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Overview of these lectures:
Understanding the structure of matter

e Lecture 1: Past studies in hadron structure... Quantum
Chromodynamics (~1970-2000)

* Lecture 2: Introduction to a Collider (~2000-2025) as an example | will
consider the polarized Relativistic Heavy lon Collider (RHIC). (Heavy
ion physics in another lecture set)

* Lecture 3: The US Electron lon Collider: Frontiers QCD (~2030+)
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Overview of these lectures:
Understanding the structure of matter

Lecture 1: Past studies of hadron structure (Quantum Chromodynamics)

* Brief History
* The Standard Model (SM) & experimental method, kinematics etc.

* QCD: Some early surprises
« Spin: EMC spin crisis: inclusive and semi-inclusive DIS and current status
* Nuclei: EMC effect in nuclei: what we know, what we don’t know...

 Need for a collider
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- Light MicrogeGpe Electron Mi ope
Studying smaller and i Som) ErifEEm o)
smaller things...

Fixed Target Particle

Accelerator E '

Wave IGW
Resolutior.~ 0.1 fm

T - e N e e M R e Rt s - )
- > -

Probe

= alectrons

Target SLAC, EMC, NMC, E665, BCDMS,
HERMES, JLab, COMPASS, ...

Detector
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 In the 1960s Experiments at Stanford Linear Accelerator Center
(SLAC) established the quark model and our modern view of
particle physics “the Standard Model”

Phot T. Nakashima
Richard E. Taylor

Jerome |. Friedman Henry W. Kendall 3
Prize share: 1/3

Prize share: 1/3 Prize share: 1/3

"#$%&'()*$&)+&',-.)/.&0112

Scattered electron is def3ected
by a known B-beld and a bxed
vertical angle:

determine EOQ

Spectrometer can rotate in the
horizontal plane,

vary |
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https://www.nobelprize.org/prizes/physics/1990/summary/

The Static (Constituent) Quark Model

M. Gell-Mann,
Quarks: spin 1/2 fermions, color charge K Nashijma (> 1964)

Baryons: .‘. Mesons: ‘@

Soa =y Eight-fold Way:
| Account for every
hadron we found so far
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Theory of electromagnetic interactions

¥Exchange particles (photons) do not carry electric charge
¥Flux is not confined: V(r) ~ 1/r.  F(r) ~ 1/r2

Example Feynman Diagram:

Quantum e+e- annihilation
Electrodyna
mics (QED)
HS%E ( —>
= | #em
r r

Coupling constant (! ): Interaction Strength
In QED: ! em = 1/137
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Quantum
Chromodyn

amics
(QCD)

Quantum Chromo Dynamics is the Onearly perfectO fundamenta

theory of the strong interactions F. Wilczek, hep-ph/9907340

¥Three color charges: red, green and blue

. »

¥Exchange particles (gluons) carry color charge and can self-
Interact

Self-interaction: QCD
significantly harder to
analyze than QED

!
¥Flux is confined: V(r) = ! 4ls + kr

/,Br N

~1/r at short range long range ~ r

Long range aspect <zquark confinement and existence of nucleons
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Gluons!

"HBU6&' ()*Yo+* - Y6/H0* 12 (B 6* T2HHY6*8-.9%6*52: < ("= 9#*29*8>T? @B 4
$%--"2'(C*29*I>DE*AF1*/'(,)*GH HI*J'KC

¥ere ! g'qg! 3-jets Eme

¥Yete ! g'q! 2-jets
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Standard Model (SM) of physics:
Fundamental building blocks

HS ()%+)+-)) 0)*12
"#$%&"#
|()*||%+
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Difficulties In

065 Fermiab

577 Formdab

understanding our universe

A e G
HSURHE H(E

923 Washingicn Univeesity’

wi3: CERN
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Scattering of protons on protons
IS like colliding Swiss watches to find out
how they are build.

R. Feynman

L*$2/*2#3+0* LM 2% #+" [*
OM'('6*N.9*/%9*M%O*IM')*2(**
N."-9*06(*M%O*9M')*O%(3P
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A/ B;,C/#D
® Y sa  Bag Model: Gluon field distribution is wider than the fast moving
® o 2%°.% quarks. Color (Gluon) radius > Charge (quark) Radius
o > Constituent Quark Model: Gluons and sea quarks hide inside
o 2 B massive quarks. Color (Gluon) radius ~ Charge (quark) Radius

Lattice Gauge theory (with slow moving quarks), gluons more
@ concentrated inside the quarks: Color (Gluon) radius < Charge
(quark) Radius

)((+ I"HSO6R"Y0-06. (#+/0+$1(+23%4EF+ -$96) +64/S/"#-+
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How does a Proton look at low and very high
energy?

E:F"#9#5<G!">8<*"H
2(9/3(1*<1</6(@1$%=9($1(6AB

>8<*"#9#5<G!"EH
7(.,-(+/0+%+8/",*(4

265/;;9";1"J;;,CH#D"%5;/;9
"#$%&$H () &*+
« Wee partons fluctuations are time dilated in strong interaction time scales

 Long lived gluons radiate further smaller x gluons ! which intern radiate more....... Leading to
a),(-.-*#&)/."$0
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Gluon and the consequences of its interesting
properties:

Gluons carry color charge ! Can interact with other gluons!

