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STANDARD MODEL “PROBLEMS”
Theoretical "Problems”

e Assignment of matter Quantum Numbers
e Unification of Gauge Couplings

e Origin of Spontaneous Symmetry Breaking
e Accomodate Quantum Gravity

e Large number of Flavour Parameters
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STANDARD MODEL “PROBLEMS”
Theoretical "Problems”

e Assignment of matter Quantum Numbers
e Unification of Gauge Couplings

e Origin of Spontaneous Symmetry Breaking
e Accomodate Quantum Gravity

e Large number of Flavour Parameters
Observational "Problems”

e Need of non-baryonic Dark Matter

e (' P violation source for Baryogenesis
e Mechanism of Inflation
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MOTIVATIONS FOR SUPERSYMMETRY

e Only possible extension of symmetry beyond
Lie Symmetries (Coleman-Mandula Theorem).

e Correct Unification of Gauge couplings at Mqyr.
GUT assignment of Quantum numbers (anomaly cancellation).

e Solution of the Hierarchy Problem,
strong motivation for low-energy SUSY.

e "Natural” Mechanism of Electroweak Symmetry
Breaking , Radiative Symmetry Breaking.

e SUSY is a necessary ingredient in String Theory.
Local Supersymmetry < Supergravity.
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| Coleman-Mandula Theorem |

In the 60°s attempts to combine infernal and Lorentz symmetries ...

The only conserved quantities that fransform as fensors under
Lorentz fransformations in a theory with non-zero scaftering

amplifudes in 4D are the generatfors of the Poincare group

and Lorentz invariant guantum numbers (scalar charges).

2 x 2 spinless parficle scattering, bosonic conserved charge, ¥, ,
(1 11) = ap,p,, + Bguw
SO, in the scattering process,
PPy + PPy = PPy + PP, & pL A+, =D+,

Noft possible in a theory with non-zero scattering.
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However: Coleman-Mandula theorem does not forbid conserved
spinor charges, Q. (fransforming like fermions under Lorentz)

Q. |Boson) = |[Fermion)  Q,|Fermion) = |Boson)

Qa, H] =0 {Qa,Qz}, H| =0

‘ Supersymmetry Algebra I
{QOMQB}:2O-ZBPIL {Qa,Qp} =0 {Qa,QB}ZO

Supersymmetry relates particles of different spin with equal
guantum numibers and identical masses.

% K (quark) |9 (gluon)
0 q (squark) g (gluino)

Chiral supermulfiplet Gauge supermultiplet

D
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\Hierarohy Probleml

! f
Sy s
f
dme = 29 m, log ?7/7}6 dm3 (f) = —2N; |1>‘f|2 [A* — 2m7%In mAf]
with m,. — 0, chiral symmeftry No symnmetry protects m?, ...
Quadratic div.!!
A =101 GeV
om. = 0.24 m, om2, ~ 10°0 GeV
fr, fr l )
supersymmetry = + oo - .- o
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om¥(f) = —2N;=ty 5 [A2 — 2m21n Af T

5m%{(f)—i—5mH(f)—() If Nf: f’|)\f|2:_)\f and myg=msz

= Supersymmetry + Chiral sysmmetry solve hierarchy problem.
But ... no scalars degenerate with the SM fermions, SUSY broken !

MOTIVATIONS FOR SUPERSYMMETRY



om¥(f) = —2N;=ty (A2 — 2m2In Af T
5m%{(f)—i—5mH(f)—() If Nf: f’|)\f|2:_)\f and myg=msz
= Supersymmetry + Chiral sysmmetry solve hierarchy problem.

But ... no scalars degenerate with the SM fermions, SUSY broken !

