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Supersymetry

| nt r oducti on:

The ai mof theoretical physics is to describe as many phenonena
as possible by a sinple and natural theory. In elenentary particle
physics, the hope is that we wll eventually achieve a unified schene
whi ch conbines all particles and all their interactions into one
consi stent theory. W wish to make further progress on the path which
started with Maxwell's unification of nagnetism and el ectrostatics,
and which has nore recently led to unified gauge theories of the weak
and of the el ectromagnetic, and perhaps al so of the strong
i nteraction.

The purpose of this report is to introduce the reader to a
devel opnent in theoretical particle physics which carries our hopes
of being led further along that path: supersymetry.

Definition & Explanation

Supersynmetry is, by definition, a symmetry between ferm ons and
bosons. A supersymmetric field theoretical nodel consists of a set
of quantumfields and of Lagrangi an for them which exhibits such a
symetry. The Lagrangi an determ nes, through the Action Principle,
the equations of notion and hence the dynam cal behaviour of the
particles. A supersymetric nodel which is covariant under genera
coordi nate transformations or equivalently, a nodel which possess
| ocal (“gauged”) supersymmetry is called a supergravity nodel.
Supersynmetric theories describe nodel worlds of particles, created
fromthe vacuum by the fields, and the interactions between these
particles. The supersymmetry nmanifests itself in the particle and in
stringent relationship between different interaction processes even
if these involve particles of different spin and of different
statistics.

Bot h supersymetry and supergravity aimat a unified description
of ferm ons and bosons, and hence of matter and interaction.
Supergravity is particularly anbitious in its attenpt at unification
of the gravitational with other interactions. Al supersymetric
nodel s succeed to sone degree in these ains, but they fail in
actual ly describing the world as we experience it and thus are
nodel s, not theories. W are still striving to find sonme contact
bet ween one of the nodels and physical reality so that the node
coul d becone an underlying theory for nature at its nost fundanental
| evel. By “ nobst fundanental |evel” particle physicist nean at



present the deconposition of matter into quarks and | eptons(ferm ons)
and that understanding of all forces between them as arising out of
four types of basic interactions, gravitational, weak ,

el ectromagnetic and strong. These are described in terns of exchange
particles (bosons).the framework within which these buil ding bl ocks
make up a physical theory is relativistic quantumfield theory. Seen
at this level, “unification” ought to include all four interactions.
There is however, a quantitative and qualitative difference between
the gravitational interaction and thee others which has had profound
consequences both for the structure of the universe and for our
under standing of it.

The concept of gauge invariance grew out of the observation that
if the “charge” (e.g. Electric charge, total energy, isospin, etc.)
is conserved in a dynam cal system then the Lagrangi an for the
systemis invariant under “global gauge transformations” of the
fields. For exanple, the electric charge is related to invariance
under phase transformation v —e®yfor all fields ywhich
descri be particles of charge gq. simlarly, the energy is

related to time translations wy(t, Xx)—> y(t+At,x). The converse is
also true ( Noether's theorem): if the Lagrangian is invariant
under sone infinitesimal transformation y— y+0y,then there is
conserved current and a conserved charge associated with this gauge
i nvari ance. (“Gauge” is an unfortunate m snoner, originating in an
attenpt by H Wyl in 1918 to relate the electric charge to a
rescaling transformation y— e*y). W call the transformations
“global” if their paranmeters do not depend on the space-tine

coordinates, if 6 = constant. This rel ationship between
conserved quantum nunbers and gl obal symretries of the
Lagrangian led, in the 1960's to search for gl obally gauge-
invariant field theories capable of describing and classifying
all elenmentry particles. The “8-fold way” was a symetry very
much in this vein and it was in this context that quarks were
first postulated as buil ding blocks of strongly interacting
matter.

The introduction of supersymetry is not a revolution in
the way one view physics. It is an additional symetry that an
otherwi se “normal” field theoretical nodel can have. As we
shall see, all that is required for a field theory to be
supersymmetric is that it contains specified types and nunbers
of fields in interaction with each other and that the carious
interaction strengths and particles masses have properly
rel ated val ues. As an exanple, consider the SU(3) gauge theory
of gluons, which can be nade supersymetric by including a
massl ess neutral colour octet of spin % particles which are
their own antiparticles. Jargon has it that such spin '



partners of the gluons are called “gluinos”. If our nodel
contains not only gluons but al so quarks, we nust al so add
correspondi ng partners for them These have spin 0 and are
commonly cal l ed “squarks”.

