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Why	  a	  Polarized	  Electron-‐Ion	  Collider?	  

•  Longitudinal	  &	  Transverse	  Ion	  polariza[on	  at	  IP	  
•  No	  intense	  transverse	  B-‐field	  at	  IP	  to	  disrupt	  electron	  beam	  

•  Forward	  boost	  (incident	  ion	  species	  P(A)	  =	  ZP0)	  
•  Target	  fragmenta[on	  region	  is	  boosted/easier	  to	  detect	  

  Rapidity	  gap	  events	  can	  be	  iden[fied	  
•  Spectator	  fragments	  are	  boosted	  forward	  

  Incident	  ion	  species	  total	  momentum	  P(A)	  =	  ZP0	  
  Spectator	  fragment	  momenta	  	  P(A’)	  ≈	  A’(Z/A)P0	  

 Spectator	  nucleon	  p’	  =	  ZP0/A	  
  Tag	  the	  ini[al	  momentum	  of	  the	  struck	  nucleon	  in	  DIS,	  SIDIS,	  DVES	  
reac[ons	  on	  light	  nuclei.	  

  Reconstruct	  the	  full	  nuclear	  final	  state	  in	  DIS	  on	  nuclei	  



JLab	  LDRD-‐2014	  Project	  on	  Spectator	  
Tagging	  in	  Polarized	  Light	  Ions	  

•  JLab:	  
•  Ch.	  Weiss,	  D.	  Higinbotham,	  W.	  Melnitchouk,	  P.	  Nadel-‐Turonski,	  	  

•  Old	  Dominion	  U.	  
•  Ch.	  Hyde,	  KJ	  Park,	  S.	  Kuhn	  

•  Florida	  Int’l	  U.	  
•  M.	  Sargsian	  

•  St.	  Petersburg	  State	  U.	  
•  V.	  Guzey	  

•  Spectator	  Tagging	  on	  polarized	  D,	  3He	  
•  	  D(e,e’NS)X	  
•  SIDIS	  D(e,e’NS	  h)	  X’	  
•  DVES	  D(e,e’NS	  M	  Nac[ve)	  
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Neutron structure through spectator tagging 

•  Scattering on bound neutrons 
–  Fermi motion, 
–  NN correlations 
–  Depolarization 

•  Solution is Spectator Tagging 
•  Fixed target: 

•  Low-momentum spectators 
•  Thick Targets 

•  Electron-Ion Collider 
•  Spectator fragments are ultra-

forward. 

CLAS	  CLAS + 
BoNuS 

EIC 

•  The MEIC is designed from 
the outset to tag spectators, 
and other  nuclear fragments.  

α≈ k/Μ	




Nuclear	  Spectral	  Func[ons	  

•  2H	  and	  3He	  

•  ‘Neutron’	  targets	  
•  Mean	  field	  ≈	  80%	  
•  Correla[ons	  	  

•  EMC	  Effect	  

•  Modified	  quark-‐
gluon	  structure	  

NUCLEON MOMENTUM DISTRIBUTIONS, THEIR SPIN- . . . PHYSICAL REVIEW C 87, 034603 (2013)

FIG. 5. (Color online) The momentum distribution of 40Ca in logarithmic (a) and linear (b) scales, corresponding to the AV8! NN interaction
calculated within two different many-body approaches. Dashed curve, cluster expansion (FHNC) up to FHNC/SOC order [28]; dotted curve,
cluster expansion (CE) at second order [31]. The full curve represents the deuteron momentum distribution corresponding to the AV18
interaction.

3He cases) are compared in Fig. 6. The general features that
emerge from such a comparison can be summarized as follows.
(i) At low values of the momentum k = |k1| the shape of nA(k)
is determined by the asymptotic behavior of the wave function
of the least bound nucleon, and therefore it is very different
for different nuclei. (ii) In the high-momentum region (k !
1.5–2 fm"1) a qualitative similarity between the momentum
distributions of deuteron and heavier nuclei can be observed. In
what follows we show that in this region nA(k) is dominated by
the correlated part of the distributions, namely nex and n1, and
that the similarity between deuteron and complex nuclei is only
a qualitative one, with the high-momentum behavior of nA(k)
being governed by the the various spin-isospin components
contributing to nA(k), and not only by the deuteronlike state
(ST ) = (10).

