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Direct Detection
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Interpretation with a Broad Brush
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Scales in Direct Detection of WIMPs

Usual story is that DM has renormalizable interactions with SM mediators, e.g., 

h Z

that are integrated out in the NR effective theory to give, e.g. dimension-6 spin-
independent operator

But the only scales in town are                   ,             
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New scale appears in composite DM theories

Effective interactions of strongly-coupled dark matter with SM mediators/matter
is higher dimensional:
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charge radius:
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New scale appears in composite DM theories



Stealth Dark Matter
Dark matter is a scalar baryon of a strongly-coupled                       confining theory
with dark fermions transforming under the electroweak group.
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Stealth DM

e.g.:
magnetic moment:

charge radius:

polarizability:

 �µ⌫ Fµ⌫

⇤dark

(  )vµ@⌫Fµ⌫

(⇤dark)2

(DM is scalar baryon)

(dark custodial SU(2))

(dimension-7 in 
non-relativistic EFT)
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Naturally “stealthy” with respect to direct detection!

SU(Ndark)



Elastic scattering through polarizability

Direct Detection Bounds on Stealth Dark Matter

Depends on (Z,A), since it doesn’t have A2-like (Higgs-like) scaling.
For Zenon, we obtain: 5
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FIG. 2. The DM spin-independent scattering cross section per nu-
cleon evaluated for xenon is shown as the purple band obtained
from the SU(4) polarizability, where the width of the band cor-
responds to 1/3 < MA

F < 3 from low to high. The blue curve
and the light blue region above it is excluded by the LUX con-
straints [1]. The vertical, darker shaded region is excluded by
the LEP II bound on charged mesons [23]. The orange region
represents the limit at which direct detection experiments will
be unable to discriminate DM events from coherent neutrino re-
coil [39]. We emphasize that this plot is applicable for xenon, and
would require calculating Eq. (17) to apply to other nuclei.

would have form factor suppression. This implies the stan-
dard missing energy signals that arise from DM production
and escape from the detector are rare.

Finally, there are many avenues for further investiga-
tion of stealth dark matter, detailed in [23]. One vital is-
sue is to better estimate the abundance. In the DM mass
regime where stealth DM is detectable at direct detection
experiments, the abundance of stealth dark matter can arise
naturally from an asymmetric production mechanism [23]
that was considered long ago [7–9] and more recently re-
viewed in [40]. If there is indeed an asymmetric abundance
of bosonic dark matter, there are additional astrophysical
consequences [41–43] that warrant further investigation to
constrain or probe stealth DM.
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Vector-like confinement
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Model Space I

SU(2)L ⇥ U(1)Y U(1)Y only SU(3)c ⇥ · · · U(1)dark only

Vector-like confinement

Quirky DM

Buckley-Neil Dark Mesons

Stealth DM

SIMP (WZW 3->2)

Bosonic TC / induced EWSB

Light/heavy chiral DM

chiral

1)   Determined by how the dark fermions transform under SM gauge symmetries:

vector-like vector-like

vector-like

vector-like

chiral

vector-like

chiral

Bai-Hill Dark Mesons vector-like SU(2) only

Quirks vector-likevector-likevector-like



Model Space II

⇤dark

mq ⌧ ⇤dark mq � ⇤dark

Chiral limit Darkonia

2)   Determined by dark fermion masses relative to confinement scale



mq ⇠ ⇤dark

⇤dark & EWSB

Model Space II
2)   Determined by dark fermion masses relative to confinement scale

Stealth DM; Bai-Hill & Buckley-Neil DM; Vector-like Confinement; Bosonic TC / induced EWSB



mq ⇠ ⇤dark

⇤dark & EWSB

mq & EWSB

⇤dark

Model Space II
2)   Determined by dark fermion masses relative to confinement scale

Stealth DM; Bai-Hill & Buckley-Neil DM; Vector-like Confinement; Bosonic TC / induced EWSB

(Truly) quirky theories; glueball DM



mq ⇠ ⇤dark

⇤dark & EWSB

mq & EWSB

⇤dark

⇤dark ⇠ O(100 MeV)

mq

Model Space II
2)   Determined by dark fermion masses relative to confinement scale

Stealth DM; Bai-Hill & Buckley-Neil DM; Vector-like Confinement; Bosonic TC / induced EWSB

(Truly) quirky theories; glueball DM

Dark U(1) theories; SIMP DM; Light Chiral DM;



Model Space III:  Fermion content

SU(2)L ⇥ U(1)YSU(Ndark)

N

N

F1

F2

N

N

( 2 , 0 )

