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

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

~1 sec in 220 Million years

Because of the gluons
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1974: QCD Asymptotic Freedom

(]

Nobel Prize in Physics 2004
David J. Gross, H. David Politzer, Frank Wilczek

"for the discovery of asymptotic freedom
in the theory of the strong interaction".

Quantum Chromodynamics (QCD)

Theory of strong interactions includes color confinement, asymptotic freedom

2004 Nobel Prize for explaining asymptotic freedom
Confinement observed, but not quite understood..... Many facets to it...
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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 & i
S - Only in QCD

A

g

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

Francois Englert

Nobel 2013 With &\ \ o
FranCOiS Englert Quarks & Mass ~168x102% g
“Higgs Boson” that gives Mass =1.78x10% g

mass to quarks, electrons,.... \

Add the masses of the quarks (HIGGS mechanism) together 1.78 x 106 grams
But the proton’s mass is 168 x 10-2® grams
= only 1% of the mass of the protons (neutrons) = Hence the Universe

= \Where does the rest of the mass come from?
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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 Cuiank

“Higgs Boson” that gives Mass =1.78x10% g

mass to quarks, electrons,....

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

Add the masses of the quarks (HIGGS mechanism) together 1.78 x 10-26 grams
But the proton’s mass is 168 x 10-2° grams

= only 1% of the mass of the protons (neutrons) = Hence the Universe
=>\Where does the rest of the mass come from?
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Non-linear Dynamics of QCD has Fundamental Consequences

* Quark (Color) confinement: SV——
« Unique property of the strong interaction mass &

« Consequence of nonlinear gluon self-interactions Confinefrigledn;, gluon

« Strong Quark-Gluon Interactions:

« Confined motion of quarks and gluons — Transverse Momentum Dependent Parton
Distributions (TMDs)

» Confined spatial correlations of quark and gluon distributions -- Generalized Parton
Distributions (GPDs)

Deeply connected to emergence of mass and spin of observed building blocks of nature

 Ultra-dense color (gluon) fields in all nucleons and nuclei?
« Runaway growth in gluon number: Is it tamed by existing mechanisms in QCD?
* |s there a universal many-body structure due to ultra-dense color fields?
« Happens in all hadrons and nuclei? =» Universal?

A-A, p-A, e-A, p-p, ¢/u-p/A and e-e collisions are all essential for fully understanding of QCD
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Spln “CriSiS” % Sp|n PUZZIG Discovered by EMC experiment at CERN
« & K f
5 — [QSpln _I_ Qang.mom.] _|_ [Gspln _|_ Gang,mgm.]
? ?

Transverse motion and finite size of the proton must create the orbital motion
Connected to the mass?
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N UCIGar PUZZIG Discovered by EMC experiment at CERN

1.5 p— ) . :
antishadowin Fermi-
Nuclear EMC effect - g ol

Parton distributions are different in
protons and nuclei

y=|
Q
2
Q
-
E 10
Zi
Exactly how do they get modified? \@
5
What happens in regions x < 0.001? %’ 0.6
Not quite known, and not predictable =
2 _ shadowing
. . A
However, low-x dynamics in protons S B
and nuclei is of great interest, need to 02
measure experimentally B | |
10” 10” 10" 1
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DEEP INELASTIC SCATTERING (DIS)

10

The best technique to understand the internal structure of protons,
neutrons and the nuclel.
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A-A (RHIC/LHC)

1) Violent
collision of
melons
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Study of internal
structure of a

watermelon:
SEEEaRaERRLcr:
A ‘ T :FH‘
5 '%‘1 i?

2) Cutting the watermelon with a knife
Violent DIS e-A (EIC)
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PHYSICS OF EIC
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QCD Landscape to be explored by a new future facility

QCD at high resolution (QZX—weakIy correlated quarks and gluons are well-described

@ (Ge Strong QCD dynamics creates many-body correlations

A between quarks and gluons
S | Quarks — —> hadron structure emerges
5 Gluons
©
o
oc
Stro
Quat A : . : . .
Systematically explore correlations in this region.
< E
© > -
E = 3
ju (&}
g S,
()
= 8, 2 . . . .
S %, s 2= An exciting opportunity: Observation of a new regime
£ % 7 3 in QCD of weakly coupled high-density matter
< ® Pomerons?
S Regge trajectories? Y

» 1/
Parton Density

Need Precision and Control
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EIC Physics at-a-Glance

uarks
Mass =1.78x1026 g
~ 1% of proton mass

How are the sea quarks and gluons, and their spins, distributed in space and
momentum inside the nucleon?

