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Two Roads Diverged...

“Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood
And looked down one as far as I could
To where it bent in the undergrowth...”

— Robert Frost, “The Road Not Taken”
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... | Looked Down One As Far as | Could ...

1959 Reggelliheony,

1969 loffeRlime

1973 —QED.

BFKL Evolution

1977

« 1981 — Dipole Picture of DIS

e 1994 — MV Model of Nucleus

* 1996 — BK /JIMWLK Evolution
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... And then the Other, Just as Fair ...

<9198 PriotoniDiscovered

1964'=—QuarkiModel

1969 — Parton Model

1973 —QCD
1988 — Proton Spin Crisis

e 1991 — Transverse Single
Spin Asymmetries
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... And that Will Make All the Difference.

The EIC is custom desighed:

* To probe the ARG atic
.« To preC|se|y-.I.l-h~
IR XTLIII §ilInovellintersectionsibetweenithem!
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2. Saturation in High-Energy.QCD

3%0pportunitiesfatian]EIC
44CGonclusions
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What Is a Parton Distribution, Really?

MntuitivelyXalnumbegdensity: (p| a}, a |p)

JAVAYAY,

o Practically,;arl=1"correspondence
with deeplinelastic scattering:

 Formally, the expectation value of
quark / gluon fields, Fourier
transformed to momentum space:

dr— . 4 _ _
bap(x) = | T— T (p, 5] $3(0) ba(r7) [p, S)

2T
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1D Collinear Distributions

e An effective vertex selects the various parton spins:

» Unpolarized: fl(ﬂfan) (p| Y |p)
> Helicity: g1(z, Q%) (p,Sel vy~ ¥ |p, SL)
> Transversity:  EICNOR (p, S YT ALY ¥ |p, SY)
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Gluons, Ep. 1: “The Phantom Menace”

rr

Y(r) ¥(0)

P(0)¥(r™) — YO)U0,r ()

* The quark / gluon fields are nonlocal and not gauge invariant

»> Must be connected by a Wilson line gauge link

0
U0, 77| = Pexp [ig / dx_A+(O+,x_,OL)]

* Describes the physics of final-state rescattering

+ _
» Can be removed in light-cone gauge
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Diffraction: The Back Door In

Inclusivel DVESREXclUsive;

e Exclusive measurements like deeply virtual Compton scattering
are sensitive to parton distributions at the amplitude level

> These “Generalized Parton Distributions” are off-forward

M. Sievert Spin and Saturation at the EIC 11/ 41




GPDs: 3D Spatial Distributions

q(x=10°b,Q% = 4 GeV?) q'(x=10°b,Q? = 4 GeV?)
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» Coherent diffraction: Average density

> Incoherent diffraction: Fluctuations
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TMDs: 3D Momentum Distributions

Semisinclisivelmeastriements:

momentumidistributions

> Two scale process: a
hard scale and soft scale

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
) (L) (T)
e Opens up a wealth of ‘ l h@ _M.d@
spin-spin and spin-orbit
— - -
correlations! -

e @ — (D
T fﬂJ' = - @ Transversity
‘ Sivers h1TJ.=® _ @

M. Sievert Spin and Saturation at the EIC 13 /41




Gluons, Ep. 3: “Revenge of the Gauge Link”

d?r dr— ro +

flakd) = [ S e e Gl GOUD. o) I

< NVIDs:expectationivalue of;
non-collinearoperaton

> Sensitive to the intrinsic
momentum distribution of
the proton...

» ...But warped due
final-state interactions!

» Not purely initial-state
wave functions!
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Opening Pandora’s Box

“Bugs” or. “Features?

> Non-universality +
QCD dynamics

» Factorization breaking +
color entanglement

» Factorization-breaking spin
asymmetries enhanced

» Number density interpretation
.. sometimes
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Wignher Functions: 5D Distributions

ki = 0.4 GeV puulky, b1) by =04 (GeV)'l

dr— d*r d’°A +

W(J?,]ﬁ_,bl):/%wwelmp r .

Having your cake and eating it too:

» “Master distributions” of partons in phase space

» Best and worst of both worlds (universality, factorization...)
» Non-probabilistic: contain purely quantum negative regions
» Allows direct access to parton angular momentum
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Nucleon Structure: What Do We Know?

HERA
Q2 =10 GeV?

—_

EIC projections: == DSSV 2014

m Vs=77.5GeV with 90% C.L. band
s=171.
B+ Vs = 122.7 GeV DSSV 2008

90% C.L. band
W+ Vs = 141.4 GeV

NA
o
N
g 0.8
_éj
)

o
N

o
N

— HERAPDF1.0
- experimental uncertainty

o
o

|:| model uncertainty
[ parametrization uncertainty

1D PDFs are very well constrained from HERA

* The proton spin puzzle is still an open question....

