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What is eRHIC?
@ RHIC

( Existing = $2B
QI Polarized protons
50-250 GeV

Light ions (d,Si,Cu)
Heavy ions (Au,U)
50-100 GeV/u

Electron accelerator

(to be built)

)

Unpolarized and

polarized leptons
520 30) Gev | @ | >*<
J

70% e beam polarization goal Polarized light ions He?
| 1 166 GeV/u

polarized positrons!?

Center mass energy range: v/s=30-200 GeV; L~100-1000xHera
longitudinal and transverse polarization for p/He? possible

protons

electrons > < —>
> e




Staging of eRHIC: E.: 5 to 30 GeV

All energies scale
proportionally by adding SRF
cavities to the injector

detector
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All magnets would installed from the day one
and we would be cranking power supplies up as
energy is increasing
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Most compelling physics questions

Spin physics

® What is the polarisation of gluons at small
x where they dominate!?

® What is the x-dependence and flavour
decomposition of the polarised sea!?

Determine quark and gluon contributions
to the proton spin at last!!

T

- J

p
Imaging

® What is the spatial distribution of quarks/
gluons in nucleons AND nuclei?

@ Understand deep aspects of gauge theories
revealed by kt dependent distributions

Possible window to orbital angular
momentum

Distribution of gluons

[E—

0.3

RHIC
0.2
0.1 === DSSV

DSSV + EIC
(5x100, 5x250)

e+p—e+p+Jy
15.8 <Q? + M3, < 25.1 GeV?
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Most compelling physics questions

Color Glass

Condensates

CGC

JIMWLK/BK

Initial Glasma

sQGP -
perfect fluid

Singularity

Hard Processes
(PQCD)

FF/coal.

>| Hydro (EoS)

Hadron
Transport

1

® Quantitative

ly probe the universality of strong colour fields in A+A, p+
@ Understand in detail the transition to the non-linear regime of strong gluon fields and the

physics of saturation
® What is the spatial distribution of quarks and gluons in nucleu and how much does it

fluctuate?

Strong Colour Fields and Hadronisation

® How do hard probes in e+A interact with the medium?

+

A and et+A

Currently have no experimental knowledge of gluons in nuclei at small x!!
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The structure of matter at small-x

20 T T T
- —— HERA-IPDF (prel) Q2 10 GeV2 1 A
. P experimental uncertainty |
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| Nucl. Phys. B 181-182 (2008) 5761 | s
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Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)

= Rapid rise in gluons described naturally by linear pQCD evolution equations

splitting




The structure of matter at small-x
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saturation
non-perturbative region O ~ 1

In X

e (Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)

= Rapid rise in gluons described naturally by linear pQCD evolution equations

= This rise cannot increase forever - limits on the cross-section

> non-linear pQCD evolution equations provide a natural way to tame this
growth and lead to a saturation of gluons, characterised by the saturation
scale Q2s(x)

splitting recombination
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~ The structure of matter at small-x
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+  HERA Structure Functions Working Group 1 o <<1
| Nul. Phys. B 181-182 (2008) 5761 | S
| DGLAP :
7 =
z JIMWLK 5
BK BFKL E
- :
saturation V
, , non-perturbative region g ~ 1
o e — Y |
10 103 102 101 Xdy 4
X In x

Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)
= Rapid rise in gluons described naturally by linear pQCD evolution equations
= This rise cannot increase forever - limits on the cross-section

> non-linear pQCD evolution equations provide a natural way to tame this
arowth and lead to a saturation of aluons, characterised by the saturation

however - saturation in the gluon density is not observed in the
gluon distribution at HERA -> too small an x

How can this be observed at eRHIC?
v v | 4




Nuclear “oomph” effect
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What do we know about the structure of nuclei?

