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Introduction to EIC — three lectures

Hour 1: What is EIC?

Introduction to EIC, historical motivation

*Hour 2: Why a polarized collider? Why nuclei?
Limitations of past & current experiments, why nuclei?

*Hour 3: EIC: (modern) Why?
What, how and when the EIC could deliver

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside



6/18/2023

LONG RANGE PLAN
for NUCLEAR SCIENCE

Gluons, the carriers of the strong force, bind the quarks
together inside nucleons and nuclei and generate nearly all of
the visible mass in the universe. Despite their importance,
fundamental questions remain about the role of gluons in
nucleons and nuclei. These questions can only be answered
with a powerful new electron ion collider (EIC), providing
unprecedented precision and versatility. The realization of this
instrument is enabled by recent advances in accelerator
technology.

RECOMMENDATION:

We recommend a high-energy high-luminosity
polarized EIC as tﬁg highest priority for new facility
construction following the completion of FRIB.

Facilities for Radioactive Isotope Beams (FRIB)
construction completed & Physics started May 9, 2022.
=» DOE has kept its promise. EIC construction plan is
well on the way.

EIC : from a dream to reality



CONSENSUS STUDY REPORT

PUAN ASSESSMENT OF
S U.S.-BASED ELECTRON-ION
COLLIDER SCIENCE

‘C pélling, fundamental
and timely

6/18/2023

National Academy of Science, Engineering and Medicine

Assessment July 2018

Physics of EIC

« Emergence of Spin
* Emergence of Mass
» Physics of high-density gluon fields

‘Iw l()]A;
. . LONG RANGE PLAN
Machine DGSIgn Parameters: for NUCLEAR SCIENCE
* High luminosity: up to 1033-103* cm~sec™
« a factor ~100-1000 times HERA

« Broad range in center-of-mass energy: ~20-140 GeV

« Polarized beams e-, p, and light ion beams with flexible spin
patterns/orientation

» Broad range in hadron species: protons.... Uranium

. Iu?t to two detectors well-integrated detector(s) into the machine
attice

EIC : from a dream to reality 4



_ Proposed
L. Detector

sl.ocations
S T -
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* EIC benefits from SB class investments at BNL and the highly successful RHIC program.
s RHIC will conclude operations in 2025. EIC installation will gerglrgyafter RHIC ops concludes.

6/18/2023 rom a dream
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Africa South America
2% 2% Oceania

The EIC Users Group: EICUG.ORG \

Europe
32%

Formally established in 2016, now we have:
~1350 Ph.D. Members from 36 countries, 270 institutions
New members welcome

+

- Map of institution’s locations

A

EIC Institutional Board

Greenland

H® North America ™ Asia Europe M Africa South America Oceania

EICUG Structures in place and active:
EIC UG Steering Committee, Institutional Board, Speaker’s
Committee, Election & Nominations Committee

Year long workshops: Yellow Reports for detector design

Annual meetings: Stony Brook (2014), Berkeley (2015), ANL
(2016), Trieste (2017), CAU (2018), Paris (2019), FIU (2020),
New: Remote (2021), Stony Brook (2022), Warsaw (2023)

Center for Frontiers in Nuclear Science (at Stony Brook/BNL)
EIC? at Jefferson Laboratory

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside 7


http://eicug.org/
http://www.stonybrook.edu/cfns/
https://www.eiccenter.org/eic-center-jefferson-lab

Electron lon Collider...

What is so special about this new collider being planned in the US?
Why so much excitement?
These lectures will try to explain....

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside



Introduction to Deep Inelastic Scattering

Study of internal structure of
a watermelon:

A-A (RHIC/LHC)

1) Violent
collision of
melons

O YouTute

2) Cutting the watermelon with a knife

Violent DIS e-A (Deep Inelastic Scattering -- DIS)

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside



q=h/A

l r
h = constant
1 A = wavelength
I oo )= uer ¢ = momentum
CUI}%F:\T& | transferred

==

Deep Inelastic: (A << Proton Size)

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside



Our curious minds...



