
The Electron Ion Collider (EIC) 
Abhay Deshpande 
 
Lecture 4:  
What else can the EIC address? 
How does one design a detector for the EIC? 
 
EIC: how? When? 
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QCD Physics at the EIC: 
• Pushes the luminosity requirements ~ few x 1034 cm-2s-1 

•  Recall that although lower in luminosity than fixed target 
experiments, the collider is at (high) 100-140 GeV in CM Energy 

• Push the polarimetry and beam quality requirements to 
the extreme: 
•  (dPol/Pol) ~ 1% 
•  Ultra low beam divergence for DVCS/Diffraction…  
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Why not consider using this machine for  
precision EW & BSM Physics? 



Weak probes of nucleon helicity 
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• This is also a test

For eRHIC kinematics

• Experimental signature is a huge

   asymmetry in detector (neutrino)

• Unique measurement

• Unpolarized xF3 measurements 

   at HERA in progress

• Will access heavy quark 

   distribution in polarized DIS

Need electron and positron beams in eRHIC

Experimental signature is a large 
asymmetry (due to missing 
neutrino) 
 
HERA used this to probe xF3, è 
combination of quark, anti-quark 
Distributions, using electron and 
positron beams 
 
EIC’s Polarized beam è g5

W+/- 
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Parity Violating Structure Function gParity Violating Structure Function g55

• This is also a test

For eRHIC kinematics

• Experimental signature is a huge

   asymmetry in detector (neutrino)

• Unique measurement

• Unpolarized xF3 measurements 

   at HERA in progress

• Will access heavy quark 

   distribution in polarized DIS

Need electron and positron beams in eRHIC
First studied: J. Contreras & A. De Roeck 2002 

7/19/16 EIC Lecture 4 at NNPSS 2016 at MIT   3 



A more recent study…. 
E. Aschanauer et al. PRD 88 114025 (2013) 7
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FIG. 5: [color online] χ2 profiles for the first moments of he-
licity sea quark PDFs and the gluon truncated to the region
0.001 ≤ x ≤ 1. The results are based on using only cur-
rent data (DSSV+) and sets of projected EIC data with two
different c.m.s. energies.

as we limit ourselves to the range x ! 10−3, the results
shown in Fig. 4 do not require to analyze data below
Q2 ≃ 2.5GeV where the perturbative framework eventu-
ally starts to become unreliable and/or where 1/Q sup-
pressed power corrections may become relevant. At an
EIC one can systematically study the validity of the lead-
ing twist pQCD framework assumed in all global QCD
analyses so far by varying the lower cut-off scale Qmin

above which one starts to include data in the fit. It
should also be stressed that only the relative improve-
ment of the uncertainties in Fig. 4, i.e., the differences
between the inner and outer error bands, is of signifi-
cance here for estimating the physics impact of an EIC
since the generation of the pseudo-data requires to as-
sume a certain set of polarized PDFs. Of course, only
real EIC data will eventually reveal the actual functional
form of the helicity PDFs at small x.
Figure 5 visualizes the improvements due to EIC data

in terms of truncated moments of helicity PDFs, which
are also used to determine the uncertainty bands in Fig. 4
with the help of the Lagrange multiplier method [1, 2,
15, 24]. For each parton flavor f we minimize χ2 with an
additional constraint on the value of its truncated first
moment

∆f(Q2, xmin, xmax) ≡
∫ xmax

xmin

∆f(x,Q2)dx (6)

implemented through a Lagrange multiplier. In this
way we can map out the χ2 profile as a function of
∆f(Q2, xmin, xmax) away from its best fit value without
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FIG. 6: [color online] As in Fig. 5 but now evaluated in the
range 0.0001 ≤ x ≤ 0.01 and using also a set of projected EIC
data for collisions of 20GeV electrons on 250GeV protons.

any restrictions on the parameter space. Thereby we gen-
erate a large set of alternative PDFs for each point along
the χ2 contour. Upon choosing a certain maximum in-
crease ∆χ2, which is still tolerated for a good fit, one
arrives at the uncertainty bands shown in Fig. 4.
A more direct way of estimating PDF uncertainties is

the standard Hessian method [25] which is based on the
assumption that the χ2 profiles are quadratic in the vicin-
ity of their minima. As can be inferred from the profiles
in Fig. 5, the truncated moments ∆f(Q2, 0.001, 1) are
only very weakly constrained by presently available data,
and uncertainties are very large. Clearly, the quadratic
approximation does only work well for not too large ∆χ2

