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DM WITH PREJUDICE

NEW IDEAS IN DARK MATTER THEORY

▸ Old paradigm: weak scale dark matter (with relic density 

fixed by freeze-out)
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DM WITH PREJUDICE

WEAK SCALE PARADIGM: UNDER ASSAULT
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DM WITH PREJUDICE

WEAK SCALE PARADIGM: UNDER ASSAULT
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DM WITHOUT PREJUDICE?

MONO-X AS GENERAL DM SEARCH? 

▸ Mono-photon, -Z, -jet, -Higgs, -b, -t



DM WITHOUT PREJUDICE?

MONO-X IS NOT A DISCOVERY CHANNEL*

▸ LHC is a mediator machine, not a DM machine 

▸ *Except in special circumstances, the mediator will be 

discovered first in visible channel
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DM WITHOUT PREJUDICE?

MONO-X IS NOT A DISCOVERY CHANNEL*

▸ *Special circumstances Search Model where it matters

mono-h Inelastic DM, 2HDM

mono-z Inelastic DM, 2HDM

mono-jet Squark mediated production, compressed spectrum

mono-b Sbottom mediated production, compressed spectrum
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DM WITHOUT PREJUDICE?

PROJECTING LHC CONSTRAINTS ON DD PLANE IS DECEIVING

▸ A simple example:

LHC is a Heavy Mediator Machine, not a Dark Matter 

Machine!

mX = 1 GeV, mφ ' 5 MeV

gX = 10
−3

, gq = 10
−3

σn ' 10
−39

cm
2



DM WITHOUT PREJUDICE

SEARCHES FOR DARK MATTER IN EXOTIC FINAL STATES

▸ Production of mediators with exotic decays to hidden 

sector, including with displaced vertices

On the radar, some limited 

searches in SUSY scenarios 

with prejudice, e.g. ATLAS 

displaced gluing analysis 

1710.04901 on Split SUSY 
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which f r X ∼ 1 Te , Λ ∼ Ge are in the range
psec nsec. Glueballs dec ying t ggg live t le st 3

times l n er. He vy-qu rk nd lepton p irs re bsent,
makin identific ti n f the si n l ch llen in . wever,
given the range of glueball lifetimes, displaced vertices
are not unlikely. ote there are n constraints from EP;
dec y f c smic c nfining strings m y be c sm l ic l
pr blem, but c n be ev ded if necess ry.

While O8 all ws v-glueballs t be produced through
gg gvgv, gg ggvgv, etc., p ir pr ducti n f XX als
suffices nd h s l r e cr ss secti n. The phen men l y
of these events can vary widely. Consider three possibil-
ities, m n m ny thers:

q
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g
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FIG. 5: XX̄ pai production with associated v-glueballs, fo a
stable X in the adjoint of G ; the Xg bound state esembles
a stable gluino.

If X is n dj int f SU(nv) and dec ys immedi tely t
a v- lu n plus ne ( r m re) SM qu rks r glu ns, then
each X will dec y t ne ( r m re) h rd jets rec ilin
against v-glueballs (each givin softer jets).

If X is st ble triplet ( r ctet) f c lor nd n dj int

of SU(nv), it will bind to v- lu n, f rmin c mp s-
ite c lor-triplet ( r ctet.) This c mp site (Xgv) c n
be distin uished fr m st ble qu rk ( r luin ) by the
multiple v- lueb lls th t will ften cc mp ny it, e.g. in
qq XXgv events (Fi . ).

If X is st ble nd in the nv of SU(nv), then X and
X will be b und by v-c nfinin flux tube. The b und
system will l se ener y by lu n emissi n ( ivin s ft
jet) r emissi n f v- lueb lls ( ivin multiple jets); even-
tu lly X and X will nnihil te t lu ns ( ivin tw r
more ultr -h rd jets) r t v- lu ns ( ener tin sever l
v- lueb lls.)

Fin l Remarks: Cle rly the r n e f p ssible v-
phenomena is wide. C n it be bserved? Whether back-
grounds are large depends strongly on parameters. In
some c ses, tri er efficiencies m y be n issue; in l-
most ll c ses, event selecti n f r n n lysis is c m-
plex m tter. i h-multiplicity events with m ny s ft jets
are especially challenging; definin jets and isolated lep-
tons m y be pr blem tic. The phen men l y is rich nd
complex nd will require n vel simul ti n techniques. We
hope this w rk will stimul te discussi n f how t ensure
th t physics f this type d es n t undetected.

