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Overview

1 The EIC project
1 EIC science
1 Basics of Deep-Inelastic Scattering

! Selected topics
— Saturation and the Color Glass Condensate
— Nuclear structure functions at medium-, large-x
— Parton propagation and fragmentation in QCD matter

I Conclusion

) Appendices: useful links, additional observables
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The EIC project

NSAC 2007 Long-Range Plan:

“An Electron-lon Collider (EIC) with
polarized beams has been embraced by
the U.S. nuclear science community as
embodying the vision for reaching the
next QCD frontier.

83UB DG JRAIN JO SIBNUOI] Y|

EIC would provide unique capabilities for
the study of QCD well beyond those
available at existing facilities worldwide
and complementary to those planned for
the next generation of accelerators in
Europe and Asia.”
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The EIC project

US initiative driven by the QCD community in NP

) Colliding
— (un)polarized electrons up to 20 (30) GeV
— Hadrons
e protons up to 250 GeV
e jons up to Au/U at 100 GeV
— with unprecedented luminosities (> 100x Hera)

1 Unique
— High energy eA collisions
— Polarized beams:

e eTph
e e/ 3HeM

] Timeline: ~ 2020
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2 competing designs

Haney

= 7 i ; | __.-'z e
; . s Connecticut
StMarys 'SC'an on "F g ~Hamden
® e AL ' Danerg.-'- = *i
e, Wikes sare o X~ .
Lock Haven —* \. y . e ‘Brldgé""l‘l
bt han rm,kr- _ .f =
i - — Hagleton, 8y —~ ‘r’cnkE's.w Etgmf:rd
e

Newark_

' ey .-'

: _fi“.‘--_fLe-. thown—
;m."., e E!-:—tHewe*r i A >

BT —Pla rneld‘ Nelu"Ych:rk
' m . A I-&ﬁti:u', k.
Altoona : :

Fi

B Rhode
— - EdIE-DF

Har"lshl'g / - |
Ic"nsrn\." Eg

. *He;dngll. Tren tcn: eRHIC Island
o . By (T % &3 \, :
@' ;. - \"'.i Lﬂn.,aster F’r:lafielpirﬁi-_d rOD %aven Natlonal Lab
“""_DEI and=: - HH&E:;E;DW"I-‘—'_ WEE /‘ -

> 'J‘-.-'llrnlng ton,

-\_MK

¢ \ :
A o
rF"ne-:herlv::k Maryland ,E!’Segl n'f {l o .NE':'.-' Jersey
I 5— o R I

b
J ; §. " Northfield * 2e Atlantic City
et BdltllT'I{]rF" ™
2 >

' ront Royal e @ r-.-h:Lea'rV' 5 ._m . HFFEPDHSI.:._-._ e
o e ¥ s b b Dciaware Cape May

ST Manassasle W‘Hhmgtcm e

! o :

Harrisonburg
g

_‘ \, Villas

£

|§ Pl
f § 5:, ilver. | =t s " Ccean’ City
Moarefiel: L J T
5 s “bc-rlng / {Columbia o ey A
: WA '
|

Da_le_.Clty

St 7{ ' Charlottesville
s ed

- iy

Drafts

Lynchburg

A

ington

MEIC / ELIC
‘Jefferson Lab

Henderson

Alberto Accardi

Elizabath,

Quark Matter Italia 2010



2 competing designs

MEIC / ELIC at Jefferson Lab

] electrons: use CEBAF as is after 12 GeV upgrade
] protons/ions: build 2 rings in stages
— MEIC: up to 60 GeV (p), 24 GeV (Pb) prebooster gl
— ELIC: up to 250 GeV (p), 100 GeV (Pb)
) emphasizes luminosity onergy P

polarimetry \l,

SRF Linac

Low-to-
medium
colliderring

Medium
energy IP

injector

12 GeV CEBAF
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2 competing designs
eRHIC at Brookhaven National Lab

 electrons: build energy-recovery linac, in-tunnel e-ring, 6 passes

— energy from 5 to 30 GeV
— staging: 1-2 passes, E, = 5-10 GeV /

Polarized e-gun

 protons/ions: use RHIC as is Bearm-dump
— up to 325 GeV (p)
130 GeV(Au)

d emphasizes energy /

eRHIC detector

6 pass 2.5 GeV
ERL

RHIC: 325 GeV p

25 Gev or 130 GeV/u Au
NS 100m STAR
—

— G N .
Alberto Accardi Quark Matter Italia 2010
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2 competing designs: e+p
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2 competing designs: e+A
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) Overlapping, but not identical, science programs

] BNL and JLab are working in concert with DOE on strategy
to downselect the design
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Why electrons on protons / ions ?

) ep/eA collisions are the perfect instrument for high precision studies.
They are the ultimate microscope.

Gluon splits

into quarks Quark splits into gluons,

2z e, Splits into quarks ...
S / '\ Valence
B \ quark  107®m 0§ 7
= | % %5 g, G 5 B8
o o I g EE"i quﬂrk % )
momentum 5 7\ ¥
fraction x ; j.»/ \,‘ Valence —_—
< [ \
= I’ ) quark RAPDF1.0
o > _ wa \I\
momentum / 10¥m S higher Vs
fraction x \ . .
increases resolution

the quark and gluon structure of hadrons and nuclei
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An early modern, popular and wrong view of the proton

The Proton Proton made of 2 up (u) quarks and 1 down (d) quark.
— u-quark has charge +2/3
— d-quark has charge —1/3
= The neutron is just the opposite: 2 d’sand 1 u
— hence it has charge O
= The u and d quarks weigh the same, about 1/3 proton
— That explains the fact that m(n) = m{(#) to ~0.1%

= Every hadron in the Particle Zoo has_i{s own quark
composition

Not quite... as seen by a high-energy electron,
m , m, ~ few MeV

So what’s missing from this picture?

