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Topics:
e Why: Motivation for supersymmetry (SUSY)

e What: SUSY Lagrangians, SUSY breaking and the Minimal
Supersymmetric Standard Model

e How: to look for supersymmetry at the LHC
e Where: SUSY might be hiding

e Who: Sorry, not covered.
For some more details and a slightly better attempt at proper referencing:
e A supersymmetry primer, hep-ph/9709356, version 6, September 2011

e TASI 2011 lectures notes: two-component fermion notation and
supersymmetry, arXiv:1205.4076.

If you find corrections, please do let me know!



Lecture 1: Motivation and Introduction

to Supersymmetry

e Motivation: The Hierarchy Problem
e Supermultiplets

e Particle content of the Minimal Supersymmetric Standard Model
(MSSM)

e Need for “soft” breaking of supersymmetry

® The Wess-Zumino Model



People have cited many reasons why the next discoveries beyond the Standard
Model might involve supersymmetry (SUSY).

Some of them are:
® A possible cold dark matter particle
e A light Higgs boson, M}, = 125.5 GeV
e Unification of gauge couplings
e Mathematical beauty

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

e The Hierarchy Problem



An analogy: Coulomb self-energy correction to the electron’s mass

A point-like electron would have an infinite classical electrostatic energy.

Instead, suppose the electron is a solid sphere of uniform charge density and
radius R:
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Interpreting this as a correction Am. = AEcoulomb / ¢ 1o the electron mass:

0.86 x 10~ 1% meters
Me physical — Mle,bare + (1 Mev/CQ) ( ) .

R

A divergence arises if we try to take & — 0. Naively, we might expect
R = 10717 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:
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with i /mec = 3.9 x 10713 meters. Even if IR 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.



This “reason” for the positron’s existence can be understood from a symmetry,
namely the Poincaré invariance of Einstein’s relativity imposed on the quantum

theory of electrons and photons (QED).

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

options:

e Assume that the electron has structure at a measurable size
R > 10717 meters.

e Assume that the electron is pointlike or very small, R < 10717 meters,
and there is a mysterious fine-tuning between the bare mass and the

Coulomb correction.

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

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



The Hierarchy Problem V(H)

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

Model Higgs field:
174 GeV

A
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For Mz = /(92 + ¢’?)/2(H) to be 91.19 GeV, we need:

(H) = \/—m%{/)\ ~ 174 GeV
For the physical Higgs mass M = v2A(H) to be 125.5 GeV, we need:
A = 0.26, m2, = — (89 GeV)”

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

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



Contributions to m%{ from a H

Dirac fermion loop: Yf Ys

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

i

1672
where y 7 is the coupling of the fermion to the Higgs field f1.

Am3; = [—2MGy + Gm? In (Myv/myg) +...]

My should be interpreted as (at least!) the scale at which new physics enters
to modify the loop integrations.

Therefore, m%{ is directly sensitive to the largest mass scales in the theory.



For example, some people believe that String Theory is responsible for modifying
the high energy behavior of physics, making the theory finite. Compared to field

theory, string theory modifies the Feynman integrations over Euclidean momenta:

/d4 .. — /d4p e_p/ string [ ]

Using this, one obtains from each Dirac fermion one-loop diagram:

Y7
2 a2
A777’H ~ = {72 Mstrmg + .

A typical guess is that M¢ring is comparable to Mpianck ~ 2.4 X 1018 GeV.

These huge corrections make it difficult to explain how —m?; could be as small
g H

s (89 GeV)>.
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The Hierarchy Problem

We already know:

2

Mgy —33
— 2~ _-14x%10
ME,

lanck

Why should this be so small, if individual radiative corrections Am% can be of

order M3, ., or Mgtring, multiplied by loop factors?

This applies even if String Theory is wrong and some other unspecified effects

modify physics at Mpjanck, 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.
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The Higgs mass is also quadratically sensitive

4 5
to other scalar masses. " \‘
Suppose S is some heavy complex scalar |
. ) H $ )\S Y4
particle that couples to the Higgs. — e Y
2 As 2 2
Amy, = = My —2mgIn (Myy/ms) + .. .|

(Note that the coefficients from a scalar loop have the opposite sign compared to

a fermion loop.)

In dimensional regularization, the terms proportional to M%V do not occur.
However, this does NOT solve the problem, because the term proportional to m25

is always there.
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Indirect couplings of the

Higgs to heavy particles

still give a problem:

(b)

Here F'is any heavy fermion that shares gauge quantum numbers with the Higgs
boson. Its mass m r does not come from the Higgs boson and can be arbitrarily

large. From these diagrams one finds (C' is a group-theory factor):

2 2

Here k depends on the choice of cutoff procedure (and is O in dimensional

regularization). However, the contribution proportional to m% is always present.

More generally, any indirect communication between the Higgs boson and
very heavy particles, or very high-mass phenomena in general, can give an

unreasonably large contribution to m%{.
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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
Am?, — 1?é£2 (2MEy) + ... (Dirac fermion)
Am3 = +-2 62 MUV +. (complex scalar)

SUPERSYMMETRY, a symmetry between fermions and bosons, makes the
cancellation not only possible, but automatic.

There are two complex scalars for every Dirac fermion, and Ag = y?c
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Supersymmetry

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

So the operator () 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 single-particle states of the theory fall into groups called supermultiplets,
which are turned into each other by () and QT. Fermion and boson members of a

given supermultiplet are superpartners of each other.

Each supermultiplet contains equal numbers of fermion and boson degrees

of freedom.
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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. (ng = 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 photon ~, gluon g, and weak vector bosons Z, W=+
must fit into these.

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

1 real spin-2 massless graviton. (ng = 2)
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How do the Standard Model quarks and leptons fit in?

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

€r, <— two-component Weyl LH fermion
Electron: W, =

€R <— two-component Weyl RH fermion
Each of ey, and e is part of a chiral supermultiplet, so each has a complex,
spin-0 superpartner, called €7, and € 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. So,

there are two left-handed chiral supermultiplets for the electron:
(er, €L) and (eh, €R).

The other charged leptons and quarks are similar. We do not need v in the

Standard Model, so there is only one neutrino chiral supermultiplet for each family:

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

Names spin 0 spin 1/2 SU3)c, SU2)L, U(l)y
squarks, quarks | @ (ur JL) (ur, dr) (3,2, %)
(X 3 families) ] Uk ul, (3,1, —3%)
d di d (3,1, 3)
sleptons, leptons | L (v er) (v er) (1,2, —3)
(X 3 families) é er el (1,1, 1)
Higgs, higgsinos | H, | (H, H) (f]j flﬂ) (1,2, +3)
Ha | (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” in front, so they are generically called

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

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

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.

18




Why do we need two Higgs supermultiplets? Two reasons:

1) Anomaly Cancellation

) =

This anomaly cancellation occurs if and only if both H,, and H ; higgsinos are

DO | —

SM fermions

1 3
Y YP=0 +2<§) +2<—

present. Otherwise, the electroweak gauge symmetry would not be allowed!

2) Quark and Lepton masses
Only the H,, Higgs scalar can give masses to charge +2/3 quarks (u, C, t).
Only the H ; Higgs scalar can give masses to charge -1/3 quarks (d, S, b) and

the charged leptons (e, p, 7). We will show this later.



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

Names spin 1/2 spin 1 SU3)c, SU2)r, U(1)y
gluino, gluon g g (8,1, 0)
winos, Wbosons | W+ W° | w* WO (1,3, 0)
bino, B boson B° B (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.
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Recall that if supersymmetry were an exact symmetry, then superpartners would

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

= Mg, = M = 0.511 MeV

mﬂL = m@R = My,

Mg = Mgluon = 0 + QCD eflects
etc.
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 usually thought to be spontaneously broken and therefore
hidden, the same way that the full electroweak symmetry SU (2), x U(1)y is

hidden from very low-energy experiments.
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A clue for SUSY breaking is given by our motivation in the Hierarchy Problem.
The Higgs mass parameter gets corrections from each chiral supermultiplet:

1
1672

If supersymmetry were exact and unbroken,

2
AmH =

)\S Zy]2e.

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 the part of the

Lagrangian with dimensionless couplings remains supersymmetric.
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The effective Lagrangian has the form:
L = LSUSY + £soft

e Lgygy contains all of the gauge, Yukawa, and dimensionless scalar

couplings, and preserves exact supersymmetry

o L..ft Violates supersymmetry, and contains only mass terms and couplings

with positive mass dimension.

If mgoft is the largest mass scale in Lqoft, then by dimensional analysis,

9 A

2
Amir =m
H £t
SOt 1 1672

In(Muv /msot) + - ..,

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

Msoft Should not be much larger than roughly 1000 GeV.

This is the best reason to be optimistic that SUSY will be discovered at the
CERN Large Hadron Collider, despite the searches so far.
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Without further justification, “soft” SUSY breaking might seem like a
rather arbitrary requirement.

Fortunately, it arises naturally from the spontaneous breaking of
SUSY, as we will see later.
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Is there any good reason why the superpartners of the Standard Model
particles should be heavy enough to have avoided discovery so far?

Yes! The reason is electroweak gauge invariance.

e All of the particles discovered as of 1995 (quarks, leptons, gauge bosons)
would be exactly massless if the electroweak symmetry were not broken. So
their masses are expected to be at most of order v = 174 GeV, the

electroweak breaking scale. They were required to be light.

e All of the particles in the MSSM that have not yet been discovered as of 2013
(squarks, sleptons, gauginos, Higgsinos, Higgs scalars) can get a mass even

without electroweak symmetry breaking. They are not required to be light.

e The lightest Higgs scalar is an exception; its mass of ~ 125.5 GeV is within

(and near the upper end of) the range predicted by supersymmetry.
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Two-component spinor language is much more natural and
convenient for SUSY, because the supermultiplets are in
one-to-one correspondence with the LH Weyl fermions.

