Studying the glue which binds us all: the

physics and status of the polarised electron-
ion collider project at BNL (eRHIC)
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What do we know about gluons?
Glue and the QCD Lagrangian:

/. — a 1 a 1%
Locp = q(iv" 0, —m)q — (V" Tuq) Ay — 7 G, G

® Despite the success of QCD in describing the strong interaction,
our knowledge of glue is very limited. We know:

= Mediators of the strong interaction
= Dectermine essential features of QCD

p Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum (¥SB)

= (Quenched Lqocp gets hadron masses correct to ~ 10% Action (~energy) density

fluctuations of gluon-fields
in QCD vacuum (2.4
x2.4x 3.6 fm) (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” in hadronic spectrum

p Constituent Quark Picture?

e From DIS:

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

® C(Crucial players at RHIC and the LHC
= Drive the entropy
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Accessing the glue - p+h vs et+h

e Both e+h and p+h 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 But:

= soft colour interactions between p

and h before and after the primary
interaction

BROOKHFIVEN

100}

10

0.1

F. Schilling, hex-ex/020900 |

= H1 fit-2 —~+- CDF data

e H1 fit-3 E** > 7 GeV

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

— H1 2002 6,0 QCD Fit (prel.)

0.1 1

B

Breakdown of factorization (e+p
HERA versus p+p Tevatron) seen
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for diftfractive final states.
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DIS Kinematics

e (ku /)

X,
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DIS Kinematics

e(ku/) QQ — _q2 — _(ku _/ k’;)Z Measure of

resolution
(9 power or

/ .
QQ — 4E€E68Zn2(§€) "Virtuality"

X(p,)
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DIS Kinematics

2 _ 2 _ L N2 Measure of
) (ku ) -7 = (k’u , k“) resolution
/. (9 power or
QQ — 4E€E68Zn2(§€) "Virtuality"
E 0
pbq e’ 9 ,Ue | Measure of
y=—=1 COS™ ( — ) inelasticit
pk E’e ( 2 ) Y

X(p,)
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DIS Kinematics

2 _ 2 _ L N2 Measure of
) (ku ) -7 = (k’u , k“) resolution
I v power or
QQ — 4E€E68Zn2(§€) "Virtuality"
E Iy
pPq e’ 9 ,Ue | Measure of
y=—=1 COS (—) inelasticity
pk E. 2
Measure of
Q2 QQ momentum
X(P /) L = —— = — fraction of
" 2 S struck
pq y quark
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DIS Kinematics

2 _ 2 _ L N2 Measure of
e(ku/) Q = —q = (kﬂ , k,u) resolution
I v power or
QQ — 4E€Eeszn2(§€) "Virtuality"
E Iy
pbq e’ 9 ,Ue | Measure of
y=—=1 COS (—) inelasticity
pk E. 2
Measure of
Q2 QQ momentum
X(P /) L = —— = — fraction of
" 2 S struck
pq y quark

Valence
quark

—

Quark density

B

momentum
fraction x

Increasing resolution
higher Q?
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DIS Kinematics

e k, ) Q= —¢" = —(ku — k)’
/ 6
() = 4E.E_sin?(-%)
pq E, 0.
=—=1 S cos”(—
Tk E, (5
Q°  Q°
X / = — = —
o 2pq sy
Gluon splits
intfo quarks

Valence
quark

Quark density

B

momentum
fraction x

Valence

Quark density

Measure of
resolution
power or
"Virtuality"

Measure of
inelasticity

Measure of
momentum
fraction of
struck
quark

quark . .
e Increasing resolution
e
fraction x hi gh er Qz
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e

B

5

—= Valence

v v

= quark

—

O -

momentum
fraction x
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DIS Kinematics

2 2 N2 Measure of
/ — — —r— _
¢ (ku ) Q q (k“ , k,u) resolution
5 I o ) power or
Q)" =4FE, Ee ST ( Ee ) “Virtuality"

9 6 e \ Measure of
COS (5) inelasticity

9 9 Measure of
Q Q momentum
X (pu /) T = 2— —_ — fr'act;(on of
pq Sy struc
quark
Gluon splits
intfo quarks Quark splits
' into gluon
splits
intfo quarks ...

Quark density

Valence b B
quark 'z g o 2y . .
[non‘lcntun]= —; Valence IncreGSlng rZSO|utlon
c—:‘f e k °
fraction x & qm; hl gh er Qz

momentum
fraction x
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DIS Kinematics

ek, QZ — _q2 — _(ku - k;b)

macl@bnl.gov

2  Measure of

resolution
power or
"Virtuality"

Measure of

) inelasticity

Measure of
momentum
fraction of
struck
quark

y2 FL(xa Qz)}
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DIS Kinematics

ek, Q2 — _q2 — _(ku - k;)
Q° = 4E€E;sm
........ .
y p— @ p— 1 €
pk E,
QQ

X (p, ) =5 =
P (p,) o 2pq
dQO.ep—>eX B 47TC¥€23.m. [(1 B | y2 B
dxd()? r ()4 ST

® Structure functions.:
= F>(x,0°) = q and @ momentum distributions

= F1(x,0°) = gluon momentum distribution
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DIS Kinematics

) 0° = ¢ = (k- K e
/ v, ower or
QQ = 4E€E€sin2(§€) ‘F‘)Vir‘ruali‘ry"
pq Ee/ 2 H; Measure of
Yy = ]E =1 B COS (?) inelasticity
e
Measure of
QQ QQ momentum
X (p, /) = — = — fraction of
P (p,) “ 2pq sy ol
2 _ep—eX 2 2 2
dxd() x() 2
® Structure functions. No direct

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

= F1(x,0°) = gluon momentum distribution
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colllisions !
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e+p physics programme at eRHIC

® Precisely image the sea quarks and gluons 1n the
nucleon

= How do the gluons and sea quarks contribute to the
structure of the nucleon?

= What 1s the spatial distribution of the gluons and sea
quarks 1n the nucleon?

= How do hadronic final states form in QCD?

TN, macl@bnl.gov
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How to measure the glue?
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momentum distributions
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How to measure the glue?
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How to measure the glue?