We th nk P. n cker, . ub tti, . els n,
S. Sharpe, M. Shifm n, P. Sk nds nd G. W tts f r help-
ful ssist nce. MJS th nks T. n, P. n cker nd
K. Freese f r discussi ns f rel ted t pics in . S me
of these ideas were presented at the tlas Muon Work-
sh p t . W shin t n, July . This w rk w s sup-
ported by .S. Dep rtment f Ener y r nts DE-FG -
00ER (KZ) and DE-FG02-96ER (MJS).
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LHC PHYSICS WITHOUT PREJUDICE

TOWARDS LIGHT DARK MATTER

Dark Matter May Reside in a Hidden Sector

Dark MatterStandard Model Connector

π
+
v
π
−

v
→ π

0
v
π
0
v

π
0

v
→ bb̄, γγ

e.g. a stable dark pion

no weak force

Hidden Valley Paradigm



DM WITHOUT PREJUDICE

WEAK SCALE PARADIGM: UNDER ASSAULT
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DM WITHOUT PREJUDICE

“MODELS” FOR LOW-MASS DIRECT DETECTION EXPERIMENTS

▸ Dark Photon Mediator and Dark Matter

Knapen, Lin, KZ 1709.07882

reference value for the momentum transfer. (Precise equations and conventions will be established for

each benchmark model in the corresponding section.) The scattering is defined by the light or heavy

mediator regimes, when the momentum transfer is much smaller or much larger than the mediator

mass . In these regimes, the scattering cross section is

σmassless

DD ' 1⇥ 10
−39 cm2

⇣αTαχ

10−30

⌘

✓

µTχ

me

◆2✓keV

q

◆4

(2)

cm
⇣ ⌘

✓ ◆ ✓

MeV
◆

For light mediators, even with small couplings the rate is potentially observable in a direct detection

experiment sensitive to low momentum-transfer scattering. Clearly, to understand the parameter space

for direct detection, we must understand the nature of the constraints on the couplings of the mediator

to the DM, , and of the mediator to the target, . The relevant constraints depend of course on

the mass and spin of the mediator, and whether the couplings are predominantly to nucleons, electrons

or both. The interplay between the various bounds is best understood in terms of the mediator mass

regime in which they dominate.

Massive mediator: In the massive mediator regime ( MeV), stellar constraints are absent

or substantially reduced such that the couplings of the mediator to the target can be as large as

. The remaining bounds on these couplings primarily come from rare meson processes (such

as ) and beam dump experiments. DM self-interaction bounds place a mild limit on ,

keV

MeV
(3)

For realistic direct detection cross sections, and are however large enough that the mediator

and the DM are generally in thermal equilibrium with the SM in the early universe. This can lead to

a contribution to the number of relativistic degrees of freedom (parameterized in terms of number of

effective neutrino species ), with constraints from Big Bang Nucleosynthesis (BBN) and the Cosmic

Microwave Background (CMB).

Massless mediator: When the mediator mass is below , stellar constraints generally put a very

strong bound on , such that only MeV gives a realistic direct detection cross section. For

example, when keV, the constraints require for scalar nucleon couplings.

Stellar constraints in the massless regime are, however, strongly model dependent – a kinetically mixed

dark photon, for example, has a much smaller production in the star than a scalar. For a light mediator,

DM self-interactions also become important; for example, the constraint on the coupling is:

MeV
(4)

for and . However, this constraint is much weaker if we consider a relic

which is only a sub-component of all the DM.

Here, we study three broad classes of simplified models:

4

X Φ

e e

q Q

k k0

Scattering Absorption

ge ' ✏e



DM WITHOUT PREJUDICE

“MODELS” FOR LOW-MASS DIRECT DETECTION EXPERIMENTS

▸ Dark Photon Mediator and Dark Matter

Knapen, Lin, KZ 1709.07882

Scattering
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Figure 4: Values of that give the observed relic density through freeze-in ( is assumed to be
negligible). The continuous line corresponds to the contribution of both the and channels, the
dashed line is only for the .

mostly at a temperature that is a factor of 2-3 times smaller than . This is the
temperature at which Boltzmann suppression is actually effective.

Provided that the production of DM is non-resonant, analytically we get that the abundance
of DM particles scales as if , and as

if . The channels that dominate the production are those for which
, since they are effective down to . Therefore, if the candidate is heavier

than the electron, is independent of and scales as , and so is independent of
(modulo threshold effects each time becomes larger than the mass of one of the SM

particles). This can be seen in Fig. 4, which gives the value of required to have the observed DM
relic density. If instead , then scales like , as can also be seen in Fig. 4.
Finally, for GeV and up to , DM production is dominated by a resonance, i.e.

decay. In this case, the DM abundance is independent of (see Appendix D and also section 6)
and scales like , so that scales like . This behaviour corresponds to the dip in Fig. 4.
Notice that it implies that a smaller value of is required to reach the observed DM abundance, a
feature also visible in Fig.3.

