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What do we know about gluons?
Glue and the QCD Lagrangian:

—/ . — a ]' a |4
Lgcp = q(in"0, — m)q — Q(QW“TCL(])AM - ZGWGZL

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

- ¥SB & Colour Confinement
® Gluons

= Mediators of the strong interaction

= Dectermine essential features of QCD

» Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum (¥SB) Action (~energy) density

fluctuations of gluon-fields
in QCD vacuum (2.4

= (Quenched Locp gets hadron masses correct to ~ 10% 24x361m (Derek

Leinweber)
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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” 1in hadronic spectrum

= (Constituent Quark Picture?

e From DIS:

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

¢ C(rucial players at RHIC and the LHC
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The role of Glue 1n Heavy-Ion collisions

Jets (7 production):

0.8

T I LR '
NLO, n0, y=0
calc. by W. Vogelsang |

— RHIC Vs = 200 GeV
—LHC +Vs=55TeV

0.6

0.2

Fractional contribution to cross-section
o
N
[

0 50 100 500
pt (GeV/c)

o

—
(@)

Heavy Flavour Production:

g
¥ 3
g C
BROOKHIEVEN

NATIONAL LABORATORY

Lattice Gauge Theory:
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Glue and the Lagrangian

e Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” 1in hadronic spectrum

= (Constituent Quark Picture?

e From DIS:

= Drive the structure of baryonic matter already at medium-x
¢ (rucial players at RHIC and the LHC

Eskola, Paukkonen, Salgado: arXiv0902.4154
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Glue and the Lagrangian

e Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” 1in hadronic spectrum

= (Constituent Quark Picture?

e From DIS:

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

¢ C(rucial players at RHIC and the LHC

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

e What role do the gluons play 1n the spin structure of the nucleon?
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Glue and the Lagrangian

e Hard to “see” glue in the low-energy world
= Gluon degrees of freedom “missing” 1in hadronic spectrum

= (Constituent Quark Picture?

e From DIS:

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

¢ C(rucial players at RHIC and the LHC

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

e What role do the gluons play 1n the spin structure of the nucleon?

How do we get to the answers?
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Accessing the Glue - p+A vs et A

* Both e+A and p+A provide excellent F Schilling, hep-ex/020900|
information on properties of gluonsin & [
the nuclear wave functions 03 [ T RT2 "+ CDF data
* C e H1it-3 E;2>7 GeV
100k

* Both are complementary and offer the E (Q°=75GeV")  0.035<<0.095
opportunity to perform stringent checks I11<1.0 GeV*
of factorization/universality =

e But:

= soft colour interactions between p and A
before and after the primary interaction

0.1 _ — H1 2002 5,0 QCD Fit (prel.)
‘/\/‘/‘/‘i« A E . . L . i . T ¢
0.1 1
B

p 45\—‘< g Breakdown of factorization (e+p

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

—a— A
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How to measure the glue!?
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How to measure the glue!?
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How to measure the glue!?
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How to measure the glue!?
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How to measure the glue!?
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How to measure the glue!?
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The problem with our current understanding

ZEUS

6 Q=1 GeV* ~ 2.5 GeV?

— ZEUSNLO QCD fi

7 GeV? 20 GeV’
20 R\
tot. error tot. error
(o free) (o fixed)
“¥24  uncorr. error
et
P (o fixed)
10
Xg
0
30
20
10
0 !
0? 107 1w0w? 0" 110t w? w? w1

BROOKHAUEN Matt Lamont - EINN ’09: macl@bnl.gov 9



The problem with our current understanding

ZEUS

® Using the Linear DGLAP evolution model:

S

Q’=1GeV? - 2.5GeV?

— ZEUSNLO QCD fi

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

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

xf
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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

» xS > x@, though sea quarks come from

gluon splitting ... ™

CZ, 20

® More severe < .

