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Fundamental questions of QCD

- Confinement, chiral symmetry breaking, quantitative
understanding of hadron masses, structure of the nucleon
and the nucleus

+ QCD under extreme conditions:

= finite T (heavy ions, early Universe)

= finite uB (neutron stars)

= high energy QCD asymptotics
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What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?
2

or(2,Q%) = F(z,Q2) — L Fi(z, Q)
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What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?
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What did we learn from e+p collisions at HERA?
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The structure of matter at small-x
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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
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The structure of matter at small-x
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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
= 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 Q° s(x)

splitting recombination
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The structure of matter at small-x

" —— HERA-I PDF (prel.) Q%2 =10 GeV?
- experimental uncertainty 2
16 | | model uncertainty 4 /QS(X)
N e S ez s o | o <
| DGLAP :
e
= JIMWLK
@ < @BFKL @
saturation
non-perturbative region Og ~ 1
10 1073 102 101 xdy 4
X In X

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

however - only tantalising hints of saturation in the gluon density
from measurements at HERA -> too small an x

How can this be observed at eRHIC?
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splitting recombination

5


mailto:macl@bnl.gov

McLerran-Venugopalan Model

/ Get A3 density

enhancement

7

Boost >

- Large gluon density gives a large momentum (saturation)
scale, Qs2. Qs2 ~ #gluons per unit density ~A1/3

- For Qs >> Aqcp, theory is weak coupling (as (Qs?) << 1) and
the leading gluon field is classical

GDR PH-QCD 2014: macl@bnl.gov 6
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High energy QCD: saturation physics

- The non-linear BK/JIMWLK equations and the MV model lead to a large
internal momentum scale Qg which grows with both decreasing x, increasing
energy s (A~0.3) and increasing atomic number A

- such that:

- We can calculate total cross-sections, parton multiplicities, correlations...
from first principles

- Bottom line:
= Coupling is weak, Feynman diagrams work

~ But: the system is dense and physics is nonlinear!

GDR PH-QCD 2014: macl@bnl.gov 7
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High energy QCD: saturation physics
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Nuclear “oomph” effect

Pocket formula: Q?(z) ~ A'/*
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What do we know about the structure of nucle1?

Pb Pb Pb

RV Rs Rq

1.2 | Q 10 Gev? —~ 19 | Q=10GeV’ | 4 | Q'=10GeV” A
S 1. 111111111111111 TR mlﬂ

H. Paukkunen

The distribution of valence and sea quarks are relatively well known in nuclei -
theories agree well

GDR PH-QCD 2014: macl@bnl.gov 10
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What do we know about the structure of nucle1?

RVPb
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H. Paukkunen

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, even for Q2 = 10 GeV?

GDR PH-QCD 2014: macl@bnl.gov 10
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Fundamental questions to be answered in e+A

- What is the fundamental quark-gluon structure of
light and heavy nuclei?

-+ Can we experimentally find and explore a novel ‘
universal regime of strongly correlated QCD
dynamics?

- What is the role of saturated strong gluon fields?
What are the degrees of freedom in this strongly
interacting regime?

+ Can the nuclear colour filter provide novel insight
iInto propagation, attenuation and hadronization of
coloured probes?

GDR PH-QCD 2014: macl@bnl.gov

Nucleus
serves as:

Obiject of
Interest

Amplifier of
physical
phenomena

Analyzer of
physical
phenomena

11
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The realization of an

- eRHIC (BNL) arXiv:1409.1633

Electron-lon Collider

FFAG Recirculating ElectronRings ... ERLCryomodules

= Add ERL+FFAG recirculating e rings

to RHIC facility

= Electrons: 6.3—15.9 & 21.2 GeV
= lons: up to 100 GeV/A
- /s =20 = 93 GeV

- | =1.7x1 O33 cm'25'1/A at Vs = 80 GeV

Polarized
oooooooooooooooooooooooooooo

eeeeeeeee
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The realization of an Electron-lon Collider

- eRHIC (BNL) arXiv:1409.1633

-

1.3-6.6 GeV [,b‘ 7
= Add ERL+FFAG recirculating e rings )4 ‘ T
to RHIC facility = ’
= Electrons: 6.3—15.9 & 21.2 GeV /mgggi'ggto,er RRSET A D porizes
= lons: up to 100 GeV/A
- vs =20 = 93 GeV
33 2 -1 100 meters
- L=1.7x10 cm's /A atVs =80 GeV Lo
- MEIC (JLAB) arXiv:1209.0757 D lon
source
. . . ) Warm large booster ] ] U Slﬁ_.
= Add a Figure-of-8 ring-ring collider to (3to25Gevic)  1hree Figure-8 rings Inac
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L=24x10" cm's /Aatvs = 22 GeV
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The landscape of e+A collisions

Existing data is sparse - typically low
energy and low A

Not a large coverage in (x,Q°) phase-

space (unlike e+p) 10°
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— Measurements with A = 56 (Fe): -
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The landscape of e+A collisions

Existing data is sparse - typically low
energy and low A

Not a large coverage in (x,Q°) phase-
space (unlike e+p)

- Existing data is well away from the
saturation regime
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The landscape of e+A collisions