Quest for the fundamental structure of matter

Atom Electron

O

Molecule

Matter
Nucleus

Proton

Neutron

National Academy of Sciences, Consensus Report on theWSsEVE: at uc Riverside

What’s in there?
What are we made up of?
What is the “smallest”?

What is “fundamental” that can’t be
divided further?

12



NNPSS 2023 at UC Riverside

i Light MicrogeGpe Electron Mi ope
Wave length: 380-740 nm Wave lengfth: 0.002 nm
Stu d yl n g S m a I I e r a n d Resolution\> 200 nm Resolutio@m

—

(100 keV)

-

smaller things... O

Fixed Target Particle

Accelerator E |
Wave lepagth: 0.01 fm (20 GeV)
Resolution.~ 0.1 fm

Probe

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

July 10, 11, 12, 2023
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©¥68: SLAC 1974: Brookhaven & SLAC 1995: Fermilab

ulcl t

up quark charm quark top quark

1968: SLAC 1947: Manchester University 1977: Fermilab

d|s | b

down quark strange quark

1956: Savannah River Plant 1962: Brookhaven 2000: Fermilab

v Y| v

electron neutrino muon neutrino tau neutrino

1897: Cavendish Laboratory 1937 : Caltech and Harvard

e

July 10, 11, 12, 2023

1923: Washington University"

1983: CERN

W

1983: CERN

V4

H NNPSS 2023 at UC Riverside

2 g L e i ',-'~'-~_"Not'~
~ Detectable |

Not detectable

'

1923: Washington University"

-,.:
e e i

.

raty:inte;
BURSR
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It all began with....

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside
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~5 MeV Rutherford Scattering

Ernest Rutherford,
Nobel Prize 1908

gold foil

-.Q_J‘ 10* T T T
©
= a+ Au
-
-
O
O » g
dN
dcos 6
10 Pointlike nucleus —_
d he |1
0 c | | 1 | | !
b3 SR Ao oy, | S d_Q = (ZZ0)2[4E ] i 90 -0.5 0.0 0.5 1.0
TS =y &2 (0/ 2) Scattering angle

Scattering off a hard sphere; rnucleus ~ (104 .r atom) ~ 1014 m 6



Cross section in cm? | steradion

~200 MeV

Elastic Electron Scattering

\

10

10

-3
10 2

v

Electron scattering
from hydrogen
(188 MeV 1ab)

(cp

N\ Point charge,
A\ point moment
N (enomalous)
g curve
N
N
\\
N
AN
(@) [
- Mott curjve
\\
Experimentcal curve = \I

L

(b)

Dircc \
curve \
\
\
30 50 70 S0 10 130

I'nucleon ~ 0.7 fm

Laboratory angle of scattering(in degrees)

¢ and, hence, internal (spin) structure.

Robert Hofstadter,
Nobel Prize 1961

Scattering off a spin-1/2 Dirac particle:

(

do _
aa

«
AME sin®

T /2)> % {;ﬂ sin2(6/2) + cos?(6/2)

The proton has an anomalous magnetic
moment,

9p 2, gp~b.6

7



How to explain this in modern
language? Let us see...



Deep Inelastic Scattering: Precision & Control

Kinematics:

e (ku /)

P(p,)

Inclusive events: e+p/A 2 e’+X

Semi-Inclusive events: e+p/A -2 e’+h(x,K,p,jet)+X

Exclusive events: e+p/A =2 e’+ p’/A’+ h(m,K,p,jet)
NNPSS 2023 at UC Riverside

July 10, 11, 12, 2023

The only dimension
considered comes in
through “x”.

Fraction of momentum
carried by the
quark/parton.

It is obviously moving in
the direction of the proton.
— Only one-dimensional
information is explored &
hence revealed....

Al transverse motion
was ignorecf. ’J—[owever,
now we have more
Jorecision. ..

19



Unpolarized
e-p/A DIS

DIS without
Spin:

July 10, 11, 12, 2023

Inclusive Cross-Section:

d2O.eA—>eX 47'('0(2 y2 5 y2 :
= —y+ = — Z_Fr(z, Q?

