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Most compellmg physms questlon
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Color Glass Initial Glasma sQGP - Hadron
Condensates Singularity perfect fluid Gas ,
time
HardTProcesses FF/coal.
(PQCD)
CGC Hadron
JIMWLK/BK >I Hydro (EoS) Transport

Strong Colour Fields and Hadronisation

® Quantltatlvely probe the universality of strong colour fields in A+A p+A and etA

® 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 nuclei and how much does it
fluctuate?

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

Currently have no experimental knowledge of gluons in nuclei at small x!!
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Fractional contribution to cross-section

The need to know the gluons - initial conditions
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The need to know the gluons - initial conditions
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The need to know the gluons - initial conditions
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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+A?

< 30

| NP o N P\ /

—

e e+A and A wroridea —
properties

funcﬁons}

e Both are { |
opportuni Scattering of protons on protons |

factorizat is like colliding Swiss watches to find out how they are |
e Issues: built. (a)

= P+ACO

1 <10

R. Feynman [ =

= multiple L, 4, x5x10"

= P+A laq
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From RHIC to eRHIC
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From RHIC to eRHIC
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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 «—
- - @ « -
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DIS Kinematics

e(k) + p(p) = e(k) +X(px)

e (ku /)

X(p,)
P(p,)

Important to note that in
order to have different y
for the same x and QZ,
need to change the
beam energies

Gluon splits into
: “sea quarks”
« owm  Quarks split into
1 v, JF 3 .
0 gluons split
qar/ £ s &, 0., intoquarks ...
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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?

an-]log1 o(X)

or(z,Q%) = F3'(z, Q%)

y2
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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

20 T T T
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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

10



The structure of matter at small-x
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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

10




20

~ The structure of matter at small-x

" —— HERA-l PDF (prel.) Q2=10GeV?2 | A
. P experimental uncertainty 2
16 | | model uncertainty ] QS(X)
+  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 | \ 10




Nuclear “oomph”

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

10*E 7] NMC 103 Measurements with A = 56 (Fe): | A —
K BCDMS e+p F e eA/uA DIS (E-139, E-665, EMC, NMC) e+A ]
g E665 [ = VADIS (CCFR, CDHSW, CHORUS, NuTeV) ]
107 SLAC o DY (E772, E866)
N CCFR 102__ o o BUERE _
[ [ ZEUS BPC 1995 7 - 0000 o o~
107 [ ZEUS SVTX 1905 S oceo g a8 Baln i dgen
E B H1SVTX 1995 : R °0000© NG eNe N § mem N mmmE
I . HERA 1994 £ g g 10 |- g : : l: :l: L .:..:.l.l.l.l._:
10 1 [] HeRa 1993 /IR HESHECH S AN
? R
L Lperturative T
F non-perturbative = = EEE = ]
10'1;— g
10 10 10 10 1
X
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
RHIC/AGS 2013: macl@bnl.gov 12
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{z.Q°=1.69 GeV")
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What do we know about the structure of nuclei?

1.4
1.2
1.0
0.8
0.6

= This work, EPSO9LO |-~

| .—.= EKS98 B
04 | e HKNO7 (LO) -
[ - EPS08 B
02 I __ Ds (LO) _
0.0 | |
0% 100 107 10" 10
€T €T €T

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

(\]A
>
D)
O
@)
O
|
1 —— This work, EPS09LO .
o | —- EKS98 1
= 04 [ e HKNO7 (LO) —
S EPS08 N
K 7" L —— DS (LO) ]
0.0 | |
10" 100 107 10" 10
xr Xz XL
Constrained by DIS The distribution of valence and sea

guarks are relatively well known in nuclei -

Constrained by DY theories agree well

Constrained by sum rules

Assumptions
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What do we know about the structure of nuclei?

N/-\
>
O
O
N
o
Y—
1 —— This work, EPS09LO .
o | —- EKS98 i .
5 04 [ e HKNO7 (LO) — 03
S EPS08 h :
N 77 L == DS (LO) ] 2
0.0 ' '
10 10° 107 107 10
X i i
Constrained by DIS The distribution of valence and sea

guarks are relatively well known in nuclei -
theories agree well

Constrained by sum rules | 5rge discrepancies exist in the gluon

Assumptions distributions from models for mid-rapidity
LHC and forward RHIC rapidities !!
RHIC/AGS 2013: macl@bnl.gov 13
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Phase-space coverage of e+A collisions for an EIC

Existing data:

)

)

[

Low energy (fixed
target)

Low statistics

Mainly light A

EIC coverage:

)

[

Both “low energy”
and “high energy”
options extend the
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

IIII I 1 1 LILI IIII IIII III
103 Measurements with A = 56 (Fe): -
- e eA/pA DIS (E-139, E-665, EMC, NMC)
m  vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
10 ¢ o 8" |
—F B R T
A b ' ' l.l ' . HEE
(SAeNe) (o) (o) g 0¢. [ ] [ ] [ ] [ 2N )
% 00000 O ® mC» oE® & ;.I:IIII-
S 4oL DRI R Rl
o : oWe o oo ol § Famida
O e"e o loom Pl coee -
ooy o o HC e B
. - :o:-:::i"-zp e o oo

’ perturbative e " ene = . ]

F non-perturbative - == ]

0.1 1 1 L1 III 1 1 1 1 L1 III III II L1

10 1073 1072 10 1
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Phase-space coverage of e+A collisions for an EIC

e EXxisting data:

= Low energy (fixed

target) 103} Measurements with A = 56 (Fe):
- o - e eA/uADIS (E-139, E-665, EMC, NMC)
Low statistics [ w vADIS (CCFR, CDHSW, CHORUS, NuTeV)
= Mainly light A el O DVETAESS) —
. S 0008 e wan
o EIC Coverage N> 09(0 0000 0 g :‘,: ! ! .:. } !=“ i
‘« - q) OOO0OO0O O ®©® HO» ON® HE HE EPE E E BEEE -
= Both “low energy S Lol ARl i.:..;.:..:....__
and “high energy” g RESHEE R E R
options extend the l e tws stegeen g e
reach in x-Q2 beyond " perturbative 5 el
1 sl m 5
current data E non-perturbative T "
= A coverage extended _ -
Up tO U 0.1 Y L1 I
, 10 1073 1072
= Saturation scale at «

moderate Q2 can be
iInvestigated at the
lowest x
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Phase-space coverage of e+A collisions for an EIC

e EXxisting data:

= Low energy (fixed
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= Mainly light A e PYETEESY ST
- e oo oo " /E
i N oogzooo: oo' '..."...E
o EIC Coverage. N> . 06000 o g:¢: ! ! .:.}!=“ i
» o [)) N 000000 ®MEOs ONO W N NeE N N EEN -
= Both “low energy S Lol Rl i.:..;.:..:....__
and “high energy” G Y i e ii...,' :
options extend the l s tws s%egeew g .
reach in x-Q2 beyond " perturbative 5 eyl
1 L e m 5
current data - non-peridrbative P TR
= A coverage extended : -
Up tO U 0.1 LAt L1 |
, 104 103 102
= Saturation scale at «

moderate Q2 can be
iInvestigated at the
lowest x
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Phase-space coverage of e+A collisions for an EIC

e EXxisting data:

= Low energy (fixed

LN ' LN ' L
target) 103} Measurements with A = 56 (Fe): =
- o - e eA/uA DIS (E-139, E-665, EMC, NMC) i
Low statistics = VA DIS (CCFR, CDHSW, CHORUS, NuTeV)
= Mainly light A I T
. EIC Coverage: C\I; : 00002(22;00.5.00: : -:: - '%:/:' ;
‘ - q) 00000 O ® mCe OoEH® E &= H EEER
= Both “low energy G SRR §aan
and “high energy” G BEE : s : P
options extend the o 4y = ie s Ml
. B » He ®°g® " °2°°22 » e o oo
reach in x-Q2 beyond “Janb 2 R
2 1 OO ovvoee NPT e RS A -
current data : | STHE
= A coverage extended \ )
B p, median b u
UptOU 0.1 L il Ll Lol L
10 103 102 107

= Saturation scale at
moderate Q2 can be
iInvestigated at the
lowest x
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Saturation effects in the proton and nucleus

dQO.eA—>eX

A7t o 2 2
drdQ? - L:C(;‘l [(1 —y+ %) FQ(xaQQ) — %FL($7 QQY)J\
/ gluon

proton

quark+anti-quark

Measure of non- ' S
inear effects in  § .| o
the F structure - P N
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
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Saturation effects in the proton and nucleus

dQO.eA—>eX B 47'('042 y2 ) y2 5
drdQ2 ~ xQ* [(1 — Y+ ?) Fy(2,Q7) — §FL(CE,Q‘)J\
/ gluon
quark+anti-quark proton Au (A=197) |
Measure Of non_ 0: ..................... 0: ................
the Fustructure < L Y o
function = ::273 . ::;?3
-4 s 1 \0\&\ 3 ] \Q\dl\
Dipole model (J. Bartels et al.) 10g,0(x 2 I0g,y 3

e 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
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Saturation effects in the proton and nucleus

dQO.eA—>eX 47'('042 y2 y2
= 1 — z F AN _F 2
dzdQ? Q4 [( Y+ 5 ) >(z, Q%) 5 L(%Q‘)J\
/ gluon

proton

Au (A=197)