- Existing data is sparse - typically low
energy and low A

- Not a large coverage in (x,Q°) phase-
space (unlike e+p)

- Existing data is well away from the
saturation regime

. JLab 12 GeV upgrade will explore the &

landscape at high x o
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The landscape of e+A collisions

- Existing data is sparse - typically low
energy and low A

- Not a large coverage in (x,Q°%) phase- L B AR
space (unlike e+p) 108 Measurements with A = 56 (Fe):
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The landscape of e+A collisions

- Existing data is sparse - typically low
energy and low A

- Not a large coverage in (x,Q°) phase-
space (unlike e+p)

- Existing data is well away from the
saturation regime

N

- JLab 12 GeV upgrade will explore the <
landscape at high x

- To go to lower x and explore saturation
physics, need higher energies

- Alow-energy EIC, with Vs=45
GeV/A (e.g. 5x100 GeV) goes
some way to this whilst also
maintaining the ability to study
high-x phenomena

-~ However, we really need higher
energies to explore low-x in detail
e.g. 20x100 GeV -> Vs = 90 GeV/A

103

102

0.1

TTT] T T T T 1T ; . T
— Measurements with A = 56 (Fe):

e eA/pA DIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

0000 O O
0000 O 0.0

coooo @ .G

LQ’ 00000 O ® HO® eme

[ )
|
o . |
| |
(]
g

... .‘

- [
O. —
N

GDR PH-QCD 2014: macl@bnl.gov

14


mailto:macl@bnl.gov

Inclusive nDIS - Structure functions F2A and FLA

B d20' QCQ4 o 2 y2
Opr — (dde2)277042[1+ (1 _y)Q] _F2($7Q )_ 1+ (1 _y)QFL(xaQQ)

- The reduced cross-section can be written in terms of
structure functions:

- F2(x,Q2): A measure of the momentum distribution of
guarks and anti-quarks

- FL(x,Q2): A measure of the momentum distribution of gluons

- Fo(x,Q2) and FL(x,Q2) are benchmark measurements -

theory/models have to be able to describe the structure
functions and their evolution

GDR PH-QCD 2014: macl@bnl.gov 15
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Inclusive nDIS - Structure functions F2A and FLA
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Inclusive nDIS - F,” Structure Function

d20' ZCQ4 ) y2 5
O = ( ) = Fy(x,Q)”) — Fr(xz,Q
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- Errors on pseudo-data and
EPS09 are scaled for visibility

At higher x, uncertainties on
EPS09 and pseudo-data are
negligible

At smaller x, pseudo-data
uncertainties are much smaller
than EPS09
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Effect of EIC psuedo-data on EPSO09
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= . R T g T g, L i o
= osf g 5 i 2 1 % a4 baseline fit
5 08 L P . T . T -
§= I g 1 @ 1 @ T @ ] fit with EIC data
< L T A n T
v 0.6 2 , T 2 2 il 2 2 1 2 2 ]
N Q’=43.9GeV T Q’=78.1GeV T Q’=139GeV T Q’=247GeV .
- | | | T | | | T | | | T | | | ]
10" 10° 102 100 1 10® 107 10" 1 10 107 10" 1 107 107 10" 1
X X X X

- Ratio of reduced cross-sections, e+Au/e+p

- Large reduction in the cross-sections at low-Q°

~ low-x and low-Q° is dominated by gluons and sea-quarks

. High-Q2 is well constrained with existing data

GDR PH-QCD 2014: macl@bnl.gov
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Effect of EIC psuedo-data on EPSO09

eC/ep 20+100GeV
12 ¢ - - : | | : -
% . . T T
1 0 - """~ ======-========° e e e i P .', """"""" I "'"'li.' - '@ """" _ L L T
.2 R —+ e B -+ i, -+ ik g + Gy, .
= N s T i T O e T gaP ®g T T S s W
Q - B0 O T 1oeTs T - T g T R ]
% 0 -8 _ m m m ?“““ - “\".c e ‘t‘a - ““‘\‘ JR — > —
m — 1 —— —— —— —— —
o — —4 — —4 4 —
S 06 __ 2 2 ____ 2 2 ____ 2 2 ____ 2 2 ____ 2 2 __
9 - Q’=2.5GeV T Q’=4.4GeV T Q’=7.8GeV T Q’=13.9GeV T Q’=24.7GeV .
- | LT | LT | LT | | | T | L
_;:’ 1.2 | | | . | | | . | | | . | | |
> T . .
10 = P [ R o s I S S B - - - _ o EIC pseudodata
% i iiﬂ""%%ﬁ T @@'@%@, T @“'@% T "@@@,@ .
. L | % 1 ' 1 % 4 ... baseline fit
S 08 i L Ay %]
.g B ”E I B L ‘;-m - fit with EIC data
06 - I € I -
a N Q’=43.9GeV’ i Q’=78.1GeV’ T Q’=139GeV> T Q’=247GeV> .
T | LT | LT | LT | | | i
10* 10° 102 100 1 100 107 10 1 107 107 10" 1 107 107 10" 1
X X X X

Ratio of reduced cross-sections, e+C/e+p

Large reduction in the cross-sections at low-Q°

~ low-x and low-Q° is dominated by gluons and sea-quarks

High-Q2 is well constrained with existing data

The A-dependence of eRHIC allows us to constrain smaller nuclei such as Carbon, which has uncertainties
almost as large as Aul!

