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Supersymmetric Standard Model

Gauge bosons

o SU(3) gluons GZ=18 —  gluinos g
® SU(2) W-bosons W, W2 —  winos W™, w*
@ U(1) hypercharge B, —»  bino b

Matter (L-handed)

@ leptons £ = < v > 1/2,ef,1/g — sleptons / = ( I;t >,éR,17R
Higgs —  higgsinos
o H Y =-1/2like —
o Hy Y =+41/2likel —  H
2/1
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for every particle — sparticle: not present in the SM
- Can Higgs boson be spartner of a lepton £ 7 No

- (H) # 0 would break lepton number (L)

- Yukawa's: either break L or don't exist W = lel,qd“/ no qu°l
- Hy or Hy 7 both

- cancel the hypercharge anomaly:

SU(Z) A wiY=D) SU(2) A p(Y=-1)

i .
/>‘\./"\_/\ Uiy + /\f\/\ u(1) =0

SU(2) \N\L/ SU(2) s

- obtain all necessary Yukawa couplings: qu“H,, qd“H, (e H;

in SM H; = H;: forbidden in SUSY due to W analyticity
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SSM Lagrangian

0 Loauge = %fd29 Tr<V2 + h.c. = usual gauge kinetic terms
SU(3) x SU(2) x U(1)

o Lx = [d* Z CDLe_qV(Dq = usual matter+higgs kinetic terms

matter fields

charges/generators of SU(3) x SU(2) x U(1)

= New supersymmetric gauge interactions

o all vertices controlled by the gauge couplings
@ quartic scalar vertices from the D-terms
o gauge “Yukawa" couplings fermion-gaugino-sfermion

@ Superpotential [d?0 W + h.c.
W = (}Auuc)Hz + (gAgd®)H1 + (Chce€)Hy —i—/quHz
Yukawa matrices in the flavor space higgsino mass

@ new quartic scalar vertices from F-terms but not quartic Higgs potential

I. Antoniadis (Supersymmetry) 4/1



Higgs potential

V=Vr+Vp Z ‘Q—W‘ = 12 (|[Ha]? + | Ha?)
2 2 5 5 2 2
Vp=13 g2 (H,TtaH,-) :%(HIUH1+H§JH2> + 8 (|H2 = [Ha]?)
a
2 (114012 02y L & T8V 1,00 0[2)2
= Vaeutral = 12 (|HP1? + [H31?) + 25— (|HL 1 — [H2]?)

8
[ H | Hy
H1_<H1_> H2‘<H§

@ 2 Higgs doublets = after EW symmetry breaking: W™, Z massive
1 charged scalar H* + 3 neutral: 2 CP-even H, h, 1 CP-odd A

@ quartic coupling is predicted but 2 higgses v /v = tan
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W is not the most general renormalizable

B and L conservation is not automatic as in the SM — missing terms:
® Hi < /¢ = L-number violation
qd<t lel Hie‘H, (Hy: AL=+1
@ B-number violation: d°du¢ AB=3x ;=1
Discrete symmetry to forbid them: R-parity 0 odd
discrete subgroup of the R-symmetry
R= (—)3B +L+2) sparticle parity

gauge + Higgs superfields: even, matter: odd
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Consequences of R-parity

@ sparticles are produced in pairs
@ Lightest Supersymmetric Particle (LSP) is stable

typically a neutralino (mixture of bino, wino and neutral higgsinos) =

@ SUSY collider signal: events with missing energy
@ LSP is a natural dark matter candidate

WIMP: weakly interacting massive particle
sparticles have not been observed = supersymmetry must be broken

=2 afew 100 GeV

exp ™Y

e.g. mg=me~05MeV  but mg
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Properties of spontaneous SUSY breaking

- Sum rule: StrM? = Z m? —Z m? =0 Z(—)2J(2J +1)m3 =0

bosons fermions J

no quadratic divergence in the vacuum energy
incompatible with experimental limits
e.g. for charged leptons: mZ +mZ, =2mz >
all slepton masses < 2 GeV ! similarly d-squark masses < 5 GeV

- Massless goldstino: d1) = —\/§<F> E4+--- A=(D)EH---
analog to Goldstone boson: ¢ =c+ ---

it should also have derivative couplings = cannot be known fermion

fortunately: in the presence of gravity goldstino is eaten by the gravitino

to form massive spin-3/2 — superhiggs phenomenon
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Soft supersymmetry breaking