Supersymetric theories, and particularly supergravity
theories, “unite” fermons and bosons into nultiplets and Iift
the basic distinction between matter and interaction. The
gl uinos, for exanple, are thought of as carriers of the strong
force as nuch as the gluons, except that as ferm ons they obey
ab exclusion principle and thus will never conspire to forma
coherent, neasurable potential. The distinction between forces
and matter becones phenonenol ogi cal : bosons — and particularly
massl ess ones-mani fest thensel ves as forces because they can
build up coherent classical fields; fermons are seen as matter
because no two identical ones can occupy the sane point in
space- an intuitive definition of material existence.

For sone tine it was thought that symetries which woul d
naturally relate forces and fermonic matter would be in
conflict with field theory. The progress is understandi ng

el ementary particles through the SU(3) classification of the
“eight fold way” (a global symetry) had led to attenpts to
find a unifying symretry which would directly relate to each

ot her several of the SU(3) nultiplets (baryon octet, decuplet,
etc.), even if these had different spins. The failure of
attenpts to nake those “spin symmetries” relativistically
covariant led to the formulation of a series of no-go theorens,
cul mnating inpossible, within the theoretical framework of
relativistic field theory, to unify space-tinme symmetry with
internal symmetries. Mire precisely, the theorem says that the
charge operators whose ei genval ues represent “internal” quantum
nunbers such as electric charge, isospin, hypercharge, etc.

must be translationally and rotationally invariant. This neans
that these operators comute with the energy, the nonentum and
t he angul ar nonmentum operators. |Indeed, the only symretry
generators which transformat all under both translations and
rotations are those of the Lorentz transformati ons thensel ves
(rotations and transformati ons to coordi nate systens whi ch nove
wi th constant velocity).

Supersymetry transformations are generated by quantum
operators Q which change fermonic states into bosonic ones and
vice versa. Q |ferm on> = |boson>; Q |boson> = |ferm on>
whi ch particul ar bosons and fermons are related to each ot her
by the operation of sonme such Q how many Qs there are, and
whi ch properties other than the statistics of the states are
changed by that operation depends on the supersymetric nodel



under study. There are, however, a nunber of properties which
are common to Qs in all supersymetric nodels.

By definition, the Qs change the statistics and hence the
spin of the states. Spin is related to behavi our under spati al
rotations, and thus supersymmetry is -in sone sense -a space-
time symmetry. Normally, an d particularly so in nodels of
“extended supersymmetry” (N=8 supergravity bei ng one exanple),
the Qs also affect sonme of the internal quantum nunbers of the
states. It is this property of conbining internal with space-
ti me behavi our that nakes supersymmetric field theories
interesting in the attenpt to unify all fundanental
i nteractions.

Non-trivial space-tinme properties of the Qs consider the
fol | ow ng.

Because ferm ons and bosons behave differently under rotations,
the Q cannot be invariant under such rotations. W can, for
exanple, apply the unitary operator U which, in H lbert space,
represents a rotation of configuration space by 360° around sone
axis. Then

UQ |boson> = UQUU |boson> = U |ferm on>

UQ [fermon> = UQUU |ferm on> = U |boson> .

Since fermonic states pick up a mnus sign when rotated
t hrough 360°and bosonic stats do not,

Ulfermon> = -|ferm on>; U |boson> = |boson>, and
since all fermonic and bosonic states, taken together, forma
basis in the H | bert space, we easily see that we nust have

UQU* = -Q
the rotated supersymetry generator picks up a mnus sign ,
just as a fermonic state does.

For the generation of space-tine translation wth vani shing
commutator of Qwth energy and nonentum operators E and P

[QEl =[QPF =0
| et us consider the anticomutator of some of Qwth its
Hermitian adjoint Q. As spinor conponents the Qs are in
general not Hermitian, but {QQ}= QO+ JQis a Hernitian
operator with positive definite eigenval ues.

<...|QQ..> + <.]9Q..> = [ |.>+ |Q..>]|*=0

this can only be zero for all states |.>if Q= 0.