More generally, two-component spinor language is more natural
for any theory of physics beyond the Standard Model, because it
is an Essential Truth of Nature that parity is violated.

Nature does not treat left-handed and right-handed fermions
the same, and the higher we go in energy, the more essential
this becomes.
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Notations for two-component (Weyl) fermions

Left-handed (LH) two-component Weyl spinor: ¢, o =1,2
Right-handed (RH) two-component Weyl spinor: w:& a=1,2

The Hermitian conjugate of a left-handed Weyl spinor is a right-handed Wey!

spinor, and vice versa:
(o) = (@1)a = v}

All spin-1/2 fermionic degrees of freedom in any theory can be defined in terms
of a list of left-handed Weyl spinors, 1);, where 7 is a flavor index. With this

convention, right-handed Weyl spinors always carry a dagger: wif

| use metric signature (—,+,=+,+).
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Products of spinors are defined as:
Y€ = alpe”™  anc plet = ylel e
Since 1) and & are anti-commuting fields, the antisymmetry of B implies:
WE =&y = (¥Teh) = (ETph)",

To make Lorentz-covariant quantities, define matrices (+)*” and (o#) 5 with:

1 0
7 =0 = < ); o' =—0"'=(7) (forn=1,2,3).
0 1

Then the Lagrangian for an arbitrary collection of LH Weyl fermions 1); is:
o 1« rid . L
L = ipVe" Dyip; — 5 MY inhy — § MiyapTopt
where Du = covariant derivative, and the mass matrix M J s symmetric, with

28



Two LH Weyl spinors &, x can form a 4-component Dirac or Majorana spinor:

(%)
X'

In the 4-component formalism, the Dirac Lagrangian is:

— = 0 oy
L = iWy"9,¥V —mUV¥,  where v, = :

o, O
In the two-component fermion language, with spinor indices suppressed:
L =i€'58,€ +ixTa"0,x — m(Ex + ETXT),

up to a total derivative.

A Majorana fermion can be described in 4-component language in the same way
by identifying x = &, and multiplying the Lagrangian by a factor of % to

compensate for the redundancy.

29



The simplest SUSY model: a free chiral supermultiplet

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

superpartner fermion 1. We must at least have kinetic terms for each, so:

S = /d4$ (ﬁscalar =+ Efermion)

['scalar — —a“¢* ,ugb »Cfermion — inE'uauw
A SUSY transformation should turn ¢ into v, so try:
0¢ = €t; 0" = €yl

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

[mass]_l/ 2 that parameterizes the SUSY transformation. Then we find:
5ﬁscalar — _Eauwa,ugb* — 6T8“¢T8u¢°

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 el and in @, and must contain one

spacetime derivative. There is only one possibility, up to a multiplicative constant:
0o = —i(a“eT)a(%@ &DL = i(ed")50,0"
With this guess, one obtains:
0 Ltermion = —0Lscalar + (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:

Oe, (0c, @) — Oe, (0, @) = i(—€10M€x + €20M€1)0,,0

Since @L corresponds to the spacetime 4-momentum P, This says that the

commutator of two SUSY transformations is just a spacetime translation.

31



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 :

Oc, (561 Vo) — Oc; (562¢a) = i(—eoter + GQUuel)a;ﬂpa
—I—iela(egﬁ“auw) — iEQQ(EJ{E“@Mw)

The first line is expected, but the second line only vanishes on-shell (when the
classical equations of motion are 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, F’,

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

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

scalar field. It has the not-very-exciting equations of motion F' = F™* = 0.
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The auxiliary field F' does not affect the dynamics, classically or in the quantum

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

o, €
0y = —i(a“eT)aﬁugb—l—eaF
OF = —ieTE’”L@M@D

Now the total Lagrangian
L=—0"¢*0,¢ +ip)T7"0,9 + F*F
is still invariant, and also one can now check:
Oep (0e, X ) — 06, (06, X) = i(—€10Mea + €20"€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.
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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):

¢ | Y| F

on-shell(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

momentum conjugate to 9 is 1T, and the momentum conjugate to ¥ is ).

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

the theory, and in gaining a simple understanding of SUSY breaking.
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Covered in Lecture 1:

The Hierarchy Problem, mz << Mpilanck, IS @ strong motivation for

supersymmetry (SUSY)

In SUSY, all particles fall into:
— Chiral supermultiplet = complex scalar boson and fermion partner
— Gauge supermultiplet = vector boson and gaugino fermion partner

— Gravitational supermultiplet = graviton and gravitino fermion partner

The Minimal Supersymmetric Standard Model (MSSM) introduces squarks,

sleptons, Higgsinos, gauginos as the superpartners of Standard Model states
Soft supersymmetry breaking

Two-component fermion notation: 1), = LH fermion, ¢L = RH fermion

The Wess-Zumino Model Lagrangian describes a single chiral supermultiplet

Auxiliary fields are a useful trick.
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Lecture 2: Supersymmetric gauge
theories and the Minimal SUSY
Standard Model

e Supercurrents, supercharges, and the supersymmetry algebra
e Superpotentials and interactions

® Supersymmetric gauge interactions

e Soft SUSY breaking in general

e The MSSM superpotential

e R-parity and its consequences

e Soft SUSY breaking in the MSSM

e The MSSM particles
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Recall: the Wess-Zumino model Lagrangian involves a

scalar ¢, a fermion 1), and an auxiliary field F:

L = —0'¢*0,0 + i)' 0,0 + F*F.

This describes a massless, non-interacting theory with

supersymmetry.
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Noether’s Theorem: for every symmetry, there is a conserved current. In SUSY,
the supercurrent J/' is an anti-commuting 4-vector that also carries a spinor

index.

By the usual Noether procedure, one finds for the supercurrent (and its conjugate
JT), in terms of the variations of the fields 6 X for X = (¢, ¢*, 1, ¢, F, F'*):

oL
JH 4 el g = 60X —— — KH
e 2 X s,x
X
where K# satisfies 0L = J,, K*. One finds:
JH = (6VTH)q O, d*; JH = (plaro?)s 0,0

The supercurrent and its hermitian conjugate are separately conserved:
_ N Th _
0, JH = 0; 9, JH =0,

as can be checked using the equations of motion.
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From the conserved supercurrents one can construct the conserved charges:
Qu=v2 [@eil;  Qh=v3[a i),
As quantum mechanical operators, they satisfy:
[€Q +€'QT, X]| = —ivV25X

for any field X . Let us also introduce the 4-momentum operator P* = (H, P),

which satisfies:
[P, X] =i0,X.
Now by using the canonical commutation relations of the fields, one finds:

(2Q + ebQT, €1Q + €] Q1]
[eQ—l—eTQT,P} = 0

2(610Me$ — egaﬂei) pP*

This implies. ..

39



The SUSY Algebra

{QOHQL} — _QUZdPlM
{Qa,Qs} = {QE,Q}} =0
[QO”P“] — [ E,P’UJ] =0

(The commutators turned into anti-commutators in the first two, when we

extracted the anti-commutating spinors €1, €5.)
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Masses and Interactions for Chiral Supermultiplets

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

L = —0'¢*0,¢; + TG 0,1b; + F*'F;.

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

still preserving supersymmetry invariance?

Answer: choose a superpotential,
L _
W = sM"¢;0; + gy”k¢i¢j¢k~
Must be holomorphic. In other words, only depends on the ¢;, not on the ¢**.

The superpotential W' contains masses M"Y and couplings yijk, which must be

symmetric under interchange of 7, 7, k.

Supersymmetry is very restrictive; you cannot just do anything you want!
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The resulting Lagrangian for interacting chiral supermultiplets is:
L o= —0"¢"0udi+ T Oy
—5 (MY psap; + y7* dinhjihr) + c.c.
—V(¢i, 9™
where the scalar potential is:
V(6,6%) = MadMovio; + o M7 ypni07 6
1 1

-+ iMznyjknqb*ngj gbk + Zyijnyklnqbigbj ¢*k¢*l

The superpotential 11" “encodes” all of the information about these masses

and interactions.
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The superpotential I/ = %Mijqbiqu + %yijkqﬁiqﬁj ¢ determines
all non-gauge masses and interactions.

Both scalars and fermions have squared mass matrix M, M*J.

The interaction Feynman rules for the chiral supermultiplets are:

| ’L | ’I,
| |
Yukawa interactions: . Y . A
N
—iy" " —1Yijk
AN
I 9 | 7 N
| ¢ | t k w®
Scalar interactions: Y A
J etk J Ak i Y
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Supersymmetric Gauge Theories

A gauge or vector supermultiplet contains physical fields:
e a gauge boson AJ]
® agaugino \%.
e D areal spin-0 auxiliary field with no kinetic term (non-propagating).

The index a runs over the gauge group generators |1, 2, ..., 8 for SU(3)c¢,
1,2,3for SU(2),and 1 for U(1)y].