Slides modified from T.LeCompte — LHC talk at Argonne / J.Arrington, Argonne workshop, 2010
Alberto Accardi Quark Matter Italia 2010 14



Energy is stored in field

Thunder is good, thunder is
impressive; but it is lightning

that does the work.
(Mark Twain)

Energy is stored in electric & magnetic fields
— Energy density ~ E? + B?

— The picture shows what happens when the
energy stored in earth’s electric field is

released

Energy is also stored in the proton's gluon field

— There is an analogous E? + B?

— Nothing unusual about the idea of energy

stored there

e \What’s unusual is the amount:

Energy stored in the field

Atom 108
Nucleus 1%
Proton 99%

Slides modified from T.LeCompte — LHC talk at Argonne / J.Arrington, Argonne workshop, 2010
Quark Matter Italia 2010
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Energy is stored in field

=  Energy is stored in electric & magnetic fields
— Energy density ~ E? + B?
— The picture shows what happens when the

energy stored in earth’s electric field is
released

Atoms, nuclei made up of constituents
held together by some field

on field

{ Hadrons made up of the field itself  giakd
4 (localized around their ‘constituents’)

Energy stored in the field
Thunder is good, thunder is Atom 108
impressive; but it is lightning 0
that does the work. Nucleus 1%
(Mark Twain) Proton 99%

Slides modified from T.LeCompte — LHC talk at Argonne / J.Arrington, Argonne workshop, 2010

Alberto Accardi Quark Matter Italia 2010
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The modern proton

Alberto Accardi

99% of proton’s mass/energy is due to this
self-generating gluon field

The “valence quarks” (uud)
— act as boundary conditions on the field

— determine the electromagnetic properties
of the proton (gluons are electrically neutral)

Proton and neutron mass are similar:

— the gluon dynamics is the same

Valence quarks don't even carry all of the
proton's spin:

— gluon / sea-quark spin?
— orbital angular momentum?

Quark Matter Italia 2010 17



The modern nucleus

Alberto Accardi

EMC effect discovered more than 30 years ago:
— quarks / hadrons are modified inside a nucleus
— AzXp,n
— still a theoretical mistery

Nuclear gluons much less known

Significant potential for
— learning more about QCD
— discovery of unexpected physics

Use as filter / detector of propagating objects
— hadronization, color confinement
— color transparency

Quark Matter Italia 2010 18



A common thread - a “glue” if you will...

! How do we understand the visible matter in our universe in
terms of the fundamental quarks and gluons of QCD?

Locp = q(iv* 0y —m) q— g (q7v"'Taq) A}, — ZGZVG“ Y

! The key to the answers is the Gluon:
— it represents the difference between QED and QCD

! Cannot “see” the glue in the low-energy world

Despite their preeminent role, properties of gluons
in matter remain largely unexplored

= EXPERIMENTS

Alberto Accardi Quark Matter Italia 2010



EIC science case

What is the nature and role of gluons, and their self-interactions?
) physics of Strong Color Fields (saturation/non-linear QCD)
J study the nature of color singlet excitations (Pomerons)

) role of gluons in atomic nuclei (EMC/antishadowing, glue vs. qrks)
) test and study the limits of universality (ea vs. pa)

Alberto Accardi Quark Matter Italia 2010 20



EIC science case

What is the nature and role of gluons, and their self-interactions?

What is the spin and 3D quark-gluon structure of the nucleons?
) origin of proton's spin, role of angular momentum

) 3D spatial landscape of nucleons (GPDs, exclusive processes)
-] 3D momentum Iandscape (TMDs, seminclusive processes)

Alberto Accardi Quark Matter Italia 2010 21




EIC science case

What is the nature and role of gluons, and their self-interactions?
What is the spin and 3D quark-gluon structure of the nucleons?

Understand the transition of quarks and gluons into hadrons
) How do fast probes interact with the gluonic medium?

(energy—-loss, color transparency)

) How do gluons and color confinement turn a quark into a hadron?

(semi—-inclusive on A vs. D)

Alberto Accardi Quark Matter Italia 2010 22




EIC science case

What is the nature and role of gluons, and their self-interactions?
What is the spin and 3D quark-gluon structure of the nucleons?
Understand the transition of quarks and gluons into hadrons

Electroweak physics (studies underway)

) Parity violating interactions as a tool (pPvDIS, charged currents)
— precision study of quark structure of the hadrons

) Beyond the standard model
— Lepton Flavor and Number Violation

Alberto Accardi Quark Matter Italia 2010 23




EIC science case

What is the nature and role of gluons, and their self-interactions?

(inclusive, diffraction, jets)
What is the spin and 3D quark-gluon structure of the nucleons?

(semi-inclusive, exclusive, jets)
Understand the transition of quarks and gluons into hadrons

(semi-inclusive, jets)
Electroweak physics (studies underway)

(inclusive, missing mass)

Alberto Accardi Quark Matter Italia 2010 24




Basics of DIS



DIS kinematics

e (k) Resolution power (“Virtuality”):
‘ Qﬂz_qﬂz_(k k!)?
I.II BE 9;
ew , C_ Q° = 4E_E' sin* (9)
Inelasticity:
Pq E, (9;)
P y=—=1— —cos” | —
b, X(p) pk E. 2
Bjorken x:
2 2
2.
dZUep—:-eX 410 : }
ddQ®  xO ( ) ’ (“XQ)]
quark+anti-quark gluon momentum
momentum dlstrlbutmns distribution
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Structure functions, quarks and gluons

F-10g,x)

e HERA F,
I x=0.000253
- ! ¥=0.0004 — ZEUS WLO QCDM . . .
5 —1,!/ A ontse:s — w1 PR 2000 Scallng violation:
. . __..-"!-. : ¥=0.000E . / .
H py s T role of gluons and pQCD evolution
.“ a=0u001 8 FELIS 55497
4 ) a BCOMS ] )
0 e DGLAP evolution equation:

a=0.005 * MG

i -
Y
B L3
-, 1 y=0.008
3
=0.013
¥=0.021

Fz(XIQ 12) -> F2(XIQ 22)