GDR PH-QCD 2014: macl@bnl.gov
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Saturation effects in the proton and nucleus

CZ2 eA—eX

4
dzd(Q? L:C(;‘l [(1 Y+ y2 ) Fy(x, Q%) — %FL($ Q‘)J\‘
/ proton gluon

quark+anti-quark

Measure of non-
linear effects In
the FL structure

function 0

Dipole model (J. Bartels et al.)

F E:admg twist) /FL

co ® EN R o
e b ey

(FL-

- Plotting this distribution coming out of saturation inspired GBW model

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

GDR PH-QCD 2014: macl@bnl.gov 20
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Saturatlon effects in the proton and nucleus

d2 eA—eX

4
i = o (v ) e ey
/ gluon

quark+anti-quark

proton

Au (A=197)

......

Measure of non- - 4

inear effects in |

the FL structure
function

I -lOg S D \o°
Dipole model (J. Bartels et al.) 10(X)

leading twist
L )/FL

(F.-F

- Plotting this distribution coming out of saturation inspired GBW model
= p: small effect only starting to come in at small-x and small Q°

= Au: much larger effects are visible

- nuclear “oomph” effects well manifested in the F|_ structure function

GDR PH-QCD 2014: macl@bnl.gov
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Saturation effects in the proton and nucleus

d2 eA—eX 47'('04 Y ) y
g~ v (1 ) Pt @)= e Qj\
/ gluon
proton

quark+anti-quark

Au (A=197)

o —

Measure of non-
linear effects In
the FL structure

F Leading twist) /FL

(FL-

function -
Dipole model (J. Bartels et al.) o
- Plotting this distribution coming out of saturation inspired GBW model
= p: small effect only starting to come in at small-x and small Q
= Au: much larger effects are visible
- nuclear “oomph” effects well manifested in the F|_ structure function
20
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2

Feasibility study: @) =%~y #i.e)

Q2 = 1.389 GeV?

Strategies:
slope of y2/Y, for different 3. 3 3

s at fixed x & Q2

as L

Db p oy

np LWy

D p Dap
L Sl 3
L N 2

Desp Rl
L >

e+Au: | ™ |
2OX50'AILdt_2fb_1 cub X = 366X104 ) cub X = 408X1O4 ) b X = 463X104 )
20x75 - AfLdt = 4 fb- yely yelys Vel
20x100 - AfLdt = 4 b i 5 o
running combined © H\+ © ol o
~6 months total running :“ * 3'H

o il( .:l(- i.-(,r
(50% eff) ef X = 534x104 'I.‘.x 631x104 b X = 771x1o4
statistical errors are s ey ey
swamped by the 3% o _ o o
systematic errors St S ot S
Will be dominated by i “
Systematics but would L X = 992x104 ‘ x_13 89x104 * X = 2315x104

’ - | y2/y+ ' y2/y+ - y2/y+

need a full detector
simulation in order to
estimate them

GDR PH-QCD 2014: macl@bnl.gov 21


mailto:macl@bnl.gov

Inclusive nDIS - F,” Structure Function

d20' ZCQ4 y2
2 2
g, — ( ) — F2 XL Q — FL L Q
" drxdQ?/ 2ma?|1 + (1 — y)?] (2, Q%) 14+ (1—1y)? (2, Q%)
5 B .
- Fine+Au jldt=10f0"/A | - The measurement of F|_however is a
45 different beast
4 _ m 20 on 50,75,100 GeV
: 4 50n 50,75,100 GeV - Require céata from 3 different energies in
35 F% x=3.7x10" each x,Q" bin
2_55 1'. X = 6.3x10
S,  3fa ’4{-1 -------- X = 1.4x10° = Use Rosenbluth Separation
2 I U B x=2.6x107 technique to extract F,
25 % XA ---------- R-..... x = 3.8x10%
A BEEETTLEEEEEE g 5800 .
C:, S O o108 - Much larger uncertainties and much
< o Y. = 1.6x102 smaller acceptance than the F,
- ysb i s0k0 measurement
1F
0.5 F
i | | IIIIII| | | IIIIII| | | IIIIII| | 111
0
1 10 102 10°
Q2 (GeV?)
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Inclusive nDIS - F,” Structure Function

o= (

rQ*

d?o )
dxd()?

2ma?[1 4 (1 —y)?)

