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1 The SeaQuest Spectrometer

The E906 dimuon spectrometer will be upgraded with a displaced decay vertex tracker and can run parasit-
ically in the E1039 experiment from 2017-2019. Assuming similar beam conditions and e�ciency as during
the E906 run, 2 years of data for E1039 corresponds to an e↵ective 200 days with 5 ⇥ 1012 protons per
minute. This gives to 1.44 ⇥ 1018 protons on the beam dump over the course of 2 years of parasitic data
taking, which is equivalent to an integrated luminosity of 35 ab�1. For comparison, the B-factory Belle-II
at KEK is projected to have 50 ab�1 by 2023.

The spectrometer is 25 meters in length and measures muons from the collision of a 120 GeV proton
beam from the Main Injector onto a 5 meter long Fe beam dump. The E906 experiment is designed to
measure Drell-Yan production from various nuclear targets, H, D, C, and W . E1039 will utilize a polarized
NH3 target, and is designed to study the internal structure of the polarized proton via the transverse single
spin asymmetry of high-mass Drell-Yann dimuons. This target is thin, and will leave the majority of the
beam (⇠ 94%) to indirect with the beam dump.

The SeaQuest spectrometer is able to measure the displaced decay vertex and the invariant dimuon mass.
The 5 meter long Fe beam dump blocks most SM particles, except for neutrinos and high energy muons.
The E906 trigger vetoed events with m

µµ

 2.5 GeV, and measurements from run 2 at E906 show that
backgrounds are greatly suppressed at z � 2 meters, where z = 0 � 5 meters denotes the start and end
of the beam dump. For z < 2 meters, SM Drell-Yan is a significant background, and m

µµ

could possibly
be used to enhance a signal. The upgraded trigger will enhance the acceptance of m

µµ

below 2.5 GeV, to
e↵ectively detect muons in the range 0.2  m

µµ

 10 GeV, with a resolution of �z ⇠ 30 cm in the range
0.2 < m

µµ

< 2 GeV.
The specific geometrical layout of SeaQuest is as follows:

• 0-5 meters : “FMag” or the 5 meter long Fe magnet which begins the analysis of the Drell-Yan muons
produced from the target, and also serves as the beam dump. Has a kick of �|~p

t

| ⇠ 2.9 GeV.

• 5.5-6.5 meters : “Station-1” or a set of scintillators and drift chambers that can measured the vertex
of prompt A0 decays (. 5 meters).

• 9-12 meters : “KMag” or a 4.3 meter air gap magnet that focuses muons back into the following
stations to facilitate momentum measurements. Has a kick of �|~p

t

| ⇠ 0.4 GeV.

• 13-14 meters and 18-20 meters: “Station-2” and “Station-3” measure the mass of an event with a
resolution of 2.5-6 %, depending on the position of the displaced vertex.

• 20-21 meters: 1 meter thick Fe absorber, that attenuates most particles except for muons.

• 21-24 meters: “Station-4” or a muon ID system.

For electron and pion pairs, it might be necessary to add an additional magnet between FMag and
Station-1, in order to provide a su�cient �p

T

. Currently, the detector is not able to distinguish electron
and pions.

2 Motivating the GeV Scale

Kinetic mixing is naturally induced by loops of charged particles, which leads to values of U(1)
D
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where y
D

and y are the Yukawa interactions of loop fermions to the dark and SM Higgs, respectively. Below
the temperature of EWSB, this leads to a mass-squared parameter for the dark Higgs,

µ
D

⇠ y2
D

y2

16⇡2
v2 . (3)

The above relations can be used to express the A0 mass in terms of the fundamental parameters,
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where �
D

is the dark Higgs quartic.
In a SUSY context, we can make the identifications, �

D

⇠ g2
D

, y ⇠ g
Y

, y
D

⇠ g
D

, such that the above
relation becomes
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. (5)

In a more general scenario, all that needs to happen for this story to remain unchanged is for y
D

y/�
1/2
D

g
Y

to be an O(1) number, which is reasonable.

3 A0 Production

In the fixed target frame, a 120 GeV proton beam collides with a stationary proton inside of an iron nucleus,
with center of mass energy p

s =
p

2⇥ 120 GeV⇥m
p

' 15 GeV . (6)

Production of A0 occurs at LO through Drell-Yan, pp ! A0. To simulate this and to extract a cross section,
we will run MadGraph in the CM frame, with

p
s = 15 GeV, i.e., 7.5 GeV per proton beam. This will

extract the correct production rate, since the cross section is boost invariant and energies significantly above
a GeV resolve the internal structure of the beam dump Fe nucleus. However, in order to extract the correct
kinematical distributions, we will have to boost back to the fixed-target frame, as discussed in later sections.
In Fig. 1, we show the A0 production cross section evaluated at

p
s = 15 GeV, as a function of ✏. We have

also shown the rate as a function of y for ↵
D

= 0.1 and m
A

0/m1 = 3, where we have defined this variable as
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This definition is taken from the model in 1508.03050. ↵
D

⌘ g2
D

/4⇡, where g
D

is the dark photon gauge
coupling. We will expand on this model in Sec. 5.