Reduced Cross-Section:

B d20' $Q4 B 5 y2
. (da;dQ2) ora?[l + (1 —y)?] (=, %) -
2

o (@, Q%) = Ff'(2,Q%) — 5 Fi (@, Q%)

Rosenbluth Separation:
* Recall Q2 =x Yy S fixed x, Q2
e Measure at different Vs
* Plot oreq versus y2/Y+for fixed x, Q2
°* Fois Oreqat y2/Y+=0 —>
* FL = Slope of y2/Y* y2/Y+

NNPSS 2023 at UC Riverside 20

Ored




Inelastic Scattering

/l

Not convinced of additional complexity?

/ P

Simplify - consider inclusive inelastic scattering,

Then forget this talk, and calculate this!

ge
do x <|M| > y Lfg)tonwuy nucleon> W;u/ nucleon (p7 q)

Again, two (parity-conserving, spin-averaged) structure functions:

W1, Ws or, alternatively expressed, Fi, F>

which may depend on two invariants,

qz
Q? = —¢2, r=— 2qp O<zr<l1

So much for the structure, the physics is in the structure functions.

Courtsey E. Sichtermann



Inelastic Scattering
/i
Considerably more complex, indeed!

/ P

Simplify - consider inclusive inelastic scattering,

4
2 9
do <’M‘ > - q_ZLﬁaII/)toanV nucleon> W;u/ nucleon (p7 q)

Again, two (parity-conserving, spin-averaged) structure functions:

W1, Ws or, alternatively expressed, Fi, F>

which may depend on two invariants,

q2

——, 0<z<l1
2q.p

Q2 — _q27 r =

So much for the structure, the physics is in the structure functions. 9 Courtsey E. Sichtermann




Elastic scattering off Dirac Protons

Imagine incoherent scattering off Dirac Partons (quarks) g :

2m, e q>
—1), Wi=-""9§,—-1) and z, = —
J= D WE ==, - 1) and gy = T

ppose that the quarks carry a fraction, z, of the proton momentum

x
that x, = — (also note m, = z,M!)
Zq

ions between K72 and K5

1,2
1
/0 26—];1/[5(95_%) fa(zq) dzq = 5%:63]0‘1(37) = F1(2)

1

33635(9” — 2q) fo(2g)dzg = Z eﬁfq(fv) = Fa(x)

Two important observable consequences,
Bjorken scaling: Fi2(z), not Fia(z, Q%)

Callan-Gross relation: F> = 2zF(x) »

Courtsey E. Sichtermann



~10 Ge\y Deep-Inelastic Electron Scattering

measure flux

PLAN VIEW

* = W=2 GeV
* == W= 3 GeV
s == W=35 GeV

-4

N\ ELASTIC
\_SCAT TERING

q? (GeV/c)2

e.g. J.T.Friedman and H.W. Kendall,
Ann.Rev.Nucl.Sci. 22 (1972) 203



Deep-Inelastic Electron Scattering

Bjorken scaling:

+ 6° n |18°
x 10° a 26°
0.5 T T 1 R Y — -
F5 |
04 =]
© %
0.3 B % | 40 Fa *% %4’ % .
0.2 |- "
w =4
0.l F %!
o\-— cilaes e i) [ TR [UIOTE M
0 2 4 6 8
Q? (GeV2)

Point particles cannot be further resolved; their measurement
does not depend on wavelength, hence C¥,

Spin-1/2 quarks cannot absorb longitudinally polarized vector

bosons and, conversely, spin-0 (scalar) quarks cannot absorb
transversely polarized photons.

R. Taylor H.W. Kendall
Nobel Prize 1990

Callan-Gross relation:

|1
tp m-MW-I -

L1 B

spin O

- 13



Homework:
Find out how we know quarks
carry fractional charge.

Hint: Neutrino Scattering... Gargamell Experiment at CERN.



Quantum

Electrodyna
mics (QED)

July 10, 11, 12, 2023

Theory of electromagnetic interactions
e Exchange particles (photons) do not carry electric charge

e Flux is not confined: V(r) ~ 1/r.  F(r) ~ 1/r2

] Example Feynman Diagram:

T e*e- annihilation
u@ % 1/r?
="
distance —> -
d1 42 Oem,
\V4 — — _
(T) dmeg T r

Coupling constant (a): Interaction Strength
In QED: oem = 1/137

NNPSS 2023 at UC Riverside 29



Gluons!

