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Outline
• SeaQuest experiments at Fermilab

• E906 unpolarized targets

• E1039 polarized NH3/ND3 targets 

• Novel physics of sea quarks at x = 0.1 ~ 0.4

• Flavor asymmetry 

• Sivers & OAM

• Future opportunities

• E1067 dark photon search,  2016 - 2021+

• E1027 polarized beam,   2021+

• TMD physics in p+p/n complementary to EIC, 2019-2021+ 
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Fermilab High Intensity Frontier
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Figure 1: Schematic of the SeaQuest spectrometer. The 120 GeV proton beam enters from the left, and the solid
iron magnet also serves as an absorber for the beam that did not interact in a target.

significantly KMag, the coils in FMag and the
drift chambers at station 2. The other primary90

optimization was the target to beam dump dis-
tance. To distinguish between tracks from the92

target and the beam dump, this distance should
be relatively long; however, this increases the94

single muon background from pions formed in
the target that decay before reaching the dump.96

The experiment uses a coordinate system where
positive z is along the proton beam direction,98

positive y is vertically up and positive x is to
beam left to complete the right-handed system.100

This article describes each element of the
spectrometer and associated systems. Over the102

course of the experiment, the spectrometer was
upgraded several times. The recorded data have104

been divided into “Data Sets” (DS) based on the

specific configuration of the detector and trigger. 106

Table 1 lists the dates when each data set was
recorded and the major spectrometer changes 108

between the data sets.

2. Proton Beam Intensity Monitor 110

SeaQuest uses the 120 GeV proton beam
from the Fermilab Main Injector. The beam is 112

extracted in a slow spill lasting just under four
seconds. Typically, the time between the begin- 114

ning of spills is just over one minute. Beam is
extracted using a resonant process and the ex- 116

tracted beam retains the 53.1 MHz structure of
the Main Injector RF, dividing the beam into 118

“RF buckets” that are less than 2 ns long and
occur every 18.8 ns. 120

4

Year 2015

E906 unpolarized targets: 2012-2017
- 1H, 2D, 12C, 56Fe, 184W

E1039 polarized targets: 2018 – 2021+
- Polarized protons (NH3)

- Polarized neutrons (ND3)

E1027 polarized beam

Beam
120 GeV proton from Main Injector

19ns RF, 4s spill, 0.5×1013 protons per spill

120 GeV protons from the Main Injector
- 4s beam spill very 60 sec 

- 19ns RF, ~10s K protons per RF bucket

- 5x1012 Proton On Target (POT) per spill

- Total integrated POT for E1039 (2-year): 

1.4x1018 POT 

SeaQuest Dimuon Spectrometer

• Cross section ratio  
- Approximately 5% of  

final data set has been  
used. 

- dimuon mass > 4.2 GeV 
- Systematic error 
‣ Main Causes 
✓ Target impurity 
✓ Beam intensity dependence: Cross section ratio 

decreases as the beam intensity increases. 
‣ Systematic error evaluation is in progress. 

- The result of cross section ratio is consistent with the E866 
result at small x.

Mass (GeV)
0 1 2 3 4 5 6 7 8 9 10

Ev
en

ts
 / 

10
0 

M
eV

0

200

400

600

800

1000

1200

1400

1600

1800

• The quarks in the proton exchange gluons. 
• Gluons split into quark–anti-quark pairs. 
- simple assumption  
 
Gottfried sum rule 
  

- NMC experiment at CERN

• Measures         at large x                          . 
- The x range is wider than that of E866. 
- x50 more statistics than E866. 
- Only one experiment which measures        at large Bjorken x. 

• Uses proton-proton and proton-deuteron Drell–Yan process. 
-   
- The process can directly access anti-quarks. 

-   
-  
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• E866 experiment at FNAL 
- Measures Bjorken x dependence of                                      . 
- 70% asymmetry has been observed at              . 
-                                ? 
‣ Too low statistics to determine it. 

• Theory 
-                can be explained by some theories. 
‣ ex. Meson-cloud model 

- No theory can explain              .
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Schedule
• Targets: proton, deuteron, carbon, iron, and tungsten  
• Magnets: 

(1) Focuses the muons and dumps  
the beam. 

(2) Determines muon momenta. 
• Tracking Stations: St. 1-4 

- Each station consists of  
a hodoscope and a drift  
chamber or proportional tubes.

• Beam: 120 GeV proton beam 
extracted from Main Injector 

• Measures dimuons from  
Drell–Yan process.

Run 2 data taking

Nov.
2013

Sept.
2014

Run 3 data taking

Oct.
2014

Accelerator
Shutdown

July
2015

Run 4 data taking

Sept.
2015

Accelerator
Shutdown

• First long run of data taking was 
done (Run 2). 
- Data analyzed and presented in 

this poster are taken in Run 2. 
• Integrated number of protons:  

- ~20% of final number of protons 
• We will take                    protons by 

July 2016.

• Detectors work as expected. 
• The taken data are reliable since the result is 

consistent with the E866 result at small x. 
‣ We need more data to clarify the behavior at large x. 

•  The evaluation of         and its systematic error is in 
progress for the preliminary result. 

• Cross section ratio decreases as the beam intensity 
increases. 
- It directly affects the cross section ratio and        . 
- The cause of that is being investigated.
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Figure: Structure of the proton

Figure: Gottfried Sum

Figure: Meson-cloud model Figure: Bjorken x dependence of d̄/ū Figure: Drell–Yan process
Figure: Parton distribution function

Figure: SeaQuest acceptance 
of x target vs x beam

Figure: SeaQuest spectrometer

Figure:Typical Drell–Yan event (mass=6 GeV)

Figure: Schedule

Figure: SeaQuest Integrated Protons

Figure: Dimuon mass

• Mass Reconstruction 
- Approximately 5% of final  

data set has been used. 
‣ July 25th - Sept. 3rd, 2014 

- The distribution shapes of  
J/ψ, ψ’, and Drell–Yan  
events were each estimated  
with simulation. 

- The distribution shape of backgrounds was estimated with 
real data. 

- Experimental data are reasonably well fitted. 
‣ Detectors work as expected. 