‘ Soft Supersymmetry breaking I

e Preserve cancellation of Quadratic divergencies requires
dimensionless couplings still supersymmetric: |Af|? = —Af

e SUSY only broken in couplings with possitive mass dimension:
Soft Breaking m?; =m5 +6°

-

to solve hierarchy
problem ¢ < 1 TeV

A f? o A
|
16%5 Hm f

om; (f)+omi(f) = 2Ny
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\GUT and coupling unificoﬂonl
‘Grcmd Unificc’rionl

e Simple gauge group unifying SU(3)¢c, SU(2), and U(1)y

e All matter multiplets in 1 generation unified in a single (two)
representation of the gauge group:

(dc\ (O u© ut u d\
d° 0 u° u d
SU(5) 5= | dq° 10 = 0 u d

), \ ),

S0(10) 16=104+54+1 (5=(3,1)+(1,2), 10=(3,2)+ (3,1)+ (1,1))

—Explains the assignment of guantum numbers in the SM
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‘ RGE evolution of gauge couplings I Running the couplings o high

energies they come close at Mqyr ~ 101° GeV

60 L IR I L IR L I B L L B IR DL B DL B L B
In SM [
50
40
7' i
5 30

20

10; Standard M odel

0 :\ v ol v el el d wl ol cvd o ol ol v ol ol \Hm:
10° 10* 10° 10® 10% 10% 10 10' 10%
H (GeV)

Using SU(3) and SU (2) 1, to
predict sin 8y with correct
unification :

sinfir = 0.214 + 0.004
sin 05" = 0.23149 + 0.00017
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‘ RGE evolution of gauge couplings I Running the couplings o high

energies they come close at Mqyr ~ 101° GeV

60 L IR I L IR L I B L L B IR DL B DL B L B
In SM [
50 -
40
- ‘
5= 30 :

20 ;

10; Standard M odel ;

0 :\ vl vl vl vl vl vl el vl el vl vl ol vl ol ol \Hm:

10° 10* 10®° 10® 10" 10" 10" 10'® 10®
H (GeV)
|n MSSM o, (e, sin’B,)
12—
\@\\
T
T
T
(G, M) T

Using SU(3) and SU (2) 1, to
predict sin 8y with correct

unification :

. th
sinfy, =

. perp
smHW —

0.214 = 0.004
0.23149 £ 0.00017

Much better agreement:

. th
sin Oy,

. exp -
sin HW —

if (Msusy

0.232
0.23149 = 0.00017

~ 1 TeV).

—>  Strongly suggests Supersymmetric Grand Unification !
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\ Radiative Symmetry Breaking l

e INn MSSM many scalars but (typically) only Higgs gets a vev
e All soff masses possitive O(Myw ) at Mgyt

e uH1Hy € W, n ~ O(My) (SUSY p problem)

e Approx. RGE evolution from Mgyt 1O My :

d 6
167" —myy, = 6Y;(mi, +mo, +myy) — 695M3 — gy My,
2
o d o 2,2 6 o 9 "V, pushed
(g 5 N, down by Y;
2 2 2, 2 2 2 2.2 ;
2. 2 2 9. 9 couplin
692M2 — 1—5g1 Ml’ p g

‘ EW symmetry breaking occurs naturally as a radiative effect |
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\Gruvi’ry and strings ... l

Local

Global bosonic sym. —— Gauge Theory

Local

Global SUSY ——  Supergravity

e SUSY fransformation parameters £ deppend on space-time
position. Anticonmutator of 2 SUSY transformations is a translation

{Qom Qﬁ} — 2JZBP”

|

Local SUSY implies local coordinate tranformations: Gravity

e Superstring can unify gravity with gauge interactions.
Supersymmetry necessary ingredient of consistent String Theory

MOTIVATIONS FOR SUPERSYMMETRY
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WESS-ZUMINO MODEL

| Weyl spinors l Susy described in terms of 2-comp. Weyl spinors:

Weyl repres. Vu = V5 =
eyl repres H &, 0 0 I,

(0p)as = (I2,04)ad (5N)‘5‘O‘ = (I, _O_i)o'zoz

o o 0 _ _ _
o = (i) =L +Yr = <§ ) + (a> . Y =9p° = (X“, €a), (a)" = &
X 0 X
=

L = i€o"0,€ + ixo"0ux — M(Ex + EX)