2 ep—eX 2 i 2 2 7
d o b L 47Tae.m. y 2 y )
2 4 1_y_|_ FQ(xaQ)_ FL(xaQ)
dzdQ 20 2 2
~~ i ° ° ° . 2 .
R | x63210% 0 000100 LERA F Scaling violation: dF, /dInQ“ and linear DGLAP
> 7 20.000253 ? : 2
EL.D /' x=0.0004 —— ZEUS NLO QCD fit Evolution = G(X,Q )
(DLI—N S v * ) //X;(g(()i%gg)ggg —— H1 PDF 2000 fit 1 T EmEERE T IR
0001 : :: ?4-0|0) o —— HERA-I PDF (prel.) Q2 =10 GeV2
. s H1 (prel. : .
. oo - JeUS o607 B experimental uncertainty
4 voess BCDMS 0.8 model uncertainty _
x=0.008 0 E665 - HERA Structure Functions Working Group
20005  © NMC ~ Nucl. Phys. B 181-182 (2008) 5761
| x=0.008 XU,
3 0.6 i
Y
X
2 0.4 i
xS (x1/20)
1 0.2 i
0 Ll Ll | Lol Lol O = Lo Lo p— 1 N
BrOOKIPUEN . ) o 107 107 107 1
A 2 2
NATIONAL LABORATORY Q7(GeV?) macl@bn .gOV X 8


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

How to measure the glue?
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How to measure the glue?
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Spin physics at the EIC - the quest for AG

e AG - Gluon contribution to

nucleon spin z L

q-q
® > Aq - Quark contribution
to nucleon spin
=
® [, - Angular momentum of L
gluons ol

® > L, - Angular momentum
of quarks

e fi11 - Sivers function

® 0( - Transversity
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Spin physics at the EIC - the quest for AG

e AG - Gluon contribution to
nucleon spin

® > Aq - Quark contribution
to nucleon spin

® [, - Angular momentum of

gluons
Helicity sum rule:

® > L, - Angular momentum

gluon spin
of quarks | | | s
. . ~h={P=IJ5 [P =)= V<S8 +8%+ Y [+ [5
e {11 - Sivers function 2 < 2 oeb 2> ;2 e ; s
\_Y_I \ v J
® oq - Transversity o (oedr)  momentum
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How to measure quark polarisations

Virtual photon y* can only couple to quarks of opposite helicity

Select g”(x) or g’ (x) by changing the orientation of target nucleon
spin or helicity of incident lepton beam: Ag=¢q" — ¢~
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How to measure quark polarisations

Virtual photon y* can only couple to quarks of opposite helicity

Select g”(x) or g’ (x) by changing the orientation of target nucleon
spin or helicity of incident lepton beam: Ag=¢q" — ¢~

Asymmetry definition:

® @ ® @
e',h e',h = = _ = =
A" ~ O1/2 =~ O3/3 qe'h 1 Ne',hL Ne',hL
| O.e',h n O.e',h | <P P > & 8 g @
1/2 3/2 B*r/ N,,L +N,, L
inclusive DIS: only €’ info used semi-inclusive DIS: e’+h info used
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Polarised quark distributions
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Polarised DIS Kinematics

2 _ 2 _ _1./.\2 Measure of
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2 2
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Inclusive_World data-set |
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Inclusive_World data-set |
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Inclusive_World data-set |
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Inclusive_World data-set |
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Gluon polarisation - RHIC data
BTAR..

4 2006 STAR Preliminary

[ — gggvstd GRSV curveswith—  —  —| — . _
L s Ag=g - .
- - - - GRSV Ag=0 _-eone radius 0.7
0.08} GRSV Ag=-g .~ and -0.7 < n<0.9
[ -- GS-C ~
0.06— d
TR T C d ¢ wanll
0.0aF- 7 —
PH ENIX -/
0.02p~ ) GRS [,
0.06 | = GRSV std (AG=0.24) 0.005¢ o —*"""’T _____ + ---------- R A
oﬁ :Il OE. j 0 i = e - - i il —
< - - -~ GRSV AG=0 < 0____4__*}_ - -
BRI GRSV AG=-1.05 -0.02— Online polarization
0-04 s p— [ 1 —l 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
| [ Run-5 0.008; 10 15 20 25 30 35
115 p2 (é.eswzz | p. (GeVic)
i ® Run-6 T 2005 jet data: PRL 100, 232003 (2008)

0.02

=0.02 0 @ 200 GeV (a)

1 1 I
12

1 1 I 1

2 q 6 8 10
2005: PRD 76, 051106

|DT (GeV/C) 2006: arXiv:0810.0694
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Gluon polarlzatlon World fit

— DSSV
XAg — DNS

- GRSV

""" GRSV maxg
.~ GRSV ming

DSSV Ay’=

DSSV AX2=2°/$ 1 os

-2
10

-4 0.1

- -0.1

.02

® Ag(x)1s very small as
medium x

= best fit has a node at x ~ 0.1

= large uncertainties at small x

» Ag(x) small!!?

f Ag(x)dx = -0.084 @10GeV"’

RHIC range: 0. 05 < x < 0.2 (can be changed by extending /s to
64 and 500 GeV)

High x (> 0.2) covered by HERA, JLAB ....

BROOKHFIVEN
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How to measure AG at an EIC

HERAF,

~

Z x=6.32E-5 +0.000102

Y /1y x=0.000161 —— ZEUS NLO QCD fit
S (Y e H1 PDF 2000 fi
-  x=0.0004 it
o N / x=0.0005

=3 ./ x=0.000632 o H194-00

T x=0.0008
o) s+ H1 (prel.) 99/00

 x=0.0013 = ZEUS 96/97

x=0.0021 BCDMS

A
4 -
i v x=0.0032 NMC
i A
4 - x=0.005
I A
i - x=0.008
3 -

- x=0.013

Eialls | 0qss x=0.021

T ® M

2 | if}iwp!-.ql%ﬁr x=0.032

oo W - x=0.05
-~ —"”_:.//” -

1
| B e VNV U UV VO S eewwx;()ﬁs
0 1 \fl\\\[ 1 \\\l\l‘ | 1 \\|\\\‘ 1 | \\\\\\‘ 1 1 |\\\|\‘
2 3 4 5
1 10 10 10 10 10
2 2
Q7 (GeV?)
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How to measure AG at an EIC

HERAF,
)
Na) - X=6.32E-5 | 4 000102
c% /1, x=0.000161 —— ZEUS NLO QCD fit
S ’/ o
-~ 0.0004 H1 PDF 2000 fit
S 7 x=0.0005
€ 5 '/ x=0.000632 e H194-00
"V x=0.0008
) s HI1 (prel.) 99/00
x=0.0013 = ZEUS 96/97
L A
A ~ / al
. x=0.0021 BEDMS
4 -
L. - x=0.0032 NMC
| A
A o x=0.005
i A
- Lo x=0.008
3 - . _ s
e s e x=0013
e\ " 0as8 x=0.021
B >, mee 800, & x=0.032
& x=0.08
1 [
0 I\II\HI 1 \I\\III‘ | I\\I\H‘ 1 \\I\\\Il 1 \I\\\I\‘
2 3 4
1 10 10 10 10 10
2 2
Q7 (GeV?)
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® AG: Indirect from scaling violation

e ¢ 3
9 X =0.007
) I?I
?; X =0.025
- %3 X =005
W X =0.08
mzpm—i——!@%—!—f X =0.125
1 L [] )
—i—’x—i—ﬁi—’%—i—l‘ X =0.175
c-l-3 » i & h“&—f—é—g—I—!— X =0.25
< ——F Ly =3 W $ . X =035
3 4
= \—i—LM = X =0.45
5 _Iﬁ“
= \T X =0.50
(=Y §) { L
0.1 X =0.55
E130 {
s E143 \}l\x = 0.66
v E155 l
o EMC o
e SMC ¥
« HERMES
b e——————————— |
0.7 1 10 100 200
QZ[GeVZ]
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How to measure AG at an EIC