[2], and, hence, reliable Hessian eigenvector PDF sets
for ∆χ2 = 9 cannot be constructed to estimate uncer-
tainties. However, including just one of the projected
EIC data sets not only considerably reduces uncertain-
ties for ∆f(Q2, 0.001, 1), which can be conveniently read
off from the width of the χ2 profiles at any desired value
of ∆χ2, but also leads to approximately parabolic χ2

profiles. Hence, to check the consistency of our error
estimations, we also determined the PDF uncertainties
with the now applicable Hessian method by construct-
ing appropriate eigenvector PDF sets corresponding to
∆χ2 = 9. We find very similar, basically undistinguish-
able results as for the inner uncertainty bands shown in
Fig. 4 and obtained with Lagrange multipliers.
It also turns out, see Fig. 5, that helicity PDFs are

already well constrained down to x = 1 × 10−3 by EIC
data for 5 × 100GeV collision because essentially all x-
bins at that particular c.m.s. energy fall into the region
x ! 10−3. Nevertheless, additional data for 5× 250GeV

A full unfolding of Q and Qbars will 
require polarized electron and positron 
beams at high luminosity. 
 
High luminosity positron beams is a 
challenge 

EIC provides independent weak probes of the nucleon spin constitution, 
Including separation between quarks and anti-quarks 
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Physics vs. Luminosity & Energy 
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Electroweak & beyond….(?) 

High energy collisions of polarized electrons and protons and 
nuclei afford a unique opportunity to study  
• Electro-weak deep inelastic scattering 

•  Electroweak structure functions (including spin) 
•  Significant contributions from W and Z bosons which have different 

couplings with quarks and anti-quarks 

• Parity violating DIS: a probe of beyond TeV scale physics 
•  Measurements at higher Q2 than the PV DIS 12 GeV at Jlab 
•  Precision measurement of Sin2ΘW 

• New window for physics beyond SM through LFV search     
M. Gonderinger & M. Ramsey-Musolf, JHEP 1011 (045) (2010); 
arXive: 1006.5063 [hep-ph] 
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APV in Deep Inelastic Scattering 
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Measure APV (C2q) to better than 0.5% (1-2%) ? 

C1u = (1� 8 sin2 ✓W /3)/2 ⇠ 0.20 Hadronic
C1d = (1� 4 sin2 ✓W /3)/2 ⇠ �0.32 Hadronic
C2u = (1� 4 sin

2 ✓W )/2 ⇠ 0.04 Leptonc

C2d = �(1� 4 sin

2 ✓W )/2 ⇠ �0.04 Leptonc

C2q sensitive to RC & New Physics 



Prospects: near and far future…. 
Jefferson Laboratory: 
•  6 GeV DIS eDà eX proceeding 
•  12 GeV SoLID experiment at JLab12 in future (2020-2025) 

•  Measure C2q‘s New Physics, Charge Symmetry violation 
•  Effective luminosity (fixed target) 1038 cm-2sec-1 

Future ep, eD à Electron Ion Collider: 
•  Asymmetry: FOM ~ A2N;  A~Q2 & N ~ 1/Q2, Acceptance 
•  Collider: higher Q2 but luminosity(?) 
•  Need accumulate > 100 fb-1 (possible with 1034 cm-2sec-1)  

Y. Li & W. Marciano studied this at Sqrt(s) = 140 GeV (ep or eD) 
Recent: Y. Zhao, A.D. & K. Kumar revisited this…. 
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Sin2ΘW with the EIC: Physics Beyond SM 
• Precision parity violating asymmetry measurements e/D or e/p 
• Deviation from the “curve” may be hints of BSM scenarios 

including: Lepto-Quarks, RPV SUSY extensions, E6/Z’ based 
extensions of the SM 
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Black: measurements 
 

Blue: near future 
measurements 

 
Red: US EIC projections 
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FIG. 3. E↵ective weak mixing angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a)
mZd = 15 GeV and (b) mZd = 25 GeV for 1 sigma fit to "�0 in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).

which is further reduced by Z and Zd leptonic branching
ratios. The on-shell branching ratio is given by [33, 36]
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1
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with �(x, y, z) ⌘ x2 + y2 + z2 � 2xy � 2yz � 2zx and
�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

independent value over most of the mass range (Fig. 2),
resulting in Eq. (13).