Suppose the gauge coupling constant is g and the structure constants of the
group are 2. The Lagrangian for the gauge supermultiplet is:

L=—-iF"FS, +iXG"V,\" + LD D?
where

VA" = 0\ + g f A X°.
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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 = nrp = 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:

Outi — Vo= 0,0 —igAj (T ¢);
Ouhi  — Vb = by —ig AL (T Y);

One must also add three new terms to the Lagrangian:

L = Lgange + Lchiral — \@g(gb*T“@b))\a — \TZQATG(??NTCL@
+g(¢™T"¢) D"

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

The following interactions are dictated by ordinary gauge invariance alone:

E ,\/\/\é/\/\ﬂ ¢/ /( ‘\ ib* ¢/ - *\gb\* 1p/é\¢T );fég\)s

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

gauge interactions in the usual sense:
N\ /

a 'l‘a *k \ / * £
A A PN 79
X
i 9" Pi p )1 ¢/ R,
—iV/2ga (T);7 —iV2gq (T%);7 —ig2 (TR T+ T TR

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:

Loty = —5 (Mg A" A +c.c) — (m?).9™ ¢;
— (30" i + ta" i dr + c.c.),
They consist of:

e gaugino masses M,

e scalar (mass)? terms (m?)? and b*,

e (scalar)? couplings a*/*
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How to make 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 '; 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.

Almost all of the unknowns and arbitrariness in the MSSM are here.

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

Whssm = @ywQH, — dyqaQHy — éyeLHy + pH, H,

~ ~

H.,, Hy, Q, L, u, d, € are the scalar fields appearing in the left-handed chiral

supermultiplets. Tricky notation:

The dimensionless Yukawa couplings Y, Y4 and ye are 3 X3 matrices in family

space. Up to a normalization, they are the same as in the Standard Model.

We need both H,, and H;, because ﬁyu@H&k and Jyd@HZ are not analytic,

and so not allowed in the superpotential.
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In the approximation that only ¢, b, 7 Yukawa couplings are included:
0O 0 O 0O 0 O 0 0 O
Yu= |0 O O ]; Ya= |0 O O [; Ye= |O O O
0 O 0 O 0 0 vy,

Yt Yb

the superpotential becomes (in SU(Q)L components):

Wassm =~ yi(ttH, —tbH, ) — y,(btH; — bbH))
—y,(Tv, H —77HY) +pu(HIH; — HYHY).

The minus signs are arranged so that if the neutral Higgs scalars get positive
VEVs (H)) = v, and (HY) = vg4, and the Yukawa couplings are defined

positive, then the fermion masses are also positive:

M¢ = Yt Uy, mp = YpUq, m+ = YrUq.

50



Actually, the most general possible superpotential would also include:

Warp=1 = )\ka L e + N\, jkzL dik + ,LLZL H,

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%
decay in a tiny fraction of a second »" N A d*}
u

through diagrams like this:

7'('

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

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

One cannot require exact B and L conservation, since they are 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.
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Matter parity is a multiplicatively conserved quantum number defined as:
Py = (_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

renormalizable superpotential.
R-parity is defined for each particle with spin .S by:
PR _ (_1)3(B—L)—|—25
All of the known Standard Model particles and the Higgs scalar bosons carry

Pr = +1, while all of the squarks and sleptons and higgsinos and gauginos
carry Pp = —1.

Matter parity and R-parity are exactly equivalent, because the product of
(—1)2S for all of the fields in any interaction vertex that conserves angular

momentum is always +1.
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Consequences if R-parity is conserved

The particles with odd R-parity (Pr = —1) are the “supersymmetric particles” or
“sparticles”.
Every interaction vertex in the theory has an even number of Pr = —1

sparticles. Then:

e The lightest sparticle with Pr = —1, called the “Lightest Supersymmetric
Particle” or LSP, is absolutely stable. If the LSP is electrically neutral, it
interacts only weakly with ordinary matter, and so could be the non-baryonic

dark matter required by cosmology.

e [n collider experiments, sparticles can only be produced in even numbers

(usually two-at-a-time).

e Each sparticle other than the LSP must eventually decay into a state that
contains an odd number of LSPs (usually just one). The LSP escapes the

detector, with a missing momentum signature.
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The Lightest SUSY Particle as Cold Dark Matter

Recent results in experimental cosmology require cold dark matter with density:
Qcpmh” = 0.12 (WMAP, Planck, ...)

where h ~ 0.7 is the Hubble constant in units of 100 km/(sec Mpc).

A stable particle which freezes out of thermal equilibrium will have Qh? = 0.12

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

As a crude estimate, a weakly interacting particle that annihilates in collisions with
a characteristic mass scale M will have

(o) o ] b(15() GeV)2
oV) ~ —F ~ —_—
vz PP Uy
So, a stable, weakly interacting particle with mass of order 100 GeV is a

candidate. In particular, a neutralino LSP (N 1) may do it, if R-parity is conserved.
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Is R-parity inevitable?

No! Maybe B violation is allowed but L violation isn’t. OR maybe L violation is

allowed, but B violation isn’t.

Or maybe both types of couplings are allowed, but the ones relevant for proton

decay are just very small.

Two specific alternatives:

e R-parity could be spontaneously broken, by the VEV of some scalar field with
Pr = —1.

e Baryon triality, a /3 discrete symmetry:

Z3B _ p2mi(B-2Y)/3

If Zf is multiplicatively conserved, then the proton is absolutely stable, but
the LSP is not.
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The Soft SUSY-breaking Lagrangian for the MSSM

LM —% (Msgg + MoWW + Mlég) + c.c.
— (5 ay @Hu — Ead @Hd —ea, ZHd) + c.c.
—@T m%@ It m%L — umg 5 dm~ CZ —gmgg
—my H:H, —m3 HjHy— (bH,Hy+ c.c.).

The first line gives masses to the MSSM gauginos (gluino g, winos W 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:

Mla M27 M37 Ay, Ad, e ™~ Mgofts

m2 2 2 2 2 2 2 2
mg, Mg, Mz, M=, Mg, My, , My, b ~ mZ g

d
where mgoft IS Not huge compared to 1 TeV.
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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.

The question can be answered experimentally by discovering the
pattern of gaugino and squark and slepton masses, because they
are the main terms in the SUSY-breaking Lagrangian.
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Electroweak symmetry breaking and the Higgs bosons

In SUSY, there are two complex Higgs scalar doublets, (H;", H?) and
(HY, H ), rather than one in the Standard Model.

The Higgs VEVs can be parameterized:

v = (Hy), vy = (Hy), where
V2 v =00 = 2m2z/(g2 + g/2) ~ (174 GreV)2

tan 8 = vy, /vq.

The quark and lepton masses are related to these VEVs and the superpotential Yukawa
couplings by:
mt mp mr

ye = Yo = yT:’UCOSB’

etc.
vsin 3’ vcos 3’

If we want the Yukawa couplings to avoid getting non-perturbatively large up to

very high scales, we need:

1.5 < tanfB < 55
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Define mass-eigenstate Higgs bosons: h°, HY, A°, G°, HT, G by:
H? Vu 1 cosa  sina hY i sinf8 cos B\ /G°
1 — 1 —
HY Vd V2\_sina cosa/ \H° V2 —cosfB sinpB/ \A°

(Hj) B (sinﬁ COSB) (G+)
H;” a —cosfS sinB/ \HT

Now, expand the potential to second order in these fields to find:

m%o = 2b/sin23

Mio o = %(mio +my F \/(mio +m3,)? — 4m%m3, cos? 25),
Mps = Mo + My
tan2a = [(m3%o + m%)/(m%0 — m%)] tan23

Note only two independent parameters: tan 3, m 4o.

The Goldstone bosons have m o = mg+ = 0; they are absorbed by the 7,
W= bosons to give them masses, as in the Standard Model.
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Typical contour map of the Higgs potential in SUSY:
60 ————

[ e
o O

H, [GeV]

0 50 100 150 200 250 300
H_ [GeV]

-

The Standard Model-like Higgs boson hY corresponds to oscillations along the
shallow direction with (H. — v,,, H) — v4) o< (cos a, — sin av). At tree-level, it

is easy to show from above that the lightest Higgs scalar would obey:
mpo < Mmgzg.

Naively, this disagrees with the recent discovery of mjo = 125.5 GeV.

However, taking into account loop effects, one can get the observed Higgs mass.
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Radiative corrections to the Higgs mass in SUSY:

3 miz M3
m37o = my cos®(28) + yt msy ln(t1—2t2) +
my

0 0 0 \I, 7’5\\' o ¢ ¥

N
S h@ R +@_Gg -

"¢

At tree-level: m2Z pure electroweak
At one-loop: yfm% top Yukawa comes in

At two-loop: ozsyfm% SUSYQCD comes in

At three-loop: a%yf m%

Even the three-loop corrections can add +=1 GeV or so to m,0.
This is much larger than the eventual experimental uncertainty expected at the

LHC, so we aren’t done calculating yet!
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The decoupling limit for the Higgs bosons

If ™M 40 > Mz, then:

e 1" has the same couplings as would a Standard Model Higgs boson of the

Same mass
e axf—m/2

o A% HO H= form an isospin doublet, and are much heavier than h"

H:l:
Isospin doublet Higgs bosons =00 A
Mass
125.5 GeV SM-like Higgs boson hO

Many (but not all) models of SUSY breaking approximate this decoupling limit.
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Neutralinos

The neutral higgsinos (]:I,S, ]:Ig) and the neutral gauginos (B, Wo) mix with
each other because of electroweak symmetry breaking. In the gauge eigenstate
basis ° = (B, W', HY, HY),

Lneutralino mass — —%(¢O)TMN¢O
[ M, 0 —gva/V2  gva/V2
Mo — 0 Mo gua/V2  —guu/V?2
" —g'va/V2  gua/V?2 0 .y
\ g0 /V2  —gua/VZ 0 )

The diagonal terms are just the gaugino masses in the soft SUSY-breaking
Lagrangian. The — p entries can be traced back to the superpotential. The
off-diagonal terms come from the gaugino-Higgs-Higgsino interactions, and are

always less than mz.
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The physical neutralino mass eigenstates Nz (another popular notation is )Z,?) are

obtained by diagonalizing the mass matrix with a unitary matrix.

where

(mg, 0 0 0

0 my, 00|
0 mg 0 |

0
L0 0 0 my

with le < mN2 < mN3 < mN4.