= [inear evolution has a built-in high- 15

energy ‘“‘catastrophe” 125

= xG has rapid rise with decreasing x (and 10
increasing Q%) = violation of Froissart

unitarity bound 73

» Must have saturation °

2.5

0

1
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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
P xS > xG, though sea quarks come from 14 7EUS
gluon Sphttlng Na I Q%=20 GeV2 H1 NLO-QCD Fit 2000
5 20 n xg=a=x"+(1-x)° *(1+dx+ex)
) More SeVere \6 i FFN heavy-quark scheme
X 17.5} Q2=200 Ge\2 _ total uncert.
. . . . . Bl exp. uncert.
= [inear ?‘Volutlon haia built-in high- 15 EUS NLO-OCD Fif
energy ‘“‘catastrophe sl (Prel.) 2001
"t xg=a=x(1-x)°
. . . . . RT-VFN heavy-quark scheme
= xG has rapid rise with decreasing x (and 10 oo oot
increasing Q%) = violation of Froissart N
unitarity bound Ny
. 51 ,
» Must have saturation Q=56 N \\\\
2.5 * \\\\\
9 . . oL L )
What’s the underlying dynamics?  “o*  1©® 10?2 10y
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Non-linear QCD - Saturation

proton

£

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

x A
Z saturation 2
m @region In Qs(Y)
>_
C
9O
(@))
o
(D @
=
‘&s’
=
£ } BFKL
®
Q.
é @ —
@) |
C
2 "In Q2
Olg ~ 1 Olg <1
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Non-linear QCD - Saturation

proton

e BFKL: evolution in X :E . E _

- line ar N partons any 2 partons can recombine 1nto one

p explosion in colour field at low-x

® Non-linear BK/JIMWLK equations

A Regimes of QCD Wave Function

saturation

region In Qg(Y)

Y =1In 1/x

= non-linearity = saturation

= characterised by the saturation

scale, Qs(x,A)
= arises naturally in the Colour @
Glass Condensate (CGC) EFT . - Q2
In A3cp N

(XS~1 (XS<<1
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The Nuclear Enhancement Factor

® Enhancing Saturation effects:

= Probes interact over distances L ~ (2mnx)’!

= For probes where L > 2Ra (~ A!3), cannot
distinguish between nucleons 1n the front or
back of of of the nucleus.

» Probe interacts coherently with all nucleons.

= Probes with transverse resolution 1/Q? (<<
A?qcp) ~ 1 fm? will see large colour charge
fluctuations.

p This kick experienced 1in a random walk 1s
the resolution scale.
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The Nuclear Enhancement Factor

Simple geometric considerations lead to:

2
S ) 1
Q :UG(ZI; QS) HERA : G o« —— A dependence . G x A
7TRA 331/3

2
Qs

AN\ /3
Nuclear Enhancement Factor:  (Q%)? ~ cQ;} (>

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

reached at significantly lower
energy 1n €+A than in e+p
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The Nuclear “Oomph Factor”

More sophisticated analyses
= confirm (exceed) pocket

formula for high A

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

al., PRL 94:022002; Kowalski, Teaney,
PRD 68:114005

A
0.38

0.361-
0.34]

L] LS.

0.32

dInQZ,/d InA
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The Nuclear “Oomph Factor’

More sophisticated analyses
= confirm (exceed) pocket

formula for high A

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

BROOKHFVEN Matt Lamont
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’

Kowalski and Teaney /
10 = Phys.Rev.D68:114005,2003

GeV2)

p —

Qs

01 ol vl vl v vl sl L1
1/x

One would require an energy 1n e+p
~10-100 x e+A to get to same Q2
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Key Measurements in et+A

e Momentum distribution of gluons G(x,Q?)
= Extract via scaling violation in F2: 0F2/0InQQ?
Direct measurement: Fr ~ xG(x,Q?) (requires Vs scan)
2+1 jet rates
Inelastic vector meson production (e.g. J/y)

)
)
)
= Diffractive vector meson production ~ [xG(x,Q?)]?
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Example of Key Measurements FL

2 ep—>eX 2 2
dxd() x() 2 2
12¢ ,
—(Q%:13 24 38 5795 17 34 Fy N.OLS xG(x,0)
1 o requires \'s scan, Q%/xs =y
X o.s%— Here:
= [Ldt = 4/A fo-' (10+100) GeV
£ o6 =4/A fb! (10+50) GeV
© é_ FGS Statistical errors for — 2/A ﬂ)'l (S—I—SO) GeV
04 = [Ldt =10 fo"! = 2 year running
— LHC RHIC statistical error only
= - S N
. 1073 1072 101
X
2
HKM and FGS are "standard" x,Q
shadowing parameterizations that are X Q2
evolved with DGLAP
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Key Measurements in et+A

e Momentum distribution of gluons G(x,Q?)
= 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?)]?
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Key Measurements in 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%
= [, F; for various A and impact parameter dependence