Discovery of gluons: Mark-J, Tasso, Pluto, Jade experiments at PETRA (e+e-
collider) at DESY (CM energy 13-32 GeV)

eete- —(q qg — 3-ets

eete —(q q— 2ets

e q
Y

0 Yol o) ol
« «Q

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside 30



Quantum
Chromodyn

amics
(QCD)

July 10, 11, 12, 2023

Quantum Chromo Dynamics is the “nearly perfect” fundamental

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

® Three color charges: red, green and blue

. »

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

interact
Self-interaction: QCD
significantly harder to
analyze than QED
. . 4 oy
* Fluxis confined: V (r) = 3 + kr
A \
~1/r at short range long range ~ r

Long range aspect = quark confinement and existence of nucleons

NNPSS 2023 at UC Riverside
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NNPSS 2023 at UC Riverside

What distinguishes QCD from QED?

QED is mediated by photons (y) which are charge-less (and couple to charged particles)

QCD is mediated by gluons (g), also charge-less but are colored! - can interact with themselves, and
colored quarks

In QCD & Only in QCD
g 2> vin QED
A n D,o A u
C,p B v
a h

Nonlinear growth in g-g interactions...
Bring richness and complexity to QCD
Experimental guidance always needed

July 10, 11, 12, 2023 32



About 100 years after the discovery of the
atom and the proton

We know atomic structure so well, that we However, the internal structure of the
define “time” using electronic transitions: proton is
Current accuracy known to only about 20-30%
~1 sec in 220 Million years ~20 minutes in an hour...!

WHY? Because of the gluons

July 10, 11, 12, 2023 33



Proton mass puzzle

eROSITA All-Sky Survey

© Nobel Media AB. Photo: A. © Nobel Media AB. Photo: A.
Mahmoud Mahmoud

Francois Englert Peter W. Higgs

Nobel 2013 With

Francois Englert Quarks
“Higgs Boson” that gives mass Mass =1.78x10% g
to quarks, electrons,....

SRG/eROSITA

J.Sanders/H.Brunner/eSASS/MPE/E.Churazov/M.Gilfanov/IKI

Add the masses of the quarks (HIGGS mechanism) together 1.78 x 1026 grams

But the proton’s mass is 168 x 1026 grams
=>» only 1% of the mass of the protons (neutrons) =» Hence the Universe

=»Where does the rest of the mass come from?

NNPSS 2023 at UC Riverside 34
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HERA - Electron Proton Collider

ol S50 VY

wr T-X
i o

Ay
S

— | 937 clecmeRs T v |
o L ’&t -7 b d

A

.‘.: i \ S R TR __;g(/ Ve / -
» | | HE'F}{\ {992 2006

e 27X HERA 2003;2007..



Unpolarized
e-p/A DIS

DIS without
Spin:

July 10, 11, 12, 2023

Inclusive Cross-Section:

d2O.eA—>eX 47'('0(2 y2 5 y2 :
= —y+ = — Z_Fr(z, Q?

Reduced Cross-Section:

B d20' $Q4 B 5 y2
. (da;dQ2) ora?[l + (1 —y)?] (=, %) -
2

o (@, Q%) = Ff'(2,Q%) — 5 Fi (@, Q%)

Rosenbluth Separation:
* Recall Q2 =x Yy S fixed x, Q2
e Measure at different Vs
* Plot oreq versus y2/Y+for fixed x, Q2
°* Fois Oreqat y2/Y+=0 —>
* FL = Slope of y2/Y* y2/Y+

NNPSS 2023 at UC Riverside 36
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HERA - Early Measurements

Fa(x,Q2)

3
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0.5

Q2= 15 GeV?

T T 171

|

-
-
—
-

Fo(x,Q2)
w

5 ¥ 8

Q2= 30 GeV?

Vv NMC

B — GRVO1
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Can these observations be related?

1
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Measurement of unpolarized glue at HERA

Scaling violations of F,(x,Q?)

