Hot Quarks and Gluons at
an Electron-Ion Collider

Matthew A. C. Lamont
Brookhaven National Lab

Talk Outline

* The role of glue in HI collisions * The EIC machine and detector concepts

* How to measure the gluon distributions * Where we are and where we're going
* eA vs ep and the “Nuclear Oomph” factor

EIC on the web: http://web.mit.edu/eicc
BROOKHIAEN e+A working group: http://www.eic.bnl.gov
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The role of Glue 1n Heavy-Ilon collisions

Jets (7 production) Lattice Gauge Theory:

2
— RHIC Vs = 200 GeV NLO, =0, y=0 j 0.35 | Vs =dp/de
—LHC Vs =55TeV calc. by W. Vogelsang |
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The role of Glue 1n Heavy-Ion collisions

Jets (¥ production) Lattice Gauge Theory:

To move towards
understanding HI physics

quantitatively, we need to
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What do we know about gluons?
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What do we know about gluons?
Glue and the QCD Lagrangian:

iy - 1
Locp = q(in" 0, —m)q — 9(qy" Taq) Ay, — £ Gl GG
o >98% of all visible mass due to “emergent” phenomena not
evident from Lagrangian

- ¥SB & Colour Confinement
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What do we know about gluons?
Glue and the QCD Lagrangian:

Lo

Locp = q(in" 0, —m)q — g(av" Taq) Ay, — Gy

o >98% of all visible mass due to “emergent” phenomena not
evident from Lagrangian

- ¥SB & Colour Confinement

Action (~energy) density
fluctuations of gluon-fields
in QCD vacuum (2.4
x2.4x 3.6 fm) (Derek
Leinweber)
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What do we know about gluons?
Glue and the QCD Lagrangian:

iy - 1
Locp = q(in" 0, —m)q — 9(qy" Taq) Ay, — £ Gl GG
o >98% of all visible mass due to “emergent” phenomena not
evident from Lagrangian

- ¥SB & Colour Confinement
® Gluons

= Mediators of the strong interaction
= Determine essential features of QCD
p Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum (¥SB)

Action (~energy) density
fluctuations of gluon-fields

— 0 in QCD vacuum (2.4
= Quenched Lqcp gets hadron masses correct to ~ 10% x0.4n 3.6 fm) (Derok

Leinweber)

BROOKHFIAEN HQ2008: macl@bnl.gov
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Glue and the Lagrangian
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Glue and the Lagrangian

e Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” in hadronic spectrum

= (Constituent Quark Picture?

e From DIS:

= Drive the structure of baryonic matter already at medium-x

e (Crucial players at RHIC and LHC
= Drive the entropy

= High energy cross-section suggests Pomeron (2 gluon) exchange important

BROOKHFIAEN HQ2008: macl@bnl.gov
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Glue and the Lagrangian

Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” in hadronic spectrum

= (Constituent Quark Picture?

From DIS:

= Drive the structure of baryonic matter already at medium-x

Crucial players at RHIC and LHC
= Drive the entropy

= High energy cross-section suggests Pomeron (2 gluon) exchange important

What 1s the spatial and momentum distribution of gluons in nuclei/nucleons?
What are the properties of high-density gluon matter?
How do quarks and gluons interact as they traverse matter?

What role do the gluons play in the spin structure of the nucleon?

BROOKHFIAEN HQ2008: macl@bnl.gov
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Glue and the Lagrangian

Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” in hadronic spectrum

= (Constituent Quark Picture?

From DIS:

= Drive the structure of baryonic matter already at medium-x

Crucial players at RHIC and LHC
= Drive the entropy

= High energy cross-section suggests Pomeron (2 gluon) exchange important

What 1s the spatial and momentum distribution of gluons in nuclei/nucleons?
What are the properties of high-density gluon matter?
How do quarks and gluons interact as they traverse matter?

What role do the gluons play in the spin structure of the nucleon?

How do we get to the answers?
BROOKHIUEN HQ2008: macl@bnl.gov
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Accessing the Glue - p+A vs et A

e Both e+A and p+A provide excellent

information on properties of gluons in the ;
nuclear wave functions L HA it-2

F. Schilling, hex-ex/020900

—+— CDF data
o H1 fit-3 EX'2>7 GeV

(Q°= 75 GeV?) 0.035 < £ < 0.095
It]<1.0 GeV?

e Both are complementary and offer the

opportunity to perform stringent checks of
factorization/universality =

e But:

= soft colour interactions between p

and A before and after the primary
interaction

— H1 2002 5,0 QCD Fit (prel.)

0.1

B

Breakdown of factorization (e+p

HERA versus p+p Tevatron) seen
- A for diffractive final states.