T =AY+ AG+ L, + Lg

» Uncertainties at small x due to kinematic limitations
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Nucleon Structure: What Do We Know?

KQ (assuming “sign change”)
“O" ~ Global y?/d.o.f.=7.4 /6

KQ (no ‘““sign change”)

" " Global y2/d.0f. = 19.6 /6 gllggl(l;EUbe Constityent

quark picture

e 3D TMDs: maturing into a coherent picture
» Hints of Sivers sign flip in STAR W asymmetries?

e 3D GPDs: promising but require
a lot of data to extract

5D Wigner distributions: no longer “science fiction”
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The Small-x, High-Energy Limit

o The high-energy (Regge)limit
corresponds to the small'x limit

 DIS (and the PDFs) look like dipoles
scattering in the target field

e Gluons dominate the small-x PDFs

» Dipole / Wilson line degrees of freedom
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BFKL Evolution

INfQED; high-energy/scattering
radiates a cascade ofisoft gluons

 The greater the energy, the larger
the rapidity window for soft gluons

» At high enough energies, the resummed
cascade leads to exponentially growing
gluon density

» The proton cross-section becomes
more and more “opaque”
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Saturation

o At'high'densities, nonlinear
gluonifusion competes with
linear bremsstrahlung

> At equilibrium, the gluon density
saturates to a classically large
occupation number

» Gaussian fluctuations in color
charge lead to dynamical IR
screening on a characteristic scale
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Heavy Nuclei and High-Density QCD

° Tos iecrary (Tl of QD B 2p~ Qs > Agop |
thelhighzdensityllimitfasiwell

" Anleffectiveltheonylintalbackgrolnd
oficlassicaligluonifields

 Heavy nuclei (A >>1) get a head
start toward the high-density limit

» Practically: cheaper than high energy

» Theoretically: an external dial!
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Saturation: What Do We Know?

> Eonxi<l0'01THERATdata
exhibitsigeometriciscaling

ZEUS+H1 high Q?94-95

E665
x<0.01

all Q*

» Diffractive processes couple to the
gluon density at the amplitude level e

& &
s >
S S
= =
= =
- -
s s
© ©
< <

> Diffractive rates ~ 10% at HERA

» Diffractive meson production at
HERA is well-described by
saturation calculations

W=90 GeV, ZEUS > W=106 GeV, ZEUS

0.5 1 05
Itl (GeV?) It (GeV?)
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Saturation: What Do We Know?

=0 "= n=32 1.8F p-Pb |[s, = 5.02 TeV

data: (h"+h7)/2

@ ALICE, NSD, charged particles, Incmsl <03

Saturation (CGC), rcBK-MC
Saturation (CGC), rcBK
[ Saturation (CGC), IP-Sat

8 10 12 14 16 18 20
pT(GeV/c)

p, (GeV)

* The Cronin peakin R,, for inclusive hadron spectra is a natural
consequence of nonlinear multiple scattering

> Its disappearance at forward rapidities and higher energies is
characteristic of gluon saturation in nonlinear small-x evolution
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Saturation: What Do We Know?

el nippicollisionsfferwardidihadron | ' Central dAu collions

© STAR Preliminary CGC calculations

p a i r. S p r o d u G e d b‘ a G k_.t O; b‘ a G k . ptp>t ;i?egfvjcnt:n:jj.z :iltszz:c:;-;llarquet

> InipAicollisions;ithelback-to-back
peakiisiwashedioutiby rescattering

o Small-scale fluctuations can enhance
anisotropies in heavy-ion collisions

IP-Glasma
t=0
A 83

/
MC-KLN

——83

* The Ridge in pp / pA / AA: natural for LR
initial-state, boost-invariant correlations
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Opportunitiesfatian|EIC
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The Electron-lon Collider

eRHIC

v = ) S gns—/ —
Electron Collider Ring = - ’,"'Elec
/ ///

Electron Source (Porqr zed) /

Ian Source /

/

 The EIC combines the technology and expertise of CEBAF (JLab)
and RHIC (BNL) into a single electron + ion collider facility

» Consolidates two world-leading facilities into one

» Re-uses existing architecture to upgrade either CEBAF or RHIC
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A Unique Niche at the QCD Frontier

Kinematic Reach: Spin

—
Current polarized DIS data:
0CERN ADESY oJLab OSLAC

Current polarized BNL-RHIC pp data:
O PHENIX T ASTAR 1-jet

—

o
w
©

ep Facilities & Experiments:

T TTTTI

JLAB/CEBAF

2 1.2 - Past Colliders
- SLAG |:| Collider Concepts
- Past Fixed Target

- Ongoing Fixed Target

I:l EIC Project
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TT IIIIIII

L Measurements with A = 56 (Fe):
e eA/uA DIS (E-139, E-665, EMC, NMC)
= vADIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

perturbative:

COMPASS LHeC/CDR
HIAF-EIC

TTT Hllll

BCDMS

s e i
HERMES NMC

HERA (ZEUS/H1)