- The dimuons at mass > 4.2 GeV are mostly Drell–Yan 
dimuons.

Figure:Cross section ratio Figure:Flavor asymmetry

• Flavor asymmetry  
-         is derived from 

cross section ratio. 
- Systematic error  

of        is almost  
the same as that of 
cross section ratio. 

- The result of         is  
consistent with the E866 result at small x. 

- We need more statistics to clarify the behavior at  
large x. 
‣ We are taking more data. 
‣ Quality assurance of data is in progress.

SeaQuest Dimuon Tracking Top View



SeaQuest Experimental Hall
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TMD in Drell-Yan Experiments at Fermilab 10 / 30

Target area

F-Mag

K-Mag

Muon-ID

Beam



Drell-Yan @SeaQuest – a Sea Quark Laboratory
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SeaQuest
acceptance

d 2σ
dxtdxb

=
4πα 2

9x1x2s
e2[qb(xb )∑ qt (xt )+ qb(xb )q(xt )]

≈
4πα 2

9x1x2s
e2[qb(xb )∑ qt (xt )]

Kinematically favors sea-quarks 
from target – a sea quark lab!

7/28/18



Dimuon Mass from SeaQuest/E906
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E906 Unpolarized Physics Program
• Thin targets: ~10% interaction length
• Liquid H/D
• Solid C, Fe, W

• Physics 
• Sea quark flavor asymmetry, dbar/ubar
• Quark energy loss in p+A collisions, dE/dx
• and more …

• Experimental runs – 6 years
• 2012 – commissioning 
• 2017 – completed 
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bucket); and (e) a complete record of the bucket-224

by-bucket intensity for the slow spill. The tim-
ing of the inhibit signal and of all of the sums226

calculated by the BIM interface module are con-
trolled using programmable registers. The mod-228

ule is normally controlled using a 100 Mbps Eth-
ernet interface. One third of the complete spill230

record is recorded through the same Ethernet
interface used to control the module. Two ad-232

ditional 100 Mbps Ethernet interfaces are used
to record the remainder of the complete spill in-234

formation. This readout occurs between spills.
The snapshot of beam intensity close in time to236

the trigger is also output on a twisted-pair rib-
bon cable and is recorded through the SeaQuest238

event data acquisition system.
The linear range of the phototube and volt-240

age divider was established using an LED pulser.
The largest (linear) dynamic range was found242

with a bias voltage of about -900 V. This agrees
with vendor-provided information on the pho-244

totube performance. The neutral density filters
used to attenuate the Cerenkov light allow the246

tube to be biased at -870 V while providing sig-
nals of appropriate amplitude to match the QIE248

dynamic range.
The BIM measurement of beam intensity is250

normalized using a Secondary Emission Mon-
itor (SEM) located upstream of the Cerenkov252

counter. The SEM signal is integrated over each
spill. It is calibrated by measuring the activation254

of a thin foil placed in the beam. The linear dy-
namic range of the BIM measurement was also256

verified using the SEM.

3. Cryogenic and Solid Targets258

The SeaQuest targets are centered 130 cm
upstream of the first spectrometer magnet. The260

general design and many parts of the target are
inherited from the E866/NuSea experiment [7,262

8]. As depicted in Fig. 3, the target sys-
tem consists of two liquid targets, three solid264

targets, and two positions for measuring back-
ground count rates–an empty flask and an empty266

solid-target holder. The targets are mounted on
a remotely positionable table which translates in268

H2

50.8cm

None

Iron

Carbon

Tungsten

D2Beam

Empty

25.4cm

Table
Motion

Axis

7.6 cm

Figure 3: Top view of schematic layout of movable target
table showing the seven target positions

the x-direction over a range of 91.4 cm.
The details of the target materials in the 270

seven target positions are summarized in Table
2. The H2 used is 99.999% pure. The deuterium 272

has come from two di↵erent sources. The first is
a supply of gas at Fermilab that was previously 274

used in bubble chamber experiments. This gas
was known to have a small hydrogen contami- 276

nation and was measured by mass spectroscopy
to be approximately 85.2% D2, 12.7% HD, 1.2% 278

4He, and 0.8% H2 by mole. Later, SeaQuest
switched to commercially available D2 which has 280

an isotopic purity of greater than 99.8% with HD
and H2 forming the balance. 282

Each of the solid targets is divided into three
disks of 1/3 the total thickness listed in Table 2. 284

These are spaced 25.4 cm apart along the beam
axis to approximate the spatial distribution of 286

the liquid targets, thereby minimizing target-
dependent variation in spectrometer acceptance. 288

The one exception to this is that during the Data
Set 2 period the iron disks were more closely 290

7



Flavor Asymmetry of Sea Quarks at Intermediate x
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• Cross section ratio  
- Approximately 5% of  

final data set has been  
used. 

- dimuon mass > 4.2 GeV 
- Systematic error 
‣ Main Causes 
✓ Target impurity 
✓ Beam intensity dependence: Cross section ratio 

decreases as the beam intensity increases. 
‣ Systematic error evaluation is in progress. 

- The result of cross section ratio is consistent with the E866 
result at small x.
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• The quarks in the proton exchange gluons. 
• Gluons split into quark–anti-quark pairs. 
- simple assumption  
 
Gottfried sum rule 
  

- NMC experiment at CERN

• Measures         at large x                          . 
- The x range is wider than that of E866. 
- x50 more statistics than E866. 
- Only one experiment which measures        at large Bjorken x. 

• Uses proton-proton and proton-deuteron Drell–Yan process. 
-   
- The process can directly access anti-quarks. 

-   
-  
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• E866 experiment at FNAL 
- Measures Bjorken x dependence of                                      . 
- 70% asymmetry has been observed at              . 
-                                ? 
‣ Too low statistics to determine it. 

• Theory 
-                can be explained by some theories. 
‣ ex. Meson-cloud model 

- No theory can explain              .
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d̄/ū (0.1 < x < 0.45)

d̄/ū
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Schedule
• Targets: proton, deuteron, carbon, iron, and tungsten  
• Magnets: 

(1) Focuses the muons and dumps  
the beam. 

