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EIC	  @	  Jefferson	  Lab
3-‐10	  GeV	  e– ⊗ Z•(20-‐100	  GeV/c)	  ions
Longitudinal	  and	  Transverse	  	  Polarized	  
p,	  d, 3He,	  7Li,	  …	  	  Tensor	  polarized	  d
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JLEIC	  
Full	  

Acceptance	  
Detector
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Forward	  Spectrometer:	  	  Dp/p	  =	  ±0.5,	  q=±8mr

ZDC45	  m



Particle	  I.D.
Central	  Detector

• Electron	  Endcap:	  (p	  <	  10	  GeV)
• e/π: EMCal (PbWO4,	  Shashlyk)	  
⊗ Hadron	  Blind	  (Cherenkov)

• π/K/p: Modular	  Aerogel	  RICH	  (mRICH)	  ⊕ TOF

• Barrel	  Region:
• e/π: EMCal (Shashlyk or	  SciFi)	  	  ⊗ DIRC	  (0.7—1.0	  GeV/c)

• π/K:	  	  DIRC	  (p	  <	  6	  GeV/c…R&D)	  ⊗ TOF	  (80	  ps,	  p	  ≤	  1.5	  GeV/c)

• Ion	  Endcap
• π/K:	   TOF	  (p<2.4	  GeV)	  ⊗ Dual	  (Aerogel/Gas)	  RICH	  (p<50	  GeV/c)

• e/γ/μ/π:	  	  EMCal (Shashlyk)	  ⊗ HCal
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Ion-‐Downstream	  Spectrometer	  &	  ZDC	  

• Proton	  remnant	  (DVCS,	  DVMP)	  from	  proton	  beam
• Focus	  at	  IP+45	  m

• Dispersion	  ~	  1m/100%,	  Magnification	  ~	  –0.5
• 300μm	  resolution	  à σ(p)/p	  =	  3•10–4 =	  Beam	  rms
• 300μm	  resolution	  over	  2m	  à σ(θIP)	  =	  0.3	  mrad =	  Beam	  rms

• FFQ	  acceptance	  (6T	  pole	  field)	  ~± 8	  mrad
• Neutron	  remnant,	  ZDC	  acceptance	  ± 10mrad

• High	  performance	  HCal:	  	  
• σ(E)/E	  ~30%[1	  GeV/E]1/2,	  	  	  σ(θ)	  <	  0.3mrad
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FFQ	  +anti-‐solenoid

D1

D2 ZDC
D3

electrons

secondary	  focus



Final	  States:
DIS	  à Diffractive	  DIS	  à Deep	  Virtual	  Exclusive	  Scattering
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Proton	  Remnant:	  
• Di-‐quark/	  tetra-‐quark	  color	  triplet
• Color	  octet

Rapidity	  Gap:	  Dh ≥	  2

• ~10%	  of	  HERA	  DIS	  events

~10%	  of	  HERA	  events
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Acceptance for p’ in DDIS 

Acceptance in diffractive peak (XL>~.98)
           ZEUS: ~2%
           JLEIC: ~100%

JLEIC ZEUS 
Leading Proton Spectrometer

Region 2 (Hi. Res)

Region 1

31 
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0

1
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2	  T•m Dipole

20	  T•m Dipole

/DVES

Tagging	  essential	  for	  exclusivity



Deep	  Virtual	  Exclusive	  Scattering
Transverse	  Spatial	  Imaging	  vs.	  xBj

• Detector	  Acceptance
• eRHIC:	  new	  IR	  design:	   0.18	  ≤	  pT
• JLEIC:	  Far-‐Forward	  spectr.