<
______

quark+anti-quark

Measure of non-

linear effects in

the FL structure
function

Dipole model (J. Bartels et al.)

e Plotting this distribution coming out of saturation inspired GBW

F Leading twist) /FL

(FL-

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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2

Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

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

e+Au:

20x50 - AfLdt =
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

2 fb-

Will be dominated by
systematics, but would
need a full detector
simulation in order to
estimate them

0.6

g ossf
B osef
054f
052
Y
048k
046f

0.44F
0.42F
0.4

0.6

e} 3
@ 0.58

b‘- 0.56

054

0.52

05§
0.48pF
0.46

0.44f
0.42f
0.4

0.6

O o058
>~ 056

0.5
0.48

0.54
0.52p

x =3.66x 10

L
0 0.2 0. 4 0.6 0. 8 1

y2ly+

X = 534x104

L
0 0.2 04 06 08 1

y2ly+

°

0.46F
0.44F

oacp X = 9. 92 X 104

049 o5 o 56 o5 1

y2ly+

Q2 =

0.6

8 Y 3
B osef
054
052
osk
048
046

0.44F
0.42f
0.4

0.6

Ored

044
0.42f
0.4

0.6

Ored

0.4

1.389 GeV?

™~

x=4.08 x 10

0

L
0.2 04 06 08 1

y2ly+

0.58
0.56
0.54
0.52 =
05
0.48 F
0.46

X = 631x104

0

L
0.2 04 06 08 1

y2ly+

0.58
0.56 =
0.54
052
05
048
0.46'~
044
042

x =13.89 x 10

0

0.2 0.4 0. 6 0. 8 1

y2ly+
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0.6
8 058 f
B osef
054f
052F
Y 3
048k
046
0.44F
042

T~

x=4.63x 10

0.4O

L
0.2 0. 4 0.6 0. 8 1

y2ly+

0.6
0.58
0.56
0.54
052

Ored

0.5 "0

0.48F
0.46
0.44p
0.42p

0.4

X = 771x104

0

L
0.2 04 06 08 1

y2ly+

0.6
0.58
0.56
0.54
0.52F

05

Ored

0.48fF
0.46
0.44F

0.42r

X = 2315x104

4
0O

0.2 0.4 0. 6 0. 8 1

y2ly+
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2

Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

2 = 2
Strategies: Q2 = 1.389 GeV

slope of y2/Y., for different g.«f

. 6 056 0.56 056 F
s at fixed x & Q? ol oaf V’\ oaf H\§

S+AU; 2 3.66 x 10-4 5 4.08 x 10-4 2 4.63 x 104
042pF X X 042 X X 042 X X
2OX50 = Af Ldt — 2 fb-1 0'40 0.2 04 0.6 08 : 040 0.2 04 06 08 1l 0'40 0.2 04 0.6 08 1l

20x75 - AfLdt = 4 fb-1 yAly+ y2ly+ y2ly+
20x100 - AfLdt = 4 b oop oep oo

unning combined Sty =N :
~6 months total running ul ol et
) 21";' 31?' ﬁii'
(50% eff) cof X =5.34x 104 ol X =6.31x104 cof X = 7.71 x 10

L
0 0.2 04 06 08 1 0 0.2 04 06 08 1 0 0.2 04 06 08 1

statistical errors are y2ly+ y2ly+ y2ly+
swamped by the 3%

systematic errors ol oot o=k

Will be dominated by o ot oo
. oa2fp X = 992X1O4 02 X—1389X1O4 0.42{ X = 2315X1O4
SySte m at I CS ) b ut WO u Id 0‘40 0.2 0. 4 0. 6 0. 8 : 0'40 0.2 0.4 0. 6 0. 8 1 0'40 0.2 0.4 0. 6 0. 8 1

2 2 2
need a full detector yly+ y2ly+ y2ly+
simulation in order to
estimate them
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2