Nﬁﬁ?gﬁgg’ﬂf& Matt Lamont - EINN ’09: macl@bnl.gov
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Key Measurements in et+A

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

Nﬁﬁ?&'ﬂ@ﬂﬁ% Matt Lamont - EINN ’09: macl@bnl.gov

16



Interaction of fast probes with gluonic medium

RHIC Au+Au @ 200 GeV/n

I | | I I I I I | I 1
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Y
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Interaction of fast probes with gluonic medium

RHIC Au+Au @ 200 GeV/n
f,; Au+Au (central collisions)
X 10k m direct y (PHENIX)
- A 70 (PHENIX preliminary)
- e 1 (PHENIX)
R 1 I.JlJI:'JT' ,
I l | 1!11? [{] ............. cenEin cevermeeeesssseesessoflececes]
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_ AAA
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02 46 810 12 14 16 18 20
p;(GeV/c)
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Interaction of fast probes with gluonic medium

RHIC Au+Au @ 200 GeV/n
:E Au+Au (central collisions)
X 10k m direct y (PHENIX)
- A  n0 (PHENIX preliminary)
e 1 (PHENIX)
[t
IS ) BT 08 o, N i o SRRk N [ —
- A4y
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02 468 70 12 14 16 18 20
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Interaction of fast probes with gluonic medium

e nDIS:

= (Clean measurement 1in ‘cold’ nuclear

matter

= Suppression of high-pr hadrons analogous

to, but weaker than at RHIC

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron
absorption

Energy transfer in lab rest frame:
EIC: 10 <v <1600 GeV

HERMES: 2-25 GeV
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Interaction of fast probes with gluonic medium
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Charm measurements at an EIC

Charm also suppressed at RHIC - above and beyond model predictions

2_IYII|IIIl|llll|ll¥l|llll]l|ll|III|IIIII|IIII_ RN R R R RN RN RN

b s ] C . < -
18F EIC eA: DonDokn 4 ; < (et+e7)/2
o 10 L=5/ATD" \s=63CeV BRO- K38 121 g O’ | Au+Au (central) Vsxy=200 GeV
- 1 9 r ] L
QM 3 et : ® STAR Au+Au 0-5% (PRL98, 192301)
g 12t 1T T ERC ] - A PHENIX Au+Au 0-10% (PRL96,032301)
T tppre I-I-I-I-I-I_-[-H-llllll 11| |— 8t ]
g 08f oL 3ok ] T e DVGL Rad dN,/dy = 1000
T 06 HERA ep s 8 04 ; — — - BDMPS c+b G= 10 GeV*/fm
04f L=50pb!, Vs=297GeV r 1
02F - 0'2:' B -
TN T N e . | L] Cotoiitea d T T N T T ST
0 1 2 3 4 5 6 7 8 9 5 45 -4 35 -3 25 -2 15 1 05 0 B e LR LT PFPT PR
pr(GeVic) log(x) — . ‘\‘ |
AL LR IS IS IR BN R ] ey N T T - —— e o
1,4:— —: 18F E N I:h | * ]
12F 4 1eb E .
: 13 o T hadrons
= iF C14F R _
£ ¢ 2P v - .
- 08F g R
v | o 1B 111””“”] E —— DGLV Rad+EL
= [¢] c k-1 .
< osf D08k AL 3 01 van Hees Elastic ]
s I < [ —— DGLVcharmRad+EL |4 ]
0.4f o 06F 3 . . -
Tr O oub 3 i Collisional dissociation i
02F i . | . | . | . | . |
% 0‘2.‘”“1.“‘_‘” R 0 2 4 6 8 10
-3 05 1 15 2 2.5 3
oalC p; (GeV/c)

e EIC: allows multi-differential measurements of heavy flavour

® (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 in 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

Nﬁﬁ?&'{ﬁ@ﬂﬁ% Matt Lamont - EINN ’09: macl@bnl.gov
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Key Measurements in et+A