6. The mean-field and SRC contributions
to the momentum distributions

The separation of the momentum distribution according to
Eqs. (31) and (38) is shown in Figs. 7–10. It can be seen that
(i) in the region k " 1.5–2.0 fm"1 SRCs reduce the mean-field
distribution without practically changing its shape, the effect
being attributable to the decrease of the occupation probability

of the shell-model states below the Fermi level; (ii) in the
region k ! 2.0 fm"1 the momentum distribution are entirely
exhausted by SRCs. Having at disposal both ngr(k) [n0(k)]
and nex(k) [n1(k)] the probabilities given by Eqs. (34), (35),
(42), and (43) can be calculated. These are listed in Table I,
whereas the partial probabilities defined by Eq. (45) are listed
in Table II.

B. Summary of Sec. II

From what is exhibited in the present section, some general
features of the momentum distributions can be identified,
which are, to a large extent, independent of the many-body
approach and the two-nucleon interaction used in the calcula-
tions, namely: (i) at k ! 2 f m"1 the momentum distributions
of both few-nucleon and complex nuclei qualitatively resemble
the deuteron momentum distributions; (ii) in the region
of high momenta, the realistic momentum distributions of
complex nuclei overwhelm the mean-field distributions by
several orders of magnitude; (iii) whereas for few-nucleon
systems the method of calculations is very well established,
for complex nuclei different methods and potentials provide
at high momenta values of the distributions which can differ
up to a factor of two, and it is not yet clear to which extent

FIG. 6. (Color online) The proton momentum distribution of nuclei considered in this work in logarithmic (a) and linear (b) scales, calculated
within different many-body approaches with equivalent NN interactions, namely the AV18 one, in the case of 2H and 3He, and the AV8! one,
in the case of 4He, 16O, and 40Ca.

034603-9

Mean	  Field	  	  
•  Independent	  
Nucleons	  

NN-‐Correla[ons	  

M	  Alvioli,	  et	  al.,	  PRC	  87	  (2013)	  034603	  
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nents are related to two-nucleon short range correlations
(2N-SRCs), where two nucleons have a large relative mo-
mentum but a small total momentum due to their hard
two-body interaction, then they should yield the same
high-momentum tail whether in a heavy nucleus or a
deuteron.
The first detailed study of SRCs combined data in-

terpolated to fixed kinematics from di!erent experi-
ments at SLAC [29]. A plateau was seen in the ra-
tio (!A/A)/(!D/2) that was roughly A independent for
A ! 12, but smaller for 3He and 4He. Measurements
from Hall B at JLab showed similar plateaus [30, 31] in
A/3He ratios for Q2 ! 1.4 GeV2. A previous JLab Hall
C experiment at 4 GeV [11, 32] measured scattering from
nuclei and deuterium at larger Q2 values than SLAC or
CLAS, but had limited statistics for deuterium. While
these measurements provided significant evidence for the
presence of SRCs, precise A/D ratios for several nuclei,
covering the desired range in x and Q2, are limited.
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FIG. 2: Per-nucleon cross section ratios vs x at !e=18!.

Figure 2 shows the cross section ratios from E02-019
for the "e = 18! data. For x > 1.5, the data show the ex-
pected plateau, although the point at x = 1.95 is always
high because one is approaching the kinematic threshold
for scattering from the deuteron at x = MD/Mp " 2.
This rise was not observed in previous measurements;
the SLAC data did not have su"cient statistics to see
the rise, while the CLAS measurements took ratios of
heavy nuclei to 3He, where the cross section does not go
to zero for x # 2. Table I gives the ratio in the plateau
region for a range of nuclei at all Q2 values where there
were su"cient large-x data. We apply a cut in x to iso-
late the plateau region, although the onset of scaling in
x varies somewhat with Q2. The start of the plateau is
independent of Q2 when taken as a function of #2n,

#2n = 2$
$ $ q + 2MN

2MN

!

1 +
"

1$M2
N/W 2

2n

#

, (3)

(W 2
2n = 4M2

N + 4MN$ $ Q2) which corresponds to the
light-cone momentum fraction of the struck nucleon as-
suming that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [29].
We take the ratio for xmin < x < 1.9, such that xmin
corresponds to a fixed value of #2n.

TABLE I: r(A,D) = (2/A)"A/"D in the 2N correlation region
(xmin < x < 1.9). We take a conservative value of xmin = 1.5
at 18!, corresponding to #2n = 1.275, and use this to set
xmin at 22 and 26!. The last column is the ratio at 18!

after subtracting the inelastic contribution as estimated by a
simple convolution model (and applying a 100% systematic
uncertainty on the correction).

