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+ Composite object is neutral In experiments and give the
correct relic abundance
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L

Natural features of Composite Dark Matter

Stability is a direct
consequence of
accidental symmetries

Neutrality follows naturally
from confinement into singlet
objects wrt. SM charges

Small interactions with
SM particles arise from form Self-interactions are
factor suppression (higher included due to strongly
dim. operators) coupled dynamics




[list of references focused on lattice results when possible]

[for more details see review by Kribs & Neil, 1604.04627]

Models for Composite Dark Matter
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Importance of lattice field theory simulations [}
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¥ need to solve the strong dynamics: lattice gauge theory

+ simulations are naturally suited for models where dark fermion
masses are around the confinement scale

+ controllable systematic errors and room for improvement

+ Naive dimensional analysis and EFT approaches can miss
important non-perturbative contributions

+ NDA is not precise enough when confronting experimental results
and might not always work: there are uncontrolled theoretical
errors which are usually neglected



00
“Stealth Dark Matter” Model 00

+ New strongly-coupled SU(4) gauge sector “like” QCD with a
plethora of composite states in the spectrum: all mass scales are
technically natural for hadrons

4+ New Dark fermions: have dark color and also have electroweak
charges (W/Z,y)

+ Dark fermions have electroweak breaking masses (Yukawa
couplings) and electroweak preserving masses (from confinement)

+ A global symmetry naturally stabilizes the dark lightest baryonic
composite states (e.g. dark U(1) “baryon number”) which is a
singlet of 4 dark fermions: spin O (!!)

[LSD collab., Phys. Rev. D88 (2013) 014502] [LSD collab., Phys. Rev. D92 (2015) 075030]
[LSD collab., Phys. Rev. D89 (2014) 094508] [LSD collab., Phys. Rev. Lett. 115 (2015) 171803]



L attice Stealth DM

e Non-perturbative lattice
calculations of the spectrum
confirm that lightest baryon has
spin zero

aM

e The ratio of pseudoscalar (PS)
to vector (V) is used as probe
for different dark fermion
masses

® [he meson-to-baryon mass
ratio IS a non-perturbative
number which can only be
extracted from lattice
simulations
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[LSD collab., Phys. Rev. D89 (2014) 094508]

Lattice discretization and
finite volume effects are
studied using multiple
simulations (similar to what
is done in QCD)
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is done in QCD)



Stealth DM at colliders
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Stealth DM at colliders

A A baryon excited
heavier resonances
superpartners
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Plot by G. Kribs

4+ Signatures are not dominated by missing energy: DM is not the
lightest particle! The interactions are suppressed (form factors)
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Stealth DM at colliders

A A baryon excited
heavier resonances
superpartners

VS. 0
LSP Ils
=300GeV
=100GeV
> >

Plot by G. Kribs

4+ Signatures are not dominated by missing energy: DM is not the
lightest particle! The interactions are suppressed (form factors)

4+ Light dark meson production and decay give interesting signatures:
the model can be constrained by LHC/LEP data! 17>100GeV



More general bounds on “dark™ mesons

+ Dark mesons can be created through Drell-Yan or vector kinetic mixing

+ Dark vector meson decays to dark “pions”

+ Re-cast existing SUSY searches (not optimal) ribs, Martin, Ostdiek, Tong (in preparation)]
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[RHIC]

Gravitational wave signatures from PT

+Spectrum of GW from a deconfinement first order phase transition in the

dark sector
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The darkness of Composite
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[Bagnasco et al., hep-ph/9310290]

Dark Matter



[Bagnasco et al., hep-ph/9310290]

The darkness of Composite Dark Matter
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The darkness of Composite Dark Matter
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[Pospelov & Veldhuis, hep-ph/0003010] [Ovanesyan & Vecchi, 1410.0601] [Detmold et al., 0904.1586-1001.1131]

[Weiner & Yavin,1206.2910] [Frandsen et al., 1207.3971]
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[Newer bounds: PandaX-Il 1607.07400, LUX-332d 1608.07648, XENON1T-34d 1705.06655]
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[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

Concluding remarks

<+ Composite dark matter is a viable interesting possibility with
rich phenomenology: all scales are natural

+ Lattice methods can help in calculating direct detection cross
sections, production rates at colliders, self-interaction cross
sections and the spectrum of gravitational waves. Direct
phenomenological relevance.