® Momentum distribution of gluons G(x,0?)
= Extract via scaling violation in F>: 0F>/0lnQ-
= Direct measurement: F ~ xG(x,0?) (requires Vs scan)
= 2+1 jet rates
= Inelastic vector meson production (e.g. J/v)
= 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 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
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Role of colour-neutral (Pomeron) excitations

do
* 2 2\12
E|t:0(7 A— MxA) o< a”|Ga(z,Q7)]
e (k,/ K’
. (ku) | e K eleclron /
> £ ‘ q M
Y (q) X
gap
> X(p,) p
P(p,) proton, nuclei
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Role of colour-neutral (Pomeron) excitations

do
* 2 2\12
E|t:0(7 A— MxA) o< a”|Ga(z,Q7)]
e (k,/ K’
. (ku) | e K eleclron //
> ‘ q M
Y (q) X
gap
> X(p,) p
P(p,) proton, nuclei

HERA/ep: 15% of all events are hard diffractive
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Role of colour-neutral (Pomeron) excitations

d
“limo(7*A = Mx A) x a?[Ga(z, Q%))

dt
e (ku /)
e K electron //

q

k

e (ku)

gap

> X (PLl /) p
P(p,) proton, nuclei

HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1IN e+A ?
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Role of colour-neutral (Pomeron) excitations

d Curves: Kugeratski, Goncalves,
o N EPJ C46, 413
* 2 2\12 avarra, :
pr t=0(7V"A — MxA) x a”|Ga(z,Q7)] .
. 1 IIIIIII 1 lllllll LI Illllll T rrrn
e (ku/) K' OSl—F—————————— — _—
e (k) K electron \be 0.4 = .
> = e PN il
"(q,) My o 03 ==
7% 0.2 —Qz _ 1
0.1 i 1 l:lllll 1 lllllll Ll lllllll Ll lllll_l
> X (p,) 10> 10 10° 10° 10"
P(p,) proton, nuclei X

HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1IN e+A ?
* Predictions: ~25-40%"?
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Role of colour-neutral (Pomeron) excitations

d Curves: Kugeratski, Goncalves,
o N EPJ C46, 413
* 2 2\12 avarra, :
pr t=0(7V"A — MxA) x a”|Ga(z,Q7)] .
. 1 IIIIHI 1 lllllll LI III]III T rrrn
e (ku/) K' OSl—F—————————— — _—
e (k) K electron \be 0.4 = .
g = =TT lT— |
7% 0.2 —Qz _ 1
0.1 i 1 [:lllll 1 lllllll Ll lllllll 1 lllll_l
> X (p,) 10> 10 10° 10° 10"
P(p,) proton, nuclei X

HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1IN e+A ?

* Predictions: ~25-40%"7?

Look inside the “Pomeron”

» Diffractive structure functions
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Role of colour-neutral (Pomeron) excitations

do 2 N1 Navarra, EPJ C46, 413
R li—0(V"A — MxA) x a”|Ga(x,Q7)] -
. LI IIIIIII [ IIIIIII L IIIIIII L LALL
e (k /) % - EIC (10+100 GeV) T
n I fLdt = 5/A, fo' and 5/A, b’ ]
lectron
e (k) Kk ° - -
> 1.00 [-------------- 3 s84%
. M - Q =1 i
Y (@) X4 | B=o0062 :
p 3 - .
X == >
R X (p) %y 021 XP= mom. fraction of  _
p S
P (p,) h oroton. nudie o - pomeron w.r.t. hadron :
'DDEE i 1
HERA/ep: 15% of all events are hard diffractive o5 —___ Au (linear evolution)
Diffractive cross-section O4x/0,, 1IN e+A ? : TS~
dift’ Ytot A . ~
u u (saturation model) ~
o of - D5-40942 i .
PredlCtlons. 25 40 A) ) 01 ml IllllI 11 llllll 2 L
. . _5 _4 -3 - -
Look inside the “Pomeron” 00100 10 10 10

Diftractive structure functions

Curves: Kugeratski, Goncalves,

\

IP

Distinguish between linear evolution and saturation models
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How to measure coherent diffraction in et+A ?
do

E |t:O (/V*A — MX A) 0.¢ 052 [GA ('CE) QQ)]Q Roman Pot %’ S"ico:e::i:tor
DO
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How to measure coherent diffraction in et+A ?