How do the nucleon properties (mass & spin) emerge from their interactions?

How do color-charged quarks and gluons, and colorless jets, interact with a

. nuclear medium?
>WW° > %5&. How do the confined hadronic states emerge from these quarks and gluons?

e How do the quark-gluon interactions create nuclear binding?

How does a dense nuclear environment affect the quarks and
gluons, their correlations, and their interactions?

What happens to the gluon density in nuclei? Does it saturate at gluon gluon
high energy, giving rise to a gluonic matter with universal emission recombination

properties in all nuclei, even the proton? Mmﬁiz ? %
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properties

Current polarized DIS ep data:

F oCERN ADESY ¢JLab-6 o SLAC [ JLab-12

- Current polarized RHIC pp data:
e PHENIX=® 4 STAR 1-jet v W bosons

VYVYVYYVYVYY v

For e-N collisions at the EIC:
v Polarized beams: e, p, d/?He

v' Variable center of mass energy
v' Wide Q2 range - evolution

ectro
eeeee

1 v Wide x range - spanning valence to low-x physics

10 1078

For e-A collisions at the EIC:

v" Wide range in nuclei

v Luminosity per nucleon same as e-p
v’ Variable center of mass energy

v" Wide x range (evolution)

v" Wide x region (reach high gluon densities)

— —————
— Measurements with A =56 (Fe):

A
o
w

© DY (E772, E866)

Q? (GeviResolution =

-
TTTT T™TTTTTTT

T

e eA/uADIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)

0.1
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Nucleon Spin: Precision with EIC

1 1

AY/2 = Quark contribution to Proton Spin -
Ag = Gluon contribution to Proton Spin
Lo = Quark Orbital Ang. Mom
Lec = Gluon Orbital Ang. Mom T & 03— — — —
5 - o ' DSSV 2014 — - .
S R R < 02F =
Spin structure function g4 needs to be = [ S N n -
measured over a large range in x-Q? o b i o CRHICpaodua | S 1L ]
0 b A g B _
(2} - .
c - -
Precision in AZ and Ag = A clear idea g O S B
Of the magnitude of Lq+tLg=L ¥ . s :
sl o ¢ OE EIC -
Lattice Calculations : comparison Z in s S - [ Vs=44.7 GeV ]
ERAt- c 021 W Vs=44.7-70.7 GeV
_ b @ :: =< N W V5=44.7-141.4 GeV ]
SIDIS: strange and charm quark spin A IS e EPOT IO B ) < SR IR B
. . -5 -4 -3 2 -1 -0.2 0 0.2
contributions 10 10 10 10 10,

Y, - [dx (Quarks + Gluons) (10° < x < 1)



Courtesy: Alssandro Bacchetta




7/12/22 Electron lon Collider : CFENS Lecture 2

What does a proton look like in “transverse” dimension?

Static Boosted
. e XN Bag Model: Gluon field distribution is wider than the fast moving
o 0 Ofo'oo%g quarks. Color (Gluon) radius > Charge (quark) Radius
® ® 00,/
0o @

Constituent Quark Model: Gluons and sea quarks hide inside
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

Need transverse images of the quarks and gluons in protons
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2+1-Dimensional Imaging Quarks and Gluons

Wigner functions W(x,b,kr)
offer unprecedented insight into confinement and chiral symmetry breaking.