Feasibility study: o (z.@*) = F'(2,Q*) - {5 Fi'(z. Q")

Strategies: Q2 = 1.389 GeV/?

slope of y2/Y . for different 06

s at fixed x & Q2 Fo F .

e+Au: 0.4 ;— * * . .
20x50 - AfLdt = 2 fb! s F-

20x75 - AfLdt = 4 fbo- o |

20x100 - AfLdt = 4 fb-" orf

running combined o . - - S —
~6 months total running " X "
(50 Yo eff) F|_ g.i E_

statistical errors are 3

swamped by the 3% o1 e,

systematic errors e o * .......................................
Will be dominated by o E { l
systematics, but would R —— ' y ' —

need a full detector
simulation in order to

estimate them
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2

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
e+Au: 04 F- é .
20x50 - AfLdt = 2 fb! 0s -
20x75 - AfLdt = 4 fb- o |
20x100 - AfLdt = 4 fbo orf
running combined o & _ - - S
~6 months total running " X ”
(50% eff) FLE
statistical errors are 3
swamped by the 3% 01 2 by { { i
systematic errors ] A G S . S
Will be dominated by o E '
systematics, but would 05 Bt ' ' —_—

need a full detector
simulation in order to

estimate them
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Feasibility study: o.(z. Q%) = F5'(2,Q%) -

y—QFf‘cv, Q?)

Y+
Strategies: Q2 = 1.389 GeV/?
slope of y2/Y ., for different
s at fixed x & Q2 1 0 Gay
. @ € =
e+Au: FL 08 ]
20x50 - AfLdt = 2 fb-1 0.6F
20x75 - AfLdt = 4 fb- 04F
20x100 - AfLdt = 4 b '
. . 0.2F $
running combined ; HH t
~6 months total running Op ==ty A S
(50% eff) -0.2F |
statistical errors are -0.4F
swamped by the 3% 0.6F
systematic errors 0.8 _
Will be dominated by A e -~
- 10 10 10
systematics, but would
need a full detector X
simulation in order to
estimate them
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2

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

~6 months total running Op ==t B ‘] """ T
(50% eff) -0.2F I

statistical errors are 0.4F .

swamped by the 3% 0.6F

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

- Q2=27GeV?, x =103

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

e+Au: 1st stage

5x50 - AfLdt = 2 fb-1
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

/(A FY)

Fa

R2=

R, = F/(AFP)

0.8

0.6

0.4

0.2

0.4

0.2

v

Y +

Beam Energies A]JLdt

stat. errors enlarged (x 50)
sys. uncertainty bar to scale

- 50n50GeV 2 fb-1
50on 75 GeV 4 o1 I rcBK
50n 100 GeV 4 b EPS09
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 2 3 4 5 6 7

stat. errors enlarged (x 5)
Sys. uncertainty bar to scale

. Beam Energies AJLdt
5 on 50 GeV 2 fb?
| 50n75GeV  4fbT Il rcBK
- 50n100 GeV 4 fb! EPS09
cle v e b e b e e e e ey I
1 2 3 4 5 6 7
A
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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

eAu/ep 20+100GeV

12 ¢ T | | T | | | T | | T | |

11 — — — — —

1O e T Sgii@ """ T ﬁ@% """ T ﬁ'ﬁﬁﬁ&ﬁ R R iy

o [ @q@@@@@@i a

= T

0.7 au —
||

0s L T0@=25GeV: T

0.5 —

| | | T | | | | | | | | |

12 1 | | | T | | | | | | T | | |

1.1 N ]

Rl S #;ﬁﬁﬁ;ﬁ' S R ;ﬁﬁﬁﬁﬁ;ﬁ' o

Q°=13.9GeV? Q°=24.7GeV>

I I I
1o EI(JJ pseuldodatla N

0.9

[
o
.
=
-
g
i
|
.
.
F
o
i
-
i

08
0.7 :— . T
0.6

0.5 -
04 | | | | | | | | | | | | | | |

10" 10° 102 10 1 10° 10? 10 1 10° 10% 10" 1 10° 10?10 1 10° 10% 10" 1
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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

eAu/ep 20+100GeV

1.2 ¢ T | | T | | T | | T | |

11 — — — — —

10 e T gﬁﬁ@ """ N i ﬁ'ﬁﬁﬁéﬁ””__? """""" ;ﬁﬁiﬁ;ﬁ““—.