0.0	  ≤	  pT for	  xBj >	  0.003
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Figure 2.21: Top: The DVCS cross-section in two bins of x and Q2. The error bars reflect
statistical and assumed systematic uncertainties, but not the overall normalization uncertainty
from the luminosity measurement. For the left panels the assumed luminosity is 10 fb�1 for
|t| < 1GeV2 and 100 fb�1 for |t| > 1GeV2. Bottom: The distribution of partons in impact
parameter b

T

obtained from the DVCS cross-section. The bands represent the parametric errors
in the fit of d�DV CS

/dt and the uncertainty from di↵erent extrapolations to the regions of
unmeasured (very low and very high) t, as specified in Sec. 3.6 of [2].

partons is “smeared” around the measured
value of ⇠ = x/(2 � x), whereas the vari-
able b

T

is legitimately interpreted as a trans-
verse parton position [85]. The bottom pan-
els of Figure 2.21 show that precise images
are obtained in a wide range of b

T

, includ-
ing the large b

T

region where a characteris-
tic dependence on b

T

and x due to virtual

pion fluctuations is predicted as discussed in
Sec. 2.4.1. We emphasize that a broad accep-
tance in t is essential to achieve this accuracy.
If, for instance, the measured region of |t|
starts at (300MeV)2 instead of (175MeV)2,
the associated extrapolation uncertainty ex-
ceeds 50% for b

T

> 1.5 fm with the model
used here.

53

y=0.7 @ 
(10⊗100 GeV2)

Impact	to	DVCS	physics	measurements	of	limited	
acceptance	(II)
• Lets	look	at	how	the	uncertainty	changes	on	the	parton distribution	 with	
different	acceptance	cuts
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Nuclear	  DIS	  Final	  State	  
with	  an	  EIC

• Naïve	  spectator	  kinematics:

• Fermi	  gas:	  	  |ai–1|	  ⪝ pF /M ≈ 0.25           pi,T ≤  pF

• In	  a	  deuteron	  of	  momentum	  	  100	  GeV/c,	  spectator	  
neutron	  or	  	  proton	  has	  laboratory	  momenta	  
(p||,	  pT)	  ≈	  [ai(50	  GeV/c),  pi,T ]
• Proton Spectator Forward Tagging!
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F2n(xB,Q2)	  from	  	  
Proton	  Spectator-‐Tagging
on	  the	  Deuteron

• –t’	  =	  Mn
2-‐(PD–pS)2

–t’	  >	  2MBD +BD2
–t’	  >	  0.004	  GeV2

9/27/16C.	  Hyde	  	  	  	  	  	  	  	  	  SPIN-‐2016 10

Unpolarized (e,D) → F2n(x ,Q2)

Systematic uncertainty is dominant at
lower t′

Intrinsic momentum spread: Ion beam
smears recoil momentum
−t′ ≈ 2p2R
Systematic uncertainty is dominant at
lower xBJ
On-shell extrapolation F2n

for each (xBJ , Q2) bin

(a)

K.Park (ODU) POETIC2015 September 11, 2015 9 / 13

Unpolarized (e,D) → F2n(x ,Q2)

Systematic uncertainty is dominant at
lower t′

Intrinsic momentum spread: Ion beam
smears recoil momentum
−t′ ≈ 2p2R
Systematic uncertainty is dominant at
lower xBJ
On-shell extrapolation F2n

for each (xBJ , Q2) bin

(a)

K.Park (ODU) POETIC2015 September 11, 2015 9 / 13

• Statistical	  Errors	  and	  
systematic	  band	  from	  
beam	  smearing

• Radiative	  effects	  not	  
included



Neutron	  Spin	  Structure	  Functions:	  d(e,e’pS)	  X
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Tagging: Polarized neutron structure II
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extrapolation uncertainty

A∥n =
σ(+−) − σ(++)

σ(+−) + σ(++)

= D
g1
F1

+ ...