=01 A = MxA) x a?[Ga @, QO e ™
; —
® (Coherent diffraction == low t = %l_g;x T
® (Can measure the nucleus 1f 1t 1s % % e pemne
separated from the beam 1n S1 (Roman %
Pot) “beamline” detectors %r;
- ( ) &
= prt ~ pAemin fj%lﬁ
» For beam energies = 100 GeV/n
and Omin = 0.08 mrad: %

Z-Y view X-Y view
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How to measure coherent diffraction in et+A ?

do §
limo(y" A = MxA) x a*[Ga(z, Q)]
® (Coherent diffraction == low t

e (Can measure the nucleus 1f 1t 1s
separated from the beam 1n S1 (Roman
Pot) “beamline” detectors

- mein ~ pAemin

» For beam energies = 100 GeV/n
and Omin= 0.08 mrad:

® These are large momentum kicks, >>
the binding energy (~ 8 MeV)

species (A) pr™n (GeVic)

d (2) 0.02
Si (28) 0.22
Cu (64) 0.51
In (115) 0.92

Au (197) .58
U (238) 1.9
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How to measure coherent diffraction in et+A ?

do §
limo(y" A = MxA) x a*[Ga(z, Q)]
® (Coherent diffraction == low t

e (Can measure the nucleus 1f 1t 1s
separated from the beam 1n S1 (Roman
Pot) “beamline” detectors

= mein ~ pAemin

» For beam energies = 100 GeV/n
and Omin= 0.08 mrad:

® These are large momentum kicks, >>
the binding energy (~ 8 MeV)

For large A, nucleus cannot be separated from beam

species (A) pr™n (GeVic)

d (2) 0.02
Si (28) 0.22
Cu (64) 0.51
In (115) 0.92

Au (197) .58
U (238) 1.9

without breaking up
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How else to measure diffraction in e+A!

Large Rapidity Gap Method:

In diffractive events, a large gap
in rapidity occurs between
outgoing p and final state

particles \

activity in the proton direction
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How else to measure diffraction in e+A!

i3
Large Rapidity Gap Method:
In diffractive events, a large gap
in rapidity occurs between i N
outgoing p and final state L -&.
particles B | \

activity in the proton direction
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How else to measure diffraction in e+A!

£ ' '
Large Rapidity Gap Method: |
In diffractive events, a large gap
in rapidity occurs between |
outgoing p and final state |
particles -

activity in the proton direction
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How else to measure diffraction in e+A?
ZEUS

IIITIIIIIIIIIIIIIIIIIIIIIITIIIIIIIIIIIlll

Large Rapidity Gap Method:

* ZEUS 61 pb ()
— RAPGAP2D.JANGOH

In diffractive events, a large gap
in rapidity occurs between
outgoing p and final state

10

' —t
N L ||||||| I |||||I|| I lﬂlllll I IIIIIII] I IIIIIIII I
y ot

particles -
* > ° TIMA:
o | Diffractive
e At HERA: An ~7 = hadronization reduces this to ~2.5
events
® Pros
= [ ots of statistics
e (Cons

= Sensitive to detector acceptance
= No information on t
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How else to measure diffraction in e+A?
ZEUS

IIIJIIIIIIIIIIIIIIIIIIIIII\IIII\IllllIll

Large Rapidity Gap Method:

* ZEUS 61 pb (2)
— RAPGAP2D.JANGOH

In diffractive events, a large gap
in rapidity occurs between
outgoing p and final state

10

e

]——:._

| — _
-..4'|||||||| ||||||||| \IHIIIIl lIIIlIIII IIIIIIII| |

' —t
M_IIIIIII| |||||||I| Jll\lllll IIIIIIII] Illllllll I
y ot

particles ol LhP
TIMAX
o | Diffractive
e At HERA: An ~7 = hadronization reduces this to ~2.5 S
® Pros
= [ ots of statistics
* Cons Can this method
= Sensitive to detector acceptance
= No information on t be Used at an EIC?
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Large rapidity gaps at an EIC