Add all possible breaking terms that preserve the good SUSY behavior
= they should have positive mass dimensions
can be generated if SUSY is spontaneously broken in a different sector

and mediated to the SM by gauge interactions or gravity
(F) (D) N

Mgsysy ™~

M M M
M: messengers mass or Mppance  A: SUSY scale in the extra sector
if M = Mp) = A ~ 10! GeV so that mgysy ~ 1 TeV
e the breaking in the extra/hidden sector can be dynamical
e.g. strongly interacting super Yang-Mills = A: gaugino condensation scale (\\)

— dynamical explanation of the origin of SUSY scale
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Obtain the general soft terms

must have positive dimensions: masses and trilinear scalar terms m¢?3

necessary but not sufficient condition — — general rule:

@ Introduce an auxiliary chiral superfield S with only F-component
S = Myusy®? : spurion (dimensionless)
@ Promote all couplings of the supersymmetric Lagrangian
to S-dependent functions/superfields
1) Matter kinetic terms: [d*0 ®Td — [d*0 Z5(S, ST) dTo
Zo(S, STy =1+ z¢,55T up to analytic/antianalytic redefinitions
® — (1+cS)d, oF — (14 /ST)of

C o2 b2 2
= scalar masses: mg,. zi|oil — mg
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2) Gauge kinetic terms [d?0 W? — [d?0 Z,,(S) W?
Zw(S) =1+ 2,5 = gaugino masses MyusyZaA°AT  — my )5

3) Superpotential [d20 W(®) — [d?0 w(S)W(P) w(S)=1+wS
= Mgysywi Wi(p) for W =35". W,

Wessn — BuHiHa + §AuIHy + §AqdSHy + TAEHy
matrices in flavor space
trilinear analytic scalar interactions ~ ¢3 but not ¢?¢*
= Too many soft parameters! over 100
Exp constraints: Flavor is not automatically conserved as in SM

soft scalar masses and A-terms — important FCNC
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Reducing the parameter space

Simple phenomenological conditions to suppress FCNC:
valid at some energy scale Qy S Mpianck

@ scalar masses diagonal in the flavor space
2 2
2 23\2 _ 2 — 2 5.
(ma>ij = mQ djj (m )U mU 0jj (mac) = le_é,J

(mg)z —mioy (md)2 =m0
® A-matrices proportional to Yukawa couplings
(Au)ij = Ay ()‘U)ij (Ad)ij =Ap ()‘d)ij (Ae)ij =AL ()‘e)ij
in addition soft Higgs scalar masses m?|H;|? + m3|Ha|? + (BuHiHy + h.c.)
+ gaugino masses M3, My, My = 24 parameters

minimal sugra: mg, my >, A, B (miz = p?+ mj)
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Electroweak (EW) symmetry breaking

Vaeutral = M| HY 2+ m3|H 2+ Biu( HOHE +h.c.)+ 5% (|H 2 — |H9J2)®
@ stability along |H?| = |HS| = m? + m3 > 2Bp
@ EW symmetry breaking = m?m2 — B?1> < 0

Radiative symmetry breaking:

start with all scalar masses positive and mfm3 — B2u? > 0 at high energies

renormalization group evolution = m% is driven negative at low scale

dm3 32 2

dn@ W( o A )

dmz 16 A2

dlnté? = _—247r2g321\/l +—8 5 (th+m + A+ mj — u2)+---

@ QCD effects: stop becomes heavier in the IR = color unbroken

@ top Yukawa: drives m? negative  \; must be O(1)
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minimal SUGRA

Evolution of sparticle masses
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parameters: my, mp, Bu — (HY) = vq, (HY) = vo, my

2 2
2 _ 8&t8y 2 _ ],2 2
IHZ =~ v vV = Vl + V2

mA:m%—i—mg misin26:—28y m%:2

mz,tan 3 = vz /v;

mi — m3 tang
tan23 — 1

my, = mi+my, my =3 {mi +m%+ \/(mf\ — m%)2 + 4m3m% sin? 25}
= mp < mag< my mp < mgz
However important quantum corrections from top/stop loop:

2 _ 3 m4 2 t t2
omy = in“B In = lightest Higgs bound: my, < 130 GeV

™ m
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sparticle spectrum

- sfermions:
@ first two generations: neglect Yukawa couplings =

D-term contributions + soft masses =

2 — m2 = | cos23|m% — tan 3 determination

m
@ 3rd generation: 2 x 2 mass matrix for t;, tr — t1, o
similarly Z)L, I~3R — I~31, 132

- wino-bino-higgsino mixing = charginos + neutralinos

. . M, V2my sin B
@ charginos W=, H=: < V2myy cos 8 1 >

— two Dirac states: Ci, Cff

@ neutralinos W3, B, H?, I:IS: 4 X 4 mixing matrix = N; i = 1,...,4
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