:F2(x7Q2)_ ’

1_

0.8

0.6

0.4

1.2__ RP
B F

°(x,5 GeV)

oo Data: EIC

0

EIData: LHeTC

10°

Plot taken from LHeC CDR,
courtesy of N. Armesto

10

1072

1

a_—llllllllllllllllll

2

1 + (1 _ y)QFL(vaQ)

- The measurement of F_ however is a

different beast

- Require data from 3 different energies in

each x,Q2 bin

= Use Rosenbluth Separation
technique to extract F

- Much larger uncertainties and much

smaller acceptance than the F,
measurement

- Good complementarity with F_

measurement at LHeC

- Both measurements are limited by
their uncertainties and ¢, is the best
way to constrain the nuclear PDFs
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Inclusive nDIS - F,%* Structure Function

! q
FSCin e+Au . .
e 50n 50 GeV . c _ ] _
= 5o0n 100 GeV F.” only driven by photon-gluon fusion (PGF)
o 20 on 100 GeV ]
— CTEQ10+ - As F_is a difficult measurement, F, may be the

EPS09 way forward

~ ) - .
N 0+\02 o
O L s = Larger uncertainties than F, but smaller
1 025 :.-O 3.'2"\0’2 than FL
g 0.2 F oo / iy - Statistics are not an issue
. [[emo 5.2x10°
X [ em
S 0.15 . “//.@/,/@/ - At low X, uncertainties are smaller than EPS09
" | : Wo 8.2x10°

0.1 F o o e em—emo—sme—m—o——o——0 13x10" - Will provide some constraints. How much

needs to be evaluated

o a— en—eme—eme—Ee—@o——6——0 2.0x10’"
005 :_ — o e—ae—{ —o—{15 o 3.2x10"
" [Ldt =10 fb'1/A ° 5.2x10""
O- | | IIIIII| | | IIIIII| | | IIIIII| | L 11
1 10 102 10°
Q? (GeV?)
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Inclusive nDIS - F,%* Structure Function

1.2 1

L Error on EIC F5°data

0.7 |

F5°(Saturation Model)/FS$(EPS09)

i —— Q2=2.47 GeV?2
0.6 — Q%=4.39 GeV?
: — Q2=7.81 GeV?

i | | | 1 1 | I| | | | 1 1 | I|
0.5
107 107
X

g q

- F,° only driven by photon-gluon fusion (PGF)

Cc
- As F__is a difficult measurement, F, may be the

way forward

= Larger uncertainties than F, but smaller
than F_

- Statistics are not an issue

- At low x, uncertainties are smaller than EPS09

- Will provide some constraints. How much
needs to be evaluated

- Can provide access to differences between

models

= Ratio of rcBK to EPS09 shows the possible
discriminatory power of this measurement
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Effect of EIC psuedo-data on EPS09 fits

(Pb) (Pb)
I:{valence I:{sea I:{gluon

1.4 1.4 14
< Q°=5 GeV? [ Q°=5 GeV? [ Q°=5 GeV?
S 12f 1.2 1.2+
8 B i i
S O e 1.0 1.0F
L I | _
O 08 0.8 0.8
\><: B B B
?-.5: 0.6 Current EPS09 0.6 0.6
S i i I

04 04 04

] ] ] ] ] ] ] ] ]
10% 103 102 107 10% 102 102 10° 10%  10° 102 10°
X X X

Ratio of reduced cross-sections, e+Au/e+p

- Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons

GDR PH-QCD 2014: macl@bnl.gov
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Effect of EIC psuedo-data on EPS09 fits

(Pb) (Pb)
I:{valence I:{sea I:{gluon
1.4 1.4 1.4
< Q°=5 GeV”
> 1.2 1.2
8 I I
s 1.0 1.0
c\1” - -
@] 0.8 0.8
E 0.6 - Current EPS09 0.6 0.6
o al - - with EIC (no charm) - -
04r 04r 0.4
] ] ] ] ] ] | | |
10*  10° 102 107 10*  10° 10° 107 10*  10° 10° 107
X X X

Ratio of reduced cross-sections, e+Au/e+p
- Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons

- Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and
gluons, particularly at small-x
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Effect of EIC psuedo-data on EPS09 fits

(Pb) (Pb)
I:{valence I:{sea I:{gluon
1.4 1.4 1.4
< Q°=5 GeV?
> 1.2 1.2
8 I I
0 1.0 1.0
c\III - -
@] 0.8 0.8
E 0.6 - Current EPS09 0.6 0.6
e - B with EIC (no charm) - -
04+ with EIC (with charm) 04 04
] ] ] ] ] ] | | |
10%  10% 102 107 10%  10% 102 107 10%  10° 102 10T
X X X

- Ratio of reduced cross-sections, e+Au/e+p

- Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons

- Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and
gluons, particularly at small-x

- Fitting the charm pseudo-data has a dramatic effect at high-x

= Something the LHC, for example, will not be able to address
GDR PH-QCD 2014: macl@bnl.gov 26
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Effect of EIC psuedo-data on EPS09 fits

(C) (C)

I:{valence Iqsea I:agluon
1.4 1.4 1.4
7> 1.2 Q=5 GeV” 1.2 1.2
(q\| . — . .
>
(D) B i
Q) 1.0 1.0
Lﬂ) | i
NO 0.8 0.8
~ \ I
6?" 0.6 Current EPS09 0.6 0.6
ol - m with EIC (no charm) - -
04 with EIC (with charm) 0.4+ 0.4
] ] ] ] ] ] ] ] ]
10% 10° 102 107 10%  10° 102 10" 10%  102% 102 10"
X X X

- Ratio of reduced cross-sections, e+C/e+p
- Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons

- Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and
gluons, particularly at small-x

- Fitting the charm pseudo-data has a dramatic effect at high-x

= Something the LHC, for example, will not be able to address
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di-hadron angular correlations in d+A

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

+AU — h, h, X ) and p+p — hy h, X - At y=0, suppression of away-side

1Np1gqer IN/A(A)