Nﬁﬁ?glfgﬁgf& HQ2008: macl@bnl.gov




DIS Kinematics

e (ku /)

BROOKHFIAEN HQ2008: macl@bnl.gov
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DIS Kinematics

e(ku/) QQ — _q2 — _(k,u _/ k,,u)Q Measure of

resolution

v power or

Q2 — 4E€Eésin2(§€) “Virtuality"

BROOKHFIAEN HQ2008: macl@bnl.gov
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DIS Kinematics

/
/ - N
¢ (ku ) (k“ , kﬂ) resolution
) power or
"Virtuality"

(&

Measure of
) inelasticity
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DIS Kinematics

’\N2 Measure of
¢ (kll /) (k“ , k,u) resolution
v

power or

€ Wy 7 .
Virtuality"

Measure of
) inelasticity

Measure of
momentum
fraction of
struck
quark
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DIS Kinematics

e (kM /) L (k,u o kl’u)Q Measure of

, resolution
power or
"Virtuality"

(&

Measure of
) inelasticity

Measure of
momentum
fraction of
struck
quark

y2 FL(mv QQ)}
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NATIONAL LABORATORY



DIS Kinematics

N2 Measure of
/ - N
¢ (ku ) (k“ , kﬂ) resolution

power or

6 w M - n
Virtuality

Measure of
) inelasticity

Measure of
momentum

fraction of
struck

P (pu) quark

d?ger—eX Ao’

drd? xéfb. (1=

® Structure functions:

m F>(x,0°) = q and § momentum
distributions

= Fr(x,0°) = gluon momentum distribution

BROOKHFIAEN HQ2008: macl@bnl.gov
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DIS Kinematics

N2 Measure of
/ — —_—
€ (ku ) (k“ . kﬂ) resolution

power or
"Virtuality"

Measure of
) inelasticity

Measure of
momentum

fraction of
struck

P (pu) quark

d?gepr—eX Ao’

_ em.r(1 ., Y
dedQ? zQ* (1 =y 2

® Structure functions: No direct

m F>(x,0°) = q and § momentum : :
distributions information on x, Q2

m [1(x,0°) = gluon momentum distribution from P+A
colllisions !!

BROOKHFIAEN HQ2008: macl@bnl.gov
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How to Measure the Glue 7

S P
(1 —y- > 7FL($Q)}

d2 ep—eX

Ao

dxd()? wQ.‘l

-5
x=0.000102
/ x=0.000161 HERA F2
/ x=0.000253

/" x=0.0004 = ZEUS NLO QCD fit
"/, x=0.0005
/) x=0.000632 —— H1 PDF 2000 fit
Y /" x=0.0008
/

e H194-00

x=0.0013
4 4 H1 (prel.) 99/00

_ x=0.0021 = ZEUS 96/97
- x=0.0032
ou x=0.005

, &= x=0.008

Q%(GeV?)
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How to Measur

dZO.ep—>eX

dxd()?

BRUURKHIVEN
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' x=0.0004
/ x=0.0005
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/
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w ul e
T g 10003
o

o  mggmanmergtilyt x=005
L o .
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A

= ZEUS NLO QCD fit
—— H1 PDF 2000 fit

4 H1 (prel.) 99/00
= ZEUS 96/97

sevendstieg 4 2% x=0.13

=0.18

eomm o o U oo

=0.25

x=04
x=0.65

10°

Q%(GeV?)

Y

e the Glue ?

%FL(xa Qz)}

—— H1 PDF 2000
E=—= ZEUS-S PDF
=4 CTEQS6.1

Scaling violation of dF2/d/nO- and

linear DGLAP evolution = xG(x,Q7)
HQ2008: macl@bnl.gov
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How to Measure the Glue ?

d %FL(QI%QZ)}

—— H1 PDF 2000
E=—= ZEUS-S PDF
=4 CTEQS6.1

Scaling violation of dF2/d/nO- and

linear DGLAP evolution = xG(x,Q7)
HQ2008: macl@bnl.gov 7/



How to Measure the Glue 7

Ao

dxd()? - xéf- (

x=6.32 10°°
- x=0.000102
x=0.000161 HERA F2
x=0.000253
43/ x=0.0004 = ZEUS NLO QCD fit
x=0.0005
/. x=0.000632 —— H1 PDF 2000 fit
x=0.0008

d2 ep—eX

p—
|

s
o

CTEQ 6.5 parton
3.5} distribution functions
= Q% =10 GeV?
4 H1 (prel.) 99/00

~x=0.0021 = ZEUS 96/97

~ BCDMS
- x=0.0032

3.0k
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How to Measure the Glue ?

models at Q%2 = 1.69 GeV?2;

anti-
-«—— shadowing —— | shadowing

EMC

Important for RHIC and LHC:

Ratios of gluon distribution functions for Pb/p versus x from different

Fermi-Motion

14 - Q%=1.69 GeV?

Eskola, Paukkunen, Salgado,
1.2 — arxiv:0802.0139 [hep-ph]

1.0
0.8 |
0.6
0.4
0.2
0.0 F

RHIC |y|<1
]

Models agree well
for mid-rapidity
RHIC, but
discrepancies are
there for forward

- F
@D I =il
N

1 1 IIIIIII 1 1 IIIIIII 1 1 L1
1074 1073 1072
X

; fA(x, Q%) _
R{l(x’ CQZ) — A f_nucleon(:n (22) ’ fi — 449

RHIC rapidities as
well as mid-rapidity
at the LHC

BRUUKHFVEN HQI2008: macl@bnl.gov
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The problem with our current understanding

ZEUS

Q’=1GeV?

— ZEUSNLO QCD fi

7 GeV’ iy 20 GeV’

tot. error tot. error
(o, free) (o, fixed)
N ¥¥7% uncorr. error
(o fixed)

xg

BROOKHFIAEN HQ2008: macl@bnl.gov
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The problem with our current understanding
® Using the Linear DGLAP evolution model: ZEUS

Q’=1GeV?

— ZEUSNLO QCD fi

= Weird behaviour of xG at low-x and low
Q? in HERA data

» xG goes negative !!

