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How do we know DM i1s there?

DISTRIBUTION OF DARK MATTER IN NGC 3198
200 ———
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3¢ Rotation Curves of Galaxies
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¢« Gravitational Lensing
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THREE PRIMARY PROPERTIES
OF DARK MATTER

1. Candidate should be Stable
- Explains why dark matter has survived to today

= [mplies a new symmetry and/or charge

2. Candidate should be EW Charge Neutral

- Explains why there 1s no visible evidence

= Implies lightest stable particle 1s chargeless

3. Candidate should explain observed relic density

How can

PD ™~ 0.2 Pec

this come about?



Dark Matter How much do we
Annihilates see today?

One approach to DM theories:

» pp ~ 0.2 p
“WIMP Miracle”

Assume Interactions
» Mp ~ TeV
at/near EW Scale = s

Choose DM Mass
Choose DM Interactions




AN ASYMMETRIC ALTERNATIVE?

S.Nussinov (1985) R.S.Chivukula, T.P.Walker (1990) D.B.Kaplan (1992)

Observe a different relation:

PD ~ 0B
MDnD o 5MBTLB
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S.Nussinov (1985) R.S.Chivukula, T.P.Walker (1990) D.B.Kaplan (1992)

Observe a different relation:
Asymmetr
pp ~ Hoi 4 4

MDTLD o 5MBnB

If DM density is thermal:  LSIJ[IR )il WaXelelle(=Tpl

Natural if DM density is also tied to asymmetry

np~np == )Np~5GeV
MD > MB 2 ng > np ~ G_MD/Tsph

Direct or Indirect

coupling to EW

Sphaleron
connection




However:

Asymmetric relic density
suggests negligible thermal abundance

SMALL LARGE s
THERMAL ANNIHILATION - (:111:3:)1?\:5
ABUNDANCE RATE ’ S

Tricky to achieve for perturbative, elementary DM

Strongly-coupled composite theories most interesting...

.tNIS IS where the lattice can play significant role!



ASYMMETRIC MODELS

We Want:

% Lightest stable composite chargeless (EM + weak)
% Constituents that communicate with electroweak

Direct:

Subset of constituents that are non-singlet under SU(2).,

Indirect:

Bai

: Schwa’ller
charged partlcles yet to be observed 2013

Neutral, but couples to heavy,



BARYON FLAVOR SYMMETRY

Invariant under SU(Ny) transformations

% Flavor Non-symmetric
Example: (3-color neutron ala QCD)

Qu:Q
00 =
Q Qu#@d

Y Flavor Symmetric

Example: (4-color neutron)

00 Qu
Q 6 only
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|
&
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HOW WE MIGHT SEE IT?

Dim-5 Dim-6 Dim-7/
L o v _ %
o Ve UOET . R
Magnetic Charge e 2
Moment R i Polarizability

Odd Nc g g

No baryon flavor sym.

Odd Nc
Baryon flavor sym.

Even Nc M g
No Baryon flavor sym.

Even Nc
Baryon flavor sym.



FOCUS OF CURRENT WORK

3¢ Direct detection exclusions for odd number of colors

Explore:

®%* 3-colors
oo Multiple degenerate masses
o 2 and 6 hight tlavors

Explores a range of confining theories for odd Nc theory
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s¢ Direct detection exclusions for odd number of colors

Explore:

* 3-colors
oo Multiple degenerate masses
o 2 and 6 light tlavors

OCD / \ Sf)mething
o ditterent...
sanity check

Explores a range of confining theories for odd Nc theory




CROSS-SECTION CALC.




CROSS-SECTION CALC.
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CROSS-SECTION CALC.




CROSS-SECTION CALC.

5 2 € v v 1% 1 v
MP = 20508 L = o T XXX T2 X)
XX
ol
Spin-0: A (O pt Y By )

4

Fyy) — (Q%g" + ¢*q”) (Fix + Fax)?

Spin-1/2: LY = 4p"p" (Fix +



CROSS-SECTION CALC.