0.2

|||||||||||||||||||||||

lllllllll

- aaurtPcavo20% | et is observed in A+A collisions

k- —— p+p min. bias

* Au+Au Central

 No suppression in p+p or d+A

- X ~ 1072

ke +k, e

: X, = \E <<]
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di-hadron angular correlations in d+A

1Np1gqer IN/A(A)

C
Q
Q
N
N
n

@ -,
'c;,-

O
-—
~]
n

Uncorrected Coinci
Prob@ihty (radjan™)
o © ¢

o W

S owm

0.005

0.0025

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

0.2—

k- —— p+p min. bias

* Au+Au Central

p+p — m°n’+X, va = 200 GeV

0025

oo1sf

0.0075f

pr>2 GeV/e, 1 GeV/c<ps<py
L >=3.2, <nsg>=3.1

- A =< H

Peaks

2 Ay ©
_5 STAR 0 0.41+0.01

n  0.68+0.01

|||||||| TR I T T B

— o — 3 4
By

A ¢ (radians)

M’.’ °

- X ~ 1072

d+Au = 7'n"+X, vs = 200 GeV, 2000< T Qe < 4000

8 003f pu>2Gev/e, 16eV/c<prs<pn
o i | < >=3.1, <ng>=3.2
£ §0.025f HJF
3T LA
©p C
22 002 1y
S VY Lﬂ y ++++
800154 Jr{# Ty
OO i
0.01 _ Peaks
i Ay ©
00051_ 0 0.48+0.02
0050 JTAR m o 1.75£0.21
O-IIPIrIellllmllll‘]lclryllllllllllllllIII|
=1 0 1 2 3 4 5

By

At y=0, suppression of away-side
jet is observed in A+A collisions

No suppression in p+p or d+A

ke +k, e

Vs

e However, at forward
rapidities (y ~ 3.1), an
away-side suppression is
observed in d+Au

<<

Xy

e Away-side peak also much
wider in d+Au compared to

P+P

-X~107

nl.qov 28
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di-hadron angular correlations in d+A

comparisons between d+Au — h, h, X (orp

+Au —
: d+AU = TT+X, Vs = 200 GeV, 2000< T Que< 4000
S 003[ pu>2GeV/c, 1GeV/c<p<py
i l I < >=3.1, <ns>=3.2
U IC - + _‘I’
520250 7\ smes CGCH+offset
23 ooy
%%\ 0.02—*{ i} +
S st
50 e coriciuie”
oy Q.01 5‘*-|- ‘F ‘I‘ _H-
ST :
Peaks
0.01F Ay ©
: 0 0.4840.02
0,005 ‘§ i_TAR rm 1.75+0.21
OllPlrlelllmllnaI.ylllllllllll'llllll
_ 0 3 4 5
D

ouUun rr-WoU ZU T4, [TdGeIZDTL.JOV
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di-hadron correlations in e+A

- At small-x, multi-gluon

Never been measured - we expect to distributions are as important as

see the same effect in e+A as in d+A

0.25

0.2

Dominguez et al. PRD83, 105005 (2011),

single-gluon distributions and they
contribute to di-hadron
correlations

Q%=1 GeV?, y=0.7

= 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

15 GeV x 100 GeV

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

PRL 106, 022301 (2011)

L R BT S
3 3.5 2 4.5

A¢ (rad) - these correlations in e+A can
help to constrain them better
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di-hadron correlations in e+A

- At small-x, multi-gluon

Never been measured - we expect to
see the same effect in e+A as in d+A

0.25 ]
B 2_ 2 . i
- Q=1GeV", y=07 15 GeV x 100 GeV -
0.2 B ]
015 —~
~ - i
2 - :
O o1f -
0.05 [ —
0_ |....|....|... N

2 2.5 3 3.5 4 4.5

A¢ (rad)

Dominguez et al. PRD83, 105005 (2011),
PRL 106, 022301 (2011)

GDR PH-QCD 2014: macl@bnl.gov

C(Ag)

0.4

0.3

0.2

0.1

distributions are as important as
single-gluon distributions and they
contribute to di-hadron
correlations

pl9>2 GeVic 15 GeV on 100 GeV

1 GeV/c <p :SS°° <ptTr

tri
0.2<z, 9 22550" <0.4

1<Q?<2 GeV?/c*
0.6<y<0.8

—+— e+Au - no-sat

—+— eAu - sat

N
1 I 1 1 1 1 I 1 1 1 1 I 1 1

PR I R T T
2 2.5 3 3.5 4
A¢ (rad)
Zheng et al., PRD89 (2014) 074037

Pythia+DPMJet+Fluka+EPS09+E-loss
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Diffraction In nuclel

k
——
diffraction
pattern

obstacle
or aperture

plane (size =R)

(detector)

N J
Y

distance d

- The diffraction pattern contains information about the size (K
of the obstacle and about the optical “blackness”

v ey

In optics, diffraction is studied as a function of 0
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Diffraction In nuclel

