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Dark Sectors

We know there is a Dark Sector

U(1)Y

SU(3)CSU(2)W

SM DS

ǫ =?

Does it couple to the the SM?
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Dark Sectors

We know there is a Dark Sector

U(1)Y

SU(3)CSU(2)W

SM DS

ǫ =?

Does it couple to the the SM?
PC: Kyle Cranmer/Particle Fever
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http://theoryandpractice.org/2013/08/a-fresh-look-for-the-standard-model
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Dark Matter Depletion

Large initial density ndm ∼ T 3
RH must be depleted

Annihilation ( 2 → 0 )

DM

DM X

X

X ∈ SM or X talks to SM, otherwise new light d.o.f.
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Dark Matter Depletion

Large initial density ndm ∼ T 3
RH must be depleted

Cannibalization ( 3 → 2, n → n − k)

DM

DM DM

DM

DM

Carlson, Machacek and Hall (1992)

Kinetic equilibrium with SM required for viable cosmology
See Hochberg, Kuflik, Volansky and Wacker (2014) and talk by Maxim Perelstein!
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http://inspirehep.net/record/333829
https://arxiv.org/abs/1402.5143
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Characteristic Scales

The reaction

DM

DM DM

DM

DM

freezes out when

n2
dm⟨σv 2⟩ = H

Solving for mdm, we find for O(1) couplings

mdm ∼ 0.1 GeV
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QCD-like Theories

Previous considerations realized in confining gauge theories.
G = SU(Nc)× SU(Nf)× SU(Nf)

Below confinement, this is a theory of mesons:

Pseudo-Nambu-Goldstones π and vector mesons V

Vµ

π

π

1

2

3 4

2k

2k − 1

.
.
.

Stable π make up the dark matter

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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https://arxiv.org/abs/1411.3727
https://arxiv.org/abs/1512.07917
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Kinetic Equilibrium

K.E. requires interactions active at low T ⇒ U(1)D dark photon a natural
candidate

L ⊃ −1

2
εFµνF ′

µν

A′ couples to

EM charges with strength εe

U(1)D charges with strength eD

Neutral vector mesons via

V A′

Kinetic equilibrium maintained by

π π

A′

SM SMεe

eD

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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https://arxiv.org/abs/1411.3727
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Dark Matter Production

Two processes determine abundance:

Rates depend on

1. mπ/fπ

2. mV/mπ

m
π
/
f π

mπ [GeV]

Ωπ = Ωcdm

2

4

6

8

10

12

0.01 0.1 1

mV
/m

π
→

∞

2

1.8

Correct relic abundance requires mπ/fπ ≳ few
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Mass Spectrum

Vector mesons have masses close to the cutoff mV ∼ 4πfπ
mV
mπ

∼ 1

mπ/fπ
Harigaya and Nomura (2016), Georgi (1992)

Correct relic abundances ⇒ mπ/fπ ≳ few ⇒ mV ≲ 2mπ
∗

∗ up to quantum U(1)D corrections ⇒ mV± > mV0

If mV ≲ 2mπ, V decays to SM ⇒ three types of mass spectra:
V decay invisibly V 0 vis., V± inv. V decay visibly

A′

2mπ

π

A′

2mπ

π

A′

2mπ

V 0, V ±

π

V 0, V ±

V 0

V ±
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https://arxiv.org/abs/1603.03430
https://arxiv.org/abs/hep-ph/9207278
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A′ Production in a Fixed Target Collision

Z

e−

γ

A′

θA′

σA′ largest for mA′ ≪ Ebeam

A′ carries away ∼ Ebeam

Decay products boosted
∼ Ebeam/mA′

Emitted forward with θA′ ≪ 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

EA′/Ebeam

0

10000

20000

30000

40000

Ebeam = 2.3 GeV, mA′ = 0.2 GeV

0.00 0.05 0.10 0.15 0.20 0.25
θA′

0

10000

20000

30000

40000
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EA′/Ebeam ∼ 1−mA′/Ebeam

θA′ ∼ (mA′/Ebeam)3/2
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Decay Modes and Lifetimes

2 4 6 8 10 12

mπ/fπ

10−4

10−3

10−2

10−1

100

B
R

(A
′ →

X
)

V π

ρπ + φπ

ππ

V V

αD = 10−2, mV /mπ = 3

mV /mπ = 1.8

mV /mπ = 1.4

10−2 10−1 100

mV [GeV]

10−4

10−3

10−2

10−1

100

cτ
V

[c
m

]

ε = 10−3, αD = 10−2

A′ → Vπ, V → SM with O(10%) branching fraction!
Vector mesons naturally long-lived
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Signals at Fixed Target Experiments

Resonant e+e−

Z

e−

γ

A′

V

π

e−

e+

V

. .
.