HERA F2
—_— . ° [ [
= x=632E-5 __0 000102 ® AG: Indirect from scaling violation
— /', x=0.000161 —— ZEUS NLO QCD fit
o0 /' x=0.000253
=) / —— H1 PDF 2000 fit
. S=0000s | @eRHIC
7 x=0.
Qm” 5 ./ x=0.000632 e H1 94-00 g €
T x=0.0008
gy s HI1 (prel.) 99/00
x=0.0013 = ZEUS 96/97
L A
A S
- x=0.0021 BEDMS ,
4 | /
. _ x=0.0032 NMC /
|4 2
, . x=0.005 2.5 LQ*< 7.5
0 0. x= - - - - - am {
oy u X=0.008 10° 102 10! 1 10°  10% 10
3 [ 6 / P 5 ) . . ‘ X x
— P 455 x=0.01
S P LE i x=0.013 o~ | A~ ]
. ’ N S
e x=0.021 q q
[ D k// “ [l - x X
I P B I ~ .
_ /’ ‘ "o ® o ¥ i X—0.032 a — , / a «—
207 \erws @) / (@) / — ORSV std
T N L mmegnanee gty x=005 2% . | — CRSVAg=0
ST s vl - / - GRSV Ag—g
I | i Ny uugypiommugealyg 2 g x=0.08 - ; [ — GRSVAg=—g
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_1 | } _1 |
1 10° 102 0! 1 10 10?10
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0 1 | II\HI 1 | | \I\I‘ | 1 | 1 I\H‘ 1 | 1 \\Hl 1 1 111 \I\‘
2 3 4 5
1 10 10 10 10 10

Q*(GeV?)
roROoKHAIEN macl@bnl.gov



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

How to measure AG at an EIC

® AG: Indirect from scaling violation

10 _I |||| T T T |||||| T T T TTTT T T T TTTT T T T |||||_
| — x=0.0007 ]
i x = 0.0025 1
* o x = 0.00075 (+6.5) -
- % —— x=0.0063 1 + . ® LT EIC (E,=7, E,=150)
- _a—— x=0.0141 1&a > 10 v x = 0,002 (+6) ® SMC
: - *; v ¥ 7 E155
__I__.—————-'—"*_ X = 0.0245 y € v . N 00% (4
' x = 0.0346 S 7 ke e ® * UL ‘ f'b‘q ® HERMES
1 - : . 1%5 6 + I 0.0085 (+5
| —_./’_,* X = 00490 N p . e x = 0.02 ( 4 4‘)
L 1y 1 . o .’ )
i U | * G i ) ++$,‘Iz vy v vy X = 0.04 (+4)
- /| .l.;.""‘-’_/_*—, % _ 0 122 B -n.“(‘\ Jgn e @ & o - ) x = (0.1 (+Jt‘)
}.:;/i'// x =0 <<\ 1 . et homevy "o %™ v v v v vy x = 0.225 (+3)
i 44 x=0.173 6 . OP 0 ® % ®® 000 © © © 06 x=0.35(+2.5)
T O 5 (
- . - Fd ® BY Sy, ver v Y Vv VY ¥ v x = 0.45 (+2)
,—Jﬁ—i—*—f x = 0.245 o,
» J( Q,& ® T o> 0 e e o - e e o o x = 0.88 (+1.8)
0.1F j | x = 0.346 O -
[ ® ] |
- \+ | 1 1 eV YY Yy v v v vy w x=085(+1)
I y y 0.9
| i -
- | = . l)rj e @ - e o o - e o o - x = 0.75 (+0.7)
m E155 + x =0.490 .
| i 0.6
E143 | O ‘3 LA | LA 1 | 1 1 LA
S - § o 10 10° 10° _10" .
SMC s x = 0.735 Q* (GeV?)
o L2, HERMES | | Integrated Lumi: 5fb"!
100 10" 102 108 104

Q?(GeV?)
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e+A physics programme at eRHIC

® Explore the new QCD frontier: strong colour fields 1n
nuclet:

= How do the gluons contribute to the structure of the
nucleus?

= What are the properties of high-density gluon matter

= How do fast quarks or gluons interact as they traverse
nuclear matter?

TN, macl@bnl.gov 18
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Low-x physics: problems with our current understanding

BROOKHFIVEN

NATIONAL LABORATORY

macl@bnl.gov

xf

10

— ZEUSNLO QCD fi

ZEUS

Q=1 GeV* ~ 2.5 GeV?

7 GeV?

tot. error
(o free)

20 GeV?

tot. error
(o fixed)
“¥24  uncorr. error
(o fixed)

19


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

Low-x physics: problems with our current understanding
® Using the Linear DGLAP evolution model: ZEUS

6 Q’=1GeV? - 2.5GeV?

— 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 ...

BROOKHFVUEN macl@bnl.gov | 9
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Low-x physics: problems with our current understanding
® Using the Linear DGLAP evolution model:

= Weird behaviour of xG at low-x and low

. exp. uncert.

Q% in HERA data
» xG goes negative !!
H1+ZEUS
» xS > x@G, though sea quarks come from —~ 1 .
luon S llttln e 20 Q%=20 GeV/? H1 NLO-QCD Fit 2000
g p g 5 i xg=a=x"+(1-x)° *(1+dx+ex)
\6 i FFN heavy-quark scheme
® MOre Severe X 175* Q%=200 GeV2 ~ total uncert.
! Bl exp. uncert.
15
. . . . . I ZEUS NLO-QCD Fit
= [inear evolution has a built-in high- ol Prel) 2001
14 29 ln xg=anCs(10)°
energy CataStrOphe E RS'JT-VFN heavy-quark scheme
10

= xG has rapid rise with decreasing x (and :
increasing Q%) = violation of Froissart 75

unitarity bound

» Must have saturation 25

roROoKHAIEN macl@bnl.gov 19
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Low-x physics: problems 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 !!
H1+ZEUS
» xS > x@G, though sea quarks come from —~ 1 .
luon S llttln e 20 Q%=20 GeV/? H1 NLO-QCD Fit 2000
g p g 5 i xg=a=x"+(1-x)° *(1+dx+ex)
\6 i FFN heavy-quark scheme
® MOre Severe X 175* Q%=200 GeV2 ~ total uncert.
! Bl exp. uncert.
15
. . . . . I ZEUS NLO-QCD Fit
= [inear evolution has a built-in high- ol Prel) 2001
14 29 ln xg=anCs(10)°
energy CataStrOphe E RS'JT-VFN heavy-quark scheme
10

. exp. uncert.