For A0 masses below 2 GeV, MG5 generically has problems, since there is a cut in subprocesses.f that
demands Q � 2 GeV. For reference, see launchpad.

4 Kinematic Cuts

From direct communication with the SeaQuest collaboration, we are told that in the case of prompt dimoun
production, the following kinematic cuts are employed:

0.05 < p
x

/p
z

< 0.15 , p
y

/p
z

< 0.08 . (8)

We will show that this is simply the demand that the muons remain in the geometric acceptance of the
detector after bending through the magnetic field of FMag. After travelling a length L

z

in Fmag, the
departing muons will have an outgoing angle with respect to z-axis that is bent from the initial angle
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Production of A0 occurs at LO through Drell-Yan, pp ! A0. To simulate this and to extract a cross section,
we will run MadGraph in the CM frame, with
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s = 15 GeV, i.e., 7.5 GeV per proton beam. This will

extract the correct production rate, since the cross section is boost invariant and energies significantly above
a GeV resolve the internal structure of the beam dump Fe nucleus. However, in order to extract the correct
kinematical distributions, we will have to boost back to the fixed-target frame, as discussed in later sections.
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For A0 masses below 2 GeV, MG5 generically has problems, since there is a cut in subprocesses.f that
demands Q � 2 GeV. For reference, see launchpad.

4 Kinematic Cuts
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production, the following kinematic cuts are employed:
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1 The SeaQuest Spectrometer

The E906 dimuon spectrometer will be upgraded with a displaced decay vertex tracker and can run parasit-
ically in the E1039 experiment from 2017-2019. Assuming similar beam conditions and e�ciency as during
the E906 run, 2 years of data for E1039 corresponds to an e↵ective 200 days with 5 ⇥ 1012 protons per
minute. This gives to 1.44 ⇥ 1018 protons on the beam dump over the course of 2 years of parasitic data
taking, which is equivalent to an integrated luminosity of 35 ab�1. For comparison, the B-factory Belle-II
at KEK is projected to have 50 ab�1 by 2023.

The spectrometer is 25 meters in length and measures muons from the collision of a 120 GeV proton
beam from the Main Injector onto a 5 meter long Fe beam dump. The E906 experiment is designed to
measure Drell-Yan production from various nuclear targets, H, D, C, and W . E1039 will utilize a polarized
NH3 target, and is designed to study the internal structure of the polarized proton via the transverse single
spin asymmetry of high-mass Drell-Yann dimuons. This target is thin, and will leave the majority of the
beam (⇠ 94%) to indirect with the beam dump.

The SeaQuest spectrometer is able to measure the displaced decay vertex and the invariant dimuon mass.
The 5 meter long Fe beam dump blocks most SM particles, except for neutrinos and high energy muons.
The E906 trigger vetoed events with m

µµ

 2.5 GeV, and measurements from run 2 at E906 show that
backgrounds are greatly suppressed at z � 2 meters, where z = 0 � 5 meters denotes the start and end
of the beam dump. For z < 2 meters, SM Drell-Yan is a significant background, and m

µµ

could possibly
be used to enhance a signal. The upgraded trigger will enhance the acceptance of m

µµ

below 2.5 GeV, to
e↵ectively detect muons in the range 0.2  m

µµ

 10 GeV, with a resolution of �z ⇠ 30 cm in the range
0.2 < m

µµ

< 2 GeV.
The specific geometrical layout of SeaQuest is as follows:

• 0-5 meters : “FMag” or the 5 meter long Fe magnet which begins the analysis of the Drell-Yan muons
produced from the target, and also serves as the beam dump. Has a kick of �|~p

t

| ⇠ 2.9 GeV.

• 5.5-6.5 meters : “Station-1” or a set of scintillators and drift chambers that can measured the vertex
of prompt A0 decays (. 5 meters).

• 9-12 meters : “KMag” or a 4.3 meter air gap magnet that focuses muons back into the following
stations to facilitate momentum measurements. Has a kick of �|~p

t

| ⇠ 0.4 GeV.

• 13-14 meters and 18-20 meters: “Station-2” and “Station-3” measure the mass of an event with a
resolution of 2.5-6 %, depending on the position of the displaced vertex.

• 20-21 meters: 1 meter thick Fe absorber, that attenuates most particles except for muons.

• 21-24 meters: “Station-4” or a muon ID system.

For electron and pion pairs, it might be necessary to add an additional magnet between FMag and
Station-1, in order to provide a su�cient �p

T

. Currently, the detector is not able to distinguish electron
and pions.

2 Motivating the GeV Scale

Kinetic mixing is naturally induced by loops of charged particles, which leads to values of U(1)
D

� U(1)
Y

mixing of
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g
Y
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It is natural to imagine that loop of similar particles also couple a dark Higgs, h
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, to the SM Higgs H.
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DM < 10 GeV has suppressed annihilations at late times. 



GeV-Scale Thermal Relics

• CMB ⇒ s-wave DM > 10 GeV. 

• DM < 10 GeV has suppressed annihilations at late times. 

•   

•     

•  Scalar DM ⇒ p-wave,   

• pseudo-Dirac ⇒ inelastic DM 
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