( 2 , 0 )

✓
1 ,

+1/2
�1/2

◆

✓
1 ,

+1/2
�1/2

◆

✓
F3u

F3d

◆

✓
F4u

F4d

◆

SU(2)L ⇥ U(1)YSU(Ndark)
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SU(2)L ⇥ U(1)YSU(Ndark)

NF1
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✓
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F4u
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◆

Stealth DM Vector-like confinement Bosonic technicolor /
induced EWSB(with SU(2) fermion doublets)

Hybrid Pure vector-like Pure chiral



Mesons of Stealth Dark Matter

1)   Unlike bosonic technicolor / induced EWSB (and QCD!);

         —>   condensate                                  does not (hugely) break EW symmetryhFLFRi ⇠ ⇤3
dark

2)   Like bosonic technicolor, there are Higgs interactions with dark fermions

       that lead to (small) EW breaking contributions to dark fermion masses
       (and break global symmetries down to 

yF2HF3d + yF2H
†F3u + h.c.yF1HF4d + yF1H

†F4u+

3)   Unlike bosonic technicolor / induced EWSB & vector-like confinement (and QCD!);
       (but like some composite Higgs models)

“Tunable” amount of                                in                   (preserved vector part of global symmetry)
                                              
                                                                 in                  (broken axial part of global symmetry)

SU(2)L ⇥ U(1)Y U(4)V

U(4)ASU(2)L ⇥ U(1)Y

U(1)
dark baryon



Connecting dark theories together
The “dials” are:

F1 F2

F3u

F3d F4u

F4d

M12

M34

M34

F1 F2

F3u

F3d F4u

F4d

vector-like masses Yukawa couplings

With mass matrices

Field SU(ND) (SU(2)L, Y ) Q

F1 =

 
Fu
1

F d
1

!
N (2, 0)

 
+1/2

�1/2

!

F2 =

 
Fu
2

F d
2

!
N (2, 0)

 
+1/2

�1/2

!

Fu
3 N (1,+1/2) +1/2

F d
3 N (1,�1/2) �1/2

Fu
4 N (1,+1/2) +1/2

F d
4 N (1,�1/2) �1/2

TABLE I. Dark fermion particle content of the stealth dark
matter model. All fields are two-component (Weyl) spinors.
SU(2)L refers to the Standard Model electroweak gauge
group, and Y is the hypercharge. In the broken phase of
the electroweak theory, the dark fermions have the electric
charge Q = T3 + Y as shown.

this large global symmetry, one SU(2) (diagonal) sub-
group will be identified with SU(2)

L

, one U(1) subgroup
will be identified with U(1)

Y

, and one U(1) will be iden-
tified with dark baryon number. The total fermionic con-
tent of the model is therefore 8 Weyl fermions that pair
up to become 4 Dirac fermions in the fundamental or
anti-fundamental representation of SU(N

D

) with electric
charges of Q ⌘ T

3,L

+ Y = ±1/2. We use the notation
where the superscript u or d (as in Fu, F d and later  u,
 d,  u,  d) denotes a fermion with electric charge of
Q = 1/2 or Q = �1/2 respectively.

The fermion kinetic terms in the Lagrangian are given
by
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X
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iF †
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�̄µD
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F
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+
X
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iF j
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where the covariant derivatives are
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with the interactions among the electroweak group and
the new SU(N

D

). Here Y u = 1/2, Y d = �1/2 and tb

are the representation matrices for the fundamental of
SU(N

D

).
The vector-like mass terms allowed by the gauge sym-

metries are

L � M
12
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ij
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34
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+ Md

34

F d

3

Fu

4

+ h.c., (6)

where ✏
12

⌘ ✏
ud

= �1 = �✏12 and the relative minus
signs between the mass terms have been chosen for later
convenience. The mass term M

12

explicitly breaks an
[SU(2) ⇥ U(1)]2 global symmetry down to the diagonal
SU(2)

diag

⇥ U(1) where the SU(2)
diag

is identified with

SU(2)
L

. The mass terms Mu,d

34

explicitly break the re-
maining [SU(2)⇥U(1)]2 down to U(1)⇥U(1) where one
of the U(1)’s is identified with U(1)

Y

. (In the special case
when Mu

34

= Md

34

, the global symmetry is enhanced to
SU(2)⇥U(1), where the global SU(2) acts as a custodial
symmetry.) Thus, after weakly gauging the electroweak
symmetry and writing arbitrary vector-like mass terms,
the unbroken flavor symmetry is U(1) ⇥ U(1).