= xG has rapid rise with decreasing x (and :
increasing Q%) = violation of Froissart 75

unitarity bound

» Must have saturation 25

What’s the underlying dynamics? %%  ©° w02 10y

roROoKHAIEN macl@bnl.gov 19
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Non-linear QCD - saturation

proton

=E-E =~

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

TN, macl@bnl.gov 20
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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

In 1/x

saturation

@) region In Qg(Y)

Y

roROoKHAIEN macl@bnl.gov 20
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Non-linear QCD - saturation

proton

e BFKL: evolution in x E _

) 1ine ar N partons any 2 partons can recombing

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

1/x

e 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

roROoKHAIEN macl@bnl.gov 20
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The nuclear enhancement factor

TN, macl@bnl.gov 2|
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The nuclear enhancement factor

® Enhancing Saturation effects:
= Probes interact over distances L ~ (2mpux)-!

= For probes where L > 2R (~ A7), cannot
distinguish between nucleons in front or back
of the nucleus.

» Probe interacts coherently with all nucleons.

TN, macl@bnl.gov 2|
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The nuclear enhancement factor

® Enhancing Saturation effects:
= Probes interact over distances L ~ (2mpux)-!

= For probes where L > 2R (~ A7), cannot
distinguish between nucleons in front or back
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.

» This kick experienced in a random walk 1s the
resolution scale.

TN, macl@bnl.gov 2|
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The nuclear enhancement factor

Simple geometric considerations lead to:

2
Q? asmGg;, Q) HERA: 2G %/3 A dependence: 2G4 x A
LU €T

Nuclear Enhancement Factor: (Q%)? ~ ¢ Q7 (

TN, macl@bnl.gov

A

X

>1/3
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The nuclear enhancement factor

Simple geometric considerations lead to:

2
O‘st(i’;v Qs) HERA: +( LA dependence: 2G4 x A
TR xl/3

2
Qs

AN\ /3
Nuclear Enhancement Factor: (Q%)? ~ ¢ Q7 <m>
Enhancement of Qs with A: = non-linear QCD regime

reached at significantly lower
energy 1n €+4 than in e+p

TN, macl@bnl.gov 22
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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

dInQ%,/d InA

TN, macl@bnl.gov
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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

b

Kowalski and Teaney
10 |- Phys.Rev.D68:114005,2003

GeVz)

p —

Qs

0.1 1 llllllll 1 llllllll 1 Illlllll 1 llllllll 1 llllllll 1 L1l
1/x

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

BROOKHEAVEN macl@bnl.gov 23
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EW unification at HERA

‘;; o *H1e*chgl4l.<lxl) 5 >
S s A H1 6pNC = At small-medium
2 0 ZEUS e*p NC 99-00 :
°_‘% j 0 ZEUS e)p NC 98-99 ] sz G(NC) >> 0
2 - SMe'pNC (CTEQSD)
T = — SMepNC (CTEQED) _ (CC)
2f \ E
- = For Q% > Mz? and
3

10 &

Mw?, c(NC) ~ ©
(CC)

» EW Unification

=+ H1e'p CC94-00
10 L *HepcC

E = ZEUS e’p CC 99-00
5[ = ZEUSepCC 9899
10 5 gm e*p CC (CTEQSD)

s — SMepcCC (CTEQSD)
10 F

- y<09

e S ® Already a textbook
Q@ (GeV) figure ...

roROoKHAIEN macl@bnl.gov

HERA e From DIS at HERA:

24
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Matter at low-x: A truly universal regime?

What about on the parton scale?

Q3(b) A

p
A1/3<

vVin 1/x

TN, macl@bnl.gov 25
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Matter at low-x: A truly universal regime?

What about on the parton scale?

Q2(b) A ¢ Small-x running-coupling
BFKL QCD evolution predicts:

A ® (s approaches universal
behaviour for all hadrons and

. < P nuclei
A
e No dependence on A!!

VIn 1/x e Not only functional form f(Qs)
universal, but even Qs itself
becomes universal

A.H. Mueller, hep-ph/0301109

TN, macl@bnl.gov 25
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Matter at low-x: A truly universal regime?

What about on the parton scale?

Q2(b) A ¢ Small-x running-coupling
BFKL QCD evolution predicts:

A ® (s approaches universal
behaviour for all hadrons and

. < P nuclei
A
e No dependence on A!!

VIn 1/x e Not only functional form f(Qs)
universal, but even Qs itself
becomes universal

A.H. Mueller, hep-ph/0301109

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

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

BROOKHFVUEN macl@bnl.gov 25

NATIONAL LABORATORY



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

Matter at low-x: A truly universal regime?

What about on the parton scale?

Prbton '
| Calcium wwwws

® Small-x running-coupling
BFKL QCD evolution predicts:

® (s approaches universal
behaviour for all hadrons and
nuclei

e No dependence on A!!

10" | ' ' ' ' ' ' :
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 ® Not ()nly functional form f(Qs)

Y1/2 . .
universal, but even Qs itself

Dusling, Gelis, Lappi and Venugopalan arXiV:0911.2720 .
becomes universal

Radical View:
= Nuclei and all hadrons have a component of their wave function
with the same behaviour
= This 1s a conjecture! Needs to be tested

BROOKHIVEN macl@bnl.gov 25
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Key measurements 1n et+A

® Momentum distribution of gluons xG(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?)]?

TN, macl@bnl.gov
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Example of key measurements Fr

2 € —eX 2
dxd() :(;Q 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

roROoKHAIEN macl@bnl.gov 27
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Key measurements 1n et+A

® Momentum distribution of gluons xG(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?)]?

TN, macl@bnl.gov
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Key measurements 1n et+A

® Momentum distribution of gluons 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

roROoKHAIEN macl@bnl.gov
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Key measurements 1n et+A

® Momentum distribution of gluons xG(x,0?)
= Extract via scaling violation in F2.: 0F2/0lnQ-
Direct measurement: F1 ~ 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 ~ A%
= [, F for various A and impact parameter dependence

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

)
)
)
)

O A macl@bnl.gov
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Interaction of fast probes with a gluonic medium
e nDIS:

= (Clean measurement 1in ‘cold’ nuclear
matter

h

= Suppression of high-pr hadrons analogous
to, but weaker than at RHIC

PHENIX expt: Phys.Rev.Lett.91:072301 (2003)

hot nuclear
matter

< 1.8C
o T ® Central 7° (0-10%)
180 O  Peripheral 7° (80-92%)
1.4
1.2
) SUSLSEERRRN SN o t S
1 2
0.8— + %
: & HERMES
0.6 | Krfinal
042_ ) | He, Ne prelim.
T §’§§ o *. l | 061~ —— absorption
0.2 é’. ..... 6.‘.% ............ + ............ 1 ..... T .......... [ energy loss
B I [ N T N T A T T N N T R T O N
0_ | | | | | | | | | | | | | | | | | | | | 0.2 0.4 0.6 0.8 1
0 2 4 6 8 10 7
h

p; (GeV/c) .
V = virtual photon energy

BROOKHFAEN macl@bnl.gbt = En/V 29

NATIONAL LABORATORY



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

Interaction of fast probes with a gluonic medium
e nDIS:

= (Clean measurement 1in ‘cold’ nuclear
matter

h

= Suppression of high-pr hadrons analogous
to, but weaker than at RHIC

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES

| Krfinal
He, Ne prelim.
06— —— absorption

m - energy loss

T N TN TN TN N TN NN TN AN NN SN N AN N S
0.2 0.4 0.6 0.8 1

Zh
V = virtual photon energy
BROOKHPAEN macl@bnl.gbt = En/V 29
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Interaction of fast probes with a gluonic medium
e nDIS:

= (Clean measurement 1in ‘cold’ nuclear
matter

h

= Suppression of high-pr hadrons analogous
to, but weaker than at RHIC

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES
| Krfinal |
Energy transfer in lab rest frame: 0.6 |- He_"\lszsrs:gon
EIC: 10 <v <1600 GeV -~ energy IossI |
HERMES: 2-25 GeV 02 04 'Z'o.6' 08 1
h

V = virtual photon energy
BROOKHPAEN macl@bnl.gbt = En/V 29
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Interaction of fast probes with a gluonic medium

h h
12— ]
— cold nuclear
= {H}##%#%d}#db#{:%%%%##%%#%#%%%?%%d}:ﬂiﬁ matter
11— IIIIIIIIIIIIIIIIIIIIIIIIiiTI
[ ....................é. J‘ 6<Nu<l12
1:— TYYYYYYVYYVYYVYYVYYYYY v 12 <Nu < 17
= A
o 09:_ e 17<Nu<235 hot nucléar
~ I 1 + matter
0.83 é é 3$§§ m 23.5<Nu<?50
[ T T 1 1
Zé { { %IIY s = 50 < Nu <80
0.7 — L
- 1 900 < Nu < 1100
0.6_ Ill L 1 L L L II]I 1 1 1 L L L L1
1 10 Q2 10° 10°
12
— 4}'4}-4}"{?4}'4}4}4}'{?4}-%4}'%4}'4}4}4}4}#{?%4}'4}%%%%%%#%%%4}4}%%"
1_1:—IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;
— ooooooo-oooooooooooooooo.oooooooooo§§5 -&E
1:—VYVVVVVVVVVVYVVVVYVVVVVYV'VVVYVVVVV!!? m
09—
08— T .
E e ¢ § i I Kr final
— v T L B .
0.7 I : Y ¥ ¢ 1 . He, Ne prelim.
— Y - .
0.6 i 1 s 0.6 absorption
— 1
= - - energy loss
0;' 1 I0|3I L L Iol4l L L l0|5l L L IOIGI L L IOITI L L 10|8I il L I0|9I L L 1 I I I I I I I I I I l I I I I I I
' ' ' ' z ' ' ' 0.2 0.4 0.6 0.8 1

Zh
V = virtual photon energy
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Key measurements 1n et+A

® Momentum distribution of gluons xG(x,0?)
= Extract via scaling violation in F2.: 0F2/0InQ?
= 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 auif/oo: (HERA/ep: 10% , EIC/eA: 30%7?)

= Diffractive structure functions and vector meson production
= Abundance and distribution of rapidity gaps

TN, macl@bnl.gov
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Key measurements 1n et+A

® Momentum distribution of gluons xG(x,0?)
= Extract via scaling violation in F>: 0F>/0lnQ-
= Direct measurement: F1 ~ xG(x,0O?) (requires Vs scan)
= 2+1 jet rates
= Ineclastic 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 ~ A#3
= [, 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 auif/oo: (HERA/ep: 10% , EIC/eA: 30%7?)

= Diffractive structure functions and vector meson production
= Abundance and distribution of rapidity gaps

O A macl@bnl.gov
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Role of colour-neutral (Pomeron) excitations

do
* 2 2\12
E|t:0(W — MxA) x a”|Ga(z, Q7))
e(ku/) K’
e (k) | K electron //
W . | q y
Y (q) X
gap
P (p )’ * (0 P :
i proton, nuclei
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Role of colour-neutral (Pomeron) excitations

d o Curves: Kugeratski, Goncalves,
* 2 2\12 Navarra, EPJ C46, 413
—lt=0(7" = MxA) < a”|Ga(z, Q%)
t 0.6 I lllll
e(k,/) K o5f-———————-—-—-—-—-— —
-t |
(k) K electron \bH 04
> =
@) M o 0-3 i
¥ 0.2
0.1 Ll Ll L LU 1 LUl L L LUl
> 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 ?
e Predictions: ~25-40%"?

TN, macl@bnl.gov 31
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Role of colour-neutral (Pomeron) excitations

d - Curves: Kugeratski, Goncalves,
* 2 2\12 Navarra, EPJ C46, 413
t=0(7" — MxA) x a”|Ga(z, Q)]
dt 0.6 LI IIIIHI LILLLLLLL LI Illllll LA
e(k,/) K o5f-———————-—-—-—-—-— -
-t |
e (k) K electron \bH 0.4 :::: ........ |
> = T T =Tlme— il
v (q,
0.2
Q%=1 ]
0.1 Ll lllllll 1l lllllll Ll Illllll L L LLLLLL
> X (p,) 10°  10* 100 107 10"
P(p,) proton, nuclei X

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

e Predictions: ~25-40%"?
Look inside the “Pomeron”

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

d ok Curves: Kugeratski, Goncalves,
* 2 2\12 Navarra, EPJ C46, 413
o t=0(7" — MxA) x a”|Ga(z,Q7)]
e(ku/) k’ 105 | IIIIIIII [ [llllll I IIIIIIII L
- EIC (10+100 GeV) -
e (k) K electron " JLdt=5/A,fb" and 5/A, fb” ]
Y (@) Mx 100 [ oo rmmT s $884%
2 - B =0.062 -
> - .
> X (p,/) a =F . =
P (p,) oroton, nuclei % 02~ XP=mom. fraction of  _
~= - pomeron w.r.t. hadron .
= S » a
. . © <
HERA/ep: 15% of all events are hard diffractive = .
Diffractive cross-section Oy4/0,, 1IN e+A ? 045~~~ ~__ Au((inear evolution) - —
* Predictions: ~25-40%7? : Au (saturation model) o \:
LOOk inSide the “POmeron,, 01 i ml Illlll | 1 lllllll | 1 lIIII:

: . : 10° 10 10°  10° 10
 Diftractive structure functions X o

Distinguish between linear evolution and saturation models
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How to measure coherent diffraction in e+A ?
e
dt ="

(v — MxA) o< a®[Ga(z, Q7))

\_ Z-Y view X-Yview

TN, macl@bnl.gov 32
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How to measure coherent diffraction in e+A ?
do

=
® (Coherent diffraction == low t

(v — MxA) o< a®[Ga(z, Q7))

TN, macl@bnl.gov 32
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How to measure coherent diffraction in e+A ?

do

=
® (Coherent diffraction == low t

(v — MxA) o< a®[Ga(z, Q7))