D =
y(2 − y)

2 − 2y + y2

depolarization factor

y =
Q2

xseN

• Precise measurement of neutron spin structure

Wide kinematic range: Leading ↔ higher twist, nonsinglet ↔ singlet QCD evolution

Parton density fits: Flavor separation ∆u ↔ ∆d, gluon spin ∆G

Nonsinglet g1p − g1n and Bjorken sum rule

• Statistical	  &	  Systematic	  Errors	  from	  On-‐Shell	  Extrapolation



The	  EMC	  Effect	  in	  the	  Deuteron
In	  a	  given	  bin	  in	  (xBj,	  Q2):
• First	  extrapolate	  to	  the	  on-‐
shell	  point	  with	  data	  a ≈ 1

• Compare	  IA	  (dashed)	  with	  
pseudo-‐ data	  (solid)	  at	  
‘large’	  negative	  a – 1
• a < 1 minimizes	  FSI
• EMC	  Effect	  modeled	  via	  t’-‐
dependent	  form	  factor

• Illustrated	  Luminosity	  is	  
10	  /	  fb
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EMC effect in tagged DIS II
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• Tagged DIS at non-zero off-shellness
t−M2

N ∼ 0.1GeV2

pR < 200MeV in rest frame:
Deuteron wave function known

αR < 1: Spectator backward
in rest frame, FSI minimal

Modification of free neutron structure?

Possible to discriminate!

• Uncertainty estimates

Systematics under control;
momentum resolution/smearing
not critical at pRT ∼ 100MeV

Statistics–dominated measurement,
possible with 1034 luminosity



Polarized	  EMC	  Effect
I.	  Cloet,	  et	  al,	  PLB	  642 (2006)210

• g1pin	  Medium /	  g1pFree	  
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W. Bentz et al. / Progress in Particle and Nuclear Physics 61 (2008) 238–244 243

Fig. 8. EMC ratios for 27Al.

Fig. 9. EMC ratios for 7Li. The experimental data refer to 9Be.

directly from the operator definitions:

f h
q (x) = 1

2

X̂
n
�(p�x � p� + pn�)hp| |pni�+hpn| |pi, (4)

Dh
q (z) = z

6
1
2

X̂
n
�

✓
p�
z

� p� � pn�
◆

hp, pn| |0i�+h0| |p, pni. (5)

Here |pi denotes the hadron state (we assume a nucleon for definiteness), and
P̂

n is the sum over the intermediate
states |pni, including an integral over the momentum and sums over spin and isospin projections. For later
convenience, the sum in (5) is taken over the antiparticle states (pn).

We can express the matrix element in the distribution function (4) as

hpn| |pi = � (p, pn)
p

NpuN (ps), (6)

where the Dirac matrix � (p, pn) is the Fourier transform of the Green function hpn|T �
 (0)�(x)

� |0i with � the
nucleon field, and

p
Np is a normalization factor for the nucleon spinor uN . Using crossing and charge conjugation

symmetries, the matrix element in the fragmentation function (5) can then be expressed as

h0| |p, pni = �p
NpvN (ps)� (�p, pn)C (7)



Deuteron	  Tensor	  Polarization	  in	  DIS
• Quark–Anti-‐quark–gluon	  structure	  of	  the	  NN	  
tensor	  force
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(ii) Set 2: Finite tensor-polarized antiquark distributions
are allowed (! !q is a parameter).

Because of the lack of data at large x, the parameter c
cannot be determined from the current data. We checked
that the "2 value is not much affected by this parameter.
Therefore, it is fixed at c ¼ 1 in our analyses.

The determined parameters are listed in Table I. It is
obvious that the fit is not good enough ("2=d:o:f: ¼ 2:83)
if the tensor-polarized antiquark distributions are termi-
nated (set 1) by fixing the parameter as ! !q ¼ 0. If we let
this parameter free in the analysis, it is a reasonably
successful one ("2=d:o:f: ¼ 1:57). It is interesting to find
that the parameter ! !q is larger than 1, which indicates that
a significant tensor polarization exists in the antiquark
distributions.

Analysis results are shown in Fig. 1 in comparison with
the HERMES experimental data. Only the data with Q2 >
1 GeV2 are included in the analyses. The set-1 curve is
shown by the dashed curve, which does not agree with the
data in the small-x region (x < 0:1) without the antiquark
polarization. The overall fit is successful only if the anti-
quark polarization is introduced (set 2) as shown by the
solid curve. Of course, the results depend on the assumed
functional form including the assumption of using the
common weight function #TwðxÞ for the quark and anti-
quark distributions. However, it would be reasonable as
long as a smooth x-dependence is valid for the weight
function #TwðxÞ.

