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WHAT DO WE KNow
HERA's discovery: WHAT Wi E DON T KNOW
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Kinematics:

e (k,)

»-

>

P (p,)

DEEP INELASTIC SCATTERING

ek, /) 2 _ 2 _ 1.2 Measure of
" O =-q"= (k” k”) resolution

O°=2E E’(1-cos® ) Power

pPq E‘: 2 9; Measure of
ﬁ inelasticity

y:

0’ Q Measure of
X (p,) A= ) momentum
P9 SV fraction of
struck quark

Gluon splits Quark splits
into quarks into gluon
o "  splits
& | into quarks ...
=
= Valence
= quark 10‘16m
=
& Z 4 Sea” quagy
momentum g
fraction x ; Valence
§ quarli
tu - .
SN 10-1°m ™ higher /s

Brookhaven Science Associates

increases resolutiofey e v iren

NATIONAL LABORATORY
E.C. Aschenauer




QUANTUM TOMOGRAPHY OF THE NUCLEONS & NUCLEI
[a ) R ?%“?ym v

) Join the real
@ 3D experience !

6}%\s~

2D+1 picture in momentum space 2D+1 picture in coordinate space

| Spin _as vehicle to do tomography of the nucleon|

What is the dynamic structure of the proton and nuclei
2D+1 picture in momentum and coordinate space
Visualize color interactions in QCD
collective phenomena and correlations in fr'agmentaﬁon

g New physics aspects due to confined motion

To separate interaction dependent phenomena from intrinsic properties
UNIVERSALITY
different complementary probes are needed ..o uEn
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THE PATH TO IMAGING QUARKS AND GL UON.S

Q std collinear PDFs do not resolve transverse momenta or positions in the nucleon
Q fast moving nucleon turns into a "pizza’ but transverse size remains about 1 fm

(compelling questions
2 how are quarks and gluons spatially distributed

O how do they move in the transverse plane

O do they orbit and do we have access to spin-orbit correlations
= requires set of new measurements & theoretical concepts
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important in other branches of Physics

Is-2014
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generalized PDF
exclusive processes
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Transverse momentum dependent distributions (TMD)
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TRANSVERSE MOMENTUM DEPENDENT PDFs & FFs

observable: azimuthal modulations : do :
of 6-fold differential SIDIS cross section 4x¥dQ dzd¢.de,dp;

e theoretically interesting multi-scale problem: Q?, pr
e TMD framework/factorization applicable for Q2 >> py

~"e so far if at all only valence quark TMDs
extracted from fixed target data

* very different evolution then collinear PDFs
pertubative & non-pertubative contributions

e slew of different TMDs can be defined
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MORE INSIGHTS TO THE PROTON: TMDs

eRHIC vs. world coverage eRHIC:
> —— 1 |arge X,Q?,pr and z coverage
O CouPas. rrrsaor oot 1 - only place to measure data
o A ruts Ay eaimcr atesets to pin down TMD evolution
2_ Planned: 9 Oﬂly place TO
g O EEew : test theoretical concepts of
S TMD to collinear TWIST-3
ke’ three-parton correlation functions
R ] TMD A Colljnenr
< “i;‘ N )QQ:: ;TAQCD Q ‘.g'T'f:;XaQCD
® g‘i}*s::»:i.:“‘. PrQ
;L O 0 2RSSR 4
10° 107 107 10" 1 _—\_L\ Q/P+
X Agep << Qi/Pr<c Q
A _" e gT . (x.x) - - [d*k, “‘Tlf;:(x,kf)ﬂm
\\shows emerges of a scale Qs
T “Where gluon density saturates o pintegrated gluon density g(x,Q2,k;) important
Z E for physics at small x
& E -2 C6C
Y - many applications at LHC
| dophysics here Important: eRHIC ideal machine to understand
T Qs P = transition form low to highdGuHauEN
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VISUALIZE COLOR INTERACTIONS IN QCD