» xS > x@G, though sea quarks come from
gluon splitting ...

BROOKHFIAEN HQ2008: macl@bnl.gov
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The problem with our current understanding

® Using the Linear DGLAP evolution model:

= Weird behaviour of xG at low-x and low
Q? in HERA data

» xG goes negative !!

» xS > x@G, though sea quarks come from
gluon splitting ...

® More severe

= [inear evolution has a built-in high-
energy ‘“‘catastrophe”

= xG has rapid rise with decreasing x (and
increasing Q%) = violation of Froissart

unitarity bound

» Must have saturation

BROOKHFIAEN HQ2008: macl@bnl.gov
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H1+ZEUS

Q%=20 GeV?

Q%=200 GeV?

H1 NLO-QCD Fit 2000
xg=a=x"+(1-x)° *(1+dx+ex)
FFN heavy-quark scheme

| total uncert.
Bl exp. uncert.

ZEUS NLO-QCD Fit
(Prel.) 2001

xg=a=x(1-x)°
RT-VFN heavy-quark scheme

. exp. uncert.




The problem with our current understanding

® Using the Linear DGLAP evolution model:

= Weird behaviour of xG at low-x and low
Q? in HERA data

» xG goes negative !!

» xS > x@G, though sea quarks come from
gluon splitting ...

® More severe

= [inear evolution has a built-in high-
energy ‘“‘catastrophe”

= xG has rapid rise with decreasing x (and
increasing Q%) = violation of Froissart

unitarity bound

» Must have saturation

What’s the underlying dynamics?
BROOKHFIVEN

NATIONAL LABORATORY
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H1+ZEUS

Q%=20 GeV?

Q%=200 GeV?

H1 NLO-QCD Fit 2000
xg=a=x"+(1-x)° *(1+dx+ex)
FFN heavy-quark scheme

| total uncert.
Bl exp. uncert.

ZEUS NLO-QCD Fit
(Prel.) 2001

xg=a=x(1-x)°
RT-VFN heavy-quark scheme

. exp. uncert.




Non-linear QCD - Saturation

proton

E-E =~

N partons new partons emitted as energy increases
could be emitted off any of the N partons

BROOKHIAEN HQ2008: macl@bnl.gov
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Non-linear QCD - Saturation

proton

e BFKL: evolution in x % . E n % e

- lin ear N partons new partons emitted as energy increases
could be emitted off any of the N partons

p explosion in colour field at low-x

) saturation
L ) region

BROOKHFIAEN HQ2008: macl@bnl.gov
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Non-linear QCD - Saturation

proton

e BFKL: evolution in x :E . E _ :E 1 e

- line ar N partons any 2 partons can recombine into one

» explosion in colour field at low-x {  Regimes of QCD Wave Function

® Non-linear BK/JIMWLK equations 7 i
>_

= non-linearity = saturation

= characterised by the saturation
scale, Qs(x,A)

= arises naturally in the Colour
Glass Condensate (CGC) EFT

Nﬁﬁ?glfgﬁgf& HQ2008: macl@bnl.gov




Non-linear QCD - Saturation

proton

e BFKL: evolution in x :E . E _ :E 1 e

- line ar N partons any 2 partons can recombine into one

» explosion in colour field at low-x {  Regimes of QCD Wave Function

® Non-linear BK/JIMWLK equations
>_

= non-linearity = saturation

= characterised by the saturation
scale, Qs(x,A)

= arises naturally in the Colour
Glass Condensate (CGC) EFT

Nﬁﬁ?glfgﬁgf& HQ2008: macl@bnl.gov




Why study e+A 1nstead of ¢+?

Enhancing Saturation Effects:

Scattering of electrons off nuclei:
Probes interact over distances

For L >2 R, ~ A probe cannot distinguish between
nucleons 1n front or back of nuclei

= Probe interacts coherently with all nucleons

NE!E&&'S&%"&F&QY HQ2008: macl@bnl.gov



Why study e+A 1nstead of

Enhancing Saturation Effects:

Scattering of electrons off nuclei:
Probes interact over distances

For L
nuc

> 2 R, ~ Al probe cannot distinguish between
leons 1n front or back of nuclei

= Probe interacts coherently with all nucleons

A pro

-

ve of transverse resolution 1/Q? (<< A’qcp) ~ 1 fm?

will experience large colour charge fluctuations. This

kick experienced in a random walk 1s the saturation scale.

BROOKHFIAEN HQ2008: macl@bnl.gov
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Why study e+A 1nstead of

Enhancing Saturation Effects:

Scattering of electrons off nuclei:

Probes interact over distances

For L >2 R, ~ A probe cannot distinguish between
nucleons in front or back of nuclei

= Probe 1nteracts coherently with all nucleons

A probe of transverse resolution 1/Q? (<< A’qcp) ~ 1 fm?

will experience large colour charge fluctuations. This
kick experienced in a random walk 1s the saturation scale.

QQ X OéS:EG(man) 1

2 1/3
TR xl/

Nuclear “Oomph” Factor:

Nﬁﬁ?&'ﬂ@;ﬂf@% HQ2008: macl@bnl.gov

()

HERA : 2G «« ——= A dependence : G4 x A




Why study e+A 1nstead of ¢+?

