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Stealth B-2B-52 Falcon

≈ 0.01 m2≈ 100 m2 ≈ 0.001 m2

(Radar) Cross Sections 



•  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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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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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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Lattice Gauge Theory Simulations

Ideal tool to calculate properties of theories with

Mf ⇠ ⇤D

in the fully non-perturbative regime.  Joy of these 
calculations is that what we simulate is interesting 
“out of the box” without chiral extrapolations.

Relevant to DM:  Thus far, we have accurate estimates of the spectrum, 
the “sigma term”, and polarizability.  Future work will nail down additional
correlators (for S parameter), meson form factor, ...

Simulated with modified Chroma mainly on LLNL sequoia/vulcan.
Quenched, unmodified Wilson fermions.  Several volumes and 
lattice spacings.   
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Dynamics

SU(4)

⇤D MPl

Dark fermions

Mf

approx CFT

Could arise dynamically

Mf ⇠ ⇤D



Dark Fermions
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Dark Flavor Symmetries

Under SU(4):                     U(4)  x  U(4)

Weak gauging:                   [SU(2)  x  U(1)]4  (that contains SU(2)L x U(1)Y)

Vector-like masses:            SU(2)L x U(1)Y  x  U(1)  x  U(1)

Yukawas with Higgs:          U(1)B           

Dark baryon number automatic.

qqqq H†H

⇤4

cuto↵

and very safe against cutoff scale violations of global symmetries
e.g.

[This is one reason to prefer SU(4) over SU(2).]



Dark Fermion Mass Spectrum

General Custodial SU(2)
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Custodial SU(2)
q = ±1/2

q = ±1/2• Lightest baryon is a neutral complex scalar

• Contributions to T parameter vanish

• Dim-6 charge radius vanishes

(eliminates operators dependent on spin,
 e.g., dim-5 magnetic moment)

(more stealthy w.r.t. direct detection;
 one less thing to calculate on lattice)

(no need to make life more complicated)
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A similar observation of linear/quadratic effect also in Hill, Solon; 1401.3339



Approximately Symmetric / Vector-Like
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Charged Meson Decay

×

1

Like pions in QCD

⇡±
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×

1

Lightest dark mesons decay through
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and so dark mesons decay much faster than QCD pions even with
c
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Kilic, Okui, Sundrum; 0906.0577



Lower bound on meson mass ... ×

e�

e+

⇧+

⇧�

⌧+

⌫⌧

⌫̄⌧

⌧�

Charged pion production at LEP II

Using bounds on staus, we find

m⇧± > 86 GeV

This is fairly robust to promptness/non-promptness of dark meson decay.



... becomes lower bound on the baryon mass

LSD Collaboration; 1402.6656
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FIG. 9. Lattice spectrum results for the intermediate lattice
spacing (� = 11.5) on 323 ⇥ 64 lattices for five input quark
masses. (top) Masses in lattice units of the pseudoscalar me-
son (red), vector meson (orange), spin-0 baryon (brown), spin-
1 baryon (blue), and spin-2 baryon (black) vs. the meson
mass ratio (pseudoscalar over vector). (bottom) Masses in
units of the spin-0 baryon mass for the spin-0 baryon mass
(brown), spin-1 baryon mass (blue), and spin-2 baryon mass
(black) vs. the meson mass ratio. Vertical error bars of spin-0
baryon mass represent the error on the scale setting for the
dark matter mass.

For the finest lattice spacing, the numerical masses in
lattice units are presented in Table V and the correspond-
ing plots are in Fig. 10. More fermion masses have been
explored here with comparable measurements, but due
to the smaller physical volume (by roughly a factor of
24) as compared to the � = 11.028, the resulting errors
are larger. For that reason, our results are not as con-
clusive on these lattices. Nevertheless, the usual trends
of the state separation are still observed and the spin-1
state stays close to the spin-0 state (even more than the
� = 11.028 results). However, as will be discussed, the
volume e↵ects are expected to be non-trivial for these
measurements.
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FIG. 10. Lattice spectrum results for the fine lattice spacing
(� = 12.0) on 323 ⇥ 64 lattices for six input quark masses.
(top) Masses in lattice units of the pseudoscalar meson (red),
vector meson (orange), spin-0 baryon (brown), spin-1 baryon
(blue), and spin-2 baryon (black) vs. the meson mass ratio
(pseudoscalar over vector). (bottom) Masses in units of the
spin-0 baryon mass for the spin-0 baryon mass (brown), spin-
1 baryon mass (blue), and spin-2 baryon mass (black) vs. the
meson mass ratio. Vertical error bars of spin-0 baryon mass
represent the error on the scale setting for the dark matter
mass.