+,-.$/0$)12'/")/&1)$23/(8 &245"#6/$H#.&H($YSH /' &'12$&7)/'8/&I01#&9&4/6089" .
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Gluon and the consequences of its interesting
properties:

Gluons carry color charge ! Can interact with other gluons!
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Proton mass puzzle = gomues ey s

HIH A A0H#122

%&'&()1*++,) ®

Quatks &

Mass =1 78x10% g

Proton

! Mass = 168x10%% g
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Levitating top

"#3$"%&H'

Despite understanding
gravity, and rotational
motion individually, when
combined it produces
unexpected, unusual and
interesting results.

In nature, we observe such

things and try to understand
the physics behind it.

(0**+%&%#,+-(./"0-,+12345627+89+4:2+;<234689+089+=8<<>?26

%I



Let's get back to e-p DIS with &
without “spin” as an example:
What did we learn?
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Inclusive Cross-Section:
(120'" A—-eX

dra’® N e WL z
*Q' ) = —y+ L) Fy(z. Q%) - LFy(x. QP
*6'.-,):+$ e = [(1 v+ O)UJ Q") - LFi. Q)

el

+<6=>&7?@!

Reduced Cross-Section:

I g WERL —_ d°o ‘r()i - Falr 2
?@!&1)"5H" = ((1.1'(1(22)27.'(12[1 Yy b R

16)*3 y?

or(z, Q%) = Fi'(z,Q?) - o Fi (z, Q%)

Rosenbluth Separation:
* Recall Q2=xys
» Measure at different Vs
* Plot 0reqa versus y2/Y* for fixed x, Q2
* F2is Oregat y2/Y* =0
e F_ = Slope of y2/Y*

Ored
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* Quarks: qi(x,Q2) from F2 (or reduced cross-section)
* Gluons: g(x,Q2) through scaling violation: dF2/dInQ?2
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Lepton-nucleon cross section...!"#$%&"(

Spin Plane $#! cos, $#.,$ sin, cos-$#

L))I0+1&,
2344667
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2Mx_ I Q2
o7t (O

J)$', 91" #"$11*.%&&" " $IH' 9**(%//

2$#% 16) * 2 I" +2y %1# N,

1# —#—

dde2 Q4 !
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Cross section asymmetries....
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First Moments of SPIN SFs

2
. ol f . 5 1 e
Agq =6/ Aq(x)dz g1(z) = 521‘5}{"{? (z) — g7 (z)} = ;ij‘-’i‘dqf(m)

—(Au — Ad) + —((Au + Ad — 2As) + )(Au + Ad + AJ)

. Y | L9

ll#

F’l’:%[(l_\u—l- —Ad+ — As:| =

K"'&.$)#l:"-%1 LM@\NOM
P16"$)#'A".%1
. | 1 1
pn = 2 =
I'7 = T [jt(.l-.g - —\/guh} + 9(10
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Nucleon!s Spin: Naive Quark Parton Model (ignoring relativistic
effects... m#s9s(*+ 58"19%"1$%. (*%6/8)*"+&0,"-%* 1219%6)2+4"() -

» Protons and Neutrons are spin 1/2 particles
* Quarks that constitute them are also spin 1/2 particles

* And there are three of them in the
Proton: uud Neutron: udd

S proton = Sum of all quark spins!

2
1/2 =1/2 +1/2+1/2

i /2 =1/2 -1/2 +1/2
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» Deep Inelastic polarized electron or muon scattering

NTL — NTT
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'# =0.12) +/- (0.17) (EMC, 1989)
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- Scaling violations of F, (x,Q')
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§ 10.5°
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* high energy beams two stages spectrometer
* large angular acceptance Large Angle Spectrometer (SM1)
+ broad kinematical range Small Angle Spectrometer (SM2)
vatiety of tracking detectors X
ScF Strans
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Mcromegs MWEC
FIGEM LoC
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Polarised Target
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- RICH detector
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Similar to extraction of PDFs at HERA

&'()*++,
f-.? HERA F, NLO pQCD analyses: fits with
g B zhs o con 1%(=) DGLAP* equations
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Large amount of polarized data since 1998E but not in NEW kinematic region!
Large unceriainty in gluon polarization (+/ -1.5) resuls from lack of wide Q 2 arm
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* Quark + Anti-Quark contribution to nucleon spin is definitely small: Ellis-Jaffe sum violation

confirmed
" =0.30% 0.0

* |s this smallness due to some cancellation between quark+anti-quark polarization

* The gluon’s contribution seemed to be large! I G — 1 i 15

 Most NLO analyses by theoretical and experimental collaboration consistent with HIGH gluon
contribution

 Direct measurement of gluon spin with other probes warranted.
« Seeded the RHIC Spin program ! Lecture 2
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