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The purpose of these lectures is to

question




Introduction to Supersymmetry

The best single reference to supersymmetry at the weak scale is:

S.P. Martin,“A supersymmetry primer”, hep-ph//9709356
(updated to v6;09/201 )

For part of my lectures, I'll be heavily using a nice set of two lectures on supersymmetry
given by Steve at PreSUSY 2010 in Bonn

http://zippy.physics.niu.edu/PreSUSY | 0.pdf

Aside from many comments, we’ll deviate more substantially when we get to models,
mediation, flavor, and of course, impact of LHC searches.

In addition to using notation consistent with the Primer, this will give you an idea of what

has not changed, and perhaps more interestingly, what has changed in just two years of
LHC running.

Here we go!


http://zippy.physics.niu.edu/PreSUSY10.pdf
http://zippy.physics.niu.edu/PreSUSY10.pdf

Introduction and Motivation



Good reasons to believe that the next discoveries beyond the presently known

Standard Model will involve supersymmetry (SUSY):
® A possible cold dark matter particle
e A light Higgs boson, in agreement with indirect constraints
e More generally, easy agreement with precision electroweak constraints
e Unification of gauge couplings
e Mathematical beauty

However, they are all insignificant compared to the one really good reason to

suspect that supersymmetry is real:

e The Hierarchy Problem



An analogy: Coulomb self-energy correction to the electron’s mass
(H. Murayama, hep-ph/0002232)

If the electron is really point-like, the classical electrostatic contribution to its
energy is infinite.

Model the electron as a solid sphere of uniform charge density and radius R:
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This implies a correction Am. = AFEcoulomb/ ¢? 1o the electron mass:

0.86 x 10~ 1° meters)

R

A divergence arises if we try to take R — 0. Naively, we might expect

Me physical — MMle bare + (1 MGV/C2) (

R = 1077 meters, to avoid having to tune the bare electron mass to better
than 1%, for example:

0.511 MeV/c* = —100.000 MeV /c¢* + 100.511 MeV /c?.



However, there is another important quantum mechanical contribution:
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The virtual positron effect cancels most of the Coulomb contribution, leaving:

m 3 | h/mec N
Me sical = Mle bare — I Ce
,phy I ,b 47'(' R

with i /mec = 3.9 x 107 1% meters. Even if R is as small as the Planck length
1.6 x 1073 meters, where quantum gravity effects become dominant, this is

only a 9% correction.

The existence of a “partner” particle for the electron, the positron, is

responsible for eliminating the dangerously huge contribution to its mass.



The “reason” for the positron’s existence can be understood from a symmetry,

namely the Poincaré invariance of quantum electrodynamics.

If we did not yet know about relativity or the positron, we would have three options:

e Assume that the electron is not point-like, and has structure at a measurable

size¢ R > 10717 meters.

e Assume that the electron is (nearly?) point-like, and there is a mysterious

fine-tuning between the bare mass and the Coulomb correction to it.

e Predict that the electron’s symmetry “partner”, the positron, must exist.

Today we know that the last option is the correct explanation.



The Hierarchy Problem V(H)

Potential for [, the complex scalar field that
is the electrically neutral part of the Standard

Model Higgs field, is:
174 GeV IHI

A .
V(H) = m} | H* + 5 |H| '/

For electroweak symmetry breaking to give the experimental m z, we need:

(H) = \/—m%{/)\ ~ 174 GeV

The requirement of unitarity in the scattering of Higgs bosons and longitudinal W/
bosons tells us that A is not much larger than 1. Therefore,

—(few hundred GeV)* < m3; < 0.

However, this appears fine-tuned (in other words, incredibly and mysteriously

lucky!) when we consider the likely size of quantum corrections to m%l



Contributions to m%{ from a Dirac fermion H

loop: Af Af

The correction to the Higgs squared mass parameter from this loop diagram is:
2
¥

1672

where A r is the coupling of the fermion to the Higgs field /1.

