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1. From general relativity to higher
dimensional Supergravity

XPERIMENTAL observations confirm that the
E standard model of particle physics works out-
standingly well. However, if we believe that it
should be embedded within a more fundamental
theory, we are faced with grave theoretical prob-
lems. For example, in the context of a grand
unified theory the characteristic scale is of or-
der Mgy ~ 10'® GeV which gives rise to the
gauge hierarchy problem. There is no symmetry
protecting the masses of the scalar particles, Hig-
gses, against quadratic divergences in perturba-
tion theory. Therefore they will be proportional
to the huge scale Mgyr. This problem of nat-
uralness, to stabilize the electroweak scale My,
against quantum corrections My << Mgy,
may be solved postulating a new symmetry which

relates bosons and fermions introducing new par-
ticles, the so—called supersymmetry. The scalar
masses and the masses of their superpartners, the
fermions, are related and as a consequence, only
a logarithmic divergence in scalar masses is left.
In diagrammatic language, the dangerous dia-
grams of standard model particles are canceled
with new ones which are present due to the ex-
istence of the additional partners and couplings.
This is shown schematically in Fig. :]:

On the other hand, gravity, the fourth inter-
action in nature, is not included in the standard
model. Nowadays we know that the correct de-
scription of nature involves quantum field theo-
ries. This is of course the case of the standard
model, whose finishing touches were put around
1974. Tt describes strong, weak and electromag-
netic interactions using the internal (gauge) sym-
metry SU(3) x SU(2) x U(1). However, the the-
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Figure 1: The quadratic divergence due to the loop of standard—model bosons is cancel with the loop of

fermionic superpartners which has opposite sign.

ory describing the gravitational interaction, gen-
eral relativity, which was completed in 1915, is a
classical theory. In this sense both theories seem
to be completely disconnected as is schematically
shown in Fig. 'Q: The question then is to know if

THE STANDARD MODEL | | GENERAL RELATIVITY

(quantum theory) [ ] (classical theory)

Figure 2: The standard model and general relativ-
ity are disconnected. The former is a quantum field
theory whereas the latter is still a classical theory.

we will be able to quantize general relativity and
to unify it with the standard model. As we will
see in the rest of the paper, an important role
in the answer to this question is played again by
supersymmetry, in particular by its local version,
supergravity.

To carry out this project a basic ingredient is
the graviton. This is an elementary particle with
spin 2 which is an excitation of the gravitational
field similarly to the photon which is an exci-
tation of the electromagnetic field. The charge
associated with gravity is mass and therefore en-
ergy since mass and energy are equivalent in rel-
ativity. It is then natural to extend the approach
of quantum field theory to gravity. In particular,
the use of Feynman diagrams as in the example

Figure 3: Electron—electron scattering through the
exchange of a graviton.

shown in Fig. 3 The problem with this approach
is that the gravitational interaction is extremely
weak since the coupling constant, the Newtonian
gravitational constant Gy, is

1

N =1
Planck

~ 10738 (GeV)™2 . (1.1)

Thus experimental verification of quantum grav-
ity at low energies (= My) in accelerators seems
to be unlikely. For example, the contribution of
the diagram of Fig. '§' to electron—electron scat-
tering is negligible with respect to the one of the
diagram shown in Fig. 2_1:, since the relation be-
tween the electromagnetic and effective gravita-
tional coupling constants is

62 2

Qem. = — =102 >>ag =
o dm ¢ MI%lanck

~ 1073,

(1.2)
Note that the energy E must be included to have
a dimensionless scattering amplitude.

Another process that we might study with
the hope of detecting quantum corrections ex-
perimentally is the gravitational light bending.
The first diagram in Fig. :5 reproduces the classi-
cal result for the deflected photon. As mentioned
above, mass and energy are equivalent in relativ-
ity and since all particles have energy, gravity
couples with everything, and in particular with
photons. Unfortunately, the lowest—order quan-
tum correction with a loop of electrons shown in
the second diagram, is too small to be detected
in present solar light—bending experiments.

