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Abstract: <p>l will argue that the standard model contains arather strong hint that -- instead of being simply an ordinary continuous 4D manifold --
gpacetime is actually the product of a4D manifold and a certain discrete/finite 6D space (i.e. there are 6D discrete/finite "extra dimensions’). | will
introduce this idea and the evidence for it in simple way, and then discuss various outstanding puzzles and future directions.</p>
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What is the standard model
of particle physics trying to tell us?

Latham Boyle

(Perimeter)

builds on work of

Barrett, Bizi, Brouder, Besnard, Chamseddine, Connes, Dubois-
Violette, Kerner, Lott, Madore, Marcolli

based on arXiv:1604.00847 w/ S. Farnsworth
(and another in prep)
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The EFT perspective: the basic input




The EFT perspective: the basic input
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The EFT perspective: the basic input

Step 1: SU(3)|SU((2)|U(1)
Step 2:




The EFT perspective: the basic input

Step 1:
Step 2: Q}é

SU(3)

SU(2)

U(1)

qi=(

)
’I,LL
(5
dL

)




The EFT perspective: the basic input

Step 1: SU(3)|SU((2)|U(1)

i i uj
Step 2: 4y, 3 qr, = d?

: L
up| 3
di,| 3 ‘ |
i ; 17
L __u=(%)
VR
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The EFT perspective: the basic input

Step 1: SU(3)|SU((2)|U(1) |
i i Uy
Step2: q7| 3 dy, = (df)
. L
up| 3
di| 3
i1 [t = ”!ff)
= - (eL
vl 1
eh| 1
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The EFT perspective: the basic input

Step 1: SU(3)|SU((2)|U(1) |
Step 2: jS; 3 2 QE = (3%)
up| 3
di,| 3 |
DT e ()
vl 1
eh| 1
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The EFT perspective: the basic input

Step 1: SU(3)|SU((2)|U(1) |
Step 2: jS; 3 2 QE = (3%)
up| 3 1
a3 | 1
EnEREE)
vl 1 1
eh| 1 1
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The EFT perspective: the basic input

Step 1: SU(3)|SU(2)|U(1) |
Step2: qf| 3 2 | 1/6 q; = (Zi?)
. L
up| 3 1 |2/3
di| 3 1 |-1/3 |
1 | 2 |—1/2 1k = (”fg)
. €L
vl 1 1 0
el 1 1 | -1
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The EFT perspective: the basic input

Step 1:
Step 2:

Step 3:

SU(3)|SU(2)|U(1)
gr| 3 | 2 |1/6 q = (
ub| 3 1 |2/3
ds| 3 1 |-1/3

i 2 |-1/2 1} = (
vh| 1 1 0

ehl 1 1 | -1

)
’I,LL
2
dL

)
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The EFT perspective: the basic input

Step 1:
Step 2:

Step 3:

SU(3)|SU(2)|U(1)
gr| 3 | 2 |1/6 q = (
ub| 3 1 |2/3
d| 3 1 |-1/3

i 2 |-1/2 1} = (
vh| 1 1 0

ehl 1 1 | -1

h

)
’I,LL
1
dL

)
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The EFT perspective: the basic input

Step 1:
Step 2:

Step 3:

SU(3)|SU(2)|U(1)

ar| 3 | 2 |1/6 q;= (
ub| 3 1 |2/3
d| 3 1 |-1/3

i 2 |-1/2 1} = (
vh| 1 1 0

ehbl 1 1 | -1

hl 1 2 | 1/2

)
’I,LL
2
dL

)
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The NCG perspective: an initial thought

irsa: 16110084 Page 17/79



The NCG perspective: an initial thought
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The NCG perspective: an initial thought

P(x) = Pa(x)
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The NCG perspective: an initial thought

/ P11 Y12 P13 Y14 \
Va1 Yoo Pag Yoy
V31 Y3o Pg3 Pay
W) = pale) = | ——— Va1 P2 VYaz Yua
'lfn '%’21 1@31 ’1@11
Y19 Voo '¢’32 Y40
P13 Pa3 V33 Va3
\’?ﬁm Vo P34 Yaa )
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Quick reminder: what is an algebra?
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C,, (M)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C,, (M)