A !e=18! !e=22! !e=26! Inel. sub.
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10

Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12

C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16

Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20

Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22

!Q2" 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

There are small inelastic contributions at the higherQ2

values, even for x > 1.5. A simple convolution model [7]
predicts an inelastic contribution of 1–3% at 18! and 5–
10% at 26!. This may explain the small systematic Q2

dependence in the extracted ratios seen in Tab. I. Further
results on the role of SRCs will be based on the 18! data,
with the inelastic contributions subtracted (including a
100% model dependence uncertainty), to minimize the
size and uncertainty of the inelastic correction.
Calculations of inclusive FSIs generally show them to

decrease rapidly with increasing Q2. However, the e!ects
can still be important at highQ2 for x > 1. While at least
one calculation suggests that the FSI is A dependent [33],
most indicate that the FSI contributions which do not
decrease rapidly with Q2 are limited to FSI between the
nucleons in the initial-state SRC [3, 5, 29, 34–36]. In this
case, the FSI corrections are identical for 2N-SRCs in the
deuteron or heavy nuclei, and cancel when taking the ra-
tios. Our y-scaling analysis of the deuteron cross sections
(Fig 1) suggests that the FSIs are relatively small for the
deuteron, and the ratios shown in Tab. I have only a small
Q2 dependence, consistent with the estimated inelastic
contributions, supporting the standard assumption that
any FSIs in the plateau region largely cancel in taking
the target ratios.
In the absence of large FSI e!ects, the cross section ra-

tio !A/!D yields the strength of the high momentum tail
of the momentum distribution in nucleus A relative to a
deuteron. If the high-momentum contribution comes en-
tirely from quasielastic scattering from a nucleon in an n–
p SRC at rest, then this ratio represents the contribution

N.	  Fomin	  et	  al,	  PRL	  108	  (2012)	  092502	  

EMC	  Effect:	  
J.	  Aubert	  et	  al.,	  Phys.	  Leo.	  B	  123,	  275	  (1983).	  

J. ARRINGTON et al. PHYSICAL REVIEW C 86, 065204 (2012)

the quark momentum fraction (Bjorken x) where the Fermi
motion of the nucleus becomes important. Since the DIS cross
sections depend on the quark distributions, the difference in
the measured cross sections for iron and the deuteron indicated
a suppression of quark pdfs in nuclei for 0.3 < x < 0.7, and
the size of this effect was seen to scale with the nuclear density.

Thus, the nuclear density has often been taken as the
underlying cause of both the A dependence of the nuclear
pdfs and the presence of short-distance configurations which
give rise to high-momentum nucleons. Because of this, it is
natural to assume that the behavior of the EMC effect and the
presence of SRCs will be closely connected. The relationship
between these two effects was recently quantified [26] via a
linear correlation between the SRCs in the tail of the nucleon
momentum distribution and the size of the EMC effect.

While the EMC measurements performed in the 1980s and
1990s were well described by a density-dependent fit [27],
the weak A dependence for these nuclei could be equally well
described in other approaches that have been proposed [28,29].
For example, some researchers have explained the effect in
terms of the average virtuality (! = p2 ! m2

N ) of the nucleons
[10,30,31], connecting it more closely to the momentum
distributions. Given the limited precision of the EMC effect
measurements and the fact that it grows smoothly but slowly
for heavy nuclei, it is difficult to make a clear determination
of which approach best describes its A dependence.

Recent measurements on light nuclei [9,32] have observed
a clear breakdown of the density-dependent picture for both
the nuclear modification of quark pdfs and the strength of
short-range correlations in nuclei, while still preserving the
linear correlation between the two [33]. In this work, we
provide a detailed analysis of the nuclear dependence of these
two quantities, focusing on comparisons to model-inspired
assumptions. We also perform an extended version of the
analysis presented in Refs. [26,33], aimed at testing the
possible explanations for the correlation. For both the analysis
of the A dependence and the direct comparison of the EMC
and SRC data, we examine in more detail the meaning of the
observables associated with these effects. As the underlying
dynamics behind the examination of the direct correlation
differ, additional corrections may be required when comparing
the observables that are typically associated with the EMC
effect or the presence of SRCs.