Figure 4: Electron—electron scattering through the
exchange of a photon (7).
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Figure 5: Lowest—order gravitational light bending due to the Sun and a quantum correction.

In conclusion, even if a consistent quantum
theory of gravity is ever built, an issue that we
will discuss in this section below, its experimental
verification is apparently unlikely. Fortunately, a
possible candidate to quantize gravity, supergrav-
ity, gives rise to low—energy signals which could
be detected. This will be discussed in section 2.

Before entering into details, a few words about
bibliography. Although we discussed quantum
gravity above and we will continue discussing it
in the next subsection, it is not the main topic of
these lectures. A simple and interesting introduc-
tion can be found in refs. [il]-[8]. There are excel-
lent books and reviews of supergravity. We quote
several of them in the references. In particular,
refs. [4]-[8] focus mainly on theory and refs. [
[:_1-]_;] focus mainly on phenomenology. Refs. [:_1-%']
and [[3] although are not so exhaustive as the
above mentioned, are quite recent and introduce
supergravity from a modern perspective. Other
references interesting to understand specific is-
sues will be mentioned in the text.

1.1 Quantum gravity

Let us recall first the relation between global and
local symmetries in quantum field theory using
the Noether procedure. Consider for instance a
free massless spin 1/2 field. Its action

S = i/d4w Yy oL (1.3)

where 0, = %, is clearly invariant under the

global transformation

) (1.4)

with € a constant phase. However when the trans-
formation is local

Y — e @) g (1.5)

where € now depends on the space-time coordi-
nates, the action is invariant only if we add a
spin 1 gauge field A,. This gives rise precisely
to Quantum electrodynamics (QED). Therefore,
spin 1 fields correspond to generalizing internal

(i.e. non—Lorentz) symmetries.
Similarly, a spin 2 appears when space—time
symmetries, global Poincare invariance,
at — AY ¥ 4 ad* | (1.6)

are made local in space—time, i.e. general coordi-
nate transformations:
ot — o' (x) . (1.7)

Let us consider for example the action of a scalar
field in flat space—time:

5= [t Enﬂ"ww— V(¢)} . (18)

where 7, is the Minkowski metric. This action
is invariant under (1.7) only if we add a spin 2
field, the graviton:

1
S = [ d'zy/~detg [ywamm - V<¢>)]
(1.9)
Adding the usual Einstein piece,

d*z\/—detg,, R, (1.10)

one obtains the complete action. Here k is the
gravitational coupling constant

b= VorG = L

MPlanck MP

1
5= "o

(1.11)

with Mp = 2.4 x 10'® GeV the so—called reduced
Planck mass.

Once we know the action, we may proceed to
compute various processes. However, as is well
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Figure 6: Graviton—scalar interactions

known, field equations are non linear. One pos-
sible way to solve the problem consists of intro-
ducing the expansion

9y (T) = Ny + k By () (1.12)

where h,,, (z) measures the deviation of the space—
time from flat Minkowski space. We have to
introduce the constant k£ in front of it since its
quanta should have mass dimensions 1 as ap-
propriate to a bosonic field describing the gravi-
ton. Recalling that perturbation theory works
outstandingly well in the standard model, and
taking into account that gravity is much weaker,
the use of perturbations should be appropriate.
For example, using (1.12) the free part of the ac-
tion (1.9) can be written as

d*z —detg,, %g“”@‘ud)ay(ﬁ =
[ dtazwa,c0e
_k/d“x%h’“’m
,k2/d4x <én“”3#¢3u¢hg7l§

%h“phzaugb&,zb) + (1.13)
where the “bar” operation on an arbitrary second
rank tensor is defined by Xuv =X — %UWX:;-
The first term in the right-hand side of (1.13) is
the usual action for free scalar fields in flat space—
time (see (I.8)). The second and third ones cor-
respond to the diagrams such as are shown in
Fig. 6 Besides, a graviton has energy and there-
fore interact with each other similarly to glu-
ons in Quantum Chromodynamics (QCD). This
interaction which arises from the Einsten piece
(1.10) is shown in Fig. 7.