 mPS
mV

mf

mB

@mB
@mf

0.1515 0.781(10) 0.372(52)

0.1520 0.716(16) 0.300(42)

0.1523 0.685(15) 0.249(35)

0.1524 0.641(11) 0.244(33)

0.1527 0.577(18) 0.164(23)

TABLE VI. Normalized sigma parameter results for � = 11.5
on 323 ⇥ 64 lattices.

IX. CALCULATION OF BARYON MASS
DERIVATIVE

From the baryon mass spectrum as function of the
fermion mass, the baryon mass derivative needed for the
sigma term can be extracted. The visual depictions of
these linear fits on the 323 data are shown in Fig 11 and
the results are shown in Table I, Table VI, and Table VII.
Clearly, the more mass ensembles one has for a given lat-

2.5 . mB

m⇧
. 3.8

mass

a�1

m⇧

mV

Within the range simulated on the lattice, we obtain
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and thus can be easily suppressed to below experimental limits.

[Vector-like masses for dark fermions crucial.]



Direct Detection 1:  Higgs exchange  

B B

p, n p, n

Just as hp, n| mq q̄q |p, ni = mp,nf
p,n
q

We have hB| mf f̄f |Bi = mBf
B
f

We can extract from lattice using Feynman-Hellman fB
f =

M1

mB

@MB

@M1
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FIG. 11. Calculation of @mB/@mf from baryon spectrum.
Plots of amS0 vs. amf are displayed for the coarsest lat-
tice spacing (top), intermediate lattice spacing (middle), and
finest lattice spacing (bottom). As seen in lattice QCD cal-
culations, the fermion mass dependence of the baryon mass is
primarily linear.

tice spacing will allow a more complete extraction of the
derivative. However, due to the linear nature of the data,
the derivative can be estimated as linear. For each beta
value, the derivative is given by

@mB

@mf
= 5.83(30) For � = 11.026

@mB

@mf
= 6.55(90) For � = 11.5

@mB

@mf
= 4.92(30) For � = 12.0. (29)

 mPS
mV

mf

mB

@mB
@mf

0.1475 0.891(9) 0.413(25)

0.1480 0.859(13) 0.353(22)

0.1486 0.826(15) 0.277(17)

0.1491 0.716(24) 0.193(12)

0.1495 0.584(33) 0.118(8)

0.1496 0.568(38) 0.091(6)

TABLE VII. Normalized sigma parameter results for � = 12.0
on 323 ⇥ 64 lattices.

It is worth mentioning that at this stage, there is an over-
all normalization of mf that is left undetermined. How-
ever, ultimately we are going to multiply this derivative
by mf/mB , canceling this normalization. One curiosity
is that the � = 12.0 result is below those of the coarser
lattice spacings. We will argue in subsequent sections
that the � = 12.0 results are significantly more sensitive
to lattice artifacts (in particular, volume e↵ects) than the
other two lattice spacings.

Comparisons between the coarse and intermediate lat-
tice spacing can be made for mPS/mV ⇡ 0.69 and
mPS/mV ⇡ 0.77 from Table I and Table VI. As ex-
pected, the results are constant within errors. This helps
strengthen the conclusion that lattice artifact systematics
for these masses for these lattice spacings on the 323⇥64
lattices are smaller than the statistical errors.

X. ESTIMATION OF LATTICE ARTIFACTS

As in any calculation in lattice field theory, there are
several sets of unphysical lattice artifacts that need to
be quantified. Since chiral extrapolations to low masses
are not strictly necessary for the applications to compos-
ite dark matter theory, the two primary unphysical con-
tributions are the discretization e↵ects in terms of our
lattice spacing, a, and finite volume “wrap-around” ef-
fects, where the lattice extent is given by number of sites
times the lattice spacing. One systematic error that will
remain uncontrolled in this work is the use of quenched
lattices, which corresponds to unphysically dropping dy-
namical sea fermion loops. This approximation works
better as one goes to larger fermion masses and larger
number of colors, which is the regime we are currently in.
For the QCD calculation of the light quark sigma term,
the quenched results are entirely consistent with state-
of-the-art dynamical simulations (see Fig. 3 in Ref. [83]).
The statistical errors are less than 10% (the largest pos-
sible systematic error), and, again, we would expect our
systematic errors to be smaller than this due to a larger
number of colors and heavier fermions. With that be-
ing said, we hope to produce several unquenched SU(4)
ensembles in the future, to more directly quantify this
e↵ect.

