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SUSY algebra

@ In addition to the momentum P, and Lorentz

generators My, add spinorial charges Q4
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@ CU=-C"" central charges, possible only if N>l




Massless particle

@ Specialize to P,=E(1,0,0,1)
@ helicity: h = €pij Pt MIK/2P0 = M!2
P* — E(1,0,0,1)
it ij 2 ij
(00 2o 25 )
@ creation/annihilation operators (C'=0)
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N=1 multiplets

@ Restrict |hl<l for renormalizability
@ Multiplet structure: /0>, b*|0>}
@ chiral multiplet: pick h|0>=0 or -1/2
@ h={0, 1/2} (anti-chiral) or {-1/2, 0} (chiral)
@ i.e., a Weyl fermion and a complex scalar
= . pick h|0>=1/2|0> or -1
@ h={1/2, 1} or {-1, -1/2}
d l.e,

@ must be in adjoint (real) rep = non-chiral



N=2 multiplets

@ Multiplet: {|0>, bit|0>, b2t[0>, biTb,t|0>}
@ hypermultiplet: pick h|0>=-1/2
@ h={-1/2, 0, 0, 1/2}
@ under N=1, sum of chiral and anti-chiral
@ a Dirac fermion and two complex scalars
= . pick h|0>=0|0>
@ h=10, 1/2, 1/2, 1}
@ under N=1, sum of chiral and vector
3

@ Neither multiplet chiral: cant be used to
supersymmeitrize the Standard Model



N=1 superspace
chiral superfield

@ introduce Grassman-odd coordinates Oy
. u N P ia
@ superspace: (x*,6q,0¢) 1\}” 5 ?(xﬂav e

0

SLE T
Q(x ae _I_le Gu a
@ Covariant derivative , _ % —ibbot 9,

{DOUQB} {DOhQB} 0
{Da, Dy} = =2i8,(6") o
@ Can place a constraint Da(])(x 0,0) =0
@ Note Y =x"—i06"0, D" =0

@ solution: (x,0,0) = 0(y,0) = A(y) + V20 (y) +0°F ()



vector superfield

@ introduce Grassman-odd coordinates B¢
@ real (vector) superfield:
V(x,0,8) = C+0y+ 6% +0°M +06°M* + 66"0A, + 670\ + 676) +6°6°D
@ gauge transformation: V — V +iA —iA
A is a chiral superfield

Can eliminate C, y, M: Wess-Zumino gauge
@ remaining dof: Ay, A, D
@ Field strength chiral superﬁeld

Wa = D’DoV = ho(y) +6°0f Fiy + 60D



Non-abelian
gauge symmeftry

® Generalization to non-abelian case

Y = Ve ASRRETS

eV Y e—erVezA

0 — e "¢
0'e¥ 0 : invariant
@ Field strength chiral superfield
W, = D’¢ " Dye"
W, — e AW, el



Kahler and
superpotentials

@ Two ways to construct invariants (up to total
derivatives)

@ full superspace integral of general superfield
"Kahler potential”

/ d*09*¢ = |0,A|* + Wic"d,y+ F*F

@ chiral superspace integral of chiral
superfield “superpotential”

W . 13w . .
2 L LS 1]
/d 6w (¢) aq),.F EFTTAR

@ Renormalizable theory is fixed by W




gauge theory
(Wess-Zumino gauge)

matter Kinetic term
/ d*0¢'e" o = DA +WiDy + F'F 4+ DATTA + (V2ATN Ty + h.c.)
gauge Kinetic term

| | I = 1
i ayxrao. a a a: a ama
/d O— W W = — s R TR S DD

g 42 g 2¢
superpotential
ow . 13w . .
£ I Ay nlgIges NN 7]
Solve for auxiliary fields Nt
VM Y R a7 %
D*=g?A'T A, F = 3
_Laa i2_g_2J(a 2|aW2
V—zgzDD +|F|? = 2(ATA) | |a¢i




Feynman rules

@ Single gauge coupling constant gives all of
these Feynman vertices




Feynman rules

@ Single Yukawa coupling constant gives all of
these Feynman vertices




Fayet-Illiopoulos D-term

@ Only for U(1) gauge factors, there is another
possible term

/d46V o /d46(V +iA—iA) = /d46V -+ surface terms

@ constant term: ED 5 .