T T T T AR i
10*E [77] NMC 108} Measurements with A = 56 (Fe): ~
BCDMS e eA/pA DIS (E-139, E-665, EMC, NMC)
g E665 = vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
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e e+p data covers large part of phase space
= |ow x and large Q2
e e+A data only a small fraction of this (e+A was a fixed target programme at

HERA)

= high-medium x and low Q2



What do we know about the structure of nuclei?
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The distribution of valence and sea quarks are relatively well known in nuclei -

theories agree well
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What do we know about the structure of nuclei?
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mid-rapidity
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The distribution of valence and sea quarks are relatively well known in nuclei -

theories agree well

Large discrepancies exist in the gluon distributions from models for mid-rapidity
LHC and forward RHIC rapidities !!
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Phase-space coverage of e+A collisions for an EIC

Existing data:

)
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EIC coverage:
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reach in x-Q2 beyond
current data

A coverage extended
up to U

Saturation scale at
moderate Q2 can be
iInvestigated at the
lowest x

Q? (GeV?)
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— Measurements with A = 56 (Fe):
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Phase-space coverage of e+A collisions for an EIC

Existing data:
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Phase-space coverage of e+A collisions for an EIC

e EXxisting data:

= Low energy (fixed
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Phase-space coverage of e+A collisions for an EIC

e EXxisting data:
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Exclusive processes in e+A - diffraction

e
* 3 is the momentum fraction of
the struck parton w.r.t. the

e - Q) Pomeron
7° * xip = X/B: momentum fraction of
\ the exchanged object
, (Pomeron) w.r.t. the hadron
v - X (My) 2
/ 8 X @,
,'I Xp Largest rapidity X P Q2 _|_ M % — t
: gap in event
p, P R or z Y (My)
~__" P',p'
t N breakup of A
t=(p—1p)
e Diffraction in e+p: e Diffraction in e+A:
= HERA: 15% of all events are = Predictions: Oit/Otot IN €+A ~25-40%
diffractive = Coherent diffraction (nuclei intact)

= |ncoherent diffraction: breakup into
nucleons (nucleons intact)
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Day 1: Diffractive Cross-sections

T — e ——

Q2=5GeVZ \| Q2=10 Geh

---------- x = 3.3x1078 X = 6.6x1073
10-2 —  TTee— el _ 10-2 | ] -
- T R el eAu stage-| eAu stage-I -

JLdt=10fb"/A /7 JLdt =10 fo /A

----- eAu - Saturation Model
—— ep - Saturation Model
0% ... eAu - Non-Saturation Model (LTS)
L —— ep - Non-Saturation Model (LTS)

—_

Q
w
|

stat. errors & syst. uncertainties enlarged (x 10)

l l |
sat ! ITII | | |

stat. errors & syst. uncertainties enlarged (x 10)

r— L Il Il 4' aeeRRan .
f + i 1 ' 1 — T 1 T 1
sat

N

—
o= oo

N

—
ol = 1D,

ratio (eAu/ep) (1/0tot) dogiff/dMZ (GeV2)

ratio (eAu/ep) (1/0tot) dogiff/dMZ (GeV2)

o

" no-sat (LTS) no-sat (LTS)
| 1 1 1 1 T I R | L1 1 1 1 1 1 [
1 10 1 10
M2 (GeV?)

o

e Ratio of diffractive-to-total cross-section drastically different
between saturation (Marquet) and non-saturation (Frankfurt,
Guzey, Strikman) models

e EXxpected experimental error bars (simulated for 10 fb-1 of data for
a low-energy eRHIC) can distinguish between the two scenarios
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Exclusive vector meson production

2.2

2.0
1.8

1.6

1

0.8

(1/A*3) o(eAu)/o(ep)

t

do o g(z)”

0

1.4F

1.2F

0.6F
04F

" e +p(Au) — e +p'(AU) +V

Coherent events only
stage-1I, [Ldt =10 fb"'/A
— X < 0.01

Jhp no saturatlon

ooomommu HH++++++++H+

: Jhp saturation (bSat)
III“"II:pIH“H“ mﬂ##ﬁ*

— Experimental Cuts:

IM(Vdecay products)! < 4
L P(Vdecay products) > 1 GeV/c

1 2 3 4 5 6 7 8 9 10
Q? (GeV?)

e EXxclusive vector meson production is most sensitive to the gluon distribution

= colour-neutral exchange of gluons

e J/Y shows some difference between saturation

and no-saturation
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Exclusive vector meson production

" e+ p(Au) — e’ +p’(Au’) +V

22F
N Coherent events only
20 w@ -1
% stage-ll, f[Ldt =10 fb"'/A
B L 2
1.8 0.¢/70 x < 0.01
- "Os‘af(//- .
C "'.."
1.4 — $00ge ee00ee.
12F
- Jhp no saturation