The lightest neutralino fermion, Nl, is a candidate for the cold dark matter that

seems to be required by cosmology.
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Charginos

Similarly, the charged higgsinos I:I:[, [:Id_ and the charged winos W+, W™ mix
to form chargino fermion mass eigenstates.

1 +\T +
Lchargino mass — _§(¢ ) Mgy~ +c.c.
where, in 2 X 2 block form,

( 0 XT) (Mg gvu)
Ma = with X =
X 0 guqg W

The mass eigenstates C’li2 (many other sources use )Zfz) are related to the
gauge eigenstates by two unitary 2x2 matrices U and V according to

Cy W+ Cy W
- =V _ |; N =U( - .
Cy HY Cy H;

Note that the mixing matrix for the positively charged left-handed fermions is
different from that for the negatively charged left-handed fermions.
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The chargino mixing matrices are chosen so that
UXV~! = (m51 ! )
Y
0 m52

with positive real entries m & . In this case, one can solve for the tree-level

(mass)2 eigenvalues in simple closed form:

1
mg, me, = 5[\M2\2+\M\2+2m%v

F (M2 + [uf2 + 2m3 )2 — 4|uMy — 3, sin 262

In many models of SUSY breaking, one finds that My < |

, SO the lighter
chargino is mostly wino with mass close to M5, and the heavier is mostly

higgsino with mass close to | 1|.
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A typical mass hierarchy for the neutralinos and charginos, assuming mz < |,LL|
and My ~ 0.5Ms < |ul.

N.
higgsino-like 1 C2
N3 A
o Ny Cy
wino-like
- Mass
bino-like LSP 1

Although this is a very popular scenario, it is NOT guaranteed. The lightest

states could be the higgsinos, or the winos.
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The Gluino

The gluino is an SU (3) ¢ color octet fermion, so it does not have the right
quantum numbers to mix with any other state. Therefore, at tree-level, its mass is

the same as the corresponding parameter in the soft SUSY-breaking Lagrangian:
M = Ms

However, the quantum corrections to this are quite large (again, because this is a

color octet!). If one calculates the one-loop pole mass of the gluino, one finds:

Qs
M, = M(Q) (1 + 515+ 61n(Q/Ms) + Aq])
where () is the renormalization scale, the sum is over all 12 squark multiplets, and
1
A; = /o dr x In [zcmg/Mg + (1 — 513)777,2/]\432 — x(1 — ) — ie.

This correction can be of order 5% to 25%, depending on the squark masses!

It tends to increase the gluino mass, compared to the tree-level value.
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Squarks and Sleptons

To treat these in complete generality, we would have to take into account arbitrary

mixing. So the mass eigenstates would be obtained by diagonalizing:
e a6 x 6 (mass)? matrix for up-type squarks (%1, ¢z, t1,UR, Cr, tR),
e ab Xxb6 (mass)2 matrix for down-type squarks (gle, S, EL, glvR, SR, ER),
e a6 X 6 (mass)? matrix for charged sleptons (€1, [i1., 71, €R, LR, TR),

e a 3 X 3 matrix for sneutrinos (Ve, v, Vr)

In many popular models, the first- and second-family squarks and sleptons are in

7 very nearly degenerate, unmixed pairs:
(€rsttr), (Ve,vy), (er,pr), (ur,cr), (dr,sr), (ur,cr), (dr,sr),

with mixing angles assumed small.
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But, for the third-family squarks and sleptons, large Yukawa (¢, Yy, Y+) and soft

(a¢, ap, ar) couplings are definitely important. For the top squark:

(Hy) (HY)
| |
| |
i ' in . i ia
Qt an 1Yt

The first diagram comes directly from the soft SUSY-breaking Lagrangian, and the
others from the F-term contribution to the scalar potential. So, in the (1., tR)
basis, the top squark (mass)2 matrix is:

(mgg +mi+ Ay ajve — v )
Qv — Wryvg  mE +mi 4+ Ay

us

The off-diagonal terms imply significant fL, fR mixing.
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Diagonalizing the top squark mass® matrix, one finds mass eigenstates:

2 2

where m; < mg by convention, and cz|? + |s7]* = 1. If they are real, then

c; = cosl; and s; = sin0;.

Similarly, mixing for the bottom squark and tau slepton states:

To avoid flavor constraints, often assume for the first- and second-family squarks

SN

N

and sleptons that the mixing is small, due to small Yukawa and a terms. However,
the mixing could be large if they are heavy.
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The undiscovered particles in the MSSM:

Names Spin | Pr | Mass Eigenstates | Gauge Eigenstates
Higgsbosons | 0 | +1 | h® HY A® H= | H? HY H} H;
U, Ug dr dg ‘7
squarks 0 —1 | sp sp cr, cp “r
ty ta by by tr tr br br

er er e o
sleptons 0 —1 LL AR Yy “

T1 T Us T, TR Ur
neutralinos 1/2 | —1 Nl NQ N3 N4 BY WO f]g ﬁg
charginos | 1/2 | —1 CE CF Wt HF H;

gluino 1/2 | —1 q “”
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Lecture 3: Experimental Signatures of

Supersymmetry

e What flavor teaches us about SUSY breaking
e Planck-scale Mediated SUSY Breaking

e mMSUGRA/CMSSM

e Patterns of SUSY breaking

e Superpartner Decays
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There are 105 new parameters associated with SUSY
breaking in the MSSM.

How are we supposed to make any meaningful

predictions in the face of this uncertainty?

Fortunately, we already have strong constraints on the
MSSM soft terms, because of experimental limits on

flavor violation.
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Hints of an Organizing Principle

™
For example, if there is a smuon-selectron mixing ﬁ,.\’éf

2 _ 2 ~ % ~ T _ g _
(mass)“ term £ = —Mjx 5, BTEL, and M = " / \ e
Max|mg, , ms,, Ms], then by calculating this B,W°
one-loop diagram, one finds the decay width: B —e

M2+ 5, \2 71000 GeV \ 4
Ny~ — e ~) =5x101 eV( {LGL) ( ~ )
(1 ) 7 7

For comparison, the experimental limit is (from MEG at PSI):
D(p~ —e ) < 7Tx107*eV.

So the amount of smuon-selectron mixing in the soft Lagrangian is limited by:

m2. & M 2
ALeL 0.038( )
2 1000 GeV
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- & =
S d
Another example: K9 < KO mixing: g g
_~+ -—
d d 3
K%« KO
This constrains the flavor-violating SUSY breaking terms:
— _ a2 Tk oz 2 7 =k
L=—-m szdLsL degngSR'
Comparing this diagram with the observed Am K, gives:
Re[m2. _ m2 __|1/2 >
| disr iniiy < 0.002( M )
M? 1000 GeV

where M is the dominant squark or gluino mass.

The experimental values of € and €’ /€ in the effective Hamiltonian for the
KO, K9 system also give strong constraints on the amount of d,, 57, and

dR, S g mixing and CP violation in the soft terms.
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Similarly:
The D°, DO system constrains u,, ¢y, and ur, cr soft SUSY-breaking mixing.

The Bg, B_g system constrains JL, Z~9L and JR, ISR soft SUSY-breaking mixing.

To avoid experimental limits on flavor violation, the soft-SUSY
breaking masses must be either

e nearly flavor-bind, or
e aligned (see Gilad Perez lecture), or
e very heavy (well over 1000 GeV)

The last option is becoming more popular recently.
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The Flavor-Preserving Minimal Supersymmetric Standard Model

|dealized limit: the squark and slepton (mass)2 matrices are flavor-blind, each

proportional to the 3 X 3 identity matrix in family space.

2 _ 02 02
mQ—mél, m: =m:z1, m

SN

= m?l, m% =m21l, m

] 2 2
d e

= mél.

Q.nrN

Then all squark and slepton mixing angles are rendered trivial, because squarks
and sleptons with the same electroweak quantum numbers will be degenerate in

mass and can be rotated into each other at will.

Also assume:

Ay = AuO Yu; ad = AdO Yd; Ade = AeO Ye:
and no new CP-violating phases:

M17 M27 M37 Aan Ad07 AeO = real.
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The Flavor-Preserving Minimal Supersymmetric Standard Model (continued)

The new parameters, besides those already found in the Standard Model, are:

e My, My, Ms (3 real gaugino masses)

o Mm%, m%, m%, m2, m% (5 squark and slepton mass? parameters)

Q L
o Ao, Ago, Aco (3 real scalar® couplings)

° m%u, m%{d, b, v (4 real parameters)

So there are 15 real parameters in this model.

The parameters (1 and b = B are often traded for the known Higgs VEV
v =174 GeV, tan 3, and sign(u).

Many SUSY breaking models are special cases of this.

However, these are Lagrangian parameters that run with the renormalization
scale, (). Therefore, one must also choose an “input scale” () where the

flavor-independence holds.
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What is the input scale () ?

Perhaps:

® ()o = Mpianck, or

® (Jo = Mstring, or

® (o = Mgur, or

e ()( is some other scale associated with the type of SUSY breaking.

In any case, the SUSY-breaking parameters are picked at () as boundary
conditions, then run them down to the weak scale using their renormalization

group (RG) equations.

Flavor violation will remain small, because the Yukawa couplings of the first two

families are small.

