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Supersymmetry: WsH

® Who & When Invented Supersymmetry
® Gel'fand & Likhtman, in 1972 (& Berezin, earliera

general superalgebras

® What Symmetry Is ...and Isn't

® Where? Everywhere. Really.

® Why? It's Necessary: vine gua non
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What Supersymmetry Is

® The building blocks of Nature: Unless these are unified too.

®|Fermions: quarks, electrons, neutrinos
. spiné/z, Fermi-Dirac statistics (Pauli exclusion)

® Bosons: y, (W*, Z9), gluons, and gravitons \

e spin 1, and 2; Bose-Einstein statistics (condensation)

® Unification (e.g.): (W*, y+Z°) = ElectroWeak force,
and (quarks+leptons) in “families” (1980 Nobel)

® EW + Strong Nuclear = Grand Unified Theory (?)

® ... and gravity? ... needs dfringo.
Even vo, guantum-mechanically unstable. ..
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Where Supersymmetry Shows Up

® High-energy physics (theoretical), of course...

® Nuclei are composites of protons and neutrons:

® both p* and n are spin-Y fermions;

® nuc
® nuc

le1 with an even total number of these = bovons;
le1 with an odd total number of these = fermions;

({1 o]
e

jacent” 1sotope transmutation = supersymmeltry!

® Atoms are composites of p*, n’ and electrons:

® clectrons (e7) are spin-’2 fermions;

® atoms with an even (odd) total number of
ingredients (p*, n¥, e°) are bosons (fermions);

= single e~ 10ni1zation = supersymmetry!

® Molecules are composites of fermiwonic & bosonic atoms. ..



Why Supersymmetry Is Necessary

® Even 1n a free field theory, vacuum 1s divergent:

B = Z (%hwm) i ‘Diverged.’ ! I

m
® Renormalization helps...... except for gravity.

® Quantum-ness of Nature(stabilizes atoms,
and unifies particles and waves.

® Relativity unifies space & time, energy & momentum,
electric & magnetic fields, gravitation & acceleration, ...

® Strings unify gravity, all other interactions and matter!

e Supersymmetry@tabilizes the Vacuum}

and unifies bosons and fermions.




How Supersymmetry Operates”?

® Consider the linear harmonic oscillator:

bosonic fermionic

H=hw[al@®a®) +1] +1o'[bIE)b() - L]

S ==

...where E aouum = sAlw — ') ()
Supersymmetr
AJSO, PPy s J
(Q, H] = Alw - w)(B (t)a(t — & (t)b(t)) 0=
Ct The generator of
with (Q = b ) supersymmetry !




How to Study Supersymmetry?

® Supermultiplets are representable graphically
(to simplity, reduce spacetlme to time only):

“ ) o .

5@ w = € gb
® This shows simple NV = 1 supersymmetry, pairing a

boson (white circle) with a fermion (black circle).

® For N = 2, this generalizes into
5@ ﬂ — EI B[ .

5QB[ = i51J6J90+i5]J6J/§I, =

(SQQO — —5[J€I_§J,



Classification:

B e

Qw%mé

The Main Sequence Z

where the orange arrow represents a differential
operation representable as “node raising”.
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Classification —

® For IV > 3, this quickly becomes horrendous:

................................................



Classification —

® For IV = 4, something funny happens.

® There exist Adinkras with two distinct topologies:

F14641 B242

e I boi- Aty
® where [1111] encodes @11Q21Q31 Q4! x 0.7,
® For N > 4, [b1,E, bn]: doubly-even binary code
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Doubly-Even Binary Codes

with Robert Miller
® [N,k]: k length-N, binary vectors v; = [b1,E, bn] with

® Hamming weight = 4n (i.e., 4n ‘1’s in every v;)

® Relative angle: (vi'v2) = 2n

® J-error detecting, l-error correcting codes

® The N x k matrix encodes, its (left) inverse decodes

® FEvery [N,k]-code 1s a subcode of a [N,2#(N)]-code.

0 for 0 < N < 4;
(N o= | D=9 | 11 for N=4,5,6,T;
#(N—-8)+4 for N > 7, recursively.

® For N > 8, subcode chains are no longer unique/linear.

® So, classify maximal codes, then sub-code webs.