II. NUCLEAR DEPENDENCE OF THE EMC EFFECT

Deep inelastic scattering provides access to the quark
distributions in nuclei via measurements of inclusive cross
sections. This cross section for electron or muon scattering
from a nucleus can be written as

d"

dxdQ2
= 4#$2E"2

xQ4

E"

E

!
F2 cos2 %

2
+ 2!

M
F1 sin2 %

2

"
, (1)

where F1 and F2 depend on x and Q2. In the parton model,
information about the quark distribution functions is encoded
in the F1 and F2 structure functions. In the Bjorken limit
(Q2, ! # $, fixed !

Q2 ), the structure functions become
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FIG. 1. (Color online) EMC ratio, ("A/A)/("D/2), for carbon
[32]. The solid line is a linear fit for 0.35 < x < 0.7.

independent of Q2, so

F1(x) = 1
2

#

q

e2
qq(x), F2(x) = 2xF1, (2)

where q(x) is the quark distribution function and eq is the
quark charge for a given flavor (u, d, or s).

The per-nucleon ratio of the F2 structure functions between
an isoscalar nucleus and the deuteron is then a direct measure
of the modification of quark distributions in nuclei. Exper-
imentally, this ratio is defined as REMC = (FA

2 /A)/(FD
2 /2).

The deuteron structure function in the denominator is taken
to approximate the sum of free proton and neutron structure
functions. In almost all measurements of the EMC effect, an
additional assumption is made that the ratio of longitudinal
to transverse cross sections, R = "L/"T , is independent of A
such that the unseparated ratio of cross sections corresponds di-
rectly to the F2 ratio, i.e., "A/"D = FA

2 /FD
2 . For nonisoscalar

nuclei an additional correction is typically applied to account
for the difference in DIS cross sections between protons and
neutrons.

Figure 1 shows a measurement of the EMC ratio for carbon
from Ref. [32]. The region from x = 0.3 to 0.7 shows the
depletion in the cross section ratio characteristic of all nuclei.
The increase of the cross section ratio at large x is attributed to
the greater Fermi momentum in the heavy nucleus as compared
to the deuteron. The shape of the EMC ratio appears to be
universal and independent of nucleus, while the magnitude of
the suppression generally increases with A.

The origin of the EMC effect has been a topic of intense
theoretical discussion since its original observation. There
have been many explanations proposed, and these can be
broadly broken down into two categories. The first includes
only “traditional” nuclear physics effects, using convolution
models with binding effects, detailed models of the nucleon
momentum distribution, or pion-exchange contributions. The
other category invokes more exotic explanations such as
rescaling of quark distributions in the nuclear environment,
contributions of six- or nine-quark bags, or modification
of the internal structure of the nucleons such as “nucleon
swelling” or suppression of pointlike nucleon configurations.

065204-2

Recent	  12C	  JLab	  ‘EMC’	  data	  
J.	  Seely	  PRL	  103	  (2009)	  202301	  

	  L.	  Weinstein,	  PRL	  106	  (2011)	  	  052301	  



MEIC-‐EIC(Jlab)	  and	  eRHIC	  Performance	  

1034	  
CLAS12	  

	  	  EIC	  	  	  
eRHIC	  

revised	  	  Oct	  2013	  CEH	  

BoNUS	  in	  Hall	  A??	  



ePHENIX (fsPHENIX) Detector Concept 8 

  fsPHENIX definition: 
  sPHENIX with hadron endcap 
  Adds GEM-tracking, RICH, 

Aerogel, addn’l ecal & hcal. 
  Leaves sPHENIX barrel 

unchanged. 

  ePHENIX definition: 
  fsPHENIX with electron endcap 
  Removes silicon tracking 
  Adds crystal emcal, TPC, DIRC. 

Discussing ePHENIX covers all of fsPHENIX 

TK Hemmick, Future Trends in High Energy Nuclear Collisions, Beijing 2013  

BaBAR Solenoid 

Spectators 



eRHIC: high-luminosity IR 
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  10 mrad crossing angle and crab-crossing 
  High gradient (200 T/m) large aperture Nb3Sn focusing magnets 
  Arranged free-field electron pass through the hadron quad-triplet 
  Integration with the detector: efficient separation and registration of 

low angle collision products 
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eRHIC - High-lumi IR with β*=5 cm, l*=4.5 m 
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E.C. Aschenauer DIS-2013, Marseille 
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Generated 
Quad aperture limited 
RP (at 20m) accepted  

