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Lattice Gauge Theory - basics

A a - Discretize space and time
4P - lattice spacing “a@”
lattice size “L”

Keep all d.o.f. of the theory
not a model!
no simplifications

Amenable to numerical

i methods
Monte Carlo sampling
use supercomputers

Precisely quantifiable and

improvable errors
Systematic
Statistical




[KEK-Japan]

< dm

Importance of lattice field theory simulations

+ lattice simulations are needed to numerically solve strong

dynamics

+ 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 work for certain situations: there are uncontrolled

theoretical errors
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A very familiar picture

The Standard Model of particles Mesons, Baryons and Glueballs
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Composite Dark Matter {9 \:} Q

+ Dark Matter is a composite object e.g. techni-baryon or
hidden glueball

+ Interesting and complicated internal - -

+ Properties dictated by strong dynamics Similar to QCD

. ———

+ Self-interactions are natural

Chance to observe them

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

e —

+ Constituents interact with Standard Model
particles



. [review by Kribs & Neil, 1604.04627]

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] [review by Kribs & Neil, 1604.04627]

Models for Composite Dark Matter

% Pion-like (dark quark-antiquark) % Glueball-like (only gluons)
4+ pNGB DM [Hietanen et al., 1308.4130] 4+ SUNonia [Boddy et al., 1402.3629]
4+ Quirky DM [Kribs et al.,0909.2034] [S0n, 1602.00774]

4 Ectocolor DM [Buckley&Neil, 1209.6054]
4 SIMP [Hochberg et al., 1411.3727]

% Dark Nuclei [petmold et
4+ Minimal SU(2) [Lewis, 1610.10068] o] A al., 1406.2276-1406.4116]

% Baryon-like (multiple quarks)
4+ “Technibaryons” [LSD,1301.1693]
4+ Stealth DM [LSD, 1503.04203-1503.04205] * ATOMS

4+ One-family WTC [LatkMI, 1510.07373] Molecules [Cline et
al., 1312.3325]

4+ Sextet CH [LatHC,1601.03302]



[Bagnasco et al., hep-ph/9310290]
[Antipin et al., 1503.08749]

The darkness of Composite Dark Matter

0

0
1 {

Relevant if the constituents have SM color charges

— R ————

gluon : [Chivukula et al.,hep-ph/9210274] [Godbole et al.,1506.01408] [Bay&Osborne,1506.07110]
Q R R R R R ERRBBREEEEEEEBDERREEEEEE=
@ )]
o % magnetic dipole (5)
photon Lowest dimensional operators: ¥ charge radius  (6)
% polarizability  (7) |
. @
Z boson -_—
0.4 Gevie Same as y but suppressed due to heavy mass
1 ——— = ——
W
W boson
=12c GeVffc? -
" H Most relevant interaction if constituents have Yukawa
Higgs couplings!
boson

——— - e —— S — e —— S ——— ———

[Wikipedia]



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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| COME UN CACCIA INVISIBILE Al RADAR G ¢
Materia oscura “stealth”

Querk oscuri tenuti insieme da un'interszione forte 8 sua volte oscure. Ecco come |a dark meatter riu-
scirebbe a aludere a cgni tentativo dincastraria. Enrico Rinaldi (LLNL): «Esisce Ia possibilitad che questo
"mondo cscurs”, con le sue nuove particelle, possa essere rivelate dagli esperimend in corso al Large
Hadran Collider 8l CERN di Ginevra»

Lavoro | Seminar

lrg
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di Marco Malospina o Sequi @malomioe vencrdi 28 scttembre 2015 @ 16:18

Ltegfth come furtva. Stealth come imorandibi-
b= $teqfth come quel minacriosi asre da guer-
ra dal proflle sagnmara casl dz easere imvalblll
al “adar, Dz quanto emarge da calooll del tsidl
dell LLNL, il Lawvrence Livermera Neticnal w-
boratory calforniang, € daimodelll dau in pa-
€20 @ Vulca~ (ur supercompater per il ca colo
parzllizlalngraco rrasticase numer al ftn
del nereflaz), szrebhe qquesra la narara della

Iraieria oscura: steeling 2 ppunto, Per forzs

non ¢ ancora esoeriments one sig nuscito @

Moppa 2D de o dist sudore =u kirga scals cell materic
0stura ncastru ta da misare di lente gravitanorae decole
Jrlizzando il ve 2scop'o sa8ziale Hubb 2

ncastrera.
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Detecting Stealth Dark Matter Directly through Electromagnetic

Polarizability.