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

TN, macl@bnl.gov
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How to measure coherent diffraction in e+A ?

do
dt

® (Coherent diffraction == low t

i=0(7" — MxA) x &®[Ga(z, Q%))

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

- mein ~ pAemin

TN, macl@bnl.gov
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How to measure coherent diffraction in e+A ?

do
dt

® (Coherent diffraction == low t

i=0(7" — MxA) x &®[Ga(z, Q%))

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:

TN, macl@bnl.gov
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How to measure coherent diffraction in e+A ?

do
dt
® (Coherent diffraction == low t

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

- mein ~ pAGmin

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

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

OROOKHAUEN macl@bnl.gov

i=0(7" — MxA) x &®[Ga(z, Q%))

species (A) pt™" (GeV/c)

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

Au (197) .58
U (238) .90
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How to measure coherent diffraction in e+A ?

do
dt
® (Coherent diffraction == low t

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

- mein ~ pAGmin

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

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

i=0(7" — MxA) x &®[Ga(z, Q%))

species (A) pt™" (GeV/c)

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

Au (197) .58
U (238) .90

For large A, nucleus cannot be separated from beam
without breaking up

BROOKHFIVEN

NATIONAL LABORATORY macl@bnl.gov

32


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

How else to measure diffraction in e+A?

4 )

Large Rapidity Gap Method:

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

TN, macl@bnl.gov 33
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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

roROoKHAIEN macl@bnl.gov 33
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How else to measure diffraction in e+A?
f&'l )

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

roROoKHAIEN macl@bnl.gov 33



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

How else to measure diffraction in e+A?

4 )
ZEUS
i . l J [rrrrprrrrp e e e et l l l s
Large Rapidity Gap Method: 5 U pcer )
- 103%— — RAPGAP+DJANGOH ﬂ* —é
In diffractive events, a large gap| | [o/neon 5 E
in rapidity occurs between mf_ “*:,%# ‘ _
outgoing p and final state [ ”'TW T
. 1= - =
particles - QHT
2 3 4 5 6 N 7
\ \ . . MaX y
e At HERA: An ~7 = hadronization reduces this to ~2.5 Diffractive
® Pros events
= [ ots of statistics

e (Cons
= Sensitive to detector acceptance
= No information on t

TN, macl@bnl.gov 33
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How else to measure diffraction in e+A?

4 )

—
-
-
—
—
—
—
p—
—_
—
—
—
—
—
—
—
—_
—
-
—
-
—
—
—
—

Large Rapidity Gap Method: et & (@)

-
DJANGOH ~ul

w

'y
o
N Illlllll IIIIII\Il JII\IIIII I\Illllll IIIIIIII| I

—
Q

In diffractive events, a large gap

I IlIIII\II \II\IIIII Hlllllll lIIIlIIII |

in rapidity occurs between i 1{”:% ‘
outgoing p and final state 1 [ ”"W -
particles SN .5.; ni .-
\ \ Tusx
e At HERA: An ~7 = hadronization reduces this to ~2.5 Diffractive
® Pros events
= [ ots of statistics
e (Cons
= Sensitive to detector acceptance Can thlS methOd
= No information on t be used At an E|C7
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Large rapidity gaps at eRHIC

BROOKHFIVEN

NATIONAL LABORATORY

0.08
0.06
0.04

0.02

q,';- :l
S, e

e+p: RAPGAP: MFP in Event

2+100 GeV - DIS
54100 GeV - DIS
10+100 GeV - DIS
20+100 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

Diffractive

" I |II-'r-.-;-":i-.-"tl::"l-::-'.!--i| R

O |

macl@bnl.gov

6 -4

DIS

-2

0

2 4

6 8
rapidity
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Large rapidity gaps at eRHIC

® Method:
= Use RAPGAP in diffractive ? e+p: RAPGAP: MIFP in Event
. - 5+100 GeV - DIS
and DIS modes to simulate 0.1f R Cey B
e+p collisions at EIC e 1 24100 GeV - Diff
-------- 5+100 GeV - Diff

. I B 10+100 GeV - Diff
energles 0.08r || e 20+100 GeV - Diff
A R 30+100 GeV - Diff

= (Clear difference between
DIS and Diftractive modes
in “most forward particle 1n
event” distributions

0.06

0.04] Diffractive

p Little change 1n distributions 0.02:—
with increasing energy

Sy [ | [ | | 'r--||-'r1' :-'J--.L [ | [
-2 0 2 4 6 8
rapidity
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Large rapidity gaps at eRHIC

® Method:

= Use RAPGAP in diffractive 10" S 19! FAPGA PP in Even
and DIS modes to simulate — DISIDIff - 90:10
et+p collisions at EIC 102} lefract|

energies event

= (lear difference between
DIS and Diftractive modes
in “most forward particle 1n
event” distributions

p Little change 1n distributions
with increasing energy

= (Can reproduce “ZEUS-like” 84 6 -4 -2 0 2 4

plots

O A macl@bnl.gov
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Requirements for an Electron-Ion Collider

10°t 17

NMC
BCDMS
E665
SLAC
CCFR

I - ZEUS BPC 1995

102} i ZEUS SVTX 1995

- B H1SVTX 1995
I -HERA1994 :
10 HERA 1993 i
1 |
_1-
10 L
F Ll ol Lol ol wl
107° 107 10™ 107 10 10" 1
X
BROOKHIVEN

NATIONAL LABORATORY

macl@bnl.gov

Well mapped 1n e+p
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Requirements for an Electron-Ion Collider

Well mapped 1n e+p
N% 10*E 7] NMC
© [ BCDMS Not so for {+A (v+A)
S A E665 e many with small A
10°F SLAC e |ow statistics
- CCFR
102:— /
10 ¢ 7
1 |
-1 I
10
- . Ll wl L ol
10 107 10 107 107 107 1
X
BROOKHIVEN

NATIONAL LABORATORY
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Requirements for an Electron-Ion Collider

Well mapped in e+p
Q) |
3 10 7] NMC
O ‘ BCDMS Not so for £+A (v+A)
O [ [ Eees e many with small A

103 L SLAC o
: e |ow statistics

_ CCFR
02 - EIC etAu e
5 20 GeV + 100 GeVi/n 7 // Electron lon Collider:

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

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

- E.=3-20GeV

- polarized

e Hadron Beams
A B E— - Eo =100 GeV

x -A =p—=U

- polarized p & light ions

roROoKHAIEN macl@bnl.gov 35
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Requirements for an Electron-Ion Collider

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

E C% NMC

BCDMS
E665
SLAC
CCFR

- EIC etAu

20 GeV + 100 GeV/n

Terra incognita:
BROOKHFIAEN

NATIONAL LABORATORY

small-x, Q <
high-x, Iarge Q2
macl@bnl.gov

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
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Requirements for an Electron-Ion Collider

10*E EIC e+Au
- 20 GeV + 100 GeV/n

| — — — 10 GeV +100 GeV/n

103k ------ 9 GeV + 90 GeV/n

Q? (GeV?)