The ATLAS bounds translate into constraints on �0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `+`�. For BR(Zd ! 2`) ⌘ BR(Zd !
2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �0.

The best current bounds on " for the relevant mass
range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e+e� !
hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Refs. [44, 45]) have
the potential to give a better bound than precision elec-
troweak constraints [46]. When combined with bounds
on " from precision measurements and production con-
straints [43, 47], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [47, 48] for less severe

bounds on " from a recasting of a CMS analysis of Run
1 data, sensitive to H ! ZZd.)
Given the above discussion, a simple combination of

the upper bounds on " and �0 suggests

|"�0| . 0.0008. (15)

We use the above bound as a rough guide for the allowed
region of parameter space in our discussion below.
For a given mZd , a negative "�0 in Eq. (12) will shift

the SM prediction in Eq. (1) towards the low Q2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�0 < �0.0003. A similar 1-� band is pre-
sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <
"�0 < �0.0005. In each case, the lighter shaded upper
part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q2 determinations of sin2 ✓W (Q2),

the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp

weak),
is expected to reach an uncertainty of ±0.0007 after all
existing data are analyzed in the near future. This would
reduce the uncertainty on the weighted average in Eq. (6)
to ±0.00055 and, assuming the same central value as the

Dark Z Study: arXiv:1507.00352 
 
 
 
 
EIC Study . 
Y. Zhao, A. Deshpande & K. Kumar et al. 
 
 

Low Q2 Weak Mixing Angle Measurements and Rare Higgs Decays

Hooman Davoudiasl,1 Hye-Sung Lee,2 and William J. Marciano1

1Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
2CERN, Theory Division, CH-1211 Geneva 23, Switzerland

A weighted average weak mixing angle ✓W derived from relatively low Q2 experiments is compared
with the Standard Model prediction obtained from precision measurements. The approximate 1.8
sigma discrepancy is fit with an intermediate mass (⇠ 10 � 35 GeV) “dark” Z boson Zd, corre-
sponding to a U(1)d gauge symmetry of hidden dark matter, which couples to our world via kinetic
and Z-Zd mass mixing. Constraints on such a scenario are obtained from precision electroweak
bounds and searches for the rare Higgs decays H ! ZZd ! 4 charged leptons at the LHC. The
sensitivity of future anticipated low Q2 measurements of sin2 ✓W (Q2) to intermediate mass Zd is
also illustrated. This dark Z scenario can provide interesting concomitant signals in low energy
parity violating measurements and rare Higgs decays at the LHC, over the next few years.

Discovery of what appears to be a fundamental Higgs
scalar [1, 2] completes the basic Standard Model (SM)
particle spectrum. In addition, comparing precision fine
structure constant ↵, Fermi constant GF , and Z boson
mass (mZ) values at the quantum loop level, employing
the Higgs mass mH = 125 GeV and top quark mass
mt = 173.3(8) GeV gives the indirect SM weak mixing
angle prediction [3, 4]

sin2 ✓W (mZ)MS = 0.23124(12) SM prediction, (1)

where the modified minimal subtraction (MS) definition
at scale µ = mZ for the renormalized weak mixing angle
✓W has been employed [5]. The existing error in Eq. (1)
stems from mt, higher order loops (that overall double
the error), and hadronic uncertainties, all of which are
expected to be further reduced. That prediction agrees
remarkably well with the average value [3] of the more
direct Z pole measurements [6, 7]

sin2 ✓W (mZ)MS = 0.23125(16) Z pole average. (2)

A comparison of these distinct precision methods severely
constrains “new physics” extensions of the SM [3].

In contrast, low Q2 determinations of the weak mixing
angle (for a review, see Ref. [3]) currently allow consider-
able room for certain types of new physics, particularly
Z 0 bosons (for earlier work along these lines, see for ex-
ample Refs. [8–11]). Indeed, the 3 most precise measure-
ments at lower Q2 ⌧ m2