@ changes the D-term potential: % (A”QlAi—§>

@ not consistent with supergravity by itself
unless U(1)r is gauged or Green-Schwarz
mechanism is employed

@ I will not discuss it any further



Renormalization

@ Start with the Wilsonian action at scale [

1 ;
[ao oo+ [ (g—zwawuxof%@jw)
l 0

@ non-renormalization theorem, holomorphy,
and transivity says at scale p'= pe™,

[ a0y oo+ | m((é )Wawuxi{wm)
3 0)

bo = 3CA-2iT¢
@ to identify coupling constants, need to
rescale fields to canonical normalization
@ However, rescaling fields yield anomalous
Jacobians



Renormalization

l

@ Konishi anomaly /@q,l /@ o JLOTL o WaW*
@ rescaling anomaly /@V:/@( Ve [EOCk v

® first rescale matter fields
by

ol | Ji
/ d462¢ Yo+ / d*e ((—2 ) Tt ) WoW* + ké’kd)iq)jcl)k)

80
@ then rescale ’rhe gauge field V—gcV
i 1

———t— Tl—an Ci=ln ¢
g2 g iR Z "8n2 ABme. ¢



The Minimal
Supersymmeftric
Standard Model (MSSM)



supersymmetrize it

@ All quarks and leptons are Weyl fermions

@ chiral superfields have left-handed Weyl|
fermions

@ Use charge conjugation to make them all
left-handed: Q, L, u¢, d¢, e°

@ Promote them to chiral superfields, namely

@ Naming convention: add "s” as a prefix, which
stands for supersymmetry or scalar

@ e.g.: selectron, smuon, stop, sup, sstrange



supersymmetrize it

@ All gauge fields are promoted to vector
multiplets

@ namely add massless Weyl=Majorana
fermions “gauginos”

@ Naming convention: add "ino” as a suffix,
which doesnt mean “small” in any sense

@ e.g.: gluino, wino, photino, zino, bino



supersymmetrize it

@ Minimal Standard Model has only one Higgs
doublet

@ It gives mass to both up- and down-type
fields Lyuige =Y 0 A +¥'0d H+ Y/ Le.H, H=ic,H"

@ Promote it to a chiral superfield, namely add
a “Higgsino”

@ But having only one higgsino makes the SU(2)
xU(1) anomalous

@ Also complex conjugation not allowed in a
superpotential

@ solution: infroduce two Higgs doublets

Hu(1,2,+1/2), Ha(1,2,-1/2)



The MSSM

@ SU(3)cxSU(2).xU(1)y gauge theory

Q|d|u|L|e|Hs|Ha| g | B|W

SU(3)c| 3487739 | [ leeld 8 | 1] 1
SU(2) | 2| 17| it 1ied el o | 17 3
U(1)y [+1/6]+1/3|-2/3|-1/2| -1 [+1/2|-1/2| O | O | O
MITPIT| ¥ | % e e o | V|V
flavor| 3 | 3/ 3 B3 G v bl | 1| 1
Ly | - [P= = e+




The superpotential

@ The terms we want :

Wussu = Y’ QuSH,+ Y, Qid{Hy + Y/’ Lie’Hy + uH, H,

@ The terms we dont want (violates B or L)

WRP — kl]klxtlcdjdlg T k;ijid;Lk =+ K;}kLl-Lje,i —I—,Ul'Ll'HM

@ Impose Z; symmetry ("matter parity”) that
all matter chiral superfields are odd, Higgs
even

@ combined with 21 rotation of space (-1)=° (is
equivalent to 6—-0), it gives R-parity



The Higgs potential

Without supersymmetry breaking effects, the
superpotential
Wirssy = Yl]Qll/tCH —I—Yl]QldCH —I—Y]L €CHd + uH, H

gives the potential for the Higgs field

V = 2 (HH, L ET %(H;%Hu LB S(HE, HIH)

which has only one ground state

<H.>=<H4>=0
Namely the electroweak SU(2)xU(1) is

unbroken unless supersymmeitry is broken



Breaking
Supersymmetry



Auxiliary fields

@ SUSY is broken if the auxiliary component of
a superfield has an expectation value

@ F-term breaking: <z>=0%4f, f£0

o : <Wx>=0ad, d#0

@ Irrespective of dynamics that breaks
supersymmetry, its effect can be
parameterized in terms of these order
parameters (“spurion”)

@ assume f and d dimension 1 for this purpose

@ A spurion does not change the UV behavior
of the theory, i.e. reinfroduce quadratic
divergences



