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composite Dark sector = sector with matter charged under a  
                                         new `dark’ confining force SU(ND)                  

`dark’ bound states: dark mesons, baryons, etc.

new matter is inert under SM color, but may 
carry SM EW quantum #s

playground for lots of BSM scenarios: 

ψL = (□,0,???), ψR = (□,0,???)

Motivations

SU(ND) SU(3)c EW

Here, I’ll focus on ΛD ∼ TeV scale,  
assume fundamental H EW doublet exists



DM specific Motivations:

Composite DM: dark baryon is natural (usually heavy) DM candidate: 

if constituents are EW-charged while keeping lightest dark 
baryon EW neutral, interactions with SM come from higher 
dimensional operators

[Nussinov ’85, Chivukula ’90, Barr, Chivukula, Fahri ’90]

•  Scalar baryon of strongly-coupled SU(ND), with
    ND even [focus on SU(4)] and dark fermions
    transforming under EW group

•  All mass scales are technically natural;
    very roughly

•  We use lattice simulations to calculate several non-perturbative
    observables (mass spectrum; interactions of DM with SM)

•  Naturally “stealthly” with respect to direct detection; we determine
    the “ultimate” lower bound on composite DM with charged constituents

•  LHC phenomenology completely different from weakly-coupled
    DM models

Stealth DM is a new model of DM
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More recently [Antipin et al ’15, Huo et al ’16, 
Cline ’16, Mitridate ’17]



Dark spectra

Assume a spectrum ~ QCD

BD

mass

ρD

πD

ΛD

dark* pions 

dark rho

* SU(ND) composite, 
NOT necessarily SM 

inert

Potentially, 
large gap

= DM

Abundance:  either symmetric (B̅B→ n πD, etc.) or asymmetric 
                             …wide range of scales possible



DM specific Motivations:

• Direct detection: if ND is odd, DM = fermion, communicates via 
magnetic moment operator

B̄D σμνBD Fμν

mB Scaling up neutron: 
direct detection 

constrains demand 
mDM ≳ 20 TeV

• Direct detection:  if ND is even, DM = boson, most important 
interactions come from polarizability

B*D BD FμνFμν

m2
B



DM specific Motivations:

•   Scalar baryon is rather “stealthy”, and yet, suppressed direct detection  
     cross section provides a great target for “conventional” direct detection experiments.
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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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•   Best experimental bounds come from collider bounds on dark mesons 
     (LEP bound on non-observation of electrically charged dark mesons)

Can the LHC do better?

XENON1T 2018

  σB-n via polarizability,  
[LSD Collaboration; 1503.04205]

Detecting “stealthy DM”
[1402.6656, 1503.04203, 1503.04205 ]
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•   Best experimental bounds come from collider bounds on dark mesons 
     (LEP bound on non-observation of electrically charged dark mesons)

Can the LHC do better?

XENON1T 2018

  σB-n via polarizability,  
[LSD Collaboration; 1503.04205]

If DM sits out here, what do we do? Possible that the best 
chance is to detect stealthy dark sector at the LHC

Detecting “stealthy DM”
[1402.6656, 1503.04203, 1503.04205 ]



Dark Mesons spectra

Assume a spectrum ~ QCD

BD

mass

ρD

πD

ΛD

dark* pions 

dark rho

* SU(ND) composite, 
NOT necessarily SM 

inert

LHC physics will be dominated by these lightest states, 
specifically on details of how these interact with /decay to 

SM: for LHC we care about dark mesons

Potentially, 
large gap



Bosonic technicolor/
induced EWSB limit:

chiral EW charges

vectorlike confinement limit

                 have same EW 

charges
ψL, ψR

Dark sector with both 
vector like and chiral 

masses

EW-scale Dark Sector model space

[Kilic et al 0906.0577] 

[Kagan, Samuel ‘90

Luty et al 1106.3346

…] 



Example:

Vectorlike  
masses allowed

Mψ(ψ†
LψR + h . c.), Mχ (χ†

L χR + h . c.)

⟨H⟩ ≠ 0 , becomes a chiral mass term connecting one state in ψ with χ

1 start

SU(ND) SU(2)L U(1)Y

 L ⇤ 2 0

 R ⇤ 2 0

�L ⇤ 0 1
2

�R ⇤ 0 1
2

1

… …

y (ψ†
L H* χR + h . c.)Yukawa terms: etc. permitted as well

(leads to EW neutral lightest technibaryon for even ND: [Chivukula ’90])



Below ΛD: 

∼ Lkin + f3 Tr((M + yΛ(H))Σ + h . c)

Σ = eiπD/fMap ψL,R, χL,R → πD using NLSM

Different fermion components give πD with different SM charges, masses i.e.