Z extrapolated, for comparison,
to an MS scale µ = mZ give a somewhat disparate range
of values [3]

sin2 ✓W (mZ)MS = 0.2283(20) APV, (3)

sin2 ✓W (mZ)MS = 0.2329(13) Moller E158, (4)

sin2 ✓W (mZ)MS = 0.2356(16) NuTeV (5)

from the measurements in Cs atomic parity violation
(APV) at hQi = 2.4 MeV [12–15], SLAC Moller scatter-
ing experiment E158 at hQi = 160 MeV [16], and Fermi-
lab neutrino deep inelastic scattering (DIS) experiment
NuTeV at hQi ⇡ 5 GeV [17].
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FIG. 1. Current measurements of the weak mixing angle at
various Q [6, 7, 13–19] and future prospects [20–24]. The
black curve represents the expected SM prediction for the run-
ning of sin2 ✓W with Q [5]. Current measurements are given
as black points with existing error bars. The red “Antici-
pated sensitivities” are meant only to illustrate the possible
uncertainties potentially obtainable from experiments under
analysis and proposed.

These measurements are illustrated in Fig. 1, af-
ter evolving back to their experimental Q values.
There, we also show other less precise determinations of
sin2 ✓W (Q2) (JLAB Qweak first result [18] and JLAB
PVDIS [19]) as well as the very accurate Z pole val-
ues [6, 7], future sensitivities (Ra+ APV [20, 21], JLAB
Moller [22], MESA P2 [23], JLAB DIS experiment
SOLID [24]), and the predicted SM running curve for
comparison. Note that the Qweak result in our figures
corresponds to only about 4% of their total collected
data. Their statistical uncertainty may be significantly
reduced in the near future making them the expectedly
best low Q2 determination. We return to this point later.
Note, also, that the factor of 5 improvement envisioned
for APV using single ionized Ra+ trapped atoms as orig-
inally suggested in Ref. [25], although extremely well mo-
tivated, is still in a development stage [26]. The potential
polarized electron scattering asymmetry improvements
are currently on a more definite footing.
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Opportunity for EIC 
•  Limits on LFV(1,3) experimental searches are significantly 

worse than those for LFV(1,2) 
•  There are BSM models which specifically allow and 

enhance LFV(1,3) over LFV(1,2) 
•  Minimal Super-symmetric Seesaw model:J. Ellis et al. Phys. Rev. 

D66 115013 (2002) 
•  SU(5) GUT with leptoquarks: I. Dorsner et al., Nucl. Phys. B723 53 

(2005); P. Fileviez Perez et al., Nucl. Phys. B819 139 (2009)  

• M. Gonderinger & M.Ramsey Musolf, JHEP 1011 (045) 
(2010); arXive: 1006.5063 [hep-ph] 
•  10 fb-1  e-p luminosity @ 90 GeV CM would have potential 
•  Detector & analysis efficiencies assumed 100% 
•  HERA experience: effective efficiencies 5-15% 

• Clearly there is an opportunity for EIC: “icing on the cake” 
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Detector Design:  
Some General Considersations 
See details about design stretegy, technolgy and 
integration with accelerator design (IR) in Prof. 
Aschenauer’s lectures tomorrow. 
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EIC at BNL: eRHIC 
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•  4.1 × 1033 cm-2 s-1 for √s = 126 GeV
         (15.9 GeV e� on 250 GeV p�)

eRHIC design  
Highly advanced and energy efficient accelerator

 

   

arXiv:1409.1633
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The eRHIC Interaction Region (IR) 
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EIC at Jlab: JLEIC 
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JLEIC: EIC at Jefferson Lab (



JLEIC Interaction Region (IR) 

Extended detector: 80+ m 
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Common characteristics: 
• Both eRHIC and JLEIC are planned to measure the whole 

event: “Exclusive Measurement” of DIS 
•  Measure scattered electron, measure and identify beam and target 

fragments (remnants) 

• Both have beam crossing angles (collisions not head-on) 
•  Initially dictated by “lessons from HERA” where e-/e+ beams were 

brought in and taken out creating a “fan of intense synchrotron 
radiation” which made detectors difficult (impossible) to operate 

•  Electron beam in the EIC era will have no bends before the 
Interaction Region. 

• Many more will be discussed in dedicated lectures…. 
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DIS and Final State Particles 

18 

Electron	beamline	Eelectron	

Aim of EIC is nucleon and nuclear structure beyond  the longitudinal 
description.  This makes the requirements for the machine and detector 
different from all previous colliders including HERA. 