Coherent diffraction:
A ‘ A nUClel stays intact

Incoherent/Breakup

diffraction
pattern

do/dt

- Coherent/Elastic InCOhere nt d IffraCthn
obstacle .
or aperture : nuclei breaks up,
53:3: (size =R) screen 3 I '
detecton : nucleons stays Intact
\_ / =
Y El || L1 L1 L1 L 11 (LEN | ‘ | ‘ L 11 ‘ [ ‘ |
distance d 4 t2 1t] f3 t4

The diffraction pattern contains information about the size (F
of the obstacle and about the optical “blackness”

v ey

In optics, diffraction is studied as a function of 0

In high energy scattering, an analogous measurement can be
made in terms of the Mandelstam variable t (t = ksin0)
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Exclusive processes in e+A - diffraction

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

© ] (}LL{,fz) Pomeron
e Xip = X/B: momentum fraction of
- the exchanged object
w? ./ L X (M) (Pomeron) w.r.t. the hadron
: x Q°
| Largest rapidity 6 —

T p B Q2—|—M)2(—t

gap in event
or

Y (My)

\
/
\
R [N
S - P’p

t=(p—p)°

breakup of A

~=

* Detecting diffractive events:
= Rapidity gap
- Required a hermetic detector
= Discriminating between coherent and incoherent
- Roman Pots (e+p)
— detect neutrons in the ZDC (eAu)
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Diffractive cross-section

At HERA, in e+p, the
diffractive cross-section
was ~15% of the total
Cross-section

Predictions for e+A
collisions at an EIC have
this even

higher

GDR PH-QCD 2014: macl@bnl.gov
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Diffractive cross-section

08 07 06 05 04 03 02 002 08 07 06 05 04 03 02
:\ \ \ \ \ \ o \ \ \ \ \ \ \ \
At HERA, in e+p, the 009§ - 001 -~ oAy Sauaton ool 025 Gov?
0.08 = 1 4.y x=1x103 0.016 | === eAu - Shadowing Model (LTS) x=1x10°
diffractive Cross-section 007 £ 15 GeV on 100 GeV 0014 ei'__sff_‘iowmg Model (LT9) 15 GeV on 100 GeV
= -1 fb-1/A S JLdt =1 fb-1/A
o f h I 0.06 JLdt=1fo 0012 4 ~
was ~15% of the tota o b
E
g

0.04 0.008

cross-section

LT ! 07

0.03 [

0.02 F
Eo--- eAu - Saturation Model
0.01 == — ep - Saturation Model

Predictions for e+A b

1.8 ; Statistcal errors enlarged (x 10) 1.8 f

collisions at an EIC have

(1/0401) dodiff/dez (GeV2)
(1/0oy) dogi/dMZ (GeV-2)

1.6 |

14 - saturation model

: = 14 =
th IS eve n % C : . saturation model % c
L et —— —+ “*‘\‘\9\, = 12F
-} - l ) >S5 -
- < 1 B e e e e e e ceeeemeeeeeeeeeeeeeeeeeeeeeeemmmem———— < { - -----eeemeneeneiiiiaeiicciccdaacieesascsaccsacasasanssasaaanaaanannsd
higher s g
® o6l S osf 0 s esmenenen
0.4 0.4 -
C o shadowing model (LTS)
02 02
0 1 1 1 1 1 11 | l 1 1 1 1 1 L1 1 l 1 O - 1 1 1 1 1 i - l 1 1 1 1 1 11 1 l
107" 1 10 10" 1 10
M2 (GeV?) M2 (GeV?)

For Q° =1 GeV? and x = 1x10'3, saturation models predict this to be about 25%

This increases at higher Q° (and the same x), but non-saturation models have
a smaller ratio than in e+p

This is easy to check — a “day 1” measurement
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Exclusive vector meson production

- e +p(Au) — e’ +p’(Au’) +V
q K 2.2
. 20 - Coherent events only
'y* r V = J/l[), (I), P, Y T stage-ll, [Ldt =10 fb""/A
1.8 x < 0.01
q o 1.6
@ B
= 14f
5 -
< .
QO 1.2 y
O P NO saturation
o ooomommu¢m¢¢ﬂﬂ++++++w
< L
< - Jhp saturation (bSat
1\: 0.8 IMJ&M"*‘)H“W*HH
A A 0.6F
t C
04— Experimental Cuts:
2 - M(Vdecay products)| < 4
d m a’; 0.2 __ P(Vdecay products) > 1 GeV/c
O g O:Illllllll|||||||||||||||||||||||||||||||||||
Sartre: Toll, Ullrich, ' 2 3 4 25 62 7 8 9 10
Phys.Rev. C87, 024913 (2013) Q" (GeV7)

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

- 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

9 x
N Coherent events only
v r V=Jhp, ¢, 0, ., stage-Il, [Ldt = 10 fo''/A
.0‘¢/7 X < 0.01
a- a e ‘%m#
(5] é?i/On
) oo,
>5 0000000 0000000004
<
gL
o Jhp no saturatlon
— L4 4
5 0000006000064000¢ #ﬁﬁ#ﬁﬁ+w
<
z

Jhp saturation bSat

¢ satura’uon (bSatz.““.““.““..

t gaunEnEEEl mmm

do o g(z)°

Experimental Cuts:

IN(Vdecay produets)| < 4
P(Vdecay products) > 1 GeV/c

0
Sartre: Toll, Ullrich, 1 2 3 4 25 62 7 8 9 10
Phys.Rev. C87, 024913 (2013) Q* (GeV?)

Exclusive vector meson production is most sensitive to the gluon distribution
= colour-neutral exchange of gluons
- J/Y shows some difference between saturation and no-saturation

-+ ¢ shows a much larger difference
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J/P vs ¢ - Saturation effects

|

>:V=J/1p, ¢, P, Y

o]

t

do o g(z)” :

- Dipole cross-section is saturated as it approaches the

black-disk limit

I I I 1T 11 I|
saturation
non-linear-regime -
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J/P vs ¢ - Saturation effects

|

;}:V=J/w,¢,p,y

o]

t

do o g(z)”

- Dipole cross-section is saturated as it approaches the

black-disk limit

- non-sat
- dipole model

o
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J/P vs ¢ - Saturation effects

g ;
Y*«/\/\C E r §>:V=J/w, o, P, Y
q

- non-sat !
- dipole model

SN

t

1 -

2 B Q2 ~ —

do x g(x) | =72 -

- dilute :

. Dipole cross-section is saturated as it approaches the [~ llnéar- ]

black-disk limit - regime ]

- J/YP has a small radius - not much affected by saturation J hP Dipole Radius
< >
- ¢ shows a much larger difference 0

< >

= wave function for ¢ is larger and hence more
sensitive to saturation effects
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Exclusive Vector Meson Production in e+A

do_(e +Au—¢e’'+Au’ +J/L|J)/d.t (nb/GeVZ)
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- Low-t: coherent diffraction dominates - gluon density

It] (GeV2)

Sartre: Toll, Ullrich,
Phys.Rev. C87, 024913 (2013)

- 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
GDR PH-QCD 2014: macl@bnl.gov
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Finding the source... 10 ¢ non-sat

e Take the do/dt distribution and perform 1
a Fourier Transform to extract the b- 0
distribution of the gluons 10F c’\

P O\

F(b) ~ ifdAAJ (Ab) /L2 10} "
27 | v dt - E

| | |

§)
t= A?%/(1-x) = A2 (for small x)

0 005 01 015 02 025 03 035
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o1t e Woods-Saxon

________
‘‘‘‘
-

F(b)/[F(b) db

0.02

O

o

(@)
III|III|III|III|III|I
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L4 -
L4 -
P S
O 1 I LLLLLL 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 ~I ..... I
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Sartre: Toll, Ullrich, b (fm)
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Finding the source... 10 ¢ non-sat

10*
e Take the do/dt distribution and perform @ .
a Fourier Transform to extract the b- 10°F | .
distribution of the gluons 10F c’\

AR AN
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Finding the source... 10 ¢ non-sat

10*
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distribution of the gluons 10F c’\
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Finding the source... 10 ¢ non-sat
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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
(b) ~ —— [ dA A Jo(Ab) /22
F(b) ~ 5 / AA A Jo(Ab) /7

t= A?%/(1-x) = A2 (for small x)
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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
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Finding the source... 10 ¢ non-sat
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Centrality Determination in e+A collisions

- Arecent paper by Lappi, Mantysaari and
Venugopalan shows that the centrality of an e+A
collisions can be calculated by measuring the
“ballistic” protons knocked out of the nucleus

= Measured in Roman Pot detectors
downstream of the interaction

= Multiplicity of ballistic protons is a measure of
collision centrality

GDR PH-QCD 2014: macl@bnl.gov
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Centrality Determination in e+A collisions

- Arecent paper by Lappi, Mantysaari and

Venugopalan shows that the centrality of an e+A v+ A= Vi /Va+ A" zp = 0.005

collisions can be calculated by measuring the W |

“pallistic” protons knocked out of the nucleus 35 _ jﬁ?g |
3.0} o b/

= Measured in Roman Pot detectors
downstream of the interaction

= Multiplicity of ballistic protons is a measure of
collision centrality

central /minbias

- Although the p and ¢ wave-functions are large
and hence insensitive to collision centrality, the 0.5
small wave-function of the J/Y is sensitive to this

b W

- The ratio of the J/Y cross-sections in central/ Q? [GeV?
minbias collisions is proportional to the ratio
of the saturation scale, Qg, in central to
minbias collisions..

Lappl, Mantysaari and
Venugopalan - ArXiv:1411.0887

- The ratio of J/Y to p or2q> shows a strong
enhancement at low Q

GDR PH-QCD 2014: macl@bnl.gov 37
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Why e+A collisions and not p+A?

ee+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

GDR PH-QCD 2014: macl@bnl.gov
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Why e+A collisions and not p+A?

ee+A and p+A provide excellent information on 2 10*E 7] NMC
. . . =0
properties of gluons in the nuclear wave functions Ng : BCDMS <X /4 ,
e | ] E665 \C)Q
_ 1031 SLAC Q;Z\ (o\%
e Both are cc_)mplementary and offer thg oppo_rtunlty. to CCER 2 ' gq,g@
perform stringent checks of factorization/universality S
102 — 3 / /
10 | Q2
n s’quaf/rlqu
: ’hed/-anb
Q2 5
1 F S’qUarkp
-1 I
10 ¢ ;
N R BT R RN SRR
10°  10°  10* 107 107 107 1