I wéuﬂ \Bjorken-scaling:

N S scattering on valence quarks
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pQCD fits: from structure functions to partons

) pQCD analysis of structure functions (and other observables)
allows us to extract the quark q(x,Q?) and gluon g(x,Q?) distributions,
with x = fractional momentum of the parton

| —— HERA- PDF (prel) Q?=10GeV? | _ At LO. x=x
. I experimental uncertainty ! B

0.8 [_| model uncertainty § 2\ __ 2 : 2 2
I HERA Structure Functions Working Group F2 (CC7 ) T equ(x, )
| Nucl Phys. B 181-182 (2008) 5761 q

XU,
2
06 i Fr(x,Q°) =0
k”: xg (x1/20)
— At NLO
044 .
1

A XS (x1/20) I = ZH2L®fz

0.2 1=4q,9
' dF5 .
- 0.8
[ d1n Q)2

D = 111
10* } 1
X

Alberto Accardi Quark Matter Italia 2010
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pQCD fits: from structure functions to partons

) pQCD analysis of structure functions (and other observables)
allows us to extract the quark q(x,Q?) and gluon g(x,Q?) distributions,
with x = fractional momentum of the parton

20 T T rorrrTI LR rorrrTT
[ —— HERA-I PDF (prel.) Q%2=10 GeV? | . —
: - experimental uncertainty | At LO' X XB
16-_ E&s?i:i :ru]:j:rj:r:'ftirkingﬁmup _- F2 (x7 Q2) — Z 62£Bq(£l?, Q2)
| Mucl. Phys. B 181-182 (2008) 5761 i q
12} niSoay: h
< | At x<0.1 proton made
Al almost entirely of gluons
: Iy = ZH§,L®fi
4 1=q,9g
I dFQ
G
dnQ? =
0l
10 1073 102 1 X4 g
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selected topics:
gluons at small x



Issues with our current understanding

Linear DGLAP Evolution 20 %o, W — FEUSNLO acD
S'Gheme "'-.:-: \ mt.-errm[-:ﬂxed]
[ % W EEE uncor. errar (s fixed)
e Low Q2 LI Rl
b G(X, Q) < QsealX, Q2) ? S b Nk
» G(x, Q%) <07? Z
g
* Large Q?
» built in high energy “catastrophe”
» G rapid rise violates unitary bound
—_ . JEUs PrOG1, 012007

0% 107 102 107
x A X
Linear BFKL Evolution Scheme = : o
1l o
» Density along with c growsasa > § ..:
power of energy g I BrKL
» Can dE{'ISItI?S.& o rise forever? H ‘ o\ DGLAP ?‘...
» Black disk limit: Ototal < 2 1 R? 5 \9 v
T ot
In Adcp in QE'IZ
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Linear DGLAP Evolution

0 tot. ermror (e free)

'_:1:‘.,;.. \ ,. )
S Gheme ; ~“ . '-.::‘:':-.‘ M. mr (=g ﬁxed,l -

Something's wrong:
gluon density is growing too fast

Gluons must saturate at some point

(gluon need to recombine, not only split)

What's the underlying dynamics?

» Black disk limit: Ototal <2 M R?

In ;"'L%JCD
Alberto Accardi Quark Matter Italia 2010




Saturation and Color Glass Condensate

Review: Gelis et al.,

arxiv:1002.0333

Stability of the theory requires maximum gluon occupation number ~ 1/

at which point further growth is

) gluons with k <Q_(x) saturate

) saturation scale grows
as x decreases

) gluon dynamics is non-pert.
but weakly coupled:

as ” (x's (Qsz) <<1

Alberto Accardi

damped
% A
= O, << 1 saturation
- region In Q5(Y)
>
=
Q
Ef BK/JIMWLK
0]
=
E . o <<1
= } BFKL
3
z DGLAP .,
c

2
In A Qcd
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Saturation and Color Glass Condensate
Review: Gelis et al., arXiv:1002.0333

CGC is an effective theory of small-x gluons in the Infinite Momentum Frame,
describing saturation and the approach to the saturation regime

Effective degrees of freedom >
— Iarge-X color sources p W W[p]

e stochastic distribution W[p] =
_ P B %-’Eﬁmﬂﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬁ
— small-x gluon fields A* @
, , ) CqreaiBaenncaccae
— valid approximately at x < 107 5 EE'E,D.D.D.D.E.U.M Y
o Qfﬁﬂ.ﬂ.ﬂ.&ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ
Renormalization group
_ - _ % AH
separation scale Y = In(1/x) adonooacn
_ i i oW~
JIMWLK evolution equation a;[ﬂ] — _HWy [p]
— Universality

e fixed RG point, similar to spin glasses

Alberto Accardi Quark Matter Italia 2010 34



CGC and the Quark-Gluon Plasma

see J.Harris' lecture

Shattering 2 CGC sheets provides the initial conditions
for QGP evolution: the “Glasma”

tA freeze—out

I T, K, p, ...
, o /
N l'y
\ .. hadronization
: ~ - /
QGP evolution \" # equilibration
8

formation

glasma flux tubes,
n-particle long-range correlations
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Experimental evidence: e+p at HERA

Deviation from DGLAP evolution [celis,2008; Caola,Forte,Rojo,2010]

] — cut out data in “saturation region”
atlow T

SLAC

BCDMS
ZEUS

H1 G
CHORUS L L)
FLH108 %
NTVDMN
ZEUS-H2

10°

T @ XEOX+ XX

COOGHEEX B W B B+

10°

— fit PDF in “safe” region
— DGLAP evolve backwards:

e fitis systematically below data
(too much DGLAP evolution)

. e full fit partly mimics saturation

—— A, =05
AL =10
Ay =15

O IERS § B S §

¥

|, Frosoneeien Bx,

*

10% 5| — x, = 210°
— = 10°

— %y, =510

"
COEREDDIE mm&g
2 b Y e

HEIFCOOSEB D ¥
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10
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O