BROOKHFIVEN
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0.08

0.06[

e+p: RAPGAP: MFP in Event
2+100 GeV - DIS
5+100 GeV - DIS
10+100 GeV - DIS
204100 GeV - DIS
30+100 GeV - DIS
2+100 GeV - Diff
5+100 GeV - Diff
10+100 GeV - Diff
20+100 GeV - Diff
30+100 GeV - Diff

0.04 Diffractive

0.02[

N R BT ke s o A A

OIII

-4

DI
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Large rapidity gaps at an EIC

® Method:
m Use RAPGAP iIl diffractive I g+%§gP3AFE):|gAFP in Event
. i + ev -

and DIS modes to simulate e i 354900 GeV - Dis

. . 0.1 ——— 20+100 GeV - DIS

+p collisions at EIC i s 54300 Gev- DI

: N 5+100 GeV - Diff

energies o oL 10+100 GeV - Diff

0.08 || e 20+100 GeV - Diff
Y I [ 30+100 GeV - Diff

= (lear difference between

DIS and Diffractive modes 0.06"
in “most forward particle 1n j . .
event” distributions 0-047 Diffractive
p Little change in distributions o go} u
with increasing energy L
Q_I - . I A |r|-|-r-'11| AR B
8 6 -4 -2 0 2 4 6 8
DIS rapidity
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Large rapidity gaps at an EIC

® Mecthod:
= Use RAPGAP in diffractive 107 F e+p: RAPGAP: MFP in Event
and DIS modes to simulate e 2
+p collisions at EIC 10° Diffractive
energies  events

= (lear difference between i
DIS and Diffractive modes 107 £
in “most forward particle in :
event” distributions

p Little change in distributions ~ 10°:
with increasing energy '

10-7 :_I L | L1 1 | L1 1 | L1 1
= (Can reproduce “ZEUS-like” 8 -6 -4 2 0 2 4 6 8
plots rapidity
Nﬁﬁ?}!'ﬂfi}!ﬁ% Matt Lamont - EINN ’09: macl@bnl.gov



EVV Unification at HERA

HERA
& ekl & B L v Tl
% % H1e'p NC 94-00 :
2 10 A H1epNC ]
Qo 0 ZEUS e*p NC 99-00 :
© q 0 ZEUS ep NC 98-99 h
kS -~ SMe'p NC (CTEQS6D) ;
o g — SMe'p NC (CTEQSD)
10 3
10
10
+ H1e'p CC 94-00
10 » HlepCC
= ZEUS e'p CC 99-00
- s ZEUS e'p CC 98-99
10 -- SMe'p CC (CTEQSD)
— SMe'p CC (CTEQSD)
10 :
- y<09 *.é
10 s a6 oy et T FEEE o M
10° 10°
Q% (GeV?)
BROOKHFVEN

NATIONAL LABORATORY

® From DIS at HERA:

= At small-medium Q?, o
(NC) >> o(CC)

= For Q? > Mz? and Mw?, 6
(NC) ~ 6(CC)

» EW Unification

e Already a textbook figure ...
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Matter at low-x:A truly universal regime!

What about on the parton scale?

Qs (b) A
A ® (s approaches universal
behaviour for all hadrons and
i < P nuclei
e No dependence on A!!
_
VIn 1/x e Not only functional form f(Qs)

universal, but even Qs itself
becomes universal

BROOKHIAEN Matt Lamont - EINN ’09: macl@bnl.gov 25
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Matter at low-x:A truly universal regime!

What about on the parton scale?

Qs (b) A
A ® (s approaches universal
behaviour for all hadrons and
i < P nuclei
e No dependence on A!!
_
VIn 1/x e Not only functional form f(Qs)

universal, but even Qs itself

A.H. Mueller, hep-ph/0301109 :
becomes universal
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Matter at low-x:A truly universal regime!

What about on the parton scale?