(ψ̄γ5ψ)

( χ̄γ5χ)

(3)0

(1)0

, mass2 ~ f (Mψ + y v)

, mass2 ~ (f Mχ + y v)

Play with ordering of Mψ, Mχ, y v to adjust which multiplet is lightest. For 
each choice, expect vector composites ρD too

=

=

…



Why study this kind of theory?

1.) Avenue for dark pion decay: Pure vectorlike theory forbids this 
(accidental flavor symmetries), need to add in pion decay by hand. 

With chiral mix, decay comes automatically

(Want `dark’ pion to be DM? Ask Yang) 



Why study this kind of theory?

2.)  Vector like masses: can take y→ small without making πD     

        dangerously light

        

(also suppresses DM <-> SM interactions via Higgs)

∼ ( yv
MπD

)
2

        Small y means S                   not an issue



Why study this kind of theory?

2.)  Vector like masses: can take y→ small without making πD     

        dangerously light

        

3.) Rich, relatively unique phenomenology.

 Exposes holes/biases in current searches: surprisingly 
light dark mesons are still allowed by existing searches

(also suppresses DM <-> SM interactions via Higgs)

∼ ( yv
MπD

)
2

        Small y means S                   not an issue



Custodial Dark Mesons

If the theory contains EW doublets ψL,R, πD = <ψLψR>  will be an EW triplet 

     assign dark fermion charges under SU(2)L × SU(2)R  = global, 
`custodial’ symmetry of Higgs potential, rather than SU(2)L × U(1)Y

Instead: 

allowed, will generate a vev for πD

causes issues with T parameter unless suppressed by 
high scale/small coefficient

(H†τAH) πA
D



Custodial Dark Mesons

If the theory contains EW doublets ψL,R, πD = <ψLψR>  will be an EW triplet 

     assign dark fermion charges under SU(2)L × SU(2)R  = global, 
`custodial’ symmetry of Higgs potential, rather than SU(2)L × U(1)Y

Instead: 

allowed, will generate a vev for πD

causes issues with T parameter unless suppressed by 
high scale/small coefficient

(H†τAH) πA
D

under SU(2)L × SU(2)R : H promoted to bi-doublet H ∼ (2,2)

respectively, where ⌃ is the NLSM field.

At this point it is useful to distinguish between the dark sectors that we consider in
this paper and early proposals for dynamical electroweak symmetry breaking (technicolor).
Simply put, in the extension we consider, we assume there is a Higgs doublet in the low
energy e↵ective theory that acquires an electroweak breaking vev that is responsible for
(most) of electroweak symmetry breaking in the Standard Model.

3 Custodial SU(2)

A critical part of the classification of e↵ective theories of dark mesons is whether custodial
SU(2) is preserved or violated by the dark sector dynamics. Custodial SU(2) is the residual
accidental global symmetry of the Higgs multiplet after it acquires an expectation value,
O(4) ⇠= SU(2)L ⇥ SU(2)R ! O(3) ⇠= SU(2)C .

Custodial SU(2) arises automatically once the matter content and interactions are (at
least formally) promoted to become SU(2)L⇥SU(2)R invariant. We will use the terminology
SU(2)L , SU(2)R frequently in this paper and emphasize that this will always refer to internal
symmetries of the theory and never to Lorentz symmetry. It will become very convenient to
utilize a manifestly SU(2)C symmetric formalism for writing interactions of the dark sector
with the Higgs multiplet. The basic notions are well-known, though not necessarily exploited
in the ways that we will be doing. A manifestly custodially SU(2)C symmetric formalism
promotes U(1)Y to SU(2)R, where only the t3 generator of SU(2)R is gauged.

To establish notation, the Higgs doublet of the Standard Model

H =

✓
G+

(v + h+ iG0)/
p
2

◆
, (3.1)

can be re-expressed in terms of a (2,2) bifundamental scalar field under SU(2)L ⇥ SU(2)R
as

HiLiR =
1p
2

✓
(v + h� iG0)/

p
2 G+

�G� (v + h+ iG0)/
p
2

◆
. (3.2)

In principle, all custodially-symmetric interactions can be written in terms of powers of H,
and suitable SU(2)L and SU(2)R contractions. The notation becomes much more compact
when we utilize the definition

H†
iRiL

⌘ ✏iRjR✏iLjLHiLiR (3.3)

which matches the naive complex conjugation and transpose of the 2 ⇥ 2 matrix definition
in Eq. (3.2). In this form, the Standard Model Higgs potential becomes simply

V = m2
H
TrH†H +

�

4

�
TrH†H

�2
. (3.4)
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QL ∼ (2,1)

1 start

SU(ND) SU(2)L SU(2)R

 L ⇤ 2 0

 R ⇤ 2 0

�L ⇤ 0 2

�R ⇤ 0 2

0

@ u
L,R

 d
L,R

1

A (1.1)

0

@�u
L,R

�d
L,R

1

A (1.2)

0

@ uR

dR

1

A = QR ⇠ (1, 2) (1.3)

1

SM matter:




Custodial Dark Mesons

y (ψ†
L H χR + h . c.) y′�(ψ†

R H χR + h . c.)