As a matter of fact, we are attacking the
problem of quantizing gravity from the perspec-
tive of particle physics. We have reduce quan-
tum gravity to another quantum field theory, i.e.

h

Figure 7: Graviton—graviton vertex.

gravitons and other quanta interact and prop-
agate within a fized space—time background. In
this sense, the language of general relativity where
the geometry is crucial tends to get lost. In any
case, if using perturbation theory we are able
to compute different gravitational processes, the
analysis is worthwhile. Unfortunately, this is not
what happens. For example, the computation of
photon—photon scattering in the Maxwell-Einstein
theory shown in Fig. 8, turns out to give a result
which is divergent. Of course, this is not a prob-
lem if the theory is renormalizable.
we know from quantum field theory that theories

However,

with negative coupling constant are non renor-
malizable, and this is precisely the case of gravity
where

(k%] = [Mp?] = 2. (1.14)

So quantum gravity contains an infinite variety of
infinities. One can use simple dimensional argu-
ments to arrive to this conclusion. A dimension-
less probability amplitude of order (k2)" must

1 _
M]%n /an ldp,

where p is the momentum. For instance for n =
2, which is the case of the diagram in Fig. S,

diverge as

(1.15)

quartic divergences will appear.
Therefore a consistent theory of gravity must
be finite order by order in perturbation theory.

Figure 8: Contributions to the photon—photon scat-
tering in the Maxwell-Einstein theory. The dots de-
note other one-loop diagrams involving only gravi-
tons and photons.
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We already know from the above discussion of su-
persymmetry that theories with more symmetry
are more convergent. In supersymmetry quadratic
divergences are canceled (see Fig. :1:) Then, why
not to apply the ideas of supersymmetry to grav-
ity to solve the problem of divergences 7. This is
what we will carry out in the next subsection.

1.2 Supergravity

We showed above that gravity is the ‘gauge the-
ory’ of global space—time transformations. Like-
wise we will see in this section that supergravity
is the gauge theory of global supersymmetry.

Let us consider schematically two consecu-
tive infinitesimal global supersymmetric trans-
formations of a boson field B

(51.BN§1F,
52FN EQ&B,

(1.16)
(1.17)

where F' denote a fermion field. Using dimen-
sional arguments one can deduce from (El : 1:6) that
the dimension of the anticommuting fermionic
parameter ¢ must be [¢] = —1/2 in mass unit
since [B] =1 and [F] = 3/2. Thus in the second
transformation (1.1%) we must include a deriva-
tive to obtain the correct dimension. This im-
plies that two internal supersymmetric transfor-
mations have led us to a space-time translation,

{(51,(52}3 ~ a“@HB ;oalt = 52’}/”81 (1.18)

and therefore supersymmetry is an extension of
the Poincare space—time symmetry

{Qa@} =29"P, .

Clearly, the generator @ is not an internal sym-
metry generator like the ones of the standard
model symmetries, SU(3) x SU(2) x U(1), since
it is related to the generator of space—time trans-
lations P,,.

(1.19)

Promoting global supersymmetry to local, e =
(), space-time dependent translations a*9,, that
differ from point to point are generated, i.e. gen-
eral coordinate transformations. Therefore lo-
cal supersymmetry necessarily implies gravity as
shown schematically in Fig. (_I This situation
is to be compared with the one summarized in
Fig. 'Q: By obvious reasons local supersymmetry

is also called supergravity.

Local

THE STANDARD MODEL GENERAL RELATIVITY

Supersymmetry

Figure 9: The standard model and general relativity
are connected through local supersymmetry.

