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• Designed to study SM Drell-Yan dimuons 

• Parasitic trigger: displaced dimuons @ > 5 meters 

• 5 days of running in April 2017: 3 × 1016 POT 
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backgrounds

Might be relevant for larger decay regions.  
A few extra meters of iron reduces this by several orders 

of magnitude
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SeaQuest vs. Others
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FASER 6500 GeV 1 TeV 1016 � 1017 390 m 400 m 6 cm / GeV
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Dark Photons at SeaQuest

γ

+ Drell-Yan at higher masses

mA’ ≲ 100 MeV mA’ ≲ 1 GeV

G. Krnjaic
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Ē

L

H e
R

$ 2HDM + singlet scalar (15)

m
S

. 2m
µ

=) lifetime is enhanced for fixed production rate (16)

L � g
a

aF
µ⌫

F̃µ⌫ (17)

g
a

⇠ ↵
em

f
a

=) f
a

. 10 TeV� 100 TeV (18)

� L � sin ✓
m

f

v
' f̄f (19)

�z/L
z

⇠ 100 MeV/m
µµ

(20)

�z/L
z

⇠ �p
T

/m
µµ

⇠ 3 GeV/m
µµ

(21)

' (22)

L ⇠ n
atom

` (23)

↵
s

� ↵
em

(24)

dark Higgs, ALP, (25)

leptophilic scalar (26)

100 GeV � 1 GeV (27)

p p ! ⇡0 + ⇡± + · · · ! � + µ± + · · · (28)

1



Timeline Summary



Timeline Summary

Spring 2017

1016 POT: μ±

SeaQuest



Timeline Summary

Spring 2017

1016 POT: μ±

2019-2020

SeaQuest

1018 POT: μ± , e± (?)

ECAL installation?



Timeline Summary

Spring 2017

1016 POT: μ±

2019-2020

SeaQuest

1018 POT: μ± , e± (?)

ECAL installation?

2021-2023

LHC Run 3
LHCb, NA62 (dump),  

SHiP (5 yrs = 1020 POT)?, 
FASER?, …

Belle-II (50 ab-1)



Timeline Summary

Spring 2017

1016 POT: μ±

2019-2020

SeaQuest

1018 POT: μ± , e± (?)

ECAL installation?

2021-2023

LHC Run 3
LHCb, NA62 (dump),  

SHiP (5 yrs = 1020 POT)?, 
FASER?, …

Belle-II (50 ab-1)

2024



Timeline Summary

Spring 2017

1016 POT: μ±

2019-2020

SeaQuest

1018 POT: μ± , e± (?)

ECAL installation?

2021-2023

LHC Run 3
LHCb, NA62 (dump),  

SHiP (5 yrs = 1020 POT)?, 
FASER?, …

Belle-II (50 ab-1)

KITP 2026, Dark Matter Detection and Detectability: Shift Again? 

2024

KITP 2026, QCD Axion Dark Matter: KSVZ or DFSZ?

Reminder to register for:



Back Up Slides



Secondary Production

10-2 10-1 110-6

10-5

10-4

10-3

10-2

mS @GeVD

gm

Leptophilic Higgs

Hg-2Lm exclud
ed

Hg-2Lm favored

E137

FNAL-m

NA64-m

Orsay

HPS

BaBar
Ht+ t- L

Belle-II
Ht+ t- L

SeaQuest

arXiv:1804.00661

arXiv:1606.04943
arXiv:1701.07437 

1018 POT
1020 POT



Minimal Dark Higgs

arXiv:1804.00661

10-1 110-7

10-6

10-5

10-4

10-3

10-2

m j @GeVD

si
n
q

Minimal Dark Higgs, j Æ f f

B Æ K m+ m-

Charm

SHiP

MATHUSLA

CODEX-b

FASER

NA62

SeaQuest-like

LHCb

Location Timeline E
beam

(GeV) POT Baseline (m)

SeaQuest Fermilab April, 2017 120 1.44⇥ 1018 ! 1020 ? 5� 25
SHiP CERN 2026 ? 400 2⇥ 1020 60� 110

�
'

⇠ ✏2 m
'

16⇡
=) � ⌧

'

⇠ 100 cm⇥
✓

E
'

100 GeV

◆
⇥
✓
10 MeV

m
'

◆
2

⇥
✓
10�4

✏

◆
2

(1)

✏ m
'

m
'

/E
'

(2)

K
L

! ⇡± e⌥ ⌫ (⌧ ⇠ 10 meters) (3)

L � ✏

2 cos ✓
w

A0
µ⌫

Bµ⌫ =) A
µ

Jµ

em

! A
µ

Jµ

em

+ ✏A0
µ

Jµ

em

(4)

⌧
A

0 ⇠ 10 cm⇥
✓
GeV

m
A

0

◆
⇥
✓
10�6

✏

◆
2

(5)

L ' 35 ab�1 ⇥
✓

POT

1.44⇥ 1018

◆
(6)