Am3;, = —2Mgy + 6m?c In (Myv/myg) +...]

My should be interpreted as the ultraviolet cutoff scale(s) at which new physics

enters to cut off the loop integrations.

So m%{ IS sensitive to the largest mass scales in the theory.



The Hierarchy Problem

Why should:

m, |
Mg

S 10—32

lanck

e - . 2 2 2
if individual radiative corrections Am7; are of order Mg, ., or Mstring,

multiplied by loop factors?

The problem is present even if String Theory is wrong and some other unspecified
effects modify physics at Mpi.nck, Or any other very large mass scale, to make

the loop integrals converge.

An incredible coincidence seems to be required to make the corrections to the

Higgs squared mass cancel to give a much smaller number.



Supersymmetry Solution

The systematic cancellation of loop corrections to the Higgs mass squared

requires the type of conspiracy that is better known to physicists as a symmetry.

Fermion loops and boson loops gave contributions with opposite signs:

2
Am3; = — A (2MEy,) + (Dirac fermi

H = = UV . irac fermion)
Am2, = + As Mz, + (complex scalar)

The cancellation is not because “all fermion loops cancel all boson loops”
(this is false!). Instead, the chirality of fermions has been promoted to scalars.

This is how supersymmetry makes the cancellation not only possible,
but automatic.

This requires *two™ complex scalars for every Dirac fermion,and Ag = )\?.



Supersymmetry



Supersymmetry

A SUSY transformation turns a boson state into a fermion state, and vice versa.

So the operator Q that generates such transformations acts, schematically, like:
()|Boson) = |Fermion); () |Fermion) = |Boson)

This means that () must be an anticommuting spinor. This is an intrinsically

complex object, so QT IS also a distinct symmetry generator:

Q' |Boson) = |Fermion); Q'|Fermion) = |Boson)

The possible forms for such theories are highly restricted by the
Haag-Lopuszanski-Sohnius extension of the Coleman-Mandula Theorem.
In a 4-dimensional theory with chiral fermions (like the Standard Model) and
non-trivial scattering, then Q carries spin-1/2 with L helicity, and QT has

spin-1/2 with R helicity, and they must satisfy. ..
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The Supersymmetry Algebra

{.Q"y = p*

{Q,Q} = {@,Q"}=0
PrQl = [P*Q1=0
7°,Q] = [1%,Q"]=0

Here P* = (H, P) is the generator of spacetime translations, and T'* are the

gauge generators. This is schematic, with spinor indices suppressed

The single-particle states of the theory fall into irreducible representations of this
algebra, called supermultiplets. Fermion and boson members of a given
supermultiplet are superpartners of each other. By definition, if |€2) and |€2") are

superpartners, then |’} is equal to some combination of ), Q' acting on |2).

Therefore, since P2 and 7 commute with Q, Q7, all members of a given

supermultiplet must have the same (mass)2 and gauge quantum numbers.

12



Types of supermultiplets

Chiral (or “Scalar” or “Matter” or “Wess-Zumino”) supermultiplet:
1 two-component Weyl fermion, helicity i%. np = 2)
2 real spin-0 scalars = 1 complex scalar. (ngp = 2)

The Standard Model quarks, leptons and Higgs bosons must fit into these.

Gauge (or “Vector”) supermultiplet:
1 two-component Weyl fermion gaugino, helicity i%. (np = 2)
1 real spin-1 massless gauge vector boson. (ng = 2)
The Standard Model v, Z, W, g must fit into these.

Gravitational supermultiplet:
1 two-component Weyl fermion gravitino, helicity :I:%. (np = 2)

1 real spin-2 massless graviton. (ngp = 2)

13



How do the Standard Model quarks and leptons fit in?

Each quark or charged lepton is 1 Dirac = 2 Weyl fermions

er «— two-component Weyl LH fermion
Electron: ¥, =

ER < two-component Weyl RH fermion
Each of ey, and e g is part of a chiral supermultiplet, so each has a complex,
spin-0 superpartner, called €7, and e respectively. They are called the

“left-handed selectron” and “right-handed selectron”, although they carry no spin.