4
14 14 1Y 1
MP = ZL0LE L = g 3 X XX I )

e i
Spin-0: LY =4F*(Q°)p"p” e

Spin-1/2: £ = 4p"p” (Fix + 2 P (Qfg " aba ) (s Fosili

Large nucleus: 2% = 4W,x(Q?,q - p)i"s” — Wix(Q?,q - p)(Q*g" + ¢"¢¥)



CROSS-SECTION CALC.

do s | Msi|? + | Mspl?
dER 167T(MX % MT)QE%aX

'*Non-perturbative lattice input



CROSS-SECTION CALC.

do i | Mst|? + | Mspl?
dER 167T(MX % MT)QE%aX

2M§M{1ﬂ)2

Emax o
& (Mx T MT)2

'*‘Non-perturbative lattice input



CROSS-SECTION CALC.

do s | Mst|? + | Mspl?
dER 167T(MX % MT)QE%aX

QMQMTU2
Erélax: X
(MX+MT)2
S| 2MT2—4422 2 MXQEgaX :
Msi? = et [ZF.(Q)] (Vx) STk e (e e R

’*‘Non-perturbative lattice input



CROSS-SECTION CALC.

s A P e A S

dEr  16m(M, + Mr)2E%gax

181 513, CRMEEED
e

2M§MTU2

(MX+MT)2

—4 AR ar) 7 MX % Egax _
s+ (112 ()
il pr o3

() [{45) p@] =

’*‘Non-perturbative lattice input



CROSS-SECTION CALC.

gt M M S DS
dEr _ 16m(M, + Mr)2ERo

QMQMT’U2
Erélax doc, X
(MX i MT)2
IMSI|2 =26, [ZFC(Q)] (ﬁx) § X<TEX> —|—/£X(1—|- MT) ( ER —1)

Mspl? = e g(ﬂ) [(AN_T) Fs(Q)r""i

Dt By
Mdetector PDM dis / do
R= dER Acc(ER) { :
TRes T & Wb i
*Non-perturbative lattice input
Xenon100: Epnin = 6.6 keV Epmaz = 30.5 keV



i bl g
(NG 9IN @) =T | FY @0 + B (@) 557
Isovector:  FY.(Q%) = F{,(Q%) — F,(Q?)

|soscalar: BN — B (Od 1@
2 1 S % 1 ) )
Neutral FF: F1,2;neut(Q ) = 6F1,2(Q )_ §F1,2(Q )
OO 3
dF ‘neut
IO et FQ;neut (O) <T%;neut> = —06 LdQQ(Q ) Q2=0
2 3"'@neut



THREE-POINT CALCULATION

Disconected diagrams omitted

1IN current

calculation

One measurements
2 Propagators

One time 1nsertion

Transverse charge density:

(courtesy of J. Wasem)

10 Flavor




SCALE SETTING

How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.
id
E | alMq = »
=t e s ~ 1670 MeV
Technicolor: “Higgs” vev
mf —0 #
G ’ ~ 246 GeV
Dark Matter: Dark Matter Mass
7
aMp = # » 7E

30 40 50 100
WIMP Mass [GeV/c?]



SCALE SETTING

How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.
id
Exampl aMq = # »
gl 167() MeV
Technicolor: “Higgs” vev
mf e #
G ’ ~ 246 GeV
Dark Matter: Dark Matter Mass

aMp = # »

Vary this value



CALCULATION DETAILS

|0 DWF Ensembles:
- 323 x 64 x 16 lattices

2 flavor:

6 flavor:

Msf —

Mmf —

0.010 - 0.030
0.010 - 0.030

Eableslbzs? Blavor

Fablesl: 6 Elovak

i e o Conlics - Meas mg | 7 Configs | # Meas
0.010 564 1128 0.010 224 442
0.015 148 296 0.015 112 S,
0.020 131 262 0.020 81 162
0.025 67 2068 0.025 89 2067
0.030 39 154 0.030 7 259




Red - 2 Flavor
Blue - 6 Flavor

BARYON MASS

02 . *
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Red - 2 Flavor
Blue - 6 Flavor

Kneut
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MAGNETIC MOMENT

++H%+} by
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Mg/Mpg,

Rneut — 6’18 gy



CHARGE RADIUS
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EXCLUSION PLOTS
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FINAL WORD

NA

‘¢ Based purely on observational DM data:

Composite dark matter 1s the
most “natural”

A

¢ Lattice can address place imitial bounds on models

: Tight constraints on odd Nc theories
X Models with QCD charges excluded below 10 TeV

- Currently exploring polarizabilities
of even Nc theories

X 4-color model building underway (Kribs, Neil, MIB)

X 4-color baryon simulations in production (LSD)
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