5K N
ooox/fl-

0 ’
POk WK o o
| QOCYC b x
F Ok X ¥ioo0,
E W e

o

x| “daies

E o#
E =k %

DAT/TH DIST: CUT

P wh

Distance

Using very precise
combined HERA data
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N
Experimental evidence: d+Au at RHIC

Large rapidity hadrons
) Suppression of Cronin effect at largey > 1
— due to proximity to shadowing region

— Tsat = (pr/v/s)e”Y =~ 0.001
R.Debbe, “Glasma worskshop”, BNL, 2010

+ 10-30%y=0 -« ny=0.9 -« W y=3
- - o Ky=0.9 T o Ky=2.95
185 b iERh
e A - BRAHMS PRELIMINARY
| I e A [
£ £
B T— A |
L, @ : ++
ﬂ:.u 05;'& l,}..?%m : ;-#E 2
T il g
0|||||||l|r|
01 2 3 40 1 2 3 40 1 2 3 4

P, [GeVic]
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Why using e+A at EIC?

EIC cannot compete with HERA in e+p

(d EIC well outside “sat” region

d Requiring Q? lever-arm,
needs e+p with at least

Vs=1—-2TeV

— unrealistic in the US
— LHeC in Europe

Alberto Accardi

10 L

4
= ] ZEUS BPC 1995
i ZEUS SVTX 1995
3 ——
[ ] HERA 1993
2|
1 I predicted Q, proton (min.bias)
g III| 1 IIII IIII| 1 1 111 II| 1 1 IIIIII| 1 1 L1111
10° 107 10* 107 107 10 1
X
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Why using e+A at EIC?
EIC cannot compete with HERA in e+p

2 ZEUS BPC 1995
 EIC well outside “sat” region 2 ¢ =ZEUSSVT><1995

. i E;EEEE H1 SVTX 1995
10% =] HERA 1994
1 Requiring Q? lever-arm, § %HERA1993

needs e+p with at least

Vs=1—-2TeV

10 L

— unrealistic in the US

— LHeC in Europe

predicted Q, proton (min.bias)

107° 107 107 10~ 1072 107 1
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Why using e+A at EIC?

Use nuclei to boost Q,

— Probe interacts over distances L ~ (2mpyx)~*

— For L > 2R, x A'/3 interacts coherent":
with the whole nucleus

Pocket formula
as2G(x, QF)

2
@ TR
HERA, BFKL: 2G ~ 1/z1/3
Ga~ AG Ra ~ A3

Alberto Accardi Quark Matter Italia 2010
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Why using e+A at EIC?

Use nuclei to boost Q,

— Probe interacts over distances L ~ (2myx) !
— For L > 2R, x A'/3 interacts coherently

with the whole nucleus

L
QO
O
Pocket formula U
QZ ~ anG(x7 Qg)
5 TR
HERA, BFKL: G ~ 1/z/3
Ga~ AG Ra ~ AY/3
0.1

10 -

- Kowalski, Lappi and

Venugopalan, PRL
100, 022303 (2008);
Armesto et al., PRL
94:022002;

L Kowalski, Teaney,
- PRD 68:114005)
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Why using e+A at EIC?

Use nuclei to boost Q,

J Nuclear targets:
— gain factor 7in Q_

— loose factor ~ 2 in Vs
[~ 0.4in log(x) ]

EIC will study the

approach to saturation

1 LHeC will go in the
deep saturation region

Alberto Accardi

% 10%F
= [ etA
O I
10°%E
102L ElC
. eRHIGa
“~~ Bl
I ~ % R H
10 ‘ approach to
s e . . L L, saturation
» T } (phenom.)
1 predicted Q_ (central Au)
-1 i
10 £
IIIIII| IIII | II| 1 |
10° 107 10 107 107 107 1
X
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selected topics:
partons at larger x



Nuclear quark and gluon distributions

Parton distributions in nuclei are modified compared to free nucleons

over the entire range of Bjorken x because of various nuclear effects.

DAT/TH DIST: CUT

From low to large x
] Saturation

) Nuclear shadowing
) Anti-shadowing

) EMC effect

) Fermi motion

) Short-Range Correlations,
non nucleonic d.o.f.

Alberto Accardi
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x ~ 0.7
A —
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Measurements and techniques

Quarks

] Neutral current F,

— day 1 measurement (inclusive)
— proton and deuteron
— spectator tagging

.. i » flavor separation
) semi-inclusive mesons

) charged currentF_, F, )

— requires high luminosity (studies underway)
] Proton vs. deuteron
] Spectator tagging e+D — n+X , e+D — n+X

— basic test of nuclear effects

Alberto Accardi Quark Matter Italia 2010

45



Measurements and techniques

Gluons
] DGLAP evoultion / scaling violation of F2 (6F,/3/nQ?)

— day 1 measurement (inclusive)
2 F, ~ xG(x,Q?%)
— requires running at more than one Vs
) 2+1 jet rates
— sensitive to larger x
1 Diffractive vector meson production ~ [xG(x,Q?)]?
— most sensitive to saturation
— challenging experimentally

Alberto Accardi Quark Matter Italia 2010
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Baseline - F_(p)

0.1
0.05
0
—-0.05
—0:1

relative error

Alberto Accardi
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[Accardi, Ent, in progress]
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107

MEIC 4+60 GeV (s = 1000)

- larger s (~4000 MeRHIC,
or ~2500 MEIC) would
cost luminosity

0.004<y<0.8

Luminosity ~ 3 x 103*

1 year of running (26 weeks)
at 50% efficiency, or 230 fb!

