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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Light Mediators

Why haven’t we detected this force?

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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simple but not simplified…
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Direct Annihilations: y-mχ plane
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Similar story for other mediators, e.g., U(1)B-L, U(1)e-μ, U(1)μ-τ, etc. 
see Berlin et al. arXiv:1807.01730
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Range of Momentum Scales

What momentum scales do experiments probe compared to the early universe?

To meaningfully compare different avenues towards discovery:



Range of Momentum Scales

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p f, �, . . . ,� �2 ⌧ m1 A
0 & m1 ⇠ GeV ��2 / ↵D ↵em ✏

2
(m�2 �m�1)

5
��1 / ↵D rate / ↵em ✏

2 & few⇥m�1 (150)

10
�6

m�1 primordial �2 �1�2 ! SM ⇡ . 2m⇡ ⇢ (151)

& m⇡ ⇡⇡ ! A
0
A

0
m⇡ ⇠ 100 MeV m⇡/f⇡ ⇠ 4⇡

p
s � f⇡

p
s (152)

�v / e
�(m�2�m�1 )/T

m⇡

f⇡
(153)

few⇥ 10 GeV energy injection rate / 1/m� �
0
�v / e

�(m�0�m�)/T �v / v
2

(154)

⌫ ✏ ⇠ 10
�5

⇥ (mforce/m�)
2
(m�/100 MeV)O(1) �v ⇠

1

Teq mpl
⇠

1

(10 TeV)2
� (155)

✏ ⇠ 10
�6

� 10
�3

✏A
0
µ⌫ A

µ⌫
small couplings $ small mass scales momentum transfer ⇠ q q ⌧ m� q & m� q ⇠ m� (156)

6



Range of Momentum Scales

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K
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parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p (150)

6

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p (150)

6

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p f, �, . . . ,� �2 ⌧ m1 A
0 & m1 ⇠ GeV ��2 / ↵D ↵em ✏

2
(m�2 �m�1)

5
��1 / ↵D rate / ↵em ✏

2 & few⇥m�1 (150)

10
�6

m�1 primordial �2 �1�2 ! SM ⇡ . 2m⇡ ⇢ (151)

& m⇡ ⇡⇡ ! A
0
A

0
m⇡ ⇠ 100 MeV m⇡/f⇡ ⇠ 4⇡

p
s � f⇡

p
s (152)

�v / e
�(m�2�m�1 )/T

m⇡

f⇡
(153)

few⇥ 10 GeV energy injection rate / 1/m� �
0
�v / e

�(m�0�m�)/T �v / v
2

(154)

⌫ ✏ ⇠ 10
�5

⇥ (mforce/m�)
2
(m�/100 MeV)O(1) �v ⇠

1

Teq mpl
⇠

1

(10 TeV)2
� (155)

✏ ⇠ 10
�6

� 10
�3

✏A
0
µ⌫ A

µ⌫
small couplings $ small mass scales (156)

6

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K

Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p f, �, . . . ,� �2 ⌧ m1 A
0 & m1 ⇠ GeV ��2 / ↵D ↵em ✏

2
(m�2 �m�1)

5
��1 / ↵D rate / ↵em ✏

2 & few⇥m�1 (150)

10
�6

m�1 primordial �2 �1�2 ! SM ⇡ . 2m⇡ ⇢ (151)

& m⇡ ⇡⇡ ! A
0
A

0
m⇡ ⇠ 100 MeV m⇡/f⇡ ⇠ 4⇡

p
s � f⇡

p
s (152)

�v / e
�(m�2�m�1 )/T

m⇡

f⇡
(153)

few⇥ 10 GeV energy injection rate / 1/m� �
0
�v / e

�(m�0�m�)/T �v / v
2

(154)

⌫ ✏ ⇠ 10
�5

⇥ (mforce/m�)
2
(m�/100 MeV)O(1) �v ⇠

1

Teq mpl
⇠

1

(10 TeV)2
� (155)

✏ ⇠ 10
�6

� 10
�3

✏A
0
µ⌫ A

µ⌫
small couplings $ small mass scales (156)

6

accelerators

type !signal B Q T

ADMX, DM Radio static field ma 10 T 10
4
� 10

6
10 mK � 100 mK

SRF cavity oscillating field GHz 0.2 T 10
10

� 10
12

2 K
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.

⇢�(x, t) '
1

2
eq� n�

X

±
(±1)

