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Abstract: <p>Standard Model particles account for a small fraction of the matter content of the universe. If the remaining dark matter (DM) was
ever in thermal equilibrium with itself or with the Standard Model (SM) sector, there must exist interactions that allowed its number density to be
depleted to its present value. An interesting possibility for achieving this arises in scenarios where the DM is composed of ““pions' of a QCD-like
dark sector. The leading number changing process in these theories is the annihilation of three pions into two pions, which heats the pion bath
relative to the SM. Consistency with observations of large and small scale structure in the universe requires a non-zero coupling with SM states,
suggesting a multitude of experimental probes. | will review the cosmological production of DM in these strongly interacting dark sectors and
discuss the prospects for discovering them at fixed target experiments.</p>
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Outline

1. Dark Matter and Dark Sectors
2. Strongly Interacting Dark Sectors and Cosmology

3. Experimental Signals
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Dark Matter

m Major ingredient of the standard cosmology cam = Pedm/pProt = 0.27
m Evidence from gravitational effects across many length scales

There is a dark sector

0.5 Mpc

R(kpe) 104.7 o 1046

rotation curves Bullet cluster (lensing) large scale structure
O(10kpc) O(1 Mpc) O(1 Gpe)
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Dark Sectors

We know there is a Dark Sector

Does it couple to the the SM?
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Dark Sectors

We know there is a Dark Sector

Does it couple to the the SM?
PC: Kyle Cranmer/Particle Fever
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Dark Matter Depletion

Large initial density ngm, ~ Thy must be depleted

Annihilation ( 2 — 0 )

DM

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

Large initial density ngm, ~ Thy 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)
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Characteristic Scales

The reaction

freezes out when

5
dm

<O”H?"> = H

n

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

Mam ~ 0.1 GeV
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QCD-like Theories

Previous considerations realized in confining gauge theories.
G = SU(N.) x SU(Ny) x SU(Ny)

Below confinement, this is a theory of mesons:

Pseudo-Nambu-Goldstones m and vector mesons V

Stable m make up the dark matter

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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Kinetic Equilibrium

K.E. requires interactions active at low 7'= A’ a natural candidate

1
£ D> —5eFMF,,
U(1)p Dark photon A’ couples to Kinetic equilibrium maintained by

m EM charges with strength ce
m U(1)p charges with strength ep

m Neutral vector mesons via

V =~~~ 4/ SM e SM

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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Kinetic Equilibrium

K.E. maintained during 3 <> 2 freeze-out iff ¢ large enough

16—+

1073 |

1074 ¢

107 g no kin. ot

M-y cmaar= 1R S

ap =107% my/fr =3
i i P S T | " demh

10-1 10" 10!
T [(:(‘V}

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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Kinetic Equilibrium

K.E. maintained during 3 <> 2 freeze-out iff ¢ large enough

16—+

1073 |

1074 ¢

107 g no kin. ot

M-y cmaar= 1R S

ap =107% my/fr =3
i i P S T | " demh

10-1 10" 10!
T [(:(‘V}

Hochberg, Kuflik, Volansky and Wacker (2014), Hochberg, Kuflik and Murayama (2015)
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Why is there a lower limit on &?

DS-SM Energy transfer efficient: kinetic decoupling after chemical

my = 0.1 GeV, tueart 1072, my/fr = T7.55

10"

s

" 1074

)

102
M [ Ten M/ Ton
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Why is there a lower limit on &?

DS-SM Energy transfer inefficient: kinetic decoupling before chemical

ms = 0.1 GeV, Gecarr =5 X 10712, my/fr = T.55

10° e

I

102 |

mx/Tsn My /Tsm
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Dark Matter Production

Two processes determine abundance:
Sln e Sl('s[lll
\II‘ T T T \II\I‘

Rates depend on

L. %)

2. my/mg

Correct relic abundance requires m,/f, 2 few
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The New SIMP Window

Parameters constrained by DM self-interaction bounds and relic abundance

SU(N;)xSU(Ny) / SU(Ny) (SU(Ny) broken)

102

=%
o

—
I} 2
O seamerl My [Cm ’fg]

— SU@) N =3
SU(B), Ny =3 |
SU(10), Ny =3 |

=
=]

[=Troms
o
s

Hochberg, Kuflik, Volansky and Wacker (2014)

Semi-annihilation extends viable models to m, < 100 TeV
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Dark Matter Production

Two processes determine abundance:
Sln e Sl('s[lll
\II‘ T T T \II\I‘

Rates depend on

L. %)

2. my/mg

Correct relic abundance requires m,/f, 2 few
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Mass Spectrum