X | 632105 4 50010 2
i ol HERAR, OFs(z,Q7) 2
E$ x=0.0004 E=] zEUS NLO QCD fit — XX G (:C Q )
Qo "i&',‘i?{,)?,g,ggg —— H1 PDF 2000 fit 811’1@ 2 7
e H194-00 . .
x=0.0013 s H1 (prel.) 99/00 ° NLO pQCD ana|ySGS fltS Wlth
w0021 % ZEUS 96197 linear DGLAP* equations
4 BCDMS
x=0.0032
F, Structure 1¢
Function e e : 2 _ 2
_ 0008 0.9 F=—= H1 PDF 2000 Q" =10 GeV
o .
N E==== ZFUS-S PDF
Vs " 0,013 0.8 BZzz224 CTEQS.1 g
: e Mx_m 0.7 Gluon
J domi
B ) ominate
2 2 oo e 00 —~ 06
Q~ mom. x—005 ‘E’
exchanged o ¢ Mw 0.8 > 0.5 F
o o ot = C
| ¢ ey — g 85 gy 12 X=0.13 X 04 F
L S S04 TN 5
A : """——ﬁ‘—!-f—gfo.zs 03
L o .au.:'_----_ -=!- sy 3 x=04 : :
L | 0.2t
. e w v 8e x=0.65 C
0 ra il vl L Ll L | Lol 01
1 10 10 10° 10* 10° F
Q’(GeV?) 0 3 A
*Dokshitzer, Gribov, Lipatov, Altarelli, Parisi 10 10 12 10 1 38
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Perspective on x,Q?, Center of Mass

July 10, 11, 12, 2023

Fixed target e-N experiments
(center of mass < 30 GeV)

“% 105:— e Hadron-Hadron
"D, [ COFPE Tnchsive jets 0.7
lﬂ‘; E= D0 Inclwsive jots n<3
T3 Fixed Tavget Experiments:
3| CCFR, KM, BCDALS, X X
10 B, SLAC Typically accessible
o By e-N collider experiments
107 o p CM ~ 300 GeV
:s‘*y ‘ S
/// 2= S X
ettt || 2 y
e = : _experiments
WL A Remember:
= L .
-|4/{:|/ ool el e vl vl vl il Meanlng Of x’ QZ’ and y?
w* w0t wt w0 w? 1wt 1
X

NNPSS 2023 at UC Riverside

39



QCD Radiation

DGLAP equations are easy to “understand” intuitively,
in terms of four “splitting functions”,

O

P.(2) : the probability that parton a will
radiate a parton b with the fraction
z of the original momentum carried by a.

Yu.L. Dokshitzer, Sov.Phys. JETP 46 (1977) 641,

V.N. Gribov and L.N.Lipatov, Sov. Journ. Nucl. Phys. 15 (1972) 438; ibid 15 (1972) 675
G.Altarelli and G.Parisi, Nucl.Phys. B126 (1977) 298

26



Low X rise
of the gluon
distribution

July 10, 11, 12, 2023

Momentum Fraction Times Parton Density

[ ]
HERA
40— &
- CTEQ 6.5 parton
3.5F distribution functions
F Q% =10 GeV?

3.05_ gluons

0 P PR | NI S 2 | X
0.0001 0.001 0.01
Fraction of Overall Proton Momentum Carried by Parton

0.1 1.0

What could
tame the
low-X rise?

NNPSS 2023 at UC Riverside
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How does a Proton look at low and very high
energy?

Time =2

F’
>~f

O
Low energy: High x ° \ \Lk i f}v \\ o] —
Regime of fixed target exp. . N ;f’ . ‘1{

.
2
: 'Q" W ——>
High energy: Low- x [ E—

haVad haVad
| |
. . [ WMW
Regime of a Collider * S oS>
Ili.l‘ "L:\,A;.\JJ' A"\_r’ PEAN >
l'\/' M

Cartoon of boosted proton

At high energy:
« Wee partons fluctuations are time dilated in strong interaction time scales
* Long lived gluons radiate smaller x gluons =» which in turn radiate more... a chain reaction

leading to a runaway growth?
mm‘g::: Gluon splitting
43
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Gluon and the consequences of its interesting
properties:

Gluons carry color charge = Can interact with other gluons!