It is instructive to see explicitly the need for
gravity in local supersymmmetry. Let us con-
sider the simple case of a scalar field ¢ together

with its supersymmetric partner the spin 1/2 fermion

1. The Lagrangian

* 1-
L=—(0"¢")0u0) - 3070 (120)
is invariant under global supersymmetry:
0p = e (1.21)
0y = —ic"€0,¢ . (1.22)

However L is not invariant under local supersym-
metry since ¢ — e(x) implies

0L = 0,e®Kh + h.c. (1.23)
with

Ky

D P> — %wﬂ(aua”)gay¢* (1.24)

To keep the action invariant, a gauge field has to
be introduced (similarly to the case of an ordi-
nary gauge symmetry where A, is introduced as
we mentioned in the previous section) with the
Noether coupling

Ly =k KoW: (1.25)

where k is introduced to give Ly the correct di-
mension, [Ly] = 4, and ¥ is a Majorana vector
spinor field with spin 3/2, the so—called gravitino,
transforming as

1
Wh o WAt Ote, (1.26)

However, £ + L is not still invariant since

S(L+LNn) =k U,y eTH | (1.27)

where T" is the energy—momentum tensor. This
contribution can only be canceled adding a new
term

Ly = —gu T (1.28)
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Figure 10: Contributions to the photon—photon scattering in the supersymmetric Maxwell-Einstein theory.

W and A denote gravitino and photino respectively.

provided the tensor field g, transforms as
8G9 = kY, ve . (1.29)

Thus any locally supersymmetric theory has to
include gravity.

In particular, the standard model which global

supersymmetry contains the chiral supermulti-
plets (¢, ¢) studied above with ¢ denoting quarks,
leptons, Higgsinos and ¢ denoting squarks, slep-
tons, Higgses, plus vector supermultiplets (V, A)
with gauge bosons and gauginos (spin 1/2 Ma-
jorana fermions) respectively. In the presence of
local supersymmetry we must include also the
gravity supermultiplet (g,,, ¥{) with graviton
and gravitino respectively. The gravitino plays
the role of the gauge field of local supersymme-
try.

In conclusion we can say that supergravity
is a quantum theory of gravity. Since we have
now more symmetry than in pure gravity we can
expect that the high—energy (short distance) be-
havior will improve. Although this is basically
true, still the (super)symmetry is not enough to
cancel all divergences in the theory. To see this
diagrammatically we have to include the super-
symmetric partners in the graphs. For example,
in the Maxwell-Einstein theory discussed in the
previous subsection, we have to add to graphs in

Fig. -'S those with supersymmetric particles, grav-
itino and photino, shown in Fig. :_f(_i The contri-
bution from each diagram is equal to an infinite
quantity multiplied by the coefficient written be-
low the figure. The infinite quantity is the same
for all figures. Unfortunately, adding the coeffi-
cients shows that the sum is 25/12, i.e. non zero,
and therefore the divergence is not canceled.

We have shown then that simple supersym-
metry is not enough to solve the problem of in-
finities in quantum gravity. In the next subsec-
tion we will try to answer the following question:
Is it possible to extended supersymmetry to a
bigger symmetry solving the problem?.

1.3 Extended supergravity

It is natural to wonder what would be the con-
sequences of the introduction of more than one
supersymmetry generator, i.e.

Qa (A=1,2, ... N), (1.30)

where
QalA) = A —-1/2)

with A\ the helicity of a massless state. In this
case the gravity supermultiplet will contain N

(1.31)

gravitinos since

QiIA=2)=|Ax=3/2), ...
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Figure 11: Contributions to the photon—photon scattering in the Maxwell-Einstein theory with N = 2

supersymmetry. ¥ and ¥’ denote the two gravitinos.

QNN =2)=|A=3/2). (132
On the other hand, since
QiQ2.--QuIA=2) =]\ =2-N/2) (1.33)
we have the bound
N <8 (1.34)

to avoid massless particles with A > 2. Recall
that not consistent coupling between massless
spin 2 particles and spin 5/2, 3, . . . seems to exist.