Z
d
3xi d

3v f(v) �3
�
x� x±

traj.(t)
�

(127)

⇢�(x, t) ' �
(eq�)

2
⇢DM

m2
�

e
i!t

Z
dv d

3x0
f

✓
v

x� x0

|x� x0|

◆
⇢def(x0

)

|x� x0|
e
�i!|x�x0|/v

(128)

e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
� =) q� ⇠ ✏ Q

0
e
0
/e =) Q

0
e
0 . 10

�7
⇥

⇣
m�

keV

⌘3/4
e q� (129)

=) Q
0
e
0
⌧ 1 (130)

✏ (131)

!0 ⇠ !1 ⇠ GHz , !1 ' !0 ±ma �x�p � ~/2 r⇥B = @tE + J ? (132)

Lint =
@µa

fa
J
µ
SM ⇠

@µa

fa
f̄�

µ
�
5
f +

a

fa
GG̃+

a

fa
FF̃ + · · · (133)

Gµ⌫ = 8⇡GN Tµ⌫ (134)

1 ga�� ! ±ma ! ' ma power / !0 ±ma (135)

! ' !0 ! ' !0 ±ma (136)

L ⇠ ga�� a F F̃ ⇠ ~Ja ·
~A , ~Ja ⇠ ga��

~B @ta (137)

L �
1

4
ga�� a F F̃ , ga�� ⇠

↵em

2⇡ fa
(138)

t/⌧a
a

ha2i1/2
a ⇠ a0 cos (mat+ ') ha

2
i
1/2

⇠
p
⇢DM/ma , ⌧a ⇠ 1/(ma v

2
a) ⇠ 10

6
/ma ⌘ Qa (139)

a0 (Gaussian) and ' (uniform) “jump” every ⌧a (140)

Ja / cosmat Ba / cosmat Ja / cos (!0 ±ma)t Ba / cos (!0 ±ma)t (141)

emf Ea / @t Ba / ma power / !0 ±ma ! ' !0 (142)

emf Ea / @t Ba / !0 ±ma
ma⌧!0
�����! !0 power / !0 ±ma ! ' !0 (143)

Ja / @ta ⇠

(
p
⇢DM

ma!0
����! const. (fixed energy density)

ma a
ma!0
����! 0 (fixed amplitude)

(144)

!0 ⇠ GHz !0 +ma ' !0 �!a ⇠ 1/⌧a ⇠ ma v
2
a ⇠ ma/10

6
(145)

Psig / Q Psig / Q
�!r

�!a
' 10

6
Psig / min (Q, 10

6
) (146)

Psig / min (⌧r, ⌧a) , ⌧r ⇠
Q

!sig
, ⌧a ⇠

1

ma v
2
a

⇠
10

6

ma
, ⌧r & ⌧a =) Q & !sig

ma
10

6
(147)

. 1 for static-field resonators, � 1 for SRF cavities SNR
2
⇠ tstep �!sig

✓
Ssig

Snoise

◆2

/
1

min (106, Qr)

1

max (106, Qr)
(148)

ma � !0/Q & 10
�19

eV� 10
�16

eV (149)

`, p f, �, . . . ,� �2 ⌧ m1 A
0 & m1 ⇠ GeV ��2 / ↵D ↵em ✏

2
(m�2 �m�1)

5
��1 / ↵D rate / ↵em ✏

2 & few⇥m�1 (150)

10
�6

m�1 primordial �2 �1�2 ! SM ⇡ . 2m⇡ ⇢ (151)

& m⇡ ⇡⇡ ! A
0
A

0
m⇡ ⇠ 100 MeV m⇡/f⇡ ⇠ 4⇡

p
s � f⇡

p
s (152)

�v / e
�(m�2�m�1 )/T

m⇡

f⇡
(153)

few⇥ 10 GeV energy injection rate / 1/m� �
0
�v / e

�(m�0�m�)/T �v / v
2

(154)

⌫ ✏ ⇠ 10
�5

⇥ (mforce/m�)
2
(m�/100 MeV)O(1) �v ⇠

1

Teq mpl
⇠

1

(10 TeV)2
� (155)