Overview of attention for artile published in Physkal Review Letters, Ocober 2015

SUMMARY News Blogs Twitter Facebook Googlet
Tithe Detecting Steaith Dark Matter Direcly through ENciromagrece Polarizabiliy.
Published In Phrpsical Review Letters, October 2015

ool 10,910 physreviett 115171803 (2

Pubmed 10 255110 2

Authors T. Appeiquist, £ Berkowitz, R.C. Brower, M. | Buchotl G. 7. Reming, X.-¥. Jin, | K0siis, GD
Alctract We cakcuixe the spinrindependent amering Cross section for direct detection that resy

from
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https://www.lInl.gov/news/new-stealth-dark-matter-
theory-may-explain-mystery-universes-missing-mass
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Tria 30 map illustratas the large-acsale distributon of dark matter, reconsiructed from measuramenis of waak
gravitational lersing by using the Hubble Space Telezcope. [Download Image)

New 'stealth dark matter' theory may explain
mystery of the universe's missing mass

Anne M Stark
SMarks@linl.gov =
2% 222 9799

Lavwrerce Liverrmore National Laboratory (LLNL) scisntists have coms up
with 2 new theory that may identifty wny dark mattar has evaded direc:
detechon in La~h-based sxparimanta
http://www.lescienze.it/news/2015/09/28/news A —
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Un nuovo modello per la materia oscura

Quesrta forma misteriosa di materia patranhe avera una
strullura compuosia come la mawna ordinaria, con "quark
oscuri” aggregati e tenuti insieme da un analapo della forza
che permelle ai normali nuder di nmenere slabil, |
ramponenti di questa tipo di materia nscura, definita stealth
matter, potrebbero essere studiati in modo indiretto dal
collisore Large Hadron Collider del CERN di Ginevra (o
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https://www.llnl.gov/news/new-stealth-dark-matter-theory-may-explain-mystery-universes-missing-mass
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http://www.lescienze.it/news/2015/09/28/news/materia_oscura_stealth_matter_lhc-2779983
http://www.lescienze.it/news/2015/09/28/news/materia_oscura_stealth_matter_lhc-2779983

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 (Higgs) and
electroweak preserving masses (not-Higgs)

+ A global symmetry naturally stabilizes the dark lightest baryonic
composite states (e.qg. dark neutral proton)

[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]



[LSD collab., Phys. Rev. D92 (2015) 075030]

“Stealth Dark Matter” model EW interactions

e The field content of the model consists

: . Field ’
in 8 Weyl fermions = o
() e
F¥ —1/2
e Dark fermions interact with the SM - <F2“> < 2.0, <+1/2>
. . . 2 — )
Higgs and obtain current/chiral F3 —1/2
FY N (1,4+1/2) | +1/2
Masses Fg N (1,-1/2) | —1/2
| F} N (1,4+1/2) | +1/2
e |ntroduce vector-like masses for da Fy N | @a,-12) | —172
fermions that do not break EW
symmeflry
. L . . LD z‘ijHij +yyFy - H'F)!
* Diagonalizing in the mass eigenbags ST FIHIFY — g Fy - HTFY + hec.
gives 4 Dirac fermions S—
_ ﬁDiijFj M4FUF4 —|—M4FdF4 + h.c.
e Assume custodial SU(2) symmetry —

S| - d d
arising when u < d u u v — )Y,




[ATLAS]

Stealth Dark Matter at colliders

A A baryon excited
heavier resonances

superpartners scalar baryon

VS.

LSP

Plot by G. Kribs

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

+ Dark mesons production and decay give interesting signatures: the
model can be constrained by collider limits!