W(x,bpkr)
2 2
Momentum f d*by kr f d°ky Coordinate Near future
space space promise of direct
Comparison with
lattice QCD
f(x,ky) f(x,br)
Spin-dependent 3D momentum space Spin-dependent 2D coordinate space (transverse)
images from semi-inclusive scattering + 1D (longitudinal momentum)
> Transverse Momentum images from exclusive scattering (Deeply virtual
Distribution Compton scattering and meson production)

- Generalized Parton Distributions

momentum and position distributions - Orbital motion of quarks and gluons
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D partonic image o e proion wi e

Spin-dependent (2+1)D momentum space images Spin-dependent 2D coordinate space (transverse) +
from semi-inclusive scattering (SIDS) 1D (longitudinal momentum) images from exclusive
Transverse Momentum Distributions scattering Transverse Position Distributions
ol v ol %
Gluons:
Quarks
- B . Only @
Motion  z + 13 + Coliider

p p p

Deeply Virtual Compton Scattering
Measure all three final states

etp2>e+p+y

Fourier transform of momentum
transferred=(p-p’) > Spatial distribution

Sea quark’s 2D position distribution
unpolarized polarized

0.5 0 0.5 -0.5 0 0.5 o S 2 246 -1 05 0 05 1 15 -15 -1 05 0 05 1 15 S s
ky(GeV) ky(GeV) (1)) (D' AX)g0sbX B, (im) b (fm) () (0T N)aoybX
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Study of internal
structure of a
watermelop:

A-A (RHIC)

1) Violent
collision of
melons

2) Cutting the watermelon with a knife
Violent DIS e-A (EIC)

3) MRI of a watermelon
Non-Violent e-A (EIC)



CONSEQUENCE OF GLUON SELF
INTERACTIONS

Particularly at high energy (low-x)
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How does a Proton look at low and very high energy?

Time -
Low energy: High x \ \]\ 2 flvi\v - ol s
Regime of fixed target exp. . N j N LIE?-‘:

High energy: Low- x
Regime of a Collider

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?
mn‘j‘g: Gluon splitting
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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”
Nobel Prize, 2004

— e 5

ﬁ Infinity?
%

No!
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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”
Nobel Prize, 2004

gluon O gluon
emission ' recombination

o




Momentum Fraction Times Parton Density
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% 5 In search of a new state of matter!

4.0r

3.5

1.0

0.5)

0 i il i
0.0001 0.001

What could tame the low-x rise?
Can EIC access this region?

3.0
2.5}
2 0f
15

ey QCD inherently has the needed mechanism for this
; taming but we don’t know when it gets triggered.

- CTEQ 6.5 parton
~ distribution functions
- Q% =10GeV?

; gluon gluon
] emission recombination

i Observation of gluon recombination effects

, ‘ =>|s there such new state of matter?

0.01 0.1 1.0 - “Color Glass Condensate”

Fraction of Overall Proton Momentum Carried by Parton > 50-100 times hlgher energy density than the core

Experimental evidence needed of the neutron star



CTEQ6.5parton
3.5} distribution functions
. 0; Q* =10 GeV?

250

Momentum Fraction Times Parton Densi
N
(=]

0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

A
{5
ag <1
pQCD !
~ evolution
c equation
=
H@
saturation
non-perturbative region ag ~ 1
'
In x
gluon gluon
emission recombination
= At Qs

300
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Low X physics with nuclel

/ L~ (2myx)'>2R,~AMB

Accessible range of saturation scale Qg ? at the EIC
with e+A collisions.
arXiv:1708.01527

x<0.01

| ECsne =90V (eAy
Gev [IHERAIERI

0 0.5 1 1.5 2 2.5
N2 Q3 (GeV?)

QCD

perturbative regime ——»
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Can EIC discover a new state of matter?

counting experiment of
Di-jets in ep and eA
Saturation:
Disappearance of backward jet in eA

EIC provides an absolutely unique opportunity
to have very high gluon densities
—> electron — lead collisions
combined with an unambiguous observable

EIC will allow to unambiguously

map the transition from a non-saturated to € P = — A
saturated regime
I I I
Coverage of Saturation 8‘ m Vs=40 GeV [
Region for Q% > 1 GeV? ~ s Vs=63 GeV -
10 pomm Vs,,,=90 GeV < ¢ e Vs=90 GeV 2
C mE s, =40 GeV v g
i s 3 3
< | R e E
8 9 3 ¢ A =+
%Y - Zosl 4, e, e _ /}\5
| - ———h—_, —A—0— )
S O i o g —0— -
3 0.6 - 3
L] I S U, O i o
) -8 : | | | | :
A o i 04,25 3 35 ZE
10 10° 102 A¢ (rad)
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Emergence of Hadrons from Partons