<+ Dark matter constituents can carry electroweak charges and
still the stable composites are currently undetectable. Stealth
Cross section.

+ Lowest bound for composite dark matter models: ~300 GeV
(colliders+direct detection+lattice)



extra



Uncorrelated Paired

Dark * C -3

Matter WY *

PRL Editors’ Suggestion: Polarizability

[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

« § PRD Editors’ Suggestion: Higgs exchange

[LSD collab., Phys. Rev. D92 (2015) 075030]
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e The f.|e|dlcontent of the model Fed  |sumpleu@n vl o
consists in 8 Weyl fermions = Ty
~_ e
FY§ —1/2
e Dark fermions interact with the P (Fﬁ‘) - 2.0 <+1/2>
SM Higgs and obtain current/ ry —1/2
chiral masses s N A A
F N (1,-1/2) | —1/2
. F} N (1,4+1/2) | +1/2
¢ |[ntroduce vector-like masses for Fod N | (1-1/2) | -1,
dark termions that do not break
EW symmetry
. . LoO4yldi, FIHFY +y, F) - HTF}
 Diagonalizing in the mass @]Z;HFZ yfFl b F‘fu ,
eigenbasis gives 4 Dirac BRCAUAE S B Rk B
fermions

L\ My} FiF] — MY, FYFL + ML FSFY + hec.

e Assume custodial SU(2)
symmetry arising when u < d Yia = Y14 Yo3 = Y3 31 = Mg,




[LSD, 1402.6656-1503.04203]

[LatkKMI, 1510.07373]
[DeGrand et al., 1501.05665]

Computing Higgs exchange

4+ Need to non-perturbatively
evaluate the dark o-term

1. effective Higgs coupling with dark fermions
and quark Yukawa coupling

+ Effective Higgs coupling non-

trivial with mixed chiral and 2. dark baryon scalar form factor: need lattice

vector-like masses input for generic DM models!
3. nucleon scalar form factor: ChPT and lattice

input [Plenary talk by Collins, Tue@10:15]

4+ Model-dependent answer for
the cross-section

+ Lattice input is necessary:
compute mass and form factor




[LSD collab., Phys. Rev. D89 (2014) 094508]
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Bounds on the Yukawa coupling ohe

meps/my = 0.55
@max S L ] mes/my = 0.70

0.05; | ™ e
mps/my = 0.77

002 | e *
------------- mps/my = 1
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Rate, event / (kg-day)

Bounds from

M moments

Mesonic and Baryonic EM form factors

directly from lattice simulations

SU(3) Ni=2,6 dark fermionic baryon

[LSD, 1301.1693]
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XENON100 [1207.5988], 95% CL exclusion

107 10!
M, = Mp [TeV]

o

l

Y baryon similar to QCD neutron
% dark quarks with Q=Y

% calculate connected 3pt

% scale set by DM mass

% magnetic moment dominates

% results independent of Ny



BSounds from

M moments

Mesonic and Baryonic EM form factors

directly from lattice simulations

SU(3) Nf=2,6 dark fermionic baryon

[LSD, 1301.1693]
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Y baryon similar to QCD neutron
Y dark quarks with Q=Y

Y calculate connected 3pt

% scale set by DM mass

% magnetic moment dominates

% results independent of Ny

Mg >~ 10 TeV




M moments

BSounds from

Mesonic and Baryonic EM form factors

directly from lattice simulations

SU(3) Nf=2,6 dark fermionic baryon

[LSD, 1301.1693]