L � ie
D

A0
µ

�̄
1

�µ�
2

(7)

� ⌘ m
2

�m
1

m
1

⌧ 1 (8)

� & v2
DM

⇠ 10�6 (9)

m
1

⇠ few⇥ ✏ (↵
D

↵
em

T
eq

m
pl

)1/2

(m
A

0/m
1

)2
e�xf�/2 (10)

⇠ O(100) MeV⇥
⇣ ✏

10�3

⌘
⇥

⇣↵
D

0.1

⌘
1/2

⇥
✓
3m

1

m
A

0

◆
2

e�xf�/2 (11)

h�vi ⇠ ↵
D

↵
em

✏2
m2

1

m4

A

0
e�(m1/T )� (12)

�(�
2

! �
1

`+`�) ' 4 ✏2 ↵
em

↵
D

�5m5

1

15⇡m4

A

0
(13)

� L �
X

`=e,µ,⌧

m
`

⇤
S ¯̀̀ ⌘ g

µ

X

`=e,µ,⌧

m
`

m
µ

S ¯̀̀ (14)

O
S

⇠ S

⇤
Ē

L

H e
R

$ 2HDM + singlet scalar (15)

m
S

. 2m
µ

=) lifetime is enhanced for fixed production rate (16)

L � g
a

aF
µ⌫

F̃µ⌫ (17)

g
a

⇠ ↵
em

f
a

=) f
a

⇠ 10 TeV� 100 TeV (18)

� L � sin ✓
m

f

v
' f̄f (19)

' (20)

L ⇠ n
atom

` (21)

↵
s

� ↵
em

(22)

dark Higgs, ALP, (23)

leptophilic scalar (24)

100 GeV � 1 GeV (25)

p p ! ⇡0 + ⇡± + · · · ! � + µ± + · · · (26)

1



Inelastic Dark Matter at SeaQuest
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Dark Photons at SeaQuest
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Inelastic Dark Matter

arXiv:hep-ph/0101138

Location Timeline E
beam

(GeV) POT Baseline (m)

SeaQuest Fermilab April, 2017 120 1.44⇥ 1018 ! 1020 ? 5� 25
SHiP CERN 2026 ? 400 2⇥ 1020 60� 110

�' ⇠ ✏2 m'

16⇡
=) � ⌧' ⇠ 100 cm⇥

✓
E'

100 GeV

◆
⇥

✓
10 MeV

m'

◆
2

⇥
✓
10�4

✏

◆
2

(1)

✏ m' m'/E' (2)

KL ! ⇡± e⌥ ⌫ (⌧ ⇠ 10 meters) (3)

L � ✏

2 cos ✓w
A0

µ⌫ B
µ⌫ =) Aµ J

µ
em

! Aµ J
µ
em

+ ✏A0
µ J

µ
em

(4)

⌧A0 ⇠ 10 cm⇥
✓
GeV

mA0

◆
⇥

✓
10�6

✏

◆
2

(5)

L ' 35 ab�1 ⇥
✓

POT

1.44⇥ 1018

◆
(6)

L � ieD A0
µ �̄

1

�µ�
2

(7)

' (8)

L ⇠ n
atom

` (9)

↵s � ↵
em

(10)

dark Higgs, ALP, (11)

leptophilic scalar (12)

100 GeV � 1 GeV (13)

1

Location Timeline E
beam

(GeV) POT Baseline (m)

SeaQuest Fermilab April, 2017 120 1.44⇥ 1018 ! 1020 ? 5� 25
SHiP CERN 2026 ? 400 2⇥ 1020 60� 110

�
'

⇠ ✏2 m
'

16⇡
=) � ⌧

'

⇠ 100 cm⇥
✓

E
'

100 GeV

◆
⇥

✓
10 MeV

m
'

◆
2

⇥
✓
10�4

✏

◆
2

(1)

✏ m
'

m
'

/E
'

(2)

K
L

! ⇡± e⌥ ⌫ (⌧ ⇠ 10 meters) (3)

L � ✏

2 cos ✓
w

A0
µ⌫

Bµ⌫ =) A
µ

Jµ

em

! A
µ

Jµ

em

+ ✏A0
µ

Jµ

em

(4)

⌧
A

0 ⇠ 10 cm⇥
✓
GeV

m
A

0

◆
⇥

✓
10�6

✏

◆
2

(5)

L ' 35 ab�1 ⇥
✓

POT

1.44⇥ 1018

◆
(6)

L � ie
D

A0
µ

�̄
1

�µ�
2

(7)

� ⌘ m
2

�m
1

m
1

⌧ 1 (8)

m
1

⇠ ✏ (↵
D

↵
em

T
eq

m
pl

)1/2

(m
A

0/m
1

)2
e�xf�/2 (9)

' (10)

L ⇠ n
atom

` (11)

↵
s

� ↵
em

(12)

dark Higgs, ALP, (13)

leptophilic scalar (14)