1 start

SU(ND) SU(2)L SU(2)R

 L ⇤ 2 0

 R ⇤ 2 0

�L ⇤ 0 2

�R ⇤ 0 2

1

In addition to vector-like mass terms, two Yukawa permitted: 



Custodial Dark Mesons

y (ψ†
L H χR + h . c.) y′�(ψ†

R H χR + h . c.)

1 start

SU(ND) SU(2)L SU(2)R

 L ⇤ 2 0

 R ⇤ 2 0

�L ⇤ 0 2

�R ⇤ 0 2

1

Effectively 4 ‘flavors’ under SU(ND):

2 `up type’, 2 `down’ type: custodial symmetry means mass 
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In addition to vector-like mass terms, two Yukawa permitted: 



Custodial Dark Mesons: Important parameters

Mψ, Mχ, y, y′� yv, y′ �v ≪ Mψ,χ
(all << ΛD)

Two scenarios:

Mψ ≪ Mχ : πa
D ∼ (ψ̄γ5τaψ) lightest

ρaμ
D ∼ (ψ̄γμτaψ)

‘SU2L’

lightest vector

EW triplets:

(3,1)

Mχ ≪ Mψ : π̃D ∼ ( χ̄γ5χ)
ρ̃μ

D ∼ ( χ̄γμχ)
lightest

‘SU2R’

lightest vector

EW singlets:

(1,3)



Custodial Dark Mesons

πD = (3,1) or π̃D = (1,3) H2  = (1,1) + (3,3)

In either case:

forbids trilinear interaction with lightest dark pion

while
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ySM (QLτA H QR) πA ySM (QLH τA QR) π̃A

allowed interactions include: 
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Custodial Dark Mesons

πD = (3,1) or π̃D = (1,3) H2  = (1,1) + (3,3)

In either case:

forbids trilinear interaction with lightest dark pion

(more derivatives, e.g  H Dμ H Dμ πD : also forbidden)

while

ySM (QLτA H QR) πA ySM (QLH τA QR) π̃A

allowed interactions include: 

which lead to πD → ff’ 



Custodial Dark Mesons

πD = (3,1) or π̃D = (1,3) H2  = (1,1) + (3,3)

Keep ΔySM, g’ but no new sources of custodial 
symmetry breaking from strong sector =  

‘minimal custodial violation’

In either case:

forbids trilinear interaction with lightest dark pion

(more derivatives, e.g  H Dμ H Dμ πD : also forbidden)

while

ySM (QLτA H QR) πA ySM (QLH τA QR) π̃A

allowed interactions include: 

which lead to πD → ff’ 



Custodial Dark Mesons

In addition to removing T parameter issue: 

(H†τAH) πA
D πD → h + W/Z- omitting                    removes                       decay

(some small amount from even higher dimensional terms ~  )

``gaugephobic”
(H(DμH))2πA

D

- stealthier DM (removes charge radius interaction for dark baryons)
[LSD 1503.04203]

- custodial limit also removes decay   π0
D → γγ

both components have same mass, |Q|



Dark Mesons at the LHC: single production

analogous to ρ → γ VMD in QCD
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analogous to ρ → γ VMD in QCD

small!

ϵ ρa
D,μν Wa,μν

ϵ′�ρD,μν Bμν

ϵ(′�) ∼ g(′�)
ND

4π
NDA



Dark Mesons at the LHC: single production

analogous to ρ → γ VMD in QCD

small!

As ρD are similar to generic W’/Z’, may expect strong bounds from ρD → ℓℓ 
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Figure 3: The upper limits at 95% CL on the product of production cross section and branching
fraction for a spin-1 resonance with a width equal to 0.6% of the resonance mass, relative to
the product of production cross section and branching fraction of a Z boson, for the dielectron
channel (left), dimuon channel (right), and their combination (lower). The shaded bands corre-
spond to the 68 and 95% quantiles for the expected limits. Theoretical predictions for the spin-1
Z0

SSM and Z0
y resonances are shown for comparison.

the range 0.5–0.6 for the results shown here) and hence a single value of the cross section is
represented by a straight line in the (cd, cu) plane. In the log-log plot shown in Fig. 5, the thin
lines labelled with a mass value correspond to the cross section limit at that mass. The closed
contours representing the GSM, LR, and E6 model classes are composed of thick line segments
which correspond to ranges of the particular mixing angle for each considered model. A brief
description of the models is given in Section 1 with further information provided in Table 1 and
the exact definition of the models discussed in Ref. [6]. The mass limit on the relevant Z0 boson
in any model, where cd and cu have been determined, can be read off this plot.