At the weak scale, use the renormalized parameters to predict physical masses,

decay rates, cross-sections, dark matter relic density, etc.
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A reason to be optimistic that this 50¢ e
program can succeed: the SUSY 40F /—‘:’j’;}}:j\ E
unification of gauge couplings. The .t SV T
(0 E i 3
measured o1, (xg, (xg are run up to f
20F ]
high scales using the RG equations
of the Standard Model (dashed lines) 19:5U0) ;
and the MSSM (solid lines). 6 "8 10 12 12 16 18
Log,,(Q/GeV)
At one-loop order, the RG equations are:
d —1 ba
_—a, = —— a=1,2,3
d(]_n Q) a 27_‘_ ( Y Y )

with 55™=(41/10,—-19/6,—7) in the Standard Model, and s} =(33/5,1,—3) in the
MSSM because of the extra particles in the loops. The results for the MSSM are
in agreement with unification at Mqut ~ 2 x 1016 GeV.

If this hint is real, we might hope that a similar extrapolation for the soft
SUSY-breaking parameters can also work.
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Origins of SUSY breaking
Up to now, we have simply put SUSY breaking into the MSSM explicitly.

For deeper understanding, how can SUSY spontaneously broken?

This means that the Lagrangian is invariant under SUSY transformations, but the
ground state is not:

Qal0) # 0, Q5l0) #0.
The SUSY algebra tells us that the Hamiltonian is related to the SUSY charges by:
H =P’ = 1(Q:1Q] + QlQ1 + Q2Q} + Q}Q2).

Therefore, if SUSY is unbroken in the ground state, then H|0) = 0, so the
ground state energy is 0. Conversely, if SUSY is spontaneously broken, then the
ground state must have positive energy, since

©O1H10) = £ (I1QTI0) 12 + 1110} 1> + Q51012 + 1Q210)]12) > 0

To achieve spontaneous SUSY breaking, we need a theory in which the
prospective ground state |0) has positive energy.
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In SUSY, the potential energy can be written, using the equations of motion, as:
V=> |FP+31> DD,
) a

a sum of squares of auxiliary fields. So, for spontaneous SUSY breaking, one

must arrange a stable (or quasi-stable) ground state with either (Fz> = 0 or
(D*) £ 0, for at least one i or a.

Models of SUSY breaking where

e (F;) # 0 are called “O’Raifeartaigh models” or “F-term breaking models”

e (D®) # 0 are called “Fayet-lliopoulis models” or “D-term breaking models”

F'-term breaking is used in (almost) all known realistic models.

This can only happen if the chiral supermultiplet containing it is a singlet.
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F’-term breaking: the O’Raifeartaigh Model

The simplest example has n = 3 chiral supermultiplets, with ¢ required to be a

singlet, and:

W = ko1 + méads + S163

Then the auxiliary fields are:

Fl — 8— :k__¢327 FQ:_m¢3a F3:_m¢2_y¢1¢3‘
®1 2

The reason SUSY must be broken is that /; = 0 and F5 = 0 are not
compatible. The minimum of this potential is at ¢o = ¢3 = 0, with ¢ not
determined (classically). Quantum corrections fix the true minimum to be at

¢1 = 0. At the minimum:

F, =k, V =k >0.
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F'-term breaking (continued)

If you assume m? > yk and expand the scalar fields around the minimum at
®1 = P2 = @3 = 0, you will find 6 real scalars with tree-level squared masses:

0, 0, m2, m2, m> — yk, m? + yk.
Meanwhile, there are 3 Weyl fermions with squared masses
0, m~, m~.

The fact that the fermions and scalars aren’t degenerate is a clear sign that SUSY

has indeed been spontaneously broken.

This theory always breaks SUSY at the true minimum of the potential, for any

values of the superpotential parameters.
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Behavior of the scalar potential as a function of some order parameter ¢:

A

V(o) V(o) V(o)

y ©-
vy S

4

-+

SUSY unbroken SUSY broken meta-stable SUSY breaking

Meta-stable SUSY breaking is acceptable if the tunneling lifetime to decay from
our SUSY-breaking vacuum (with ¢ = 0 here) to the global minimum
SUSY-preserving vacuum is longer than the age of the universe.

Intriligator, Seiberg, Shih arXiv:hep-th/0602239 showed that this can work in
simple, uncontrived SUSY Yang-Mills models.

An even simpler example: adding a small term e(b% to the O’Raifeartaigh
superpotential turns it into a meta-stable SUSY breaking model. (Try it!)
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Spontaneous Breaking of SUSY requires us to extend the MSSM

MSSM has no gauge-singlet chiral supermultiplet that could get a non-zero
F'-term VEV.

Even if there were such an (F'), there is another general obstacle. Gaugino
masses cannot arise in a renormalizable SUSY theory at tree-level. This is
because SUSY does not contain any (gaugino)-(gaugino)-(scalar) coupling that

could turn into a gaugino mass term when a scalar gets a VEV.

We also have the clue that SUSY breaking must be essentially flavor-blind in

order to not conflict with experiment.

This leads to the following general schematic picture of SUSY breaking. ..
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The MSSM soft SUSY-breaking terms arise indirectly or radiatively, not from
tree-level renormalizable couplings directly to the SUSY-breaking sector.

Supersymmetry Flavor-blind MSSM
breaking origin MV \V/\V/\V/\U

(Hidden sector) interactions (Visible sector)

Spontaneous SUSY breaking occurs in a “hidden sector” of particles with no

(or tiny) direct couplings to the “visible sector” chiral supermultiplets of the MSSM.
However, the two sectors do share some mediating interactions that transmit
SUSY-breaking effects indirectly. As a bonus, if the mediating interactions are
flavor-blind, then the soft SUSY-breaking terms of the MSSM will be also.

By dimensional analysis,

F
Mgoft ™ <—>

M

where M is a mass scale associated with the physics that mediates between the
two sectors.

88



The O’Raifeartaigh model has the mass scale of supersymmetry breaking put in
by hand, as the parameter k = +/ (F').

More plausible: dynamical SUSY breaking, in which the scale of <F> arises from

some strong dynamics, set by the scale at which a new gauge theory gets strong:
2 2
A= 6_87T /b9 Mpianck

just as in QCD.

Then the field that breaks supersymmetry might be a composite made of strongly
interacting fundamental fields.

Some great reviews on this subject:
Intriligator Seiberg hep-ph/0702069
Dine and Mason hep-th/1012.2836
Poppitz and Trivedi hep-th/9803107
Shadmi and Shirman hep-th/9907225
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Planck-scale Mediated SUSY Breaking (also known as “gravity mediation”)

The idea: SUSY breaking is transmitted from a hidden sector to the MSSM by the

new interactions, including gravity, that enter near the Planck mass scale M p.

If SUSY is broken in the hidden sector by some VEV (F'), then the MSSM soft

terms should be of order:

F
Mgoft ™ u

Mp

This follows from dimensional analysis, since Mgyt Must vanish in the limit that
SUSY breaking is turned off ((F") — 0) and in the limit that gravity becomes
irrelevant (Mp — 00).

Since we think Mg ~ 10° GeV, and Mp ~ 2.4 x 108 GeV:

VA(F) ~ 10 Gev
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Planck-scale Mediated SUSY Breaking (continued)
Write down an effective field theory non-renormalizable Lagrangian that couples

F' to the MSSM scalar fields ¢; and gauginos \“:

J

a L) .
£P|\/|SB = —( / EFAYNY + C.C.) — FF*gbng*j

2M p ]\42
i 6ij
(6MPF¢Z¢]¢k+ ST S Fo; +cc.)

This is (part of) a fully supersymmetric Lagrangian that arises in supergravity.
When we replace I by its VEV (F'), we get exactly the MSSM soft
SUSY-breaking Lagrangian, with:

e Gaugino masses: M, = f*(F)/Mp
e Scalar squared massed: (m?)! = k?|(F)|?>/M?% and b = 5" (F) /Mp
e Scalar® couplings a*/* = o**(F) /Mp

Unfortunately, it is not obvious that these are flavor-blind!
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A dramatically simplified parameter space is often called “Minimal Supergravity”
(or “mSUGRA”) or the “Constrained MSSM”.

Assume only four parameters 1m /o, m%, Ap, and By:

M3 = My = My = myq 9

2 _ 2 _ 2 _ 2 2
mQ_mﬁ_ma_mL_mé

2 2 9
My = Mg, = Mg

=m31

ay = Aoyu, ad =A40yd, aec= AoYye
b= B(),LL

The most important thing to know about mSUGRA is that it is almost

certainly wrong!

These soft relations should be true at the renormalization scale (g = M p, and
then run down to the weak scale.

However, it is traditional to use () = MquT instead, because nobody knows
how to extrapolate above M/ yT. (Nota very good reason!)
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Renormalization Group Running for an mSUGRA model with
my,o = 600 GeV, mo = 200 GeV, Ag = —600GeV, tanf =10, u >0

1500

Gaugino masses My, Mo, M3

Slepton masses (dashed=stau) %1000_ .
O,
Squark masses (dashed=stop) 2
S L
s 2 2\1/2 =
Higgs: (mi, +p°)/=, 500

(mdy, +p?)H?

r ] 1 ] 1 ] 1 ] 1 ] 1 1 1
02 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)
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Here is the resulting sparticle mass spectrum:

Mg = 1500 GeV
9 dr, ir, i
t2 b2 quuarks — 1300 GeV
iR dp _
b1
H:I:
HY A° Ny Cs —
N h
3
Na Ch er T2
Ve Ur
Nl €R T1
0
h M, =118 GeV

This model was OK only last year, but is completely ruled out now!
Squarks and gluino would have been found at LHC in 20 fo~1 data.