Electroweak symmetry breaking mass terms arise from
coupling to the Higgs field H that we take to be in the
(2, +1/2) representation. They are given by
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where again the relative minus signs are chosen for later
convenience. After electroweak symmetry breaking, H =
(0 v/

p
2)T , with v ' 246 GeV. Replacing the Higgs

field by its VEV in Eq. (7), we obtain mass terms for the
fermions, in 2-component notation,
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These Yukawa couplings break the remaining U(1) ⇥
U(1) flavor symmetry to U(1)

D

dark baryon number.
The mass matrices Mu and Md correspond to the masses
of two sets of fermions with electric charge Q = +1/2
and Q = �1/2 respectively, in the fundamental repre-
sentation of SU(N

D

). The two biunitary mass matrices
can be diagonalized by four independent rotation angles
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the electroweak theory, the dark fermions have the electric
charge Q = T3 + Y as shown.
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The mass matrices Mu and Md correspond to the masses
of two sets of fermions with electric charge Q = +1/2
and Q = �1/2 respectively, in the fundamental repre-
sentation of SU(N

D

). The two biunitary mass matrices
can be diagonalized by four independent rotation angles
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where the rotation matrices are defined by
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Contribution to Axial Current

Convenient to expand around the symmetric matrix limit
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Dark fermions —> Dark mesons

Consider the limit

yv ⌧ M12,M34 < ⇤dark

Light mesons can be represented in non-linear representation
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That includes one set of light “dark pions” (d1), eight “dark kaons”, 
another set of heavier “dark mesons” (d2), and an η (not shown).



Dark pion decay

Like pion decay in QCD where
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 decay through anomaly?

Unlike QCD, 

and so                       is model dependent.
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d

The decay through the anomaly may or may not occur.
The QCD anomaly is proportional to 

For stealth dark matter theories, the “u”-like and “d”-like fermions have
equal and opposite charge
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FIG. 2: Branching ratios for the neutral (left) and charged (right) dark pions.

Lastly, the coupling between the dark pions and the dark rho, mediated through interactions
such as Fig. 1, are given in equation (1c). In the NDA limit, the coupling strength is given
by

g⇢̃⇡̃⇡̃ ⇡ 4⇡p
N
. (6)

We also include terms not contained in equation (1) coming from the expansion which
go as W a

µ@µ⇡̃
a. These terms come from mixing of the dark pions with the goldstones and

generate terms which allow the dark pions to decay. This leads to a redefinition of W a
µ !

W a
µ � c@µ⇡̃

a. This introduces terms for the dark pion coupling to SM fermions and massive
bosons.
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From this, we see that the decay branching ratios of the ⇡̃ are completely determined by
its mass. The overall lifetime depends on the axial coupling, cs, which will have some
indirect limits coming from Higgs couplings, EW precision measurements, and not having
the ⇡̃ stable on cosmological time scales. For reference, the branching ratios of neutral and
charged stealth pions are shown in Fig. 2 for a range of masses from 100 to 700 GeV. When
the stealth pion is lighter than the mass of the top quark, it primarily decays to bottom
quarks (if neutral) or charm/strange quarks (if charged). There is then a transition to the
decays being dominated by h + Z(W ). This change in the branching ratios with the mass
implies that many search strategies may be needed to cover the space of possible models.

A. Models and production

Having described the general Lagrangian used for this study, we now move onto the
particular models we examine. For all numerical calculations, we use N = 4 for the number
of colors. First, we take the case where M12 ⌧ M34, which leaves the stealth quarks charged
under SU(2) light. We imagine that other quarks are heavy enough to be ignored, yet still
below the confinement scale. In this case, the ⇢̃aµ kinetically mixes with the W a

µ of SU(2)
but not with the Bµ. On top of this model setup, we study two di↵erent scenarios for the
mass ratio of the ⇡̃ to the ⇢̃,

m⇡̃ = 0.45 m⇢̃, or m⇡̃ = 0.55 m⇢̃.
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such as Fig. 1, are given in equation (1c). In the NDA limit, the coupling strength is given
by
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From this, we see that the decay branching ratios of the ⇡̃ are completely determined by
its mass. The overall lifetime depends on the axial coupling, cs, which will have some
indirect limits coming from Higgs couplings, EW precision measurements, and not having
the ⇡̃ stable on cosmological time scales. For reference, the branching ratios of neutral and
charged stealth pions are shown in Fig. 2 for a range of masses from 100 to 700 GeV. When
the stealth pion is lighter than the mass of the top quark, it primarily decays to bottom
quarks (if neutral) or charm/strange quarks (if charged). There is then a transition to the
decays being dominated by h + Z(W ). This change in the branching ratios with the mass
implies that many search strategies may be needed to cover the space of possible models.