✏ ⇠ 10
�6

� 10
�3

✏A
0
µ⌫ A

µ⌫
small couplings $ small mass scales momentum transfer ⇠ q q ⌧ m� q & m� q ⇠ m� (156)

6

more sensitive to  
interaction structure

less sensitive to  
interaction structure

(robust)

(suppressions/enhancements)

early universe



χ

χ

J

J

ν

ν

J

SM

SM

ϕ

χ

χ

A′

A′

SM

SM

A′

χ

χ

ϕ

ϕ

χ

χ

ν

ν

ϕ

freeze− out equilibration

χ

χ

SM

SM

A′

χ

χ

SM

SM

ϕ

χ′

χ

SM

SM

A′

χ′

χ

SM

SM

ϕ

χ

χ

SM

SM

A′

χ

χ

SM

SM

ϕ

χ′

χ

SM

SM

A′

χ′

χ

SM

SM

ϕ

fermion DM

direct indirect

scalar DM

Minimal Thermal Dark Photon

forbidden
m� < mA0 < 2m� �v /

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

(2)

1

m� < mA0 < 2m� �v /
�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

(2)

1

mA0 > m� �v /
�
e�(mA0�m�)/T

�2
�v / v2 (1)

(2)

1

χ

χ

J

J

ν

ν

J

SM

SM

ϕ

χ

χ

A′

A′

SM

SM

A′

χ

χ

ϕ

ϕ

χ

χ

ν

ν

ϕ

freeze− out equilibration

m� < mA0 < 2m� �v /
�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

(2)

1

Dirac, pseudo-Dirac, Majorana

II. Indirect Annihilations

p-wave
mA0 > m� �v /

�
e�(mA0�m�)/T

�2
�v / v2 (1)

(2)

1

forbidden
m� < mA0 < 2m� �v /

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

(2)

1



Dark Sector Dynamics

Patrick Fitzpatrick ELDER/NFDM results outline 1

�

�

� �

A0

f

f�

�

� A0

� A0 f

f�

�
� �

f f

A0

f

f

A A0

1

arXiv:2011.01240
arXiv:1702.07716
arXiv:1505.07107
PRD 43 (1991)

For Dirac fermion, CMB constrains late-time annihilations: 

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / ytarget y/ytarget . 10�3 ⇥ (m�/100 MeV) (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1



Dark Sector Dynamics

Patrick Fitzpatrick ELDER/NFDM results outline 1

�

�

� �

A0

f

f�

�

� A0

� A0 f

f�

�
� �

f f

A0

f

f

A A0

1

arXiv:2011.01240
arXiv:1702.07716
arXiv:1505.07107
PRD 43 (1991)

For Dirac fermion, CMB constrains late-time annihilations: 

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / ytarget y/ytarget . 10�3 ⇥ (m�/100 MeV) (3)

1

For smaller   and large     , hidden sectors processes dominate.

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) (3)

1

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1



Dark Sector Dynamics

Patrick Fitzpatrick ELDER/NFDM results outline 1

�

�

� �

A0

f

f�

�

� A0

� A0 f

f�

�
� �

f f

A0

f

f

A A0

1

arXiv:2011.01240
arXiv:1702.07716
arXiv:1505.07107
PRD 43 (1991)

For Dirac fermion, CMB constrains late-time annihilations: 

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / ytarget y/ytarget . 10�3 ⇥ (m�/100 MeV) (3)

1

For smaller   and large     , hidden sectors processes dominate.

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) (3)

1

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5 ⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8 ⇥ (mA0/GeV)1/2 (5)

1

For                                     , DM and SM equilibrate.

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1

m� < mA0 < 2m� rate / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant rate / ↵3
D e�m�/T rate / ↵D ↵em ✏2 / y y/ytarget . 10�5

⇥ (m�/100 MeV) ✏ (3)

3 ! 2

2 ! 2
/ ↵D e2m�(mA0/m��3/2)/T 1 . mA0/m� . 1.5 1.5 . mA0/m� . 2 (4)

✏ & 10�8
⇥ (mA0/GeV)1/2 ✏2 ↵D = const. ✏ independent (decreasing ✏) mA0/m� = 1.6 (5)

⇠ ↵D independent mA0/m� ' 2 ✏R ' mA0/m� � 2 (0 < ✏R ⌧ 1)
p
s ' 2m� +O(T )

p
s ' mA0

p
s ' 2m� (6)