The various scaling properties discussed above can also be seen in Fig. 5, which displays
as a function of for various values of and . In this figure one clearly sees, for tiny
values of , the characteristic volcano shape of the transition between the freeze-in and freeze-
out regime, from the processes driven by . The top of the volcano corresponds to the point
where the connector interaction thermalizes, delimiting the freeze-in behaviour from
the freeze-out behaviour. In Ref. [3] similar transitions have been
obtained for other types of interactions. For larger values of however, there is no more freeze-in-
to-freeze-out transition. The volcano becomes a truncated volcano and the transition from freeze-in
to freeze-out undergoes an intermediate regime of reannihilation, which we will now discuss.

3.2 Phase II: freeze-out with a source term: the reannihilation regime

Starting from a freeze-in situation, if one increases and/or , at some point, to be defined below,
there are enough DM particles and the interactions in the hidden sector are fast enough for the

10

Chu, Hambye, Tytgat 1112.0493

Freeze-in



DM WITHOUT PREJUDICE

“MODELS” FOR LOW-MASS DIRECT DETECTION EXPERIMENTS

▸ Dark Photon Mediator and Dark Matter

Knapen, Lin, KZ 1709.07882
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DM WITHOUT PREJUDICE

DARK MATTER LANDSCAPE
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▸ Nuclear recoil experiments; basis of enormous 

progress in direct detection

CURRENT STATUS

DIRECT DETECTION GOLD STANDARD

v ∼ 300 km/s ∼ 10−3
c for 50 GeV target

v ∼ 10
−3

c

=⇒ ED ∼ 100 keV

q, ED

qmax = 2mXvED =
q2

2mN



SEARCHING FOR LIGHT DARK MATTER

MORE BANG FOR THE BUCK WITH ELECTRONS

R
at
e

d
ay

el
ec
tr

el
ec
tr
o
n
s

el
ec
tr
o
n
s

e cm

1 10 100 103
10-39

10-38

10-37

10-36

10-35

10-34

Dark Matter Mass @MeVD

s
e
@c
m
2
D

Excluded by

XENON10 data

1 el
ectr
on

2 el
ectr
ons

3 el
ectr
ons

Hidden-

Photon models

� �� ��� ����
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

�χ [���]

σ �[��
� ]

�������

��-
���������
��� �� ��-��

��-

���� ����
��-

���� ���
� ��� �-��

� ��-

���������
��� �-�� ���-

���=�

� ��-�� ��
-

��� �-���
��-

Essig et al 1509.01598

P. Sorensen et al 1206.2644

▸ In insulators, like xenon 

▸ In semi-conductors, like Ge, Si

Tightly bound; ionize for signal

Excite electron to conduction band

Gap = DM Kinetic Energy

qmax = 2mXvED =
q2

2me



COSMIC VISIONS WHITEPAPER, 1707.04591

DEVELOPMENT OF NEW TECHNOLOGIES



DARK MATTER AND QUANTUM PHASES

DARK MATTER LANDSCAPE
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DIRAC MATERIALS

WEYL OR DIRAC SEMI-METALS ~ 3D GRAPHENE

▸ Materials can be “quantum engineered” 

▸ Correlation between electrons gives 

rise to a unique band structure 

▸ Small gap, small density of states near 

Fermi surface 

▸ Hamiltonian looks like free QED near 

Dirac point 

▸ In QED, gauge invariance protects 

photon from obtaining a mass

Weyl semimetals = “3D Graphene”

Smaller Fermi velocity = more phase space 

Bulk material = more exposure 

Topological confinement of current

(“Fermi arcs” and Landau levels)

Advantages over graphene:

[Dolui & Das 1412.2607][Jenkins et al. 1605.02145]

1708.08929

Inter-band scattering Absorption
|q| � ω |q| ⌧ ω



DIRAC MATERIALS

WEYL OR DIRAC SEMI-METALS ~ 3D GRAPHENE

▸ Optical response behaves 

exactly as electric charge 

renormalization in QED 

▸ Weak Optical Response 

▸ Strong Sensitivity to Dark 

Photon

Yonit Hochberg,1, 2, ∗ Yonatan Kahn,3, † Mariangela Lisanti,3, ‡

Kathryn M. Zurek,4, 5, § Adolfo Grushin,6, 7, ¶ Roni Ilan,8, ∗∗

Zhenfei Liu,9 Sinead Griffin,9 Sophie Weber,9 and Jeffrey Neaton9

1708.08929
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DIRAC MATERIALS

WEYL OR DIRAC SEMI-METALS ~ 3D GRAPHENE
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Scattering Absorption
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DARK MATTER AND QUANTUM PHASES

DARK MATTER COUPLING TO NUCLEONS — HELIUM

▸ Superfluids are naturally insensitive to noise.  A good light DM 

detector?  In the context of ordinary nuclear recoils, yes, see e.g. 