The conjugate of a right-handed Weyl spinor is a left-handed Weyl spinor. Define

two-component left-nanded Weyl fields: ¢ = ey, and ¢ = e}}. So, there are two

left-handed chiral supermultiplets for the electron:
(e, €r) and (e, €g).

The other charged leptons and quarks are similar.



Chiral supermultiplets of the Minimal Supersymmetric Standard Model (MSSM):

Names spin 0 spin 1/2 SU3)c, SU(2)L, U(1)y
squarks, quarks | @ (ur JL) (ur, dr) (3,2, %)
(X 3 families) U UR UJ{Q (3,1, 3)
d s di, (3,1, 1)
sleptons, leptons | L (v er) (v er) (1,2, —3)
(x 3 families) e ek el (1,1, 1)
Higgs, higgsinos | H, | (H, HS) (ﬁ;[ ﬁg) (1, 2 -I-%)
Hy | (Hy Hy) | (Hy Hy) (1,2, —3)
The superpartners of the Standard Model particles are written witha ~ . The

scalar names are obtained by putting an “s

squarks and sleptons, short for “scalar quark” and “scalar lepton”.

The Standard Model Higgs boson requires two different chiral supermultiplets, H,, and

”in front, so they are generically called

H ;. The fermionic partners of the Higgs scalar fields are called higgsinos. There

are two charged and two neutral Weyl fermion higgsino degrees of freedom.

15




Why do we need two Higgs supermultiplets? Two reasons:

1) Anomaly Cancellation

Y3 =0 2 2
/ + 2 + 2

SM fermlons

This anomaly cancellation occurs if and only if both ﬁu and ﬁd higgsinos are

present.

2) Quark and Lepton masses
Only the H,, Higgs scalar can give masses to charge —|—2/3 quarks (top).

Only the H ; Higgs scalar can give masses to charge —1/3 quarks (bottom) and
the charged leptons. We will show this later.

16



The vector bosons of the Standard Model live in gauge supermultiplets:

Names spin 1/2 spin 1 SU3)c, SU2)L, U(l)y
gluino, gluon g g (8,1,0)
winos, Wbosons | W+ W° | w* Wwo° (1, 3, 0)
bino, B boson B° BY (1,1, 0)

The spin-1 / 2 gauginos transform as the adjoint representation of the gauge
group. Each gaugino carriesa . The color-octet superpartner of the gluon is
called the gluino. The SU (2), gauginos are called winos, and the U (1)y

gaugino is called the bino.

However, the winos and the bino are not mass eigenstate particles; they mix with

each other and with the higgsinos of the same charge.

17



Exact versus Broken Supersymmetry

Recall that if supersymmetry were an exact symmetry, then superpartners would

have to be exactly degenerate with each other. For example,

Mme, = Mg, = M = 0.511 MeV

Mg, = May = My

Mg = Mgluon — U + QCD confinement effects
etc.

But new particles with these properties have been ruled out long ago, so:

Supersymmetry must be broken in the vacuum state chosen by Nature.

Supersymmetry is thought to be spontaneously broken and therefore hidden, the
same way that the full electroweak symmetry SU (2)7, x U(1)y is hidden from

very low-energy experiments.

18



“Soft” Supersymmetry Breaking

For a clue as to the nature of SUSY breaking, return to our motivation in the
Hierarchy Problem. The Higgs mass parameter gets corrections from each chiral
supermultiplet:

The corresponding formula for Higgsinos has no term proportional to M%V;
fermion masses always diverge at worst like In( My ). Therefore, if

supersymmetry were exact and unbroken, it must be that:

Ag = A%,

In other words, the dimensionless (sc:alar)4 couplings are the squares of the

(scalar)-(fermion)-(antifermion) couplings.