Dominated by systematics
~1-2%

Larger luminosity useful
at large x
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Baseline - F_(D)

[Accardi, Ent, in progress]

i :IIIIII 1 IIIIIII| ‘:_I IIlIIII| 1) IIIIII;
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0.05 F = — 4 0.05 E oo T £
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El IIIII] T lllllll T ]:I]II]I T T IIIH-:J- El Illlll LI IIIIIII __]- 1 IIII]I] LI Illll-:l
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Baseline - projected impact on global fits

0.2

(6u/1) gy, upic./ (6U/1)gx :

Qz=10 GeV2

| (6d/d)gxayme,/(6d/d)ex |

II|III|Ill|.lIIIIJ|

lIIIIJJ]JIIlIllllI

02 04 06 0.8

X

02 04 06 08

X

Sensible reduction in PDF error,

will be larger than shown if energy scan is performed

Alberto Accardi
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EMC effect - quarks

— SLAC fit for A=12
1.3 — T T T T : . : . — o J. Gomez et al., 1994 (SLAC E139) ; .
| o J.Ashman et al., 1988 (EMC)
- |© Aubertetal., (EMC), Cu . e E03-103 {
o0 Benvenuti et al., (BCDMS), Fe 1.15
L21=1 A Gomez et al., (SLAC E139), Fe ; 7]

1.1

'_ E i

0‘!02"

‘_@Qi *fﬂ%zégﬁﬁj

: ‘g”%} _‘

0.85 _ | EU3-103 norm. (1.6%) i %
| SLAC norm, (1.2%)
0.7 1 | L | 1 | L | 1 | 1 | 1 | 1 | i | 1 | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.8 L 1 ! L
. . X . . 0 0.2 0.4 0.6 0.8
anti- shadowing Fermi motion X
shadowing EMC region

After 30+ years, still a significant mistery:

) Binding and Fermi motion: not quite enough

) Pion cloud: disagrees with m+A Drell-Yan

) Point-Like Configurations, Quark-Soliton coupling, ...
) Exotics: partial deconfinement, 6 quark bags, ...
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EMC effect - quarks

EIC measurements

) Large Q? range

— really Q*-independent?

— polarized EMC effect
e candidate: “Li

— isospin dependence

e needs large selection of
light-to-heavy targets

— flavor tagging with semi-inclusive hadrons

1.2

a(A)/o(D)

1.2

L1+

o(4)/a(D)

0.8

a(4)/o(D)

L [7Li. Cloet et al.,2008
0.9 |
0.8 :
0.7 :

oo Unpolarized EMC effect
0.6

_"—__§__— ) “f 4

1.3 . ;

¢  Experiment: “Be 9
QQ =5GeV? |

Polarized EMC effect
1 L 1 L

" Cloet et al.,2009 -
;

09 -

0.7 -

0.6

I i
} Z/N =0
L eevees Z/N =02
| eevver Z/N =04
— Z/N =06
— Z/N =038 .
Z/N =10 p=pp+pn=0.16fm~
...................
0.2 0.4 0.6 0.8

LN :meszuzo (Lead) © ¥; |
it Cloet et al.,2008,.’ /,'
,-,‘r >, . '
....... ,
K _ p
= -\’4 \' I
% RPb - '/'
''''' - Ry,
_ L i
..... - Rd, Q?* =5.0GeV
0 | 0.2 | 0.4 | 0.6 | 0.8

e but: hadron production is also modified on nuclei (see later)

Alberto Accardi
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Bound nucleons

Spectator tagging

(] measure neutron F, in D target

— flavor separation

] measure proton F, in D target

— unique at colliders
— nuclear and off-shell effects /

(a piece of the EMC puzzle) v D
) proton, neutron in light nuclei %X
— embedding in nuclear matter
(a piece of the EMC puzzle) “He “He /?\A
3

‘He H

n

Alberto Accardi Quark Matter Italia 2010 52



Bound nucleons

Forward detection requirements

) Spectator neutron moves forward
Light ions bent, but less than beam

1 “straightforward” detectors
— Zero Degree Calorimeter
— wire chamber (e.g.) few meters away from IR
— can do both D and He ?

) But... good performance required:
— small to high spectator momentum, p_, decent resolution

— good angular resolution (challenging):
backward spectators required to minimize Final State Int's

Alberto Accardi Quark Matter Italia 2010
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EMC effect - gluons

Nuclear gluons almost unknown
— only direct constrain is d+A -> T+X

EMC ratio for FL tracks nuclear gluons: F7'/FP ~ G4/Gp

Armesto et al.. 1005.2035

T T T T T T T T
I —— Ry nDS 1 —— Ry HKNOT .
L — Rg nDS . — Rg HKNO7 | || = Ry FGS10

/| - re Fes10 A T
ln'r

| =R, EPS09
| - R EPSO9

: 7
:Ed }- f‘gﬁ \J
£ I I |
i ]
|
= 4 GeV? Q%= 4 GeV* jt a’- 4 GeV? 0= 4 GeV*
44
u‘z T T T T T T T T T T []
L L — 1+ — i
| == Ry, EPSO09 | — R nDS 1T — Re HKNO7 /]| == R, FGS10 ]
1.2 R nDS Rg HKNO7 /
[ 1R EPsD9 I /| H-Rre Fes10
S 2 WD = Y /f<\.w I
& pa i HE 4+ 41
a. 1 1 1 ]

"
[iX:}
04 - Q= 100 GeV* T Q*= 100 GeV* T Q*= 100 GeV? 1r Q= 100 GeV*
.2 B 5 -4 3 -3 1 -6 & -4 3 -3 1 -6 & -4 3 4 1 45 -4 A -1 -2 1
10 10° 10 10° 10° w0 10 1m0 10 1m0 10" 1w hiil 1w 10 1 (1] [} 1w m 10 10 10 10 10 1
X X X
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EMC effect - gluons

Measurement
) requires running at a few V's
) at least 100 times HERA luminosity

Example at eRHIC
1 Run at 10+100, 5+100, 5+50 GeV

) Integrated lumi =4, 4, 2 fb?
(10 weeks, L=4x10°? cm=s™?, 50% duty)

) 1% energy to energy normalization

dominated by systematic uncert.

[J.Dunlop]

T IIIIIII| T IIIIIII| T T T TITTT
1 syst. uncertainties ]

e

x=0.0006 |

fl L

- T —EKS

i x=0.02 1 .