Enhancing Saturation Effects:

Scattering of electrons off nuclei:
Probes interact over distances

For L >2 R, ~ A probe cannot distinguish between
nucleons 1n front or back of nuclei

= Probe interacts coherently with all nucleons

A probe of transverse resolution 1/Q? (<< A’qcp) ~ 1 fm?
will experience large colour charge fluctuations. This
kick experienced 1in a random walk 1s the saturation scale.

QQ X OéS:EG(ma Qg) 1
S

TR HERA : 2G 13 A dependence : G4 x A

Nuclear “Oomph” Factor:

Enhancement of Qs with A: = non-linear QCD regime

reached at significantly lower
energy 1n €+A than in e+p

NATIONAL LABORATORY HQ2008: macl@bnl.gov
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The Nuclear “Oomph” factor

More sophisticated analyses = confirm (exceed) pocket formula

(e.g. Kowalski, Lappi and Venugopalan, PRL 100, 022303 (2008); Armesto et al., PRL

94:022002; Kowalski, Teaney, PRD 68:114005) X

Kowalski and Teaney
— Phys.Rev.D68:114005,2003 A x9/4

Models need to use realistic b-
dependence for nucle1 and nucleons
= b = 0 for proton # bmed

BROOKHFIAEN HQ2008: macl@bnl.gov
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The Nuclear “Oomph” factor

More sophisticated analyses = confirm (exceed) pocket formula

(e.g. Kowalski, Lappi and Venugopalan, PRL 100, 022303 (2008); Armesto et al., PRL
94:022002; Kowalski, Teaney, PRD 68:114005)

A

Kowalski and Teaney
— Phys.Rev.D68:114005,2003 A X9/4

("

< 04

L

0.2

)

b/b
med
BROOKHFIAEN HQ2008: macl@bnl.gov
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Key Measurements 1n et+A

® Momentum distribution of gluons G(x,0?)

= Extract via scaling violation in F>: 0F2/0ln(Q?
Direct measurement: Fz ~ xG(x,0?) (requires Vs scan)
2+1 jet rates
Inelastic vector meson production (e.g. J/y)
Diffractive vector meson production ~ /xG(x,0?)]?

)
)
)
)

BROOKHFIAEN HQ2008: macl@bnl.gov

NATIONAL LABORATORY



Example of Key Measurements

d2 ep—eX y
| F:
LR, — L

dxd()?

FL ~ O XG(X,Q2)

(Q%): 13 24 38 5795 17 34 .
requires \'s scan, Q%/xs = y

Here:

|Ldt =4/A b1 (10+100) GeV
— 4/A fb! (10+50) GeV

Statistical errors for = 2/A fb’! (5"‘50) GeV

[Ldt =10 fo"! = 2 year running

RHIC statistical error only

| -~ |

Lo ! Lo |
103 1072
X
HKM and FGS are "standard"
shadowing parameterizations that are X Q2

evolved with DGLAP

BROOKHFIAEN HQ2008: macl@bnl.gov
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Example of Key Measurements:

d2 ep—eX 2

Ao

et Tl SR Ry, Q%) -

H1 Preliminar medium & high Q°

f. Q*=12GeV? |y Q°-15GeV? | Q°-20GeV’ | * QF-25GeV’ 2
: : FL ~ OLS XG(X,Q )
of | | | requires \'s scan, Q%/xs = y

Py

:_‘{L-{icev? L g 2 - . Q% b ooGeV?
g ' - j ' i\ Here:

2

Qi =120GeV? | Q%= 150 GeV?

*%\ | o - = 4/A fb-! (10+50) GeV
=2/A fb-! (5+50) GeV

e et [Ldr=4/A fb (10+100) GeV

Q* =300 GeV? | Q7 =400 GeV® | = 5 L Q% = 650 GeV?
\ S

- . : \ : N .
N *\\ : | statistical error only

Q? - 800 GeV? 2 10% 107 10% 10% 107 107 10% 10
M E, =920 GeV — o??°H1 PDF 2000
* Ep,=575GeV — o;’° H1 PDF 2000
- ; ® E, =460 GeV —— o/*°H1 PDF 2000
© 10% 107 - = F, H1 PDF 2000

X X Q2
Preliminary FL measurements
BROOKHIUEN HQ2008: macl@bnl.gov
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Key Measurements 1n et+A

® Momentum distribution of gluons G(x,0?)

= Extract via scaling violation in F>: 0F2/0ln(Q?
Direct measurement: Fz ~ xG(x,0?) (requires Vs scan)
2+1 jet rates
Inelastic vector meson production (e.g. J/y)
Diffractive vector meson production ~ /xG(x,0?)]?

)
)
)
)

BROOKHFIAEN HQ2008: macl@bnl.gov
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Key Measurements 1n et+A

® Space-time distributions of gluons in matter

= Exclusive final states (e.g. vector meson production p, J/y)
= Deep Virtual Compton Scattering (DVCS) - o ~ A%
= [, Iy for various A and impact parameter dependence

BROOKHFIAEN HQ2008: macl@bnl.gov
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Key Measurements 1n et+A

® Momentum distribution of gluons G(x,0?)
= Extract via scaling violation in F2: 0F2/0ln(Q?
= Direct measurement: F; ~ xG(x,0?) (requires \'s scan)
= 2+] jet rates
= Inelastic vector meson production (e.g. J/y)
= Diffractive vector meson production ~ /xG(x,(0?)]?
® Space-time distributions of gluons in matter
= Exclusive final states (e.g. vector meson production p, J/y)
= Deep Virtual Compton Scattering (DVCS) - o ~ A%
= [, F1 for various A and impact parameter dependence

® Interaction of fast probes with gluonic medium?
= Hadronization, Fragmentation
= Energy loss (charm, bottom!)

