Introduction to
Supersymmetry



Unreasonable effectiveness of the SM
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Figure 1: The top loop contribution to the Higgs mass term.
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Figure 2: Scalar boson contribution to the Higgs mass term via the
quartic coupling.



Figure 3: Scalar boson contribution to the Higgs mass term via the
trilinear coupling.
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If N =N, and A = |y¢|? then A? cancels

If m; =my =mpg and p% = p% = 2 m? log A are canceled as well

SUSY will guarantee these relations
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SUSY algebra

{Qa, QL} — QUZaPm

O"U’. = (170'7:) ﬁ,uo'za — (17 _O-i)

1 0 —i 1 0
o) “2:(1 o) "3:<0—1
[P Qo] = [P, QL] = 0

[QOMR] — Qa [an R] — _Qg
H=P"=1Q:Q] +QlQ1 + Q:Q} + Q}Q2)

)
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SUSY':

Q.]0) =0
implies that the vacuum energy vanishes

(0|H|0) = 0

SUSY breaking:

Qal0) # 0

and the vacuum energy is positive

(0|H|0) # 0
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SUSY representations

—

massive particle rest frame: p, = (m,0).

{Qaan} — 2m5ad
{QomQﬁ} = 0
L@} = o

Clifford vacuum:

Q) = Q1Q2]m, 5/733%
Q1|Qs> — QQ‘QS =0

massive multiplet:

Q)
Q110.), Q)
Q1Q}90s)



massive “chiral” multiplet:

state  s3
Qp) 0
Q110). Q5|Q0)  £3
Q1QL%) 0

massive vector multiplet:

state sj3

Q1) +3

Q“Q%%Q; Q%> 071707_1
QIQNI0)  +1




Massless particles

frame: p, = (F,0,0,—F)

{QlaQJ{} = 4k
{Q27Q£} = 0
{QaaQﬁ} = 0
QL = o
Clifford vacuum:
Q) = Q1]E, X)),
Q1) =0

(Q]Q2Q510) + (2 ]QIQ210) = 0

(Q2]Q2Q50) =0



massless supermultiplet

state helicity
€25) A
QUQ) A+ 3

CPT invariance requires:

state helicity
Q_5-1) A3

Q“Q—A—%> —A



massless chiral multiplet

state helicity
€20) 0

Q1190) 5
include CPT conjugate states:

state helicity
Q-1 -3

5 2

Qi ) 0

2



massless vector multiplet

state helicity
Q1) 3
Q1I01) 1

and its CPT conjugate:

state helicity
) -1

Ql0-1) -1



Superpartners

fermion
quark

gauge boson
gluon

1111

sfermion
squark
gaugino
gluino



Extended SUSY

1Q2%, ng} = 20,,Pu04
{TQS” %} = 0
{QdchBb} = 0
where
a,b=1,...,. N

U(N)r R-symmetry
massless multiplets: p, = (E£,0,0, —E)

{Q%,Q1,} = 4ES,
{Q4,Q%,} = o.



ceneral massless multiplet

state  helicity = degeneracy

Q) A 1
QW) A+1 N

QLQLIN) A+l NW-—1)/2

Q11Q12"°QL\/’|Q>\> A+N/2 1



N = 2 massless vector multiplet

state helicity degeneracy

Q) -1 1
QTIQ_1)  —3 2
QTQTQ_1) 0 1

with the addition of the CPT conjugate:

state helicity degeneracy

€20) 0 1
QM%) 3 2
Q'Q™) 1 1

built from one N/ = 1 vector multiplet and one A/ = 1 chiral multiplet.



N = 2 Hypermultiplet

state helicity degeneracy

Q—%> _% 1 Xa
QY 1) 0 2 ¢
Q'QMQ_1) 5 1 e

gauge-invariant mass term: ¥y,

N = 2 is vector-like



N = 3 massless supermultiplet

state helicity degeneracy

Q_1) —1 1

QM) -5 3

QTQIQ—) 0 3

QTQTQQ 1) 5 1

plus CPT conjugate

state helicity degeneracy

Q1) -5 1

Q1 Q_1) 0 3

QiQlle_y) 5 3

QiQiQile ) 1 1

=
[

3 1s vector-like



N = 4 massless vector supermultiplet

state helicity R

Q) -1 1
QMQ-1) -3 4
QTQTIO_) 0 6
QIRIQIQ_) 5 4
QRTQTQTQTOQ_1) 1 1

vector-like theory



Massive Supermultiplets

{Q2,QL} = 2mdaudy

state spin
Q) S
Q:ria|QS> S _|_ %

T N
QdaQﬁ'b|Q3> S+1

QinglQingz ce QINQ£N|Q>\> S



N = 2 massive supermultiplet

state  (dgr,2j + 1)

Qo) (1,1)
QT QO> (27 2)

Q'Q Q) (3,1)+(1,3)
QTQTQN) (2,2)
QTRTQTQT) (1,1)

16 states: five of spin 0, four of spin %, and one of spin 1.



N = 4 massive supermultiplet

state (R,2j +1)
QO> (17 1)
QT QO> (47 2)
QTQT|N0) (10,1) +(6,3)
QTRTQT|N0) (20,2) + (4,4)
QTQTQTQTQ) (20,1) + (15,3) + (1,5)
QTQTQTQTQT) (20,2) + (4,4)
QTQTRTQTQTQT) (10,1) + (6, 3)
QTQTRTQTQTQTQTN) (4,2)
QTQTRTRTQTQTRTQT|N) (1,1)

which contains 256 states, including eight spin % states and one spin 2
state



Central Charges

{Qa. QL) = 200,P.5
{Q Qﬁ} — 2f€aﬁzab
{Qaaa } — 2[6@6 ab
where
€ = i0?
for N' =2
{Q2, ng} = 20,,,Pu04
{Q Qﬁ} — 2\[€a56ab2
{Qaa7 } = 2[6 EabZ



Defining

A = blQhtes (Q2)

By = Qb cus (@3)
reduces the algebra to

{Aa, AL} = bap(M +V22)

{BaBY} = bap(M —v22)

(M, Z|BoaBY|M, Z) + (M, Z| B} Ba|M, Z) = (M — V2Z) ,
M > /27

for M = +/2Z (short multiplets): B, produces states of zero norm

M > +/2Z (long multiplets)



short (BPS) multiplet:

state 27 41
20) 1
AT|Qg) 2
(AT)?190) 1

state 275 41
Qi) 2

Al Q%> 1+3
(AT)?]Q1) 2

short multiplet has 8 states as opposed to 32 states for the corresponding

long multiplet
BPS state:

M =+/2Z

1s exact