1605.00694    

▸ To detect lighter DM, couple to phonon modes. 

▸ Viable?  At first glance — no 

▸ Next glance -- yes!

ED ∼ vXq

ED ∼ csq

cs ⌧ vXvs



DARK MATTER AND QUANTUM PHASES

MULTI-EXCITATIONS

▸ Calculated and observed for cold 

neutrons 

▸ However, this is in a very different 

kinematic regime 

▸ No existing calculations in regime 

of interest

- 5 -

Calculation of the lifetime 

He use 2nd order perturbation theory to calculate the lifetime, 

i. e. we replace the "blob" in figure 2 by one phonon exchange : 

J2-
'[, 

We. will use "old-fashioned perturbation theory" which requires consideration 

of the following diagrams : 

o 
Interaction 

The interaction between neutrons and matter may be written as 

( II) 

where is the number density of nucleii with scattering length a in 

the matter. 

Follo.,ing Landau + Khalatnikov we write the number density of 

Helium as 

I 

t;r/J" + 
i'0;p. 

- 6 -

I 

where S1= equilibrium mass density of the liquid, and QD Oil-
..£'{ f .../;l 

We take the matrix element 

of V(?) between neutron plane \;ave states e 
-) -\ 

the usual creation-annihilation operators. 

--Vf /rf:-!.),r 
<[JVV'Jjl'): f J'r5{r) f- f 

. ->- -+ ->- ( 1 I' Q-:;' -;\3 \(1-)(-.') 
Putting Q = Pf - Pi and USlilg ) cf"r e ::: Pllj d Q 

we obtain from (12) and (13) 

(13) 

1/ 13 "- I {i!;' C; r1l ([ ..., T '«(1) "-\. "1), 1 
/1" [cri J (Q-]Jt-)+ c:t J (llf/: )(14) 

r ./l 1/ 3/J.- ).... c.. 0 
f vl,u L t;.., 

which is to be evaluated between phonon-occupation number eigenstates. 

Phonon-Phonon Interaction 

are 

We take the third order part of the hydrodynamic Hamiltonian as given 

by Landau + Khalatnikov. 

3 f 
r 

(15) 

.pi 
where) .- the fluctuating part.of the mass density is given by times 

the second term in (II). If ,;e define U",," -'?{ J 2, -] if (Maris) 

(16) 

( 17) 

Internal note, R. Golub, 1977

Beauvois et al 1605.02638

Cold Neutrons



MULTI-EXCITATIONS IN SUPERFLUID HELIUM

MULTI-EXCITATIONS

Great potential!

Analytic

Numeric
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Schutz, KZ 1604.08206, Knapen, Lin, KZ 1611.06228

▸ emit back-to-back excitations to bleed off energy while 

conserving momentum

�
�pi �pf

�q

�k1

�k2

He



OPTICAL PHONONS

IN CRYSTALS

▸ Highly Polarizable Material 

▸ Like Sapphire (Al2O3) and 

GaAs 

▸ Gapped Phonons = Better 

Kinematic Matching

Knapen, Lin, Pyle, KZ, 1712.06598

Helium

Polar Crystal



OPTICAL PHONONS

IN CRYSTALS

▸ Highly Polarizable Material 

▸ Like Sapphire (Al2O3) and 

GaAs 

▸ Gapped Phonons = Better 

Kinematic Matching
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EXPERIMENTAL CONNECTIONS

ROAD FORWARD

▸ Large part depends on better energy resolution sensors 

(TESs or KIDs); TESs or KIDs are portable to multiple 

targets
Athermal*Phonon*Sensors*

Collect and Concentrate 
Phonon Energy into W TES 

(Transition Edge Sensor) 

 

R 

T 

5*

Semiconductors SuperCDMS 

Current energy resolution: ~300 eV 

Goal: ~1 eV

Superconductors 

Goal: ~1 meV

Superfluid Helium 

Goal: ~1 meV

Superconducting Substrate (Al)

Insulating layer

 TES and QP collection antennas (W) 

SuperConducting Bias Rails (Al)

Superconducting Substrate (Ta)

Insulating layer

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)



SUMMARY

ROAD FORWARD

▸ New ideas for dark matter detection! 

▸ Moving beyond nuclear recoils into phases of matter crucial 

to access broader areas of DM parameter space 

▸ Target diversity essential.  graphene, superconductors, 

semiconductors, helium, polar crystals, Dirac or Weyl 

materials …. 

▸ Leverage progress in materials and condensed matter physics 

▸ Realizing program 5-10+ years into the future



SUMMARY

ROAD FORWARD