[LSD collab., Phys. Rev. D89 (2014) 094508]

Lattice Stealth Dark Matter

e Non-perturbative lattice
calculations of the spectrum
contfirm that lightest baryon has
sSpin zero

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

% The meson to baryon mass ratio

allows us to translate LEPII
bounds on charged meson to
LEPIlI bounds on composite
bosonic dark matter

ispin2 5
¢ spin1 ——
<« Spin0

aM

——

— * mesons
PS S/

055 060 065 070 0.75

4+ Study systematic effects

due to lattice discretization

and finite volume due to the
relative untamiliar nature of

the system



Computing Higgs exchange

00
1]

hl- = -

4 Need to evaluate the dark o-
term (non-perturbative)

+ Effective Higgs coupling non- !

trivial with mixed chiral and
vector-like masses

2.

4+ Model-dependent answer for
the cross-section

+ Lattice input is necessary:
compute mass and form factor

M,

(using Feynman-Hellmann)

Y£rYq
2m2

(BIffIB) ) Jalagla)

q

h) f

effective Higgs coupling with dark fermions

and quark Yukawa coupling

dark baryon scalar form factor: need lattice

input for generic DM models!

nucleon scalar form factor: ChPT and lattice
iInput

(i [BI7/1B) Eﬁamf
h=

_ v Imy(h)|
my 0h heo ﬂm{—yv




DM-nucleon cross section (cm2)

h--

Bounds from Higgs exchange K1)

4L attice results for the cross-section are
compared to experimental bounds

+Coupling space in specific “models”
can be vastly constrained

SU(4) Ni=4 Stealth DM

[LSD, 1402.6656-1503.04203]

Purely Yukawa mass
is excluded

10 50 100 500 1000
mB(GeV)

SU(3) Nt=8 “technibaryon”

[LatkMI, 1510.07373]

le-36————

le-38!

[cm2]

= 1e-40f

o)

le-

4 Some candidates can be
excluded as *dominant sources
of dark matter

4+ There is lattice evidence for
universality of dark scalar form
factors: includes N¢=2,3,4,5,7



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

Photon interactions o) () _F%q”

Expansion at low momentum through effective operators

4dimension.5\-magn\e spin O /W
/

Adark

+dimension 6 = ¢ cystodial SU2) Aﬁark
— 7 \ /
() Fu Fr

4+dimension 7 = polarizability A




[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]

Computing polarizability

CF62

xEHCES v,

3 X
THX

X

J py X

Lattice
S S\t-q
Nuclear i.

Physics
% A\

\]f/

—

k47

Y

Nucleus Nucleus




[LSD collab., Phys. Rev. Lett. 115 (2015) 171803] [Detmold, Tiburzi & Walker-Loud, Phys. Rev. D79 (2009) 094505 and
Phys. Rev. D81 (2010) 054502]

Lattice: Polarizablility of Dark Matter

323x64 quenched lattices (large volume)

* Background field method: o S e ot
res p onse Of ne Utr al b ary on t 0 - multi-exponential fits with 3 states for the baryon
external electric field £ 052 | SUA)

E g o091

* Measure the shift of the baryon
maSS aS a funCtlon Of g 0000 | <0.0|05 0.610 0.615 0.620 0.0|25 0.630

0.67

0.66 | SU(3)
0.65 -
Ep o064
0.63 1
0.62 o

0.61

0.00 0.01 0.02 0.03 0.04
0.05

0.00 - SU(3)

~0.05 1
~0.10 1

L, —0.15
~0.20 1
~0.25 1
~0.30
~0.35

0.00 0.01 0.02 0.03 0.04



[Pospelov & Veldhuis, Phys. Lett. B480 (2000) 181]
[Weiner & Yavin, Phys. Rev. D86 (2012) 075021]
[Frandsen et al., JCAP 1210 (2012) 033]
[Ovanesyan & Vecchi, JHEP 07 (2015) 128]

Nuclear: Rayleigh scattering

- X O X
e it IS hard to extract the momentum
dependence of this nuclear form tactor
8 8
e similarities with the double-beta decay
nuclear matrix element could suggest large -
uncertainties ~ orders of magnitude A A A
e t0 asses the impact of uncertainties on the flg,“ — <A‘F“VFMV‘A>
total cross section we start from naive
dimensional analysis 5 r tr]\}ﬂ
e we allow a “magnitude” factor M to fF ~ 372"« R Jﬁ

change from 0.3 t0 3 —————




INEW! PandaX-Il, 1607.07400 and LUX-332d,1608.07648]

