QCD as a many-body theory:
an existential tale In four acts
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Act 1: The mysterious gluon
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Gluons, the force carriers of the strong force,

are a fundamental building block of the standard model



Discovery of the gluon

] ALEPH == e meme

EVIDENCE FOR A SPIN-1 GLUON IN THREE-JET EVENTS

High-energy e”e -annihilation events obtained in the TASSO detector at PETRA have been used to determine the spin
of the gluon in the reaction e*e™ — qge. We analysed angular correlations between the three jet axes. While vecior
gluons are consistent with the data (55% confidence limit), scalar gluons are disfavoured by 3.8 standard deviations, corre-
sponding to a confidence level of about 104, Chur conclusion is free of possible biases due to uncertainties in the fragmenta-

tion process or in determining the qqg kinematics from the observed hadrons PhYSiCS Letters B. 15 December 1980
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Quarks

Mass =1.78x1026 g

\ Proton

,  Mass = 168x1070 g

Gluons are massless...yet their dynamics is responsible for
(nearly all) the mass of visible matter

The Higgs “God particle” is responsible for quark masses
~ 1-2% of the proton mass.
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Higgs and the strong force
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When he invented his boson in 1964, he said, “I wasn’t sure it would be
important.”

He explained, “At the time the thought was to solve the strong force.”

NY Times, Sept. 15, 2014



Higgs from Gluon fusion




Quantum Chromodynamics

First QCD paper: Gell-Mann, Fritzsch, Leutwyler (1973)

B ——————
N = VO N Ay
New Quantum Numbers The Quarks: Fractional Charge Triplets | Th'”!""ﬂ About RealQuarks - Asymptotic Freedom = Quarks = Partans
The Ehtfold Way/ Unitary Symmetry ~~~ Are They Real? (Consfituents of Hadrons| Spin/StasicsProblem - Pareermion Promotion of Color to the Essence of
Mesos- Banors- 8410 e Theyustaathematical Shorthand?  Coor (New U(3) — MoreShorthand? Strong Dynamics; Gluons a Color 8
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From Gell-Mann’s 8-fold way to QCD: A lepidopteral metaphor
Jeffrey Mandula, Creutz-Fest 2014, BNL

N. P. Samios M. Gell-Mann



Symmetries dictate interactions
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Gauge Symmetry

Conservation
Laws

Other Quantum Selection
Consequences || Numbers Rules




Fundamental feature of QCD:
Yang-Mills Theory

PHYSICAL REVIEW VOLUME 96, NUMBER 1 OCTOBER 1, 1954

Conservation of Isotopic Spin and Isotopic Gauge Invariance*

C. N. Yane T avp R. L. Mices

Fodie RATEH G ¥ iy, N, LV EW ¥ ar

(Received June 28, 1954)

It is pointed out that the usual principle of invariance under isotopic spin rotation is not consistant with
the concept of localized fields. The possibility is explored of having invariance under local isotopic spin
rotations. This leads to formulating a principle of isotopic gauge invariance and the existence of a b field
which has the same relation to the isotopic spin that the electromagnetic field has to the electric charge, The
b field satisfies nonlinear differential equations. The quanta of the b field are particles with spin unity,
isotopic spin unity, and electric charge --e or zero.

Possibly the most important paper from BNL



From the Yang-Mills paper,

ISOTOPIC GAUGE TRANSFORMATION

Let ¢ be a two-component wave function describing
a field with isotopic spin 4. Under an isotopic gauge
transformation it transforms by

=S¢, (M define pow

aB, 4B,

where § is a 2X2 unitary matrix with determinant F
. . . . . frey
unity. In accordance with the discussion in the pre-

tie(BuB,— B,By). (4)

vious section, we require, in analogy with the electro- %, fr‘:t:,,,
magnetic case, that all derivatives of ¥ appear in the -
following combination : One easily shows from (3) that
(B, —ieB . % — .
[ " fm}.-"=3 1F S (5)

B, are 2)X2 matrices such that” for p=1, 2, and 3, B, is
Hermitian and B, is anti-Hermitian. Invariance re-
quires that

S(‘:}n - iEBF'.)‘nb(z (0 —ieBu . (2,}

Combining (1) and (2), we obtain the isotopic gauge
transformation on B,:

v

i a5
B/=S81B.S+-51—. (3)
€ dx,

The last term is similar to the gradiant term in the
gauge transformation of electromagnetic potentials.
In analogy to the procedure of obtaining gauge in-
variant field strengths in the electromagnetic case, we

we shall use the following total Lagrangian den‘sity:

L= _%fw'fm“‘f"ﬁ(an—ie"bu)\(’_mw- (11)




All the elements, except...color

SU(3) gauge symmetry

Y. Nambu M.-Y. Han

PHYSICAL REVIEW VOLUME 139, NUMBER 48 3 AUGUST 1965

Three-Triplet Model with Double SU(3) Symmetry*

M. V. Haw
Department of Physics, Syracuse University, Syracuse, New Vork

AND

Y. Naurpu
The Enrico Fermi Institute for Nuclear Studies, and the Depariment of Phvsics,
The University of Chicago, Chicago, Hlinois
{Received 12 April 1965)

With a view to avoiding some of the kinematical and dynamical difficulties involved in the single-triplet
quark model, a model for the low-lying baryons and mesons based on three triplets with integral charges is
proposed, somewhat similar to the two-triplet model introduced earlier by one of us (Y. N.). It is shown
that in a [7(3) scheme of triplets with integral charges, one is naturally led to three triplets located sym-
metrically about the origin of 73-F diagram under the constraint that the Nishijima—Gell-Mann relation
remains intact. A double SU(3) symmetry scheme is proposed in which the large mass splittings between
different representations are ascribed to one of the ST (3), while the other SU(3) is the usual one for the mass
splittings within a representation of the first SI7{3).

Also, earlier work by O. Greenberg on the quark model



Quantum Chromodynamics (QCD)

4 QCD - “nearly perfect” fundamental quantum theory of quark
and gluon fields Fwilczek, hep-ph/9907340

‘ Theory is rich in symmetries: “Symmetries dictate interactions” - C.N Yang

SU3)e x SUB)L x SUB)r x U()ax U(1)5

i)  Gauge “color” symmetry: unbroken but confined

ii) Global “chiral” symmetry: exact for massless quarks
iii) Baryon number and axial charge (m=0) are conserved
iv) Scale invariance of quark (m=0) and gluon fields

v) Discrete C,P & T symmetries

L 2 Chiral, Axial, Scale and (in principle) P &T broken by
vacuum/quantum effects - "emergent” phenomena

@ Inherent in QCD are the deepest aspects of relativistic Quantum Field Theories
(confinement, asymptotic freedom, anomalies, spontaneous breaking of chiral
symmetry)



Asymptotic freedom: the role of glue

o \ v Tdecays (NLO)
S{Q} % @ Lattice QCD (NNLO)

Bege. 2013

% & DIS jets (NLO)

03l o Heavy Quarkonia (NLO) |
o e'e jets & shapes (res. NNLO)

® 7 pole fit (NLO)

v PP —> jets (NLO)
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David Gross David Politzer Frank Wilczek

The self-interaction (of color charged) gluons is fundamentally responsible for
the asymptotic freedom of quarks and gluons in Quantum Chromodynamics (QCD)



Quark (and Gluon) confinement: the
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Intuitive picture of quark confinement and
stringy pictures of mesons




QCD: Chiral symmetry breaking

l
Chiral basis : Q g, = —[I —Ys)g. g, =

QCD Lagrangian: L, =L,(q .A)+ Ll

Quantum QCD vacuum:

Chiral condensate: spontaneously generate mass via the
Nambu-Goldstone mechanism

——

_ <qR qL > % 0 nucleon
A JL. m, ~ 10 MeV ; m ~ 1 GeV

."
[}

Axial anomaly: “““<[: Quantum violation of U(1), 0,0 = —an - > i, “F“




The essential mystery

 (Nearly) all visible matter is made up of quarks and gluons

+»» But quarks and gluons are not visible

s All strongly interacting matter is an emergent consequence of
many-body quark-gluon dynamics.
Example: Mass from massless gluons and (nearly) massless quarks

*There is an elegance and simplicity to nature’s strongest force we do not understand

*Understanding the origins of matter demands we
develop a deep and varied knowledge of this emergent dynamics



Act 2. QCD: The Power and the Glory




Numerical realization: Lattice QCD

Kenneth G. Wilson

Lattice regularization (UV&IR) of QCD

First principles treatment of static
properties of QCD: masses, moments,
thermodynamics at finite T (& p; ?)