(2) Determines muon momenta. 
• Tracking Stations: St. 1-4 

- Each station consists of  
a hodoscope and a drift  
chamber or proportional tubes.

• Beam: 120 GeV proton beam 
extracted from Main Injector 

• Measures dimuons from  
Drell–Yan process.

Run 2 data taking

Nov.
2013

Sept.
2014

Run 3 data taking

Oct.
2014

Accelerator
Shutdown

July
2015

Run 4 data taking

Sept.
2015

Accelerator
Shutdown

• First long run of data taking was 
done (Run 2). 
- Data analyzed and presented in 

this poster are taken in Run 2. 
• Integrated number of protons:  

- ~20% of final number of protons 
• We will take                    protons by 

July 2016.

• Detectors work as expected. 
• The taken data are reliable since the result is 

consistent with the E866 result at small x. 
‣ We need more data to clarify the behavior at large x. 

•  The evaluation of         and its systematic error is in 
progress for the preliminary result. 

• Cross section ratio decreases as the beam intensity 
increases. 
- It directly affects the cross section ratio and        . 
- The cause of that is being investigated.

d̄/ū
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Figure: Structure of the proton

Figure: Gottfried Sum

Figure: Meson-cloud model Figure: Bjorken x dependence of d̄/ū Figure: Drell–Yan process
Figure: Parton distribution function

Figure: SeaQuest acceptance 
of x target vs x beam

Figure: SeaQuest spectrometer

Figure:Typical Drell–Yan event (mass=6 GeV)

Figure: Schedule

Figure: SeaQuest Integrated Protons

Figure: Dimuon mass

• Mass Reconstruction 
- Approximately 5% of final  

data set has been used. 
‣ July 25th - Sept. 3rd, 2014 

- The distribution shapes of  
J/ψ, ψ’, and Drell–Yan  
events were each estimated  
with simulation. 

- The distribution shape of backgrounds was estimated with 
real data. 

- Experimental data are reasonably well fitted. 
‣ Detectors work as expected. 

- The dimuons at mass > 4.2 GeV are mostly Drell–Yan 
dimuons.

Figure:Cross section ratio Figure:Flavor asymmetry

• Flavor asymmetry  
-         is derived from 

cross section ratio. 
- Systematic error  

of        is almost  
the same as that of 
cross section ratio. 

- The result of         is  
consistent with the E866 result at small x. 

- We need more statistics to clarify the behavior at  
large x. 
‣ We are taking more data. 
‣ Quality assurance of data is in progress.
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Probing the proton seaProbing the proton sea

● analysis of cross-section differences

→ sensitivity to u -  d in valence region 

● measurement of cross-section ratios

→ sensitivity to u and d in proton sea 

→ models for the origin of sea quarks

Proton vs “Neutron” targets:

8
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This could lead to a very interesting physics … 



Sea Quark Flavor Asymmetry and OAM

Pion cloud model 

• Sea-quark flavor asymmetry

• Sea-quark orbital angular motion 

• Expect large Sivers function at x = 0.0 ~ 0.4
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|p> = a|p
0
> + b|p

0
+ pi0> + c|n+pi+> + …  

Pion cloud and 

Drell-Yan process

• Cross section ratio  
- Approximately 5% of  

final data set has been  
used. 

- dimuon mass > 4.2 GeV 
- Systematic error 
‣ Main Causes 
✓ Target impurity 
✓ Beam intensity dependence: Cross section ratio 

decreases as the beam intensity increases. 
‣ Systematic error evaluation is in progress. 

- The result of cross section ratio is consistent with the E866 
result at small x.
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• The quarks in the proton exchange gluons. 
• Gluons split into quark–anti-quark pairs. 
- simple assumption 
 
Gottfried sum rule 
  

- NMC experiment at CERN

• Measures         at large x                          . 
- The x range is wider than that of E866. 
- x50 more statistics than E866. 
- Only one experiment which measures        at large Bjorken x. 

• Uses proton-proton and proton-deuteron Drell–Yan process. 
-   
- The process can directly access anti-quarks. 

-   
-  
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• E866 experiment at FNAL 
- Measures Bjorken x dependence of                                      . 
- 70% asymmetry has been observed at              . 
-                                ? 
‣ Too low statistics to determine it. 

• Theory 
-                can be explained by some theories. 
‣ ex. Meson-cloud model 

- No theory can explain              .
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d̄/ū (0.1 < x < 0.45)

d̄/ū
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Schedule
• Targets: proton, deuteron, carbon, iron, and tungsten  
• Magnets: 

(1) Focuses the muons and dumps  
the beam. 

(2) Determines muon momenta. 
• Tracking Stations: St. 1-4 

- Each station consists of  
a hodoscope and a drift  
chamber or proportional tubes.

• Beam: 120 GeV proton beam 
extracted from Main Injector 

• Measures dimuons from  
Drell–Yan process.

Run 2 data taking

Nov.
2013

Sept.
2014

Run 3 data taking

Oct.
2014

Accelerator
Shutdown

July
2015

Run 4 data taking

Sept.
2015

Accelerator
Shutdown

• First long run of data taking was 
done (Run 2). 
- Data analyzed and presented in 

this poster are taken in Run 2. 
• Integrated number of protons:  

- ~20% of final number of protons 
• We will take                    protons by 

July 2016.

• Detectors work as expected. 
• The taken data are reliable since the result is 

consistent with the E866 result at small x. 
‣ We need more data to clarify the behavior at large x. 

•  The evaluation of         and its systematic error is in 
progress for the preliminary result. 

• Cross section ratio decreases as the beam intensity 
increases. 
- It directly affects the cross section ratio and        . 
- The cause of that is being investigated.

d̄/ū

⇠ 0.5⇥ 1018

2.0⇥ 1018

d̄/ū
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Figure: Structure of the proton

Figure: Gottfried Sum

Figure: Meson-cloud model Figure: Bjorken x dependence of d̄/ū Figure: Drell–Yan process
Figure: Parton distribution function

Figure: SeaQuest acceptance 
of x target vs x beam

Figure: SeaQuest spectrometer

Figure:Typical Drell–Yan event (mass=6 GeV)

Figure: Schedule

Figure: SeaQuest Integrated Protons

Figure: Dimuon mass

• Mass Reconstruction 
- Approximately 5% of final  

data set has been used. 
‣ July 25th - Sept. 3rd, 2014 

- The distribution shapes of  
J/ψ, ψ’, and Drell–Yan  
events were each estimated  
with simulation. 