100 GeV � 1 GeV (15)

1

off-diagonal (inelastic) coupling

small mass-splitting

Location Timeline E
beam

(GeV) POT Baseline (m)

SeaQuest Fermilab April, 2017 120 1.44⇥ 1018 ! 1020 ? 5� 25
SHiP CERN 2026 ? 400 2⇥ 1020 60� 110

�
'

⇠ ✏2 m
'

16⇡
=) � ⌧

'

⇠ 100 cm⇥
✓

E
'

100 GeV

◆
⇥
✓
10 MeV

m
'

◆
2

⇥
✓
10�4

✏

◆
2

(1)

✏ m
'

m
'

/E
'

(2)

K
L

! ⇡± e⌥ ⌫ (⌧ ⇠ 10 meters) (3)

L � ✏

2 cos ✓
w

A0
µ⌫

Bµ⌫ =) A
µ

Jµ

em

! A
µ

Jµ

em

+ ✏A0
µ

Jµ

em

(4)

⌧
A

0 ⇠ 10 cm⇥
✓
GeV

m
A

0

◆
⇥
✓
10�6

✏

◆
2

(5)

L ' 35 ab�1 ⇥
✓

POT

1.44⇥ 1018

◆
(6)

L � ie
D

A0
µ

�̄
1

�µ�
2

(7)

� ⌘ m
2

�m
1

m
1

⌧ 1 (8)

� & v2
DM

⇠ 10�6 (9)

m
1

⇠ few⇥ ✏ (↵
D

↵
em

T
eq

m
pl

)1/2

(m
A

0/m
1

)2
e�xf�/2 (10)

⇠ O(100) MeV⇥
⇣ ✏

10�3

⌘
⇥

⇣↵
D

0.1

⌘
1/2

⇥
✓
3m

1

m
A

0

◆
2

e�xf�/2 (11)

' (12)

L ⇠ n
atom

` (13)

↵
s

� ↵
em

(14)

dark Higgs, ALP, (15)

leptophilic scalar (16)

100 GeV � 1 GeV (17)

1

suppressed rates at  
direct detection experiments

⟹

⟹

⟹



A’ 

χ2

χ1

{Prevent  
χ1 χ1 → A’  A’ 

~ GeV

(CMB)

{Δ ≪ 1

Inelastic Dark Matter

Mass Spectrum



Inelastic Dark Matter
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Ē

L

H e
R

$ 2HDM + singlet scalar (15)

' (16)

L ⇠ n
atom

` (17)

↵
s

� ↵
em

(18)

dark Higgs, ALP, (19)

leptophilic scalar (20)

100 GeV � 1 GeV (21)

p p ! ⇡0 + ⇡± + · · · ! � + µ± + · · · (22)

1

arXiv:1804.00661

Location Timeline E
beam

(GeV) POT Baseline (m)

SeaQuest Fermilab April, 2017 120 1.44⇥ 1018 ! 1020 ? 5� 25
SHiP CERN 2026 ? 400 2⇥ 1020 60� 110

�
'

⇠ ✏2 m
'

16⇡
=) � ⌧

'

⇠ 100 cm⇥
✓

E
'

100 GeV

◆
⇥
✓
10 MeV

m
'

◆
2

⇥
✓
10�4

✏

◆
2

(1)

✏ m
'

m
'

/E
'

(2)

K
L

! ⇡± e⌥ ⌫ (⌧ ⇠ 10 meters) (3)

L � ✏

2 cos ✓
w

A0
µ⌫

Bµ⌫ =) A
µ

Jµ

em

! A
µ

Jµ

em

+ ✏A0
µ

Jµ

em

(4)

⌧
A

0 ⇠ 10 cm⇥
✓
GeV

m
A

0

◆
⇥
✓
10�6

✏

◆
2

(5)

L ' 35 ab�1 ⇥
✓

POT

1.44⇥ 1018

◆
(6)

L � ie
D

A0
µ

�̄
1

�µ�
2

(7)

� ⌘ m
2

�m
1

m
1

⌧ 1 (8)

� & v2
DM

⇠ 10�6 (9)

m
1

⇠ few⇥ ✏ (↵
D

↵
em

T
eq

m
pl

)1/2

(m
A

0/m
1

)2
e�xf�/2 (10)

⇠ O(100) MeV⇥
⇣ ✏

10�3

⌘
⇥

⇣↵
D

0.1

⌘
1/2

⇥
✓
3m

1

m
A

0

◆
2

e�xf�/2 (11)

h�vi ⇠ ↵
D

↵
em

✏2
m2

1

m4

A

0
e�(m1/T )� (12)

�(�
2

! �
1

`+`�) ' 4 ✏2 ↵
em

↵
D

�5m5

1

15⇡m4

A

0
(13)

� L �
X

`=e,µ,⌧

m
`

⇤
S ¯̀̀ ⌘ g

µ

X

`=e,µ,⌧

m
`

m
µ

S ¯̀̀ (14)

O
S

⇠ S

⇤
Ē
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