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New We Are
Ph YSICS | T Here

NORMAL
% MATTER

(QCD, EM,
SM, etc.)

How do we know DM i1s there?

DISTRIBUTION OF DARK MATTER IN NGC 3198
200 ———

AL s s e o e e e
NGC 3198 ] &'

3¢ Rotation Curves of Galaxies

Vg (km/s)

A

¢« Gravitational Lensing

/A

2

st Cosmological Backgrounds




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) S.M. Barr, R.S.Chivukula, E. Farhi (1990) 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) S.M. Barr, R.S.Chivukula, E. Farhi (1990) 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




THERMAL VS. ASYMMETRIC

However:

Asymmetric relic density

suggests negligible thermal abundance

Small
Thermal
Abundance

=

Large
Annihilation
rate

=P

Strong
Couplings

Tricky to achieve for perturbative, elementary DM

Strongly-coupled composite theories most

interesting...

.1NIS 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,



The composite theories discussed here
are NOT designed to be solutions to
EW symmetry breaking!

Y Theories studied here are not technicolor

X No Goldstone modes becoming longitudinal vector components

X Minimal contribution to vector masses and Higgs vev

(ala QCD)

Y Interactions considered here tor stable,
confinement-scale baryons:

* Odd Nc: Only EM interactions
X Even Nc: EW interactions with SM Higgs



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

|

|
&
o



@U'UJV@DF,LW

Odd Nc

No baryon flavor sym.

Odd Nc
Baryon flavor sym.

Even Nc

No Baryon flavor sym.

Even Nc
Baryon flavor sym.

Dim-5

Magnetic
Moment

o

Dim-6

@W%@FW

Charge
Radius

o

o

Dim-/
() Fp M

Polarizability

o
o
o
o



FoOCUSs OF PREVIOUS 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.

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



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 . *

0.000 0.005 0.010 0.015 0.020 0.025 0030
my



Red - 2 Flavor
Blue - 6 Flavor

Kneut

0.0
_0.5
1.0
15
_2.0
_25

_30/|
1.0

MAGNETIC MOMENT

++H%+} by

12 14 16 18 20 22
Mg/Mpg,

Rneut — 6’18 gy



CHARGE RADIUS

Red - 2 Flavor «. -5
Blue - 6 Flavor

t

<lE neu

|
A
o

|
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N
o

1.0 1.2 1.4 1.6 1.8 2.0 2.2




EXCLUSION PLOTS

102
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FocUus OF CURRENT WORK

A

s¢ Direct detection exclusions for even number of colors

Explore:

% 4-colors
¢* Multiple degenerate masses (quenched)

e¢* Baryon spectra and sigma term

Allows for cross-section bounds from Higgs exchange




s Four Dirac Flavors Field | SU4)p | (SU(2).,SU(2)R)
= Tg)L +Y ] il (g’l)
Y i T3 R F2 4 (271)
; Py 4 (1,2)
et T i Fy 4 (172)
2
Kinetic:

Lp =PIV, 1 F1 + iF)GHVE [ Fo +iF16HV, gFs +iF 6"V pFy

Vi = O g AV (2
(W10« Tgdutr il 2)
VE = 0% + ig' B* (73 /2)
(Vi)™ = 0" —ig' B*(1R/2)
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¢ Four Dirac Flavors Field | SU(4)p | (SU(2)r,SU(2)R)
Q:TS,L_'_Y Fl il (gvl)
’1 F3 il (172)
Q — ::5 Fy 4 (172)
Mass:

Lar = miaF1 Fy + maa F3Fy + y1aF1HFy + yos Fo H'F + hec.

— — e’/
Vector-like Chiral

) miz  Y1av\ (L2
Lt (O v) et (9230 m34> <F4)



WHY VECTOR-LIKE MASSES?

P
[

¢ Primary Motivation:

Pure chiral masses 2-color (Quirky) theories in heavy

fermion limit excluded by Higgs exchange

G.D. Kribs, T.S. Roy, J. Terning, K.M. Zurek (2009)

Other composite theories of this kind likely to follow suit...

/A

¢ Vector-like masses have unique properties

Lots of recent focus in context of Higgs to two photons

N. Arkani-Hamed, K. Blum, R.T. D’Agnolo, J. Fan (2012) M. Voloshin (2012)

Can vector-like masses suppress Higgs exchange?



HiIGGS EXCHANGE

1S Higgs-nucleon cross-section: Extract

/ This

:u(vamn)2

G 47TA2m;LL (pr (A Z f’n Xgh

= OMp
f@mf

or =mys(B|qq|B) =

e ol Onr g -my OMp
nmy a(yh>_ h— -MB amf 3

—
Pert. Non-pert.