DVCS: Q2>1 GeV,  
0.01<y<0.95, Eγ>1 GeV 
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Pre-‐
booster	  

Ion	  linac	  
IP	  

IP	  

High-‐Energy	  Ring	  
(Stage-‐II	  EIC)	  

CE
BA

F	  

EIC – accelerator layout at JLab 

e	  injec7on	  

•  The MEIC has the same circumference as CEBAF or about 1/3 of RHIC 



Far-Forward 
hadron detection low-Q2 

electron detection large aperture 
electron quads 

small diameter 
electron quads 

central detector 
 with endcaps 

ion	  quads	  

50 mrad beam 
(crab) crossing angle 

n, γ	


e 
p 

p 

small angle 
hadron detection 

~60 mrad bend 

(GEANT4) 

2 Tm 
dipole 

Endcap Ion quadrupoles 

Electron quadrupoles 

1 m 1 m 

The full-acceptance detector concept 
No other magnets or apertures between IP and FP! 

Forward hadron detection in three stages: 
1. Endcap with 50 mrad crossing angle 
2. Forward 2 T•m dipole covering angles 

up to a few  degrees 
3. Far-forward, up to 1° (neutrals) and 0.5° 
charged particles 

IP	   FP	  

Roman pots Thin exit 
windows 

Fixed 
trackers in 
vacuum? 

‘Forward’ Trackers (~1% δp/p)  
and “donut” calorimeter 

(G4BeamLine) 



e 
p 

n 

Far-Forward hadron detection 

20 Tm dipole 
2 Tm dipole 

solenoid 

•  Momentum resolution < 3•10-4 

Beam energy spread 

•  Excellent acceptance for all ion fragments 

•  Neutron detection in a 20 mrad cone down to 0° 
• DREAM HCAL:  σ(θ) = 1cm/40m=2.5•10–4 rad 
                              σ(E)/E = 30%(1GeV/E)1/2 

•  Recoil proton acceptance: 
–  0 <θ<10 mrad for |P’–P0| >  (0.05%) P0  

100% DVES acceptance for xB  > 0.005 
–  2 < θ <10 mrad  for all P’ 
–  0.3 P0 < (Z/Z’) P0 < ∞ 

G4BeamLine	  	  GEANT4	  

Far-‐Forward	  
Detec[on	  
JLab	  LDRD	  
proposal	  
pending	  
FY2014	  



The	  Deuteron	  
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Proton	  Spectator	  Tagging	  	  in	  the	  Deuteron	  

•  MEIC:	  
Polarized	  
DIS,	  SIDIS,	  
DVES…	  on	  
bound	  
Neutron	  
•  Each	  
contour	  is	  
3√10	  

•  eRHIC:	  
Unpolarized	  
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Neutron	  Spectator	  Tagging	  	  in	  the	  Deuteron	  

•  MEIC	  
Polarized	  
DIS,	  SIDIS,	  
DVES…	  on	  
bound	  
proton	  

•  eRHIC	  
unpolarized	  
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3He(e,e’NSNS)X	  
PWIA	  `measurement’	  of	  ac[ve	  nucleon	  momentum:	  
•  Ac[ve	  Neutron	  	  	  	  

•  Tagging	  of	  the	  two	  	  
spectator	  protons	  	  

•  Ac[ve	  Proton	  	  	  
•  Tagging	  of	  	  
spectator	  
proton	  and	  	  
neutron.	  

•  Tag	  spectator	  
deuteron	  

•  Polarized	  3He:	  
Neutron:	  
+86%	  polarized.	  
Each	  Proton:	  
–2.8%	  polarized.	  

NUCLEON MOMENTUM DISTRIBUTIONS, THEIR SPIN- . . . PHYSICAL REVIEW C 87, 034603 (2013)

FIG. 1. (Color online) Deuteron momentum distributions in logarithmic (a) and linear (b) scales corresponding to various NN interactions:
RSC [35], Paris [36], AV8! [37], AV14 [38], and AV18 [39]. Unless otherwise stated, here and in the other figures, the normalization is
4!

!
k2 d k nA(k) = 1. In this and the following figures |k1| " k and nA(k) " n

N1
A (k) [Eq. (16)].