Measure non-universality of sivers-functi~-

DIS:
vq-scattering
attractive F€~ C

attractive repul sive

P

ivers = = Sivers,y or Siversy or Sivers

A\(direct photon) measures the sign change in the Twist-3 formalism

Il three observables can be attacked
at 500 GeV at RHIC
BROOKHEVEN
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TMDs @ EIC
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The Gluon Sivers Function: y*p" — h+h+X

k <<py
i)/ qqbar interacts like g R
“Correlation limit"
. Measure a pair
.......... > of D mesons
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\ challenging
p' |
Single Spin Asymmetry T
0.4—
dO’(k,' (bSkl) o dU(ki,QﬁSk’ + 7'{') N —k’=1.5 GeV
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DI-HADRON CORRELATIONS IN eP AND eA

“Simple” measurement giving access to multi-parton correlations
-> saturation

Same observable as in dA @ RHIC
Zheng et al., PRD89 (2014) 074037
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GENERALIZED PARTON DISTRIBUTIONS (6PDs)




BEYOND FORM FACTORS AND PDFs

Generalized Parton Distributions
X. Ji, D. Mueller, A. Radyushkin (1994-1997)

Proton form factors,

transverse charge & Structure functions,
current densities Correlated quark momentum quark longitudinal
and helicity distributions in momentum & helicity
transverse space - GPDs distributions
the way to 3d imaging of the proton and the orbital angular momentum £, & £,
. Constrained through exclusive reactions ﬁﬁggﬁ&%g
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6PDS INTRODUCTION

How are GPDs characterized?

unpolarized polarized
conserve nucleon_helicity

H"(x,&,t) H"(x,&,t) HY(x,0,0)=¢q,H!(x,0,0) = Aq
Fq flip nucleon helicity
E* (x,c‘;,t) E (x,ﬁ,t) not accessible in (SI)DIS

quantum numbers of final state
cross sections, SSA, DSA =) select different GPDs

DVES pseudo-scaler mesons vector mesons
H EY HY E“ H, E* H, E*
70 2Au+Ad PO 2u+d, 9g/4
n 2Au—-Ad w 2u-d, 3g9/4
 x+€, x-§ long. mom. fract. d s, g
dt=(p-p’)? +
0 & = Xg/(2-Xp) | o u-d
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DVCS AT eRHIC

DVCS: Golden channel
theoretically clean
wide range of observables
(o, Ayr. A, Ay Ac)
to disentangle different GPDs

D. Mueller, K. Kumericki

)
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http://arxiv.org/abs/arXiv:1304.0077

Model of a quark 6PD .,

: 5, ()
by decreasing as a function of x
Y'+p—=y+p

0.55 5 5
20 GeVon 250 GeV Q°=4.08GeV: —=—
=7.28 GeV? —=—

eRHIC =12.9 GeV? ——

0.5t

(b3) (fm?)

—o—i
—e—
—

| .

0.45

Brookhaven Science A@d0B#s
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0.01

WHAT CAN WE LEARN

Valence (high x) quarks at the
center 2 small by
Sea (small x) quarks at the

perifery = high by

GLUONS 2?2
BROOKHRVEN
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WHAT WILL WE LEARN ABOUT 2D+1 STRUCTURE OF THE PROTON

G6PD H and E adflinction of t, x and Q? arXiv:1304.0077
..-(a)-[_]- . I"(ﬂ)l[‘]. . .( )E‘]I

x )

N

)

— e e e e e e e e e e e e e e e
e el el b e b e bl bl bl b b bl el

[ ] [ ]

6PR.Hiend-EReitratrycinne for sea-quarks and gluons -0
and good reconstruction of A# (from
e BROOKHRUEN
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http://arxiv.org/abs/arXiv:1304.0077
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To improve imaging on gluons
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 transverse target spin asymmetry - calculable with GPDs

Jto - t Im(E* H) M)y
A, (L,0)~ t=
m, | H | S
» information on helicity-flip GPD E for gluons

golden measurement for eRHIC
- Estimates for J/y (hep-ph/0310223)

2015

(ARLENREREEERERERRERY)

C L L L I L 1 1
4’-%.5 -6 -55 -5 -4.5 -4 -3.5 -3 2.
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7y < Required:

_ p+A 300 nb-!
RP-Phase II*

2> 7k J/vy
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SPATIAL IMAGING OF NUCLEIL

3 ; i

LY
W
el

Color Glass Initial Glasma sQGP - Hadron
Condensates Singularity perfect fluid Gas .
F »time
Hard Processes T EFE/coal.
CGC (pQCD) Hadron
JIMWLK/BK »| Hydro (EoS)  Transport