0.9 — @ ]
0.8 [ #@@@ﬁﬁﬁ -
0.7 — _
05 - Q°=2.5GeV’ ]
(1): - | | | - | | | | | | | | |
: - I I I T I I I I I I 1 I I I
I N S
o7 [ 8
gj - I I I T I I I T I I I T I I I 1 I I I

10* 10 10% 10 1 10°  10% 10 1 10° 10% 10" 1 10° 10 10 1 10°  10% 10" 1
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Pb

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

Pb Pb Pb
I:‘valence I:‘sea I:‘gluon

—~ 1.4 —
N> L

d, 1.2 __

O 1.0

o .

© 08

™ B ——,/
Ng . 0.6 [

5% 0.4 B Baseline fit - 04 [ -
>~ 0.2 — === Pseudodata fit — 02 a
£ g0l | | | i 0.0 . | | |
10* 10° 10% 10~ 10* 10° 10% 10~
X X X
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Work in progress... (H. Paukkunen)

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

(x.Q°=1.69 GeV?)

C
1

R.

= Only 20x100 and 5x100 included in these plots

1.4
1.2
1.0
0.8

06 |

0.4

02 |

0.0

10

» More data will constrain this further

4 10°

10
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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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Visualising Diffractive events

A DIS event (experimental view)

RHIC/AGS 2013: macl@bnl.gov
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Visualising Diffractive events

A DIS event (experimental view)

Activity in proton direction

d-hm

RHIC/AGS 2013: macl@bnl.gov
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Visualising Diffractive events

RHIC/AGS 2013: macl@bnl.gov
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Visualising Diffractive events

A diffractive event (experimental view)

RHIC/AGS 2013: macl@bnl.gov
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Day 1:

Diffractive Cross-sections

T — e ——

_____
.

1072 —

-------
"""""
~ ~
S~ S e
Y
~

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

Q2=5Gevx Q2=10 Geh
x =3.3x103 X = 6.6x1073
eAu stage-| 102 - eAu stage-| _:>

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

—_

e
w
I

N

[

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

L
— ot
T T

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

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

—
o= oo

o

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

E 25F :

:S; :% 122: sat ] B :%

' ———t—t——] — 15 : ' —_— ] - =

no-sat (LTS) -3 0.5  no-sat (LTS) E
L1 1|o L 0 = ‘; L 1 1 1 I I 1|O

M2 (GeV?)

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

55 - e +p(Au) — e +p'(Au’) +V
20 - Coherent events only
o T stage-ll, fLdt = 10 fb™"/A
I/6.9.p 1.8F x < 0.01
@ 1.6
o) C
= 14}
: -
< C
QO 1.2
) - Jhp no saturation
G 17eseeneseeeatieeertritttitititiitet
<t -
< - Jhp saturation (bSat)
E 0.8 l_;llﬂnllllpiﬂﬂﬂi-ﬂ(mm#*w
0.6
0.4 :— | Experimental Cuts:
2 - M(Vdecay products)| < 4
da m x 02 __ p(Vdecay products) > 1 GeV/C
g O:Illllllll|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

RHIC/AGS 2013: macl@bnl.gov
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Exclusive vector meson production

oof € +P(Au) = e +p'(AU) +V
) 0; Coherent events only
. d L% stage-Il, [Ldt =10 fb"//A
haiels 18F %o Zn x<0.01
a - '0.861‘0/,
o 1.6 *e, %oy,
‘\6’ - 0.00,'..’
;5:\ 1.4 - 0000&0...,, POPPR
o 1.2F
© - Jhp no saturation
G~ 1OSee000cessetet ettt it ittt ititd
% 0.8 - Jhp saturation (bSat)
- Immmw#ﬂw
0.6 ration (bSal) ___ _  ppssssssssEE
r:l-lll-lﬁit:llllll“"'L“. =
0.4 Experimental Cuts:
2 N IM(Vdecay products)l < 4
dO- m a,; 0.2~ P(Vdecay products) > 1 GeV/c
g O:|||||||||||||||||||||||||||||||||||||||||||I