For completeness we quantify a possible presence of an excess of events over what is expected
for the background by computing the p-value. The p-value for different signal width hypothe-
ses is shown for both the separate and combined channels in Fig. 6. The largest excess in the
combined result is observed around M = 1300 GeV having a local significance of around 2.5
s.d. for a spin-1 resonance with widths 0.6 to 5.0%. This corresponds to a global significance
of �0.92 s.d. after taking into consideration the look elsewhere effect [58] in the mass range
200 to 5500 GeV. The global significance is expressed as the corresponding number of stan-
dard deviations using the one-sided Gaussian tail convention. The methodology of the p-value
computation is described in Ref. [59].

The expected and observed limits for a spin-2 resonance with intrinsic widths of 0.01, 0.36,

ϵ ρa
D,μν Wa,μν

ϵ′�ρD,μν Bμν

ϵ(′�) ∼ g(′�)
ND

4π
NDA



Dark Mesons at the LHC: single production

However, if ρD → πD πD is kinematically opens, totally dominates 

ϵ ρa
D,μν Wa,μν

ϵ′�ρD,μν Bμν

ϵ(′�) ∼ g(′�)
ND

4π

analogous to ρ → γ VMD in QCD

𝒪(g2ϵ2)

gρππ ∼
4π
ND

𝒪(gϵgρππ)

small! NDA

As ρD are similar to generic W’/Z’, may expect strong bounds from ρD → ℓℓ 



Dark Mesons at the LHC: single production

Γ(ρD → ℓℓ)
Γ(ρD → πDπD)

∼
g4 N2

D

(16π2)2
≪ 1

Figure 4: Constraints on the kinetic mixing between the the SM and ⇢0D (times the
leptonic branching fraction of ⇢0D) from the non-observation of a dilepton resonance near
m⇢D . The black line is the model-independent limit. To illustrate the impact of this bound
on the model space, we have superimposed the predicted ✏2 ⇥ BR(⇢0D ! `+`�) for the
SU(2)L model, varying the number of colors between 2 to 16. On the right, the 2-body
decay ⇢0D ! ⇡+

d ⇡
�
d is kinematically forbidden, leading to strong constraints:

m⇢D > 1.5-2.5 TeV. On the left, the 2-body decay ⇢0D ! ⇡+
d ⇡

�
d is open, and we see that

when ND . 4, there is no constraint from resonant ⇢0D production and decay to dileptons.

[127,128]. Using the ATLAS 13 TeV search with 36.1 fb�1 of integrated luminosity [127], we
have recast the dilepton searches for the combined electron and muon channels into a limit
on ⇢D cross section times branching fraction to leptons. This is accomplished by simulating
the production of ⇢D and decaying them according to the branching ratios shown in Fig 1.
After passing through a parton shower, hadronization, and detector simulation, we select
events which contain same-flavor opposite-sign leptons within the ATLAS selection criteria.
The combined efficiency (branching ratio times the detector efficiencies) multiplied by the
cross section can then be compared against the exclusion limits provided by the ATLAS
HEPData [129].

In Fig. 4, we illustrate the bounds that we have obtained by determining the largest
coupling of the ⇢0D to the SM for any choice of m⇢D within the range of interest in this paper.
The coupling is completely determined by the model-independent quantity ✏2 ⇥ BR(⇢0D !

`+`�), that is shown as a black line in both panels of Fig. 4. Also superimposed on the
panels are the predicted sizes of ✏2 ⇥ BR(⇢0D ! `+`�) for a given m⇡D/m⇢D and number of
dark colors ND in the SU(2)L model. It is important to note that ✏ is the kinetic mixing

14
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For small ND, bound is significantly 
less than Z’ → ℓℓ expectation, even 

for mπ/mρ = 0.45

For lower mπ/mρ, bound 
disappears completely
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For small ND, bound is significantly 
less than Z’ → ℓℓ expectation, even 

for mπ/mρ = 0.45

For lower mπ/mρ, bound 
disappears completely

Focus on ND = 4, consider 
mπ/mρ = 0.45, 0.25

ND = 4, mπD/mρD = 0.55



Dark Mesons at the LHC: pair production

Neutral current: 
present in either 

scenario

Charged current: only 
present in SU(2)L 

setup

Dark pions pair produced via Drell-Yan augmented by mixing 
with composite vector mesons: 

σ(pp → πDπD → SM SM) ≃ σ(pp → ρD) BR(πD → SM)2

size of πD → SM coupling drops out. Parameters: mπ, mπ/mρ, ND = 4



πD decay:  3rd gen fermions. 
no BSM sources of MET

Combination of pair production with ~ weak cross section & decays to 
3rd generation stuff without extra MET = difficult territory for the LHC