Our understanding of some fundamental
properties of the Glasma, sQGP and
Hadron Gas depend strongly on our

knowledge of the initial statel

%3 conundrums of the initial state:

1. What is the spatial transverse distributions
of nucleons and gluons?
2. How much does the spatial distribution
fluctuate? Lumpiness, hot-spots etc.
3. How saturated is the initial state of the
nucleus?
- unambiguously see saturation BROOKHEVEN

Brookhaven Science Associates NATIONAL LABORATORY
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IMAGING IN eA: DIFFRACTION

O Hard diffraction at small x

o coherent - no saturation

10"’; Jhp o incoherent - no saturation 3
Fo = coherent - saturation (bSat) K
- * incoherent - saturation (bSat) Why Is dlfft‘ﬂC'l‘th So |mp°r1'ant W2 : ] X (My)
1% fLat= 10 fo! Q Sensitive to spa‘l'lal gluon dlstrlbutlon t € bT)

1<Q2 <10 GeV2, x < 0.01

-
[=]
n

-
[=]
TTTTT

Q Hot topic:
» Lumpiness?

-
TTTTT T

dof® AU = & AU IR i (nb/GeV?)

F(b)~ 5[ dAAT(Ab) 90

Largest rapidity
gap in event

Xp

p, P

t= Azl(l -x) ¥ A? (for small x)

» Just Wood-Saxon+nucleon g(b+)

e AW Q coherent part probes “shape of black disc”
F (@) sw=5% , Q incoherent part (large t)
100 502 004 0,06 0.08 0.1 042 0.14 016 0.18 sensitive to “lumpiness” of the source
It (GeV?) (fluctuations, hot spots, ...)

Q VM: Sensitive to gluon momentum distributions

Q Diffraction in e+A: > o ~ g(x, Q)
» coherent diffraction
(nuclei intact)
> incoherent diffraction
breakup into nucleons
(nucleons intact)
Predictions: adiff/arer in e+A ~25-40%
HERA: 15% of all events are hard diffractive

Brookhaven Science Associates
Is-2014

possible Source distribution with b9 = 2 GeV-?




TAKE AWAY MESSAGE

The eRHIC will profoundly impact
our understanding of QCD

with its high energy, high luminosity

eA and polarized ep collisions

detector with high
resolution, wide acceptance and
particle ID in the entire n range

Additional material:
https://wiki.bnl.gov/eic/index.php/Publications_and_presentations#Public
ations

rookhaven Science Associates
@ 24 LBNL, June 2014 E.C. Aschenauer



ADDITIONAL MATERIAL
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Hadron-Hadron:

p éﬂ%

s
€ ?_
{ﬂﬂ‘::'.:?;,- - p,.JA

QO probe has structure as complex as
the “target”

O More direct information/access on the
response of a nuclear medium to gluon
probe

Q Soft color interactions before the

collision can alter the nuclear wave fct.

and destroy universality of parton
properties (break factorization)
O no direct access to parton kinematics

Brookhaven Science Associates

p+A COMPARED TO e+A

Electron-Hadron:

e ~\\ e

p/A

Q Point-like probe
@ High precision & access to partonic
kinematics through scattered lepton
(x. Q)
O Dominated by single photon exchange
= no direct color interaction
- preserve the properties of partons
in the nuclear wave function
3 Nuclei always “cold” nuclear matter
 eA experimentally much cleaner
Q no “spectator” background to subtract
Q initial and final state effects can
be disentangled cleanly

 Saturation:
@ no alternative explanations,

Q i.e. i
i.e. no hydro in eA BROOKHRUEN

NATIONAL LABORATORY
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ACCESSING 6PDS: SOME CHALLENGES

Q H(x,5,f)but only & and t accessible experimentally

x is not accessible - integrated over
QO apart from the cross-over trajectory (x=£) GPDs are not directly accessible

de-convolution needed
outer regions: govern the evolution at the cross-over trajectory

O GPD moments cannot be fully directly revealed,
extrapolations + 2 O are model dependent

TDVCS ~]H(x’§’t)d PfH(x7§ t) I‘EH( g g t)+

S x5 +ie

cross sections & beam-charge
asymmetry ~ Re(T bVés)

beam or target-spin
asymmetries ~ Im(T bves OKHERUEN

NATIONAL LABORATORY
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FROM ep TO pp TO yp/A