Qs (b) A
A ® (s approaches universal
behaviour for all hadrons and
i < P nuclei
e No dependence on A!!
_
VIn 1/x e Not only functional form f(Qs)

universal, but even Qs itself

A.H. Mueller, hep-ph/0301109 :
becomes universal

Radical View:
= Nucle1 and all hadrons have a component of their wave function

with the same behaviour
= This 1s a conjecture! Needs to be tested

BROOKHIAEN Matt Lamont - EINN ’09: macl@bnl.gov 25
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Requirements for an Electron lon Collider

Well mapped in etp
N% 10*E 7] NMC
S BCDMS
ke I E665
103 SLAC
: CCFR
L[] ZEUS BPC 1995
1021 ] ZEUS SVTX 1995 /
2 H1 SVTX 1995
[ ] HERA 1994 -
10 | HERA 1993 :
1 -
10" -
u Ll Ll A Ll | |
10° 10 10* 107 107 107 1
X
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Requirements for an Electron lon Collider

Well mapped 1n e+p
N% 104L 7] NMC
Q [ BCDMS Not so for {+A (v+A)
G | [[]Eees e many with small A
1031 SLAC L
: CCER * [ow statistics
' /
102} /
10 7
1 |
-1 [
10 |
- T | Ll ol Lol
10°  10°  10* 107 10® 107 1
X
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Requirements for an Electron lon Collider

_ Well mapped in e+p
C\I |
2 104k /] NMC
G | [T ecoms Not so for £+A (v+A)
'C [ [7] Eees e many with small A
10° SLAC ol tatisti
5 oo ow statistics
- EIC e+Au
10%1 eV + eV/n 2 #5 -
: 20/Gevr 100 GeVl 7 ' Electron lon Collider:

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

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

- E.=3-20GeV

- polarized

e Hadron Beams
N E— - Eo =100 GeV

X -A =p—=U

- polarized p & light ions
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Requirements for an Electron lon Collider

< 4
< 10
S
AN
e/

E C% NMC

BCDMS

E665

10°

SLAC

CCFR

2' EIC e+Au
102 L
— — — 10 GeV +100 GeV/n
R — 9 GeV + 90 GeV/n
10 t

20 GeV + 100 GeV/n

Terra incognita:
BROOKHFIAEN
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small-x, Q <
high-x, Iarge Q2
Matt Lamont - EINN ’09: macl@bnl.gov 26

Well mapped in 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
- Eo =100 GeV

-A =p—=U
- polarized p & light ions



Requirements for an Electron lon Collider

104

Q? (GeV?)

103E

102

= EIC et+Au
- 20 GeV + 100 GeV/n
| — — — 10 GeV +100 GeV/n
R 9 GeV + 90 GeV/n

Terra incognita:
BROOKHFIAEN

NATIONAL LABORATORY

small-x, Q = Q,
high-x, large Q2
Matt Lamont - EINN ’09: macl@bnl.gov 26

Well mapped in 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
- Eo =100 GeV

-A =p—=U
- polarized p & light ions



Requirements for an Electron lon Collider

Well mapped in et+p

10 EE e Not so for {+A (v+A)
T 88T = | ] e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
O~ g T e e Electrons
olor Glass LONAENSHTE - Ec =3 -20 GeV
A2 .
aeb - polarized

- : e
200 Confine e Hadron Beams
120 4q 7

A 107 1633'”;( 10 10 - E5, =100 GeV
-A =p—U

Q2 (GeV?)

Terra incognita: small-x, Q = Q, - polarized p & light ions
high-x, Iarge Q2
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What is happening now - e+A notes

In the process of composing eA “EIC notes” linking theory,
experiment and simulations on distinct topics

BROOKHFIVEN
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What is happening now - e+A notes

In the process of composing eA “EIC notes” linking theory,
experiment and simulations on distinct topics

Diffraction

Diffraction in e+4A collisions with the EIC

The e+A Working Group
(Dated: Draft: January 5, 2009)

Abstract to be added ...

Contants
L Introduction 1
IL All-twist saturation picture of diffraction
in nuclei 3
A. Comparison to HERA data 8
B. The nuclear diffractive structure function 7
IIL Leading-twist nuclear shadowing and
coherent diffraction in DIS with nuclei 10
IV. Kinematics of Diffractive Events 12
V. Key Measurements 13
VL Detection of Diffractive Events 14
A. Overview of Methods 14
B. Forwnrd Spectroscopy 15
1. Angular Divergence of the Beam 15
2. Measuring Small Scattering Angles 16
3. Existing Forward Spectrometer of
Redewnnce for EIC 16
C. Large Rapidity Gap (LRG) Method 18
D. Nuclear Breakup and Implications for EIC 19
VIL Simulations 20
A. Triggering on Diffractive Events 20
B. Acceptance Covernge 21
C. Reproducability of HERA Plots 22