Need more than this 
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Final State Particles in the Central Rapidity 

Par/cles	associated	with	struck	parton	

19 

Electron	beamline	Eelectron	

Products of the hard  
electron-quark collision 

Transverse and flavor structure measurement of the nucleon and nuclei:  
The particles associated with struck parton must have its species identified and 
measured.   

R
.Y

os
hi

da
, E

IC
U

G
 @

 A
N

L 

7/19/16 EIC Lecture 4 at NNPSS 2016 at MIT   



Final State Particles in the Central Rapidity 

20 

Electron	beamline	Eelectron	

Boosted towards ion beam 

Boosted towards ion beam 

Asymmetric collision energies will boost the final state particles in the 
ion beam direction:  

Detector requirements change as a function of rapidity R
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Particles Associated with the Initial Ion 

Par/cles	Associated	with	Ini/al	Ion	

21 

Electron	beamline	Eelectron	

For EIC, particles of the “target remnant” is 
as important as the struck parton 

•  Was not considered at HERA 
initially. 

•  Close to the beamline 
•  Not analyzed by central solenoid. 
•  Aim for ~100% acceptance and 

good resolution at EIC. 

Remember acceptance is equally 
important as luminosity! 
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Particles Associated with the Initial Electron 

22 

beam	electron			(or	low	Q2)	

Photons 
Electron	beamline	Eelectron	

Forward Electron area: 
•  Tag photoproduction (Q2≈0) 
•  Measure Luminosity 
•  Measure electron polarization 

Apply lessons from HERA, JLab and elsewhere 
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Final State Particles 

23 

beam	electron			(or	low	Q2)	

Photons 
Electron	beamline	

Par/cles	Associated	with	Ini/al	Ion	

The aim is to get ~100% acceptance for all final 
state particles, and measure them with good 

resolution. 

Central 
 Detector 

Beam Elements 

Beam Elements 

Beam elements limit forward acceptance 
Central Solenoid not effective for forward R
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Interaction Region Concept 

24 

Electron	beamline	

50 mr 

Solenoid 

Dipole (1 of 3) 

Dipole (1 of 4) 

NOT TO SCALE! 

Beam crossing angle creates 
room for forward dipoles 

Dipoles analyze the forward particles 
and create space for detectors in the forward direction 
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Interaction Region Concept 

25 

Electron	beamline	

Possible to get 
~100% acceptance 
for the whole event 

Total acceptance detector (and IR) 
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JLEIC IR Layout 

26 

Extended detector: 80+ m 
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Electron Isoline Plot 
27 

Hadron Endcap 

Barrel 

Electron Endcap 

Far-forward Electron  
(out of central detector) 
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Quark(Jet) Isoline Plot 
28 

Barrel 

Hadron Endcap 

Far-forward Hadron 
(Out of central detector) 

Electron Endcap 

(Ejet) 
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EIC IR & Detector Ideas 
at eRHIC 
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BEAST by BNL’s EIC Task Force 
arXiv: 1409.1633  

r (
m

) 
Day-1 Detector: CELESTE  
A.K.A. “ePHENIX” with BaBar Solenoid 
arXiv: 1402.1209 

Detector: Low mass tracking technology, particle 
ID, asymmetric collisions (moving CM) are all in! 
Opportunities for HQ and Quarkonium physics. 



ultra 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 

e 

Roman 
pots 

Thin exit 
windows 

Fixed 
trackers in 
vacuum? 

Hadron/Ion detection in 3 stages 
q  Endcap with 50 mrad crossing angle 
q  Small dipole covering angles to a 

few degrees 
q    Ultra-forward up to one degree, for 
      particles passing accelerator quads 

EIC at JLab: Integrated IR & Detector 

Cartoon of central detector based on dual 
solenoid  a la ILC4 detector, but using the 
previous iteration interaction region design. 

Beamline functions as spectrometer: dp/p < 3x10-4 
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Key features for the central detector 

•  doubly asymmetric IP location within solenoid and different endcaps 

Central tracker RICH 

Integration with accelerator lattice 
•  makes full use of 50 mrad crossing angle 
•  solenoid field can be adjusted independently of the beam energies 
Magnet design  
•  solenoid and dipole fields satisfy both tracker and RICH requirements 

DIS	2016,	April	13th	2016	 12	

maximize angular 
acceptance in forward 
electron direction 

more space for PID and 
calorimeters for high-
momentum particles 

Central detector overview 

electron endcap central barrel hadron endcap 

Hcal 
(iron) 

Muon chambers 
(flux return yoke) 

Dual-
radiator 

RICH 
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GEMC implementation 
by Zhiwen Zhao 

(top view) 
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EIC Realization Time 
Line And Planning !
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RECOMMENDATION: 
We recommend a high-energy 
high-luminosity polarized EIC as 
the highest priority for new 
facility construction following the 
completion of FRIB.    
 