1 10 102 1 10 102 10
Q2 (GeV?) Q2 (GeV?)

EIC can greatly contribute to measuring

gluons nuclear modifications

Alberto Accardi Quark Matter Italia 2010
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selected topics:
hadronization in nuclei



Parton propagation and fragmentation

Review: Accardi et al., Riv.Nuovo Cim.032,2010

! Nuclei as space-time analyzers

) Non perturbative aspects

— Color confinement dynamics

— Probe nuclear gluons \
. et _ dlhplh,,
— new look at TMDs in “bound” nucleons

— novel access to gluon GPDs

) Perturbative QCD
— testing pQCD energy loss
— DGLAP evolution, parton showers, jets
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Parton propagation and fragmentation

Review: Accardi et al., Riv.Nuovo Cim.032,2010

! Nuclei as space-time analyzers

) Non perturbative aspects

Color confinement dynamics

Partons created in the medium can be used
as color probes of nuclear gluons when

parton lifetime and energy loss mechanisms
2 Pert are under theoretical control

— testing pQCD energy loss
— DGLAP evolution, parton showers, jets
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Cold vs. hot

Review: Accardi et al., Riv.Nuovo Cim.032,2010

-t h

cold QCD
matter
A A
hot QCD
+ q matter
DIS —
FS energy loss — properties of
+ hadronization DY — the QGP
IS energy loss --.... >
+ nuclear PDFs DY vs. EMC effect
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The EIC - large v, Q*, W%, &

Multi dimensional binning!
Large v-range: 10< v <1600 GeV

— large v:can experimentally isolate pQCD energy loss
— small v: detailed studies of (pre)hadronization
Large Q?: role of virtuality in hadron attenuation
p.-broadening
— strong constraints to theory models

I”

Heavy flavors: B, D mesons ; J/psi “normal” absorption
Jets: “real” pQCD, IR safe jets, first time in e+A

— jet shape modifications

— measure nuclear gluons

Photons: decouple from medium, tests parton propagation

Plus: dihadron correlations, baryon / target fragmentation, BEC, ..

Alberto Accardi Quark Matter Italia 2010
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Light quarks: ®° vs. n

1 can precisely test

— dominance of energy loss over absorption mechanism

— is ¥ as much suppressed as 1 as seen in QGP? Is Kas much as & ?

0.4

0.2

h p—
M NEIS dzh NDIS dzh

I :'El il :Il T | ('1 '1 El LT 1 [ T T T [ T 7 T [ T T T[T 11
ner 0SS mode i i i 7
: gy Xe - " Absorption model S
— = 0.8 -
. HERMES 71 g ]
i i ] o= 7
— - A 0.6 =1
| () =14 GV (2) = 04 {: k
-_—- « = = ¥ § 3 E—- 0.4 T ER : 5:
- EIC 7 . L J
- ° . . - . E B & - . . ' L [ ] E = & -
-EIC 0 - 4

' P T T N T S N B S 0.2 ' I N I A
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

(Simulations by R.Dupré) 7
Alberto Accardi

(Curves by A.Accardi) V4
Quark Matter Italia 2010
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Light quarks: ©t° vs. n

1 can precisely test

— dominance of energy loss over absorption mechanism

— is ¥ as much suppressed as 1 as seen in QGP? Is Kas much as & ?

Alpg) = (p3)a — (PT)D

0.06

0.05

0.04

Delta P2
=3
=
[*)

0.02

(Ap7) [GeV?]

0.01

(v) =14 GeV

—~
N
>

Delta Pi2 % Q2

Black = Pi 0 (Domdey et al. cale.)
Red = Eta (pQCD scaling of pions)
> — 04 Blue = HERMES Pions

Nu=14 GeVandz = .4

a

: EICn | {

2...4...5..

ERMES 7% |
h/_{___,_ai——-)——i —t *—_‘}_L
1 EIC 7"

é______.!___.—-.——.—-—l——I—l——l—
] I- ] _ I.|. I| .| |.

) I

!

Alberto Accardi

[Dupré,Accardi] Q?[ GeV?]

medium-modified
4 DGLAP (Domdey et al.)

<« pQCD scaling of pions
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Light quarks: ®° vs. n

J Compare with A+Aat RHIC: ©°=1mn < K=&

(th/dQPT) A+A
TAA(b) (dO‘h/d2pT)p_|_p

RﬁiA (PT) —

RAA

PHENIX Au+Au (central collisions):
B Directy ] .
[PHENIX, arXiv:1004.3532]
10F 5 T nucl-ex/0611006 o T
i - <, PHENIX 10% -
- GLV parton energy loss (dN/dy = 1100) EE{E_ \ By, = 200 GeV * : %D iﬂ:iﬂ 8_13-:?& ]
B s K'+K Au+Au 0-5%

1.5 s D40 Au+Au0-5% ]
w_@fﬁ‘l" +++ p+f  Au+Au

4 Au+aAu 0-20% 7
mimim| ;* + * T

gt By i
G'E_d‘%’"ig++

i,

*‘ -'Il -#- | - met o

l:J_I 1 1 1 1 1 1 +’ 1
0 1 2 3 4 5

-
T T 11 |||||
g
<l
——
:',-_-'_'
:,' .
. .i.
1
D—D—l |—-—|
—

nE 5 7
107 ¢ pT(GEWEJ
_I 1 1 I 1 1 1 I 1 1 1 II IIII|III|III|III
0 2 4 6 8 10 12 14 16 see also: STAR, 0809.4737
p; (GeVic)
| | | >
30 120 320 O\zz(pT/z)2
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Heavy quarks: D vs. B

) Large mass allows pQCD calculation of energy-loss, fragmentation
) Predicted to loose less energy than light quarks
— not observed in the QGP at RHIC

cuts: z>0.4

1.05 DIS cuts
— : ' 0.1 <y<0.8
1B projection .
- = . . e M
0.95;— o
2 oof 11 + 30 GeV/A
[ = only error bars
g omsf o - . . . . ¢ D L=0.410*3cm?2s?
3 osf 1 month 100% running
0.?5?— ] { } i I ) B
0.72—
e R R TR R T R
, v (GeV)
[Dupré]
) Requires