Nucleus as a Femtometer sized filter

Unprecedented v, the virtual photon energy Energy loss by light vs. heavy quarks:
range @ EIC : precision & control 150, *

iy
W
o
_._
—_——

-t
o
o

RS Study in light quarks
VS.
heavy quarks

0.90 |

0.70 | m Pions (model-I)
— Pions (model-Il)

Ratio of particles produced in lead over proton

° .. ® DO mesons
) -
. o 0.50 | x>0.1
25 GeV? < Q% < 45 GeV?
140 GeV < v < 150 GeV
0.30 fLdt=10fb
0.0 0.2 0.4 0.6 0.8 1.0
H H H . Fraction of virtual photons ener
Control of v by selecting kinematics; carriod by hagrom a0 9

Also under control the nuclear size. |dentify = vs. DO (charm) mesons in e-A collisions:

(colored) Quark passing through cold QCD matter Understand energy loss of light vs. heavy quarks
emerges as color-neutral hadron =2 traversing the cold nuclear matter:
Clues to color-confinement? Connect to energy loss in Hot QCD

Need the collider energy of EIC and its control on parton kinematics
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Proposed
i’ —— Detector

EIC benefits from $B class mvestments at BNL and the hlghly successful RHIC
program.




EIC Accelerator Design

Electron
Injection
JLine Possible
On-energy

lon Injector
Electron
Sto‘roge Electron
Ring Cooler Injector

Linac

BNL-EIC lon
Collider
Ring
Possible
Detegtor Polarized
Location Electrons Electron
Possible lons Source
Detector /
Location Electrons
Electron
Injector (RCS)

Hadron Storage Ring
(Polarized)

Hadron Injector Complex
lon Source

Electron Storage Ring
Electron Injector Synchrotron

Electron Cooler

Possible On-energy Hadron
Injector Ring

Center of Mass Energies: 20GeV - 140GeV
Luminosity: 1033-10% cm2s!/ 10-1007! / year
Highly Polarized Beams: 70%

Large Ion Species Range: ptoU

Number of Interaction Regions: |Up to 2!

Peak Luminosity [cm2s]

Annual Integrated Luminosity [fb-!]

== == High L .
— B:lieline } Combined L of both IRs
---- High L =
Ballieline } Fair-share L per IR
7.9 10 - 1033
1034 6.1 :
1033
0.44
Internal
Landscape of
1032 E the Nucleus
0 40 30

Center of Mass Energy E_, [GeV] ——
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Physics @ the US EIC beyond the EIC’s core science Perhaps other
Of HEP/LHC-HI interest to Snowmass 2021 (EF 05, 06, and 07 and possibly also EF 04) Intersections
with LQCD?

New Studies with proton or neutron target:
- Impact of precision measurements of unpolarized PDFs at high x/Q2, on LHC-Upgrade results(?)
- What role would TMDs in e-p play in W-Production at LHC? Gluon TMDs at low-x!
- Heavy quark and quarkonia (c, b quarks) studies with 100-1000 times lumi of HERA
- Does polarization of play a role (in all or many of these?)
Physics with nucleons and nuclear targets:
- Quark Exotica: 4,5,6 quark systems...? Much interest after recent LHCb led results.
- Physic of and with jets with EIC as a precision QCD machine:
- Internal structure of jets : novel new observables, energy variability, polarization, beam species
- Entanglement, entropy, connections to fragmentation, hadronization and confinement
- Studies with jets: Jet propagation in nuclei... energy loss in cold QCD medium
- Connection to p-A, d-A, A-A at RHIC and LHC
- Polarized light nuclei in the EIC
Precision electroweak and BSM physics:
- Electroweak physics & searches beyond the SM: Parity, charge symmetry, lepton flavor violation
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Detector Challenge of the EIC

e e, v

\ﬁ
p/A < )f q
p remnant

\
?E

p/A t

ANNN

AN

Scattered electron \

Particle associated with initial lon

Particle associated with struck quark

(or associated gluon)

Aim of EIC is 3D nucleon and nuclear structure
beyond the longitudinal description.