If we want SUSY to be a solution to the hierarchy problem, we must demand that
this is still true even after SUSY is broken:
The breaking of supersymmetry must be “soft”. This means that it does not

change the dimensionless terms in the Lagrangian.



Hierarchy Problem versus Soft Supersymmetry Breaking

The effective Lagrangian of the MSSM is therefore:
L = Lsusy + Lsoft

e Lgyugy contains all of the gauge, Yukawa, and dimensionless scalar
couplings, and preserves exact supersymmetry

o L..r violates supersymmetry, and contains only mass terms and couplings
with positive mass dimension.

If mgost is the largest mass scale in Lqo¢t, then by dimensional analysis,

2 A

2
Amy = m
H £t
SO 1 1672

In(Muv/msott) + ...,

where A stands for dimensionless couplings. This is because Am%{ must vanish
in the limit mgor — 0, in which SUSY is restored. Therefore, we expect that

Msoft Should not be much larger than roughly 1000 GeV.

This is already in some tension with LHC searches; more on this
later.



Constructing a Supersymmetric Lagrangian



The simplest SUSY model: a free chiral supermultiplet

The minimum particle content for a SUSY theory is a complex scalar ¢ and its

superpartner fermion 7). We must at least have kinetic terms for each, so:

S = /d43j (Lscalar + Lfermion)

Lscalar — _a,u¢>l< ,u¢ £fermion — _inEMa,uw
A SUSY transformation should turn ¢ into 1, so try:
0p = €1; §¢* = €'yl

where € = infinitesimal, anticommuting, constant spinor, with dimension

[mass]_l/Z, that parameterizes the SUSY transformation. Then we find:
5ﬁscalar — _Eaujwa’u/¢* - ET8M¢T0M¢.

We would like for this to be canceled by an appropriate SUSY transformation of

the fermion field. ..
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To have any chance, 01 should be linear in e’ and in ¢, and must contain one

spacetime derivative. There is only one possibility, up to a multiplicative constant:
0y = i(a“eT)aﬁuqb; &DL = —i(e0”)a0,0"
With this guess, one finds:
0 Ltermion = —0Lgcalar + (total derivative)

so the action .S is indeed invariant under the SUSY transformation, justifying the

guess of the multiplicative factor. This is called the free Wess-Zumino model.

Furthermore, if we take the commutator of two SUSY transformations:

Ocy(0c, @) — 0cy (0, @) = i(e10Mea — 620M61)8u¢

Since @L corresponds to the spacetime 4-momentum P, this has exactly the

form demanded by the SUSY algebra discussed earlier.

23



The fact that two SUSY transformations give back another symmetry (namely a

spacetime translation) means that the SUSY algebra “closes”.

If we do the same check for the fermion ):

Ocy (e, Va) = 0c (0, Va) = il€10"€a — 620M€1)au¢a
—iela(egﬁ“auw) + iem(eiﬁ“auw)

The first line is expected, but the second line only vanishes on-shell (when the
classical equation of motion E“(?Mw = ( is satisfied). This seems like a problem,

since we want SUSY to be a valid symmetry of the quantum theory (off-shell)!

To show that there is no problem, we introduce another bosonic spin-0 field, £,

called an auxiliary field. Its Lagrangian density is:
£aux = F*F

Note that F' has no kinetic term, and has dimensions [mass]2, unlike an ordinary

scalar field. It has the not-very-exciting equations of motion F' = F'* = 0.

24



The auxiliary field /' does not affect the dynamics, classically or in the quantum

theory. But it does appear in modified SUSY transformation laws:

0p = €
0y = i(a“eT)a(?M(b#—eaF
OF = ieTE“@ﬂp

Now the total Lagrangian
L=—-0"p*0,¢ — ip'5"0,0) + F*F
Is still invariant, and also one can now check:
Oep (0e, X ) — 0e, (06, X) = i(e10"€r — ea0M€1)0, X

for each of X = ¢, ¢*, 1, T, F, F*, without using equations of motion.

So in the “modified” theory, SUSY does close off-shell as well as on-shell.