CUBIC LATTICE
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Numerical realization: Lattice QCD

CUBIC LATTICE

Kenneth G. Wilson

Formidable computational problem

11

L
Tl
111

L

Very challenging for dynamical L
processes... h




M[MeV]

Precision QCD on the lattice
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Durr et al., Science, 322 (2008)



Precision

QCD+QED on the lattice
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relation among
mass splittings

17

Budapest-Marseille-Wuppertal (BMW) Coll., arXiv:1406.4088



The deeply inelastic scattering (DIS) femtoscope
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momentum distributions



The deeply inelastic scattering (DIS) femtoscope
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The deeply inelastic scattering (DIS) femtoscope
...to the HERA DIS collider (1990s)
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The proton at high energies *
(small x) is dominated by glue!



Perturbative QCD: now benchmark for
new physics

Structure functions measured at

HERA electron-proton collider

x=5321(]

F:Tlogm(x)

x=0.000102
x=0.000161
x=0.000253

x=0.000632
x=0.0008

x=0.0013

HERA F,

= ZEUS NLO QCD fit
—— H1 PDF 2000 fit

x=0.0021

x=0.0032

e H194-00
s H1 (prel.) 99/00
= ZEUS 96/97

& BCDMS

20000042 -=;§Ix:n_4

— ees s s 3 e o X065
0 Ll L ol L il Lol L vl
1 10 10 10° 10" 10
Q? 2
(GeV?)

5

Jet cross-sections: proton-proton collisions (RHIC &LHC)
and proton antiproton collisions at Fermilab
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At large momenta, the weak QCD coupling
(asymptotic freedom!) enables
systematic computations



Perturbative QCD: benchmark for new physics

o[pb]
140

120 |

100

80

60

40

20

1.15 F
1.1 ¢
1.05 £
1.00 ¢
0.95 k

Gluon fusion to Higgs cross-section

pp -+ WTW—+X

T s V3 TeV]

Gehrmann et al., arXiv:1408.5243

Anastasiou et al., arXiv:1503.06056
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The study of the strong interactions is now a
meture subject - we have a theory of the
fundamentals* (QCD) that is correct* and
conplete*,

In that sense, it Is akin to atomic physics,
condensed nmetter physics, or chemistry. The
iInmportant questions involve emergent
phenonmena and “goplications”.

F. Wilczek , “Quarks (and Glue) at the Frontiers of Knowledge”
Talk at Quark Matter 2014

Are we done ?



Act 3: Surprises from boiling the QCD vacuum
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Nuclei as heavy as bulls
Through collisions
Generate new states of matter
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TD Lee, Nobel Laureate (1957)






Matter in unusual conditions
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Pre-QCD: Thus, our ignorance of the microscopic physics
stands as a veil, obscuring our view of the very beginning

Steven Weinberg, The First Three Minutes (1973)
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History of the Universe

Inflation

Ke)/: WV, Z bosons NS\, photon
g quark 99, AU * star

g sgluon SE) @ ® baryon -

€ electron &® ion : ’ galaxy
Mhuon 1 tau ' black
N neutrino @ atom o syl

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



QCD: asymptotic freedom
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Super-dense and Super-hot QCD matter is a weakly coupled gas of
quarks and gluons - “lifting the veil” to the early universe
-- analytical computations feasible

Collins-Perry (1974)
Cabibo-Parisi (1975)



QCD: Infrared Slavery
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intuitive picture of confinement rirg

QCD matter is strongly interacting at low Temperature and Density
- static properties computed using numerical lattice methods



QCD: Chiral symmetry breaking
: . ] 1
Chiral basis : Q q, = 5“ —Ys5)4, 4, = 5
QCD Lagrangian: £, =XL,(q .A)+ L (q,.A)

Quantum QCD vacuum:
Chiral condensate: spontaneously generate mass via

i Nambu-Goldstone mechanism
e
h—_ > > % 0 / nucleon

<q_RQL m, ~10 MeV ; m ~ 1 GeV

1 r-.-,-_"

.l'

Axial anomaly: W<Ei Quantum violation of U(1), OuJy = —an = 2 i, “F“

Chiral symmetry restoration at large T: <(j(]> — 0



Summit, built by IBM, occupies floor space equivalent to two tennis courts, slurps 4,000 gallons
of water a minute around a circulatory system to cool its 37,000 processors. Oak Ridge says its

new baby can deliver a peak performance of 200 quadrillion calculations per second (that’s 200
followed by 15 zeros) using a standard measure used to rate supercomputers, or 200 petaflops.
That’s about a million times faster than a typical laptop

From Wired magazine



Finite temp. lattice results: hadron gas to QGP

6 . : : — —
I _ . o L WB: S. Borsanyi et al_1309.5258 '
B lattice continuum limit SB 20
5 =
J .
ol
a
2_
' HTLNNLO - - - - -
1 ) ]
HRG ———
g WB: S. Borsanyi et al.,1309.5258 a . ,
200 300 400 500 200 300 400 500
T[MeV] T[MeV]

o EoS available in the continuum
imit, with realistic quark masses

o Agreement between siout and
150 action for all quantities

S S S i WB: S. Borsanyi et al., 1309.5258, PLB (2014)
180 170 210 250 200 330 370 HotQCD: A. Bazavov et al.. 1407.6387. PRD (2014).