Predicts M}, ~ 118 GeV = too light.
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Impact of the discovery VM, = 125.5 GeV in the MSSM
In the decoupling limit:
M? = m%cos*(2p)

3 mg 1y . 9 . 4
+——y*m [hl(#) + sin”(20;) F1 — sin”(20;) F>
427t m2 ' ‘

where F1 and F> are certain positive functions of my, m; ,my, .

To get M, = 125.5 GeV, need

® heavy top squarks , /m; mg, > m% ,

and/or

e large stop mixing sin(26;), in which case [ : ] < ln(

The level-repulsion associated with large stop mixing suggests that one of the

stop masses is much lighter than the other.
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So what’s left for mSUGRA? Here’s a typical model that survives:

dr ur, ur dpr

H* Msfermions = 2500 GeV
HO AO éL ﬂe éR b2
To Ur
N4 '7’:1
Ng éz ~2
b1
9 Mg — 1500 GeV
th M;, < other squarks
No C1
N;
h° M;, = 125.5 GeV

M1/2 = 600 GeV, mg = 2500 GeV, Ay = —5000 GeV, tan £ = 30.
This model survives all LHC constraints ... for now. (More on this later.)
To accomplish this, moved the squark masses out of reach.
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Computer programs can generate the superpartner mass spectrum for you, given

a choice of SUSY-breaking model parameters. Some publically available ones:

e SOFTSUSY (Allanach)

e SuSpect (Djouadi, Kneur, Moultaka)

e SPheno (Porod)

e ITSASUSY (Paige, Protopopescu, Baer, Tata)

These can be interfaced, through an agreed set of conventions called the SUSY
Les Houches Accords (SLHA) to programs that produce cross-sections, decay
rates, and Monte Carlo events: MadGraph/MadEvent, Pythia,
ISAJET, HERWIG, WHIZARD, SUSYGEN, SDECAY, HDECAY, GRACE,
CompHEP, CalcHEP, PROSPINO,...

The can also be interfaced to programs that compute the abundance of dark

matter and dark matter detection signals: micrOMEGASs, DarkSUSY,
ISAReD.
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SUSY signatures at colliders

| will concentrate mostly on models with conserved R-parity and a neutralino LSP
dark matter candidate (/N7 ). Recall:

e The most important interactions for producing sparticles are gauge

interactions, and interactions related to gauge interactions by SUSY.

e The production rate is known, up to mixing of sparticles, because of SUSY
prediction of couplings.

e Two sparticles produced in each event (but not always with opposite

momental!)

e The LSPs are neutral and extremely weakly interacting, so they carry away

energy and momentum.

e At hadron colliders, the component of the momentum along the beam is
unknown, so only the energy component in particles transverse to the beam

is observable. So one sees “missing transverse energy”, E7"°.

98



Superpartner decays:

1) Neutralino decays

2) Chargino decays

3) Gluino decays

4) Squark decays (especially stops)

5) Slepton decays
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1) Neutralino Decays

If R-parity is conserved and Nl is the LSP, then it cannot decay. For the others,

the decays are of weak-interaction strength:

L LS S

In each case, the intermediate boson (squark or slepton f Z boson, or Higgs

boson ho) might be on-shell, if that two-body decay is kinematically allowed.
In general, the visible decays are either:

N; = QQN, (seen in detector as jj + F)
Ni TN,y (seen in detector as /i +F)

Some SUSY signals rely on leptons in the final state. This is more likely if
sleptons are relatively light. If Nz — ]\71 RV is kinematically open, then it often

dominates. Can one use the known Higgs mass to enhance the signal?
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2) Chargino Decays

Charginos C’z have decays of weak-interaction strength:

I’ f N1 f’
C’ii __f__ / N1 C; W f

In each case, the intermediate boson (squark or slepton f or W boson) might
be on-shell, if that two-body decay is kinematically allowed.

In general, the decays are either:
éz'i — QQ'N, (seenin detector as jj + F)
ézi — (FUN; (seen in detector as (* +F)

Again, leptons in final state are more likely if sleptons are relatively light.

For both neutralinos and charginos, a relatively light, mixed 71 can lead to
enhanced 7’s in the final state. This is increasingly important for larger tan (5.

Tau identification may be a crucial limiting factor for experimental SUSY.
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3) Gluino Decays

The gluino can only decay through squarks, either on-shell (if allowed) or virtual.
If myz < other squark masses, top quarks are plentiful in these decays.
For example:

jj+E or tt+F
_Qr_ N
jjjji +¥ or jilHlT + or
L F ttjj +F or ttdtl~ +F
jjjj+E or jit* +F or
or ttjij +F or tt* +F

The possible signatures of gluinos and squarks can be numerous and

r

complicated because of these and other cascade decays.
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An important feature of gluino decays with one lepton, for example:

t—bjj t—blT v t—>bl U t—bjy

A L@L

The lepton has either charge with equal probability. (The gluino does not “know”
about electric charge.) So, when two gluinos are produced, probability 0.5 to have
same-charge leptons, and probability 0.5 to have opposite-charge leptons.

(SUSY) — (E0'* + jets + Fimiss

Same-charge lepton signals are important at the LHC, because Standard Model
backgrounds are much smaller. Note lepton flavors are uncorrelated. Event may

also have 2 or 4 taggable b jets.
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4) Squark Decays

If a decay Q — () g is kinematically allowed, it will always dominate, because the

squark-quark-gluino vertex has QCD strength:

Otherwise, right-handed squarks prefer to decay directly to a bino-like LSP, while
left-handed squarks prefer to decay to a wino-like C'; or Na:

If a top squark is light, then the decays t] — tg and t, — tNl may not be

kinematically allowed, and it may decay only into charginos: 51 — bC~'1. If those
decays are also closed, it has t~1 — bWNl. If even that is closed, it has only a
suppressed flavor-changing decay t; — cNy or 4-body decay t; — bff’Nl.
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5) Slepton Decays

When Nl is the LSP and has a large bino content, the sleptons €R, (1R
(and often 71 and 75) prefer the direct two-body decays with strength proportional
to g'?:

However, the left-handed sleptons €y, (i1,  have no coupling to the bino
component of ]\71, so they often decay preferentially through ]\72 or C~’1, which

have a large wino content, with strength proportional to gQ:

with NQ and C~’1 decaying as before.
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Lecture 4. Experimental searches for

supersymmetry

e SUSY search strategies

e Results of LHC searches

e The remaining SUSY parameter space; where SUSY might be
hiding

e Impact of the Higgs discovery on SUSY

e Future searches

e Why I’'m still optimistic about SUSY at the LHC
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SUSY Limits from LEP2 ¢ ¢~ collisions up to /s = 208 GeV

The CERN LEP2 collider had the capability of producing all sparticle-antisparticle

pairs, except for the gluino:
tom S T, CHOT, NNy, NoNy, v, Ny, OO
e € — ’ 1 1 9 1 2 2 2 ’7 1 1 QQ
Exclusions for charged sparticles are typically close to the kinematic limit, except

when mass difference are small. For example, at 95% CL.:

me > 103 GeV (me, —mg, > 3 GeV or < 100 MeV)
me, > 92 GeV (any heavier than Nl)
and
me, > 100 GeV (Mep, — Mg, > 5 GeV)

See http://lepsusy.web.cern.ch/lepsusy/

for detailed results. These are still the strongest published limits in some cases!
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Fermilab Tevatron limits on SUSY have been mostly
overtaken by LHC limits, because they are both hadron

colliders and 8 TeV > 1.96 TeV.

An exception is the case of light top squarks, which | will

show a little later.
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The LHC vs. Supersymmetric Models, 2010-2013
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Many SUSY models have been eliminated just by the discovery of a Standard
Model-like Higgs boson with M, = 125.5 GeV. As discussed earlier, getting /1 to

be this heavy seems to require top squarks that are heavy and/or highly mixed.

However, non-minimal SUSY models, can easily get M;, = 125.5 GeV by
adding to the h* coupling in the effective potential. This makes the potential

steeper, increasing M ,f Two examples:

e MSSM plus an extra singlet that couples to the Higgs.
Next-to-Minimal Supersymmetric Standard Model (NMSSM) adds to h*
coupling at tree-level.

For a review, see Ellwanger, Teixeira, Hugonie 0910.1785.

e MSSM plus vector-like quarks that couple to the Higgs but get their mass
mostly from bare couplings.
One-loop effective action gives a positive radiative correction to h* coupling.
Moroi and Okada MPLA 7, 187, (1992), PLB 295, 73, (1992), Babu, Gogaladze and
Kolda hep-ph/0410085, Babu, Gogoladze, Rehman, Shafi hep-ph/0807.3055, SPM
arXiv:0910.2732.
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LHC Signals for SUSY in pp collisions

The LHC is a gluon-gluon and gluon-quark collider, to first
approximation. The dominant production cross-sections are:

pp — 34, §Q, QQ*, QQ

Some sample production diagrams:

T 00 00 FPooloioiee ~ OO0 ——— - 00060 ————~— N T - -
g 9 9 , Q 9 , Q «Q
i j! 3! j
~ 1 ~ 1 ~
g\QQQQQw&v%%GV%g g\_Q_Sz_SULJ—————Q* Q k- g @ ____

After decays, get high-pr jets, possibly leptons from the decays,
and large ™" from N; LSPs escaping detector.

Backgrounds come from QCD jets with mis-measured energies, and
tt,and W + jets, and Z + jets,and WW,and ZZ,and W 7.

111



Some useful discovery discriminants:

* Missing transverse energy: L7 = | > " icivie objects 7'
o Effective mass: Mg = 5 + Z pj;t’i + Z plﬁpton’i.
If SUSY discovered, also gives a rougﬁ mass meaéurement.

e Hr =) pj;t’i

e More complicated quantities cvy, Mo, razor variables. Used
more often by CMS than by ATLAS.