) Get quasi-real photon from one proton
O Ensure dominance of g from one identified proton
by selecting very small t,, while t, of “typical hadronic
size"
small +; €-> large impact parameter b (UPC)
) Final state lepton pair €-> timelike compton scattering
O timelike Compton scattering: detailed access to GPDs
including E%9 if have transv. target pol.
) Challenging to suppress all backgrounds

2 Final state lepton pair not from y* but from J/y

) Done already in AuAu

- Estimates for J/y (hep-ph/0310223)
o transverse target spin asymmetry > calculable with GPD:

Jlo - * H) M;
UT(Z«- ) Im(E t= JIY
m, | H | s

» information on helicity-flip distribution E for gluons
golden measurement for eRHIC

Gain in statistics doing polarized ptA

Brookhaven Science Associates
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FROM ep TO pp TO yp/A

UPC in p+Au:

% f_ ::: %: ;:I: Au-shine ReqUIr‘ed:
o T 2015 p+A 300 nb-!
- “ v RP-Phase IT*
E >0 I p-shine

“1-%55 < a5 s s *"’Iugl(;‘;ﬁ ° 1005 002 004 D06 008 01 012 014 016 %ia 02

Cuts:

O no hit in the RP phasing the Au-beam (-7 > -0.016 GeV?) or in the ZDC

O detecting the scattered proton in the RP (-0.016 > -7 > -0.2 GeV?)

d both J/y decay leptons are in -1 < h < 4

O cut on the pf? of the scattered Au, calculated as the p? of the vector sum
of the proton measured in the RP and the J/y to be less then 0.02 GeV?

> 7k J/vy

=10 -
-3 -
§ [ Au-shine 8 ol
B T i
‘é r gzsu}
g E
10% = 200
150~
100 —
p-shine
50
PR G A P Il C L L
X . . . . =2 E] 0 1 2 3 4
"o "o BROOKHAVEN
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HARD DIFFRACTION IN DIS AT SMALL X

10°

< - e |
_etp CIE @RS pasawa
e
Diffraction Analogy: plane
monochromatic wave incident on a
circular screen of radius R
puge - H neopereniBresi
g
- Coherent/Elastic
85 84 Angle B
. ) 14 to Itl
R > j wcleons (nucleons intact
> incoherent & breakup of p Preakup m‘ro‘nuc e )
. HER A 15% of all events > incoherent diffraction

IS-2014 E.C. Aschenauer



LARGE RAPIDITY GAP METHOD (LRG)

O Identify Most Forward Going

Particle (MFP)

> Works af HERA but at higher /s Diffractive p° production at EIC:
> EIC smaller beam rapidities n of MFP

M. Lamont ' 10

MNmax ' e+p: RAPGAP: MFP in Event
i 2+100 GeV - DIS
L Pq 5+100 GeV - DIS
Other particles (if any) 0.1r ;gﬂgg ggg: g:g
i 30+100 GeV - DIS
' R I E AL 2+100 GeV - Diff
! I I 5+100 GeV - Diff
-~ A ——— e 10+100 GeV - Diff
| 008 || @ e 20+100 GeV - Diff
| Rapidity Gap S 30+100 GeV - Diff
l Y I
~ DetectorAcceptance -
- : . 0.06/ DIS
“Eeam 0 “beam |
p/A direction e direction 0.041
Hermeticity requirement: _ #7, Diffractive
® needs just to detector presence 0.02° e
* does not need momentum or PID : ) ; o
® SimUIations: J‘s no.r Q Show s*opper for EIC DBI Ll 1 |21 | |{:|J | :I'--J‘-';."P:-J:‘-_J'-ql_. Ll é L1 1 8
(can achieve 1% contamination, 80% ) ] rapidity
efficiency)
BROOKHEVEN
Brookhaven Science Associates NATIONAL LABORATORY
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Ay: HOW TO GET TO THE UNDERLYING PHYSICS
gmeasure less inclusive

Initial State

Final State

SIVERS/Twist-3

Q Ay for jets, direct photons

d Ay for heavy flavour = gluon
a Ay for WH/-, Z0

Sensitive to correlations
proton spin -
parton transverse motion

not universal between SIDIS & pp

Brookhaven Science Associates

universal between SIDIS &FP

Is-2014

Collins Mechanism

d asymmetry in jet fragmentation
Q =n*/-n® azimuthal distribution in jets
Q Interference fragmentation function