Figure 2: Branching ratios of the charged pions

there are higher dimensional operators involving additional Higgs fields, suppressed by at
least the scale of the dark pions, that can regenerate couplings to the gauge/Higgs sector
even if they don’t exist at leading order. As we show in Ref. [114], the Stealth Dark Matter
model is gaugephobic with ⇠ = m2

h/(m
2
KD

� m2
h) ' m2

h/m
2
KD

where KD is a another dark
pion that is at least slightly heavier than ⇡D. Since the dark kaon scales with the parameters
of the ultraviolet theory in exactly the same way as the dark pion, in our phenomenological
study we take c⇠ = �h and do not distinguish between the dark pion and kaon masses.

In the limit that the dark pion mass scale is taken large, ⇠ ! 0, and the dark pions can
only decay back to fermions. However, when the dark pions are near to the electroweak scale,
⇠ can be “smallish” but, importantly, nonzero. This implies ⇡D ! ff̄ 0 dominate so long as
there is no small coupling. For the specific case of ⇡0

D in the mass range mh +mZ < m⇡0
D
<

2mt, the decay ⇡0
D ! Z + h dominates despite being gaugephobic. This is because the Zh

mode is longitudinally enhanced, while the competing fermionic mode ⇡0
D ! bb̄ is suppressed

by the small Yukawa coupling yb. For all other ranges of dark pion masses (both charged
and neutral), ⇡D ! ff̄ 0 dominates. By contrast, in the gaugephilic case ⇡D ! W +h, Z+h
dominate once they are kinematically open.

While the two choices in Eq. (13) may seem arbitrary at first, a large class of strongly-
coupled models can be mapped into this categorization (see Ref. [114] for more details).
Specifically, the Stealth Dark Matter model [75, 76, 87] and others similar to it are gauge-
phobic. By contrast, models of bosonic technicolor / induced symmetry breaking [14], as
well as the triplet state in Georgi-Machacek models [120] have gaugephilic interactions.

In our taxonomy, the gaugephilic case only occurs for the SU(2)L model. This is not
immediately obvious from our discussion thus far. Essentially the gauge/Higgs interactions
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Figure 3: Branching ratios of the neutral pions

on the last line of Eq. (12) is permitted with order one ⇠ when ⇡a
D is in the same representation

as W a
µ , i.e., an SU(2)L triplet. The reader may then immediately wonder why the SU(2)R

case does not have ⇠ = 0. At leading order it does, but at higher orders one finds gauge/Higgs
interactions are generated albeit with a suppression typically of order m2

h/m
2
⇡D

. This is
parametrically the suppression we find in the Stealth Dark Matter model [114], and is similar
to what we find in generic 2-flavor custodially-symmetric models. More details can be found
in Ref. [114].

Any given model may or may not permit arbitrary choices for v⇡ and ⇠; for instance,
induced electroweak symmetry breaking requires v⇡ fixed (up to order one coefficients) and
⇠ = 1 due to the requirements of proper electroweak symmetry breaking. However, as we
detail in [114], there are models that span a wide range of (v⇡, ⇠ . 1).

Given ⇠, the branching fractions of the ⇡D are fully specified as a function of the pion
mass. As ⇡D decay couplings are proportional to mass, they decay to the heaviest kine-
matically available SM particles. The branching ratios for the gaugephilic and gaugephobic
scenarios are compared side by side in Fig 2 (charged ⇡D) and 3 (neutral ⇡D).3

For the charged ⇡D, the branching ratios in the two cases are similar at small masses.
However, the unsuppressed gauge/Higgs couplings in the gaugephilic scenario imply ⇡D !

W+ h quickly dominates once it is kinematically allowed (due to the kinematic enhancement
of decays to longitudinal W ), while the ⇡D ! tb̄ mode always dominates at heavy mass for
the gaugephobic case. There is a similar pattern in the branching ratio of the neutral pions.