“...The result is a self catalyzing enhancement that leads to a runaway growth.
A small color charge in isolation builds up a big color thundercloud....”

F. Wilczek, in “Origin of Mass”

%99999 Nobel Prize, 2004

m%wwﬁ ? Infinity?
%mﬁ No!
m%*?ii

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside

~< 28 2%
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“spin has killed more theories in physics than any other single

observables”
-- Elliot Leader

“If theorists had their way, they would ban all experiments with Spin”
-- James D. Bjorken (jokingly)

What happens when we add “spin” to the electron-Nucleon scattering?

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside
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Levitating top

July 10, 11, 12, 2023

NNPSS 2023 at UC Riverside

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.

46
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Cross section asymmetries....

* Ac = anti-parallel — parallel spin cross sections
* Acperp= lepton-nucleon spins orthogonal
* Instead of measuring cross sections, it is prudent to measure the differences:
Asymmetries in which many measurement imperfections might cancel:
AO'” AO'_L

Me AT

which are related to virtual photon-proton asymmetries A,,A.:

A=D(A+nA,), A =d(A,—E&A)

o0y g1 Y& A= 20" 81182
— =

Ay

j— p— ’y
Ot o3p Fy Tt O3p Fy

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside



First Moments of SPIN SFs

1

O =

1 f .
Ag = /Aq(_‘],’)d.p g1(x) = 52}@%{(1}“ () —q; (x)} =
0
, 1[4 1 1 _ 1. | L A oA
219 9 9 127 36\ ~—
a3=8, 9
(3F-D)/3

Neutron decay
Hyperon Decay

|

- 1

(g — (g
3

9
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1 .
5 Zf ﬁ‘} A(’]f (.“I.T)

(Au+ Ad + AJS)
ES
AX
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Life was easy in the Quark Parton Model until first spin experiments were
done!

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside

50



Polarized Deep-Inelastic Scattering

021 ¢ This experiment \
«— ELLIS-JAFFE SUM RULE ¢ SLAC [2-3] V.W. Hughes (1921-
0.18+ 4% 2003)
o iel AN ~ 02 Ns = 0
>
= |
g R o :
(@)] £ T o e il
©—£0.09f | f } \%\

o
o
()]
'
’
——A——
7/
7’
—0—
7’

EMC: J.Ashman et al, Nucl. Phys. B328 (1989) 1 \&
1 | ! ] ] L¢‘°‘°~ 2
0.01 0.02 0.05 0.1 0.2 0.5 1.0
Xm

“ The sum of quark and anti-quark spins contribute little to the proton
spin, and strange quarks are negatively polarized. ”

14



. 14 Tt en? 9 S " Discovered by EMC experiment at CERN
Spln CrISIS pln PUZZIG Confirmed by SMC, SLAC, HERMES

Gluon’s contribution measured by RHIC

x &
. 4
, gk Q7T G\
e b &
N . Lecture 2
1 25% Lecture 3 ~25% Lecture 3
5 — [Qspin —|— Qang.mom.] _|_ [Gspin _|_ Gang.mom.]
p) P,

Transverse motion and finite size of the proton must create the orbital motion.

Connected to the mass?
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Homework

-- How do we know quarks have fractional charges? — neutrino scattering

-- Calculate the Center of Mass energy

1. What is it for a Collider with 10 GeV e beam colliding on 250 GeV proton

2. What energy of the electron would be needed to achieve the same CME in a fixed
target experiment? (make simple reasonable assumptions where needed)

July 10, 11, 12, 2023 NNPSS 2023 at UC Riverside
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Deep-Inelastic Neutrino Scattering

Recognize this from CERN?

Gargamelle bubble chamber,
observation of weak neutral
current (1973).

.. CPS ring

@
E<

S
ol S i e
. ey A 2
)
\ W/

Charged-current DIS!