The determined tensor-polarized distributions in Eq. (5)
are shown in Fig. 2 by using the parameters in Table I. The
amplitude is sightly larger for the valence-quark distribu-
tion of set 1 because the antiquark distributions are termi-
nated by setting ! !q ¼ 0. The antiquark distribution #T !q

D

is shown by the dotted curve and it is mainly distributed in
the region x < 0:1. It is interesting to find that a finite
antiquark tensor polarization is needed to explain the
HERMES data on b1. If its effect on the b1 sum rule is
estimated, we obtain

Z
dxb1ðxÞ ¼ $ 5

24
lim
t!0

tFQðtÞ þ
1

18

Z
dx½8#T !uðxÞ

þ 2#T
!dðxÞ þ #TsðxÞ þ #T !sðxÞ'

¼ 0:0058: (9)

The choice of parametrization of Eq. (7) for the antiquark
distributions could affect the numerical result. However, as
it is obvious from Figs. 1 and 2, the antiquarks contribute
only at small x (x < 0:1). As long as the function #TwðxÞ is
a smooth function at x < 0:1, the result is not significantly
changed.
This work is the first attempt to parametrize the tensor-

polarized valence-quark and antiquark distributions.
Including the antiquark tensor polarization, we obtained
much smaller "2=d:o:f: and it led to a finite sum as shown
in Eq. (9). This is a new and interesting result which needs
to be explained theoretically. The integral is compared with

TABLE I. Determined parameters in Eqs. (5) and (7). Q2 is taken Q2 ¼ 2:5 GeV2.

Analysis "2=d:o:f: a ! !q b c x0

Set 1 2.83 0:378( 0:212 0.0 (fixed) 0:706( 0:324 1.0 (fixed) 0.229
Set 2 1.57 0:221( 0:174 3:20( 2:75 0:648( 0:342 1.0 (fixed) 0.221

FIG. 1 (color online). Comparison with HERMES data [19].
The solid and dashed curves indicate theoretical results with
(! !q ! 0) and without (! !q ¼ 0) tensor-polarized antiquark dis-
tributions. The open circle is the data at Q2 < 1 GeV2.

FIG. 2 (color online). Determined tensor-polarized distribu-
tions. The dashed and solid curves are the valence-quark dis-
tributions x#Tq

D
v in the deuteron for set 1 ð! !q ¼ 0Þ and set 2

ð! !q ! 0Þ, respectively, and the dotted curve is the antiquark
distribution x#T !q

D of set 2.

BRIEF REPORTS PHYSICAL REVIEW D 82, 017501 (2010)

017501-3

• HERMES	  data
• Theory:
S.	  Kumano,	  
PRD	  82
017501



DVES	  on	  Deuteron

• Coherent	  d(e,e’d V)
• Tensor	  polarized	  beam:	  	  Observe	  quark-‐gluon	  structure	  of	  
tensor	  interaction.

• Incoherent	  d(e,e’pnV)
• Miller,	  Sievert,	  Rajugopalan,	  	  	  www.arXiv.org/1512.03111

• Low	  mass	  NN	  final	  state	  ≈	  independent	  nucleons

• High	  mass	  NN	  final	  state	  à probe	  spatial	  size	  of	  
interacting	  pair

8	  July	  2016Charles	  Hyde	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  EIC	  UG 15



Conclusion
• A	  High	  Luminosity	  Polarized	  Electron	  Ion	  Collider	  is	  an	  
unprecedented	  tool	  to	  quantitatively	  explore	  the	  quark-‐
gluon	  dynamics	  of
• the	  Origin	  of	  the	  Mass	   and	  spin	  of	  mesons	  and	  baryons
• The	  creation	  of	  mass	  as	  a	  quark	  or	  gluon	  propagates	  through	  cold	  

QCD	  matter
• Vacuum
• Nucleus

• Spin	  Isospin	  dependence	  of	  Nuclear	  Binding
• NN	  Force
• NNN	  Force?