VEC. MASS SUPPRESSION?

¢ Simplhified Mass Matrix:

% ESE |
o (M+AM2 m =M + 5 /AMTF Ao
YU M — AM/2

e
mo =M — 5\/AM2 + 4(yv)?

yh Omy o 1 1 M:M/Zyv

TR R e it o
HEEC ) 2M+\/AM2+1\/AM2+1 AM =AM/2yv

1 2uv > M, AM
yh Omy % M > 2yv > AM
my O(yh)

2(yv)?

& Nl AN
T, > > 290




4-COLOR BARYONS

N

¢ Bosonic baryons

One Flaveor: U

Spin-2: 03! = (UTCYU)UTCHU)  i#j

Two Haveors: U D

Spin-2: Op%’ = UTCYU)(UTCYU) ot

Spin-1:  Op’s” = (UTC»'U)(U'CH*D)

Spin-0:  Op’s;” = (U'Cy*D)(UT Cy°D)




CALCULATION DETAILS

28 quenched Ensembles:
- Two # colors
- Four lattice volumes
- Three lattice spacings

- 3-6 fermion masses

AT B K NS3 XN # Meas.
L T B D e B v 28 (G0 4878
323 x 64 1126
0.15625 | 162 x 32 4765
323 x 64 1146
483 x 96 1091
0.1572 323 x 64 1075
Vi 0.1515 Gy 2975
323 x 64 1057
0.1520 e 2872
323 x 64 1052
0.1523 B33 2976
323 x 64 914
483 x 96 637
643 x 128 489
0.1524 162 % 32 2970
323 x 64 863
0.1527 32° x 64 1011
12.0 0.1475 323 x 64 1125
0.1480 323 x 64 1189
0.1486 323 x 64 1055
0.1491 163 x 32 411
0.1491 323 x 64 1050
0.1491 483 x 96 1150
0.1491 | 643 x 128 928
0.1495 323 x 64 1043
0.1496 323 x 64 1009
R B R M o B 323 x 64 1000
0.1547 323 x 64 1000

Table 1: Ensembles and number of measurements.




aM

0.2

LARGE N COMPARISONS

1.0
0.8+
0.6

0.4

o Solid - 4 colors
- o | Dashed - 3 colors
—— o e +
—— < i
*
*
e :___:___: Black - Spin 2
g Blue - Spin 1
Brown - Spin 0
Cot e Green - Spin 3/2
) 1 Purple - Spin 1/2
— vt o - | Orange - Vector
e Red- Pseudoscalar
0.68 0.70 0.72 0.74 0.76 0.78 0.80
Mps/M,
J(J
x: M(N.,J)= N.mg + (N+ )B (’)(1/]\702)
T Pl
o1 M(N,,J)=Nm® +C + (N+ ) B+ 0(1/N?)



aM

1.05!
1.00/
0.95/

0.90!

VOLUME EFFECTS
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1
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Preliminary

i

Preliminary

115 12.0 125
beta




SIGMA TERM & HIGGS BOUND

DM-nucleon cross section (cm?)

1x10743
5% 1074

1><1O‘44_
5x10745 "

1><10_45:
5x1074

LUX
arXiv:1310.8214

mps

For ~ 0.69
my
m s aMB
= 0.262(16
MB 6‘mf ( )

_46
1x10™ 10

OV =

500

50 100
Mpw (GeV)
i
yh 5’mf 2
msowhy |4,
2(yv)

MAM

1000 5000

2uv > M, AM
M > 2yv > AM

M > AM > 2yv



A

¢ Significant bounds exist for composite DM

=

Fermions - Magnetic Moment Mpy 2 10 TeV

Boson - Pure Chiral masses M r I=iE R
Higgs Exchange s

A

s Additional vector-like masses can reduce
constraint from Higgs exchange

[.LUX Bound
i
M ~J

2(yv)*
MAM ~

0.70 when M > 2yv > AM

0.70 when M > AM > 2yv



Big Question:

Does a minimum SM cross-section on composite DM

For charged constituents: Polarizabilities

Future work 1n this direction:

1) Lattice measurements of 4-color polarizabilities
- Background field method

- Large volumes, two lattice spacings

- High Statistics

2) DM-nucleon scattering via polarizabilities

- Improve on current methods accounting for nuclear physics

- Additional sensitivity to nuclear resonances?



The LLNL Multiprogrammatic and
Institutional Computing program
through the Tier 1 Grand Challenge
award provided us the large amounts of
hecessary computing power.