Sr Novel FF Mechanisms

p 4
ww
Sq X:(T‘,,
Sensitive to

transversity x spin-dependent FF

AL L \H)R\I(_)R\
E.C. Aschenauer



S. Fazio

D. Smirnov
E.C. Aschenauer

Remember: Required fully reconstructes *
technique at RHIC

Resjdtse2DidsiH

BROOKHEVEN

NATIONAL LABORATORY
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FROM ep TO pp TO yp/A

) Get quasi-real photon from one proton
O Ensure dominance of g from one identified proton
by selecting very small t,, while t, of “typical hadronic
size"
small +; €-> large impact parameter b (UPC)
) Final state lepton pair €-> timelike compton scattering
O timelike Compton scattering: detailed access to GPDs
including E%9 if have transv. target pol.
) Challenging to suppress all backgrounds

2 Final state lepton pair not from y* but from J/y

) Done already in AuAu

- Estimates for J/y (hep-ph/0310223)
o transverse target spin asymmetry > calculable with GPD:

Jlo - * H) M;
UT(Z«- ) Im(E t= JIY
m, | H | s

» information on helicity-flip distribution E for gluons
golden measurement for eRHIC

Gain in statistics doing polarized ptA

Brookhaven Science Associates
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FROM ep TO pp TO yp/A

UPC in p+Au:

% f_ ::: %: ;:I: Au-shine ReqUIr‘ed:
o T 2015 p+A 300 nb-!
- “ v RP-Phase IT*
E >0 I p-shine

“1-%55 < a5 s s *"’Iugl(;‘;ﬁ ° 1005 002 004 D06 008 01 012 014 016 %ia 02

Cuts:

O no hit in the RP phasing the Au-beam (-7 > -0.016 GeV?) or in the ZDC

O detecting the scattered proton in the RP (-0.016 > -7 > -0.2 GeV?)

d both J/y decay leptons are in -1 < h < 4

O cut on the pf? of the scattered Au, calculated as the p? of the vector sum
of the proton measured in the RP and the J/y to be less then 0.02 GeV?

> 7k J/vy

=10 -
-3 -
§ [ Au-shine 8 ol
B T i
‘é r gzsu}
g E
10% = 200
150~
100 —
p-shine
50
PR G A P Il C L L
X . . . . =2 E] 0 1 2 3 4
"o "o BROOKHAVEN
Brookhaven Science Associates NATIONAL LABORATORY
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events/GeV

Direct Photon R,,,:

10

fs = 200 GeV, Ldt=40 pb’’
10" P + p— direct photons
1o —— decay photons

—— charged tracks

P, (GeV)

2020+ UPC: "proton-shine”-case:

Requires: RP-II* and 2.5

Direct photons in p+Au

nuclear PDFs

2 _
18 E_ Rp,,Au: projected uncertainties 5
F {Sr = 200 GeV
= Lim{;tp} =100 pb’’ 2015.
E L (P+Au) = 300 nb” required: FPS + FMS
{JE— ========*~¢J-J-J-J-JJ
- AAARRR
0.5
bl
155
5 R R R
p_l_ (GeV)

pb-! p+Au

Fourier transform of o vs. t

Au-shine

= g(x.Q2,b)

p-shine

«“‘0-5_ - -
o L
E o 8 120~
g a K 20 p-shine 8
5 [ 5100
r a o [
. C
1.5 EZUOf % L
C 8 g 80
r w w T
2k 150 C
n - 60
25 100
r r 40
3 5o [
n C : 20—
Au-shine -
meli i b e e b L b N : - +
3% 6 55 5 -45 -4 35 3 25 ° ) 1 2 3 1 0
log (x) Jiy rapidity
Brookhaven Science Associates
IS-2014
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MULTI-PARTON CORRELATIONS IN p.-SPACE

Q Utilize the theoretical concepts of transverse momentum distributions (TMDs)
and un-integrated PDFs, which encode correlations o
» spin-orbit correlations on parton level > hydrogen atom \\{
» teach us how colors charges in QCD interact
O Observable: azimuthal modulations of 6-fold differential

cross section in semi-inclusive DIS - do - target nuclaor, {o kg -
dxdQ dzd¢ de,dp,

