 increase in number of DIS data points used
for fitting

].ﬁﬁ T L] ) I T ) I ] ) L] I 1 T I T T L]
1. . DIS data .
o & 3 g LI ¥ To. X
0F, 282 el WrP=Mt+0P——
'o:;._| . & @& O -] -] X X x
xd I |
O BB B B stringent cut:
o, 10° & By 1 Q2> 4 GeV2, W2 > 12.25 GeV?2
3

relaxed cut:
Q% >m2 GeV?, W2 >3 GeV?

10t

, ........... Can we pUSh beIOW W2 > 3 GeV2 ?



Parton Distribution Functions from CTEQ-JLab: Beyond the

Perturbative Regime

» Next-to-leading order (NLO) analysis of expanded data set on proton and deuterium

A. Accardi et al., Phys. Rev. D 81 (2010) 034016

- Improve large-x precision with larger DIS data set on both proton and deuterium: relaxing
kinematic cuts to push to larger x leads to a factor of 2 increase in number of DIS data points used

for fitting

1{}5 L I

. e axc
msll data pOF fits:

stringent cut:
Q2> 4 GeVZ, W2 >12.25 GeV?

relaxed cut:
Q% >m2 GeV?, W2 >3 GeV?

A Can we pUSh below W2 > 3 GeV2 ?



Don’t Forget: Nucleon Structure Is Even More Complicated

» Partons inside nucleons can have specific positions and momenta w.r.t. a defined center of

the nucleon; GTMD contain the most general one-body information of partons >
o
Symmetric Infinite Momentum Frame: 5—-\_”_._ _— %-
i Q
_ + -n = bl -
P=[pt.Pm0), GTMD(x, ky,A) =0 —° s
k= [a.fP"",k:_,El} , 3
A= [—Qgptzgp—,ﬁl} A=0 d2k C. Lorce
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S
Af!\-’ .
“ =" Transverse Momentum Generalized Parton W i
. . . c q q b
—_ Dependent Distributions Distributions —
TMDs GPDs
©
flx, k) f(x,A) Z
8
S
J d2k, f dx s

kT =2P"

_ Parton Distribution Functions Form Factors B f
PDFs FFs ]
f(x) | only touched on F(A)
this!

- Knowledge of distribution functions implies knowledge of nucleon dynamics based on the unique
features of QCD: asymptotic freedom and confinement, factorization, and universality



Perspective: There Is Still So Much We Don’t Know

» Nucleon structure has been and is a very active field of research of fundamental importance

A nucleon (e.g. proton) with spin 1/2 is

Structure and dynamics of the made up of...

nucleon in its state of ultimate
confinement — elastic regime

_______________________________ 3 - three valence quarks which
themselves have spin 1/2 but also of...

How do quarks and gluons - coccoce
distribute according to their ==
longitudinal momentum?

_ - gluons with spin 1 that mediate the
" strong interaction and...

... asea of quark-antiquark pairs and
" more gluons.

How do partons distribute
according to their longitudinal
momentum AND their
transverse localization?

Connection between intrinsic motion
of partons and their spin and the spin

How is the spin of the of the parent nucleon
nucleon shared among its

constituents?




THE END



Higher twists

T =2 T > 2
single quark qq and qg
scattering correlations
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W. Melnitchouk