Initiatives: 
Theory          
Detector & Accelerator R&D      

http://science.energy.gov/np/reports 



NSAC Meeting March 23, 2016

Next Formal Step on the EIC Science Case

THE NATIONAL ACADEMIES OF SCIENCES, ENGINEERING, AND MEDICINE 
Division on Engineering and Physical Science
Board on Physics and Astronomy
U.S.‐Based Electron Ion Collider Science Assessment

Summary
The National Academies of Sciences, Engineering, and Medicine (“National Academies”) 
will form a committee to carry out a thorough, independent assessment of the scientific 
justification for a U.S. domestic electron ion collider facility.  In preparing its report, the 
committee will address the role that such a facility would play in the future of nuclear 
science, considering the field broadly, but placing emphasis on its potential scientific 
impact on quantum chromodynamics.  The need for such an accelerator will be addressed 
in the context of international efforts in this area.  Support for the 18‐month project in the 
amount of $540,000 is requested from the Department of Energy.

Mail reviews received; proposal approved for funding in PAMS; PR package in PAMS being 
processed. 

7

Progress is also being made on a second Joint NAS study on Space Radiation Effects Testing
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T. Hallman, Office of NP at the NSAC meeting March 23, 2016 



Innovative Accelerator Science 
 
On going R&D on accelerator concepts and technologies: 

High current polarized electron gun  
High current Energy Recovery Linac (ERL) 
Coherent electron cooling 
Fixed Field Acceleration Gradient beam transport  
High gradient crab cavities  
Super-ferric magnets  
Figure-8 shaped e/h rings to aid polarization of beams 

Most of these are of global interest! 
 
Realizing these for the US EIC requires cutting edge 
accelerator science 
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eRHIC R&D  

JLEIC R&D  



NSAC Meeting March 23, 2016

Seeding the Possibility of a Future Electron Ion Collider

8

NP Planning for EIC Accelerator R&D
In view of Recommendation III in the 2015 LRP report on the realization of an EIC, NP is fomenting 
a plan in discussion with EIC stakeholders:

18 months NAS study:  US-BASED ELECTRON ION COLLIDER SCIENCE ASSESSMENT
March - July 2016:  Competitive FOA published this month, proposals due May 2 to select and fund 

accelerator R&D for Next Generation NP Facilities for 1 year only. 
Summer 2016 Conduct an NP community EIC R&D panel (EIC-R&D) Review charged with 

generating a report as basis for FY17-FY20+ EIC accelerator R&D funding.  NP to 
appoint Chair of the panel 

Late Fall 2016: Use the EIC panel report from the panel to publish a new Accelerator R&D FOA for 
FY2017 funding.

Funding amount and source for EIC accelerator R&D in FY17 and beyond:

Funding level: Aiming for $7M, exact amount to be guided by EIC-R&D Review’s 
report

Funding sources: ~$1.9M from NP competitive pot, the rest generated by 
percentage tax to RHIC and CEBAF Accelerator Operations budgets 
(~2.6% FY17 president request for each Lab).  
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Community/Collaboration building: 
EIC User Group à  eicug.org  (contact me!) 

The EIC Users Meeting at Stony Brook, June 2014:  
à http://skipper.physics.sunysb.edu/~eicug/meeting1/SBU.html 

The EIC UG Meeting at University of Berkeley, January 6-9, 2016 
http://skipper.physics.sunysb.edu/~eicug/meeting2/UCB2016.html 

Recent EICUG Argonne National Laboratory July 7-10, 2016 
http://eic2016.phy.anl.gov 

 
An active non-site-specific Generic Detector R&D Program for 
EIC underway, (supported by DOE, administered by BNL): 

~170 physicists, 31 institutes (5 Labs, 22 Universities, 9 Non-US Institutions) 
15+ detector consortia exploring novel technologies for tracking, particle ID, 
calorimetry 
à https://wiki.bnl.gov/conferences/index.php/EIC_R%25D 

Ample opportunities for contributions & participation!  
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EICUG Today: 651 Users, 142 Institutes, 27 Countries 
350 experimentalists, 111 theorists, 141 accelerator-physicists, 43 unknowns  



What’s in the immediate future for EIC? 