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
RHIC/AGS 2013: macl@bnl.gov
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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
107 g 1<Q?<10 GeV? o incoherent - no saturation 10° &2 1<Q%<10 GeV? o incoherent - no saturation
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)
- p(eq >1 GeVic o L p(Ky >1 GeV/c
> 10° " Sth=5% = 107Emo G ess%
% § [ ] (\5 - "g
c . O O -
= 102 Lpo000000000000000000000 < =
© e “ﬁ‘ ......................... = -
................. o C
5\ 3. Ve 3 o = 102 =c'°.I.HE"”’|' ®
- = o o + 5
S 10k o 0 2 : . o, 1
< S " f B m O a" ....I m]
- - o 10E 50 .
} - b T 3 “ = 5
> 1k 2 - = 0 ___.ﬂ,ief_ﬂj:ﬂth%%
T‘ § + 1 = " s DD .... [m]
- L S m_n ,
30 B | ® - - -‘ﬁ Dq:
© -1 © B *i ¢$
10 = 101 I++++++
- Jhy = ¢
10'2_III|III|III|III|III|III|III|III|III 10'2_III|III|III|III|III|III|III|III|III
0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0O 0.02 004 006 008 0.1 0.12 0.14 0.16 0.18
It (GeV?2) It (GeV?2)

Low-t: coherent diffraction dominates - gluon density

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
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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 0.3 035
Itl (GeV?)

--------- Woods-Saxon

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

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

o 0.04
LL
0.02
O L= | | | T T o P ]
10 5 0 5 10
e _b(fm


mailto:macl@bnl.gov
mailto:macl@bnl.gov
mailto:macl@bnl.gov
mailto:macl@bnl.gov

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

------
------
.” ~

o

o

N
Illllllllllllllllllllll

Woods-Saxon

Itl (GeV?)

o 0.04
LL
O LLLLLL ! ! ! ! P I TR TR SRR TR AT SRR SR iy
-10 -5 0 5 10
e _b(fm

30


mailto:macl@bnl.gov
mailto:macl@bnl.gov
mailto:macl@bnl.gov
mailto:macl@bnl.gov

Finding the source...
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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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What | dldn t talk about...
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o y=0 (X~ 102): suppression of S R

away-side jet is observed in
Au+Au collisions

= NoO suppression in p+p or d
+Au

e y~3.1 (X~ 10-3): suppression
of away-side jet is also
observed in d+Au collisions

= (Can be described by
saturation models
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What | dldn t talk about...
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hot nu
matter

Observables

= Broadening:

What | didn’t talk about...

h

clear

Apr = (p7) 4 — (P7),

» direct link
scale

= Attenuation:

RA(Q”,

to saturation

v, Zhap%)

> ratio of hadron production
in A to D - modification of
NnPDFs cancel out
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What | didn’t talk about...
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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

= | ow-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 Understanding the role of gluons in nuclei is crucial to understanding RHIC and
LHC results
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e The e+A physics programme at an EIC will give us an unprecedented opportunity
to study gluons in nuclei

= | ow-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 Understanding the role of gluons in nuclei is crucial to understanding RHIC and
LHC results

e The e+p programme at an EIC will allow us to:
= (Constrain Ag(x) at small x along with the flavour-separated helicity PDFs

= |mage the spatial and momentum gluon distributions in nucleons
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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

= | ow-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

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

The e+p programme at an EIC will allow us to:
= (Constrain Ag(x) at small x along with the flavour-separated helicity PDFs
= |mage the spatial and momentum gluon distributions in nucleons

The INT programme in the Autumn 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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Summary and Conclusions

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

= | ow-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

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

never been measured before & never without
= |mage the spatial and momentum gluon distributions in nucleons

e The INT programme in the Autumn 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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Measuring the gluonsé: extracting FL

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)

o FL~ s XG(x,Q2)
= vy =Q?2/xs

= require an energy
scan to extract FL

e 3 different proton
energies run at
HERA

= 2 low-statistics
runs

= bad for FL
extraction
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Measuring the gluonSQ: extracting FL

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)

® FL ~ s XG(X,QZ)

- y — QZ/XS - 600 7 €00
":'. o : ®cp 979 Ge\"j 350
"= require an energy = i 4., 160GeV, 3 o,
= e ] HERA | HERAII 1
scan to extract F. £ | w0
T;. 400 : \j’ : 100
° 3 different prOtOn é o 820 GeV 920 Gev 45\ H ol
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o Luminoiily / 1
. 150 — IIERA de — 150
g 2 IOW'Stat|St|CS 1 improvement Llpgl‘d_ 1
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= Dbad for FL "1'.:‘.3.' h —I"i".H—' 'l'sc'm; Lo 200 oz 21 2006 f.-n‘ux‘.

extraction
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Measuring the gluonSQ: extracting FL
or(2, Q%) = F{(2,Q%) — o F{ (2, Q)