- The distribution shape of backgrounds was estimated with 
real data. 

- Experimental data are reasonably well fitted. 
‣ Detectors work as expected. 

- The dimuons at mass > 4.2 GeV are mostly Drell–Yan 
dimuons.

Figure:Cross section ratio Figure:Flavor asymmetry

• Flavor asymmetry  
-         is derived from 

cross section ratio. 
- Systematic error  

of        is almost  
the same as that of 
cross section ratio. 

- The result of         is  
consistent with the E866 result at small x. 

- We need more statistics to clarify the behavior at  
large x. 
‣ We are taking more data. 
‣ Quality assurance of data is in progress.

proton neutron LZ = 1
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EIC Imaging in 3-d momentum space

The Confined Motion of Partons inside the Nucleon:129

The semi-inclusive DIS (SIDIS) measurements have two natural momentum scales: the130

large momentum transfer from the electron beam needed to achieve the desired spatial res-131

olution, and the momentum of the produced hadrons perpendicular to the direction of the132

momentum transfer, which prefers a small value sensitive to the motion of confined partons.133

Remarkable theoretical advances over the past decade have led to a rigorous framework134

where information on the confined motion of the partons inside a fast-moving nucleon is135

matched to transverse momentum dependent parton distributions (TMDs). In particular,136

TMDs are sensitive to correlations between the motion of partons and their spin, as well as137

the spin of the parent nucleon. These correlations can arise from spin-orbit coupling among138

the partons, about which very little is known to date. TMDs thus allow us to investigate139

the full three-dimensional dynamics of the proton, going well beyond the information about140

longitudional momentum contained in conventional parton distributions. With both elec-141

tron and nucleon beams polarized at collider energies, the EIC will dramatically advance142

our knowledge of the motion of confined gluons and sea quarks in ways not achievable at143

any existing or proposed facility.144

Figure 1.3 (Left) shows the transverse-momentum distribution of up quarks inside a145

proton moving in the z direction (out of the page) with its spin polarized in the y direc-146

tion. The color code indicates the probability of finding the up quarks. The anisotropy in147

transverse momentum is described by the Sivers distribution function, which is induced by148

the correlation between the proton’s spin direction and the motion of its quarks and gluons.149

While the figure is based on a preliminary extraction of this distribution from current ex-150

perimental data, nothing is known about the spin and momentum correlations of the gluons151

and sea quarks. The achievable statistical precision of the quark Sivers function from the152

EIC kinematics is also shown in Fig. 1.3 (Right). Currently no data exist for extracting153

such a picture in the gluon-dominated region in the proton. The EIC would be crucial to154

initiate and realize such a program.155
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Figure 1.3: Left: Transverse-momentum distribution of up quark with longitudinal momentum
fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while polarized in
the y-direction. The color code indicates the probability of finding the up quarks. Right: The
transverse-momentum profile of the up quark Sivers function at five x values accessible to the
EIC, and corresponding statistical uncertainties.
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Sivers Functions from Global Fits
• Sea Quark Sivers poorly constrained, SIDIS not sensitive to sea quarks at large x  

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 12

1612.06413, M. Anselmino et al

Sea quarks



RHIC pp500GeV: W+/- AN

RHIC data:
- A mix of valence and sea quark Sivers
- Quark flavor identified
- High Q2

- Statistically limited, ~0(10%)
- Possible large dbar Sivers contributions

E1039: 
- low Q2

- Good statistics, ~O(1%)   

7/28/18 Ming Liu, SeaQuest/E1039 Collab. Mtg 13

Anselmino et al 2016

AN(W+) ~

AN(W-) ~
386 F. Tian et al. / Nuclear Physics A 968 (2017) 379–390

Fig. 2. AN
W± at Q = MW GeV for Mode = 1.

Fig. 3. AN
W± at Q = MW GeV for Mode = 2.

Ref. [28], the contributions of sea quark Sivers functions are quite smaller. In our work, we also 
consider the sea quark Sivers functions, just as the solid black curves shown in Fig. 2 and Fig. 3. 
Besides, to exam the contributions from u and dsea quark Sivers functions, we calculate AW±

N

by setting one of the sea quark Sivers functions !Nq̄= 0, e.g., the black dashed curves represent 
the contributions from !Nd̸̄= 0 with !Nū = 0, while the black dotted curves stand for the 
contributions from !Nū ≠ 0 with !Nd̄= 0.

From Table 1, by comparing the two different modes, we observe that u and dsea Sivers 
functions have the same sign, and their signs agree with that of dvalence quarks and are opposite 
to that of u valence quarks, for better descriptions of the data. In Fig. 2 and Fig. 3, the calculated 
AW±

N can match the data with sizable sea quark Sivers functions. Besides, a good description of 
the shape of AW−

N depends on negative valued u sea quark Sivers functions mainly, while the 
good reproduction of the shape of AW+

N depends on negative valued dsea quark Sivers functions 
mainly. The results of sea quark Sivers functions can be comparable with the extracted results 
of the isotriplet ū − d̄component from Ref. [55] in Fig. 4 , where we notice similar results for 
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Polarized NH3 Target Developed for DY Sivers
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Dynamic Nuclear Polarization: Pol. ~90%

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 15
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µB = 9.3⋅10−24 J /T,  µN = 5.05 ⋅10−27 J /T

February 16, 2015 14:58 WSPC/CRC 9.75 x 6.5 1560064

A. Klein

Fig. 3. The E906 spectrometer

consisting of sciitllator planes in x and y and drift chambers for tracking. The last
station consists of scintillators and drift tubes and is used for muon identification.

