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Dark Matter

Overwhelming evidence from CMB; galaxies; clusters; BAO; ...
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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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•  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 “stealthy” 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
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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.   



Dynamics

SU(4)

⇤D MPl

Dark fermions

Mf

Mf ⇠ ⇤D



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)

• Weak isospin exactly zero

(no Z coupling to dark matter; otherwise significant constraints)
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“Linear Case” “Quadratic Case”

Two Distinct “Cases”

A similar observation of linear/quadratic effect also in Hill, Solon; 1401.3339

As we’ll see, Higgs boson coupling to lightest dark fermions is proportional to
y

y2
Linear Case

Quadratic Case



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
axial

⌧ 1

Kilic, Okui, Sundrum; 0906.0577



Lower bound on meson mass ... ×

e�

e+

⇧+

⇧�

⌧+

⌫⌧

⌫̄⌧

⌧�

Charged pion production at LEP II

Using a crude recasting of 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-
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a�1

m⇧

mV

Within the range simulated on our lattices, we obtain

pseudoscalar

vector meson

scalar baryon

vector baryon

spin-2 baryon



S parameter

×

B W 3

Obviously ΔS -> 0 as (yv) -> 0.

With custodial SU(2), approximate symmetric, and M1 close to M2
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x e
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4M2
G
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LR,

and thus can be easily suppressed below experimental limits.

[Vector-like masses for dark fermions crucial.]

Peskin, Takeuchi (1990, 92)



Effective Higgs Coupling

L � y h 1 1

y =
y2v

M2 �M1
+O(✏y) '

(
yp
2

Linear Case
y2v
2� Quadratic Case.

This leads to an effective Higgs coupling to the dark scalar baryon

gB ' fB
f ⇥

⇢
ye↵ Linear Case
y2e↵

v
mB

Quadratic Case

ye↵ ⌘
(

y mBp
2M1

Linear Case

y mBp
2�M1

Quadratic Case.

The Higgs coupling to the lightest dark fermions

hB| mf f̄f |Bi = mBf
B
f

Extracted from lattice!



Direct Detection  

B B

p, n p, n

Higgs exchange

EM polarizability

B B

N N

Stay tuned for Enrico’s talk!



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 the thermal 
annihilation rate and saturates
unitarity, expect

mB ⇠ 100 TeV

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

Griest, Kamionkowski; 1990

Barr, Chivukula, Farhi; 1990



Colliders

SUSY Stealth

LSP

heavier 
superpartners scalar baryon

baryon excited
resonances

Collider searches dominated by light meson production and decay.

Missing energy signals largely absent!

⇢
⇧s



Meson Decay Rates - A First Look
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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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3P0,MH = 125 GeV
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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-

8

Fok, Kribs; 1106.3101



Astrophysical Signals - A First Look

Excited states of dark baryon that are nearby in mass
• fine structure  
• hyperfine structure 
could be visible through γ-ray emission/absorption lines.

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

B ⇧

⇧

⇧

⇧B⇤

Elor, Rodd, Slatyer; 1503.01773

Cascade annilihition begun 
to be explored!
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Summary and Future
• Stealth Dark Matter is a viable composite dark matter candidate
   composed of electrically charged constituents

• Qualitatively different direct, indirect, and collider signals are
   expected, illustrating the importance of “thinking outside the box”

• Meson production and decay is an extremely interesting LHC signal
   - calculating meson form factor       from lattice is a high priority
      needed to make quantitative predictions for LHC

• S parameter from lattice would lead to bounds on EW breaking
    parameters (important!)

•  Indirect astrophysical signals (γ-rays) possible between 
     excited states as well as annihilation of a symmetric component

•  Further investigation of abundance remains interesting (esp. asymmetric)

f⇧