We reiterate that the aim of this paper is the theoreti-
cal investigation of some general properties of momentum
distributions, concerning in particular their SRC and spin-
isospin structures. To this end for A = 3 and 4 “exact”
wave functions obtained, either by a direct solution of the
Schrödinger equation or by variational procedures, are used,
whereas for complex nuclei momentum distributions obtained
from various methods, ranging from the Brueckner-Bethe-
Goldstone approach to the cluster expansion techniques, are
adopted. In the next section the momentum distributions of
several nuclei are presented and the values of the quantity
PN1

0(1)(k
±
1 ) [Eq. (45)] are given.

A. The momentum distributions of few-nucleon systems and
complex nuclei

In this section the momentum distributions of 2H, 3H, 3He,
4He, 16O, and 40Ca, calculated within different approaches
and using various two-nucleon interactions, will be presented.
The full momentum distributions are shown in Figs. 1–6,
whereas their separation into the mean-field and correlation
contributions, according to Eqs. (32), (33), (39), and (40), are
presented in Figs. 7–10. Note that from now on the notation
k " k1 and k " |k1| is used.

1. The momentum distributions of 2H

The momentum distributions of 2H obtained by solving
exactly the Schrödinger equation is crucial for our analysis. It
is presented in Fig. 1, where it can be seen that, apart from the
RSC interaction [35], the Paris interaction [36] and the family
of Argonne interactions AV8! [37], AV14 [38], and AV18 [39]
provide essentially the same result. All these potentials exhibit
a strong short-range repulsion which gives rise to a strong
suppression of the deuteron wave function at internucleon
separation r = |r1 # r2| ! 1.5 fm. This, together with the
effects from the tensor force, generate high- momentum
components in the momentum distribution.

2. The momentum distributions of 3H and 3He

As already stated in Sec. III, the three- and four-nucleon
systems 3H, 3He, and 4He are very important in that ngr and
nex have been explicitly calculated within accurate few-body
techniques. Moreover, being 3He and 3H nonisoscalar nuclei,
their proton and neutron distributions are different. As a matter
of fact, in 3He the proton momentum distribution is given by

n
p
3 (k) = np

gr(k) + np
ex(k) (52)

FIG. 2. (Color online) The proton and neutron momentum distributions of 3He in logarithmic (a) and linear (b) scales. Three-nucleon wave
functions from Ref. [26]. The full curve represents the deuteron momentum distribution. Both 3He and deuteron wave functions correspond to
the AV18 interaction [39].
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Nuclear	  Tagging	  

•  A	  hot	  nucleus	  decays	  by	  emivng	  neutrons,	  protons	  
of	  ~10	  MeV,	  or	  pperp≤	  140	  MeV/c	  

•  Incident	  nucleus	  PA	  =	  Z•100	  GeV/c	  
•  per	  nucleon	  p	  =	  (Z/A)•100	  GeV/c50—40	  GeV/c	  

•  Evapora[on	  neutrons	  θ~	  0.14/40	  =	  3.5	  mr	  

•  Forward	  baryon	  mul[plicity	  as	  a	  tag	  on	  centrality	  in	  
DIS?	  	  



Intrinsic	  Charm	  

•  γ*+p	  	  X+ΛC	  	  ‘Spectator	  ΛC’	  	  
•  ΛC	  pK0	  	  2.3%	  

•  For	  100	  GeV/c	  incident	  	  
protons	  
•  Spectator	  ΛC	  momentum	  
	  ~60	  GeV/c	  

•  50%	  of	  ΛC	  decay	  protons	  	  
are	  ≤	  1.5°	  

•  75%	  of	  ΛC	  decay	  protons	  	  
are	  ≤	  2.4°	  
  Tagging	  in	  Forward	  region	  
	  a~er	  small	  (6	  mr	  bend)	  dipole	  

50	  mr	  crossing	  angle	  in	  ion	  beam	  



A	  high-‐luminosity	  Electron-‐Ion	  Collider	  

•  Unprecedented	  capabili[es	  to	  study	  the	  	  
QCD	  structure	  of	  maoer	  

•  Polarized	  Light	  Ions:	  
  Precision	  study	  of	  neutron	  structure	  

 Spectator	  proton	  tagging	  
  Quark-‐gluon	  structure	  of	  nuclear	  binding	  

 Bound	  proton	  structure	  via	  neutron	  tagging	  
 DIS,	  SIDIS,	  DVES	  processes	  iden[fied	  in	  mean-‐field	  and	  	  

	  NN-‐correla[ons	  regions	  

•  Target	  fragmenta[on	  region	  
  Heavy	  Quarks	  

•  Heavy	  Nuclei	  
  Tag	  the	  full	  nuclear	  final	  state	  	  DIS	  vertex	  tagging?	  