In front of FMAG we will place a transversely polarized NH3 target, which
uses the method of Dynamic Nuclear Polarization (DNP) [12] . This target will
consist of a split coil superconducting magnet, operating at 5T. The coils will be
arranged such that the B field is either parallel or antiparallel to the spectrometer
field direction, and transverse to the beam, resulting in a transverse polarization.
Inside the magnet is a refrigerator, which will contain the target. The cell will be a 2
cm diameter by 8 cm long tube, containing NH3 and cooled to 1K by large ROOTS
pumps, which lower the vapor pressure of liquid Helium to 0.117 Torr. In addition,
a microwave tube will provide the necessary RF energy to polarize the three protons
of the NH3. Because of the much smaller nucleon magnetic moment compared to
the electron, the thermal equilibrium polarization at 1 K and 5T would only be
0.5% for the protons, while the electrons are almost completely polarized, as can
be seen from the Boltzman distribution governing the population of magnetic sub
levels for spin 1/2.

Pi = tanh
(

giµiB

2kBT

)
(6)

By selecting a particular operating frequency, the microwave system pumps the
electron and proton to a chosen spin state. With such a system, polarizations of
> 92% are routinely achieved [13]. Since the NH3 has to be uniformly cooled, the
ammonia is in the form of small frozen beads, which reduces the maximum density
by a packing fraction of about 0.6. In addition, the fact that the target material
has 17 nucleons, but only three are polarized, leads to a further dilution factor of
3/17. Having a charged particle beam interacting with the target creates additional
paramagnetic centers which over time reduce the overall polarization. This requires
the target to be annealed at 80K every 24 hours, which will recover most of the
polarization. However after about 5 days, the effect of this radiation damage is large
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Projected SeaQuest Target and Beam Performance
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Measuring the Sea Quark Sivers Asymmetry

Table 1. Drell-Yan events and statistical error
of the asymmetry for one year of running

Range xB Mean xB Total events ∆A

0.10–0.14 0.123 159097 0.016
0.14–0.17 0.154 136558 0.017
0.17–0.21 0.188 123566 0.018
0.21–0.50 0.258 119508 0.019

enough that we will have to exchange the target material. In order to control the
effects of systematic uncertainties, we will reverse the direction of the polarization
once a day through a change in the microwave frequency, change the direction of
the field of the spectrometer every two days and reverse the field of the polarized
target at every target material change. While the absolute error will be governed
by the precision of our luminosity measurements for the two polarization states and
is estimated to be 1%, the relative error will mainly come from the knowledge of
the polarization and will be around 4%. In the following table we list the beam and
target parameters, which we used to estimate the yields and out statistical error for
the Sivers asymmetry:

Target Beam
Polarization P 88% Beam 1013 p per spill
Packing fraction .6 spill 5 sec , one per minute
Dilution Factor f .176 Luminosity 4*1035/cm2/s

Density NH3 .82 g/cm3 EBeam 120 GeV
Total µ+µ− pairs 4.59 *105

Experiment available .48

Using the well known formula for the statistical error in the asymmetry

∆A =
1
f

1
P

1√
N+ + N−

(7)

we estimate that we can achieve the following precision for four bins in xtarget in
one year of running:

In Fig. 4 we show the results of two different predictions [14,15] for the Sivers
asymmetry, together with our estimated statistical error. Our measurement can
clearly differentiate between these two models.

The large uncertainty and variation in the predictions comes from the fact that
both models use measured asymmetries from SIDIS to predict the asymmetry for
Drell-Yan. However, SIDIS measurements are very insensitive to the sea quark con-
tribution, thus leading to large differences in the calculations for the the sea quark
Sivers asymmetry.
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Projected Drell-Yan Transverse Single Spin Asymmetry

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 17

February 16, 2015 14:58 WSPC/CRC 9.75 x 6.5 1560064

A. Klein

Fig. 4. Projected statistical precision and comparison with two calculations

4. Summary

Experiment E1039 will be the first measurement of proton induced Drell-Yan with
a polarized target. Through the chosen kinematics we will be able to measure the
Sivers Single Spin Asymmetry for the sea quarks. Our measurement will allow us
to determine the magnitude and sign of this asymmetry for 4 different bins in
xtarget with excellent statistical precision. Because the Sivers asymmetry is related
to the quark orbital angular momentum, such a measurement will help solve the
nucleon spin puzzle. A nonzero asymmetry requires an orbital angular momentum
contribution from the sea quarks, and would be a “smoking gun” for Lū ̸= 0, while
a zero asymmetry would lead to Lū = 0, which would make the “spin puzzle” even
more puzzling.
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Measuring the Sea Quark Sivers Asymmetry

Table 1. Drell-Yan events and statistical error
of the asymmetry for one year of running

Range xB Mean xB Total events ∆A

0.10–0.14 0.123 159097 0.016
0.14–0.17 0.154 136558 0.017
0.17–0.21 0.188 123566 0.018
0.21–0.50 0.258 119508 0.019

enough that we will have to exchange the target material. In order to control the
effects of systematic uncertainties, we will reverse the direction of the polarization
once a day through a change in the microwave frequency, change the direction of
the field of the spectrometer every two days and reverse the field of the polarized
target at every target material change. While the absolute error will be governed
by the precision of our luminosity measurements for the two polarization states and
is estimated to be 1%, the relative error will mainly come from the knowledge of
the polarization and will be around 4%. In the following table we list the beam and
target parameters, which we used to estimate the yields and out statistical error for
the Sivers asymmetry:

Target Beam
Polarization P 88% Beam 1013 p per spill
Packing fraction .6 spill 5 sec , one per minute
Dilution Factor f .176 Luminosity 4*1035/cm2/s

Density NH3 .82 g/cm3 EBeam 120 GeV
Total µ+µ− pairs 4.59 *105

Experiment available .48

Using the well known formula for the statistical error in the asymmetry

∆A =
1
f

1
P

1√
N+ + N−

(7)

we estimate that we can achieve the following precision for four bins in xtarget in
one year of running:

In Fig. 4 we show the results of two different predictions [14,15] for the Sivers
asymmetry, together with our estimated statistical error. Our measurement can
clearly differentiate between these two models.