A′

2mπ

V 0

π

V
±

A′ decays promptly, V gives displaced vertex

Can have DVs and large production rate
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Heavy Photon Search

HPS looks for A′ → e+e− at JLabThe HPS detector

Thin (0.125% or 0.25% X0)
tungsten target
Silicon microstrip tracker in
vertical B-field for
measurement
PbWO4 calorimeter and
scintillator hodoscopes for
trigger

ECal Muon hodoscopes

Trigger and PIDMeasurement

Tracker

Sho Uemura The Heavy Photon Search April 14, 2013 6/ 9

Uemura (2013)

2016 data set:

Ebeam = 2.3 GeV, 4 µm W target, 1017 EOT ⇒ L ≈ 0.01 fb−1

possible future run (∼ 2018):

Ebeam = 6.6 GeV, 8 µm W target, 1019 EOT ⇒ L ≈ 0.3 fb−1
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https://confluence.slac.stanford.edu/download/attachments/121349554/aps_hps.pdf?version=1&modificationDate=1365956231000&api=v2 
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SLAC E137

20 GeV e− beam on Al target
w/ downstream ECAL

30 C (!) dumped ⇒ ∼ 1020

EOT

∼ 200 m absorber, ∼ 200 m
decay region

38 SEARCH FOR NEUTRAL METASTABLE PENETRATING. . . 3377
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with a few photons) coming from decaying pion secon-
daries. These "skyshine" particles were very useful for
timing the electronics and setting the experimental gate,
as well as for checking out and monitoring detector per-
formance. During the data taking with the beam dump,
the target was, of course, removed, and the primary elec-
tron beam was transported, without changing steering, to
Beam Dump East.

In order to reduce skyshine background considerable
concrete shielding was added around the beam transport
through End Station A. A lead wall at the upstream end
of End Station A was also useful in reducing skyshine
from sources immediately upstream of End Station A.

The direction and focusing of the electron beam be-
tween End Station A and Beam Dump East was checked
with remotely controlled roller screens. The screens were
coated with ZnS material and marked with a fiducial
grid. The luminescence of the screen when bombarded
with electrons allowed fine adjustment of steering and
focusing. After adjustment and during data taking, the
screens were moved to a position with empty holes, such
that the beam transversed the hole without intercepting
any material.

8. The detector

FIG. 2. Layout of SLAC experiment E137.

through End Station A, site of the classic deep-inelastic
electron scattering experiments. Then the beam contin-
ued through a vacuum pipe to reach Beam Dump East,
located in the beam at the downstream end of the SLAC
research area, where all the beam power was absorbed in
an assembly of aluminum plates interlaced with cooling
water. After Beam Dump East, a hill of 179 m in thick-
ness served as additional absorber for all known particles
other than neutrinos. The detector, an electromagnetic
shower counter with excellent angular resolution, was lo-
cated across a valley from this hill, with 204 m of decay
path between the exit point of the beam from the hill and
the detector.

A. Beam setup

The beam transport to End Station A acted as a
double-focusing spectrometer with an energy-defining slit
located at the intermediate focus. From End Station A
to Beam Dump East, the beam was made parallel. There
were no magnetic elements in this portion of the beam
transport system. The intensity of the beam was rnea-
sured by two 33-in. -diameter toroids on a pulse-to-pulse
basis. The typical momentum spread of the beam was
4p/p =1%.

In End Station A, a remotely controllable aluminum
target of various thicknesses could be inserted into the
beam to generate beam-associated "skyshine" back-
ground. Charged pions produced in this target emerged
into the air space above the top of the hill which was
viewed by the detector. These pions could interact with
the air, producing at the detector mainly muons (along

The detector consisted of an eight-layer, 8-radiation-
length shower calorimeter. Each layer consisted of a
hodoscope of 1.5 mX0. 5 rnX1 cm plastic scintillation
counters, one radiation length of iron or aluminum con-
verter, and one multiwire proportional chamber. For the
first phase of the experiment (-10 C of 20-GeV electrons
dumped), each plane was a 2 X 3 mosaic of the 1 m X 1 m

proportiona1 chambers used in the Ferrnilab experiment
of Heisterberg et al. which measured v„e elastic scatter-
ing; aluminum radiator was used. For the final phase of
the experiment (-20 C of 20-GeV electrons dumped)
new 3 m)&3 m proportional chambers of similar design
were installed, and the aluminum radiator was replaced
by steel.