25



The auxiliary field F' is really just a book-keeping device to make this simple.
We can see why it is needed by considering the number of degrees of freedom

on-shell (classically) and off-shell (quantum mechanically):

o | Y| F

onshell(np =nrp =2) | 2 | 2 0

off-shell(np = nrp =4) | 2 | 4 2

(Going on-shell eliminates half of the propagating degrees of freedom of the
fermion, because the Lagrangian density is linear in time derivatives, so that the

fermionic canonical momenta are not independent phase-space variables.)

The auxiliary field also plays an important role when we add interactions to the

theory, and in gaining a simple understanding of SUSY breaking.

26



Supersymmetric Masses and Interactions



Masses and Interactions for Chiral Supermultiplets

The Lagrangian describing a collection of free, massless, chiral supermultiplets is

L=—0"p*0,¢; — ipV'TH b + F*'F;.

Question: How do we make mass terms and interactions for these fields, while

still preserving supersymmetry invariance?

Answer: choose a superpotential,

. 1 .. 1 ..
W = LZ<I>Z-+§M13q>i<1>j+6ywkcbiq>jcpk

in terms of chiral superfields, where

O = $(y) + V209 (y) + 00F (y)

W cannot depend on &] , only the ®,. It must be an analytic function of the super-

fields treated as complex variables.

The superpotential W contains masses M % and couplings 4%, which must be

symmetric under interchange of 7, 7, k.

Supersymmetry is very restrictive; you cannot just do anything you want!



Superspace Interlude

Steve Martin’s “Primer” (vl-v5) emphasized that supersymmetric Lagrangians can
be obtained entirely in terms of components fields with a “scalar superpotential”

1 .. 1 ..
W =S MY¢id; + 2y i dn

Most SUSY theorists, however, work with “superfields” in “superspace” where
interactions are manifestly supersymmetric. The superspace superpotential is:

. 1 .. 1 ..
W = LZCI>7;—|—§szq)i<bj+6y’3k<biq)j<bk

where

O = ¢(y) + V20 (y) + 60 F (y)

There is an elegant formalism to derive all of the results using superfields.
(and has many advantages, e.g. to understand what SUSY breaking terms are “soft”, etc.).

[The “Primer” v6 (2011/09) has a new chapter (Ch 4) devoted to
superfields in superspace.]



. : 1 .. 1 .. -

The superpotential W = L'®,+-M"®,®; + —y7*®,®,;8, determines
2 6

all non-gauge masses and interactions.

Both scalars and fermions have squared mass matrix M, M%7

The interaction Feynman rules for the chiral supermultiplets are:

I I
Yukawa interactions: . Y . A
N ]//\;\k
_Zyijk LYijk
. N /
K K ~ AL
Scalar interactions: Y A Py X .
]/‘,J\,\k J,J\\'\/\@ g/ \\]
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Supersymmetric Gauge Theories

A gauge or vector supermultiplet contains physical fields:
® a gauge boson AZ
® a gaugino \%.

The index a runs over the gauge group generators [1,2,...,8 for SU(3)¢;
1,2,3for SU(2)p; 1forU(1)y].

Suppose the gauge coupling constant is g and the structure constants of the
group are f"’bc. The Lagrangian for the gauge supermultiplet is:

L=-LFMF, — X"V, + LD D?
where D is a real spin-0 auxiliary field with no kinetic term, and

VA = 9,0 — g f*CAD X

32



The auxiliary field D“ is again needed so that the SUSY algebra closes on-shell.
Counting fermion and boson degrees of freedom on-shell and off-shell:

A, | 2| D

on-shell (np = nrp = 2) 2 2 0

off-shell (np = ngp = 4) 3 4 1

To make a gauge-invariant supersymmetric Lagrangian involving both gauge and

chiral supermultiplets, one must turn the ordinary derivatives into covariant ones:
Outpi — Vupi =0, +1igA;(T"®);
Outhi  — Vi = 09 +igAj (TY);

One must also add three new terms to the Lagrangian:

L = [fgauge + £Chiral — \/ig(gb*Taw))\a o \/ig)\Ta(wTTa¢)
+9(¢"T¢) D"

You can check (after some algebra) that this full Lagrangian is now invariant under
both SUSY transformations and gauge transformations.