3
We have omitted the anomaly-induced decay ⇡D

0
! �� from Fig. 3. In models with a SU(2) flavor

symmetry that becomes custodial SU(2) after Higgs interactions, the dark sector is anomaly-free. The decay

mode does reappear due to SM interactions violating custodial SU(2), but is highly suppressed so as to be

phenomenologically irrelevant [114].
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Dark Mesons at the LHC: pair production

Systematically checked all (well, as many as we could find) 
searches that would capture the relevant final states

pp → π+
Dπ−

D → τ+τ−ντν̄τ

pp → π±
Dπ0

D → τ±ντ b̄b

pp → π+
Dπ−

D → tt̄bb̄, tb̄τ−ντ

pp → π±
Dπ0

D → tb̄Zh, tb̄b̄b
`heavy πD’ channels

`light πD’ channels

…

…



inefficient 
for πD

Current LHC searches with these final states:

- often involve extra MET

- or assume the wrong resonance structure

ATLAS-CONF-2016-093 

Requires MET > 150 GeV

CMS: 1707.02909 CMS 1408.0806  ATLAS 1505.07018

inefficient 
for πD



inefficient 
for πD

Current LHC searches with these final states:

- often involve extra MET

- or assume the wrong resonance structure

ATLAS-CONF-2016-093 

Requires MET > 150 GeV

CMS: 1707.02909 CMS 1408.0806  ATLAS 1505.07018

inefficient 
for πD



Most successful

- low mass: mπD ≲ 300 GeV

- for high mass: mπD ≳ 300 GeV

‘multi-lepton’ searches: 


catchall for 3+ leptons, one of which may be τ

Binned by MET, # jets, # b jets (100+ channels!)


Searches done by both ATLAS/CMS at 8 TeV, no 13 TeV versions (yet!)

Same sign leptons:
Large MET requirement, further binned by #jets and #b

Analyses at both 8 & 13 TeV, but 8 TeV more sensitive!  
13 TeV version imposes: pTℓ1 + pTℓ2 + MET > 600 GeV 
                           as its aimed at SUSY — totally kills our signal



Why do these searches work?

Routes to multiple leptons from π+D π0D 

No such possibility with π+D π-D



Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

Finally, the last line (shown in red) combines all of the previous constraints in the
most naive method. The models where the ⇢D cannot decay to ⇡D are excluded to over
m⇡D = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)R model). If
the mass ratio allows for decays to pions, the exclusion limits are drastically reduced. For
m⇡D/m⇢D = 0.45, the gaugephilic limits are to around 425 GeV while the gaugephobic limits
are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV cross sections of 600 fb and
300 fb, respectively. It is surprising that processes with such distinct final states are still
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Bounds drop to:
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≳ 130 GeV



Further directions

There are other interesting custodial charge assignments:

ξL,R = (□,2,2)

Composites: ̂πD ∼ (3,3) of custodial symmetry

Tr(H ̂πD H) allowed without T-parameter issueNow: 

̂πD → W/Z + h unsuppressed, becomes dominant decay, 
changes LHC bounds somewhat (see backup)

Composite Georgi-Machacek model

``gaugephilic’’



Conclusions

Weak scale strong dynamics involving SU(2) × U(1) 
charged constituents is alive and well ! Motivated by 

‘stealthy DM’ but more general statement

- mixed vector/chiral setup avoids issues in pure vector or chiral
-several scenarios to consider: custodial setup especially nice 

Provided mρD > 2mπD and ND small, essentially no LHC limit from ρD → ℓℓ

- pair produced πD sneak through most searches as ~small 
production rates (non-colored) & their decays involve primarily 3rd 
gen stuff. Hurt by no BSM MET & searches focusing on multi-TeV 

scale (leads to 8 TeV bounds better than 13)

- limits are especially weak (mπD ≳ 130 GeV) in scenarios where 
lightest composites are SU2 singlets (SU(2)R setup)



Thank you! 

Finally: be very careful opening Uber doors!



EXTRA



Figure 5: Constraints on the value of 1/v⇡ as a function of the dark pion mass. Precise
measurements of the top quark exclude regions above the red line. The green, blue, and
orange lines come from collider searches for heavy Higgs particles (mainly in 2HDM).
Lastly, the brown and pink dashed lines are not constraints, but show at what point the
phenomenology changes. Below these lines, the pions start to travel an appreciable
distance in the detector, either leading to displaced vertices or disappearing tracks. The
lower of these lines are around the scale when the particles leave the detector either as
missing energy or look like stable charged particles.

two searches consist of one looking for H+
! ⌧+⌫⌧ while the other looks for H+

! tb̄. The
limits are presented in terms of �(tb̄H+) ⇥ BR, but unfortunately HEPData is not given.
We therefore take the limits from plots in Refs. [136,137] and reinterpret them by replacing
⇡+
D for the charged Higgs boson. The upper bounds on 1/v⇡ we obtain are shown in orange

and blue in Fig. 5. Finally, in a similar approach, Ref. [138] performed searches for a heavy
neutral Higgs boson produced in association with bb̄ and decaying to ⌧+⌧�. Upon recasting
this search for neutral dark pions, we find somewhat weaker constraints – shown in green in
Fig. 5 – compared with the bounds from charged dark pions.