Clearly good angular resolution ( «50 mrad) was
essential, and this capability was obtained from the mul-
tiwire proportional chambers. As shown in Fig. 3, the
two cathode planes of the chambers consist of delay lines
milled from copper-clad 610, one for horizontal readout,
the other for vertical. Each delay line was tapped at
several points (five for the 1 m X 1 m chambers, and 24
for the 3 m X 3 m chambers) and each cathode signal was
fed into a charge-coupled device (CCD) operating at 50
MHz. In order to reduce the attenuation, the delay lines
on the 3 m)&3 m chambers were cut into 23 pieces; 22 of
them had readout on one end only, and one was read out
from both ends. The CCD, acting as a fast analogue shift
register, subdivided an incoming pulse into 20-nsec seg-
ments and stored the charge of each segment into con-
secutive CCD "buckets. " When a trigger from the scin-
tillation hodoscope occurred, the CCD clock rate was re-
duced to 20 MHz until the charges stored in the 36
"buckets" of each CCD could be digitized in sequence by
one analogue-to-digital (ADC) converter. This provided
essentially analogue information on the cathode pulse

Bjorken et al (1988)
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http://inspirehep.net/record/261598
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HPS Reach

100 DVs in 1 cm < z < 8 cm from target, assuming 100% efficiency
Acceptances are O(5%) - thanks to Takashi Maruyama & Bradley Yale

mπ : mV : mA′ = 1 : 1.8 : 3, mV± > 2mπ

10−2 10−1 100

mA′ [GeV]

10−6

10−5

10−4

10−3

10−2

ε

HPS 2018

HPS 2016

E137 vis.

(g − 2)µ

BaBar inv.

DM scatter

1
0

cm
2
/
g

1
cm

2
/
g

Ω
π

=
Ω

c
d
m

αD = 10−2, mπ/fπ = 3

10−1 100

mA′ [GeV]

2

4

6

8

10

12

m
π
/f

π

H
P

S
20

18

H
P

S
20

16BaBar inv.

LSND
Ωπ

= Ωcdm

1
cm

2 /g

10
cm

2 /g

αD = 10−2, cτV = 0.1 cm

Future runs of HPS can probe cosmologically interesting models!
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Future Experiments: LDMX

Invisible channels can be extremely powerful

tagger ECAL

HCAL

e
−

e
−

π

π

3 m

Measure pin
e and pout

e ; signal: scattered e− and nothing else ⇒ �p

Phase 1: E = 4 GeV, 4× 1014 e−, Phase 2: E = 8 GeV, 4× 1016 e−

Timeline: > 2020 (see Dark Sectors 2016 report)

Izaguirre et al (2014), Dark Sectors 2016
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https://arxiv.org/abs/1608.08632
https://arxiv.org/abs/1411.1404
https://arxiv.org/abs/1608.08632
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Future Experiments: LDMX

Potential sensitivity to visible signal

tagger ECAL

HCAL

e
−

e
−

π

V

HCAL

3 m

Significant MET + displaced EM shower
E out

e < 0.3Ebeam,
Use large detector to range out background EM showers

DV > 20X0 (7 cm in W) from target

15/18
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Visible and Invisible Signals at LDMX

mπ : mV : mA′ = 1 : 1.8 : 3, mV± > 2mπ

10−2 10−1 100

mA′ [GeV]

10−7

10−6

10−5

10−4

10−3

10−2

ε

Belle II inv.

HPS 2018

LDMX P1

LDMX P2

LDMX inv.

no kin. eq.

Ω
π

=
Ω

c
d
m

αD = 10−2, mπ/fπ = 3

10−1 100

mA′ [GeV]

2

4

6

8

10

12

m
π
/f

π

H
P

S
20

18

L
D

M
X

in
v
.