Lowest bound from EM polarizability

Electric polarizability from lattice simulations with

background fields LUX exclusion bound for
spin-independent cross
section

x107%

—

x107%

—

SU(4) Ni=4 Stealth DM

.x1074° {ILSD collab., Phys. Rev. Lett. 115 (2015) 171803]

—

x10™% -

A Coherent neutrino
scattering

background

. x107%

—

DM-nucleon cross section (cm?)

x107%

—

10 50 100 ~ 500 1000 5000

Coneteon (Z. A) = Z4 14dra* 2 (M2)?2 L M, (GeV) with LUX. PRL (2013
nucleon\ 4, 12 m§R2

lowest allowed direct detection cross-section for composite
dark matter theories with EW charged constituents

—f




INEW! PandaX-Il, 1607.07400 and LUX-332d,1608.07648]

BSound from EM polarizability

INAAee

CoGeNT
(2012)

CDMS Si

- GO
. 'Be

NeutkN'SB,

Neutrinos

B R T 100
WIMP Mass [GeV/c?]

1000 10"

[arxiv:1307.5458]

WIMP—nucleon cross section [pb]

0—14
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[Planning the Future of U.S. Particle Physics (Snowmass 2013), 1401.6085]



[Peccei & Quinn: PRL 38 (1977) 1440, PR D16 (1977) 1791]
[Preskill, Wise & Wilczek, Phys. Lett. B 120 (1983) 127-132]

Axion Dark Matter

7/Fop pich Dark Mathér)

e Axions were originally proposed to deal
with the Strong-CP problem

* They also form a plausible DM
candidate

e [he axion energy density requires non-
perturbative QCD input
, , Lattice Field Theory methods
* Being sought in ADMX (LLNL, UW) & -

CAST-IAXO (CERN) with large discovery v
potential in the next few years oo 0000

Requiring Qaxion < Qcom Yields a lower PDG 2014
pound on the axion mass today




Current axion constraints

e e e e e S e e e

» Two main models for light axions

predict axion coupling to photons
[KSVZ & DFSZ]

-

ADMX Achieved ¢

Over-closure
constraint on
axion mass

Cavity Fre

* Ma (or fa) is the only free parameter

ARSI Swarl apd

« experiments look for a—yy transitions

e e I

|

« parameter space bound by
-] astrophysical and cosmological
constraints

e o ) 3L L e e e

LIJII

Axion Coupling |g,., | (GeV™)

-

10 100 1000
[ADMX Website] Axion Mass (ueV)




AXIion energy density

— pgi) ZZ’VQXORT Xeda C
A(T) = PR R, 1y (“s%‘*%a !

1 T, 1Md
= VI famay from xPT
fa Ty, + md

Rely on controllable
R(T) from cosmology lattice calculations

,U(Tl) — lmgfa?@% B1 is the initial misalignment angle: effectively

2 another free parameter, but can be averaged
over in the post-inflationary PQsb scenario




2 r2
m —
CLfCL 692 4—0
I ——

Non-perturbative calculation of QCD topology
at finite temperature

- Pure gauge SU(3) topological susceptibility
w compatible with model predictions
(DIGM/IILM), but important non-

perturbative effects ' D T : ;

Kitano&Yamada,1506.00370][B i et al.,1508.06917][Fri tal., 1606.07175 [ — T —
[KitanodYamada |[Borsanyi et a |[Frison et a ] [Berkowitz, Buchoff, ER., 1505.07455]

- is QCD topological susceptibility at high-T | S— N
well described by models? = light § ?fihf |
fermions importantly affect the vacuum s | L NG
[Trunin et al.,1510.02265][Petreczky et al.,1606.03145][Borsanyi et al.,1606.07494] % o X N

(-';c gtl)atinuum ext. * . ‘:t:; ]
L Gt PO \F‘:?zh:
= a-0077m N bt
Great effort to control all systematic lattice N
effects in order to impact experiments. b ' i, 20 2

g . e ——
Near-final results reached in about a year! T Bonatietal, 1512.06746]