LSD Collaboration; 1402.6656



Effective Higgs Coupling

L � y h 1 1

y =
y2v
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2� Quadratic Case.

Gives an effective coupling to the dark scalar baryon
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(
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2M1

Linear Case

y mBp
2�M1

Quadratic Case.

The Higgs coupling to the lightest dark fermions

[We cannot extract bound on Yukawa directly, due to difficulty
  of getting dark fermion mass out of lattice regularization.]



Higgs exchange results

are extracted from our lattice results [30]. The second
factor
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>>:
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�
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(50)
provides the e↵ective coupling of the Higgs boson to the
fermions (multiplied by v/M

1

), and we have evaluated
the derivative for the two cases in our model.

Unfortunately, we cannot directly apply our previous
results on constraints in ↵-mB space to the parameters
of the stealth dark matter model. This is because we
do not know the dark fermion mass, M

1

, independent of
the lattice regularization scheme. We can, however, con-
struct a regularization-independent parameter, the e↵ec-
tive Yukawa coupling y

e↵

, that is closely related to the
model parameters:

y
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The ↵ parameter is therefore
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(52)

Recasting our previous constraints in ↵-mB space into
y
e↵

-mB space, we can identify the region of parameter
space that remains viable. The constraints for the Lin-
ear Case are shown in Fig. 2 and the Quadratic Case
in Fig. 3. In the top two plots for the respective fig-
ures, the region above the LUX bounds represents the
excluded parameter space for the model at a given dark
matter mass (mB) and e↵ective Yukawa coupling (y

e↵

).
The figures show a clear qualitative trend in how the
predictions change as a function of dark matter mass.
In particular, the cross-section is independent of mB for
the Linear Case and inversely proportional to mB in the
Quadratic Case. The bottom plot in the respective fig-
ures represent the allowed y

e↵

values, which are depicted
as the area under the curves. By increasing the splitting
� between the vector-like mass terms, significantly more
y
e↵

parameter space becomes available.

IX. ABUNDANCE

We now provide a brief discussion of the relic abun-
dance of stealth dark matter. In the regime where the
dark fermions have masses comparable to the confine-
ment scale of the dark force, calculating the relic abun-
dance is an intrinsically strongly-coupled calculation.
Unfortunately, this calculational di�culty is not easily

0 1000 2000 3000 4000
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0.5

0.2

0.1

0.05

0.02

0.01

mB HGeVL

yeff

FIG. 2. Constraints on the stealth dark matter model in
the Linear Case of the model. The top and middle figures
show the predicted values for the smallest and largest fermion
mass explored in our simulations (corresponding to the pseu-
doscalar to vector mass ratio m⇧/mV = 0.55, 0.77) as well
as LUX bounds. Various ye↵ values are plotted on the fig-
ure, where ye↵ ⇡ ymB/M1 in this case. The dark grey re-
gion is excluded by the LEP constraints on charged dark
mesons. The bottom figure displays the maximum ye↵ al-
lowed for a given dark matter mass. Each of the green curves
represents a di↵erent fermion mass in the lattice calculation,
m⇧/mV = 0.55, 0.7, 0.77 from top to bottom, and the bottom
red curve is the result in the heavy fermion limit.

overcome with lattice simulations, due to the di↵erent
initial and final states. Nevertheless, it is straightforward
to see that the relic abundance can match the cosmolog-
ical abundance through at least two distinct mechanisms
that lead to two di↵erent mass scales for stealth dark
matter. In this section we discuss obtaining the abun-
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FIG. 3. Same as Fig. 2 but for the Quadratic Case of the
model. In this case, ye↵ ⇡ ymB/

p
M1�.

dance of stealth dark matter through thermal freezeout,
leading to a symmetric abundance of dark baryons and
anti-baryons. Separately, we consider the possibility of
an asymmetric abundance generated through electroweak
sphalerons.