The large uncertainty and variation in the predictions comes from the fact that
both models use measured asymmetries from SIDIS to predict the asymmetry for
Drell-Yan. However, SIDIS measurements are very insensitive to the sea quark con-
tribution, thus leading to large differences in the calculations for the the sea quark
Sivers asymmetry.
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0.14–0.17 0.154 136558 0.017
0.17–0.21 0.188 123566 0.018
0.21–0.50 0.258 119508 0.019

enough that we will have to exchange the target material. In order to control the
effects of systematic uncertainties, we will reverse the direction of the polarization
once a day through a change in the microwave frequency, change the direction of
the field of the spectrometer every two days and reverse the field of the polarized
target at every target material change. While the absolute error will be governed
by the precision of our luminosity measurements for the two polarization states and
is estimated to be 1%, the relative error will mainly come from the knowledge of
the polarization and will be around 4%. In the following table we list the beam and
target parameters, which we used to estimate the yields and out statistical error for
the Sivers asymmetry:

Target Beam
Polarization P 88% Beam 1013 p per spill
Packing fraction .6 spill 5 sec , one per minute
Dilution Factor f .176 Luminosity 4*1035/cm2/s

Density NH3 .82 g/cm3 EBeam 120 GeV
Total µ+µ− pairs 4.59 *105

Experiment available .48

Using the well known formula for the statistical error in the asymmetry

∆A =
1
f

1
P

1√
N+ + N−

(7)

we estimate that we can achieve the following precision for four bins in xtarget in
one year of running:

In Fig. 4 we show the results of two different predictions [14,15] for the Sivers
asymmetry, together with our estimated statistical error. Our measurement can
clearly differentiate between these two models.

The large uncertainty and variation in the predictions comes from the fact that
both models use measured asymmetries from SIDIS to predict the asymmetry for
Drell-Yan. However, SIDIS measurements are very insensitive to the sea quark con-
tribution, thus leading to large differences in the calculations for the the sea quark
Sivers asymmetry.
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How(to(access(the(sea(quark(Sivers(func4on?(

•  Through%kinema:cs%selec:on,%choose%
valence%quark%from%the%beam%and%the%
sea%quark%from%the%polarized%target.%

•  E1039:%ideal%place%to%study%the%sea%
quark%Sivers%func:on.%

QCD%Evolu:on%2018% Xuan%Li%(LANL)% 9%

pp" ! µ+µ�X

•  E1039%experiment%with%the%polarized%target.%

small%

ūt(xt) · ub(xb) dominates%
target%sea%quark%
beam%valence%quark%

ADY
N � u(xb) · f?,ū

1T (xt)

u(xb) · ū(xt)

xF = xb − xt



Drell-Yan Sivers Asymmetries w/ QCD Evolution

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 18

Kang et al, 1401.5078

COMPASS
SeaQuest: p+NH3

COMPASS

Sea quark 
Sivers

Valence quark 
Sivers



E1039 Status & Plan
• DOE approval, March 2018
• E906 decommissioned 6/2018
• E1039 target shielding in progress
• Beam collimator in fabrication, to be installed later
• Polarized target to be installed by fall of 2018

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 19

E1039(at(Fermi@lab(

• 120%GeV%proton%beam.%
• √s%=%15%GeV.%
• Instant%luminosity%:%4*1035%/cm^2/sec.%
• Integrated%luminosity%per%year:%%L(=(1.1(

*1043/cm2.%
• DrellRYan%mass%range%4<M<8%GeV/c2.%

QCD%Evolu:on%2018%Xuan%Li%(LANL)%10%

• Rebuild(shielding.(
• Collimators%upstream.%
• Closed%Loop%He%system.%
• 90%degree%L/R%

monitors.%

E1039(geometry(
Upgrade(based(on(E906:(

- Fermilab Stage-2 approval, May 2018
- 2018 summer detector work in progress
- E1039 commissioning  starts in late 2018
- Run for 2+ years, 2019-2021+

NH3
Target

Spectrometer

120GeV
beam



Physics Beyond E1039 Polarized DY AN

• Dark sector physics search – E1067
• Parasitic run with E1039: 2018 – 2021
• Proposed dedicated run after E1039:  2021 – 2030

• Physics with polarized beams – E1027
• Polarize the Main Injector 120GeV beam
• Valence quark Sivers
• Test QCD dynamics in DY vs DIS

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 20



7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 21

Fermilab Long Range Plan

SeaQuest
Opportunity for  

new programs at 
SeaQuest after 

E1039 



Dark Photons and Dark Higgs Search at SeaQuest

Lmix =
�

2
FQED
µ� Fµ�

Dark
Lmix = µ�|H†

H|

Photon portal: “vector” Higgs portal: “scalar” 

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 22

θ = μ v/mh
2µ−

µ+

ϵ

A′ γ∗

q

q̄

ϵ

A′γ∗

Advantage of hadronic collisions



Dark Sector Physics Search at SeaQuest
2018 ~ 2021+, proposed long term program after E1039  

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 23

Add tracking detectors 
close to “target” to 

improve mass resolution 

Add EMCal, PID
e+/-, h+/- , π+/-



Projected Dark Sector Physics Search Sensitivity

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 24

CHARM

LEP

B+ÆK+l+l- Hl=e,mL

K+Æp++inv
K+Æp++inv

B+ÆK++inv

SeaQuest

0.1 0.3 1 3 1010-6

10-5

10-4

10-3

10-2

10-1

1

mf HGeVL
q

5x
25x

1x

Dark photon search Dark Higgs search



Spin physics Program with Polarized Main Injector – E1027  

• Access both valence and sea quarks
• Fermilab PAC stage-1 approved
• Complementary to EIC Spin Physics 

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 25

(4) FNAL E1027 with Polarized Beam
! Proposal @ http://inspirehep.net/record/1216817
! Stage-1 approved
! Use E906/SeaQuest spectrometer (w/ magnetic field adjusted)
! Upgrade source, booster & main injector

◃ Based on design & experience of BNL RHIC
◃ Detailed design & construction under study

TMD in Drell-Yan Experiments at Fermilab 26 / 30

Prospect of E1027 with Polarized Beam
! Sivers TMD PDF of quark

! Observable: AN ≡ N↑ − N↓

N↑ + N↓ ∝
f⊥,u
1T (xB) · ū(xT)

u(xB) · ū(xT)
... similar to ν (cos(2φ) modulation)