Back-‐up	  Slides	  



How	  to	  Tell	  the	  Spectator	  Nucleons	  from	  
the	  Ac[ve	  Nucleon?	  

•  DIS,	  SIDIS	  
•  Target	  fragmenta[on	  produces	  a	  forward	  nucleon	  
•  Fragmenta[on	  increases	  p⊥,	  decreases	  p||	  	  

•  DVES:	  	  	  
•  pz’	  ≈	  pz(1–xB)	  	  	  p’+/P+	  ≈	  α –	  xB	  
•  –t	  =	  –Δ2 ≈ (xB2M2+	  Δ⊥2)/(1-‐xB)	  
•  D,	  3He,	  Momentum	  densi[es	  fall	  by	  ~1/1000	  for	  	  
xB	  >	  0.1,	  or	  	  	  
Δ⊥	  =	  p⊥’	  >	  300	  MeV/c	  	  	  	  –t>0.1	  GeV2	  

An[symmetriza[on	  <	  3%	  
•  At	  smaller	  xB	  and	  smaller	  	  p⊥’	  ,	  sum	  over	  all	  nucleons	  as	  
ac[ve	  or	  spectator,	  w/	  an[-‐symmetriza[on	  



22	  

6	  T	  max	  

9	  T	  max	  

	  horizontal	  plane	   	  ver7cal	  plane	  

50	  mr	  crossing	  angle	  in	  ion	  beam	  

Tagged	  d	  beam:	  dp/p	  =	  -‐0.5	  
Tagged	  3He	  beam:	  dp/p	  =	  +0.33	  

Forward	  acceptance	  vs.magne[c	  rigidity	  

Ultra-forward charged-hadron acceptance 

Red: Detection before ion 
quadrupoles 
Blue: Detection after ion 
quadrupoles 



eRHIC: design luminosity 

DIS-2013, Marseille 

Ee, GeV 

Ep, GeV 

>3.1034 

3.1034 

2.5.1034 

2.1034 

1.5.1034 

0.5.1034 

1.1034 

0.25.1034 

0.1.1034 

L., cm-2 sec-1 

3.1034 2.5.1034 2.1034 1.5.1034 1.1034 

0.5.1034 

0.25.1034 

0.1.1034 

E.C. Aschenauer 23 



eRHIC: design luminosity 

DIS-2013, Marseille 

Hourglass the pinch effects are included. Space charge effects are compensated. 
Energy of electrons can be selected at any desirable value at or below 30 GeV 
The luminosity does not depend on the electron beam energy below or at 20 GeV 
The luminosity falls as Ee

-4 at energies above 20 GeV 
The luminosity is proportional to the hadron beam energy: L ~ Eh/Etop 

  e  p 2He3 79Au197 92U238 

Energy, GeV  20 250 167 100 100 

CM energy, GeV   100 82 63 63 
Number of bunches/distance between bunches 107 nsec  111 111 111 111 

Bunch intensity (nucleons) ,1011  0.36 4 6 6 6 

Bunch charge, nC 5.8 64 60 39 40 

Beam current, mA 50  556 556 335 338 

Normalized emittance of hadrons , 95% , mm mrad   1.2 1.2 1.2 1.2 

Normalized emittance of electrons, rms, mm mrad   16 24 40 40 

Polarization, % 80 70 70 none none 

rms bunch length, cm 0.2 5 5 5 5 

β*, cm 5 5 5 5 5 

Luminosity per nucleon, x 1034 cm-2s-1    2.7 2.7 1.6 1.7 

E.C. Aschenauer 24 



Y.	  Zhang	   -‐-‐-‐25-‐-‐-‐	  

Proton Electron 
Beam energy GeV 60 5 
Collision frequency MHz 750 750 
Particles per bunch 1010 0.416 2.5 
Beam Current A 0.5 3 
Polarization % > 70 ~ 80 
Energy spread 10-4 ~ 3 7.1 
RMS bunch length mm 10 7.5 
Horizontal emittance, normalized µm rad 0.35 54 
Vertical emittance, normalized µm rad 0.07 11 
Horizontal β* cm 10 10 
Vertical β* cm 2 2 
Vertical beam-beam tune shift  0.014 0.03 
Laslett tune shift 0.06 Very small 
Distance from IP to 1st FF quad m 7 3 
Luminosity per IP, 1033 cm-2s-1 5.6 

Parameters for Full Acceptance Interaction Point 



IP	  

e-‐	  

ions	  forward ion  
detection 

forward e-  
detection 

final focusing  
elements 

A fully integrated interaction region 

IP FP 

Focal Point: 

D ~ 1 m 

β ~ 1 m 

Recoil baryon 
detection: 

Small beam size (β) 
and large dispersion 

at the secondary 
focal point give 

superb resolution 
and acceptance at 
very small angles 

Excellent t-coverage 
for all kinematics! 