QCD at finite T: Chiral Symmetry Restoration
O(PV),

O(4) scaling of chiral susceptibility X, = 2

8ml
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Crossover temperature from Hadron Gas to Quark-Gluon Plasma

T.=156e 1545 MeV

= 1.8 Trillion Kelvin!

1 eV =11,600 Kelvin Hot QCD collaboration, Bazavov et al., arXiv:1812.08325



QCD phase diagram

Temperature T [MeV]

oo Stars Net baryon density n/ ng
Ng=0.16 fm=3

Much more on the phase diagram in the lectures by Pisarski



“The early universe was “liquid-like”
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Early Universe was 'liquid-like'

E-mall this to a friend slo

created a new state of hot,
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atoms.
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The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published

across a number of papers in
the journal Nuclear Physics A.

“ People like me, who use
model calculations, are already
so excited about the data
because we believe they have
actually found the elusive
state known as the quark-
gluon plasma

Asst Prof Steffen Bass, Duke
University

They summarise the work of
four collaborative experiments
= dubbed Brahms, Phenix,
Phobos and Star - which have been running on Brookhaven!
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Perfect fluidity across energy scales

de (e+P—31)

“Bjorken Hydrodynamics” D
dr - T
1

n_ 1 _.n
Viscous term smaller than ideal termfor - | p - :l sl T

.S

From kinetic theory 7 R Trelax.

S kB Tquant.

Schafer,Teaney, Rep.Prog.Phys.72 (2009) 126001



Perfect fluidity across energy scales

_4n
“Bjorken Hydrodynamics” @ o (‘S + P 3 T)
dr T
|
n 1 _.qpll |
Viscous term smaller than ideal termfor - | p - g +T <<
.o
From kinetic theory n o R Trelax.
S kB Tquant.
Fluid T [K] n [Pa - s] n/n [h] | n/s [h/kg]
H,0 370 2.9 x 1074 85 8.2
“He 2 1.2 x 10-° 0.5 1.9
OLi (Jas| @ o0) | 23 x107° | < 1.7 x 107 | <1 < 0.5
QGP 2 x 1012 < 5 x 1011 - < 0.4




Perfect fluidity across energy scales

de __(c+P-31)

“Bjorken Hydrodynamics”

dr T
1

U

Viscous term smaller than ideal termfor - | p

n N
Al
co|_3

From kinetic theory 7 R Trelax.

S kB Tquant.

QGP is ~ 10* times more viscous than pitch tar...



Viscosity of strongly coupled relativistic fluids

AdS/CFT Conjectu re: String Particle in four dimensions
Duality between strongly coupled @~ &7 ¢

N=4 supersymmetric Yang-Millstheory @

at large coupling and Nc AV A .

& classical 10 dimensional gravity in the < #

background of D3 branes

-€

Fifth dimension Four-dimensional
space-time

J-Maldacena, Nature 2003

KSS bound: N h 1
Conjectured lower bound for —

a "~ perfect fluid” S - kB At

Kovtun,Son,Starinets (2006)

Derived using classical absorption cross-section of a graviton

with energy w on a black brane and Bekenstein’s formula relating its
Entropy to its area

o(w) = [ dtdx ([T, (£, %), Ty (0,0)])

w
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ANGULAR PARTICLE DISTRIBUTION

FXPERIMENTAL DATA: ATLAS COLLABORATION
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VISCOUS FLOW AT LHC

C.GALE, S.JEON, B.SCHENKE, P.TRIBEDY, RVENUGOPALAN, PHYS REV.LETT.110, 012302 (2013)

0.2 . . .
< Vo ATLAS 20-30% central .
V3 viscosity: n /s =0.2
8 045 Hv, — v ~ -
(- V ™
o ° .
€ 01} . -
_{'CU ® " A
2 0.05 | ' s
2 A b ____,._.--l"
LL L A i _-_._..--l . $ >
0 | e |y "r .r * v ¢ |
0 0.5 1 1.5 2

Particle Momentum [GeV]

EXPERIMENTAL DATA: ATLAS COLLABORATION, PHYS. REV. C86, 014907 (2012)



Flow moments: analogy with the Early Universe

/The Universe

Dark Energy
Accelerated Expansion
Afterglow Light

Pattern  Dark Ages
400,000 yrs.