N?TII%“ L . ABE o ATEO!!Y HQ2008: macl@bnl.gov



Hadronization and Energy Loss
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Hadronization and Energy Loss

nDIS:

e Clean measurement 1in ‘cold’ nuclear
matter

cold n clea

BROOKHIAEN
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Hadronization and Energy Loss

h h

nDIS:

cold nuclear

e Clean measurement 1n ‘cold’ nuclear matter
matter Q’ 4.0 Q_,

e Suppression of high-p hadrons - :;gttel;c'ea
analogous but weaker than at RHIC
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Hadronization and Energy Loss

h h

nDIS:
cold nuclear

e Clean measurement 1n ‘cold’ nuclear matter
matter

e Suppression of high-pt hadrons il
analogous but weaker than at RHIC

Fundamental question:
When do coloured partons get neutralized?

+
=
v 0.8

Parton energy loss vs.
(pre)hadron absorption | Krfinal

He, Ne prelim.
— absorption
energy loss

HERMES

Energy transfer in lab rest frame
EIC: 10 <v <1600 GeV HERMES: 2-25 GeV

EIC: can measure heavy flavour energy loss

0.4
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Charm at an EIC
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e EIC: allows multi-differential measurements of heavy flavour

e covers and extends energy range of SLAC, EMC, HERA, and JLAB
allowing for the study of wide range of formation lengths
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Key Measurements 1n et+A

® Momentum distribution of gluons G(x,0?)
= Extract via scaling violation in F2.: 0F2/0In(Q?
= Direct measurement: Fy ~ xG(x,0?) (requires \'s scan)
= 2+1 jet rates
= Inelastic vector meson production (e.g. J/y)
= Diffractive vector meson production ~ [xG(x,(0?)]?
® Space-time distributions of gluons in matter
= Exclusive final states (e.g. vector meson production p, J/y)
= Deep Virtual Compton Scattering (DVCS) - o ~ A%
= [, F} for various A and impact parameter dependence

® Interaction of fast probes with gluonic medium?
= Hadronization, Fragmentation

= Energy loss (charm!)
® Role of colour neutral excitations (Pomerons)

= Diffractive cross-section oui/oro (HERA/ep: 10% , EIC/eA: 30%7?)
= Diffractive structure functions and vector meson production
= Abundance and distribution of rapidity gaps

BROOKHFIAEN HQ2008: macl@bnl.gov
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Key Measurements 1n et+A

® Momentum distribution of gluons G(x,0?)
= Extract via scaling violation in F>: 0F2/0lnQ-
Direct measurement: F7 ~ xG(x,0?) (requires Vs scan)
2+1 jet rates
Inelastic vector meson production (e.g. J/y)
Diffractive vector meson production ~ /xG(x,0?)/?
® Space-time distributions of gluons in matter
= Exclusive final states (e.g. vector meson production p, J/y)
= Deep Virtual Compton Scattering (DVCS) - o ~ A3
= [, F for various A and impact parameter dependence

® Interaction of tast probes with gluonic medium?
= Hadronization, Fragmentation

= Energy loss (charm!)
® Role of colour neutral excitations (Pomerons)

= Diffractive cross-section oui/oro (HERA/ep: 10% , EIC/eA: 30%7?)
= Diffractive structure functions and vector meson production
= Abundance and distribution of rapidity gaps

)
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Diffractive Physics in e+A

‘Standard DIS event’ -

e (ku /)

Activity 1n proton direction
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Diffractive Physics in e+A

Diffractive event £

kl
electron /
k -

q

p

proton, nuclei

e HERA/ep: 15% of all events are hard diffractive S o
, , . , Activity 1n proton direction
. lefraCtlve CrOSS_SeCtlon Odlff/OtOt ln e—I_A ? 0.6 L IIIllI L llllll L llllll R
= Predictions: ~25-40%"7? 0.5

<]
o2 0.4

~

%
° 0.3

0.2

Curves: Kugeratski, Goncalves, _—Q2 =1
Navarra, EPJ C46, 413 0.1 ol vl el
5 4 -3 2 )
10 10 10 10 10
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Diffractive Physics in e+A

Diffractive event £

electron /
k -

kl

P Z momentum transfer:
proton, nuclei P’ ¢ = (P—P’)2

e HERA/ep: 15% of all events are hard diffractive
e Diffractive cross-section O /0y, 1N €+A ?

= Predictions: ~25-40%"7?
e ook inside the “Pomeron”

Activity 1n proton direction

= Diffractive structure functions
= Diffractive vector meson production: de/dz ~ [xG(x,Q?)]? !!

BROOKHFIAEN HQ2008: macl@bnl.gov
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Diffractive Physics in e+A

105 | Illlllll | llllllll | Illlllll L

Diftractive event : JEIC (0100Gey) -
K' Curves: Kugeratski, Goncalves,| /At = S/A:fb™ and 5/A, fb

Navarra, EPJ C46, 413
K eleclron 1.00

7 -~ B=0.062
My . .
_L xir = mom. fraction of
pomeron w.r.t. hadron

-

gap

P t Z momentum transfer: £ 3 - .
proton, nuciel PD { = (P_Pa)z n .