The simplest extension of NV = 1 supersym-
metry discussed in the previous section is N = 2
supersymmetry. Precisely this case realizes Ein-
stein’s dream of unifying electromagnetism and
gravity since

Qi2[A=2) = [A=3/2)

QiQ2[A=2) = [A=1) (1.35)

giving rise to only one supermultiplet with gravi-
ton, two gravitinos and one photon (2,3/2,1).
This model was the first one where finite quan-
tum corrections were found. This is shown in
Fig. :1-1_: where the photino of Fig. :_I-Q' correspond-
ing to N = 1 supersymmetry is substituted by
a second gravitino. Now adding the coefficients
the sum is zero.

Although this result seems very promising,
actually beyond one loop photon—photon scatter-
ing is not finite. Including matter the situation
is worse, e.g. scalar—scalar scattering, etc. So
again we have come back to our original prob-
lem in quantum gravity. Is there any way out?
In principle we have not yet exhausted all possi-
bilities. N = 8 is the maximum number of su-
persymmetries we can use. Since theories with
more symmetries are more convergent we should
analyze that case. In fact N = 8 case is also
interesting because gravity, Yang—Mills, matter
multiplets cannot exist in isolation. They belong
to the only supermultiplet of the theory

3 .1 1 3

Z1.2.0.-2.-1.-%
27 72707 27 )

A= (2
e =

~2).
(1.36)

For example the multiplicity of states with helic-
ity 1/2 is 56 since we can do the following com-
binations:

Q1Q2Q3|A =2) = [A=1/2)
Q1Q2Q4[\ =2) = [A=1/2)

(1.37)

In general, multiplicity of states with helicity A —

m/2 s
(Z) _ m,(NL'm), . (1.38)
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Therefore N = 8 supergravity has enough de-
grees of freedom to unify all interactions as well

as constituents. But again divergences are present.

For instance starting at seven loops in graviton—
graviton scattering.

As a matter of fact this is not the only prob-
lem of extended supergravities. All of them are
non chiral. E.g. in the case of N =2

Q120X =1/2) = |A=0),
Q1Q2/A =1/2) = [\ =-1/2)

and therefore we have in the same supermultiplet

(1.39)

left and right handed fields. Since in the case of
the standard model e.g. ey, € SU(2) but eg is
a singlet, necessarily unobserved fields Er must
belong to the same supermultiplet as er,. These
are the so—called mirror partners. They must
have a mass beyond the current experimental
bounds. On the one hand, it is extremely in-
volved to build realistic models which generate
masses dynamically to the mirrors. On the other
hand, since chiral anomaly cancels within each
generation, why such mirrors should exist?. All
these arguments make unlikely that extended su-
pergravities be realistic four—dimensional theo-
ries.

1.4 Discussion: supergravity as the low—
energy limit of superstring theory

We can summarize the analyses of previous sec-
tions in the following way. N = 0 quantum grav-
ity, i.e. withouth supersymmetry, is non renor-
malizable. N = 1 supergravity includes gravity
in a natural way but it is also non renormalizable.
N > 1 supergravity is not only non renormaliz-
able but also non interesting from phenomeno-
logical viewpoint (at least in four dimensions).
Given these pessimistic conclusions, one won-
ders whether to work at low energies with the
physically relevant N = 1 supergravity is con-
The answer is yes if we are consider-
ing the supergravity Lagrangian as an effective
phenomenological Lagrangian which comes from

sistent.

a (finite) bigger structure. This is a situation

Gr/V2

Figure 12: Weak interaction in Fermi theory.