08 ; Jh} saturation (bSat)

t 0.6 :_ ¢ Sat.u.rat\Oﬂ &bls.a.tll.. - aEEEEEEEE
paEEEE
0.4 r-.. Experimental Cuts:
2 - IM(Vdecay products)| < 4
d m a,; 0.2 y P(Vdecay products) > 1 GeV/c
O g O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
1 2 3 4 5 6 7 8 9 10
Q? (GeV?)

e EXxclusive vector meson production is most sensitive to the gluon distribution
= colour-neutral exchange of gluons

e J/Y shows some difference between saturation and no-saturation

e ¢ shows a much larger difference

= wave function for ¢ is larger and hence more sensitive to saturation effects



Exclusive Vector Meson Production in e+A

4 E JLdt =10 b o coherent - no saturation 5 g fLdt =10 fb"" o coherent - no saturation
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E o x < 0.01 m coherent - saturation (bSat) =0 x < 0.01 m coherent - saturation (bSat)
< - .|:| |r}(edeca))l)| <14G » e incoherent - saturation (bSat) . . m O Ir](ﬁ(decag)l <14G y e incoherent - saturation (bSat)
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e Low-t: coherent diffraction dominates - gluon density

e High-t: incoherent diffraction dominates - gluon correlations
= Need good breakup detection efficiency to discriminate between the two scenarios
> unlike protons, forward spectrometer won’t work for heavy ions
- measure emitted neutrons in a ZDC

> rapidity gap with absence of break-up fragments sufficient to identify coherent
events

15



Finding the source...

e Take the do/dt distribution and perform
a Fourier Transform to extract the b-
distribution of the gluons

1 do
A A A
o d Jo(Ab). dt

()
t= A?%/(1-x)=A? (for small x)

F(b) ~

0 005 01 015 02 025 0.3 035

¢ non-sat

------
------
. ~

\/[F(b) db
III|III|III|III|III|I

Itl (GeV?)
--------- Woods-Saxon

o 0.04
LL
0.02
O L= | | I T TR w | ]
10 -5 0 5 10
b (fm)
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Finding the source...

e Take the do/dt distribution and perform
a Fourier Transform to extract the b-
distribution of the gluons

1 do
A A A
o d Jo(Ab). dt

()
t= A?%/(1-x)=A? (for small x)

F(b) ~

¢ non-sat

I005 01 015 02 025 03 035

Itl (GeV?)

Woods-Saxon

o
4III|III|III|III|III|I
1
—h
OJ‘
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Finding the source...” ¢ non-sat

e Take the do/dt distribution and perform 1°
a Fourier Transform to extract the b- %
distribution of the gluons

1 do
A A A
o d Jo(Ab). dt

()
t= A?%/(1-x)=A? (for small x)

F(b) ~

0 005 01 015 02 025 03 035
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\/[F(b) db
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Finding the source...™ ¢ non-sat

e Take the do/dt distribution and perform 1°
a Fourier Transform to extract the b- %
distribution of the gluons
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e J/P shows little difference for both saturated and non-saturated modes.

Finding the source...

¢ ¢ shows a significant difference
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Summary and Conclusions

¢ Understanding the role of gluons in nuclei is crucial to understanding RHIC and LHC
results

e The e+A physics programme at an EIC will give us an unprecedented opportunity to
study gluons in nuclei

= Low-x: Measure the properties of gluons where saturation is the dominant governing
phenomena

= Higher-x: Understand how fast partons interact as they traverse nuclear matter and
provide new insight into hadronization

e Diffractive VM production, discussed in this talk gives us a real handle on the gluon
distribution in nuclei

= QOther low-x measurements discussed in the White Paper include F2, FL and di-
hadron correlations

Paris 2013: macl@bnl.gov 18
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The structure of matter at small-x
1 A

- HERA Q? =10 GeV?
I —— HERAPDF1.7 (prel.)
0.8 N e HERAPDF1.6 (prel.) oy < 1
B experimental uncertainty '
p [ ] model uncertainty Xuy DGLAP :
—~ 06+ [ parametrization uncertainty N
3! 1
O i O 1
X = :
X 04l BFKL
_ - :
0.2 :
: y
non-perturbative region og ~ 1
10 107 102 107 1
« In X

e (Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)