• These	  are	  exciting,	  challenging	  questions.
• We	  can	  make	  progress
• This	  will	  resonate	  with	  the	  larger	  scientific	  community
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BACKUP	  SLIDES
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JLEIC	  IP	  Beamline	  Optics	  Design
• Full	  Conceptual	  Design	  
(field	  profiles,	  physical	  dimensions):
• Final	  focus	  Quad	  blocks,	  

• (electron,	  ion),	  (upstream,	  downstream)

• Solenoid	  (with	  fringe	  field)	  

• Large	  ion-‐downstream	  dipole	  (D2)

• Design	  in	  process:
• Small	  (6	  mrad)	  ion-‐downstream	  dipole	  (D1)	  and	  
electron-‐beam	  flux	  exclusion
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SPECTATOR	  TAGGING

• Spectator	  Tagging:

• Impulse	  Approximation:

• In	  Deuteron	  rest-‐frame:

• In	  Collider	  Frame:

26 Sept 2016
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• Tagged DIS at non-zero off-shellness
t−M2

N ∼ 0.1GeV2

pR < 200MeV in rest frame:
Deuteron wave function known

αR < 1: Spectator backward
in rest frame, FSI minimal

Modification of free neutron structure?

Possible to discriminate!

• Uncertainty estimates

Systematics under control;
momentum resolution/smearing
not critical at pRT ∼ 100MeV

Statistics–dominated measurement,
possible with 1034 luminosity



Neutron	  Spin	  Structure

• Longitudinal	  Double	  Spin	  Asymmetry	  on	  the	  
Neutron

8 July 2016Charles Hyde                   EIC UG 20
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Figure 3. (Color online) A|| fit with 1st order of polynomial function in terms of −t′ to extrapolate to on-shell

point. Symbols are same as Fig. 1.

Figure 4. (Color online) On-shell An
||

extrapolation (circles) as a function of xBJ (Left) at fixed ⟨Q2⟩ = 11.29

GeV2, Q2 (Right) at fixed ⟨xBJ⟩ = 0.1129. The magenta dots represent the A|| from model input. Red squares

around horizontal dashed line are absolute difference between model input and fit result.

4 Summary

We have developed a MC simulation of spectator tagging event generator with Jlab EIC configuration.
Overview of this project and more detail information are available on the public project web-page at
https://www.jlab.org/theory/tag/. All latest version of computer codes, documentation, general infor-
mation are also available in the github [3].

A spectator tagging technique using (un)polarized deuteron and electron beams allows us to mea-
sure (un)polarized neutron structure under controlled uncertainty and model-independently. Using this
method, on-shell extrapolation of F2n and An

||
have been carried out using our pseudo-data. Overall, a

% level of statistical uncertainty is achievable in given luminosity, L = 1033 cm−2s−1 and the system-

x-dependence at fixed Q2 Q2-dependence at fixed x



Spin	  &	  Particle	  ID:
• Semi	  Inclusive	  DIS	  (SIDIS):	  	  	  

• Flavor	  tagging	   in	  EIC	  covers	  a	  wide	  range	  in	  (xB,	  Q2,	  z,	  kT,	  𝜙S)

• 3-‐D	  momentum	  imaging	  (TMDs),	  Transversity,	  Tensor	  
Charge…	  

• KS0 à π+π– i.d. from	  vertex	  tracker,	  with	  forward	  boost

• Diffractive	  DIS:	  	  Forward	  tagging	  of	  diffracted	  beam
• Exclusive	  processes:

• p(e,e’γ p),	  p(e,e’V p),	  p(e,e’π+n),	  p(e,e’K+ 𝛬),	  p(e,e’ KS0 Σ+)
• Longitudinal	  and	  transverse	  polarized	  ion	  beams:

• Separate	  Vector H,	  E,	   Axial Ȟ,	  Ế Compton	  Form	  Factors

• Meson	  flavor	  &	  spin	  à vector/axial	  and	  flavor/gluon
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