A. Symmetric Abundance

In the early universe at temperatures well above the
confinement scale of the SU(4) dark gauge force, the dark
fermions are in thermal equilibrium with the thermal
bath through their electroweak interactions. As the uni-
verse cools to temperatures below the confinement scale,
the degrees of freedom change from dark fermions and
gluons into the dark baryons and mesons of the low en-

ergy description. Some of the dark mesons carry electric
charge, and so the dark mesons remain in thermal equi-
librium with the Standard Model quarks, leptons, and
gauge fields. Since the dark baryons are strongly cou-
pled to the dark mesons, they also are kept in thermal
equilibrium. As the temperature of the universe falls well
below the mass of the dark baryons, they annihilate into
dark mesons that subsequently thermalize and decay (or
decay then thermalize) into Standard Model particles.
The symmetric abundance of dark baryons is therefore
determined by the annihilation rate of dark baryons into
dark mesons.

The annihilation rate of dark baryons to dark mesons
is a strongly coupled process. We expect B⇤B ! ⇧ ⇧,
B⇤B ! 3 ⇧, and B⇤B ! 4 ⇧, (and to possibly more
mesons if kinematically allowed) to occur, but we do not
know the dominant annihilation channel. If the 2-to-2
process B⇤B ! ⇧ ⇧ dominates, one approach is to use
partial wave unitarity estimate the annihilation rate [50,
66]. Using this method, we can estimate the thermally
averaged annihilation rate to be

h�vi ⇠ 4⇡hv�1i
m2

B

, (53)

where hv�1i ' 2.5 at freezeout [66]. Matching this cross
section to the required thermal relic abundance yields
mB ⇠ 100 TeV. An alternative approach is to use naive
dimensional analysis (NDA) [67–69], which appears to
lead to a larger dark matter mass.

If the 2-to-3 or 2-to-4 processes dominate instead, the
additional phase space and kinematic suppression low-
ers the annihilation rate, and therefore lowers the scalar
baryon mass needed to obtain the cosmological abun-
dance. For recent work that has considered the ther-
mal relic abundance in multibody processes, see [22, 25].
Su�ce it to say a symmetric thermal abundance of dark
baryons will match the cosmological abundance for a rela-
tively large baryon mass that is of order tens to hundreds
of TeV.

B. Asymmetric Abundance

Early work on technibaryons demonstrated that
strongly-coupled dark matter could arise from an asym-
metric abundance [4–8]. The main ingredient to obtain
the correct cosmological abundance involved the elec-
troweak sphaleron – the non-perturbative solution at
finite temperature that allows for transitions between
vacua with di↵erent6 B + L numbers.7 In the early uni-
verse, at temperatures much larger than the electroweak

6 In this section, B refers to baryon number and is to not be con-
fused with the field defined earlier

7 In addition, an asymmetric abundance could be generated
through other mechanisms, see Ref. [70], in which case the mass
scales and parameters depend on the details of the particular
mechanism.
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Roughly,  yeff < 0.25 for lightest baryon mass, with constraints that 
become looser proportional to mB for linear or (mB)2  for quadratic case.

LSD Collaboration; 1503.04203



Direct Detection 2:  Polarizability

B B

N N

Wonderful formalism for extracting the polarizability from lattice using
background field methodology.  

Detmold, Tiburzi, Walker-Loud; 0904.1586, 1001.1113

In the NR limit, the scalar baryon operator is dimension-7

cfe2

m3
B

B⇤BFµ⌫F
µ⌫

extracted from our lattice simulations



Polarizability

has large uncertainties on the nuclear side (momenta-dependent structure 
factors, operator mixing, nuclear resonances) Weiner, Yavin; 1206.2910 

Frandsen et al; 1207.3971
Ovanesyan, Vecchi; 1410.0601

We parametrize simply as
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Note!
Polarizability

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.