Development of
Galaxies, Planets, etc.

Inflation

Quantum §
Fluctuations

1st Stars
about 400 million yrs.

‘ Big Bang Expansion
: 13.7 billion years I
Credit: NASA
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Mishra et al; Mocsy- Sorensen;
Floerchinger, Wiedemann

" HIC

distributions and
kinetic correlations of
freeze-out Produced particles

hadronization
lumpy initial
energy density
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HEAVY ION EVENT, ATLAS DETECTOR
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Color Glass Overlap of

Glasma sQGP - perfect fluid
Condensates  \yayefunctions Q P Hadron Gas

Color Glass Condensate: Highly dense gluon matter in nuclear wavefunction
Glasma: Out of equilibrium QGP formed from decay of CGCs
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How does quark-gluon plasma thermalize in a HI-collision ?

Initial state: Non-equilibrium Final state:
Far from equilibrium dynamics Thermal equilibrium

-_— |

Nonthermal

fixed point

Far from

equilibriu

Initial
conditions

i S Thermal

equilibrium

Close to
equilibrium

Properties independent of
initial conditions

Self-similar evolution characterized
by universal scaling exponents



Turbulence is everywhere yet baffles deep thinkers

| am an old man now, and when | die and go to heaven there are two matters on
which | hope for enlightenment. One is quantum electrodynamics, and the other is
the turbulent motion of fluids. And about the former | am rather optimistic.
Horace Lamb



Universality: hotness is also cool

Wolfgang Ketterle, Nobel Prize (2001)

For the achievement of Bose-Einstein condensation in dilute gases of alkali atoms,
and for early fundamental studies of the properties of the condensates



Structure factor fs(k)

The Glasma and overoccupied quantum gases

Remarkable universality of longitudinally expanding world’s hottest and coolest fluids

. 1 | gluon ciistributi:)n: A;_.\ supe'rfluid Bo'se gas: Berges,Boguslavski,Schlichting,RV, PRL (2015)
5 ~ f, Y s Editor’s suggestion
E ;i 08 | .s‘; ‘o?‘
o C ') % — B Y )
£l 06} ;3 !?“ . f(pT7PZ7T)_T fS(T PT,T ' 'Dz
o &
N = : ‘: . . . 3
® & 04 / \ { In a wide inertial range, scalar & gauge fields
2L ol AR CEE Y | have identical scaling exponents & functions
3 ,,'.""-( o = _2/3 LY = 1/3 N
0 .ol N N N . N 0gr.
3 2 -1 0 1 2 3
rescaled momentum: 7'p-
Length scale \(um) Time (s) 4 5 6 m s Scaling function fs R . R
= b 8Rb BEC in a quasi 1D optical trap
° ﬁ R e Only isotropic geometry thus far
. =
N folk,t) =t fs(t°k
e © 2 7 9 - S
. = Fo(k, )/ (t/tres)™ f ((t/tret) k)
A "8.° S0
=@ A\ W o =0.33+0.08 B =0.54+0.06
& e 0 K !
- oS0 g
% ° ;:8 x 067 Oberthaler BEC Labs
— 'lggq | [ DE— Priifer et al, arXiv:1805.11881, Nature (2018)
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Topology in heavy-ion collisions: The Chiral Magnetic Effect

Kharzeev,McLerran,Warringa (2007)

Vo <
+ -
External (QED) magnetic field Over the barrier (sphaleron) transitions between different
- As strong as 10" Gauss ! topological sectors of QCD vacuum...analogous to proposed mechanism

for Electroweak Baryogenesis

Bléé @ 4 ) 4
: @ JEMEZFﬂig

Chiral magnetic effect

2 3



Topology in heavy-ion collisions: The Chiral Magnetic Effect

10°

=4 fmn
b= 8 fin =eeeemeea
b=12fbn

10% He

107N 10 Tesla !!

e B (MeV?)