Warning: precise standard definitions of Mg and H7 do not exist!
The criteria for which and how many jets contribute to the sums

varies greatly depending on the analysis.
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Typical ATLAS cuts for a jets + E;niss signal (with early data):

° Ejnlliss > 150 GeV or more

triggers
e pr of leading jet > 100 GeV or more

e >1 other jets with pr > 20 GeV or more
e M.z > 500 GeV or more

° A¢(ﬁT,missing, ﬁT,jet) ~ 0.2 aqus backgrgunds fro.m
mismeasured jet energies
® Number of leptons? depends on model being

e Number of b-tagged jets? searched for

“or more” means: with larger data samples, these cuts are made much stronger.
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ATLAS limit on mSUGRA/CMSSM, from ATLAS-CONF-2013-047.

Note M;, = 124, 125, 126 GeV contours.

MSUGRA/CMSSM: tanp = 30, A0= -2mg, u>0
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A better way of showing the same limits: MQ vs. M plane.

(0))
o
o
o

squark mass [GeV]
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o
o
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2 1100 GeV and MQ 2 2100 GeV in mMSUGRA/CMSSM.
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The interpretation of these limits for other models can be tricky, because of the

complication of multiple production processes and decay modes.

Many or most recent searches use Simplified Models instead. These just take a

small subset of the particles in SUSY, and assume 100% decay branching ratios.

A squark/gluino/neutralino simplified model: Q
Production rates are determined by Q
QCD couplings. g
For more examples of SUSY-motivated Q@
Simplified Models, see hep-ph/0703088 o
1

and 1105.2838.

Search results can be re-interpreted in terms of your favorite model, even

non-SUSY, if the cuts, efficiencies, and assumptions are made pubilic.
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For simplified model with g, Q and Nl only (no C~'1, NQ, or 51), the limits are
stronger for gluinos, and weaker for squarks:

Squark-gluino-neutralino model

; 2800 | T 1 | T 1 | T 1 |:: F_: | T 1 T T | T 1 | T T | T 1 | T T ]
3 — ATLAS Prelimiﬁ% ' m(;gg) 0 GeV Observed limit (10, - )]
';' 2600 -—— Ehp m(§1) =0 GeV Expected limit (=1 Oexp)_:
8 2400 J Ldt=2031b", (s=8 Te{( m(iZ) = 395 GeV Observed limit T
E C 0- -lepton combined \\“ ————— m(ia) =395 GeV Expected limit ]
s 2200 — =\0 m(;"{a) =695 GeV Observed limit —]
% | | (%1) 695 GeV Expected limit .
2000 = 7TeV (4.7f6™") m(% 1) =0 GeV Observed_
1800 & NN — —
1600 - >~ TTe=ad o
1400 — -
1200 [— —
1000 —

: 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 :

800
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
gluino mass [GeV]

M5 =z 1500 GeV and M@ = 1600 GeV in simplified model.
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Some other specialized searches

Like-Charge Dileptons + E58

Exploit the fact mentioned earlier that gluinos decay into leptons of either charge:
pp — GG — (jets) + £4F 4 EIss,

Multi-D-jets + F5sS

Produce gluons that decay into bottom quark and bottom squark:

pp — §g — (tt)(t]) — (tt tN1)(ttN1) — bbbb + jets + leptons + Eiss,

Light Top Squarks

Top squarks with m; < Min[m];,1 +mp +mw, ma, + mp, my + m| have
only suppressed flavor-violating decays:

pp — 517?{ — (ch)(ch) N ]] _|_EmlSS
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Kinematically allowed decays of lighter top squark 7?1, for unified gaugino masses
(including mMSUGRA) M = 0.5M5 at the TeV scale:

500
mmmm N

450 bd1
400 bC, and tN, Red, orange = 2-body
> mmmm PWN,
(3 350F s biFN, and cN,
& 300} == cN, Blue = 3-body
7))
@
c 250
3-) 200 Green = competition between
—! 150 2-body flavor violating,

100 4-body decays

5000 150 200 250 300 350 400 450 500
Lighter Stop Mass (GeV)

An aside: in green and blue regions, the top squark hadronizes before it decays,

and forms bound states.
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Which decay wins in the light green region, 5 GeV < M; — MM < 85 GeV?

51 — ch 2-body, flavor violating (wins for AN/ small)

t1 — bff’Nl 4-body suppressed (wins for AM ~ 85 GeV)

But, 2-body decay depends on unknown coupling:

Nobody, including your favorite model and event simulation
programs, knows for sure which one wins. Both decays must be

searched for if both are kinematically allowed.

Predictions rely on assumptions, like “Minimal Flavor Violation”.
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Electroweak SUSY production at Hadron Colliders

pp — C{ Ny

This can lead to the classic trilepton SUSY signal if:
NQ — K—I_E_Nl, éit — ﬁiyﬁl

With no hard jets in the event, and three identified leptons, the Standard Model

backgrounds are small.

However, recall that the decays
N2—>ZN1, N2—>hN1 C’l—>WN1

will dominate if they are allowed, and have much smaller branching ratios to
leptons in the final state.
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M_o [GeV]

CMS Preliminary Vs=8TeV,L =9.2fb"

B LEP2 slepton limit 7

. LEP2 chargino limit ]
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than charginos and

neutralinos. No limit if
LSP mass is over 100
GeV.
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Why has SUSY not been discovered yet?

e Superpartners (up, down squarks) are too heavy to produce
— “Natural SUSY”
— 100-1000 TeV scale SUSY
— Split SUSY

e R-parity violation
e Superpartner mass spectrum is compressed
e Superpartner decays are stealthy

e SUSY isn’t there at all (no solution to the hierarchy problem?)
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Natural SUSY

Why did we think superpartners should be light?

Minimizing the Higgs potential, we find:
My = =2(|u]* + m3, ) + O(1/ tan® 3) + loop corrections

So avoiding fine-tuning just suggests that Higgsinos should be light 1 ~ M.

Other superpartners should be light only if their masses are correlated with, or

: 2
feed into, m .-

Corrections from loop diagrams give:

2
asSYy
3

3y?
872

Am?, = (m7 +mZ )In(A/Tev) — M7 In*(A/TeV) + small.

tr
So we conclude that the top squarks and gluino should also not be too heavy.

But, the other superpartners have no “reason” to be at the 1 TeV scale!
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Natural SUSY (continued)

This is actually an ancient idea. From a recent paper Papucci, Ruderman, Weiler

1110.6926 that nicely emphasizing the issues:

B T o
~ Q1,2,U1,2,d1 2
W L
..... —
g
____________ tr  tr
____________ Gy e
H
natural SUSY decoupled SUSY

We should expect to see 51, g and maybe fg, 51 first at LHC. (Higgsinos are not

strongly produced, so harder to see even if lighter.)
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So, let’s look at limits on the top squarks and the gluino...

e gluino pair production with top-squark mediated decays
e direct top squark pair production

e stoponium?
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CMS

production.

gluino  pair

Signal with 1 lepton
and 6 jets + Ejr?iss is

the strongest.

Sets a strong limit if

M N, < 600 GeV.
1
Then the

search gives
Mz > 1300 GeV.

1-lepton



Limits on direct top-squark production:

350
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Note that the case of small mg —mpg, <My -+ My is not yet covered by

LHC published limits. Top squark decay products are very soft.
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However, a group of theorists (Kriska, Kumar, Morrissey 1212.4856) have claimed
that it should be possible to set such a limit with existing LHC data, by
straightforward re-interpretation of published limits on other models from both
ATLAS and CMS.

51 — ¢\, t~1 — bW(*)Nl

m , (GeV)
my (GeV) 300t
2001 250!
200

150t
: 150

100 — _ZZ :
i 100 &
I CMS Razor 4.4 fb™!

50 ¢
i CMS Razor 4.7 fb™!

50/

So far, ATLAS and CMS have not published their own analyses; will they confirm?

This is a game that is increasingly being played by theorists. There are too many
models for experimentalists to cover them all! But, if they provide enough
information about their searches, theorists can re-interpret the limits in other
models.
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Light top squarks at the Fermilab Tevatron CDF
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Top-squark pair production:
pp — t1t;

If My — My, < My + My,
then look for 51 — ch.

This is a difficult region for

LHC because of backgrounds.

But in this case, the top-
squark can form bound states
like. . .



Stoponium

A spin-0 5151‘ bound state, forms if both of the decays
7?1 — bél and 7?1 — tNl

are not kinematically allowed. In that case, the decay width of the top squark is
much smaller than the stoponium binding energy, so stoponium does form.

Typical branching fractions:

(SPM hep-ph/0801.0237) e stoponium — 77y is very rare, but gives a
0- 7Tt T
10 ; TR T - : clean peak like the Higgs. Could provide a
o ! | precision mass measurement if detected.
T 10 F !
T i VZV;N e stoponium — hh could have larger
o) I i
£ ] | branching ratio, but backgrounds are larger.
210 @ E
5 i i Look for hh — bb~y~y resonance.
10% L mee i Both will require high luminosity.
200 250 300 350

Stoponium Mass [GeV]

131



100-1000 TeV scale SUSY J.D. Wells, hep-ph/0411041, ...

Maybe we’re emphasizing the wrong naturalness problem? If all superpartners
have masses above 100 TeV, then they decouple from flavor violating effects. So
it is “natural”, from the point of view of flavor-changing neutral current and CP
violation data, to assume that the superpartners are out of reach of the LHC.

2

We then have m7; fine-tuned to be —|p 2, in order to get M% correct.