A. Models and production

Having described the general Lagrangian used for this study, we now move onto the
particular models we examine. For all numerical calculations, we use N = 4 for the number
of colors. First, we take the case where M12 ⌧ M34, which leaves the stealth quarks charged
under SU(2) light. We imagine that other quarks are heavy enough to be ignored, yet still
below the confinement scale. In this case, the ⇢̃aµ kinetically mixes with the W a

µ of SU(2)
but not with the Bµ. On top of this model setup, we study two di↵erent scenarios for the
mass ratio of the ⇡̃ to the ⇢̃,
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Dark pion branching fractions

Kribs, Martin, Neil, Ostdiek, Tong (to appear)



Dark ρ’s

There are also a set of vector resonances

Meson-meson interactions include
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As well as kinetic mixing with the EW gauge bosons
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Two types!

U(1)-like  (       only)⇢0 SU(2)-like ⇢±,0



Resonance searches for dark ρ’s

q

q̄

`+

`�

The going rate for on-resonant ρ production and decay

⇢d

critically depends on the total width

�(qq̄ ! ⇢d ! `+`�) ⇠ 1
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�(⇢d ! qq̄)�(⇢d ! `+`�)
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Upon diagonalizing the kinetic terms, leads to interactions with SM fermions

✏ g f†�̄µ(⇢d)µf

which leads to new resonances, e.g., 



Resonance searches for dark ρ’s

Two cases:

m⇡d

m⇢d

< 0.5
m⇡d
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> 0.5

The strong 2-body decay 

⇢d ! ⇡d⇡d

is closed.  Decays to SM modes dominate.

The strong 2-body decay 
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is open, dominates, and leads to a
wide resonance:
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Resonance searches for dark ρ’s

Kribs, Martin, Neil, Ostdiek, Tong (to appear)
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Preliminary!



Dark pion production

Production of charged pions proceeds through Drell-Yan
q

q̄
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as well as        exchange⇢d

The couplings are: g⇢d⇡d⇡d ⇠ 4⇡p
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If                            ,     dark pions produced resonantly, providing a clear target of opportunity!
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Dark pion production
Cross sections

Kribs, Martin, Neil, Ostdiek, Tong (to appear)

Preliminary!



Signals of dark pion production
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m⇡d < (mt +mb)

One can recast new physics searches involving final state tau’s, e.g. EW gauginos @ ATLAS:

Suggests charged dark pions less than about 150-180 GeV are ruled out.
Kribs, Martin, Neil, Ostdiek, Tong (to appear)

Preliminary!Preliminary!



Signals of dark pion production
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There are no optimal searches for this type of final state.
However, same-sign lepton searches (again, SUSY inspired) may have sensitivity:

m⇡d & (mW +mh) W+
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Kribs, Martin, Neil, Ostdiek, Tong (to appear)

Preliminary!
Preliminary!



Constraints on dark pion production

Kribs, Martin, Neil, Ostdiek, Tong (to appear)

Thus far, we have found:

Preliminary!Preliminary!

Strong constraints on                                       when pp ! ⇢d ! `+`�
m⇡d

m⇢d

> 0.5

Weak constraints on pp ! ⇢d ! ⇡d⇡d



Gaps in Searches?

Optimal searches do not exist.  In some cases, sensitivity (from other searches)
not even clear.  For example, when

(mt +mb) < m⇡d < (mW +mh)

q

q̄

⇢d
⇡+
d

⇡�
d

t

b̄
b

t̄

Smells like charged Higgs pair production, but with a much larger cross section
than Drell-Yan.  (We’re still considering some recast-able searches…)



Conclusions

•  These “dark” sectors can have particles near EWSB scale and are relevant to a 
    a wide class of theories: 
- dark baryonic dark matter theories (i.e., Stealth Dark Matter)
- dark meson dark matter theories (i.e., Buckley-Neil dark SU(2) mesons)
- models of EWSB (bosonic technicolor / strongly-coupled induced EWSB)

•  Specifics in this talk were motivated by Stealth Dark Matter.
    This theory provides an existence proof of the power of compositeness to 
    suppress leading interactions with matter, allowing dark matter to be as 
    light as several hundred GeV.

•  Outstanding opportunities for high(er) luminosity searches at LHC — digging into
    the “several hundred GeV” region with searches involving electroweak particles
    that may well yield amazing discoveries!

•  Highly motivated theories beyond the Standard Model involving new 
    strongly-coupled “dark” sectors are ripe for exploration.  