— —

HERA/ep: 15% of all events are hard diffractive 015~——__ _ Au (linear evolution)

- ~— —
I
—

Diffractive cross-section Oys/0,, 1N e+A ? . ~<_ -

n Au (saturation model) TN

= Predictions: ~25-40%7? - ]
re IC lons O 01 mlllllll | lllllllI L1t

L.ook 1nside the “Pomeron” 1020 10 10° 102 10"

= Diffractive structure functions Xip

= Diffractive vector meson production: de/dz ~ [xG(x,Q?)]? !!

e Distinguish between linear evolutions and saturation models
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Diffractive Physics in et+A

® How to measure diffraction in e+A?
= Use HERA method of Large Rapidity Gaps

= [deal gap of ~7.7 at HERA units reduced to 3-4 due to

ZEUS

* ZEUS 61 pb”
— RAPGAP+DJANGOH

DJANGOH

‘ll'lllll I‘lllllll lllllllll |

| | lllll‘ll

—

10 =
2

2 g L
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Diffractive Physics in et+A

® How to measure diffraction in e+A?

= Use HERA method of Large Rapidity Gaps
= [deal gap of ~7.7 at HERA units reduced to 3-4 due to

STAR - UPC Collisions

® [ssues with measuring diffractive
physics in e+A:

coherent

. . incoherent
= ¢ required for nucleus to break-up 1s

small (~ 30 MeV/c?) A

= ¢ required for nucleus to be
measured in detector >> 30 MeV/c?

= To measure ¢ dependence, must
measure exclusive diffraction (e.g.
vector mesons - ¢ ~ pr?)

| 1 ] l | | 1 |
0.25 0.3
t, (GeV/c)?

BROOKHFAVEN HQ2008: macl@bnl.gov 19
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Requirements for an Electron Ion Collider

Well mapped 1in e+p

//A NMC

BCDMS
E665

SLAC

: CCFR

l i ZEUS BPC 1995
- [ ZEUS SVTX 1995
- BY] H1SVTX 1995
L[] HERA 1994
HERA 1993

BROOKHFIAEN HQ2008: macl@bnl.gov
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Requirements for an Electron Ion Collider

Well mapped 1in e+p

Not so for {+A (v+A)
e many with small A

e [ow statistics

BROOKHFIAEN HQ2008: macl@bnl.gov
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Requirements for an Electron Ion Collider

Well mapped 1in e+p

- 7] NMC
- [I7]] BCDMS ¢ Not so for {+A (v+A)

E665 e many with small A

SLAC e [ow statistics
CCFR

- EIC e+Au

20 GeV + 100 GeV/n
10 GeV +100 GeV/n
9 GeV + 90 GeV/n

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons

- E.=3-20GeV

- polarized

e Hadron Beams
- EAo =100 GeV

-A =p—=U
- polarized p & light ions

BROOKHFAVEN HQ2008: macl@bnl.gov 20
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Requirements for an Electron Ion Collider

Well mapped in et+p

- 7] NMC
- [I7]] BCDMS ¢ Not so for {+A (v+A)

E665 e many with small A

SLAC e [ow statistics
CCFR

- EIC e+Au

20 GeV + 100 GeV/n
10 GeV +100 GeV/n
9 GeV + 90 GeV/n

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons

- E.=3-20GeV

- polarized
e Hadron Beams

- EAo =100 GeV

-A =p—=U

Terra incognita: small-x, Q = Qq - polarized p & light ions
high-x, Iarge Q2
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Requirements for an Electron Ion Collider

Well mapped in et+p

= EIC et+Au
; 20 GeV + 100 GeV/n / Not so for £+A (v+A)

10 GeV +100 GeV/n e many with small A
9 GeV + 90 GeV/n N
e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons

- E.=3-20GeV

- polarized

e Hadron Beams
- EAo =100 GeV

-A =p—=U

Terra incognita: small-x, Q = Qq - polarized p & light ions
high-x, large Q?
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Requirements for an Electron Ion Collider

Well mapped 1in e+p

Not so for {+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons
-E.=3-20GeV
- polarized

e ————— _| ® Hadron Beams
107 | - EA =100 GeV

X
-A =p—=U

Confinement

Terra incognita: small-x, Q = Q, - polarized p & light ions
high-x, Iarge Q2
BROOKHAVEN F82008: maci@bri v 2




EIC Collider concepts

¢eRHIC (RHIC/BNL):

Add Energy Recovery Linac
E.=10(20) GeV

E, =100 GeV (up to U)

Vs = 63 (90) GeV

L.a, (peak)n ~2.9-1033 cm2 7!

New EIC Detector

e-cooling

RHIC/eRHIC

Energy-Recovery Linac
PHENIX (3.9 GeV/pass)

5 GeV e*
storage ring

Low energy e-beam pass Four e-beam passes

BROOKHFIAEN HQ2008: macl@bnl.gov
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EIC Colhder concepts

eRHIC (RHIC/BNL): . ELIC (CEBAF/JLAB):
Add Energy Recovery Linac . Add hadron machine

E.= 10 (20) GeV - E.=9GeV

E, =100 GeV (up to U) . E, =90 GeV (up to Au)

Vsen = 63 (90) GeV . Vs =57 GeV

L.a, (peak)/n ~2.9-1033 cm2 s-! L., (peak)/n ~ 1.6:103 cm?2 s-!