Terra incognita:  small-x, Q = Qg
Igh- 2
BROOKHRUEN O 1@rge Q

NATIONAL LABORATORY macl@,bnl.gov

Well mapped in et+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
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Requirements for an Electron-Ion Collider

[/

—
AN
3 10°F By

9 - BCDMBeV + 100 GeV/n
&N -

@]

! FE66%0 GeV +100 GeV/n
10° - -g1 ATGeV + 90 GeV/n
: CCFR

5 " EIC e+Au
10 3 20 GeV + 100 GeV/n
L — — — 10 GeV +100 GeV/n

- _S==--- 9GeV +90 GeV/n
Q2
10 F S Ay

.1-
10 £

Terra incognita:
BROOKHFIAEN

NATIONAL LABORATORY

small-x, Q = Q,
high-x, large Q?
macl@bnl.gov

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
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EIC: one solution eRHIC (@ BNL

2 x 200 m SRF linac

4 (5) GeV per pass
. 5 (4) passes

eRHIC i
detector \ Poelflgrtllzned
10-20 GeV e x 325 GeV p Beam
|30 GeV/u Au dump

possibility of 30 GeV @ O“;‘
low current operation

P12

P10 / \ ~ P2 /
20 GeV
e-beam
16 GeV

- e-beam

P8~ \ / P

IP6

12 GeV
e-beam

8 GeV
e-beam

T

Common vacuum chamber

STAR

4 to 5 vertically separated
recirculating passes

BROOKHIAEN mg\\d@bm,gov
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EIC: one solution eRHIC (@ BNL

o
-E
— =

5 |
e |

>
ST A

I T I I I I I I I I | 1
..................................... 11 460 B EleCtron 4Gev
.................... 8.3,|3.2

Horizontal [cm]

| === Blue 250GeV
Yellow 250GeV
- | === Blue 80GeV
| =mmm Yellow 80GeV

| == hard radiation

soft radiation

241,218 |

T pok2ssl
SR 18_-7,2|2.9._

8 : : . : - : . - T~z -
-26-24-22-20-18-16-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26

S [meter
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EIC: one solution eRHIC (@ BNL

T NGO WUIREEE AN W
NATIONAL LABORATORY

mgglga)bnl.gov

2 x 200 m SRF linac
4 (5) GeV per pass
5 (4) passes

Polarized
e-gun

IIIIIIIII T T T T
: === Electron 4GeV []
= Blue 250GeV []

Yellow 250GeV []

Blue 80GeV H
= Yellow 80GeV [
hard radiation [}
soft radiation ||

T 24.1,2

Operatipnal proton
80-250 GeV.

3.5m

7.9,.3
4
1.3 DI N
, L2 (124T) |
DS
s 8m
12T

pB N1
3.5m
1.20T. |
L ([{22T) 4

4

Z 3m
7

1.8 _|
|
I
-
-
I
1
=
=
i
=
I
1]
14
1
=
1|
1]
=
i
1

| | | | | 1 | |

MeRHIC eRHIC with CeC
pA | e | pA) | e N
250 20
Energy, GeV 4 325 (125
> (100) U5 a0 Ly 395 Gev p
Number of bunches 1 166 130 GeV/uAu
of 30 GeV @
Bunch intensity (u), 10! 2.0 0.31 2.0 (3) 0.24 [ent operation
Bunch charge, nC 32 5 32 4 .
50 |-
Beam current, mA 320 50 420 o
<|0> aary
Normalized emittance, 1
le-6 m, 95% for p / rms |5 73 1.2 25 =
for e =
S
S ol
Polarization, % 70 80 70 80 -CE) K
T
rms bunch length, cm 20 0.2 4.9 0.2 Zi
B* cm 50 50 25 25 - :
Luminosity,x 1033, 0.1 -> | with
_2y-| 2.8 —
cm-~s CeC

_ 8 1 i i i | i i : ¥ 4 {
-26-24-22-20-18-16-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26

s [meter]

recirculating passes



Detector requirements from physics

® c+p physics

= Need the same detector for inclusive (ep = €’X), semi-inclusive (ep = €’ X +
hadrons) and exclusive (ep = e¢’p+mn) reactions

» Need to have a large acceptance (both mid- and forward-rapidity)
» Crucial to have particle 1dentification
- ¢, , K, p, n over wide momentum range and scattering angles
- Excellent secondary vertex resolution (charm)
» Small systematic uncertainty for e/p polarisation measurements
» Small systematic uncertainty for luminosity measurements
® c¢+A physics
= Most requirements similar to e+p guidelines

= Additional complication arises from the need to tag the struck nucleus in
exclusive and diffractive reactions

® Also, important to have the same detector for all energies

= Reduce systematic errors

roROoKHAIEN macl@bnl.gov 37
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Simulations

e Initial simulations performed using the RAPGAP
simulation code 1n both DIS and diffractive mode

® No detector information involved in these simulations
= importantly, no magnetic field

® Detector geometry implemented in Geant 3, code about
ready to run simulations through and make trees out of
them

= Also run PYTHIA with radiative corrections

® Anyone can apply for an EIC account at BNL and have
access to the simulations

TN, macl@bnl.gov 38
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Event kinematics: produced hadrons (it")
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Event kinematics: produced hadrons (7t")
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First attempt at detector design
@@ ]

]
L v [==] | e

B Solenoid / Dipol

| Hadronic Calorimeter
| EM-Calorimeter

M RICH

B High Threshold Cerenkov
B DIRC

[ ] Tracking

e Dipoles need to have good forward momentum resolution

» <
hadron-beam lepton—-beam

= Solenoid has no magnetic field forr— 0
e RICH, DIRC for hadron pid
e High threshold Cherenkov — fast trigger for scattered lepton
e Radiation length very critical = low lepton energies

O A macl@bnl.gov
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MeRHIC detector in Geant 3

dipole central solenoid
tracking Drift Chambers
ala BaBar \
/ \
= \E IR \ =
— = ILIH]} éﬁ ~ =
ik %\Iﬁlll i =

[T ;

b //g hadronic calorimeter

em calorimeter high treshhold RICH

cherenkov

(L LTI

DIRC is present but not seen

due to position of cut

® Note - no hadronic barrel calorimeter due to height
restrictions at IP2

roROoKHAIEN macl@bnl.gov
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MeRHIC detector in Geant 3

Plots courtesy of Will Foreman and

> " Anders Kirleis, sophomores at SUNY-SB
BROOKHIE i 43
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MeRHIC detector in Geant 3

Plots courtesy of Will Foreman and

> " Anders Kirleis, sophomores at SUNY-SB
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What 1s happening now?

e EIC “Collaboration” formed in 2007
= Bi-Annual collaboration meetings
» Next meeting, 10% - 12 January, 2010, SUNY-SB
= Week long INT workshop - Autumn 2009
= 3-month INT programme - Autumn 2010
® Physics working Groups
= ctA, etp, detector design
e BNL Task Force
= http://www.eic.bnl.gov/ and https://wiki.bnl.gov/eic for details