�inv ⌘
�(A0

! ��̄)

mA0
⇠ ↵D

p
✏R ↵D ' 7⇥ 10�13 , ✏R = 0.1 ↵D ' 6⇥ 10�4 , ✏R = 10�3 abundance of � /

�A0

↵D ✏2
(7)

freeze-out indep. of ✏ freeze-out indep. of ↵D (8)

at small ✏: n2
� h�viCMB /

1

✏4
⇥ ↵D ✏2 =

↵D

✏2
↵1/2
D (9)

1



Dark Sector Dynamics

m� < mA0 < 2m� �v /
�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant (3)

1

Patrick Fitzpatrick ELDER/NFDM results outline 1

�

�

� �

A0

f

f�

�

� A0

� A0 f

f�

�
� �

f f

A0

f

f

A A0

1
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For Dirac fermion, CMB constrains late-time annihilations: 

m� < mA0 < 2m� � / ↵2
D

�
e�(mA0�m�)/T

�2
�v / v2 �v / e��m�/T (1)

mA0/m� = 3 , ↵D = 0.5 �v / ↵em y/m2
� , mA0/m� & several (2)

�� ! A0A0 + ��� ! �A0 relevant � / ↵3
D e�m�/T � / ↵D ↵em ✏2 / ytarget y/ytarget . 10�3 ⇥ (m�/100 MeV) (3)
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For smaller   and large     , hidden sectors processes dominate.
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kinematically forbidden channels
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For                                     , DM and SM equilibrate.
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Dark Sector Dynamics
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(annihilation rates vanish at zero temperature)
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Upcoming visible accelerator searches and low-threshold direct detection experiments.

Terrestrial Tests:
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Take Away

• Cosmological organization ⟹ identify motivated, 

economical, predictive models. 

• There exist such models that are simple and realistic.

• For accelerators, momentum transfer comparable to 
early universe leads to robust production rates, 
insensitive to many model details.  

•  Direct detection sensitive to some cases. 

• Thermal freeze-out viable with smaller couplings. 

• Portal coupling bounded from below if dark sector is 
to maintain equilibrium with the SM. 

direct annihilations to SM states 

dark sector dynamics and resonances experimental signatures

• Signatures are largely unchanged compared to 
standard visible and invisible searches.   

• Minimal extensions upon standard targets motivate 
further exploration to smaller couplings. 

• Upcoming experiments will explore broad paradigms 
for DM.

theory space
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arXiv: hep-ph/0305261
Phys.Rev.Lett. 39 (1977) 165-168 

Light Mediators
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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e.g., fixed-target:

(E137, LSND, MiniBooNE, BDX)

(NA64, LDMX)



Accelerator Signatures

In the predictive case of direct DM annihilation to electrons, sub-GeV thermal target is  
accessible to next-generation experiments for many (if not all) DM spins and interaction structures.

Upcoming low-threshold direct detection experiments will be sensitive to certain cases, e.g., scalar DM. 

see, e.g., Berlin et al. 1807.01730, 2003.03379

�



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 mµµ  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 mµµ could possibly
be used to enhance a signal. The upgraded trigger will enhance the acceptance of mµµ below 2.5 GeV, to
e↵ectively detect muons in the range 0.2  mµµ  10 GeV, with a resolution of �z ⇠ 30 cm in the range
0.2 < mµµ < 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 �|~pt| ⇠ 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 �|~pt| ⇠ 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 �pT . 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

✏ ⇠
gD gY

16⇡2
. (1)

It is natural to imagine that loop of similar particles also couple a dark Higgs, hD, to the SM Higgs H.
Above the EW scale this gives

L ⇠
y
2
D y

2

16⇡2
|hD|

2
|H|

2
, (2)

2

where yD 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,

µD ⇠
y
2
D y

2

16⇡2
v
2
. (3)

The above relations can be used to express the A
0 mass in terms of the fundamental parameters,
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✓
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�
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where �D is the dark Higgs quartic.
In a SUSY context, we can make the identifications, �D ⇠ g

2
D, y ⇠ gY , yD ⇠ gD, such that the above

relation becomes
mA0 ⇠ 4⇡ ✏ v ⇠ O(1) GeV⇥

✏

10�3
. (5)