: Electron
New EIC Detector . Cooling

/‘\\ e-cooling

RHIC/eRHIC
&

¥

Energy-Recovery Linac
PHENIX (3.9 GeV/pass)

storage ring *

Low energy e-beam pass Four e-beam passes

BROOKHFIAEN HQ2008: macl@bnl.gov
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Experimental Aspects

EIC e+Au
20 GeV + 100 GeV/n

— — — 10 GeV +100 GeV/n
9 GeV + 90 GeV/n

Lines of constant
hadron angle

10° (n = 2.44)

5° (n = 3.13)

2° (1 = 4.05)

Lines of constant
electron angle

177° (n = -3.64)

178° (n =-3.13)

179° (n = -4.74)

BROOKHFIAEN HQ2008: macl@bnl.gov

NATIONAL LABORATORY




Experimental Aspects

i | Positron Hemisphere L4
_ 1041 +
. EM calorimeter end-walll at -360cm o F EIC e*Au
P < - 20 GeV + 100 GeV/n
‘G [ ——— 10GeV+100 GeVin

9 GeV + 90 GeV/n .
5 Lines of constant
‘ hadron angle
10° (n = 2.44)

10°%¢

EM barrel calorimeter
covering z = +70cm 102 | /
2 5°(n =3.13)

EM catcher calorimete

atz=-110cm
2° (n = 4.05)

EM catcher calorimeter N / Lines of constant
atz=+110cm ___ " i electron angle
I 177° (n = -3.64)
178° (n = -3.13)

179° (n = -4.74)

Proton Hemisphere
EM and hadron calorimeter
end-wall at +360cm

. Abt, A. Caldwell, X. Liu, J. Sutiak, hep-ex 0407053
Concepts:
(a) Focus on the rear/forward acceptance and thus on low-x / high-x physics
compact system of tracking and central electromagnetic calorimetry inside a magnetic
dipole field and calorimetric end-walls outside

BROOKHFIAEN HQ2008: macl@bnl.gov
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Experimental Aspects

| EM calorimeter end-wall at -360cm S T /SN NN\ I 7

A .
' s

EM catcher calorimeter {|
atz=-110cm =

EM catcher calorimete
atz=+110cm

2222/ TSN\

Proton Hemisphere
EM and hadron calorimeter
end-wall at +360cm

|. Abt, A. Caldwell, X. Liu, J. Sutiak, hep-ex 0407053 J. Pasukonis, B.Surrow, physics/0608290
Concepts:

(a) Focus on the rear/forward acceptance and thus on low-x / high-x physics

- compact system of tracking and central electromagnetic calorimetry inside a magnetic
dipole field and calorimetric end-walls outside

(b) Focus on a wide acceptance detector system similar to HERA experiments

- allow for the maximum possible O range.

BROOKHFIAEN HQ2008: macl@bnl.gov
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EIC as an e+p machine - The Quest for AG

_IIII| | | IIIIII|
[ — x=0.0007

x =0.0025

- % 4 x=0.0063
e+ x=0.0141

2.5<Q%<7.5GeV?
\ Lol

x = 0.0245 o

e % x=0.0490
'M x = 0.0775
W * x=0.122

_J__.____——-———IL L1 -3\ L Ll -2\ | L1l -1\ [
B HIJF x = 0.0346 10~ 10= 1007
i I -

A
i x =0.735
S

L] Lol
10" 102
Q%(GeV?)
BROOKHIVEN

NATIONAL LABORATORY

L] )
103 10%

Spin Structure of the Proton
2= AE+AG+L +L,
quark contribution AX = 0.3

gluon contribution AG = 1+17?

AG: a “quotable” property of the proton
(like mass, charge)

Measure through scaling violation:

dg, o _ 2
Jlog(0) Ag(x,07)

x=1
AG = ng(x,Qz)dx
x=0
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Status of the EIC Project:

A High Luminosity, High Energy

The Electron Ion Collider Working Group
April 24, 2007
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Status of the EIC Proj

Available at:
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2007 NSAC Long Range Plan

FURTHERINTO THE FUTURE by gluons. Moreover, polarized beams in the EIC will give

unprecedented access to the spatial and spin structure of

Gluons and their interactions are critical to QCD. But gluons in the proton.

. . .. . An EIC with polarized beams has been embraced by the
their properties and dynamics in matter remain largely _ , _ o

U.S. nuclear science community as embodying the vision
for reaching the next QCD frontier. EIC would provide
mental results suggest that both nucleons and nuclei, when unique capabilities for the study of QCD well beyond those
viewed at high energies, appear as dense systems of gluons, available at existing facilities worldwide and complementary
creating fields whose intensity may be the strongest allowed to those planned for the next generation of accelerators in
in nature. The emerging science of this universal gluonic Europe and Asia. While significant progress has been made
in developing concepts for an EIC, many open questions

unexplored. Recent theoretical breakthroughs and experi-

matter drives the development of a next-generation facil-

ity, the high-luminosity Electron-Ion Collider (EIC). The remain. Realization of an EIC will require advancements in
’ . accelerator science and technology, and detector research and

EIC’s ability to collide high-energy electron beams with

development. The nuclear science community has recognized

high-energy ion beams will provide access to those regions the importance of this future facility and makes the following

in the nucleon and nuclei where their structure is dominated recommendation.