Acknowledgements – MIB would like to thank Silas
Beane, Paulo Bedaque, Tom Cohen, Jon Engel, Wick Hax-
ton, David B. Kaplan, Jerry Miller, Sanjay Reddy, Martin
Savage, Achim Schwenk, and Luca Vecchi for enlightening
discussions on the full complexity of the nuclear physics
calculation required for an accurate cross section predic-
tion. We are also indebted to Brian Tiburzi for access to in-
formation that allowed for very useful checks of our back-
ground field code. We thank the Lawrence Livermore Na-
tional Laboratory (LLNL) Multiprogrammatic and Institu-
tional Computing program for Grand Challenge allocations
and time on the LLNL BlueGene/Q (rzuseq and vulcan) su-
percomputer. We thank LLNL for funding from LDRD 13-
ERD-023 “Illuminating the Dark Universe with PetaFlops
Supercomputing”. Computations for this work were car-
ried out in part from the LLNL Institutional Computing
Grand Challenge program and from the USQCD Collab-

oration, which is funded by the Office of Science of the
US Department of Energy. MIB thanks the University of
Oregon and University of Maryland, College Park for hos-
pitality during the course of this work.

This work has been supported by the U. S. Depart-
ment of Energy under Grant Nos. de-sc0008669 and de-
sc0009998 (D.S.), de-sc0010025 (R.C.B., C.R., E.W.),
DE-FG02-92ER-40704 (T.A.), de-sc0011640 (G.D.K.),
DE-FG02-00ER41132 (M.I.B.), and Contracts DE-AC52-
07NA27344 (LLNL), DE-AC02-06CH11357 (Argonne
Leadership Computing Facility), and by the National Sci-
ence Foundation under Grant Nos. NSF PHY11-00905
(G.F.), OCI-0749300 (O.W.). Brookhaven National Labo-
ratory is supported by the U. S. Department of Energy un-
der contract de-sc0012704. S.N.S was supported by the Of-
fice of Nuclear Physics in the U. S. Department of Energy’s
Office of Science under Contract DE-AC02-05CH11231.

⇤ Present address: Higgs Centre for Theoretical Physics,
School of Physics & Astronomy, The University of Edin-
burgh, EH9 3FD, UK

[1] D. Akerib et al. (LUX Collaboration), (2013),
arXiv:1310.8214 [astro-ph.CO].

[2] R. Agnese et al. (SuperCDMS Collaboration),
Phys.Rev.Lett. 112, 241302 (2014), arXiv:1402.7137
[hep-ex].

[3] P. Cushman, C. Galbiati, D. McKinsey, H. Robertson,
T. Tait, et al., (2013), arXiv:1310.8327 [hep-ex].

[4] M. Xiao et al. (PandaX Collaboration), Sci.China
Phys.Mech.Astron. 57, 2024 (2014), arXiv:1408.5114
[hep-ex].

[5] S. Nussinov, Phys.Lett. B165, 55 (1985).
[6] R. S. Chivukula and T. P. Walker, Nucl.Phys. B329, 445

(1990).
[7] S. M. Barr, R. S. Chivukula, and E. Farhi, Phys.Lett. B241,

387 (1990).
[8] S. M. Barr, Phys.Rev. D44, 3062 (1991).
[9] D. B. Kaplan, Phys.Rev.Lett. 68, 741 (1992).

[10] R. Lewis, C. Pica, and F. Sannino, Phys.Rev. D85, 014504
(2012), arXiv:1109.3513 [hep-ph].

[11] A. Hietanen, C. Pica, F. Sannino, and U. I. Sondergaard,
Phys.Rev. D87, 034508 (2013), arXiv:1211.5021 [hep-lat].

[12] T. Appelquist, R. C. Brower, M. I. Buchoff, M. Cheng, S. D.
Cohen, G. T. Fleming, J. Kiskis, M. F. Lin, E. T. Neil, J. C.
Osborn, C. Rebbi, D. Schaich, C. Schroeder, S. N. Syrit-
syn, G. Voronov, P. Vranas, and J. Wasem (Lattice Strong
Dynamics (LSD) Collaboration), Phys.Rev. D88, 014502
(2013), arXiv:1301.1693 [hep-ph].

[13] A. Hietanen, R. Lewis, C. Pica, and F. Sannino, JHEP 1412,
130 (2014), arXiv:1308.4130 [hep-ph].

[14] T. Appelquist, E. Berkowitz, R. C. Brower, M. I. Bu-
choff, G. T. Fleming, J. Kiskis, G. D. Kribs, M. Lin,
E. T. Neil, J. C. Osborn, C. Rebbi, E. Rinaldi, D. Schaich,
C. Schroeder, S. Syritsyn, G. Voronov, P. Vranas,
E. Weinberg, and O. Witzel (Lattice Strong Dynam-
ics (LSD) Collaboration), Phys.Rev. D89, 094508 (2014),

Confluence of collider and direct detection bounds, but for reasons
completely different than ordinary (elementary) WIMPs.