◃ Red line ... prediction with SIDIS (HERMES & COMPASS) result
◃ “Can measure not only sign, but also the size & maybe shape of the Sivers

function”
TMD in Drell-Yan Experiments at Fermilab 27 / 30

Prospect of E1027 with Polarized Beam
! Sivers TMD PDF of quark

! Observable: AN ≡ N↑ − N↓

N↑ + N↓ ∝
f⊥,u
1T (xB) · ū(xT)

u(xB) · ū(xT)
... similar to ν (cos(2φ) modulation)

◃ Red line ... prediction with SIDIS (HERMES & COMPASS) result
◃ “Can measure not only sign, but also the size & maybe shape of the Sivers

function”
TMD in Drell-Yan Experiments at Fermilab 27 / 30

Test QCD processes in DY vs DIS 
over a broad range of kinematics



Summary and Outlook

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 26
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A. Klein

Fig. 4. Projected statistical precision and comparison with two calculations

4. Summary

Experiment E1039 will be the first measurement of proton induced Drell-Yan with
a polarized target. Through the chosen kinematics we will be able to measure the
Sivers Single Spin Asymmetry for the sea quarks. Our measurement will allow us
to determine the magnitude and sign of this asymmetry for 4 different bins in
xtarget with excellent statistical precision. Because the Sivers asymmetry is related
to the quark orbital angular momentum, such a measurement will help solve the
nucleon spin puzzle. A nonzero asymmetry requires an orbital angular momentum
contribution from the sea quarks, and would be a “smoking gun” for Lū ̸= 0, while
a zero asymmetry would lead to Lū = 0, which would make the “spin puzzle” even
more puzzling.
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Prospect of E1027 with Polarized Beam
! Sivers TMD PDF of quark

! Observable: AN ≡ N↑ − N↓

N↑ + N↓ ∝
f⊥,u
1T (xB) · ū(xT)

u(xB) · ū(xT)
... similar to ν (cos(2φ) modulation)

◃ Red line ... prediction with SIDIS (HERMES & COMPASS) result
◃ “Can measure not only sign, but also the size & maybe shape of the Sivers

function”
TMD in Drell-Yan Experiments at Fermilab 27 / 30

Experiments Run Time Collision Types Physics

E906 2012-2017 p + targets 

(H, D, C, Fe, W)

- dbar/ubar asymmetry

- quark dE/dx

E1039 2018 – 2021+ p + pol. targets 

(NH3, ND3)

Sea-quark Sivers, TMDs

E1067 2017 – 2021+ p + any targets

(beam dump) 

dark photon, dark Higgs

E1027 202x Pol. p-beam + 

any targets

- quark Sivers

- TMD, spin  

• Cross section ratio  
- Approximately 5% of  

final data set has been 
used. 

- dimuon mass > 4.2 GeV 
- Systematic error 
‣ Main Causes 
✓ Target impurity 
✓ Beam intensity dependence: Cross section ratio 

decreases as the beam intensity increases. 
‣ Systematic error evaluation is in progress. 

- The result of cross section ratio is consistent with the E866 
result at small x.
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• The quarks in the proton exchange gluons. 
• Gluons split into quark–anti-quark pairs. 
- simple assumption 
 
Gottfried sum rule 
  

- NMC experiment at CERN

• Measures         at large x                          . 
- The x range is wider than that of E866. 
- x50 more statistics than E866. 
- Only one experiment which measures        at large Bjorken x. 

• Uses proton-proton and proton-deuteron Drell–Yan process. 
-   
- The process can directly access anti-quarks. 

-   
-  
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Measurement of Anti-quark Flavor Asymmetry in the Proton at E906/SeaQuest Experiment 
  

K. Nagai (Tokyo Tech) for E906/SeaQuest Experiment

FNAL Users Meeting Poster Session June 10th & 11th, 2015

u
u
d

d
u
d

ud⇡+ Meson

Structure of the Proton Flavor Asymmetry of Anti-quarks SeaQuest Experiment (E906)

SeaQuest Spectrometer

Analysis and Results (2) Conclusion & Future Plan

u

u d

u

u d

d

d

u

u

d̄(x) = ū(x)

d̄(x) 6= ū(x) · · ·Flavor Asymmetry

• E866 experiment at FNAL 
- Measures Bjorken x dependence of                                      . 
- 70% asymmetry has been observed at              . 
-                                ? 
‣ Too low statistics to determine it. 

• Theory 
-                can be explained by some theories. 
‣ ex. Meson-cloud model 

- No theory can explain              .

d̄/ū (0.015 < x < 0.35)

d̄/ū < 1 at x ⇠ 0.3

d̄/ū > 1

d̄/ū < 1

x ⇠ 0.2

d̄/ū (0.1 < x < 0.45)

d̄/ū

qq̄ ! �⇤ ! µ+µ�

d2�

dxtdxb
=

4⇡↵2

9xtxb

1

s

X
e2[q̄t(xt)qb(xb) + q̄b(xb)qt(xt)]

1

2

�pd!µ+µ�

�pp!µ+µ�

�����
xb�xt

⇡ 1

2


1 +

d̄(xt)

ū(xt)

� (xb � xt)

Schedule
• Targets: proton, deuteron, carbon, iron, and tungsten  
• Magnets: 

(1) Focuses the muons and dumps  
the beam. 

(2) Determines muon momenta. 
• Tracking Stations: St. 1-4 

- Each station consists of  
a hodoscope and a drift  
chamber or proportional tubes.

• Beam: 120 GeV proton beam 
extracted from Main Injector 

• Measures dimuons from  
Drell–Yan process.

Run 2 data taking

Nov.
2013

Sept.
2014

Run 3 data taking

Oct.
2014

Accelerator
Shutdown

July
2015

Run 4 data taking

Sept.
2015

Accelerator
Shutdown

• First long run of data taking was 
done (Run 2). 
- Data analyzed and presented in 

this poster are taken in Run 2. 
• Integrated number of protons: 

- ~20% of final number of protons 
• We will take                    protons by 

July 2016.

• Detectors work as expected. 
• The taken data are reliable since the result is 

consistent with the E866 result at small x. 
‣ We need more data to clarify the behavior at large x. 