BROOKHFIAEN HQ2008: macl@bnl.gov
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mental results suggest that both nucleons and nuclei, when

matter drives the development of a next-generation facil-

ity the hi h—luminosity Electron-Ion Collider (EIC). The remain. Realization of an EIC will require advancements in
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b - : _ b . development. The nuclear science community has recognized
igh-energy ion beams will provide access to those regions the importance of this future facility and makes the following

in the nucleon and nuclei where their structure is dominated tecommendation.

We recommend the allocation of resources to

develop accelerator and detector technology neces-

sary to lay the foundation for a polarized Electron-
Ion Collider. The EIC would explore the new QCD
frontier of strong color fields in nuclei and precisely

image the gluons in the proton.
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What 1s happening now

e EIC “Collaboration” formed 1n 2007

= Bi-Annual collaboration meetings
» Next meeting, 11% - 13t December, 2008, LBNL
o INT

= Week long workshop - Autumn 2009
= 3-month programme just approved - Autumn 2010
® c¢+A working group
= (Convenors: T. Ullrich, D. Morrison, R. Venugopalan, V. Guzey
= weekly(ish) meetings at BNL + phone bridge

» http://www.eic.bnl.gov/ for details (and previous seminars)
= Current focus of work - understanding diffraction in e+A physics
» How do we measure diffractive events? = detector design

= [ast week of September, mini-workshop at BNL to start work on putting
together an e+ A MC code for both DIS and diffractive events

BROOKHAUEN HQ2008: macl@bnl.gov 2%
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Summary

An EIC presents a unique opportunity in high energy nuclear physics
and precision QCD physics

et+A Polarized e+p

¢ Study the Physics of Strong Colour Fields ¢ Precisely image the sea-

e Establish (or not) the existence of the saturation quarks and gluons to
regime determine the spin, flavour

e Explore non-linear QCD and spatial structure of the
e Measure momentum & space-time of glue nucleon

¢ Study the nature of colour singlet excitations
(Pomerons)

¢ Test and study the limits of universality (€A vs. pA)

e Embraced by NSAC 1n Long Range PLan

e Recommendation of $30M for R&D over next 5 years
e EIC Long Term Goal - start construction in next decade
e Possibility of Staged Approach

e Cheap (no civil construction costs)

e Early time-scale for realisation (operation by ~2016)

e Cons - lower energy and luminosity than full design
BROOKHFAUEN HQ2008: macl@bnl.gov
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Connection to other fields

GRDs  QCD Theory

Hadron Structure SauEteyVodels Relativistic :
(JLAB 12 GeV, RHIC-Spin) Color Glass Condensate Heavy lon PhySICS

Non-linearity, (RHIC, LHC & FAIR)

Confinement, Understanding
Valence <> Sea AdS/QCD of Initial Conditions,
Saturation, Energy Loss
ab initio
QCD Calculations .
& Computational _ TeChnOlogy Frontier
Development NEY EREELEN Examples: beam cooling,

of Instrumentation .
Physics of Strong energy recovery linac,
Color Fields QCD CP Violation polarized electron source,
? superconducting RF

Background =
cavities

BROOKHFIAEN HQ2008: macl@bnl.gov
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JLab Upgrade
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Staged approach to an EIC

« MEIC: Medium Energy Electron-Ion Collider
- Located at IP2 (with a modest detector)
-2 GeV e x250GeV p (45 GeVem.), L~ 1032 cm2 sec -!

« ¢RHIC - Full energy, nominal luminosity, inside RHIC tunnel

- Polarized 20 GeV e x 325 GeV p (160 GeV c.m), L ~4-1033 cm2 sec -!

-30GeVex 120 GeV/n Au (120 GeV c.m.), L ~ 10°! cm2 sec -!
- 20GeVex 120 GeV/n Au (120 GeVem.), L~5- 10 cm™ sec !

» ¢eRHIC - High luminosity at reduced energy, inside RHIC tunnel

- Polarized 10 GeV e x 325 GeV p, L ~ 10°° cm2 sec -!
- Smaller improvements (3-4 fold) in e-Ion collisions

Nﬁﬁ?&'ﬂﬁ&!ﬁ HQ2008: macl@bnl.gov



MEIC with 2 GeV ERL

2 (198470

T
S

Asymmeftric detector _0.95 GeV SRF linac

vy 2xV2

| 2 6GeV e-beam pAss
through the detect E 100 MeV ERL

3 vertically separated
passes at 0.1 GeV,
1.05 and 2 GeV
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NATIONAL LABORATORY



Staging of eRHIC - Cost ....

- MEIC: Medium Energy Electron-Ion Collider
- Cost estimate - $150M (in 2007 §)
- 90% of ERL hardware will be use 1n the phase I (and will reduce cost of eRHIC)
- Possible use of the detector components for eRHIC detectors
- eRHIC - phase 1
- Based on present RHIC beam intensities

- With coherent electron cooling requirements on the electron beam current 1s 25
mA

- 20 GeV, 25 mA electron beam losses 1.92 MW total for synchrotron radiation.
- 30 GeV, 5 mA electron beam loses 1.98 MW for synchrotron radiation
- Power density 1s 1 kW/meter and 1s well within B-factory limits (8 kW/m)

- ¢eRHIC - phase 11

- Requires crab cavities, new injections, Cu-coating of RHIC vacuum
chambers, new level of intensities in RHIC

- Polarized electron source current of 400 mA

- 10 GeV, 400 mA electron beam losses 1.96 MW total for synchrotron radiation,
power density 1s 1 kW/meter

BROOKHIAEN HQ2008: macl@bnl.gov
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