Y baryon similar to QCD neutron

104
102 % dark quarks with Q=Y
_ mz % calculate connected 3pt
gn 124 ............................. * scale set by DM mass
é 1076 % magnetic moment dominates
] 0 % results independent of N
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Mg >~ 10 TeV

pushed to ~100 TeV
with new LUX




Nuclear: Rayleigh scattering

- )X
e it Is hard to extract the momentum X O X
dependence of this nuclear form tactor

e similarities with the double-beta decay
nuclear matrix element could suggest ~

large uncertainties ~ orders of magnitude A
A A
* t0 asses the impact of uncertainties on the A m
total cross section we start from naive fF R <A‘F FNV ‘A>
dimensional analysis A
72 o o8
e we allow a "magnitude” factor M;,i‘ to f ~ 3 R

change from 0.3 t0 3

2 2 2
:unx Cr€ A
Y
O = F [Pospelov & Veldhuis, Phys. Lett. B480 (2000) 181]

7TA2 [Weiner & Yavin, Phys. Rev. D86 (2012) 075021]
[Frandsen et al., JCAP 1210 (2012) 033]
[Ovanesyan & Vecchi, arxiv:1410.0601]




Nuclear: Rayleigh scattering

- X
e it Is hard to extract the momentum X O X
dependence of this nuclear form tactor

e similarities with the double-beta decay
nuclear matrix element could suggest ~

large uncertainties ~ orders of magnitude
A A4 4
* to asses the impact of uncertainties on the ). el .
total cross section we start from naive fF o <A‘F FNJV‘A>

dimensional analysis

e we allow a “magnitude” factor Mjé‘ to
change from 0.3 to 3

2
N :unx CF€ .4

O = 9 3 F [Pospelov & Veldhuis, Phys. Lett. B480 (2000) 181]
C A T X [Weiner & Yavin, Phys. Rev. D86 (2012) 075021]
[Frandsen et al., JCAP 1210 (2012) 033]

[Ovanesyan & Vecchi, arxiv:1410.0601]



Nuclear: Rayleigh scattering

e it is hard to extract the momentum x O X
dependence of this nuclear form tactor

e similarities with the double-beta decay
nuclear matrix element could suggest ~

large uncertainties ~ orders of magnitude A
A A
* to asses the impact of uncertainties on the ). el m
total cross section we start from naive fF o <A‘F FNV‘A>

dimensional analysis

e we allow a “magnitude” factor Mjé‘ to
change from 0.3 to 3

[Pospelov & Veldhuis, Phys. Lett. B480 (2000) 181]

[Weiner & Yavin, Phys. Rev. D86 (2012) 075021]
[Frandsen et al., JCAP 1210 (2012) 033]
[Ovanesyan & Vecchi, arxiv:1410.0601]




[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

Lattice: Polarizability of DM

323x64 quenched lattices (large volume)
one lattice spacing and two masses (matched)

® BaCKgrOUﬂd f|e|d methOd 40 sources on 200 independent configurations
multi-exponential fits with 3 states for the baryon
response of neutral baryon to
external electric field £ o2 SU)
Ep o91-
e Measure the shift of the baryon N
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[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

| attice: Polarizability of DM N8

323x64 quenched lattices (large volume)
one lattice spacing and two masses (matched)

® B acC kg roun d f|e | d M eth Od : 40 sources on 200 independent configurations
multi-exponential fits with 3 states for the baryon
response of neutral baryon to
external electric field € 02| V)

e Measure the shift of the baryon
mass as a function of &
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Lattice: Polarizability of DM

e Background field method:
response of neutral baryon to
external electric field &£

e Measure the shift of the baryon
mass as a function of &

[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

323x64 quenched lattices (large volume)
one lattice spacing and two masses (matched)
40 sources on 200 independent configurations
multi-exponential fits with 3 states for the baryon

| su)

0.000 0.005 0.010 0.015 0.020 0.025 0.030

|su@)




[LSD collab., Phys. Rev. Lett. 115 (2015) 171803]

Lattice: Polarizability of DM 98

323x64 quenched lattices (large volume)
one lattice spacing and two masses (matched)

® B adcC kg roun d f|e | d m eth Od : 40 sources on 200 independent configurations
multi-exponential fits with 3 states for the baryon

response of neutral baryon to
external electric field &
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* Measure the shift of the baryon
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