LSD Collaboration; 1503.04205

�
nucleon

=
Z4

A2

144⇡↵2µ2

nB(M
A
F )2

m6

BR
2

[c2F ]



Abundance

Symmetric Asymmetric

B

B⇤

⇧

⇧

...
(more ⇧s)

nD ⇠ nB

✓
yv

mB

◆2

exp


� mB

Tsph

�

e.g., through EW sphalerons

IF EW breaking comparable to 
EW preserving masses, expect
roughly

mB . mtechni�B ⇠ 1 TeV

How much less depends on 
several factors...

If 2 -> 2 dominates thermal 
annihilate rate and saturates
unitarity, expect

mB ⇠ 100 TeV

Unfortunately, this is hard 
calculation to do using lattice...

Griest, Kamionkowski; 1990

Chivukula, Farhi, Barr; 1990



Colliders

SUSY Stealth

LSP

heavier 
superpartners scalar baryon

baryon excited
resonances

Collider searches dominated by light meson production and decay.
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Meson Decay Rates
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FIG. 1: Decay branching ratios of charged chiral quirkonia in di↵erent JPC states. Solid lines are with Higgs mass
MH = 125 GeV, dashed lines with MH = 250 GeV.

the widths are enhanced by the s-channel Higgs reso-
nance. This can be seen in Fig. 3. There, the WW and
ZZ widths have a resonance at M = MH = 250 GeV
when the s-channel Higgs boson is on-shell. The tt̄ width
does not exhibit this behavior because at 250 GeV, the
decay into two top quarks from a single Higgs boson is
kinematically forbidden.

5. 3P1

The branching ratios for the 3P1 state are shown in
Fig. 2e. The ZH channel are doubly enhanced and is
dominant for M & 700 GeV.

5

(Quirky) charged pion decay (Vector-like) neutral meson decay
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FIG. 4: Decay width ratios of neutral vector-like quirkonia in di↵erent JPC states. Solid lines correspond to a Higgs
mass MH = 125 GeV, while dashed lines correspond to MH = 250 GeV. In many instances, there is no di↵erence
between the width ratios for di↵erent Higgs masses, and thus the solid lines overlap the invisible dashed lines.

Z, we assign P and C numbers according to the P and C
of the bilinears  ̄�µ and  ̄�µ�5 . The photon has JPC

= 1��, and the W/Z has 1�� for the vector coupling
and 1++ for the axial vector coupling (that is, we absorb
the violation of C and P from the axial vector coupling
into the JPC of the W and Z). For the quirkonia, we
have 0�+ for 1S0, 1�� for 3S1, 1+� for 1P1, 0++ for 3P0,
1++ for 3P1 and finally, 2++ for 3P2.

Next, we write down all the available JPC with di↵er-

ent orbital angular momentum L between the two final
state particles, and match with the JPC of the quirky
meson to determine which meson decay channels are en-
hanced. As an example, consider Q̄Q ! Z�, where
there are only the t- and u-channel diagrams. Single
enhancement from the longitudinal Z is present in some
meson states. In the limit where the quirkonium mass
M � MZ , the longitudinal Z is equivalent to the corre-
sponding Goldstone boson �0. The JPC of the �0� sys-
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Future

• Calculate the correlators on lattice to compute S parameter
   (get bounds on EW breaking parameters)

• Calculate meson form factor       , needed to understand meson
   production and decay at LHC.

•  Detailed investigation of abundance remains important and
    (especially in the case of asymmetric) interesting.

•  If some symmetric component, annihilation signals (into γs) extremely 
    interesting.  It could be that multibody states are generic, e.g.

B ⇧

⇧

⇧

⇧B⇤

f⇧



Epilogue:  Stealth DM versus SUSY DM

Need vector-like masses.            -->    Dark fermion flavor brekaing

SUSY needs Majorana masses    -->    SUSY breaking

Need (approx) custodial SU(2)    -->    (neutrality, T, charge radius)

SUSY needs parameter choices to get neutral LSP, and needs serious
            care with flavor sector to avoid FCNC.

Need                                         -->    Expt constaints + lattice simulation
                                                                                      constraints

SUSY needs 

Mf ⇠ ⇤D

µ ⇠ MSUSY breaking



Danke Sehr