L
D

M
X

P
1

L
D

M
X

P
2

Ωπ = Ωcdm

αD = 10−2, cτV = 0.1 cm

LDMX will test even more cosmologically interesting models!
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Conclusion

Strongly interacting dark sectors – another paradigm for thermal DM

novel production mechanisms in early universe

Unique signals at current and future fixed target experiments

displaced vertex + inv. mass peak

Kinetic equilibrium implies minimum coupling to SM

Is there a set of realistic experiments to decisively probe these
scenarios?

Thank you!
17/18
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Complementarity of Future Searches
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Backup
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Cannibalization (I)

If DS completely decoupled, T ̸= T ′ and

Dark sector entropy independently conserved:

d(s ′a3)
dt = 0 ⇒ s ′ ∝ a−3

DM is the lightest state and 3 → 2 in equilibrium:

n ∼ (mT ′)3/2e−m/T ′
, s ′ ≈ mn

T ′

Solving for T ′(a):
T ′ ∼ 1/ ln a 3

compare with T ′ ∼ 1/a when s ′ ∼ (T ′)3.

Carlson, Machacek and Hall (1992)

20/18

https://inspirehep.net/record/333829?ln=en
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Cannibalization (II)

While 3 → 2 active, energy density also drops slowly

ρ′ = T ′s ′ ∼ 1

a3 ln a
compare with species in equilibrium with radiation: ρ ∝ exp(−m/T).
After freeze-out of 3 → 2 number density is conserved and

mn = T ′
fos ′

fo ⇒ Ωdm =
T ′

fos0
(sfo/s ′

fo)ρc

Correct relic density then implies

T ′
fo

(s ′
fo

sfo

)
∼ 10−10 GeV

Carlson, Machacek and Hall (1992)
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Not So Fast

T ′
fo

(s ′
fo

sfo

)
∼ 10−10 GeV

.

.
T ′ ∼ T ⇒ m ∼ 1eV

.
T ′ ≪ T.

Carlson, Machacek and Hall (1992)

Entropy conservation in DS ⇒ DM is too light, does not have time
to redshift

DM free-streaming length too long, small scale structure washed out
De Laix, Scherrer and Schaefer (1995)

22/18

https://inspirehep.net/record/333829?ln=en
https://arxiv.org/abs/astro-ph/9502087
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Characteristic Scales in More Detail

ρR = ρdm at Teq ≈ 1 eV ⇒ ndm ∼ Teqs/m

Annihilation

DM

DM X

X

⟨σv⟩ =
α2

eff
m2

n⟨σv⟩ = H ∼
T 2

fo
MPl

For αeff ∼ 10−1 − 10−2

m ∼ αeff (TeqMPl)
1/2 ≲ TeV

Cannibalization

DM

DM DM

DM

DM

⟨σv 2⟩ =
α3

eff
m5

n2⟨σv 2⟩ = H ∼
T 2

fo
MPl

For αeff ∼ 1

m ∼ αeff
(
T 2

eqMPl
)1/3 ∼ 0.1 GeV
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Anomalies and 3 → 2

Chiral Lagrangian preserves “Bose” symmetry: π(x) → −π(x)

Not a symmetry of the underlying theory!

Witten (1983)

LWZW ⊃ Nc
240π2f 5π

ϵµνρσ Tr(π∂µπ∂νπ∂ρπ∂σπ) + . . .

Wess and Zumino (1971)
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Anomalies and DM Stability

For general charge assignments neutral pions are unstable:

πa

A′

A′

∼ Tr(Q2T a)

Stability during freeze-out ⇒ choose Q 2 ∝ 1

For example, for Nf = 3:

Q =

1 0 0
0 −1 0
0 0 −1


Hochberg, Kuflik and Murayama (2015)
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Anomalies and DM Stability

Even with Q 2 = 1, still have

πa

V b

A′

∼ Tr(QT aT b) V b

f

f

∼ Tr(QT b)

Only π protected by a symmetry stable!
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Dark Matter Production

ṅπ + 3Hnπ = −⟨σv 2⟩(n3
π − n2

πneq
π )

Rate from anomaly

⟨σv 2⟩ = a(mπ/fπ)10
x 2m 5

π

,

x = mπ/T and a ∼ 10−4

Hochberg et al (2014)

Large coupling needed to
compensate for a, n2

π in rate:

Γ3→2 = ⟨σv 2⟩n2
π

100 101 102

mπ/T

10−10

10−8

10−6

10−4

10−2

100

Y
π

Ωπ = Ωcdm

mπ = 50 MeV, mπ/fπ = 6

Yπ
Y eq
π
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Dark Matter Production