N
LS

measurement

Nucl.Phys. B73 (1974) 1 L sas 70m
Nucl.Phys. B85 (1975) 269 aSii==g
Nucl.Phys. B118 (1977) 218 - e

Phys.Lett. B74 (1978) 134

V///.% [ron

22 Concrete
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Deep-Inelastic Scattering - Fractional Electric Charges

€

Neutral-current (photon) DIS:

4
U,

« FY(GARGAMELLE)
Fy = :I:Zeg(q—kcj), p:uud, n:ddu

* (1815) FN(MIT-SLAC)
2 2
szvzx—eu;ed(U—l—ﬂ-i—d—l—J) 2]
Fa (K) ; " P
t "
0.8]. l x‘
Charged-current DIS: L oal l ”

| -

FP =2x(d+a), FJ™=2x(u+d)

F2VN — x(u Sy d—|—CZ) 0 0.2 ' 0.4 0.6

16



Deep-Inelastic Scattering - Fractional Electric Charges

€

Neutral-current (photon) DIS:

u.d
U ¢

F, =:I:Zeg(q+cj), p:uud, n:ddu

2 2
e“;ed (u+u+d+d)

FY =z

Charged-current DIS: 1

FP =2x(d+a), FJ™=2x(u+d)
FyN =z(u+a+d+d)

Ratio:
EN  1,, L, 5
== = — ~0.28
FyN T 9 (eu +ea) = 13

Mean Square Charge of Interacling Consliluents (S=0)

0.6

04}

< Q2>

0.2}t

€ Q2> [fr* o] . 0.303£0.04

3r_o'+of para
m Ey Ey
4= CG(ref. 4)
® = This experiment
"Integrol
----------------------- -— Unil "
Charges

B Y R o Quork
Chorges

1 1
0 50 100

E, (GeV)
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Deep-Inelastic Scattering - Momentum Conservation

€

Neutral-current (photon) DIS:

2 2 ~ N
4t s dr d) . F¥'(GARGAMELLE)
2 , % (1815) F$Y(MIT-SLAC)

Charged-current DIS:
Fa (n) ;

o.a.. l ’ ‘

Momentum fraction: 0.4/ 9

FyN =z(u+a+d+d)

1 2 2 ol ) |
/ Févdx:%ﬁ/ m(u-'—a—'—d—'—d) [} 1 1 1 L] 1 1
0 0 5 Z

Gargamelle: 0.49 +/- 0.07

/
SLAC: 0.14 +/- 0.05 Quarks carry half of the nucleon momentum!
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Energy s

log Q2

log x

* Low-x reach requires large Vs
* Large-Q2 reach requires large Vs
e y at colliders typically limited to 0.95 <y < 0.01

NNPSS 2023 at UC Riverside
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Kinematic coverage as a function of energy of collisions

v} . ]
’ Q" vs. Bjorken x, 4 fb™ at 5 x 50 GeV | Q? vs. Bjorken x, 13 fb'' at 10 x 100 GeV |

Q* (GeV?)
Q* (GeV?)

10 =

10 =

Q? vs. Bjorken x, 20 fb! at 20 x 250 GeV |

As beam energies increase, so does <
the x, Q? coverage of the collider: 5, 10 5 | 20x250 g7
and 20 GeV electrons colliding with 50, oL

100 and 250 GeV protons ; y=05:

y =0.95 and 0.01 are shown on all
plots (they too shift as function of
energy of collisions)

10
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Perspective on x,Q?, Center of Mass

July 10, 11, 12, 2023

Fixed target e-N experiments
(center of mass < 30 GeV)

“% 105:— e Hadron-Hadron
"D, [ COFPE Tnchsive jets 0.7
lﬂ‘; E= D0 Inclwsive jots n<3
T3 Fixed Tavget Experiments:
3| CCFR, KM, BCDALS, X X
10 B, SLAC Typically accessible
o By e-N collider experiments
107 o p CM ~ 300 GeV
:s‘*y ‘ S
/// 2= S X
ettt || 2 y
e = : _experiments
WL A Remember:
= L .
-|4/{:|/ ool el e vl vl vl il Meanlng Of x’ QZ’ and y?
w* w0t wt w0 w? 1wt 1
X
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