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GRAVITY SAYS IT IS THERE
BU

...do we have any clue what 1t 1s?

s How does it interact with SM?

¢ How does it interact with itself? AN e

¢ What 1s 1ts spin or parity?

|

¢ Is 1t simultaneously matter and anti-matter?

7

Al

AN

s What 1s 1ts Mass?

None of these questions have been answered to date...
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> What is its Mass?
None of these questions have been answered to date...



THREE PRIMARY PROPERTIES
OF DARK MATTER

1. Candidate should be Stable

- Explain why dark matter has survived to today

= [mplies a new symmetry and/or charge

2. Candidate should be EW Charge Neutral

- Explain why 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!



1. Candidate should be Stable

= [mplies a new symmetry and/or charge
Example: Baryons - Baryon Number

Mes()ns = G-parity Y.Bai, R.J.Hill (2010)

2. Candidate should be EW Charge Neutral

= Implies lightest stable particle 1s chargeless

Example: Can form neutral baryons

3. Candidate should explain observed relic density

= Asymmetry/sphalerons require charge couplings
Example: = Charged Constituents



A

*¢ Betore asking any other question, what

models are excluded already by DD?

® [ attice simulates “vectorlike” theories

= Directly addresses question in this case

® [attice input can be built into theories with

“chiral” couphngs (Higgs, etc.)

= DM phenomenologists can build theories
using lattice results



WIMP-Nucleon Cross Section [cm?]
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Two observational channels:
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Al

¢ Assume a Dirac particle with net Z-boson charge

2 N2 N2

N2
38 2

|

Current spin-independent bounds: ¢ < 10™*° cm?

Excludes particles of this kind to
masses greater than thousands of TeV

Neutralinos avoid this: Majorana Spin-Dependent

This will plague composites with odd numbers of EW doublets!



TECHNICOLOR IMPLICATIONS?

Reminder: Want lightest stable particle to be chargeless

If even number of colors: Not Difficult

Nc (massless) EW doublets

All charge assignments cancel

It odd number of colors: Very Difficult

Nc (massless) EW doublets == Net Charge

(Nc-1) (massless) EW doublets
1 massive EW singlet

Example :

== No Charge



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.
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CROSS-SECTION CALC.

5 2 € v v 1% 1 v
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CROSS-SECTION CALC.

4
v v 1% 1
MP = L0y L = 5 Y RIIE XX I X)

el
Spin-0: e 4F2(Q2)]§“ﬁ” B §(p Lk

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

Large disgusting nucleus: £% = 4Wax(Q? ¢ p)p'p” — Wix(Q%,q-p)(Q°¢" + ¢"¢")



CROSS-SECTION CALC.

Bagnasco, Dine, Thomas (1993): Banks, Fortin, Thomas (2010):
hep-ph/9310290 arXiv:1007.5515
o T(2ra) Z2 (s M B R 1\ [EL(ER)2
dE R = 4(mD —+ mN)QEE’ax mD2 Er mp Awgel
do - b s 2memp - 2myNmp2v?
g S ( ) N %) ‘FC(ER)‘Z Ega;n s N D

dEr ~ (mp +my)2ERe” (mp + mn)?

*Non-perturbative lattice input
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THREE-POINT OPERATORS

(N (@) [g(x)y"q(2)|N(p)) = u(p’) [v“ﬂ(cf)ﬂa“” - Fg(qQ)]u(p)eiQ°$

2M 5
2 1 Py
gy =142 )¢ #
s
gt -{Fig
Isovector: (N|uy*u — dy*d|N)
Isoscalar: (N|uy"u + dy*d|N)

2 =
“Neutron’: <N\§ﬂ’y“u ~ §d7“d|N>



THREE-POINT OPERATORS

Correlation Functions via path integral:

= (0 - / d[U] O det(Djqr(U))e 56

Cnn(T,p) = ) e P*(N(x,7)N(0))

Cnon (T, 70,p,P) = ) _ e P *HEPIY(N(x,7)O(y, 7)N(0))

XY

Taking the appropriate ratio:

RO(Ty 7_O,p,p/) To>T>1 <n(p/)‘0|n(p/)> e O(B_AT) _|_O(6—A(To—7'))



THREE-POINT CALCULATION

Propagator Contractions:

7% (y) ¢2(z) = S%*(y, )

One measurements

1 Propagators



THREE-POINT CALCULATION

One measurements

2 Propagators : : .
pag One time 1nsertion

Need:
Reduce

Excited Staes

T & 790 Large »

A0 Not too large

Signal-to-noise
reduction




THREE-POINT CALCULATION

One measurements
2 Propagators

One time 1nsertion

Isovector: (No disconnected diagrams)

uyH u dv"d

o o




One measurements

2 Propagators

One time 1nsertion

|Isoscalar: (Need disconnected diagrams)

T dy*d

Q Q Omit

1n current

e 1 o N
R S e




THREE-POINT CALCULATION

One measurements
2 Propagators

One time 1nsertion

Transverse charge density:

(courtesy of J. Wasem)

2 Flavor 6 Flavor 10 Flavor



SCALE SETTING

How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.
aMq = # » it
167() MeV
Technicolor: “Higgs” vev
m ¢+ —0
Gy A » 24672@\/
Dark Matter: Dark Matter Mass

CLMBZ

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
aMq =

i 167() MeV
Technicolor: “Higgs” vev

mf —0 #

G ’ ~ 246 GeV
Dark Matter: Dark Matter Mass
aMp = # » £
B

10"‘5....I s s M| L
Vary this va|ue T e ™



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




BARYON
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AXIAL CHARGE

Red - 2 Flavor
Blue - 6 Flavor

ga/gv




|sovector

MAGNETIC MOMENT
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CHARGE RADIUS
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EXCLUSION PLOTS
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FUTURE DIRECTIONS

|) Composites of different color

- Even colors most interesting

Naturally avoids current constraints

Phenomenology:
- Baryon group theory (possible FFs)

- Chargeless Combinations

- Flavor Symmetric baryons?

[attice:

- Focus on 2 and 4 color (4 color more natural)

- Efficient codes, map parameter space, etc.



FUTURE DIR

2) Extracting polarizabilities

ECTIONS

- Dominant effect for flavor sym. baryons

Operator insertion met

Background Field Method

hods not ideal

1
e T

Small fields require large volumes

[attice:

- Integrate background fie

d into Dslash inversion

- Dynamical background

helds



FUTURE DIRECTIONS

3) Examine new hierarchy of masses

4 T N TN ™M Nn
My — Mg g

amny <1 any <K<l anmy K1
Lmg>1 Lmg>1 L(my—3m,) > 1

Larger fermion mass

> Fewer light particles

need to be explained



FUTURE DIRECTIONS

3) Composite DM with Scalar Constituents

Avoids bounds...
avoids simulating fermions...



Y
i

¢ Based purely on observational DM data:

Composite dark matter 1s the
most “natural”

2

¢ Lattice can address place initial bounds on models

" Tight constraints on odd Nc theories

- Will explore charge radu and polarizabilities
of even Nc theories

.
[

‘¢ Lattice and phenomenology go hand-in-hand

- Build in perturbative “chiral” sector
- Define viable theories and study possible
cosmological observations
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