33



Supersymmetric gauge interactions

The following interactions are dictated by ordinary gauge invariance alone:

E wém o N S w//é\w x/g\

SUSY also predicts interactions that have gauge coupling strength, but are not

gauge interactions in the usual sense:
N\ /7

a —'—a * k \ / * £
A A N
X
wi \L\qb\'j gb/z b 1“3 ¢/’L 4 N \ij
—iV2gq (T%);7 —iV2gq (T%)7 —ig2 (TP T 4T TeR)

These interactions are entirely determined by supersymmetry and the
gauge group. Experimental measurements of the magnitudes of these
couplings will provide an important test that we really have SUSY.
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Soft SUSY-breaking Lagrangians

It has been shown that the quadratic sensitivity to My is still absent in SUSY
theories with these SUSY-breaking terms added in:

Looft = —% (Mg A*A* +c.c.) — (mZ)é-(b*qui
— (267 ¢ + 2a" " ik + cc.),
They consist of:

e gaugino masses M,

e scalar (mass)> terms (m?)’ and b*/,

e (scalar)® couplings a*/*

35



Building Supersymmetric Models



How to build a SUSY Model:

e Choose a gauge symmetry group.
(In the MSSM, this is already done: SU(3)c x SU(2)r, x U(1)y.)

e Choose a superpotential 11'; must be invariant under the gauge symmetry.
(In the MSSM, this is almost already done: Yukawa couplings are dictated by

the observed fermion masses.)

e Choose a soft SUSY-breaking Lagrangian, or else choose a method for
spontaneous SUSY breakdown.

(This is where almost all of the unknowns and arbitrariness in the MSSM are.)

Let us do this for the MSSM now, and then explore the consequences.
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The Superpotential for the Minimal SUSY Standard Model:

Wassm = UyuwQH, — dyqQHy —eyeLHy + pHy Hy .

The objects H,,, Hy, (), L, u, d, € appearing here are the superfields.

Recall that
U, CZ, e are the conjugates of the right-nanded parts of the quark and
lepton fields.

The dimensionless Yukawa couplings y,, Y4 and y. are 3 X 3
matrices in family space. Up to a normalization, and higher-order
guantum corrections, they are the same as in the Standard Model.

We need both H,, and H 4, because terms like uy () H; and

JdeH - are not analytic, and so not allowed in the superpotential.
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Yukawa Couplings

In the approximation that only the ¢, b, 7 Yukawa couplings are included:

/000\ (0 0 0) (00 0)

Yu= |0 O ; Ya~ |0 O O |; Ye 0O 0 O

\0 0 yt/ \O 0 u) \0 0y

the superpotential becomes

Q

Wassm = y:(ttH, — thH,") — yp(btHy — bbHy)
—y,(Tv.H; —7THY) + u(HIH; — H)H))
Here Qs = (tb); L3 = (v, 7);
H,= (HMH?); H;= (Hg H ) us=t; d3="0b; e3=T.
The minus signs are arranged so that if the neutral Higgs scalars get positive

VEVs (H?) = v, and (H)) = v4, and the Yukawa couplings are defined

positive, then the fermion masses are also positive:

m¢ = Yt Uy mMp = YbUd, Ms+ = YrUq-

38



Baryon and Lepton Number Violating Terms

Actually, the most general possible superpotential would also include:
War=1 = s\ijxLiL;éy + )\;;jkLinCZk + w;L;H,
Wap=1= $A}ptid;dy,

These violate lepton number (AL = 1) or baryon number (AB = 1).

If both types of couplings were present,

and of order 1, then the proton would 5% A
decay in a tiny fraction of a second p* N N~

_|_
through diagrams like this: “R}”

Many other proton decay modes, and other experimental limits on 5 and L

violation, give strong constraints on these terms in the superpotential.