• Science Review by National Academy of Science (& 
Engineering & Arts) (National Research Council) 

 
• Positive NAS review will trigger the DOE’s CD process 

•  CD0 (acceptance of the critical need for science by DOE) FY18 
•  EIC-Proposal’s Technical & Cost review à FY19 (site selection) 
•  CD2 requires site selection 
•  Major Construction funds (“CD3”) by 2022/23” 
•  Assuming 1.6% sustained increase over inflation of the next 

several years (Long Range Plan) 
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Will  

21st Century Nuclear Science: Probing nuclear matter in all Its forms & 
exploring their potential for applications 

How are the nuclear 
building blocks 

manifested in the 
internal structure of 

compact stellar 
objects, like neutron 

stars? 

How are the properties of protons and neutrons, 
and the force between them, built up from quarks, 
antiquarks and gluons?  What is the mechanism 
by which these fundamental particles materialize 

as hadrons? 

How can the properties of nuclei be                 
used to reveal the fundamental              

processes that produced an 
imbalance     between matter and 

antimatter in our universe? 

How can technologies 
developed for basic 

nuclear physics research 
be adapted to address 

society’s needs? 

Where in the  universe, and how, were 
the heavy elements formed?  How do 
supernovae explode? 

Where are the limits of nuclear 
existence, and what is the 

structure of nuclei near those 
limits? 

What is the nature of the 
different phases of nuclear 
matter through which the 

universe has evolved? 

Do nucleons and all nuclei, 
viewed at near light speed, 
appear as walls of gluons 
with universal properties? Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity
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9

pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate
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Summary: 
The EIC will profoundly impact our understanding of the structure of nucleons 
and nuclei  in terms of sea quarks & gluons (SM of Physics).                             
à The bridge between sea quark/gluons to Nuclei 
The EIC will enable IMAGES of yet unexplored regions of phase spaces in QCD 
with its high luminosity/energy, nuclei & beam polarization                                              
à High potential for discovery 
 
Outstanding questions raised by world wide experiments at CERN, BNL and Jeff 
Lab, have naturally led us to the science and design parameters of the EIC: 
World wide interest  and opportunity in collaborating on the  EIC  
 
Accelerator scientists at RHIC, Jlab in collaboration with many from 
outside accelerator experts will provide the intellectual and technical 
leadership for to realize the EIC -- a frontier accelerator facility. 

Future QCD studies, particularly for Gluons, demands an 
Electron Ion Collider  

NSAC Agrees nad we are moving forward!
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Thanks to many of my EIC Collaborators and Enthusiasts  
who led many of the studies presented in this talk 
See: arXiv:1108.1713, D. Boer et al. 
 
 
Without the EIC White Paper Writing Group the EIC White 
Paper would not have existed. 
Special thanks to Dr. Jian-Wei Qiu and Prof. Zein-Eddine 
Meziani, my Co-Editors for the EIC White Paper 
See: arXiv:1212.1701.v3  
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A"New"High"Energy"Electron"
Microscope"for"Precision"Study"of"QCD"

EINN2015(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((
Paphos,(Cyprus(

•  Perspec6ve(
•  Mo6va6ng(an(era(of(precision(QCD(
•  Realiza6on(

!!!!!Seeheim!workshop!!!!!!!BNL/INT/JLab!!!!!!!!!!!!!EIC!White!Paper!!!!!!!!!Long!Range!Plan!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!1997!!!!!!!!!!!!!!!!!Workshop!2010!!!!!!!!!!!!!!!!!!!!!!2012!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2015!