— secondary vertex resolution < 100 um
— high luminosity, especially for B mesons
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Heavy quarks: D vs. B

) Large mass allows pQCD calculation of energy-loss, fragmentation
) Predicted to loose less energy than light quarks

C lve RHIC'
— not observed in the QGP at RHIC an solve >

“heavy-flavor puzzle”

cuts: z>0.4

105 DIS cuts | [Wicks et al.,2005]
E rojection Slcysop e | STAR QMOS prelin j y y
1"_"_ e ® o o TT L2 phex o dNgfdy-1000 "
005~ = i ’
L) E . <
g 09 E only error bars =
g 085— o e ™ * ° e ® D 8
& F o
5 08
= - 46
0.75;— ] { } 1 I & B %
0.73—
0655 PR T T [ T TR TR T [ N TN TR T NN S N S TN [ TR TR T S NN SN TR S N 5 U S 1 pT [GeV/C]
: 100 200 300 (G e:)o 500 600 700
, e
[Dupré] v
O Requi Q2 range relevant to A+A
equires

— secondary vertex resolution < 100 um
— high luminosity, especially for B mesons
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Jet production in e+A

— 1+1 jets: study energy loss
e jet rates vs. cone:
gluon radiation boradens the jets
e ratesvs.p. ™", E™":
more handles on energy loss

— 2+1 jets: access to nuclear gluons
e after energy-loss under control
from 1+1 studies

ﬁ jet

(a)

—— Jet 2

—— Jet 1

“

() (c)

Alberto Accardi Quark

v (r,R), "™ (r,R)

1000

0.00017 0.001 0.01

[I.Vitev]
= = Vacuum Jet axis Jetradius ]
L e B K(1) |
I\
1y ; P
[\ 1@ 2
|\
| \ R=o04 =
-1\ Quarkjet, E ;=30 GeV
| \ o
} Y e
) 02 04 0.6 0.8 1
r/R
[G.Soyez]
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EE varied
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Other venues to explore

) Target fragmentation

— observe particles that received energy from the scattered parton
as opposed to observing particles that lost that energy

— determine the centrality of photon-nucleus scattering

) Bose-Einstein correlations between produced hadrons
— measure the source size of an excited color string, string tension

— nuclear modification

) Nuclear modification of Cahn effect
— more handles on quark energy loss

— info on flavour dependence of nuclear modification of TMDs

- Alberto Accardi Quark Matter Italia 2010
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The EIC

THE next generation QCD machine,
a unique opportunity for fundamental physics

Ds  QCD Theory Relativistic

Saturation Models Heavy lon Physics
Color Glass Condensate (RHIC, LHC & FAIR)

Understanding
of Initial Conditions, Nuclear

Valence == Sea

: Saturation,
- Spin Structure R G‘!:lmir 51']4“,: ‘ Structure
ab Inito OT NUciel, Nucles
QCD Calculations =
& Computational @ _ Technology Frontier
Development g'fel":sgﬁ"megﬁli Examples: beam cooling,
Physics of Strong B Violation energy recovery linac,
Color Fields QCD R polanzed electron source,

. Lepton Number .
Background, Violatior superco nducting RF

© T.Ullrich
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appendix:
useful links



The JLab Nuclear Chromo-Dynamics (NCD) group

Co-chairs (W. Brooks, K. Hafidi)
D. Gaskell is the liaison between the NCD group and the detector group

wiki: https://eic.jlab.org/wiki/index.php/E-A Working Group

Exclusive reactions (DVCS, shadowing and anti-shadowing, nuclear form factors)
V. Guzey (chair), S. Dhamija, R. Dupre, H. Egyian, A. El Alaoui, F-X. Girod, S. Gilad, G. Ron,
D. Higinbotham, L. Zhu

Nuclear effects (EMC effect, medium modification, shadowing and anti-shadowing)
J. Arrington (chair), D. Dutta, D. Gaskell, S. Gilad, K. Joo, P. Reimer, P. Solvignon, R. Ent

Short range structure (correlations, Bose-Einstein correlations)
M. Sargsian (chair), J. Arrington, S. Gilad, D. Higinbotham, P. Solvignon, W. Brooks, J.
Gilfoyle, K. Hafidi

Color in nuclei (color transparency, color glass condensate, hidden color)
D. Dutta (chair), L. El Fassi, M. Holtrop, R. Ent

Propagation in nuclei (parton propagation, hadronization)
A. Accardi (chair), W.Brooks, R.Dupre, L.El Fassi, J.Gilfoyle, H.Avakian, A.Majumder,
T.Mineeva, J.Gilfoyle, A.Daniel

C. Degli Atti, L. Frankfurt, K. Gallmeister, B. Kopeliovich, J. Miller, U.
Mosel, J. Nemchik, I. Ryckebush, I. Schmidt, M. Strikman, S. Brodsky, , P. Hoyer, X-N. Wang, F. Arleo, S.
Ahmad, S. Liuti, M. Siddikov
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Electron Ion Collider —
A Working G1ouE