GDR PH-QCD 2014: macl@bnl.gov

» Collisions of p+A at RHIC will
allow us to go to lower-x than
eRHIC at the most forward
energies

- This would allow us greater

access to a saturation regime
38
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Why e+A collisions and not p+A?

ee+A and p+A provide excellent information on 2 10*E 7] NMC
. . . =0
properties of gluons in the nuclear wave functions Ng : BCDMS <X /4 ,
@) . | | E66BS OQ
NI
_ 1031 SLAC & AR
e Both are cc_)mplementary and offer thg oppo_rtunlty. to CCER 2 ' gq,g@
perform stringent checks of factorization/universality S
102 = 3 / 7
elssues: ;
L . 10 Q2
= p+A combines initial and final state effects e a4,
I med’énb
. . . R 5
= multiple colour interactions in p+A 1T enp
= p+A lacks the direct access to (x, Q%) oL
10°  10°  10* 107 107 107 1

—a— A

GDR PH-QCD 2014: macl@bnl.gov

» Collisions of p+A at RHIC will
allow us to go to lower-x than
eRHIC at the most forward
energies

- This would allow us greater

access to a saturation regime
38
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Why e+A collisions and not p+A?

ee+A and p+A provide excellent information on N%, 10*E [} N\MC
properties of gluons in the nuclear wave functions NQ ; BCDMS X =0
o | E665 D
o = E— | <<>O*
e Both are ¢ A
perform st o
| | /i
elssues: | : /4
Scattering of protons on protons
- p+tAcot s like colliding Swiss watches to find out how they are
built.
= multiple
- p+A lac| R. Feynman
e — X
1IC will
l X than
| ard
AN
P —
% ater
_ regime
- GDR PH-QCD 2014: macl@bnl.gov 38
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Important measurements in p+A

- di-hadron correlations will be a
benchmark measurement, as in
d+A and e+A and will measure
the same physics

GDR PH-QCD 2014: macl@bnl.gov
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Important measurements in p+A

- di-hadron correlations will be a 24 Direct phOto_ns ek p+Au_ _ )
benchmark measurement, asin st Tounu eri’efz:):rg:ca'”t'es
d+A and e+A and will measure i L, (P+9) = 100 pb”
the same physics 055 L_(p+Au) = 300 nb”
- Rpa of direct photons is a key 0 WM
measurement as there is no osE-
strong interaction in the final -
state T
-1.53—
= Rpa can be measured in B | o | |
STAR with the FMS for 3<n<4 ° ? ) 8 8 10
P, (GeV)
= The issue is that it only A polarized p+p and p+A program for the
probes large Q3 next years - The STAR Collaboration

GDR PH-QCD 2014: macl@bnl.gov 39



mailto:macl@bnl.gov

Important measurements in p+A

- di-hadron correlations will be a

benchmark measurement, as in
d+A and e+A and will measure
the same physics

ti'gluom (X, )

Rpa Of direct photons is a key
measurement as there is no
strong interaction in the final
state

= Rpa can be measured in
STAR with the FMS for 3<n<4

= The issue is that it only
probes large Q°

- Nuclear PDFs are relativelzy
well constrained at high Q
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Timescale of eRHIC construction

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

RHIC:

Machine &
Detector
Upgrades

RHIC Physics | HIi, Spin BES Jets
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Timescale of eRHIC construction

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

RHIC:

Machine &
Detector
Upgrades

RHIC Physics

Long Range
Plan
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Timescale of eRHIC construction
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Summary and Conclusions

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

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

= Low-x - diffraction: Can gain access to the initial wave function through vector meson production

- di-Hadron Correlations: Analogue measurement to p/d+A, but less uncertainties on the
measurement

GDR PH-QCD 2014: macl@bnl.gov 41
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- Other important observables not discussed due to time limitations:

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

GDR PH-QCD 2014: macl@bnl.gov 41



mailto:macl@bnl.gov

Summary and Conclusions

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

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

= Low-x - diffraction: Can gain access to the initial wave function through vector meson production

- di-Hadron Correlations: Analogue measurement to p/d+A, but less uncertainties on the
measurement
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Summary and Conclusions

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

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

= Low-x - diffraction: Can gain access to the initial wave function through vector meson production

- di-Hadron Correlations: Analogue measurement to p/d+A, but less uncertainties on the
measurement

- Other important observables not discussed due to time limitations:

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

- Understanding the role of gluons in nuclei is crucial to understanding RHIC and LHC results
= A detailed write-up of the 2010 INT EIC programme is on the ArXiv: 1108.1713

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

= A Design Study document for eRHIC has also been released: ArXiv: 1409.1633

GDR PH-QCD 2014: macl@bnl.gov 41



mailto:macl@bnl.gov

Summary and Conclusions

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

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

= Low-x - diffraction: Can gain access to the initial wave function through vector meson production

- di-Hadron Correlations: Analogue measurement to p/d+A, but less uncertainties on the
measurement

entire science programme is uniquely tied to a
future high-energy electron-ion collider

never been measured before & never without

= A detailed write-up of the 2010 INT EIC programme is on the ArXiv: 1108.1713

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

= A Design Study document for eRHIC has also been released: ArXiv: 1409.1633
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