•  The evaluation of         and its systematic error is in 
progress for the preliminary result. 

• Cross section ratio decreases as the beam intensity 
increases. 
- It directly affects the cross section ratio and        . 
- The cause of that is being investigated.
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Figure: Structure of the proton

Figure: Gottfried Sum

Figure: Meson-cloud model Figure: Bjorken x dependence of d̄/ū Figure: Drell–Yan process
Figure: Parton distribution function

Figure: SeaQuest acceptance 
of x target vs x beam

Figure: SeaQuest spectrometer

Figure:Typical Drell–Yan event (mass=6 GeV)

Figure: Schedule

Figure: SeaQuest Integrated Protons

Figure: Dimuon mass

• Mass Reconstruction 
- Approximately 5% of final  

data set has been used. 
‣ July 25th - Sept. 3rd, 2014 

- The distribution shapes of  
J/ψ, ψ’, and Drell–Yan  
events were each estimated  
with simulation. 

- The distribution shape of backgrounds was estimated with 
real data. 

- Experimental data are reasonably well fitted. 
‣ Detectors work as expected. 

- The dimuons at mass > 4.2 GeV are mostly Drell–Yan 
dimuons.

Figure:Cross section ratio Figure:Flavor asymmetry

• Flavor asymmetry  
-         is derived from 

cross section ratio. 
- Systematic error  

of        is almost  
the same as that of 
cross section ratio. 

- The result of         is  
consistent with the E866 result at small x. 

- We need more statistics to clarify the behavior at  
large x. 
‣ We are taking more data. 
‣ Quality assurance of data is in progress.
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A small collaboration, great opportunities for new comers to contribute 
and lead major detector and physics efforts 



Welcome to join us the fun 
at Fermilab now!

Contacts: E1039 co-SP
Dr. Kun Liu <liuk@lanl.gov>
Dr. Dustin Keller <dmk9m@Virginia.EDU> 

and also during the workshop,
Ming Liu (ming@bnl.gov)
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TMDs probed via DY at SeaQuest

7/28/18

1 1

1

     - Unpolarized Drell-Yan: 

     - Single transverse spin asymmetry in polarized Drell

Boer-Mulders

-Yan:
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Sivers functions:
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      - Double transverse spin asymmetry in polarized Drell-Yan:

      

Drell-Yan and SIDIS involve different combinations of TMDs
  Drell-Yan does not require 

ns:

kno

( ) (

wledge of the fra

)DY
TT q qA h x h x

•
•

µ

gmentation functions
  T-odd TMDs are predicted to change sign from DIS to DY

    (Boer-Mulders and Sivers functions)
  Remains to be tested experimenta !   lly

•

àCOMPASS, RHIC, EIC/SeaQuest for sea quarks

E906, E1039, E1027

E1039

E1027



New Beam Collimator and Target
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Beam collimator

Target cross section: 18 x 28 mm2

Beam cross section: 

Need be well contained within 

4 sigma, required by dR< 2x10-4

sigX = 18/2/4 = 2.2 mm 

sigY = 28/2/4 = 3.5 mm

Beam jitter: dX=dY ~ 1mm

E906 beam profile:

SigX = 4.0mm

SigY = 3.0mm

1 sig = 0.68269

2 sig = 0.95450

3 sig = 0.99730

4 sig = 0.99994

120GeV

beam



Target and Beam Dump Event Separation
target at upstream: Z=-3.5m 
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Zvtx smearing

Dump
E906 (-130 cm)
E1039 (-350 cm)

7.9% lost

Trigger optimization possible!



Dark Sector Physics Search Program at SeaQuest
2018       2019        2020       2021 2022         2023         2024        2025 2026      2027                …  2030+

Parasitic Dark Sector 

Physics with E1039

EMCal installation 

& commissioning 

Long shutdown, 

detector upgrade 

DP search w/ EMCal upgrade

E1039 installation 

& commissioning

PHENIX EMCal refurbishment at Fermilab,

HEP dark sector physics program development

High luminosity dark sector physics 

program at Fermilab Intensity Frontier

Planned

Proposed

Parasitic Nuclear Physics program possible Parasitic Nuclear Physics program possible
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Dark Photon Search at SeaQuest
with all Future Projections

7/28/18 Ming Liu, The 10th Hadron Physics Workshop in China 34

10-2 10-1 110-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA¢ @GeVD

e

A¢ Æ {+ {-

LHCb
HPS

SHiP

SeaQuest

FASER

NA62

Mu3eêMMAPSêBelle-II

10�1 100 101

mA0 [GeV]

10�7

10�6

10�5

10�4

10�3

10�2

✏

E137

E137

BaBar

Belle-II

SeaQuest (e+e�)

LD
M

X
in
v.

1
cm

2
/g

5
cm

2
/g

mV
/m⇡

= 1.8

mV /m⇡ = 1.6

CMB

2- and 3-body decays, m⇡/f⇡ = 3



Dark Higgs

�(p+ p ! �+X) =

Z 1

0

dx

x
g(x)g

�
m2

�/(xs)
� ↵2

sGFm2
�

288
p
2⇡s

Phase-I: 
High-mass: μ+μ- and hadrons

Advantage of using hadron beams 
with muon probes over electrons

Phase-II: 
Low-mass: e+e-,   <200MeV possible
High-mass:  hadrons, (5x)

Y. Zhang et al, arXiv:1502.06983 

arXiv:1312.4992

Lmix = µ�|H†
H|
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θ = μ v/mh
2
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)

μμ
ee
γγ
had.

e+e-

μ+μ-Electron ID 
upgrade!



Determine and Calibrate dE/dx with DY in p+A

• Known initial state nuclear 
parton density; 

• Minimal final-state 
interactions of the detected 
particles.

• E906: No shadowing 
correction at moderate Xt
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/dE dx−

q, g q

q

µ+

µ−

q+ q→ γ*→ µ+ +µ− (Drell-Yan Process)

Energy loss reduces xb and xF in 
nuclei versus proton (xF = xb-xt)

DY

euterium

d 2σ
dxtdxb

≈
4πα 2

9x1x2s
e2[qb(xb )∑ qt (xt )]

Possible sea-quark shadowing effects