((

Richard(Milner( 1(

My#talk#is#based#on#the#considerable#efforts#of#many#colleagues#over#two#decades##
The eRHIC and JLEIC machine design teams 
 
Also gratefully acknowledge recent input from: E. Aschenauer, M. Diefenthaler, R. Ent, 
R. McKeown, B. Mueller, R. Milner, R. Yoshida  

THANK YOU 



LFV phenomenology 
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•  Leptoquark (LQ) event topologies studied with:  
v LFV MC generator: LQGENEP (L. Bellagamba, Comp. Phys. Comm. 141, 83 (2001) 
v LQ generator for e-p processes using BRW effective model 

•  In this study to increase efficiency: BW-LO propagator replaced with a constant. 
v mLQ = 200 GeV, λ = 0.3 (for example one particular LQ…) 
v Then go over various values of MLQ i.e. ratios: z = λiλj/MLQ

2 

•   τ has a clean characteristic decay signature:  
v 3π decay in a narrow pencil like jet 
v Leptonic decays with neutrinos (missing mom.) with different angular correlations 

in SM vs. LQ



4
3

CENTRAL DETECTOR 
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Final State Particles in the Central Detector 

44 

Eelectron	

Eion	

Products of the hard  
electron-quark collision 

Took away the (exaggerated) 
beam crossing for simplicity  

Took away radiated photon 
for simplicity 
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Basic Kinematic Reconstruction 

45 

E’e 

Ejet 

θe 

θjet 

Q2 à Measure of resolution 
y    à Measure of inelasticity 
x   à Measure of momentum fraction 
of the struck quark in a proton 
 
Q2 = s x y 

E’e,θe ,Ejet ,θjet  : any 
two of these, in 
principle, sufficient 
to reconstruct x and 
Q2.   

What are the 
detector  
requirements? R
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Reconstruction for Transvers Structure 

46 

Looking at out-of –plane component in the final state 

Need  to identify and  measure 
these particles 

What are the 
detector  
requirements? 

Note: multiplicities are low (~20 for ep) 
Cross-sec x Lumi < 0.01 x HLLHC 
< 0.1 interaction/crossing 
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How Boosted is the Final State? 

47 

Boosted towards ion beam 

Eion=	100	GeV	

Eelectron=	1
0	GeV	

No Monte Carlo needed to Determine  

E’e,θe ,Ejet ,θjet  : any 
two of these, in 
principle, sufficient 
to reconstruct x and 
Q2.   

Given x and Q2, 
E’e,θe ,Ejet ,θjet  are all  
fixed  
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EICUG Today: 651 Users, 142 Institutes, 27 Countries 
350 experimentalists, 111 theorists, 141 accelerator-physicists, 43 unknowns  
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Distribution of users 
by country 



Assumption: “Modest Growth” è 
1.6% growth/year above constant effort 

49 

137

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

cost than by optimizing the science reach. This could 

affect the international competitiveness of the ton-scale 

neutrinoless double beta decay experiment and, likely, 

delay the results. While FRIB facility operations can be 

maintained, completion of experimental equipment 

needed to fully utilize FRIB beams would be stretched 

out in time. Other equipment and facility upgrades will 

not occur or, at best, will occur more slowly, reducing 

their scientific productivity.

In the short term, facility operations would need to be 

reduced from current already constrained levels. A 

potential, very significant, impact of a constant effort 

budget is the further reduction in facility operations that 

would be needed in order to begin EIC construction. 

Maintaining the U.S. leadership position in this subfield 

requires the generation of significant new capabilities 

for an EIC in a timely fashion. If budgets were 

restricted to constant effort, proceeding with the EIC as 

recommended in this plan would be possible only with 

a drawn-out schedule and would, in addition, require 

further reductions in funding for operations and research 

within the QCD program, with adverse consequences for 

this core component of the overall U.S. nuclear physics 

program.

The most difficult choices outlined here for the constant 

effort budget scenario would occur at or beyond the 

mid-point of the time window of this LRP. Since nuclear 

science, like all areas of basic research, evolves in time, 

it would be unwise to prescribe now what strategy would 

minimize damage to the field if future budgets dictated 

such stark choices.

A Forward Look
We have witnessed many major new discoveries in 

nuclear science over the last decade that were the direct 

result of the construction and operation of new facilities 

and detectors as prioritized by previous Long Range 

Plans. We also have seen a growing use of exciting new 

technologies developed in nuclear science both in well-

established areas of application, such as medicine and 

isotope production, and in important new areas, such as 

homeland security. Continuing this growth and reaping 

the benefits it provides will require new investments. 

With these investments, the United States will maintain 

its present world-leading position in nuclear science, and 

we will continue to contribute to the economic growth, 

health, and security of our Nation.

Figure 10.4: DOE budget in FY 2015 dollars for the Modest Growth scenario.
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3 

7/19/16 EIC Lecture 4 at NNPSS 2016 at MIT   

Not much 
time! 