12
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Doubly-Even Binary Codes ...cont?

with Robert Miller
® The first elght max1mal DEB codes

B P B I'x D,
[ ) [ ) o o
e l N ‘ -“ -]
lglslel: 01111 00 1111 000 1111 0000 1111
11 1100 011 1100 0011 1100
101 0101
0101 0101
® ...and the sub-codes:
N
e e o e e e P oo s - e e oot 8
It 12 I3 it I’ I I’ I8 I8
(1;1) | (2;2) | (4;4) | (8;8) | (16;16) | (32;32) | (64;64) (128;128) /\ The non-
7 ) B e 5 e e AT 1 e ot S e e e ) e, I*x Dy .
(4;4) | (88) | (16;16) | (32;32) | (64;64) (64;64) v / + uniqueness

o T B [ ol T o o G B et B B o 2y 5 (non-linearity)

(S8 (16 16)=|=(32:32) (32;32) ¢/¢
of the sub-code

E7 Dg I'xEq Dg IlxFEy
8:8 16;16) (16;16 .
e e R N ¥ embeddings.
FEg Es
(8;8)
13
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Doubly-Even Binary Codes ...cont?

with Robert Miller
o The next maximal DEB codes, 8< N< 14

=10 = 11 = 1§ = 13 =14
‘3 -j .3 ‘__.] I I:J - ‘3 | W
EgXIl EgXIQ ESXI3 EgXD4 EgXD4XIl ESXD6
u N u | B B e
Dl()><I1 D12><I1 D14
| 3 B8 | 30 e 8 O
Dy x Er Dg x Er E-x E~
..and N =15, 16: R
o el N =16 I FEq3 Eq4

Esx By s By The (well-known) only two

‘ ‘ o o ‘ ‘ - even, unimodular lattices
( ]
FE15 E6 r
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Doubly-Even Binary Codes

® The list of DEB codes obtained so far:

..cont’d
with Robert Miller

N= 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
mms
T *
]_[r—r—r—. S P + |+ |+
sl 11111 a B3 K1 K3
LrEs'['r'['['['[ i E
T TTTTTY 101%°*! codes™ *!E*“
[ BexEs, Ere [ TR AnEnn
ur—r ey
M I_[ [ [ r r_r-r T 1T 01 ) il IR0
r—r—r T r—r T © codesr T :
Mf -1 11111 [ A LLLLL a5 code
_m[r[[[ ‘13- R-0-F- R R-R- 000 B 0 1

Sriare: computing, and computing, and computing...

May take on the order of 12 CPU-years. Recently, Ohio Supercomputing Center has granted us access, which may let
us complete the listing of all N< 32 DEB codes in (X(months)! For now, see http://www.rimiller.org/de_codes/
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Doubly-Even Binary Codes ...cont?

with Robert Miller

® The plot of DEB codes obtained (using distributed

computing) so far:

i‘i\ﬁw codes betng computed. .. }
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Back to Supermultiplets

® Every DEB code defines an Adinkra chromotopology:

_

® Every chromotopolo dmits one or
more dashings:
> [WO x
<

...counted by cubical cohomology.

17
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Back to Super multiplets ...gettin’ there

® Every dashed chromotopology has several “hangings™:

Worldline shadow A worldline
of the 4d, N=1 “chiral” self-dual superfield:
superfield, Ds® = 0. DiiDgx = %€ DD .
® ...and similarly for (10%4) Adinkra chromotopologies!

18
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Back to Supermultiplets  ...gettin there

® Adinkras correspond to supermultiplets:

Adinkra Superderivatives Adinkra Superderivatives

Q U M (D;U)
CO] either (D;U) or (D,U) M either (D;D;U) or (D;D>U)
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Back to Supermultiplets  ...gettin there

® Adinkras correspond to supermultiplets:

Adinkra Superderivatives

Adinkra Superderivatives

U

1D U, 8,U)

1D D3 U, 8,1)
1D D3 U, 52U)

2R ©
ok
i

Sy oo
@ (DD V)

BEFS  (DuD>DyU,8.D,U)

% (D D> Dy U)
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Back to Super multiplets ...gettin’ there

® “An Adinkra is worth ten thousand equations.”