Uiy LWy =&6,8 Wiy R Ws = x10uX2

Dirac — Wey!l: Uy LUy =y1& U1 RUs =&y

WESS-ZUMINO MODEL 13



| Non-interacting Wess-Zumino l

Weyl fermion + complex boson, no interactions
S = / d*zL = / d*z (196" 0 + 0 ¢ 0,u0)
SUSY transformation: scalar < fermion, with £ Weyl spinor
([¢] = —1/2) transf. parameter (Ex. 1: Check L inv. under SUSY)
0 = V2 o = V26 66" = 26y = V2EY
0Lscar = +\/§£ 3”%0 au¢* + \/55 a'uQZ 8u¢
for a fermion, comparing 0 Lscq; ANA L ¢¢p, MUst e
0o = i\/ﬁ(a“@a@ugb 5¢a — _Z\/_(§U ) u¢
0Lfer = V2(§ 65" 0,1)0ud™ — V2(¢p 676"£)0, 0,6

using the Pauli
Maftrix identities
(+OHOY = 0¥ O )

(070" + 0“5V]§ = —277W5g, [c"c” + 5 a“]ﬁ 277W5§

WESS-ZUMINO MODEL



So, we arrive at 6L fermion = —V2€ 0" 0,¢" — V2E 0" D¢ +
V20" [€ 4 Oud + EDDud” + (€ 0¥ 5"Y) 0,9 ]
= 05 = /d4x(5Lscalar + 5Lfermz’on) =0

Theory is invariant only if the algebra closes

(552551 — O¢, 552)¢ =2 (510M§2 - 52(7”51) Ou

for the fermion field, using Fierz identity, x.(én) = —£4(n1X) — e (X€)
and gty = —yotE:

(0e50e, — Ocy 0ey ) e = 2i (§10%Ea — £20"&1) Optha — €1a E20"0ut) + if2a 15" 0,

only on-shell, 5#0,,1» = 0, it closes. Off-shell we must infroduce
auxiliary field, F with Lg., = F*F and dimensions mass?. It does
not propagate, the egs. motionare F = F* =0

WESS-ZUMINO MODEL 15



we modify the transformation properties
0 = V281 0" = V284
0o = iv2 (JM@O&@uqb -+ V2 §a F'
e = —iV2 (£0")a0ud" + V2EaF
SF =iV2E5"0,)  6F* = —iv/2 8,05"¢
Now theory is Supersymmetry invariant even off-shell:

Lwz = iypa" 0, + 04 0, + F'F
(0g20g, — 01 0g,) X = 21 (flO'M§2 - 520'M€1) Op X

WESS-ZUMINO MODEL
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we modify the transformation properties
0 = V281 0" = V284
0tha = V2 (0”5)a3u¢ + V2 Eal'
0o = —iV2 (£6")a0ud” + V2EaF
SF =iV2E5"0,)  6F* = —iv/2 8,05"¢
Now theory is Supersymmetry invariant even off-shell:

Lwz = iypa" 0, + 04 0, + F'F
(0ey0e, — 06, 0e,) X = 20 (§10" &2 — &20"&1) O X for X = ¢, 4, F

| Supersymmetry Algebra l {Qa,Qp} =200 Py [Py, Qa] =0

{QOMQﬁ}:O {QOHQ[S}:O

Chiral Supermultiplet= 1, ¢, F' with four fermionic d.o.f. (2 complex
components of ¢) and four bosonic d.o.f. ( 2 complex scalars, ¢
and F)

WESS-ZUMINO MODEL 16-A



\ Matter Interactions |

General set of renormalizable matter SUSY interactions is given by,
Lint = _%Wijwiwj + W'F, + c.c.

with W4, W* functions of bosonic fields [W¥] = M and [W?*] = M?
1.- [L] = 4,50 W% and W* cannot be functions of 1) and F.

2.- L;,: must be SUSY invariant by itself

3.- L;n: cannot include f(¢, ¢*), it fransforms in £y¢¢*... and cannot
be cancelled (all other terms at least 1 derivative or F)

SLine = V2 (L (60w + S E0) ) (i) = i (VEWY B0 wiohE

+ V2 W Ourpiotg) + \/ﬁ(% (&) Fi + V2 %T‘ff (&) Fy — V2 WY (&) Fj + c.c.)
J

WESS-ZUMINO MODEL 17



15t term . No other term with 4 spinors, however Fierz identity
(§i) (V0r) + (§05) (Yrahi) + (En) (Yit)j) = 0

so it cancels iif W% /§¢y, is totally symmetric in i, 5, k. No similar
identity for (&) (1s10,) therefore W4 /§¢f =0

2nd term. Total derivative iif W49d,,¢; = 0, W' = (6W?'/8¢;)0,.¢;
374 term. Vanishes under the above conditions.