A nore detailed investigation will show that {Q Q} nust be a
| i near conbi nati on of the energy and nonentum operators:

{QQ} = o +pP



when sunm ng this equation over all supersymetry generators,

we find that the BPterns cancel while the a ternms add up, so
t hat

Y a0 {QQ}

dependi ng on the sign of the proportionality factor,the
spectrum for the energy would have to be either >0 or <0

sone i nportant points to summari ze supersymetry

1. t he spectrum of the energy operator E (the Hamiltonian) in a
theory with supersynmetry contains no negative ei genval ues.

We denote the state with the | owest energy by |0> and call it the

vacuum The vacuumw || have zero energy

E|O> =0 if and only if QO0>=0and Q|0> =0 for all Q
any state whose energy is not zero, e.g. Any one-particle state,
cannot be invariant under supersymetry transformations. This neans
that there nust be one ( or nore) superpartner state Q 1> or Q] 1>
for every one-particle state | 1>. the spin of these partner states
will be different by Y2fromthat of |1>. thus

2. Each supernultiplet nust contain at |east one boson and one
ferm on whose spin differ by %

3. All states in a multiplet of unbroken supersymetry have the
same naess.

4, supersymmetry i s spontaneously broken if and only if the energy
of the Iowest |lying state (the vacuum) is not exactly zero).

{Q.(Q)"} = sij(a +PP)
ext ended supersymetry — N=1 supersynmetry — no supersymetry
(at large E) (at nmedi um E) (at |l ow E)

the fundanmental relationship between the generators of supersymretry
i's now replaced by

Za-1 {Qu, ( Qq)T}ec for each i.



It is the name given to a hypothetical symetry of nature.

Basically it is a symetry which relates ferm ons and bosons. Just as

there are operators that change neutron — proton, or € - Ve, We can
postul ate the exi stence of operators that change bosons into
ferm ons,

Qlb>=|f >,
with a conjugate operator going the opposite way. Q | eaves al
guant um nunbers unchanged except spin. It has been shown that
mat hematically consistent, supersymetric, quantumfield theories can
be constructed. The notivations for studying supersymetric theories,
and for hoping that nature utilizes them are quite strong. However,
at the present tinme there is no experinental evidence that nature is
supersymmetric. Partly it is a typical exanple of how a Standard
Model gives us the tools to quantitatively test whether additiona
physics is present.
If the Standard Model were part of a supersymmetric theory, with the
symmetry not broken at all, it would be very obvious. Every one of
t he quarks, |eptons, and gauge bosons woul d have a partner, generated
by using the above equation or its equivalent for ferm ons, that
differed in spin but was otherw se identical. Sonme of the states are
listed in the Table 1.

Supersynmmetric partners are denoted by a -. They are usually
nanmed by attaching -ino for a gauge boson, or s- for a fermon.

If there were an unbroken supersymretry, then nmany phenonena
woul d occur. There woul d be a super-hydrogen atomw th e-bound to a
proton. The chem stry of nultiselectron atons,wth bosons rather than
fermons bound to the nucleus, would be very different. There woul d
be additional weak interactions, with Wand Z exchanged, and so on
Clearly none of these things happen, and nature does not have an
unbr oken supersymretry.



Supersymmetric states

Particle |Supersymmetric partner | Spin of partner Nane
Y Y 5 photi no
eL e 0 Selectron
Ur U-r 0 up squark
g g- Yo gl ui no
Vyu \a 0 Muon .
sneutrino

Since we know of the broken symmetry of the el ectroweak theory,
perhaps it is reasonable to al so assune that the supersymetry is
broken. Just as with the ferm on masses in the Standard Mdel, a
supersymetric theory can be witten that allows the superpartners to
have arbitrary masses, but no one has found a way to cal cul ate the
masses. At present one can only search for the superpartners in
what ever nmass range is accessible to experinent. Just as in the
St andard Model, once one assunes nmass val ues for the superpartners,
the theory is fully predictive; all rates can be cal cul at ed.




To calculate in the supersymmetric Standard Mddel, we need the
Feynman rules. It is clear what they are. W just take the rules for
the Standard Model and replace the particles by their partners in
pairs, keeping the coupling strengths the sane. The repl acenents has
to be in pairs since otherwi se the nunber of half-integral spin
particles would be odd, and it would be inpossible to conserve
angul ar monentumin a transition. Then we see, for exanple, that the
full theory

charged particle emritsa charged antipatticle
photon / \\mjsnms a photon
' b\/"‘/\,b \N\N\N '
charged antiparticle charged artipatticle
efritsa phntnn/ \‘\absnrhs a photon
+ \f\,\/"b\l \J\J\P]\N +%
Fhoton materialises a charged patticle -antiparticle
particle antiparticle pair pair anrghilate to a photon