= Current focus of work - understanding diffraction in e+A physics

» How do we measure diffractive events? = detector design

e 3 summer students from SUNY-SB working on both detector design and
theoretical 1ssues

= Have continued working through the semester on a “research for credit”
scheme and we have gained 2 more students!!

roROoKHAIEN macl@bnl.gov
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Status of the EIC project:

A High Luminosity, High Energy
Electron-Ton-Collider

|

ew Exper{;éAd/ Quest to Study the Glue
*That Binds Us All

The Electron Ion Collider Working Group
April 24, 2007

BROOKHFIVEN

NATIONAL LABORATORY

macl@bnl.gov

The Electron Ion Collider (EIC) White Paper
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Status of the EIC project:

Available at:
o SAC LRP2007 home page

* Rutgers Town Meeting page

o http://www.eic.bnl.

oV

o ttps://wiki.bnl.gov/eic

The Electron Ion Collider (EIC) White Paper
The GPD/DVCS White Paper

Position Paper: e+A physics at an Electron
[on Collider

The eRHIC machine: Accelerator position
paper

/'
A ng Lumlnos* ’ ngh En K Exploring the 3D quark and gluon structure of the proton:

Electron scattering with present and future facilities”

H. Abramowicz,! A. Afanasev,” H. Avakian,® M. Burkardt,! V. Burkert,® C. Munoz Camacho,” A. Camsonne,*
A. Deshpande,® F. Ellinghaus,” L. Elouadrhiri,® R. Ent,*> M. Garcon,® G. Gavalian,” M. Guidal,'®
V. Guzey,"' C. E. Hyde Wright,® X.-D. Ji,'> A. Levy,! S. Liuti,'* W. Melnitchouk,® R. Milner,'*
Ch. Montag,'® D. Miiller,'® R. Niyazov,® B. Pasquini,'” S. Procureur,® A. Radyushkin,”* J. Roche,'®
F. Sabatie,® A. Sandacz,'® A. Schiifer,'® M. Strikman,?® M. Vanderhaeghen,”"* E. Voutier,”” and Ch. Weiss®
! Tel Aviv University, Tel Aviv, Israel
2 Hampton University, Hampton, VA 23668, USA
3 Jefferson Lab, Newport News, VA 23606, USA
‘New Mesico State U.
°LANL
6511:111/ Brook U. and RIKEN-BNL Res. C.
"Colorado U.

“DAPNIA Saclay
0ld Dominion University, Norfolk, VA 23529, USA
9IPN Orsay
' Bochum U.
27, of Maryland
Y. of Virginia
“mrr

" BNL
*Regensburg U.
""Pavia_U. and INFN
"Ohio U.
9Soltan 1. Warsaw C ‘
NA The Electron Ion Collider Working Group “Pennsy State y Park, PA 16802, USA

%1 William and Mary U.
*LPSC Grenoble

April 24, 2007

Physics Opportunities

with
e+A Collisions
atan

Electron lon Collider

e+A White Paper
EIC Collaboration
April4, 2007
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2007 NSAC Long Range Plan

“We recommend the
allocation of resources to
develop accelerator and
detector technology
necessary to lay the
foundation for a polarized
Electron-Ion Collider. The
EIC would explore the
new QCD frontier of
strong colour fields 1n
nucle1 and precisely image
the gluons 1n the proton.”

i ITULIC Al JUICHING
A LONG RANGE PLAN

OV 46
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Summary

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

roROoKHAIEN macl@bnl.gov
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Summary

An EIC presents a unique opportunity in high energy nuclear physics
and precision QCD physics
® ¢+A physics

= Explore the gluons that dominate the make-up of the nucleus

» What are their momentum distributions? How are the spatially
distributed? How do they interact as they traverse matter?

OROOKHAUEN macl@bnl.gov 47
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Summary

An EIC presents a unique opportunity in high energy nuclear physics
and precision QCD physics
® ¢+A physics

= Explore the gluons that dominate the make-up of the nucleus

» What are their momentum distributions? How are the spatially
distributed? How do they interact as they traverse matter?

® ¢+p physics

= Precisely image the sea quarks and gluons to determine the spin,
flavour and spatial structure of the nucleon

OROOKHAUEN macl@bnl.gov 47
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Summary

An EIC presents a unique opportunity in high energy nuclear physics
and precision QCD physics
® ¢+A physics

= Explore the gluons that dominate the make-up of the nucleus

» What are their momentum distributions? How are the spatially
distributed? How do they interact as they traverse matter?

® ¢+p physics

= Precisely image the sea quarks and gluons to determine the spin,
flavour and spatial structure of the nucleon

e Embraced by NSAC in 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 (less civil construction costs)
e Early time-scale for realisation (operation by ~2016)
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Connection to other fields

GPDs

QCD Theory

Hadron Structure Saturation Models Relativistic :
(JLAB 12 GeV RHIC-SpIn) Color Glass Condensate Heavy |On PhyS|CS

Non-linearity, (RHIC, LHC & FAIR)

Confinement, Understanding
Valence <> Sea AdS/QCD of Initial Conditions,

Saturation, Energy Loss

ab initio
QCD Calculations ;
& Computational N @ : TGChﬂOlOgy Frontier
Development ewseneration Examples: beam cooling,
of Instrumentation )

Physics of Strong energy recovery linac,

Color Fields QCD CP Violation polarized electron source,
superconducting RF

Background =
cavities

OROOKHAUEN macl@bnl.gov 48
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Detection from hadron beam

® Tagging from Au fragments and p/n 1in e+p collisions
= suppress incoherent scattering / ensure exclusivity
» neutrons are detected in the Zero Degree Calorimeter
p protons use magnetic rigidity (Au:p = 2.5:1)
= DX magnet disturbs p tagging

fragmented proton trajectories from Au

200

150

100

|IIII|IIII|IIII|I

X [mm]

50

BROOKHIA 0

NATIONAL LABOR:/
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What about 12 o’clock instead of 2

® Detector cost savings
= Fully staged detector from MeRHIC to eRHIC
» Vertical space much greater
» Need to buy magnets only once
» Can stage detector components (€.g. hadronic calorimeter)
» No moving of components
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Compass a lot of new results
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Compass a lot of new results
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HERA ep:
L=50pb~1, Vs=297GeV

do/Aldn (nb)

= ¢RHIC allows multi-differential measurements of heavy flavour

do/A/dlog(x) (nb)

at e RHIC

log(x)

mi (e*t+e7)2
Au+Au (central) Vsyny=200 GeV
. ® STAR Au+Au 0-5% (PRL98, 192301)
E A PHENIX Au+Au 0-10% (PRL96,032301)
.......... DVGL Rad dN,/dy = 1000
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0.1 F van Hees Elastic -
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| I | | I | I |
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= covers and extends energy range of previous experiments, allowing for the
study of a wide range of formation lengths
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