H1 and ZEUS
o FL~ s xG(x,Q2) _ - _
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Measuring the gluonSQ: extracting FL

or(z,Q%) = F3'(z, Q%)

FL ~ s XG(X,QZ)
= y=Q°/xs

= require an energy
scan to extract FL

3 different proton
energies run at
HERA

= 2 low-statistics
runs

= bad for FL
extraction
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Measuring the gluonSQ: extracting FL

or(z,Q%) = F3'(z, Q%)

FL ~ s XG(X,QZ)
= vy =Q?2/xs

= require an energy
scan to extract FL

3 different proton
energies run at
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Measuring the gluonsé: extracting FL

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)

® FL ~ s XG(X,QZ)
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Fiscal year
RHIC | physics

RHIC Il upgrades
RHIC Il physics

sPHENIX/STAR upgrades
RHIC physics with upgrades

eRHIC

R&D (CDO-CD1)

PED (CD1-CD2)
Baselined (CD2-CD3)
Construction (CD3-CD4)
eRHIC detector
eRHIC physics

Possible Schedule To Realise eRHIC

2012 ({2013

Projects/Construction [0

Operations

2014

T ——

2015|2016 |2017|2018 |2019 | 2020 (2021

_—

RHIC/AGS 2013: macl@bnl.gov

2022

2023

2024

2025

2026
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What do we know about the structure of nuclei?

14
>
> 12
O 10
@)\
208
C\]II 0.6 —— This work, EPS09LO |
> | == EKS98 |
5 04 e HKNO7 (LO) —
N EPS08 -
K 7" L —— DS (LO) |

0.0 | |

10* 100 10° 10" 10

o xr xr

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?

14
>
> 12
O 10
@)\
208
1 0.6 —— This work, EPS09LO |
‘> | == EKS98 i .
R HKNO7 (LO) - 03
N EPS08 B : §
& "7 | ——nDS(O) _ £
0.0 | |
10* 100 10° 10" 10
o xr xr

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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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

0.2

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

* . side jet is observed in A+A
4] * Au+Au Central E CO”ISIO”S

k- —— p+p min. bias

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
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di-hadron correlations in d+A

RN AU = mPT+X, Vs = 200 GeV, 2000<T Qge< 4000
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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

0.2

0.15

Ceau(Ap)

0.05

EIC stage-ll
SLdt =10 fb-1/A

ptTIrigger > 2 GeV/c

1 < p_a#ssoc < p'[Trigger

Inl<4

eAu - nosat

eAu - sat

Dominguez, Xiao and Yuan (2012)

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

RHIC/AGS 2013: macl@bnl.gov
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Jets and hadronization

e {, - production time of propagating quark
e th; - hadron formation time

RHIC/AGS 2013: macl@bnl.gov
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Jets and hadronization
g What happens if

: % -8 we add a nuclear
medium!?

e {, - production time of propagating quark
e th; - hadron formation time

RHIC/AGS 2013: macl@bnl.gov
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

e {, - production time of propagating quark
e ih; - hadron formation time
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark
e ih; - hadron formation time

Observables:

Broadening: ApQT — <p%>A — <p,_2r>p direct link to saturation scale
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark

e th - hadron formation time

Observables:

Broadening: ApQT — <p?p>A — <p,_2r>p direct link to saturation scale

Attenuation: RZ(QZ, v, Zh,p?r) : ratio of hadron production in A to D,

modifications of nPDFs cancel out
RHIC/AGS 2013: macl@bnl.gov
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Jets and hadronization

h

hot nuclear
matter

e {, - production time of propagating quark
e th; - hadron formation time

Observables:

Broadening: ApQT — <p?p>A — <p?p>p direct link to saturation scale

Attenuation: RZ(QQ, v, Zh,p?r) : ratio of hadron production in A to D,

modifications of nPDFs cancel out
RHIC/AGS 2013: macl@bnl.gov 41
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How can the EIC contribute?

HERMES:
Ec =27 GeV — /s =7.2 GeV
E, = 2-15 GeV
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How can the EIC contribute?

HERMES
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How can the EIC contribute?