In addition to the interaction of a photon with quarks, there is
a quark-squark-photino interaction and a phot on-squar k- squark
interaction. The strengths of all the gauge couplings are just the
nmeasured ones we al ready know, because the measured couplings would
know about the existence of the supersymmetric theory even if we
don't. Because the couplings change with nmomentum
transfer, if the superpartners were very much heavier than Mvthere
woul d be be differences in the couplings.
Since all vertices involve superpartners in pairs, we can draw three
I mportant conclusions for a normal supersynmetric theory,

1. supersymmetric partners will be produced in pairs starting
fromnormal particles,
2. the decay of supersynmetric partners will contain a

supersymetric partner,
3. the lightest supersymmetric partner will be stable.



Producti on and detecti on
of supersymmetric partners

Starting from beans of quarks and | eptons, we can draw a variety
of diagranms to produce superpartners. One is shown here.
The production cross sections involve the sane couplings we are used
to, so the cross sections are typical of production rates for Ws
quarks, etc., except that there is phase space suppression if the
superpartners are heavy. Next we have to ask how the partners woul d
act once they are produced. For sinplicity let us assune that gl uinos
are heavier than squarks and than zinos and wi nos. Then the dom nant
decays for any sfermon with electric charge will be

An electron and positran

{antielectron} colliding at high energy can
annihilate to preduce B and BY mesons
wia a virtual Z boson or 2 virtual photon.

ff>f+vy;e.g u—->u+yor d->d+7vy.

As we have | earned, typical decay widths for a superpartner of
mss M- will be I" _~aM. Wth M-~tens of GV, I~ is of order O.1-
1 GV, so the associated lifetinmes are short conpared to 10-2° sec, and
only the decay products energe into detector.

To conplete the analysis, it is necessary to decide which wll
be the |ightest supersymretric particle since all the others wl|
decay into it. There are several possibilities; we will assune it is
photino for sinplicity. If sone other superpartner were |ighter than
the photino we could go through a simlar analysis; details change,
but qualitative conclusions do not.

Since all the superpartners that are produced will decay in a
very short tinme, only nornmal particles plus the photino wll enter
the detector. To detect the presence of supersymetry we nust be able

to detect the vy

The Yy wll interact by hitting a quark in the detector. The g-
could be real or virtual depending on the avail able energy. For



sinplicity we assune the g-is real. The cross section for this is

6 =Ya ] dx q(x) o(s")
where x is the fraction of the proton's nmonmentum carried by the
quark, q(x) is the quark structure function and ¢" the constituent
cross section for

Y+q - q . there is a sumover all the quarks in the
proton. The square of the center of mass energy of the y and the q is
S",s0 s =M7? where M-is the squark mass. Also, S” =XS, where s
is the square of the center of nass energy of the photino and proton.
The matrix element is approximately M_~ ese uU where eqis the
quark charge (2/3 or -1/3). as usual we can replace the spinors by
the appropriate nmass, uu ~M.
Witing s"=xs, this is ¢ = m e%e’s(x-M?/s)s.

o~ 4ma/M?Ya e’ax q(X)

where we replaced s by M?/ x. The factor Ya e%x g(x) is just the
structure function F2(x).

oy p) ~ 4m’a/M > F2( M7 /s).
Al t hough we are working in a hypothetical theory, we have cal cul at ed
the photino interaction cross section in terns of famliar
guantities, plus an assuned squark mass. By cal cul ati ng the val ue of

o(y p), we find then o(y p) _~ 2.5x10°* cnf. This is typical of
neutrino cross section, about 107 of a pion cross section. A
typical y will not interact in a detector it will escape, carrying

away nmomentum Thus the experinmental signature of supersymetry is an
event where apparently nonentumis not conserved. Such events can

al so occur if neutrinos are produced, for exanple in decays of Ws or
of heavy quarks, but then charged |lepton is also produced. |If events
are ever discovered with apparent failure of conservation of
nmonment um and no charged | eptons, they could be the signal of
supersymmetry. Then detail ed anal ysis can establish whether they
could in fact cone from producti on of super partners.

The relative rates for various processes, the distribution of

m ssing nmomentum fromlarge to small, and a nunber of other
quantitative predictions can all test whether a supersymetric
interpretation i s possible.
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