In a more general scenario, all that needs to happen for this story to remain unchanged is for yD y/�
1/2
D gY

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⇥mp ' 15 GeV . (6)

Production of A0 occurs at LO through Drell-Yan, pp ! A
0. 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 A

0 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 mA0/m1 = 3, where we have defined this variable as

y ⌘ ✏
2
↵D

✓
m1

mA0

◆4

. (7)

This definition is taken from the model in 1508.03050. ↵D ⌘ g
2
D/4⇡, where gD is the dark photon gauge

coupling. We will expand on this model in Sec. 5.
For A

0 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 < px/pz < 0.15 , py/pz < 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 Lz in Fmag, the
departing muons will have an outgoing angle with respect to z-axis that is bent from the initial angle

sin ✓f =
Lz

RB
� sin ✓i , (9)

3

where yD 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,

µD ⇠
y
2
D y

2

16⇡2
v
2
. (3)

The above relations can be used to express the A
0 mass in terms of the fundamental parameters,

mA0 ⇠ gD

✓
µ
2
D

�D

◆1/2

⇠ 4⇡ ✏ v ⇥
yD y

�
1/2
D gY

, (4)

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

2
D, y ⇠ gY , yD ⇠ gD, such that the above

relation becomes
mA0 ⇠ 4⇡ ✏ v ⇠ O(1) GeV⇥

✏

10�3
. (5)

In a more general scenario, all that needs to happen for this story to remain unchanged is for yD y/�
1/2
D gY

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⇥mp ' 15 GeV . (6)

Production of A0 occurs at LO through Drell-Yan, pp ! A
0. 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 A

0 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 mA0/m1 = 3, where we have defined this variable as

y ⌘ ✏
2
↵D

✓
m1

mA0

◆4

. (7)

This definition is taken from the model in 1508.03050. ↵D ⌘ g
2
D/4⇡, where gD is the dark photon gauge

coupling. We will expand on this model in Sec. 5.
For A

0 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 < px/pz < 0.15 , py/pz < 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 Lz in Fmag, the
departing muons will have an outgoing angle with respect to z-axis that is bent from the initial angle

sin ✓f =
Lz

RB
� sin ✓i , (9)

3

⟹

where yD 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
2
D ⇠

y
2
D y

2

16⇡2
v
2
. (3)

The above relations can be used to express the A
0 mass in terms of the fundamental parameters,

mA0 ⇠ gD

✓
µ
2
D

�D

◆1/2

⇠ 4⇡ ✏ v ⇥
yD y

�
1/2
D gY

, (4)

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

2
D, y ⇠ gY , yD ⇠ gD, such that the above

relation becomes
mA0 ⇠ 4⇡ ✏ v ⇠ O(1) GeV⇥

✏

10�3
. (5)

In a more general scenario, all that needs to happen for this story to remain unchanged is for yD y/�
1/2
D gY

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⇥mp ' 15 GeV . (6)

Production of A0 occurs at LO through Drell-Yan, pp ! A
0. 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 A

0 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 mA0/m1 = 3, where we have defined this variable as

y ⌘ ✏
2
↵D

✓
m1

mA0

◆4

. (7)

This definition is taken from the model in 1508.03050. ↵D ⌘ g
2
D/4⇡, where gD is the dark photon gauge

coupling. We will expand on this model in Sec. 5.
For A

0 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 < px/pz < 0.15 , py/pz < 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 Lz in Fmag, the
departing muons will have an outgoing angle with respect to z-axis that is bent from the initial angle

sin ✓f =
Lz

RB
� sin ✓i , (9)

3

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 mµµ  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 mµµ could possibly
be used to enhance a signal. The upgraded trigger will enhance the acceptance of mµµ below 2.5 GeV, to
e↵ectively detect muons in the range 0.2  mµµ  10 GeV, with a resolution of �z ⇠ 30 cm in the range
0.2 < mµµ < 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 �|~pt| ⇠ 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 �|~pt| ⇠ 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 �pT . 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

✏ ⇠
gD gY

16⇡2
⇠ 10�3

. (1)

It is natural to imagine that loop of similar particles also couple a dark Higgs, hD, to the SM Higgs H.
Above the EW scale this gives
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Small Scales from Small Couplings

Aʹμ AμY±± 

hʹ HY±± hʹ
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