@cau be viewed as parton flow

inside nucleus

analogy: currents in oceans
x t(x, ky, St)

u quark d quark

0.2

Quark trar
0 -0.5 0 0.5
ky(GeV) ky(GeV)
1480 1490 1500 1510 1520 1530
BROOKHRUVEN
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6PD MODELING AND EVOLUTION

outer region governs the evolution at the cross-over trajectory

7 - He,x,t,m) = 0LV ,x 1 y,a,(M)H(x,p, )
dnmi x X

|

GPD at n = x is "measurable’ (LO)

net contribution of
outer + central region is
governed by a sum rule:

a1 2Xx
h? - x?

2x

h? - x?

H (x,h,t)=

H (x,x,t)+ C(t)

Brookhaven Science Associates NATIONAL LABORATORY
Is-2014 E.C. Aschenauer



DIFFERENT DVCS ASYMMETRIES

arXiv:1304.0077
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http://arxiv.org/abs/arXiv:1304.0077

SPATIAL GLUON DISTRIBUTION THROUGH DIFFRACTION

» Idea: momentum transfer t conjugate to transverse position (b+)
o coherent part probes “shape of black disc”

o incoherent part (dominant at large t) sensitive to
lumpiness™ of the source (fluctuations, hot spots, ...)

Spatial source distribution: F(b)~% Jo dAAJ ,(A) til_?
t = A%/(1-x) 8 A2 (for small x)

10°

10° 0.1

10" _

8 0.08

10° s N

& 0.06 —

10 = -

o 0.04 |-

1 w -

0.02 :—

10" u

0
107
. ,

10 BROOKHEUVEN
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EXCLUSIVE VECTOR MESON PRODUCTION

> Unique probe - allows to measure momentum transfer t in eA diffraction
- in general, one cannot detect the outgoing nucleus and its momentum

2211517 P 2 B P 1

(1-2)% £ 0.01

(HAY3) o(eAu)/o(epk

Coherent events only
stige T, \dt =10 fb' /A

V=

Q sméu :ssﬂé'[T ) cutgng;ﬁgﬁwgahon region

Q Iarge size (p.p, ...): mi%esudmbre oI #lpole

{1"" 1:! ucts
amplitude” — more sensn /é"fo safunation
U 1 1 || 111 ] | 1 1110 1111 1111 1111 111
1 2 3 4 5 Ei ? 8 9 10
Brookhaven Science Associates QE (G EUE)
41 IS-2014

Dipole Cross-Section:

T T I| T T T T T 11 I|
saturation

non-linear-regime -

- dilute
— linear-
- regime

J Dipole Radius

A
Y

BROOKHEVEN
NATIONAL LABORATORY
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SPATIAL GLUON DISTRIBUTION THROUGH DIFFRACTION

E J f o coherent - no saturation o coherent - no saturation
104 = w o incoherent - no saturation 10° | ¢ o incoherent - no saturation
C g = coherent - saturation (bSat) o = coherent - saturation (bSat)
- 'D = incoherent - saturation (bSat) = * incoherent - saturation (bSat)
. 10*
103 [Ldt = 10 fb"! . fLdt =10 o
- . 1<Q2?<10 GeV?, x < 0.01 = 1< Q2 <10 GeVZ, x < 0.01
, B ] 103
19 o )

—
=]

10

—h

-t

do(® AU = & AU A gt (nb/GeV?)
do'® AU = &AW gt (nb/GeV?)

Q
10° In(edecay)! <4 y In(Kdecay)! < 4 *'..Wﬂ
pledecay) > 1 GeVic 10 p(Kdecay) > 1 GeV/c
(a) stt=5% (b) Stht = 5%
10'2 lJIllIlllllllllllllIJlIl 10'2 IIIIIII|II|II|I]I|LIII]II|.II[
0 002 004 006 008 01 012 014 0.16 0.18 0 002 004 006 008 01 012 0.14 016 0.18
It (GeV?) It (GeV?)

» Goal: going after the source distribution of gluons
through Fourier transform of do/dt
> Find: Typical diffractive pattern for coherent (non-breakup) part
> As expected: J/V¥ less sensitive to saturation effects than larger ®-meson
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