= Rapid rise in gluons described naturally by linear pQCD evolution equations

splitting
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The structure of matter at small-x
1 A

" HERA Q2 =10 GeV? 5
i —— HERAPDF1.7 (prel.) QS(X)
08N e HERAPDF1.6 (prel.) og <1

B experimental uncertainty

[ ] model uncertainty
[ parametrization uncertainty

. DGLAP
0.6

In Q2

JIMWLK

%< Bm@

saturation
non-perturbative region O ~ 1

xf(x, Q3

04 -

0.2

X In X
e (Gluons dominate the PDFs at small- to intermediate-x (x < 0.1)

= Rapid rise in gluons described naturally by linear pQCD evolution equations
= This rise cannot increase forever - limits on the cross-section

> non-linear pQCD evolution equations provide a natural way to tame this

growth and lead to a saturation of gluons, characterised by the saturation
scale Q2s(x)

splitting recombination
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Saturation effects in the proton and nucleus

dQO.eA—>eX
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/ gluon
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quark+anti-quark

Measure of non- ' S
inear effectsin - f. | |
the FL Structure ; : .............................................
function o :;;is

Dipole model (J. Bartels et al.) N o

e Plotting this distribution coming out of saturation inspired GBW
model

= p: small effect only starting to come in at small-x and small Q2

21



Saturation effects in the proton and nucleus
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e Plotting this distribution coming out of saturation inspired GBW
model

= p: small effect only starting to come in at small-x and small Q2
= Au: much larger effects are visible

> nuclear “oomph” effects well manifested in the F. structure

function
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Saturation effects in the proton and nucleus
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e Plotting this distribution coming out of saturation inspired GBW
model
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> nuclear “oomph” effects well manifested in the F. structure
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

Strategies: Q2 = 1.389 GeV/?
slope of y2/Y, for different o6
s at fixed x & Q2 Fo .

§ P ey
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Feasibility study: o.(z. Q%) = F5'(2,Q%) -

Strategies:
slope of y2/Y, for different
s at fixed x & Q2

e+Au:

20x50 - AfLdt = 2 fb-1
20x75 - A[Ldt = 4 fb-
20x100 - AfLdt = 4 fb-
running combined

~6 months total running
(50% eff)

statistical errors are
swamped by the 3%
systematic errors

Will be dominated by
systematics, but would
need a full detector
simulation in order to
estimate them
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

Strategies: Q2 = 1.389 GeV/?

slope of y2/Y ., for different

s at fixed x & Q2 1 . o 20 Gov

e+Au: FL 08 - @ e =5GeV

20x50 - AfLdt = 2 fb- 0.6F

20x75 - AfLdt = 4 fb- 04F

20x100 - AfLdt = 4 fb- 0ok

running combined < i*{} ” &”H
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statistical errors are 0.4F .
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systematic errors 08k

Will be dominated by A 1(')3 B '1"(')_2 e '1'(')_1
systematics, but would y

need a full detector
simulation in order to

estimate them
24



Y

Feasibility study: o.(z.Q%) = F'(z,Q%) - 7=

Strategies:

slope of y2/Y, for different

s at fixed x & Q2

e+Au: 1st stage
5x50 - AfLdt = 2 b1
5x75 - AfLdt = 4 fb!
5x100 - AfLdt = 4 fb-
running combined

~6 months total running

(50% eff)

statistical errors are
swamped by the 1%
systematic errors

Will be dominated by

systematics, but would

need a full detector
simulation in order to
estimate them
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Constraining the gluon distributions with EPS09

e Working with H. Paukkunen (Finland)

* Take the generated Pseudo-data and include it in a global fit

= All generated pseudo-data is included in this fit

> Will also generate charm and bottom pseudo-data

eAu/ep 5+100GeV
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Constraining the gluon distributions with EPS09

e Working with H. Paukkunen (Finland)

* Take the generated Pseudo-data and include it in a global fit

= All generated pseudo-data is included in this fit
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Constraining the gluon distributions with EPS09

e Working with H. Paukkunen (Finland)