ṅπ + 3Hnπ = −⟨σv 2⟩(n3
π − n2

πneq
π )

Rate from anomaly

⟨σv 2⟩ = a(mπ/fπ)10
x 2m 5

π

,

x = mπ/T and a ∼ 10−4

Hochberg et al (2014)

Large coupling needed to
compensate for a, n2

π in rate:

Γ3→2 = ⟨σv 2⟩n2
π

m
π
/f
π

mπ [GeV]

Ωπ = Ωcdm

2

4

6

8

10

12

0.01 0.1 1

mV
/m

π
→

∞
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A′ Production Cross-Section

Z

e−

γ

A′

103

104

105

106

107

108

109

1010

1011

1012

0.01 0.1 1
σ
A

′
[p
b
]

mA′ [GeV]

ε = 1

W, Ebeam = 2.3 GeV
W, Ebeam = 6.6 GeV
Al, Ebeam = 20 GeV
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Schematic Experimental Reach

Factors that determine signal yield:

1. Number of A′ produced

σA′ ∼ ϵ2α3

m2
A′

2. A′ decays in detector volume

P ∼ e−zmin/γcτ
(
1− e−zmax/γcτ

)
,

with decay length

γcτ ∼ (Ebeam/mA′)(ϵ2mA′)−1

Nevt ∝ P × σ ≈ (m2
A′ε2) ε2

m2
A′

ε
mA′ [GeV]

10−5

10−4

10−3

10−2

0.01 0.1 1

Nevt = const

exp(−z
min/γcτ)
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Some Existing Constraints

SIMPs constrained by DM scattering, colliders and astro:

LSND, MiniBooNE, E137

A
′

π

π

p

n

π π

A′
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Some Existing Constraints

SIMPs constrained by DM scattering, colliders and astro:

LSND, MiniBooNE, E137

BaBar: e+e− → γA′, A′ → inv.
γ

A′

e

e

L = 53 fb−1 mono-γ ⇒ sensitivity to ε ∼ 10−3
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Some Existing Constraints

SIMPs constrained by DM scattering, colliders and astro:

LSND, MiniBooNE, E137

BaBar: e+e− → γA′, A′ → inv.

Large self-scattering rates

σscatt =
(mπ/fπ)4
128πm 2

π

can aid small scale structure anomalies

29/18

https://arxiv.org/abs/1107.4580
https://arxiv.org/abs/1702.02688
https://arxiv.org/abs/1406.2698
https://arxiv.org/abs/1702.03327


.....
.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.

Charged Vector Mesons

If mV± < 2mπ, V± decays introduce a second length scale

V±

π±

e

e

10−2 10−1 100

mV [GeV]

10−5

10−4

10−3

10−2

10−1

100

101

102

103

104

cτ
V

[c
m

]

ε = 10−3, αD = 10−2

V 0

V ±

V± decay length ∼ 104 times longer ⇒ long-baseline experiments
important
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Resonant Signal at Fixed Target Experiments

Invisible

Z

e−

γ

A′

π∓

π±

Missing mass/momentum, DM scattering in downstream detector

31/18



.....
.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.

Resonant Signal at Fixed Target Experiments

Resonant e+e− Non-resonant

Z

e−

γ

A′

V

π

e−

e+

V

. .
.

e−

Z

e−

γ

A′

V ±

π∓

e+V ±

. .
.

π±

A′∗

A′ decays promptly, V gives displaced vertex
Can have DVs and large production rate
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mV 0, V± < 2mπ

For ε ∼ 10−3 − 10−4, cτV± in perfect range for E137

BaBar inv.

10−2 10−1 100

mA′ [GeV]

10−6

10−5

10−4

10−3

10−2

ε

HPS 2018

HPS 2016

E137 vis.

(g − 2)µ

DM scatter

10
cm

2
/g

1
cm

2
/g

Ω
π

=
Ω

c
d
m

αD = 10−2, mπ/fπ = 3

10−1 100

mA′ [GeV]

2

4

6

8

10

12

m
π
/f

π

H
P

S
20

18

H
P

S
20

16BaBar inv.

LSND
Ωπ

= Ωcdm

1
cm

2 /g

10
cm

2 /g

E137 vis.

αD = 10−2, cτV = 0.1 cm
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