(top view) 

IR optics 



Spectator	  tagging	  in	  a	  collider	  

•  PD	  =	  100	  GeV/c	  deuteron	  
•  pp	  ≈ (PD/2)(1+α) + p⊥	  f 	  	  

  α < 50	  MeV/1GeV,	  	  	  	  θS	  =p⊥	  /(PD/2)	  ≤	  1	  mrad	  

•  pn	  	  ≈ (PD/2)(1–α) ‒ p⊥	  
  Measure	  θn≈	  p⊥	  /(PD/2)	  accurately	  in	  Forward	  Hadronic	  
Calorimeter	  (integrate	  over	  α). 	  	  
δθn	  ≈ (1	  cm)/(40	  m)	  =	  0.25	  mrad	  

•  P(4He)	  =	  200	  GeV/c	  =	  ZP0	  
•  MagneRc	  rigidity	  K(4He)	  =	  P/(ZB)	  =	  (100	  GeV/c)/B	  =	  K0	  
•  P(Spectator	  3He)	  ≈	  (3/4)P(3He)	  	  K(3He)	  =	  (3/4)	  K0	  
•  P(Spectator	  3H)	  ≈	  (3/4)P(3H)	  	  K(3H)	  =	  (3/2)	  K0	  >	  K0	  



Nuclear	  Spectral	  Func[ons	  

•  C.	  Ciofi	  
degli	  Av,	  
S.	  Simula	  
PRC	  53	  
(1996)	  

decreasing at large k as powers of k , it has been argued that
the nucleon spectral function at high values of both k and
E should be governed by ground-state configurations in
which the high-momentum k� 1�k� of a nucleon is almost en-
tirely balanced by the momentum k� 2��k� of another
nucleon, with the remaining (A�2) nucleons acting as a
spectator with momentum k�A�2�0.2 When the momentum
and the intrinsic excitation energy of the (A�2) system are
totally disregarded, the energy conservation would require
that

EA�1* �EA�1
R �

k2

2M , �35�

where EA�1
R �k2/2(A�1)M is the recoil energy of the

(A�1)-nucleon system; thus the intrinsic excitation of the
(A�1) system would be

EA�1* �
A�2
A�1

k2

2M . �36�

Within such a picture, the nucleon spectral function
P1(k ,E) has the following form:

P1�k ,E ��
1
4�

n1�k ���E�E1
�2NC��k �� , �37�

with

2Configurations corresponding to high values of �k�A�2� should be
ascribed to three-nucleon correlations; indeed, high values of
�k�A�2� can be due to ground-state configurations with a third
‘‘hard’’ nucleon, whose momentum balances the CM one of par-
ticles 1 and 2.

FIG. 2. The nucleon momentum distributions of Fig. 1 shown
all together �a� and their ratio to the deuteron momentum distribu-
tion n (D)(k) �b�. The solid, dashed, dotted, dot-dashed, long dashed,
dot-long dashed lines correspond to 2H, 3He, 4He, 16O, 56Fe, and
nuclear matter, respectively.

FIG. 3. The saturation of the momentum sum rule in 3He �a�
and infinite nuclear matter �b�. The dotted and solid lines corre-
spond to the momentum distribution n0(k) and to the total momen-
tum distribution n(k), respectively. In case of 3He the dot-dashed,
dashed, and long dashed lines correspond to Eq. � 34� calculated in
Ref. �20� at E f�17.75,55.5,305.5 MeV, whereas for nuclear matter
the dot-dashed and dashed lines correspond �11� to E f�100 and
300 MeV, respectively.

53 1695REALISTIC MODEL OF THE NUCLEON SPECTRAL FUNCTION . . .

A=2	  

A=∞	  

Mean	  Field	  	  
•  Independent	  
Nucleons	  

NN-‐Correla[ons	  