Figure 13: Weak interaction in Weinberg—Salam
theory.

similar to the one of the old Fermi theory. The
weak interaction was described as an interaction
of four fermions with a dimensionfull coupling
constant [Gr] = —2. This is shown in Fig. 3.
Now we know that the correct theory involves in
fact the graph shown in Fig. :_l-ii: For p ~ My
this is the correct way to carry out any compu-
tation. However, for p << My this diagram is
effectively like the one of Fig. 12 with Gr/v/2 =
g*/M32,. Thus although the Fermi theory is non
renormalizable, in some particular energy regime
one can trust the results.

Although for p ~ Mp one must use the the-
ory behind supergravity, for p << Mp is a good
approximation to work with supergravity. We
will see in section 2 that in fact below Mp one
is left with a global supersymetric Lagrangian
plus supersymmetry—breaking terms. This effec-
tive Lagrangian is renormalizable and in order
to study phenomenology we are interested only
in this region.

There is, at the time of writing this lectures,
only one consistent theory of quantum gravity
with matter: string theory. There the solution to
the problem of divergences in quantum field the-
ory consists of considering the elementary par-
ticles to be not points but one-dimensional ex-
tended objects, strings, as shown in Fig. :1-4_:

In fact, the consistency of the theory need
the presence of supersymmetry and that is the
reason why it is called superstring theory. Re-
markably, the low—energy limit (massless modes)
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Figure 14: Exchange of a graviton between two elementary particles in quantum field theory and superstring

theory.

of superstring theory is supergravity. The picture
is then the following. Around the Planck scale,

SUPERSTRING THEORY E>M,
SUPERGRAVITY E <M,
SUPERSYMMETRIC E <<M,

STANDARD MODEL

Figure 15: Supergravity is the intermediate step
between the possible final theory of elementary par-
ticles and the supersymmetric standard model ob-
servable at low energy.

superstring theory might be the correct theory of
elementary particles, but below that scale super-
gravity can be used as an effective theory. This
is schematically shown in Fig. :_1-5_)‘ The last step,
around the electroweak scale, corresponds to the
supersymmetric standard model arising from the
spontaneous breaking of supergravity as men-
tioned above.

From the above arguments we conclude that
the study of supergravity is crucial. It is the
connection between the possible final theory of
elementary particles and the low—energy effective
theory which might be tested experimentally.

1.5 Higher dimensional supergravity

Since superstring theory is only consistent in a
ten—dimensional (D = 10) space—time, to build
supergravities in extra space—time dimensions is
important. For example, the coupled D = 10,
N =1 supergravity super Yang—Mills system is
the massless sector of the type I superstring the-
ory and heterotic string theory.

To build the pure N = 1 supergravity one
has to realize that the number of bosonic and
fermionic degrees of freedom must be equal. These
are shown in Table ::1:

For example, to deduce the dimension of Dirac
spinors in D space—time dimensions one can con-
struct the Dirac gamma matrices obeying the
Clifford algebra {I'*, T} = 2n**. The result is

Dr = 2P/? 3 D even ,

Dr = 2P=1/2 . D odd . (1.40)

In our case D = 10 implies that A has 32 com-
plex components. Taking into account Majorana
condition we reduce this number to 16. With
the Weyl condition it is further reduced to 8 and
finally field equations reduce it to 8 real compo-
nents.

The Lagrangian can be explicitly obtained
by the Noether’s method or by a formal dimen-
sional reduction from higher dimensional theo-
ries, in particular from D = 11, N = 1 super-
gravity. The result is

1 3 —3/2 v
_@R_Z(’ﬁ /HW,JH"’J

9 9.¢0"¢ 1-
— A, TWPD, T
16k2 @2 2 M ’

e 1L =

1- 3v20,¢ -
—ZAHD )\ — L2 2YT g TVTH
GATM DA — S =250, TV T
\/_

2 _
Y G, 0,077,

+6VT U7 — /20, [VPITH )]

+ four — fermion terms , (1.41)

where I'#1--#n stands for the completely antisym-
metrized product of I' matrices and H,,,, is the
field strength of the antisymmetric tensor B, .