Soft SUSY breaking

@ Take W = Ad> + ud? + 0
@ Using the spurion <z>=0°f, we can write the

most general SUSY breaking ferms in Kahler
[ %0 (@200l + Bl 2)0'0) = (@fO'F + o f'OF") + Bf ' £6°0
@ Solving for the auxiliary component
F*F+ (W' F +af0*F+h.c) = =W +afo*|
= —|W*— (of QW'+ h.c.) — [ f 070

= —|W'|* — 0f (3M0° + 200 +m*Q+ h.c.) — |af 470
@ From the superpofeun’rial

[ 6(2) (@10 + but? + cn’9) = afhe® + b’ + cfm’e
@ bottomline: any terms of type
—(AMO® + Bu¢” + Cm’0 + h.c.) — mgd*o



Soft SUSY breaking

@ Similarly for the gauge multiplef,
/ d*0(2)WW* = fAA
namely gaugino masses
@ If there is a chiral superfield in the adjoint
rept, another possible ferm with D-term

@ Now the complete set of soft SUSY breaking



Sofly broken MSSM



Soft SUSY breaking
terms In tThe MSSM

@ For each term in the superpotential
WMSSM YZJQZMCH —I—Yl‘]QldCH —|—Y‘]L €CHd —I—,UH Hd

® we can have the “"A-terms” and "B-term”
@ scalar masses for all scalars

@ gaugino mass for all three gauge factors

@ A(18x3)+B(2)+m(9%5+2)+M(2x3)+p(2)=111
U(1)rxU(1)pq removes only two phases
cf. SM has two params in the Higgs sector
107 more parameters than the SM!



Higgs potential
The Higgs potential in the MSSM s

where

2 v 2 2 A e 2 D5
ml_de_I_:ua mZ_mHu_I_au 9 m3—B:u

Leaving on the neutral components

2 i 0 2 12
_ rg0k g0y 107 MISRSEE §t8 02~ #57012\2
v = (e ) (2 (b) + S5 = o)

breaks SU(2)xU(1) if mim2? < ms*

stable along the D-flat direction H%=H. if
mi2+m2% > 2ms?

i.e., mi2mz? < m3* < (m2+m2?)/2 which is possible




Higgs particles

2l 0 2 12
_ra0x o0y (MYME Y (Hy Bk 8 012 . e 232
v = (e 12) (3 ) (56) + S Il

@ Two Higgs doublets = 8 Klein-Gordon fields
@ 3 of them eaten by the Higgs mechanism
@ 8-3=
hiaM®, A%, RS H>

@ 3 parameters m;%, mz%, ms®
@ one of them fixed by <Hg>2+<H>%=(174GeV )?
o

tanP=<H.>/<H4> and ma



Higgs parhcles

i
vV — (H% g% myi ms; g o Hoz
g 2 (715 () + 55 g g

@ Solve for mass eigenvalues of physical states

m5, = 2m3/ sin 2, M = 1 e
1
m}zlojHO i (m %o+ sk \/ (m5, +m3)? — 4m;m7 cos? 2[3) my, < my!

@ Lightest Higgs below mz: excluded!

@ However, the quartic coupling evolves
differently from the gauge coupling below
the scalar top threshold , 3 m mymy

Amho AP 1
42 v2E  m?

@ Need stop > 500GeV to evade limits




gauginos, higgsinos
@ charged ones “charginos”

® neutral ones “neutralinos”






one-loop RGE

@ GUT prediction of gaugino masses

———O
dt g7

Mi: M,  Mz=~1:2:7atmy

@ gauge in’reracg’rion bocl)s’rs scalar masses
2

A e
@ Yukawa |9feracf|on suppréesses scalar masses
167 EmHu—3Xt——6g —ggle
167 %m 2Xt—33—2g§M3 i? ‘M7
167 %f% =X, — 332g§M3 6gzMz—%g?M§

X=2Y7(my, +m; +m; +A7)
@ Hu mass-squared most likely to get negative!



RGE

@ running of soft SUSY breaking parameters
can be inferred from the RGE of coupling
constants

Z; — Zy = Z;(1 — 0°A;)(1 — 0%A7) (1 — 6°6°m?)
| | :
;=5 = = (1-6m)

o g * o
N~ g Cr | kijkkljk

202\ e ]X;: l6r2 |

C}, 4 , k?jk*k?jk 2 |
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