[Berkowitz, Buchoff, ER., 1505.07455, PRD]

Axion mass lower bound

Cavity Frequency {(GHz)
1 10 100

Lattice SU(3)
Yang-Mills

—

=
—
o

grf and Supernova Bounds

—

=
-
(98]

Axion Coupling |g,, | (GeV™)
s 3
& =

fa < (4.10+£0.04) 10" GeV
Ma > (14.6+£0.1) peV

o s S — T —
10 100 1000
[ADMX Website] Axion Mass (ueV)

—h

S
r—
(0))]




[Borsanyi et al., 1606.07494, Nature 539]

Axion mass lower bound

Cavity Frequency {(GHz)
10

This result

CULTASK

MADMAX

100

[Lombardo, Nature News & Views]

Axion mass (peV)

10 100

[ADMX Website] Axion Mass (ueV)




Concluding remarks

and lattice QCD techniques can be borrowed
when exploring the DM landscape ( )

* Composite dark matter is a viable interesting possibility with
rich phenomenology.

% Axion-like dark matter has a strong discovery potential

Lattice methods can help in calculating direct detection
Cross sections, production rates at colliders, and selt-
interaction cross sections for composite dark matter

Lattice methods are now the preferred tool to study the
evolution of the axion mass density in the early universe
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D. B. Kaplan, Phys. Rev. Lett. 68 (1992) 741

Asymmetric dark matter

* |tis an observational fact that the number density for dark
matter and baryonic matter are of the same order of

magnitude
° COpm =~ 5 (p

* This can be explained in Technicolor theories where dark [Planck and ESA]
matter is a baryon of a new strongly-coupled sector which
Share- S T . b 1 DR T Y [ DO S I E

requwes coupling of DM to SM
particles!

higher dimensional .
operators sphaleron processes le

e————— T | — e

¥

nDM%nB%MDM%5MB

Ty 1000 GeV

)

Ty=200 GeV |

T =20 Gey 107 100GV

ol . .
0
—Mpnm /T Pom/PB

[Buckley & Randall, JHEP1109 (2011)]

Mpv > Mg - ng > ng~e



Thermal Dark Matter

Dark matter starts in thermal DM < SM DM > SM  freeze-out
equilibrium with ordinary [ o — | e——
matter 000 :;—ﬁ 1
0.0001 [
| o | |
Dark matter cannot be created |, o |
: e = 10k ﬂ Hlncreasing <g,v> H
INn equilibrium when the 2 ol W |
temperatiire Arons helow m v S 10-'"! j . '
requires coupling of DM to SM |
nen particles! T
OTES e o] v |
relic density HE 1120 I I N Y |
IO"‘:[
Observed relic density: | :2; | Neq | |
2 ol H Kolb, Turner ! |
~U ~U X 10 100 1000
QX ~ ~ L— X=m |meL:Tt J

(Oqv) gi




[INEW! PandaX-Il, 1607.07400 and LUX-332d,1608.07648 exclusion bounds]

Bounds from EM moments

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
- 10: % calculate connected 3pt
é 124 ............................. * scale set by DM mass
é 107 % magnetic moment dominates
g ;Oli % results independent of N
10~ \
1014 ) §§§§ Mg >~ 10 TeV
11018 = = L 3 pushed to ~100 TeV
M, = M [TeV] with new LUX

\
l



[INEW! PandaX-Il, 1607.07400 and LUX-332d,1608.07648 exclusion bounds]

Bounds from EM moments @

Mesonic and Baryonic EM form factors

directly from lattice simulations

SU(2) Ni=2 pNGB DM
[Hietanen et al., 1308.4130]

cthg=-011 d{ reth=11 % DM is “mesonic” pNGB

% calculate connected 3pt
% use VMD with lattice p mass
% scale set by Fr=256 GeV

n Cross sectiom,, @y, ]
5=y
=]
E

o Excludea % depends on isospin breaking ds
g 10w % also couples to Higgs (d1+do)
|
2
v Mg ~< 13 GeV
| depends on dg

20 30 70 100 150 200
DM mass, my [GeV]

L — —

104 e