* Take the generated Pseudo-data and include it in a global fit
= All generated pseudo-data is included in this fit
> Will also generate charm and bottom pseudo-data
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Constraining the gluon distributions with EPS09
e \Working with H. Paukkunen (Finland)

e Take the generated Pseudo-data and include it in a global fit

= Also want to map out the A-dependence of the gluon

distribution
> e.g. Carbon has large uncertainties associated with it
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Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")
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e Take the generated Pseudo-data and include it

Work in progress... (H. Paukkunen)

in a global fit

= Only 20x100 and 5x100 included in these plots

» More data will constrain this further
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Work in progress... (H. Paukkunen)

e Take the generated Pseudo-data and include it
in a global fit

= Only 20x100 and 5x100 included in these plots

» More data will constrain this further
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Work in progress... (H. Paukkunen)

e Take the generated Pseudo-data and include it
in a global fit

= Only 20x100 and 5x100 included in these plots

» More data will constrain this further
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Why e+A collisions and not p+A?

e e+A and p+A provide excellent information on
properties of gluons in the nuclear wave
functions

e Both are complementary and offer the
opportunity to perform stringent checks of
factorization/universality

e Issues:

= P+A combines initial and final state effects

= multiple colour interactions in p+A

= p+A lacks the direct access to x, Q2

—a— A
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Why e+A collisions and not p

e e+A and A wroridea —
properties

funcﬁons}

e Both are {
opportuni Scattering of protons on protons

factorizall s Jike colliding Swiss watches to find out how they are
o Issues: built.
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. R. Feynman
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1Np1gqer IN/A(A)

di-hadron correlations in d+A

comparisons between d+Au — h, h, X (or p
+Au — h, h, X)andp+p—>h h X

AU N 2 )and prp - X _ e At y=0, suppression of away-

02 SR A 0207 - side jet is observed in A+A
i p+p min. bias is\\'{'_AR - o
- ! *x Au+Au Central ] CO”ISIO”S
e No suppression in p+p or d+A

= X~ 102 ke +kye™

. : X, 7 <<
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di-hadron correlations in d+A

comparisons between d+Au — h, h, X (or p

AU, X ) and p*"*'.‘ n X o At y=0, suppression of away-
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di-hadron correlations in d+A
comparisons b
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di-hadron correlations in e+A

Never been measured - we expectto  ® At small-x, multi-gluon

see the same effect in e+A as in d+A distributions are as important
as single-gluon distributions
and they contribute to di-

0.18 [ Q221 GeV2 hadron correlations
0.16 |- ep

= The non-linear evolution of
multi-gluon distributions is
different from that of single-
gluon distributions and it is
equally important that we
understand it

e The d+Au RHIC data is
therefore subject to many
uncertainties

= these correlations in e+A
Dominguez, Xiao and Yuan (2012) can help to constrain them
better
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di-hadron correlations in e+A

Never been measured - we expect to
see the same effect in e+A as in d+A
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At small-x, multi-gluon
distributions are as important
as single-gluon distributions
and they contribute to di-
hadron correlations

= The non-linear evolution of
multi-gluon distributions is
different from that of single-
gluon distributions and it is
equally important that we
understand it

The d+Au RHIC data is
therefore subject to many
uncertainties

= these correlations in e+A
can help to constrain them
better
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di-hadron Correlations - relative yields

e PHENIX measured Jqau - relative yield of di-hadrons produced in d+Au compared
to p+p collisions

= Suppression in central events compared to peripheral as a function of xafrag

Curves come from saturation model

e (Can perform the same measurement in e+A collisions
forward-forward
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Summary and Conclusions

e The e+A physics programme at an EIC will give us an unprecedented
opportunity to study gluons in nuclei

e [ ow-x: Measure the properties of gluons where saturation is the dominant
governing phenomena

e Higher-x: Understand how fast partons interact as they traverse nuclear
matter and provide new insight into hadronization

e Understanding the role of gluons in nuclei is crucial to understanding RHIC
(and LHC) heavy-ion results

Good headway can be made on these measurements already
with a low-energy EIC (eRHIC: Ec = 5 GeV)

e The INT programme in the Fall of 2010 allowed us to formulate the
observables in terms of golden and silver measurements

= A detailed write-up of the whole programme is on the ArXiv: 1108.1713

= An EIC White Paper (not just e+A), expounding on the INT programme has
just been released to the community ArXiv: 1212.1701
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