— Infinite dimensional
— Commutative (and associative)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C5, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C5, (M)

— Infinite dimensional
— Commutative (and associative)
* Example 2: nxn complex matrices: ]\-J;,-,,(C)
— Finite dimensional
— Non-commutative (and associative)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C5, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
— Finite dimensional

— Non-commutative (and associative)

e Example 3: Quaternions: H
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C5, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
— Finite dimensional

— Non-commutative (and associative)

e Example 3: Quaternions: H

o a b
7\ =b a

(a,b € R)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C5, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
— Finite dimensional

— Non-commutative (and associative)

e Example 3: Quaternions: H

o a b
7\ =b a

(a,b € R)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): C,, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
— Finite dimensional

— Non-commutative (and associative)

e Example 3: Quaternions: H

o a b B a [
T\ —=b a 1=\ -3 a

(a,b € R) (o, 8 € C)
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Quick reminder: what is an algebra?
* Example 1: smooth functions f(x): Cy, (M)

— Infinite dimensional
— Commutative (and associative)

* Example 2: nxn complex matrices: ]\i,-,,(@)
— Finite dimensional

— Non-commutative (and associative)

e Example 3: Quaternions: H

o a b B a (A0
SR N 1=\ -3 a D=1 0 )

(a,b € R) (a, 5 € C) (A e C)
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EFT input:

NCG input:

step1:  |SU(3)|SU(2)|U1)

Step 2: (1}'{ 3 2 1/6
uhl 3 1 2/3
di| 3 1 1/3
Gl | 2 =12
v 1 1 0
ehpl 1 1 -1

Step3: h| 1 2 | 1/2
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EFT input:

NCG input:

Step1:  |SU(3)|[SU(2)|U(1) {m,q,A\} € M3C)aHeC
Step 2: (1}'{ 3 2 1/6

uhl 3 1 2/3

di| 3 1 1/3

o1 2 |—1/2

z/fi 1 1 0

ep| 1 1 -1
Step3: h| 1 2 | 1/2
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EFT input: NCG input:
Step1:  |SU(3)|SU(2)|U(1) Im,q,A\} € M3C)eHaC
Step2: qi| 3 2 1/6 ( . : .
up| 3 1 2/3 : :
di| 3 1 |-1/3 - :
IEREREE | |
- | mooy
2 1 0 | |
chl 1 1 -1 \ | A
Step3: h| 1 2 | 1/2
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EFT input:

NCG input:

Step1:  [SU(3)|SU(2)|U(1) {m,q,A\} € M3C)eHaC
Step 2: q;; 3 2 1/6 ( | ! Y11 Yiz Y13 Yia
. (1 ! ) 1) Uy« Yoy« Y
uhl 3 1 2/3 : ! P21 Yo Yoz P2g
i . . g | VY31 P32 P33 Pag
di| 3 1 1/3 : g ; Ya1 Yaz Yaz Yaa
/} 1 2 |-1/2 ! ! Y11 P21 Y1 Yar
a : m P12 Yoo Y32 Yaz
YR 1 ] 0 : : Tﬁlli "fﬁz:s ’i/_»’:;:i -'eﬁ_.«,;_{
cpl 1 1 -1 \ ' ! Y14 P24 V34 Yaa
Step3: h| 1 2 | 1/2

Page 34/79



Pirsa: 16110084

EFT input:

NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: qi 3 2 1/6 ( | | Y11 Yi2 Y13 Yia
] 7 : o1 Voo Waa 1
up| 3 1 2/3 : : Va1 Yoo Yoz Yoy
i . . g | Y31 Y32 P33 Pag
di| 3 1 1/3 : 4§ ; Va1 Yaz Yaz Yaa
i 1 2 |-1/2 ! ! Y11 P21 Y1 Yar
a : mo P12 Yoo Y32 Paz
YR 1 ] 0 : : "fﬁlzs "fﬁ:z:s ’i/_»’:;:i -'eﬁ_.«,;_{
cpl 1 1 -1 i \ ' ! Y14 Paa V34 Yaa
Step3: h| 1 2 | 1/2
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EFT input:

NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: q;; 3 2 1/6 ( | | Y1 iz Y13 Yia
] 7 ; o1 Voo Waa 1
uhl 3 1 2/3 : ! P21 Yo Yoz P2g
i . . g | V31 Y32 P33 Pag
di| 3 ! 1/3 : * ! Va1 Paz Yaz Paa
/;, 1 2 —1/‘2 ! [ Tfu ‘t/jzl 1{’:;1 1@11
a : m P12 Yoo Y32 Paz
YR 1 ] 0 : : Tﬁlli "fﬁz:s ’i/_»’:;:i -'eﬁ_.«,;_{
cpl 1 1 -1 i \ ' ! Y14 P4 V34 Yaa
Step3: h| 1 2 | 1/2
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (J;J 3 2 l/h i ¢ ; I wy Uy wy vy \ -
- | | _ ‘
u}'{ 3 1 2/3 R N A l dp d; dp ep
; : ; : Up Up Up Vg
d;{. 3 1 1/3 I ' dp dp di ep
[;r 1 2 _1/2 [ [ wy dy up dg
,-J : m : w; dy up dp
ViR 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 | ' ' A y\VL €L Vi Cp ) _
Step3: h| 1 2 | 1/2
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eHaC
Step 2: (J;J 3 2 l/h [ " ; I wy Uy wy vy \ -
- | | _ ‘
u}'{ 3 1 2/3 R N A l dp d; dp e
; : . : Up Up Up Vg
d;{. 3 1 1/3 I ' dp dp di ep
[;r 1 2 _1/2 [ [ y dy up dg
,-J : m : w; dy up dp
VR 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 | ' ' A y\VL €L Vi Cp ) _
Step3: h| 1 2 | 1/2 27?7
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (J;J 3 2 l/h i ¢ ; I wy Uy wy vy \ N
- | [ _ ‘
u}'{ 3 1 2/3 o _: _________ : o dp d; dp e
i ) . | q | u R ”H ?Ln VR
df{. 3 1 1/3 A ' dp dp di ep
[;r 1 2 _1/2 [ | wy dy up dg
,-J : m : w; dy up dp
Vi 1 1 0 o J R 4' o uy dy up dg
Cj{_ 1 1 -1 | ' ' A y\VL €L Vi Cp ) _
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D
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o p ¢ =Uy U= expla(z)Ty]
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o p oy =Uyp U= expla(z)Ty]
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oYy =Uyp U= explai(a)Ti]

e want D — D' =UDU™’ (i.e. Dy — D")' = UDv)
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o= =Up U= expla(z)T)

e want D — D' =UDU™’ (i.e. Dy — D" = UDv)

© D=urnH0,®1 ) ?
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oy =Uyp U= expla(z)Ti]

e want D — D' =UDU™’ (i.e. Dy — D" = UDv)

° D=iy"(0,®1+ ATy
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o p ¢ =Uy U= expla(z)Ty]

e want D — D' =UDU™’ (i.e. Dy — D")' = UDv)

° D=iy"0,®1+ ATy

© A = AL+ fiatAl = (0,0") (T Ty) = [ Th)
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o p ¢ =Uy U= expla(z)Ty]
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o p sy =Uy U= expla(z)Ty]
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o 1 =Y =Uy U = expla’(z)T;] T:|v] = lai, Y]
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o 1 =Y =Uy U = expla’(z)T;] T:|v] = |ai, Y]

e want D — D' =UDU™’ (i.e. Dy — D" = UDv)
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o 1 — Y =Uy U = expla’(z)T;] T: Y] = lai, Y]

e want D - D' =UDU™! (i.e. Dy — D"’ = UD1))

D = D{®1 + 1R D,
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o 1 — Y =Uy U = expla’(z)T;] T: Y] = lai, Y]

e want D — D' =UDU™’ (i.e. Dy — D"y)' = UDv)