HERMES:
Ec =27 GeV — /s =7.2 GeV
E, = 2-15 GeV

EIC:
light hadrons:

h

R} [

1.0 T S S T g¢‘§£ ‘\‘.‘3‘+§f
feteet It gttt eI
iﬂ“-w*“ﬁ%% bttt

08 ‘ BN B L Fat a

06 | +°* e Hel| v Kr iiﬁ - ]

A Nel|l = Xe Tk T

\\‘\ \\‘ \\\”‘ 7\‘ \\\‘
B + ¢ | T + +
'Hiz“ AR J i%“%ir

0.8%i L T{ R
i E$$ . 4 ﬁ*ggll
I s . ]

I = +ET T 1L

06 [ 1 - R K

‘ \\\“‘7\‘ ‘,,‘
I} I“—— | TT"

1.0 ”TT gTE ‘irTT‘ T T e e T
I N TR A SRR
Piptiiial i ziwﬂ%

E | § "B | v v 1TE Y
' LR N peFgrllo

0.5* +ﬁi§ *i‘ 'y T
,§¥$+ i vl | —
f tet p

0 \‘\ \‘\ \‘\\\\‘E‘ 7\‘ \\\‘

10 20 0.5 1 1 10
v (GeV) z Q* (GeV?)

V = virtual photon energy

Zn = En/V

12— X
- m##db%&#%%%%#%%%##%%%%d}%#%%%:}:f
11— EEEEEEEEEEEEEEEEEEEEEEEEddEEN
- - | 6 <Nu<12
| ....................!.
1:— YYYYYVYYVYVYVYYYYVYYYYY v 12 <Nu < 17
£ = —
£ po— e 17 <Nu <235
= T 7
0'8:,% $ 30 gi{ m 23.5<Nu<50
— T 11 1
.
=Y f JL; IIIT T = 50 <Nu<80
07— L)
- 1 900 < Nu < 1100
0.6_ l 1 ll Ll
1 10 Q2 107 10°
12—
— ##%4}4}#{?4}{?4}'#4}#4}4}4}####%###%#%%####%ﬁ#%%"
1_1:—llllIIIIllllllllllllllllllllllllllIllJ_
— ...................................éé;
1:—VYVYTVYVVVVYYVTVYVVVVVV'VTVYVYVYTVfoJ_
0.9 —
s = - .
= e
08 § ¢ o
- v T < ® I
— z Y A + T
07E S M |
- G
06— I v
— 1
05—
 — IIIIIIIll 1 L L I L L L L I L L 1 L I L L L 1 I 1 L 1 L I  — 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
F 4
2 2
v (GeV) Z Q” (GeVH)

large V range — boost

RHIC/AGS 201% hadronization in and out of nucleus 12



How can the EIC contribute?

HERMES:
Ec =27 GeV — /s =7.2 GeV
E, = 2-15 GeV
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How can the EIC contribute?

HERMES: EIC:
Ee =27 GeV — /s =7.2 GeV
En = 2-15 GeV
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Jets at an EIC

E665 at FNAL have measured jets in u+A at
Vs ~30 GeV

= Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different
to fixed target

RHIC/AGS 2013: macl@bnl.gov
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Jets at an EIC

e E665 at FNAL have measured jets in u+A at

Vs ~ 30 GeV

= Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different

to fixed target
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Ratio of Pb to D Jets
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® Ratio of Two Foerward Jet Croas Sections :

0.001

1+1 jets, dominated by g processes — allow study
of parton propagation through cold nuclear matter

RHIC/AGS 2013: macl@bnl.gov
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Ratio of Pb to D Jets

Jets at an EIC e
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e E665 at FNAL have measured jets in p+Aat . _ Retlo of Tro Parward det Crom s«u__
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1+1 jets, dominated by g processes — allow study
of parton propagation through cold nuclear matter

do
Todor — Ad(@ Q00 (@,Q%) + Ay(2, Q") galw, Q)

_ L jet 2 jet 2
2+1 jets— sensitive to nuclear gluons
jet 1 jet 1

By measuring 1+1 jets, can extract information on gluons
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Jets at an EIC

1+1 jets, dominated by g processes — allow study |
of parton propagation through cold nuclear matter jet

= Ag(, Q%) g (2,Q%) + Ay(w,Q%)ga (2, Q%)

: . jet 2 jet 2
2+1 jets— sensitive to nuclear gluons . |
jet 1 jet 1

By measuring 1+1 jets, can extract information on gluons
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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
e (Curves come from saturation model

e (Can perform the same measurement in e+A collisions
forward-forward mid-forward

‘ | - RHIC dAu, Vs = 200 GeV
1 | I T R N N R R A N A B -
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A. Adare et al., Phys. Rev. Lett. 107, 172301 (2011)
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