VIIL Detector and Machine Requirements 23
IX. Summary 23

References 25

I. INTRODUCTION

The phenomenon of diffection is familiar to us from
many arens of physics and is geaerally understood to arise
from the constructive or destructive interference of waves.
One such ple, a plane wave impinging on a single
slit is shown in Fig. 1. In the strong internctions, diffrac-
tive events have long been interpreted as resulting from
scattering of sub-atomic wave packets via the exchange of
an object called the Pomeron (named after the Russian
physicist Isanc Pomeranchuk) that carries the quantum
mumbers of the wcuum. Indeed, much of the strong in-
teraction phenoemenn of malti-particle production can be

interpreted in terms of these Pomeron exchanges.

FIG. 1:

In the modern strong interaction theory of Quan-
tum ChromoDynamics (QCD), the simplest model of
Pomeron exchange is that of a colorless combination
of two glions, each of which individually carries color
charge. In genernl, diffractive events probe the com-
plex structure of the QCD wacuum that contains color-
less gluon and quark condensates. Because the QCD vac-
uum is non-perturbative and because much of previously
studied strong intemction phenomenclogy dealt with soft
processes, a quantitative understanding of diffraction in
QCD remains clusive.

Significant progress can be achieved throught the study
of hard diffractive events nt collider energies. These al-
low ane to study hadron final states with inwariant masses
much larger that the fundamental QCD momentum scale
of ~ 200 MeV. By the uncertainity principle of quantum
mechanics, these events therefore provide considerable
insight into the shoet distance structure of the QCD vac-
uum.

A QCD disgram of o diffractive event is shown in
Fig. 2. It can be visualized in the proton rest frame as
the electron emitting n photon with virtuality Q% and
energy w, that subsequently splits into n quark-anti-
quark-+gluon dipole; other wave packet dipole configura-
tions are also feasible. These dipoles interact coherently
with the hadron target via a colorkss exchange. The
figure depicts this as a colorless gluon ladder, which as
discussed previcusly, is a simple model of Pomeron ex-
change.

Because the spread in rapidity between the dipole and
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I. INTRODUCTION

The phenomenon of diffection is familiar to us from
many arens of physics and is geaerally understood to arise
from the constructive or destructive interference of waves.
One such ple, a plane wave impinging on a single
slit is shown in Fig. 1. In the strong internctions, diffrac-
tive events have long been interpreted as resulting from
scattering of sub-atomic wave packets via the exchange of
an object called the Pomeron (named after the Russian
physicist Isanc Pomeranchuk) that carries the quantum
mumbers of the wcuum. Indeed, much of the strong in-
teraction phenoemenn of malti-particle production can be

interpreted in terms of these Pomeron exchanges.

FIG. 1:

In the modern strong interaction theory of Quan-
tum ChromoDynamics (QCD), the simplest model of
Pomeron exchange is that of a colorless combination
of two glions, each of which individually carries color
charge. In genernl, diffractive events probe the com-
plex structure of the QCD wacuum that contains color-
less gluon and quark condensates. Because the QCD vac-
uum is non-perturbative and because much of previously
studied strong intemction phenomenclogy dealt with soft
processes, a quantitative understanding of diffraction in
QCD remains clusive.

Significant progress can be achieved throught the study
of hard diffractive events nt collider energies. These al-
low ane to study hadron final states with inwariant masses
much larger that the fundamental QCD momentum scale
of ~ 200 MeV. By the uncertainity principle of quantum
mechanics, these events therefore provide considerable
insight into the shoet distance structure of the QCD vac-
uum.

A QCD disgram of o diffractive event is shown in
Fig. 2. It can be visualized in the proton rest frame as
the electron emitting n photon with virtuality Q% and
energy w, that subsequently splits into n quark-anti-
quark-+gluon dipole; other wave packet dipole configura-
tions are also feasible. These dipoles interact coherently
with the hadron target via a colorkss exchange. The
figure depicts this as a colorless gluon ladder, which as
discussed previcusly, is a simple model of Pomeron ex-
change.

Because the spread in rapidity between the dipole and
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Detector design
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Detector design
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Detector design
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Detector design
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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
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