© D=iy"0,®]1 ) +7°(1® Dy ) ?
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o 1 — Y =Uy U = expla’(z)T;) T:|v] = lai, Y]

e want D — D' =UDU™’ (i.e. Dy — D")' = UDv)

© D=irv"(0,®1+ Ak ®T}) +7°(1® DY + &F ® )
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o 1 — Y =Uy U = expla’(z)T;] T:|v] = lai, Y]

e want D — D' =UDU™’ (i.e. Dy — D" = UDv)

© D=iv"(0,®1+ AL ®T}) +7°(1® DY + &F ® )
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e 1 — Y =Uy U = expla’(z)T;] T:|v) = lai, Y]

e want D — D' =UDU™! (i.e. Dy — D'y’ = UDv))

o D=iv"(0,®1+ A @T)) +7°(1® DY + oK @ 7x)

© A = AL+ [ialAl = (00") (T Ty) = [ Th)
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-

= ¢ =Uy

want D — D' =UDU™!

U = expla’(2)T;]

Tily] = las, ]

(i.e. DY — D' = UDv)

D =iy"(0,® 1+ Ak @ Tir) +7v°(1® D% + &5 ® 7x)

Aﬁ + fij’aiAfL — (8,a")
B¥ + g a'e?

(T3, T3] = f,5T)

(T3, 73] = 9i57x)
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-

Y=Y =Uy

want D — D' =UDU™!

U = expla’(2)T;]

Tily] = las, ]

(i.e. DY — D' = UDv)

D =iy" (0, ® 1+ Ak @ Tk) ++°(1 ® D% + @ ® 7x)

Aﬁ + fi;?’aiAfL - (@Lak)
B¥ + g a'd?

(T3, T3] = f,5T)

(173, 73] = 9i57x)
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Drpp] = 8148, + 8], + 65,16,
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@

v =Y =Uy

want D — D' =UDU™!

U = expla’ (z)T]

Tily] = las, ]

(i.e. DY — D' = UDv)

D =iy" (0, ® 1+ AF ® Tk) ++°(1 ® D% + @ ® 7x)

Aﬁ + fij’aiAfL - (@Lak)
B¥ 1 ga'e?

(T3, T3] = f,5Tx)

(173, 73] = 9i57x)
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Drpp] = 8148, + 8]0, + 65,16,

O2x2 | Y, :
e e i -
Y} | 022 |
8, = { .
| |
: I:ix:i :
|
e e el :7(]7
Oz | Y, |
e e &
Y, | 022 |
(j}_i — | |
| |
: O3x3 :
| I
RS PR -
| |
| I
- mie _| _________ |_ -
| | i
| I
(EIH. + '(]
| I
| I
|
I B N
b 0 !
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Drp[p] = 8148, + 8], + 65,96,

O2x2 | Y, :
e -
Y] | 02x2 | _
5 o ! { | },f _ +yu,(102 yd@]
q — _
| ! k “Yu¥1 Ya¥2
: l3xs :
B N .
| 0
O2x2 | Y, :
e T U .
AP l Y. Be YO
- = ;o TYP2 YeP1
o = t } }.! = _
‘ : —Y,¥1 YePo
: O3%3 :
- _: _________ :_I_
l l
- _I _________ I_i_
1}
. : o
Am. + +
| I
| |
R B L
b 0 !
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (J;J 3 2 l/h i ¢ ; I wy Uy wp vy \ -
- [ [ _ ‘
u}'{ 3 1 2/3 o _: _________ : . dp d; dp e
p ) . | q | u R ”H ?Ln VR
df{. 3 1 1/3 A ' dp dp di eg
[;r 1 2 _1/2 [ | wy dy up dg
,-J : m : w; dy up dp
VR 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 | ' ' A y\VL €L Vi Cp ) _
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U(1) {m,q, A} € M3(C)eoHaC
Step 2: (J;J 3 2 l/h i ¢ ; I wy Uy wy vy \ -
, | | _ i
up| 3 1 2/3 N EEEE . dy dy dp ep
i . ) g | Up Up Up Vp
df{. 3 1 1/3 A ' dp dp di ep
[;r 1 2 _1/2 [ ! y dy up dg
I.J : m : w; dy up dp
Vi 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 L ' A S\ e v eg ) i
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D
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EFT input: NCG input:

Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (J;J 3 2 l/h i . ; I wy Uy wy vy \ -
- | [ _ ‘
u}'{ 3 1 2/3 o _: _________ : . dp d; dp e
i ) . | q | u R ”H ?Ln VR
df{. 3 1 1/3 e ' dp dp di ep
[;r 1 2 _1/2 [ | wy dy up dg
,-J : m : w; dy up dp
Vi 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 | ' ' A y\VL €L Vi Cp ) _
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D
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EFT input: NCG input:
Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (];J 3 2 1/6 [ ¢ | | w; up wp v \
- I I _ ‘
ub| 3 1 |2/3 S P . dy, d; dy ey
p ) . | (] | 'H” ”H ?Ln VR
df{. 3 1 1/‘3 A ' dp dp di ep
[;r 1 2 _1/2 | | wy dy up dg
I.J : m : wy d; up dg
yfi 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 | ' | A y\VL €L Vi Cp ) i
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D

D=iv"(0,®1+ AL @T) ++°(1 ® D} + o © 7¢)
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EFT input: NCG input:
Step1:  |SU(3)|SU(2)|U1) {m,q, A} € M3(C)eoHaC
Step 2: (];J 3 2 1/6 [ ¢ | | u; up wp Vg \
- I I _ ‘
'U»}{’ 3 1 2/3 o _: _________ : o (ff_ d’},_ r’],]_ f:L
p ) . | q | 'H” ”H ?Ln VR
df{. 3 1 1/‘3 A ' dp dp di eg
[;r 1 2 _1/2 [ | wy dy up dg
I.J : m : wy d; up dg
yfi 1 1 0 o J R 4' o uy dy up dg
cj{_ 1 1 -1 ! ' A J N\ oey v eg ) ]
Step3: h| 1 2 | 1/2 | Gauge and Higgs bosons from covariance of D

D=iv"(0,®1+ AL @T) +7°(1 ® D} + o ® 7¢)
Sl’crmion — <1]’|D|I,/J>
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Filling in the back story: briefly!
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao,H,D} v, J
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao, H,D} v, J
 Eilenberg: Bo=Ay® H

arXiv:1604.00847 B =A® H
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Filling in the back story: briefly!

* Riemann: {f\-—f, .sz}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H

arXiv:1604.00847 B =A® H
— Unify nearly all NCG axioms & assumptions!
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H

arXiv:1604.00847 B=A® H
— Unify nearly all NCG axioms & assumptions!
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H

arXiv:1604.00847 B =A® H
— Unify nearly all NCG axioms & assumptions!
— New constraints: fix Dp! (more restrictive)
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Filling in the back story: briefly!

* Riemann: {f\-—f, gW}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H

arXiv:1604.00847 DB =A® H

— Unify nearly all NCG axioms & assumptions!
— New constraints: fix Dp! (more restrictive)

— Physical symmetries are automorphisms of B!
— Inner automorphisms: standard model

— Outer automorphisms: gravity and U(1) {B-L}
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Filling in the back story: briefly!

* Riemann: {f\-—f, QW}
« Connes: {Ao, H,D} v, J
* Eilenberg: Bo=Ao P H

arXiv:1604.00847 DB =A® H

— Unify nearly all NCG axioms & assumptions!
— New constraints: fix Dp! (more restrictive)

— Physical symmetries are automorphisms of B!
— Inner automorphisms: standard model

— Outer automorphisms: gravity and U(1) {B-L}

* Recently: Associative = Jordan!
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Some topics for the future

A better bosonic action (FA27?)

* Relation to fine-tuning problems?

* Relation to SO(10) grand unification?

* Relation to exception Jordan algebra?
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