This makes the requirements for the machine
and detector different from all previous colliders.

“Statistics”=Luminosity x Acceptance

EIC Physics demands ~100%
acceptance for all final state particles
(including particles associated with
initial ion)

lon remnant is particularly challenging

» not a usual concern at colliders

» at EIC integrated from the start with a
highly integrated (and complex) detector
and interaction region scheme.

Aschenauer/Ent



SCIENCE REQUIREMENTS

Concept DETECTOR "

e

e W
This detector concept was included in the EIC CDR prepared for the CD1 Review ’ 9
Cherenkov|| Cryostat EmCal - Preshower| | Si Tracker TOF TRACKER TRD
_ O.PO _
100 ’ ______________________________________________ - 120
' ECal ‘
PID i
_ ECal TRD TéPC _
L L1 I 4.20
-4.20 |- NEGCGCG—— e ) i
= l e O ;crackggs : . B

-300.0 -200.0 -100.0 P 0.0
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oncept DETECTOR

Cherenkov

C

This detector concept was included in the EIC CDR prepared for the CD1 Review

HADRON CALORIMETER ENDCAP
ELECTROMAGNETIC CALORIMETER

PRESHOWER CALORIMETER
CERENKOVY COUNTER
TRANSITION RADIATION DETECTORS

BARREL EM CALORIMETER
DIRC

SOLENOID

RICH DETECTOR
BARREL HADRON CALORIMETER

TRANSITION RADIATION DETECTORS
PRESHOWER CALORIMETER

ELECTROMAGNETIC CALORIMETER

HADRON CALORIMETER ENDCAP

SCIENCE REQUIREMENTS

AND DETECTOR
CONCEPTS FOR THE

= @( ELECTRON-ION COLLIDER

- 1.20




Detector polar angle / pseudo-rapidity coverage

»

high Q2

medium X

p/Abeam __ electron beam n=In [m(%)],

Central
Detector

Electron lon Collider : CFNS Lecture 2 47 Jefferson Lab
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£
(G2
™
Ke]
]
c
S
N
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Reference Detector — Backward/Forward Detectors

Forward
Spectrometer

far-backward | [ far-forward )
detectors ] detectors
1.0 + Cdntral Detdctor 8

ff-momentum
detectors

B2pf dipole

N

zoc—" ~
EXte n SIVG | nteg ratl O n Of Roman pots ~ B1apf dipole

dipole 11
O_III NEEENN] \‘*II [ERA RN RRRA RRRE ARRE

(inside pipe) | B1pf dipole
IP: fO rwa rd a n d baCkwa rd Off-Momentum Q2pf quadrupole
: detector elements into the petectors Q\\
: accelerator lattice N3 ’
- coming from IP
BO Silicon

Length z (m)

Detector



‘New directions in science are
launched by new tools much more
often than by new concepts.”

Freeman Dyson
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CM vs. Luminosity vs. Integrated luminosity N ep Faciliies & Experiments:
g 1033 ;_ g 12 - Past Colliders
A A 1?\ :_%; § - SLAC \: Collider Concepts
e 8 10%7 = - Past Fixed Target
1 034 - =4 100 ; g § \: Ongoing Fixed Target
— Tomography (p/A) D —oml [ EC Project
N Transverse Momentum e =
c Distribution and Spatial Imaging I= wl
o S5 10°
~ | =
1093 = i -1 10 - LHeC/HE-LHC
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C S -
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= Qc . 2 10 compass LHeC/CDR
3 Internal Landscape mo c SR
1092 fp= of Nuclei Den n =1 = . - BCDMS
E 10 =
< - I
| | < 1031 HERMES NMC I
0 50 100 150 = HERA (ZEUS/H1)
e-N Center-of-MaSS Energy [V(Z/A) Gev] B 11111 II| | | II| | 11111 II| | [
3

The US EIC with a wide range in Vs, polarized electron, proton and light nuclear beams and luminosity
makes it a unigue machine in the world.
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\ Where do protons and neutrons get their mass and spin? \

Surprisingly, we don’t know. A new facility promises ™

Y to peek inside these partlcles to find answers
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