Welcome to the e+

BML Task Force  Intra  Documents Talks Meetings  Computing  Physics  Contacts

Welcome News

This is the home page of the EIC e+A Waorking Group. The group focusses on the e+4& aspects of a
future Electron lon Collider (EIC). If you are curious about the EIC and its physics please visit our Cn September 26th, as part of an informal EIC meeting at BHL,
page. There you can learn about the physics opportunities in e+A collisions with an people visited the IP2 region of the RHIC ring. For photos, click
Electran lon Callider and much mare. Mare infarmation can be found on the . (3/26/2008, macl)
. If you are looking for mare details on current machine concepts, good :
places to start are the pages at BML and the ELIC material available on the web site.
If you are interested in the project please join our mailing list. Cur page explains how. The An article has been published in the latest edition of
site contains all a lat of material related to e+A physics but also provides mare general authared by Christine Aidala, giving an overvisw of the physics
infarmation about the EIC. Cur page lists all talks given at our EIC seminars and presentation drivers behind the EIC project. (7/30/2008, macl)
given by members of the group. The page pravide information on computing resources )
availabel to us, our software and information on how to get started. This page is for collaborators
'?”"j’- ) ) . ) ) iCur EIC seminars are currently taking a Summer Break. Look
See our page if you want to get in touch with ane of the e+A working group conveners. This under the Talks link for previous seimnars. When resumed, they
page is hosted by | will take place on Thursdays at 10:30am usually in the Crange
Room. Speakers andf/or meeting topics will be announced on the
mailing list and here. {7/30/2008, macl)

http://www.eic.bnl.gov/
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“Nuclear Chromo-Dynamic Studies with a Future EIC”
Argonne National Lab, April 7-9, 2010

A unifying theme or a glue if you will ... I

42 participants and 5 Physics sessions organized by the sub-groups chairs

Nuclear effects (6 talks)

Exclusive reactions (5 talks)

d
d
1 Color in nuclei (5 talks)
] Propagation in nuclei (8 talks + colloquium)
d

Short range structure (4 talks)

Talks available at http://www.phy.anl.gov/mep/EIC-NUC2010/talks/
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“Gluons and quarks at high-energy”
INT, Seattle, Sep 13 - Nov 19

week dates topics

13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
Sept Collider Energies”

2024 open conceptual issues: factorization and universality, spin and flavor

Sept structure, distributions and correlations
35 27 Sept small x, saturation, diffraction, nuclear effects; connections to p+A and
-150ct | A+A physics; fragmentation/hadronization in vacuum and in medium
18-29 parton densities (unpolarized and polarized), fragmentation functions,
67 .
Oct electroweak physics

longitudinal and transverse nucleon structure; spin and orbital effects
(GPDs, TMDs, and all that)

e —

({ 1'\5];1[9 Workshop on "The Science Case for an EIC" )
\

http://www.int.washington.edu/PROGRAMS/10-3/

Alberto Accardi Quark Matter Italia 2010
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http://www.int.washington/

appendix:
additional material



Experimental evidence: e+p at HERA

Geometric scaling

2 /[ o A
) Data scale with 7= Q—g (—>
Qo Lo

[Stasto, Golec Biernat, Kwiecinsky, 2001]

) Evidence for saturation ?
— CGC predicts A = 0.3

— agrees with data
[Gelis et al., 2007] 10°

— HERA data, x < 0.1

DAS prediction

10--! L L 1III | L (T L 111l L 111 L 111l 1 LI (AT

10* 10° 107

) But double-log solution to
LO DGLAP also scales (“DAS”)

— similar A
[Caola, Forte, 2008]

Alberto Accardi Quark Matter Italia 2010
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Superfast quarks - Short range correlations @ larger
Q% and smaller x

2 x>1 possible with 5N + 3N models

— high-momentum nucleons
— exotics: 69 bags, ...

J For s=1000, L = 1034, statistics
running out forx>0.9-1

.

=

— Need to evaluate statistics for =
hﬂ

lower s, larger x =

— Not clear how high in x required
to isolate short-range structure

we are interested in

Plots by M.Sargsian
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Bose-Einstein Correlations

) HBT interferometry of identical particles
— access to spatial size and temporal duration of hadronization
— how is this modified in nuclei?

1 In DIS, access to the string tension

ZEUS .
g, 1 e e CLAS preliminary data
S .+ zEUS96-00 Q's>4GeV’ 1 SIDIS, two positive pions il
& ., [\ o included in the fit ]
"\ — Gaussian fit Event-mix normalization ki
by exponentil i ) W, | sl
. ; 1] | S— ................. ................... D.eutérium.. s
: : : . Carbon
12 . fron
; : . Lead
11 Note, close track inefficiencies are
notremovedbyevent-mlx i
; ' normalization
09 — —
U-B_\II‘Illllllllllllll||\||||||||| 2
0 0.2 0.4 0.6 0.0 1 1.2 14 1.6 i | TR s s e e , : : :
0 0.2 0.4 0.6 0.8 1 1.2 14 Q
GeV
RUaEE) Hayk Hakobyan 1
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Bose-Einstein Correlations

) HBT interferometry of identical particles

— access to spatial size and temporal duration of hadronization

— how is this modified in nuclei?
1 In DIS, access to the string tension

hdpR
q (GEVIC) Entries 361436
Mean 0.9828
E T T I T 1T | TTT I T 1T I TTT | T 1T | TTT | TTT | T RMS 0.5825
1.3 =
= MEIC Ee =11 GeV ]
12 Ep=60GeV 3
1'1: Ay _f
15 . .
0.9~ k&
0.8F 3
0.6F =
0.5" =
Ev o b b b b b b b b b g
0 02 04 06 08 1 1.2 14 16 18 2
Q,, (GeVic)

2010-0a-29 00254

q (GeV/c) _ .hdpi _

S stisisasiiy s o
13 EG2 Ee=5GeV 7
120 Ep=0GeV 7
IR
] ++++ Frd a4 f
0.95 4 + % “ _
0.8 L3
0.6F :
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Q,, (GeVic)

2010-05-06 08:34:54

G.Gilfoyle, PITHIA simulation (standard ZEUS params)
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Photons

! Photon induced radiation, analogous to gluon bremsstrahlung
— but photons do not self-interact, escape the medium

) Advantages over gluons
— calculable angular pattern relative to hadron
— different from fragmentation g, absorption g

o =1GeV =3 GeV o =10 GeV [VITEV, PLB 2005]

N.B. The calculation is for
coherent FS gluon emission.
Expect similar pattern for y
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Photons

) Relax eikonal approximation: access to nuclear gluon GPDs [Majumder]

This is basically a gluon
GPD

It does not yet involve
color correlations over
several nucleons

only momentum
correlations
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