Fine tuning is of order 1 part in 10°.

But, small numbers sometimes do happen in Nature for no obvious reason!

e Electron Yukawa couplingis 3 x 1079, Why?

Rsun _ 6.955x108 m -

° foun — 098010 M = 0.00465 =+ 0.00008
Rmoon _ 1.738x10% m -
Dot = itosinx1085m — 000452 4 0.00028
Why?

So maybe we will see no SUSY particles at the LHC? i
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Split SUSY

Arkani-Hamed, Dimopoulos, Giudice, Romanino hep-th/0405159,
hep-ph/0406088, hep-ph/0409232

Take the Higgsinos and gauginos at the TeV scale, but everything else near the

Planck or GUT scale. Accept extreme fine-tuning?!
The gauge couplings still unify near 2 x 10'° GeV.

Predicts long-lived gluinos at the LHC. Recall the gluino can only decay through

squarks:

Q Q
Suppression due to MQ > 1 TeV.
g Q. N1

Look for gluino bound states moving through the detector, with anomalous energy
deposition, late decays, or long time-of-flight. The usual signatures for SUSY

won’t work here.
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Can R-parity violation hide SUSY at the LHC?

The LSP can decay, so get less E%liss, or maybe none. Some possibilities:

¢ v
B i = miss
5, a f y Lepton-rich or T-rich, and £o7"°°.
R

Ny — 00 + Episs

14 Q
N Same-sign leptons or taus, and jets
N, - _Z_ Q'
)\/

Ny — £jj
Q Q'
N ~ No leptons, no Ej@iss. Difficult!
Nl - _Q_ Q//
i )\//
N1 —7J3J

There are many possibilities, each with different signatures and flavor structure.

134



R-parity violating results from CMS:

Summary of CMS RPV SUSY Results* LHCP 2013

g—qllv k122

G—alv a Prompt LSP decays

g—qllv xm

g— gbtu 2!
231

g — gbtu A'
- 233
g—>qqq A 2
g—qqqq A 2
q— qllv A,

2

q—qllv 7‘123

q— qllv ;‘233

g— qgbtu '
231

G — gbtu A’
233
gz — 999q 7\"112
t; — uevt k122
tg = urvt k123

T, — tbtu A’
R AP

T— bt M
33

CMS Preliminary

3 ey 11 | 11 1 | 11| | 11 1 | 11 1 | 11 1 | 11 1 | |

. 0 - 200 400 600 800 1000 1200 1400 1600 1800
*Observed limits, theory uncertainties not included MaSS Scales [GeV]

Only a selection of available mass limits
Probe *up to* the quoted mass limit

Warning: each of these limits replies on very special and favorable
assumptions! General limits on R-parity violating SUSY are much weaker.
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What happens if the superpartner mass spectrum is more compressed?

gorQ GorQ Less visible energy: smaller
Wy jet pr, Mog, and Ejn}iss.
v Signal looks more like QCD,
tt, W +jets, and Z+jets
backgrounds.

replaced by:

well

A 4

Radiation of additional QCD jets important; supplies transverse kick.

Leading order production With extra radiated jet kick

) . ‘Q\/Q*'
PR @,

B small, tends to cancel. Extra jet can pass triggers, cuts. Heavy
LSP neutralino carries away more L'
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Compressed SUSY: the limits from jets + Ec,niliss get weaker.

(ATLAS 1208.0949)

Compressed SUSY model

o) T T ‘ T T ‘ T T ‘ T T T T T T T T
o i i
£ 1200 [-ATLAS 7
et . Combined 7
a B . At i
» JLdt=471", Vs=7 Tev
@ i i
g 1000 | = Observed limit (+10y.0) . -
% | ——- Expected limit (+10,) At N
—,' B 20 Am Am 4
S 800 oF By
§ | ) -
5 i i
600 ]
400 — 7]
200 — 7]
0 t -JI’ 1 I | | I | | I | | I 111 I 111 I 111 ]
600 700 800 900 1000 1100 1200

Even for very small M5 —

gluino mass [GeV]

1300

Compressed SUSY model, heavy squarks

[e)) 900 7\ 1T ‘ LI ‘ TTTT ‘ LI ‘ LI ‘ TTTT ‘ TTTT ‘ TTTT TTTT TTTF
= C ATLAS
B 800 [—Combined BT a
?, C [Ldt=471b" {5=7 TeV Em AN
8 700
g C — Observed limit (=1 oi‘g(f;) Em
o [ --- Expected limit (x10,,,) Em ]
@ 600 |~ Em Em S
1 - /,0 ,/ A
e u o cl Ey 4
'S 500 — Cl .;v,--'"“ ...... __
[) - Et cl o5 .
- Cl cl ;;'3 l,'l ' n
400 = . Cl / Cl —
r Em Cl ../.-CI s N
300 :_ al cl C*M _:
: .~ :
200 |~ cl ]
- Cl -
C (o] ]
100 — AN Cm —
C S g A ]
O 4 1 I :I 11 | 1111 | 1111 | 111l | 111l | 111l | J | 111 I_
400 450 500 550 600 650 700 750 800 850 900

MM, still get limits.

gluino mass [GeV]

Need to keep the Mg cut low to see signal events from compressed SUSY.
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Stealth Supersymmetry  Fan, Reece, Ruderman 1105.5135, 1201.4875

Maybe the superpartners decay through intermediate closely spaced states in

such a way that most of the energy goes into visible Standard Model particles.

One of many examples:

350
- 300- Gluino g
® 250 g
<) :
g 200 5 %o%,
= 150 ‘

: Singlino WS
100} .

)
K

Very small E72">°. Look instead for displaced vertices in decays, or resonances.

138



The LHC will eventually reach /s = 13 or 14 TeV, with much higher
luminosity than today.

A couple of sample projections:
e Neutralino/chargino electroweak SUSY production

e Direct top-squark pair production
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Neutralino/chargino projected limits, simulation only. ATL-PHYS-PUB-2013-002

r— [T T T T | T T T T | T T T T | T T T T | T T T o
% 700 ATLAS Preliminary (simulation) S
0] - Vs=14 TeV 2
Y — ==eeex 3000 b, 95% exclusion limit I
a 600 === 3000 b, 50 discovery reach 1 g
s ~ -===== 300 fb", 95% exclusion limit A
S 500F — 300 fb, 50 discovery reach I
u W
_ 135
4001 1078
: c
- ke
3001 g
- 1028
200— S
- Ry
- 7e-01 4e-01 TS
100: 7e-01, 4e-01 3 A
10 &

100 200 300 400 500 600 700 800
X, and %2 Mass [GeV]

Branching ratios BR(C; — WN;) =1 and BR(N, — ZN;) = 1
may be optimistic! Expect BR(/Ny — th) — 0.9 instead.
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Direct top-squark pair production projected limits, simulation only.

;‘ 1 000 :I T | T T T T | T T T T | T T T T | T T T T | T T T T T T T T T T T T T T T T —
&S 90QE- ATLAS Preliminary (Simulation),Ns=14 TeV 3
I BO0E LRI i, 5> i Heplon (e + s =
200 —  — 300 fo" discovery reach = £ = DA mt - m,: = 20 GeV): 2-lepton (ep) 3
— [ (mi‘: >>m;):\s=7 TeV, 4.7 fb” 3
600 ;_ - - - “\“ "" _;
S00E- T i = ATL-PHYS-PUB-
400 =7 ~ %, = 2013-002
= >, -
3001 3 3
5> E E
200 . E =
1005 =
:I | | | | | | | 11 11 | | | | | | | 11 | | | 11 1 |“d 11 :! | 11 11 -
0 400 500 600 700 800 900 1000 1100 1200

m; [GeV]

The reach in M; grows very slowly with luminosity!?

High luminosity (3000 fb— 1) needed just to start excluding Mz > 1000 GeVv?
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Important things I've completely skipped include:

e Superfields and Superspace

e Fayet-lliopoulos (ID-term) breaking of SUSY

e Gauge Mediated SUSY Breaking (GMSB)

e Anomaly Mediated SUSY Breaking (AMSB)

® Supersymmetric GUTs

® Supergravity

e Dirac gauginos

e Other LSP candidates (axino, gravitino, singlino) and cosmological issues
e Searches for the extended Higgs sector (H?, A%, H+)

® Models with extra chiral supermultiplets (NMSSM, vector-like quarks, ...)
e Detection of SUSY dark matter

® Anomalous magnetic moment of the muon

® The 1 problem and possible solutions

e Constraints from flavor physics, including BR(Bs — ™t ™)

e Sophisticated kinematic variables and methods for searches

® baryogenesis in SUSY
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Why | am still optimistic about the discovery of SUSY at the LHC:

The hierarchy problem discussed at the beginning of this lecture is
still there, unsolved. There are good hints for several mass scales in
fundamental physics well above the weak scale:

e Unification: quantization of U/ (1)y weak hypercharge, fermions
fit neatly into SU(5) or SO(10) multiplets. Mass scale has to
be very high because of proton decay constraints.

e Neutrino masses: large mass scale in the see-saw mechanism.

e Solution of the strong CP problem: Peccei-Quinn breaking scale
f,, must be between 10'° GeV < f, < 10'* GeV.

e Baryogenesis: not explainable within the Standard Model alone.

e Dark matter: not explainable within the Standard Model alone.
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All of the other models (technicolor, topcolor, large extra
dimensions, ...) that have been proposed to explain the hierarchy
problem are doing no better than SUSY is. In fact some are now
completely dead.

My best guess is that the superpartners are still out there, and some
of them will eventually be found at the LHC.

Thank you for your attention!
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