Finally, while this is not a constraint on the parameter space per se, it is interesting to
determine when 1/v⇡ is small enough that the decays of the dark pions are no longer prompt
in colliders. As a rough guide, we can use

� =

✓
2 mm

c⌧

◆
⇥ 10�13 GeV (18)

and estimate that if c⌧ = 1 mm, then the neutral pions would lead to displaced tracks,
or the charged pions would lead to kinked (or disappearing) tracks when they decay. If
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Single production/top decay limits on πD

Unlike pair production, limits depend on overall πD-SM 
coupling strength rather than BR

Plenty of room to avoid these bounds while still having prompt πD decays



Figure 7: Cut flow for the search for hadronically decaying taus, optimized for electroweak
production of supersymmetric particles [144]. The efficiency is much larger for the ⌘ = 0.25
benchmarks than the ⌘ = 0.45 models because the larger ⇢D mass leads to more energetic
⇡D. This increase in efficiency is offset by the decrease in resonant production cross section.

The stransverse mass is defined as

mT2 = min
qT

⇥
max

�
mT,⌧1(pT,⌧1,qT ),mT,⌧2(pT,⌧2,p

miss
T � qT )

�⇤
, (19)

where the transverse momenta of the two taus are pT,⌧1(2) and qT is the transverse vector
which minimizes the larger of the two transverse masses. The transverse mass is defined as,

mT (pT ,qT ) =
p
2(pT qT � pT · qT ) . (20)

Figure 7 shows the efficiency of the signal as the various cuts are being made, and
exemplifies the kinematic differences between models with different value of ⌘. There is very
little loss in efficiency from the b- and Z-vetos for masses less than 150 GeV. Additionally,
the figure shows that at this stage, there is very little difference between the ⌘ values.
However, there is a huge drop in efficiency when requiring large amounts of missing energy.
This is not as dramatic in the ⌘ = 0.25 models, which produce more energetic ⇡D because
of the heavier ⇢D.

The exclusions from this search are plotted in Fig. 8, where the y-axis is the cross section
times search efficiency. The expected number of events in the signal region from standard
model backgrounds was 5.9± 2.1, while only three events were actually observed. As fewer
events were seen than expected, the observed limits of 0.32 fb is more stringent than the
expected 0.43+0.21

�0.12 fb. Both the gaugephilic and gaugephobic models with SU(2) kinetic
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Dark pion efficiency in pp → τ+τ⁻ + MET search
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Figure 3: Branching ratios of the neutral pions

on the last line of Eq. (12) is permitted with order one ⇠ when ⇡a
D is in the same representation

as W a
µ , i.e., an SU(2)L triplet. The reader may then immediately wonder why the SU(2)R

case does not have ⇠ = 0. At leading order it does, but at higher orders one finds gauge/Higgs
interactions are generated albeit with a suppression typically of order m2

h/m
2
⇡D

. This is
parametrically the suppression we find in the Stealth Dark Matter model [114], and is similar
to what we find in generic 2-flavor custodially-symmetric models. More details can be found
in Ref. [114].

Any given model may or may not permit arbitrary choices for v⇡ and ⇠; for instance,
induced electroweak symmetry breaking requires v⇡ fixed (up to order one coefficients) and
⇠ = 1 due to the requirements of proper electroweak symmetry breaking. However, as we
detail in [114], there are models that span a wide range of (v⇡, ⇠ . 1).

Given ⇠, the branching fractions of the ⇡D are fully specified as a function of the pion
mass. As ⇡D decay couplings are proportional to mass, they decay to the heaviest kine-
matically available SM particles. The branching ratios for the gaugephilic and gaugephobic
scenarios are compared side by side in Fig 2 (charged ⇡D) and 3 (neutral ⇡D).3

For the charged ⇡D, the branching ratios in the two cases are similar at small masses.
However, the unsuppressed gauge/Higgs couplings in the gaugephilic scenario imply ⇡D !

W+ h quickly dominates once it is kinematically allowed (due to the kinematic enhancement
of decays to longitudinal W ), while the ⇡D ! tb̄ mode always dominates at heavy mass for
the gaugephobic case. There is a similar pattern in the branching ratio of the neutral pions.

3
We have omitted the anomaly-induced decay ⇡D

0
! �� from Fig. 3. In models with a SU(2) flavor

symmetry that becomes custodial SU(2) after Higgs interactions, the dark sector is anomaly-free. The decay

mode does reappear due to SM interactions violating custodial SU(2), but is highly suppressed so as to be

phenomenologically irrelevant [114].
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Figure 2: Branching ratios of the charged pions

there are higher dimensional operators involving additional Higgs fields, suppressed by at
least the scale of the dark pions, that can regenerate couplings to the gauge/Higgs sector
even if they don’t exist at leading order. As we show in Ref. [114], the Stealth Dark Matter
model is gaugephobic with ⇠ = m2

h/(m
2
KD

� m2
h) ' m2

h/m
2
KD

where KD is a another dark
pion that is at least slightly heavier than ⇡D. Since the dark kaon scales with the parameters
of the ultraviolet theory in exactly the same way as the dark pion, in our phenomenological
study we take c⇠ = �h and do not distinguish between the dark pion and kaon masses.