(e) (5) So(€) p2 = e'thy + €%thy — €23 — €'y — s, (23)
5Q(6) ¢y = — 17/14 aF 621/13 e 631/12 = 541/11 Sin 651/17 ) (6) 5Q(€) 03 =+ 11/)6 = €2¢3 = 63'!/14 e 641/15 = 651/11 s (24)
8q(€) #3 = +c'ths + €%hy + €%hy — €y + 795, (7) 6o(€) s = —c'ths + €¥ths — €3hs — €'ehy + g (25)
So(€) s = — Lbs + €215 + €3hg — €y — 24y (8) So(e) ds = — 171}2 e 6211}7 + €3¢1 v 541/)8 i 55"/’4 : (26)
(5Q(€) o5 =+ 11/J5 + 62"/)6 = 53w7 — 641[)8 - g5¢2 . (9) 5@(6) $6 = + 1¢1 o 6211)8 aE 63¢2 i 641/)7 o 55¢6 : (27)
5Q(E) P = + 11/)8 —+ 621/)7 + 63¢6 + 64#}5 o (»51/13 . (10) . ( )w 1(2'5 2¢ 3(1_) 4¢ 5(2_5 (28)

- - : . =1 +1 + 4 = + €93,
Sol€) 1 = —iclgy + i€2Fy + i€®ps — i€ddy — iy | (11) R R My
p . . ‘ 5 Y ¢ gD 6Q(€)w2:*l ¢5+Z6 ¢2+Z€ ¢6+l€ ¢1+Z( F7 5 (29)
5g(€) o = +ic ' Fy +ie2py — i3y — €'y —ic s (12) . s X X i
oo sy - ) el Sg(€) s = —ictgy + i€2ps — 13 Fy + i€*Fy — i°¢y | (30)
Sq(€) Y3 = +ic' ¢y +i€’ps + i€’ oy + €' Fy — ic°g (13) C ? - 9 3 o4 oo 15
Sq(€) ths = —ic' ¢y + i€’ds — i€’ Fy + i’y — ie°Fy , (14) O m pare 4 dq(€) Yy = a 1F7 s Z.EQFs - 2.63{73 — 2.64754 — Z‘E5¢.>5 , (31)
dq(€) ¥s = +ic'ds + ic2py — i* Fy + ie'dg + i Fy (15) e S e S T e oW, (32)
dq(e) g = —i Loy + i€’ s + i€ + i€ Fy + i€y (16) dg(€) s = +i 1?3 r i52¢.54 aF ieglj—} a7 i54F8 = i€5¢6 ) (33)
0g(€) by = —ic' Fy + i€?ds — 1€3ds — i€ Py + 1%y , (17) dg(€)r = +i 1?2 i i52<é5 = i€3¢?1 - i€4?ﬁ i 7;65}'7‘8 . (34)
0o(€) ths = +ic ds + i€2Fy + i€3 g — i€ s + 1% (18) So(€) Ys = —ic' Py + i€°Ps — i€%Py — i€’ s + ie’Py (35)
3q(€) Fr =+ + €%y — €¥y + €'y + ™15 (19) dq(€) Fr = —cey + €5 + €39hs + €'ty + 4y (36)
S(e) Fy = —c'yr + €Xig — €%4)5 + e*ofg — €Yy (20) Sq(€) Fs = +c 05 + €2y — %43 + €' + >y (37)
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Back to Supermultiplets  ...gettin there

® Revisit the N =4 decomposition:

©1234 (0} o 3 (02 Y123 Y124 Y134 234

¢+ = Po & P1234
Supersymmetry

then implies:

Qror = Va1,
Qrvry = —id1j0:¢+ —i10:d4(1y)

Qro+rsxk = Org¥k] -

J
dr / dlem‘
M\ nonlocal !!! br0  br briz P
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Back to Super multiplets ...gettin’ there

® Given this googol or 40 of worldline supermultiplets,

® ... can make even more (by constraining & gauging)!
® Need to oxidize worldline => spacetime (2,- 4,- E - d)
® ...for straightforward application in field theory.

® This picks out Spin(1l,dD1)covariant supermultiplets.

® Worldline supersymmetry also occurs:
1. within underlying models (worldsheet for superstrings),
2.within the Hilbert space of quantum states,

3.1n phenomenological models (nuclear physics, ...).

...to be continued.
29
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Thank You!

Tristan Hiibsch
http://homepage.mac.com/thubsch/
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