10°

10°

10"

External B field dies rapidly...effect most significant, for transitions at early times

Consistent (caveat emptor!) with results from STAR and ALICE...active searches underway

Chiral Magnetic Effect seen in condensed matter systems  q.Li et al., Nature Physics (2015)



Topological transitions in the Glasma

0.08 ——————————
_l:l -[:10 Q TC—25U :

0.07 17 Q.27 =108

Q.5t=10 Tc—

0.06 DE 1.=36
005 | Q2 =12

0.04
0.03

0.02 | “ | ‘| “
I
|

oot 1 Lkt i |H ‘\. bl ]

|
I
-8-/-6-5-4-3-2-10 1 3 2 6 7 8

Probability : P(ANGg)

“Cooled” soft Glue configurations in the Glasma are topological !

Mace,Schlichting,Venugopalan, PRD (2016)



Act 4. Towards EIC: The ultimate IMAX experience




Terra-incognita (mostly) of scattering in the strong interactions

OF (GeV®)
A

Duarks and
Gluons

Resolution

Cuark-Gluon Dynamics

Strongly Correlated \)‘@ij;

.

=

Energy  (parton Density)

Aschenauer et al., arXiv:1708.01527
Rep.Prog. Phys. 82, 024301 (2019)



Structure of matter: Microscopes to Femtoscopes

Light Microscope ) SLAC,EMC,NMC,E665,BCDMS,

Wave length: 380-740 nm HERMES,JLab,COMPASS...
Resolution: > 200 nm JLab 12 GeV

e (ku )

N
S
N
&
2)
S
N
S
S
(S
&

electrons

e (k) 5 |

Electron Accelerator

Electron Microscope
Wave length: 0.002 nm (100 keV)
Resolution: > 0.2 nm

HERA,
EIC,LHeC

Ky

qo)

0’400@@/8/
or

Probe Fixed Target Particle
Accelerator Experiments
Wave length: 0.01 fm (20 GeV)
Resolution: ~ 0.1 fm

Collider Experiments
Wave Length: 0.0001 fm
(EIC: 20 GeV + 100 GeV)
Resolution: 0.01-0.001 fm




The glue that binds us all:

Imaging matter below 10> m with an Electron-lon Collider




What does the proton look like ?

Bag model:

 Field energy distribution is
wider than the distribution of
fast moving light quarks

Constituent quark model:

» Gluons and sea quarks “hide”
inside massive quarks

« Sea parton distribution similar
to valence quark distribution

Lattice gauge theory:

 (with slow moving quarks)

« gluons are more concentrated
than quarks

Static pictures

Glue dominated
boosted proton
& O

r@.“”’“

;:'u O C_)Bag



The boosted proton

In QCD, the proton is made up of quanta that fluctuate in and out of existence

LA A AN&\mA>
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Q=10 GeV*
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- exp. uncert.

model uncert.

- parametrization uncert.



The boosted proton




Boosted protons: classical coherence from quantum

fluctuations
Low Energy 5
Gluon ?3
lDenblty §
prows s A% S, o y
N DL
High Energy | ..\ [°.\ K'.\ DGLAP
. A A gyl

A 1/Q2

Stability of QCD matter requires saturation of over-occupied gluons:
Emergent dynamical saturation scale grows with energy



The proton’s spin puzzle

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

Vo =

Approximate Current Contributions
to the Proton Spin

Fixed target deep inelastic scattering experiments
showed that quarks carry only about
30% of the proton’s spin

“Spin crisis” - a failure of the quark model
picture of three relativistic “constituent” quarks




3-D imaging in semi-inclusive reactions
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Projected images of spatial gluon distributions

Distribution of gluons
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High precision spatial tomography of gluon and sea quark distributions !



Quark-gluon wave patterns: Diffraction for the 21st
Century

M

X

1 =T . B . I |

Colorless
axchange

PN

I8

e”)=lep) +leBY")
+ les v qq) + ler 7" qq g)

A TeV electron hits a nucleus (binding energy of 8 MeV/nucleon)
Day 1 prediction: nucleus remains intact in at least 1 in 5 events



Recent endorsement of EIC by an NAS panel

CONSENSUS STUDY REPORT

Al N ASSESSMENT OF
US.-BASED ELECTRON-ION

> How does the mass of the proton arise? COLLIDER SCIENCE

> How does the spin of the nucleon arise?
> What are the emergent properties of dense systems of gluons

Awaiting Critical Decision zero - this year




Scientific American
May 2015 issue

PARTICLE PHYSICS

that

Physicists have known for decades that particles
called gluons keep protons and neutrons intact
and thereby hold the universe together. Yet the details
of how gluons function remain surprisingly mysterious

By Rolf Ent. Thomas Ullrich and Raju Venugopalan

42 Sciemific AmcTican, May 2015 I rarion by Mari Corar
& HHE Scientific American D 2045 Scientific American
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