WESS-ZUMINO MODEL
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15t term . No other term with 4 spinors, however Fierz identity
(§i) (V0r) + (§05) (Yrahi) + (En) (Yit)j) = 0

so it cancels iif W% /§¢y, is totally symmetric in i, 5, k. No similar
identity for (&) (1s10,) therefore W4 /§¢f =0

2nd term. Total derivative iif W49d,,¢; = 0, W' = (6W?'/8¢;)0,.¢;
374 term. Vanishes under the above conditions.

—> Superpotential 1/

Andlific function of the (complex) scalar fields (not of ¢*), at most
cubic in ¢ and dimensions of mass?

oo Yk, i OW ) 4
WEgt e g e Wmss W T S,

WESS-ZUMINO MODEL 18-A



F;, F** eliminated using equations of motion: F; = —W*

1

> = —W?*, i.e. functions of scalar fields, no derivatives. Then
Lagrangian,

Lchiral — LWZ"_Lint — i%ZC_T“aulb + au¢*@ﬂ¢+
1. 1. .. |
— oW iy — Wiy — WIWY
The scalar potential V (¢, ¢*) is given by

1 ) * EPNLES
QM““A-an ¢

)\]ﬂk¢1*¢g ¢n Awn)\klnqbngj ¢k*¢l*

P
Superpotential: general SUSY

invariant matter interactions

WESS-ZUMINO MODEL
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| Example: top Yukawal

W = hy QpHt% Givesrise o the Lagrangian,
Lint = — %Wij Yi; — %Wij* iy — WW
_ —% hy [H Qrts + Or hts, + 1% Qlﬁ] tee.
— i (IHE + 1 HQLI + |Qutsl*)

and the Feynman rules

N gL ~%§< 7
t N 7
L lr « -
3 B ~C N >< Ve
<-H ~~lR N
~ v
tc S ~ ~
R h , C * N
tR tL
2
— 4 hy L — 1 h

WESS-ZUMINO MODEL
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| Vector Supefrfields l

Gauge mulfilplet: massless vector boson Af + Weyl gaugino A® +
auxiliary field D®

1 . 1
Lgauge = =7 Fji " +iX*0" DyX* + 2D D"

Fo, = 0,A% — 8,A% + gf* AL AC DAY = 9\ — gfeeAb e

L jauge 1S dlready Supersymmedtric with the transformations
(Wess-Zumino gauge)

0AS, = ila N\ — iX*G,E
1 — UV a . a
NS = 5 (cta §)aFW — &, D

§D* = — "D, A" + D, \GHE

WESS-ZUMINO MODEL 21



| Gauge Interactions l

Replacing 0, — D,, = 9, + igT* A, obtain Gauge invariant
Lagrangian, but not SUSY invariant, we need gaugino and D
inferactions,

¢*Ta¢ ¢ j\a ZETGQ5 ¢*Ta¢ D¢

Then the full Lagrangian is Supersymmetric replacing also in the
SUSY tfransformations derivatives by covariant derivatives,

L = Lgauge + Lenirat + iV2 g [6* T X* + X 9T¢| + g 6*T%¢ D*

where W must also be Gauge invariant by itself. Moreover D* can
be eliminated using eqgs of motion,

D" = —go"T%

WESS-ZUMINO MODEL 22



The gauge invariant SUSY Lagrangian,
L = ippo"Dyby + DF¢EDugr + (L — R°) + $F8,F#e — i \ghD, )\
+iV2g [$ T A + X GTOG] — Wy — W i
—WW; =5 g (3, 6;T i)

therefore the gauge interactions are (U (1)),

c \\¢L ¢*L//
wR \\ /{
Y X
e /{ \\
R 7 ¢L z N
— 19 Yy —2@'92
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\SUSY Logrongionl

‘e All interactions determined by gauge quantum
numbers and Superpotential

e Write all kinetic terms with covariant derivatives
plus gaugino interactions and D-terms

e IV must be a gauge invariant analitic function of
the scalar fields

e Matter interactions determined by W*IWW;* and
Wiaahsap;

—>  Lagrangian is Supersymmetric

WESS-ZUMINO MODEL
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