One cannot simply require B and L conservation, since they are already known
to be violated by non-perturbative electroweak effects. Instead, in the MSSM, one

postulates a new discrete symmetry called Matter Parity, also known as R-parity.
(on superfields) (on fields)
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R-parity

Matter parity is a multiplicatively conserved quantum number defined as:
PM _ (_1)3(B—L)

for each particle in the theory. All quark and lepton supermultiplets carry
Py = —1, and the Higgs and gauge supermultiplets carry Py; = +1. This
eliminates all of the dangerous AL = 1 and AB = 1 terms from the
superpotential, saving the proton.
R-parity is defined for each particle with spin .S by:

Pr = (_1)3(B—L)—|—25
This is exactly equivalent to matter parity, because the product of (—1)2° is

always -+1 for any interaction vertex that conserves angular momentum.



R-parity

Pp = (_ 1)3(B—L)—|—23

Spin spin

oluon, ¢ 1 gluino: ¢ 1/2

W+, Z 1 gaugino: W+, Z 1/2
quark: ¢ 1/2 squark: ¢ 0
QM (super)partner

All superpartners are odd under R-parity.



R-parity

Proton decay through R-violating squark exchange:

o 5 el

7.‘.O

u Uu




R-parity

Lightest R-odd supersymmetric particle “LSP” is stable:

odd even

If neutral, the LSP is a natural candidate for WIMP dark matter.



R-parity

Superpartners must be pair-produced at colliders!

Production

—

SM particles > Superpartner

Forbidden!

leaving two LSPs at the end of superpartner decay chains:

N _ W,Z — 0+, jets...
p, T, ...,—> Jets
D > V.70
9, q W,z ¢ missing particle, Er
(colored)

]
\

- O — LSP DM candidate
Er

Lightest superpartner (LSP)
Neutral and stable.




The LSP could be Dark Matter

Recent results in experimental cosmology suggest the existence of cold dark

matter with a density:

Qcpymh” = 0.11 £0.02 (WMAP)

where h = Hubble constant in units of 100 km/(sec Mpc).

A stable particle which freezes out of thermal equilibrium will have Qh? = (.11

today if its thermal-averaged annihilation cross-section is, roughly:
(ov) = 1pb

One example of a “true” WIMP candidate, i.e., has full-strength SU(2) weak
interactions, is the neutral “Wino”, with a thermally-averaged annihilation rate
(ouss) = 12
T 16w M3

This annihilation cross section gives a thermal abundance of
M, )2
2.5 TeV

Generically, the “WIMP miracle” yields a = TeV-mass WIMP. (more on this later)

Quh® =0.13 (



The Soft SUSY-breaking Lagrangian for the MSSM
LMESM - — (Mg + MoWW + My BB) + c.c.
- (a ay @Hu - ZZLad éHd — fag ZHd) + c.c.
—@Tm%@—ZT L—um%NT—dm~d —emgéJr
—my HiH, —my HjHs— (bH,Hy+ c.c.).
The first line gives masses to the MSSM gauginos (gluino g, winos /I/Iv/ bino E).
The second line consists of (scalar)3 interactions.

The third line is (mass)2 terms for the squarks and sleptons.
The last line is Higgs (mass)2 terms.

If SUSY is to solve the Hierarchy Problem, we expect:

M17 M27 M37 Ay, Ad, de ™~ Mgoft

2 2 2 2 2 2 2 2
mg, Mg, Mz, M, Mz, My, , My, b ~ mi g

where Mmoot S 1 TeV.

L The exact number is sparticle-dependent
(and been, perhaps not surprisingly, an upwardly moving target)



The soft SUSY-breaking Lagrangian of the MSSM contains 105 new parameters
not found in the Standard Model.

Most of what we do not already know about SUSY is expressed
by the question: “How is supersymmetry broken?”

Many proposals have been made.