Correct relic abundance = need m,/fr > 1*

Vector mesons have masses close to the cutoff
Arf,

Harigaya and Nomura (2016), Georgi (1992)

my~ A=

c.myg/fr > 1 implies

my 18 3 4
m.  \ N.\m, I

my is determined by quark masses m,

L.z
My ~ —[(q9)|my
™

P
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Mass Spectrum

mz/fr > 1 suggests a squeezed spectrum with my < 2m;,

This can be modified by quantum U(1)p corrections = my+ > myo

If my < 2my,, Vdecaysto SM: VO = ff VE s g+ ff

I decay invisibly VO vis., V* inv. V decay visibly
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Decay Modes and Lifetimes

an=10"%2. mas/m. =3 ) £=10"3, ap =10"*

mz/fr > 1 suggests a squeezed spectrum with my < 2m;,

This can be modified by quantum U(1)p corrections = m+ > myo

If my < 2my,, Vdecaysto SM: VU = ff VE 5 n* ff

o

I” decay invisibly VY vis., V¥ inv. V" decay visibly
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Decay Modes and Lifetimes

ap =102, ma fmy =3 £=10"3 ap=10"2
. - T—T=TTTTTT T T

my/m, =18

1 1 L | 1 L 1

| 6 8 10 12 107
Mgt fr my [GeV]

A" = Vr, V— SM with O(10%) branching fraction!

Vector mesons naturally long-lived
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Looking for Strongly Interacting DS

DS states produced through A’. Many production modes:

et e collisions

Borodatchenkova et al (2005), Fayet
(2007), Batell, Pospelov & Ritz (2009),
Essig, Schuster & Toro (2009)

Bremsstrahlung

Bjorken et al (2009), Reece & Wang
(2009), Freytsis, Ovanesyan, & Thaler
(2009)

Drell-Yan

Batell, Pospelov & Ritz (2009)

Meson Decays
Fayet (2007), Batell, Pospelov & Ritz

(2009), Reece & Wang (2009)
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Why Fixed Target?

Fixed targets are ideal for studying kinetic mixing portal:

1. Coherent Z2 enhancement of A’ brem

et 72

2

Tar o~ :
Uy

2. Forward kinematics and boosted final states

crucial for background rejection

3. Potential for larger luminosities (compared to colliders)

sensitivity to tiny couplings

Page 26/46



A’ Production in a e -Fixed Target Collision

Fream = 2.3 GeV, ma = 0.2 GeV

I I T I T

10000
30000
20000
10000 |- [~

m o4 largest for my < Epeam . | e

0.3 04 0.5 0.6 0.7 0.8 0.9

, . 7 ' X .
m A’ carries away ~ El.‘:ozun 40000 Eat/ Boaern

T 1 T T

30000

Decay pl’OdUCtS boosted 20000
~E lJeam/ ™mar 10000

() L= A L

0.00 0.05 0.10 0.15

m Emitted forward with 64 < 1 O

Bjorken, Essig, Schuster & Toro, Reece & Wang, Freytsis, Ovanesyan, & Thaler (2009)
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Signals at Fixed Target Experiments

Resonant e¢T ¢~

A" decays promptly, V gives displaced vertex

Can have DVs and large production rate

Pirsa: 17110104 Page 28/46



Pirsa: 17110104

SLAC E137

m 20 GeV ¢~ beam on Al target
w/ downstream ECAL

m 30 C (!) dumped = ~ 10%°
EOT

m ~ 200 m absorber, ~ 200 m
decay region

ELEVATION (m)

o)

?ﬂn ATATION &
REMOTELY REMOVARL I
SET

TAR

~E-56 BLACK HOLE™

DETECTOR

PEP ACCESS
ROAD

Z o
BEAM DUMP EAST

LI I V- Y I SR —
100 200
DISTANCE (m]

Bjorken et a
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SLAC E56

SLAC Proposal No. 56
July 3, 1959
Title
A Search for Short-lived Sources of Neutrino-like Particles.
Description of the Experiment
We propose herewlith a speculative experimental program which has
a high probability of yielding no significant result. Nevertheless
we feel that the total investment involved in both money and effort
is sufficiently small and the possibilities sufficiently exciting
to warrant its implementation at the earliest possible time.
Specifically, we propose to search for hitherto unknown particles
which have neither charge nor strong interaction and which can be

produced at S.L.A.C. through either electromagnetic interactions or
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Schematic Experimental Reach

Factors that determine signal yield:

1. Number of A’ produced

2. A’ decays in detector volume

P — F) - ,Zrnin/'}- T . (’ 'znlil-x /'} CcT ' 4"\'(:\-‘(. = const

b

with decay length

YCT ~ (El')emn / ma/ ) (62 m A’ )_ I-
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Present Status

m Beam dumps

no kin. e 3

e iy :ma =1:18:3

o5 =102 i) Frm 3

10! 109
mar [GeV]
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Present Status

m Beam dumps
m LSND, MiniBooNE, E137

Batell, Pospelov & Ritz (2009),
deNiverville, Pospelov & Ritz (2011) +

no kin. el E

Meimv:ma=1:18:3

v 10 :. m,rjj',' 3

“]H
I(}t‘\"]

21/34
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Present Status

m Beam dumps
m LSND, MiniBooNE, E137

m BaBar: ete™ — yA’, A — inv.

no kin. €

M iy Mac =1:18:3

v 10 :. m,rjf,, 3
L

“|H
[GaV]

L =53 b~ mono-y =
sensitivity to £ ~ 1073

21/34
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An Obvious Gap

BalBar inv.

no kin. eq.

ap =10"2% m./f. =3

Ll S I e ¢ i S B ST

e = My s ge=1:1.8:

3 |

10=1 10"
ma [GeV]

2
& CcTy~E"MYy
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An Obvious Gap

=
— - — ¢
Myr:Mmy My =1:18:31

ap = 10—+

CTy [('111}

10 1Y

myr [GeV]

2.
& Ty~ E“my

.. need experiments with O(cm) baselines
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Enter Heavy Photon Search

HPS looks for A’ — eTe™ at JLab

Uemura (2013)

2016 data set:

Fheam = 2.3 GeV, 4 yum W target, 1017 EOT = £~ 0.01 fb!

possible future run (~ 2018):

Eieam = 6.6 GeV, 8 um W target, 10° EOT = £~ 0.3 fb™!
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HPS Reach

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

e

Mgy cmar =1:1.8:3 3

108 ,
10° dipi= 1072 1
10* 1
10 | !
10? |
10" b
100 |

10! f

10-2 L — M .
104 10 10"

ma [GeV]
Note: m, /f, determined by requiring correct relic abundance

24/34

Pirsa: 17110104 Page 38/46



Future Experiments: LDMX

Invisible channels can be extremely powerful

m Measure p'™ and p°"; signal: scattered e~ and nothing else = P

(& (&

m Phase 1: E=4GeV, 4x 10 ¢, Phase 2: £ =8 GeV, 4 x 106 ¢~

m Timeline: > 2020 (see Dark Sectors 2016 report)

Izaguirre et al (2014), Dark Sectors 2016
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Future Experiments: LDMX

Potential sensitivity to visible signal

m Significant MET + displaced EM shower
i [ 7
m Use large detector to range out background EM showers
DV > 20Xy (7 cm in W) from target
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Visible and Invisible Signals at LDMX

V> ff
Meimy imar=1:18:3
ap = 1072

iy
- -.':.!_'/r;lf‘ o f\'j“k 5
7.

E

S U N 0 1 LS

10~1 10° 10!
ma [GeV]

LDMX will test even more cosmologically interesting models!
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Possible Spectra

So far: visible signals from U(1) p-neutral vector mesons only

27/34
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Charged Vector Mesons

If my+ < 2m,, VT decays introduce a second length scale

£=10"% ap = 102

Similar cascades in SUSY hidden sectors

- see Morrissey and Spray (2014) 2 lU L ..H.l.“” B
my [GeV]

V* decay length ~ 10? times longer = long-baseline experiments
important

Page 43/46



myo vy < 2my

For ¢ ~ 1073 — 1074, 7+ in perfect range for E137

Vo ff,Vanff

10% :
F Meimy:ma =1:18:3 7

10° ‘ ap =1072
10 §
10% |
10% |
10% |
100 |
10 |

no kin. eq.

1072 L ' !
0 ' 4 6
s [(: (‘.\-‘r]

Lots of room for improvement!
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Conclusion

m Strongly interacting dark sectors — another paradigm for thermal DM
novel production mechanisms in early universe
m Kinetic equilibrium implies minimum coupling to SM
opportunity for experimental tests

m Unique signals at current and future fixed target experiments

displaced vertex 4 inv. mass peak + p

Thank you!
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Characterizing the Dark Sector: Shape & Multiplicity

So far we assumed dark confinement scale Ap < my = No DS shower
If mar or /s> Ap can have high multiplicity signals

vs» Ap
; SM final states /
In collimated jets  /
dark-sector ’//“

shower &
\/:. = Ap \,\,}

hadrenization
roughly spherical
avent

. _s‘\l ¥
ma 2 Ap | #
boosted products /
recoll off photon /

y
rh‘_l”(k“

From Essig, Schuster & Toro (2009)

Most recently studied by Cohen et al (2017), Pierce et al (2017)
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