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Stealth Dark Matter


Laplacian Heaviside 


Baryon operator construction


Preliminary spectrum



Composite dark matter

Mass of protons & neutrons 

Mass of regular matter
• Nuclei  
• Electrons, neutrinos  

> 99 %
≪ 1 %

• quarks 

• Binding energy 

≈ 1 %
≈ 99 %

Higgs  mechanism  

QCD85% 
Stealth  
Dark Matter? 

15% 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Stealth Dark Matter 
Stealth “gluons”: SU(4) - 4 colors


Stealth “quarks”: 4 degenerate flavors, EW charged
Stealth Baryon
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Stealth Dark Matter 
Stealth “gluons”: SU(4) - 4 colors


Stealth “quarks”: 4 degenerate flavors, EW charged

1
M 6

DM

Polarizability

+
-
+
-

[ψψFμνFμν] = 7

Q = 0

S = 0
⟨r⟩ = 0

Dark!

Stealth Baryon
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SDM self-interactions
Galaxy collisions

Galaxy formation
 σ/m ≲ 1 − 7cm2/g σ/m ≲ 1 − 7cm2/g

 σ/m (cm2/g)

Collisions               𝒪(1) [1]

 gas                     H2 𝒪(108)

Formation                 𝒪(1) [2]

neutron                   𝒪(1)

Lattice SDM    f(mπ /mD)/m3
D

[1] Astrophys.J. 679 (2008) 
[2] Astrophys.J. 606 (2004)
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SDM self-interactions
Galaxy collisions

Galaxy formation

Charged  
nuclei?

 σ/m ≲ 1 − 7cm2/g σ/m ≲ 1 − 7cm2/g

 σ/m (cm2/g)

Collisions               𝒪(1) [1]

 gas                     H2 𝒪(108)

Formation                 𝒪(1) [2]

neutron                   𝒪(1)

Lattice SDM    f(mπ /mD)/m3
D

(EBB
n )2 − (2EB

n )2 → σ

[1] Astrophys.J. 679 (2008) 
[2] Astrophys.J. 606 (2004) +

+
0
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SU(4) BB scattering with LapH (distillation)

(EBB
n )2 − (2EB

n )2 → σ

Expensive calculation…

• Reduced noise                      low modes


• Computationally efficient    reuse 

• Volume scalability        extend to sLapH

Vxi, τij

Δ(x, y) Viy = λi Vix i < Nvec

q q} }

Laplacian Heaviside
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LapH in practice 

Nvec

∑
i

V†
xi Vix′ }

low rank 
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LapH in practice 
𝒪ρx

(x) = ū(x) γ1 d(x)

(
Nvec

∑
i

ū(x′ ) V†
x′ i Vix) γ1 (

Nvec

∑
i

V†
xi Vix′ 

d(x′ ))}

low rank 
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LapH in practice 
𝒪ρx

(x) = ū(x) γ1 d(x)

(
Nvec

∑
i

ū(x′ ) V†
x′ i Vix) γ1 (

Nvec

∑
i

V†
xi Vix′ 

d(x′ ))

⟨Oρx
(x, t) O†

ρx
(x0, t0)⟩ = γ1 V†

xj Vjx′ 
D−1

d (x, t |x0, t0) V†
x′ 0 j0

Vj0x0
γ1 V†

x0i0
Vix′ 0

D−1
u (x0, t0 |x, t) V†

x′ i Vix}} }
τjj0(t, t0) τjj0(t, t0)

low rank 

low rank    All = to - ALl 
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ū(x′ ) V†
x′ i Vix) γ1 (
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(x0, t0)⟩ = γ1 V†
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D−1

d (x, t |x0, t0) V†
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5 10 15 20

t

0.30

0.35

0.40

0.45

0.50

0.55 Nvec = 16

Nvec = 24

Nvec = 36

Nvec = 48

point-point

meff
ρx
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LapH in practice 
𝒪ρx

(x) = ū(x) γ1 d(x)

(
Nvec

∑
i

ū(x′ ) V†
x′ i Vix) γ1 (

Nvec

∑
i

V†
xi Vix′ 

d(x′ ))

⟨Oρx
(x, t) O†

ρx
(x0, t0)⟩ = γ1 V†

xj Vjx′ 
D−1

d (x, t |x0, t0) V†
x′ 0 j0

Vj0x0
γ1 V†

x0i0
Vix′ 0

D−1
u (x0, t0 |x, t) V†

x′ i Vix}} }
τjj0(t, t0) τjj0(t, t0)

low rank 

low rank    All = to - ALl 

Lx = 32, β = 12.0, κ = 0.1475
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Irreducible representations
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Irreducible representations
Recall spin-½ QM 

Sz "= 1

2
"

Sz #= �1

2
#
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Irreducible representations

form a basis for SU(2) ∼ O(3)

Recall spin-½ QM 

Sz "= 1

2
"

Sz #= �1

2
#

Rz(✓) "= ↵ "

Rx(✓) "= �1 " +�2 #

n
"=

✓
1
0

◆
, #=

✓
0
1

◆o
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Irreducible representations

form a basis for SU(2) ∼ O(3)

1

2
⇥ 1

2
=

8
>>>>><

>>>>>:

""
S = 1 1p

2
("# + #")

##

S = 0 1p
2
("# � #")

reducible 

irreducible Recall spin-½ QM 

Sz "= 1

2
"

Sz #= �1

2
#

Rz(✓) "= ↵ "

Rx(✓) "= �1 " +�2 #

n
"=

✓
1
0

◆
, #=

✓
0
1
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Lorentz group

⃗v

ro
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ti
o

ns
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Irreducible representations Bosons 

Fermions 

0 1

1 1

2 1 1

A1J E T1 T2A2

1/2 1

3/2 1

5/2 1 1

⋮

J

⋮

G1 G2 H
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Irreducible representations
SU(4) baryons (bosons)

1

2
⇥ 1

2
⇥ 1

2
⇥ 1

2
=

8
>>>>>><

>>>>>>:

S = 0 ?

S = 1 ?

S = 2 ?

S = 3 ?
...

...
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Irreducible representations
SU(4) baryons (bosons)

1

2
⇥ 1

2
⇥ 1

2
⇥ 1

2
=

8
>>>>>><

>>>>>>:

S = 0 ?

S = 1 ?

S = 2 ?

S = 3 ?
...

...

𝒪αβσδ = uαuβ uσ uδ

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to



                                Kimmy Cushman                                                                                                         

Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
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2 1
1p
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⌘

-1
1p
2
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O0023 +O0122

⌘

2
1p
2

⇣
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⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆
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✓
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◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆
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tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆

Sz = 2
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆
Sz = 0
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆

Sz = 1
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆

Sz = − 1
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Irreducible representations 𝒪αβσδ = uαuβ uσ uδ
3

⇤ k Sz Operator

Eg 0 2
1p
4

⇣
O0000 +O1111 +O2222 +O3333

⌘

0
1p
2

⇣
O0011 +O2233

⌘

1 2
1p
4

⇣
O0002 +O0222 +O1113 +O1333

⌘

0
1p
4

⇣
O0013 +O0112 +O0233 +O1223

⌘

2 2
1p
2

⇣
O0022 +O1133

⌘

0
1p
18

⇣
O0033 + 4O0123 +O1122

⌘

T2g 0 1
1p
2

⇣
O0111 +O2333

⌘

-1
1p
2

⇣
O0001 +O2223

⌘

2
1p
4

⇣
O0000 �O1111 +O2222 �O3333

⌘

1 1
1p
20

⇣
3O0113 +O0333 +O1112 + 3O1233

⌘

-1
1p
20

⇣
O0003 + 3O0012 + 3O0223 +O1222

⌘

2
1p
4

⇣
O0002 +O0222 �O1113 �O1333

⌘

2 1
1p
2

⇣
O0133 +O1123

⌘

-1
1p
2

⇣
O0023 +O0122

⌘

2
1p
2

⇣
O0022 �O1133

⌘

TABLE V. S = 2 operators. Operators as given from projection with no linear combinations

necessary. * Required diagonalization

symmetric. For example,

B =
1
p
2

⇣
O0022 +O1133

⌘
(1)

=
1
p
2

⇣
3O0022 +O2002 +O2020 +O0202 +O0220

+ 3O1133 +O3113 +O3131 +O1313 +O1331

⌘
(2)

To see this,

O↵��� = ✏abcdu↵u�u�u� (3)

= qc1f1↵1 qc2f2↵2 qc3f3↵3 qc4f4↵4✏
c1c2c3c4Ff1f2f3f4S↵1↵2↵3↵4 , (4)

where the flavor tensor, F , is nonzero only when f1 = f2 = f3 = f4 = u, so F is to-

tally symmetric under exchange of indices. The spin tensor, S, is only nonzero where

(↵1,↵2,↵3,↵4) = (↵, �, �, �). We can exchange two of the Grassmann numbers, q, to

B(Λ,Sz,k) = ϵabcd Γ(Λ,Sz,k)
αβσδ ua

α ub
β uc

σ ud
δ

C(Eg,2) =

0

B@
C

(Eg,2)
00 C

(Eg,2)
01 C

(Eg,2)
02

C
(Eg,2)
10 C

(Eg,2)
11 C

(Eg,2)
12

C
(Eg,2)
20 C

(Eg,2)
21 C

(Eg,2)
22

1

CA

C =

✓
hB(Eg)B(Eg)i hB(Eg)B(T2g)i
hB(T2g)B(Eg)i hB(T2g)B(T2g)i

◆

C =

✓
hB(Sz=0)B(Sz=0)i hB(Sz=0)B(Sz=2)i
hB(Sz=2)B(Sz=0)i hB(Sz=2)B(Sz=2)i

◆

Sz = − 2
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Compare to previous work

Sz = 22 1 0 -1 -2

⇢x ⇢y ⇢z

S = 2

S = 1

S = 0

�i

�5

Phys.Rev.D 89 (2014) 9, 094508 arXiv:1402.6656

Lx = 32, β = 12.0, κ = 0.1475
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Next Steps & Future work 

• Irreps for 0,1

• Compare full spectrum to previous work


• LapH sLapH


• Improve variational basis 


• Scattering! 

S =

→
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Thank you!