TT IIIIIII

TTT IIIIII

E non-perturbative
L .
1 1
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Design Requirements for the EIC Program

—h
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g

Tomography (p/A)
Transverse Momentum
Distribution and Spatial Imaging
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of Nuclei
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Annual Integrated Luminosity (fb™")

100
e-N Center-of-Mass Energy [V(Z/A) GeV]
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A Discovery Machine: Nucleon Structure

(\{_\ 1 ||"| I I ] I rs lS ¥ l'll1 T ll“ Al "'q T l'lI“ T l"I'1 ¥
o i 4 ; DIS + SIDIS dat —— DSSV 2014

> | EIC projections: == DSSV 2014 | X o0 pp data in fit ! with 90% €1 band

5 0.8 e Vs=77.5GeV Vit 0% C.L. band o RHIC spi EIC projecti ]

- s=171.! — < spin 2C projections: .

> L s = 1227 GeV DSSV 2008 < 1k projecied data vplo 2015y L rsev
Sg [ EEis=141.4GeV o W Ve 1227 GeV
e = B +Ve= 1414 G

0.6 -

 Engineered to definitively

resolve the proton spin puzzle

T =1IAY+AG+ L, + Lg

* Polarization and luminosity to image nucleon
structure over a wide lever in x and Q?
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A Discovery Machine: Saturation

5 o fLdt=10fb /A o coherent - no saturation
107 (= 1<Q2<10 GeV? o incoherent - no saturation
EO x <0.01 = coherent - saturation (bSat)
- [= 0 IN(Kgecay)l <4 e incoherent - saturation (bSat)
19 41 p(Kdecay) >1GeVic
> 10emo G5
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S 403 o000,
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5 4 3 > 10'211lllllllllllllllllllllllllllllllll
10 10 10 10 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

X It (GeV?)

* Nuclear beams with EIC kinematics can

T
plie > 2 GeVic 20

GeV on 100 GeV

04 GeV/c < pi=*° < pife
achieve perturbative saturation scales Db GEE s
= ' a8 + eAu-sat
S oz

» Diffraction: a sensitive test of saturation

0.1

» Dihadron correlations: free of underlying flow
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Intersections: Beyond the Standard Paradigm

e TMDs of nuclei: very different final-
state interactions from the dilute limit

— 0-33%
— 33-66%

» Broadening mediated by saturation —es-100%
vs. coherent lensing

» An experimental dial: path-length

| el
0 2 4 6 8 10 12 14 16 18 20

binning using a ZDC d [fm]
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Intersections: Beyond the Standard Paradigm

e First proposal for how the 5D Wigner distributions can be
measured: diffractive dijet production at small x

» Couples to the gluon Wigner distribution with dials
on both the spatial and momentum dependence

» Inspired the proposal of an analogous measurement
(exclusive double Drell-Yan) which can couple to the
quark Wigner distribution
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Intersections: Beyond the Standard Paradigm

EIC projections: — DSSV 2014

N 5 G with 90% C.L. band
|| s= - e

W Vs = 122.7 GeV.
B Vs = 141.4 GeV

[u—

DSSV 2008

90% C.L. band

min

%
o
X
ﬁ 0.8

zo = 0.03

DSSV14

* Novel small-x properties of polarized parton distributions
» Large linear polarization of gluons at small x
» Small-x enhancement of quark / gluon helicity

> “Master” gluon evolution formalism: BK + CSS + DGLAP
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Two Roads Diverged...

High Energy QCD

N

e For decades, the subfields of [iffHnEXIT37(Idd and
Eclen GHAERNR® have developed independently...

N R E Xk collisionlcourselforrthelEIG
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... But Not for Long.

gt 2 | L - Ay S
I3 0 . ‘
o l |
[

 The EIC is specifically tailored to both reach into the

nonlineagsaturationjregimelinfnucleiElleRieNsIIaieliny
imultidimensienalktemographylofithelauclean

I oTo i WY1 [ IET Yo Xeol=lal N e WJopportunitiesifodcrossstentilization
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A Second Beam Crossing

e rg

RHIC brings these
elements together in
a unique and
complementary way:

piiAlcollisions
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Synergies of pp and p
Electron-lon Collider

RIKEN BNL Research Center Workshop
June 26-28, 2017 at Brookhaven National Laboratory

& Saturation/and!Smallix

YAV EER G opportunitiesEllslloopholesiiRifactorization]paradigme
PRV LEIR RV RTektakeladvantagelofinewjobservabless

> What are the meskaiaeEhie s of 5 / AR {ime to prepare for an EIC?




The Secret Sits

...........

ey Frr "‘“ -. I,_: “ ', {.: 42 ot
We dance round ina rmg and suppose 3
But the Secret sits in the middle and knows.i

0 o - y
.__,!l ._: ol Y it o i |
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