In the limit that the dark pion mass scale is taken large, ⇠ ! 0, and the dark pions can
only decay back to fermions. However, when the dark pions are near to the electroweak scale,
⇠ can be “smallish” but, importantly, nonzero. This implies ⇡D ! ff̄ 0 dominate so long as
there is no small coupling. For the specific case of ⇡0

D in the mass range mh +mZ < m⇡0
D
<

2mt, the decay ⇡0
D ! Z + h dominates despite being gaugephobic. This is because the Zh

mode is longitudinally enhanced, while the competing fermionic mode ⇡0
D ! bb̄ is suppressed

by the small Yukawa coupling yb. For all other ranges of dark pion masses (both charged
and neutral), ⇡D ! ff̄ 0 dominates. By contrast, in the gaugephilic case ⇡D ! W +h, Z+h
dominate once they are kinematically open.

While the two choices in Eq. (13) may seem arbitrary at first, a large class of strongly-
coupled models can be mapped into this categorization (see Ref. [114] for more details).
Specifically, the Stealth Dark Matter model [75, 76, 87] and others similar to it are gauge-
phobic. By contrast, models of bosonic technicolor / induced symmetry breaking [14], as
well as the triplet state in Georgi-Machacek models [120] have gaugephilic interactions.

In our taxonomy, the gaugephilic case only occurs for the SU(2)L model. This is not
immediately obvious from our discussion thus far. Essentially the gauge/Higgs interactions

10

Branching fractions for the “gaugephilic” model, π̂D ∈ (3,3)

(3,3) → 1 + 3 + 5 once EWSB occurs (& custodial symmetry broken)
focus on BR and limits of triplet



Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

Finally, the last line (shown in red) combines all of the previous constraints in the
most naive method. The models where the ⇢D cannot decay to ⇡D are excluded to over
m⇡D = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)R model). If
the mass ratio allows for decays to pions, the exclusion limits are drastically reduced. For
m⇡D/m⇢D = 0.45, the gaugephilic limits are to around 425 GeV while the gaugephobic limits
are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV cross sections of 600 fb and
300 fb, respectively. It is surprising that processes with such distinct final states are still
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LHC limits for the “gaugephilic” model, π̂D ∈ (3,3)

Limits are actually slightly weaker

Can be traced to lower b-jet multiplicity in gauge-philic case from

smaller BR(πD → t b, tt)̅ 

*

* (these limits are only from a triplet with unsuppressed π → h W/Z, not complete 
GM model which will contain other states)



Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

Finally, the last line (shown in red) combines all of the previous constraints in the
most naive method. The models where the ⇢D cannot decay to ⇡D are excluded to over
m⇡D = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)R model). If
the mass ratio allows for decays to pions, the exclusion limits are drastically reduced. For
m⇡D/m⇢D = 0.45, the gaugephilic limits are to around 425 GeV while the gaugephobic limits
are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV cross sections of 600 fb and
300 fb, respectively. It is surprising that processes with such distinct final states are still

20

Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

Finally, the last line (shown in red) combines all of the previous constraints in the
most naive method. The models where the ⇢D cannot decay to ⇡D are excluded to over
m⇡D = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)R model). If
the mass ratio allows for decays to pions, the exclusion limits are drastically reduced. For
m⇡D/m⇢D = 0.45, the gaugephilic limits are to around 425 GeV while the gaugephobic limits
are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV cross sections of 600 fb and
300 fb, respectively. It is surprising that processes with such distinct final states are still

20

LHC limits for the “gaugephilic” model, π̂D ∈ (3,3)

Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

Finally, the last line (shown in red) combines all of the previous constraints in the
most naive method. The models where the ⇢D cannot decay to ⇡D are excluded to over
m⇡D = 1100 GeV for SU(2) kinetic mixing and to 900 GeV for U(1) (SU(2)R model). If
the mass ratio allows for decays to pions, the exclusion limits are drastically reduced. For
m⇡D/m⇢D = 0.45, the gaugephilic limits are to around 425 GeV while the gaugephobic limits
are at 500 GeV for SU(2) mixing. This corresponds to 13 TeV cross sections of 600 fb and
300 fb, respectively. It is surprising that processes with such distinct final states are still

20

Limits are actually slightly weaker

Can be traced to lower b-jet multiplicity in gauge-philic case from

smaller BR(πD → t b, tt)̅ 

*

* (these limits are only from a triplet with unsuppressed π → h W/Z, not complete 
GM model which will contain other states)