The vierbein el’f with m a local Lorentz index
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FIELD CONTENT IN D =10, N =1 SUPERGRAVITY

graviton (g,.)
dilaton (¢)

antisymmetric tensor (B, )

Majorana—Weyl gravitino (¥#)
Majorana—Weyl fermion (\,)

35 components
1 »
28 ”
64 real field components
56 components
8 »
64 real field components

Table 1: Bosonic and fermionic degrees of freedom in ten—dimensional pure supergravity

FIELD CONTENT IN D =11, N =1 SUPERGRAVITY

graviton (gu.)
3rd. rank antisymmetric tensor (A,,,)

Majorana gravitino (¥#)

44 components
= §4 7
128 real field components
= 128 components
128 real field components

Table 2: Bosonic and fermionic degrees of freedom in eleven—dimensional pure supergravity

must be used instead of the metric g,, when
fermions are present. Their relation is g, =

€, €,Mmn and therefore e = det €)' = \/—det gy,
This Lagrangian is invariant under the local

supertransformations
m k— m
de, = §€F v, , (1.42)
2k
0p = 7\/; PEN (1.43)
V2 34, _
6B, = T¢3/4(5F“‘I’” — &l v,
V2 _
—TEFHV)\) y (144)
3v21
(S)\ = —Tg(rua”(b)s
1
+5¢7 T e H
+ two — fermion terms , (1.45)
1 \/5 —=3/4 (pvpo
00, = - Dye + 59 ATy

—964T°7 Ve H, e

+ two — fermion terms . (1.46)

On the other hand, the dimension of space—

10

time in supersymmetry is constrained to be

D<I11. (1.47)

Otherwise, counting the number of degrees of
freedom as above, massless particles with spin
higher than 2 would appear. This is extremely
interesting since D = 11, N = 1 supergravity is
the low—energy limit of so—called M-theory [:_1-41']
There is the proposal that M—theory, from which
the five existent superstring theories can be de-
rived, is a consistent quantum theory contain-
ing extended objects. In this sense the study of
D = 11 supergravity may be important.

In fact, D = 11 supergravity is a very attrac-
tive theory by its own since supergravity equa-
tions look very simple and natural. Besides, this
theory is unique. The field content of the theory
together with their degrees of freedom are shown
in Table 2 By brute force the Lagrangian was
built [:_1-5] with the following relatively simple re-

sult:
1 1 oo
L= —weR — 4_86FHVPO'FH P
1 - 2%k -
—5e0, DY, — %e(wuw”ﬂ”‘”\p A
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F12TTP7TN(F + )y s
—\/ik v 12 Lol
“aamgl T Py i P Apas
(1.48)
It is invariant under
-
dey = Sel™W,, (1.49)
2 _
0Auwe = *?eF[W\IJU] , (1.50)
1 V2
ov, = -D ~ 2 (TvPoA 1.51
w= g Dnet ogg (T (1.51)
—80UT" M )eFypor - (1.52)

2. D=4, N =1 Supergravity

Although some higher dimensional theory will
probably be the unified theory of particle physics
as discussed above, needless to say to connect it
with the observable world one has to compactify
the extra dimensions. At the end of the day, the
theory which is left in four dimensions is N = 1
supergravity. Thus the study of D =4, N =1
supergravity is crucial. We will carry it out in
this section in a completely general way with-
out assuming any particular underlying higher
dimensional theory. After analyzing the Lagrang-
ian, we will study the spontaneous breaking of
supergravity. This gives rise to the so—called soft
supersymmetry—breaking terms which determine
the spectrum of supersymmetric particles. The
theory of soft terms provided by this computa-
tion enable us to interpret the (future) experi-
mental results on supersymmetric spectra. This
would be an (indirect) test of supergravity.

In section 3 we will apply these general re-
sults to the particular case of D = 4 supergravity
arising from compactifications of D = 10 super-
strings.

2.1 The Lagrangian

In section 1.2, starting with the global supersym-
metry Lagrangian of free chiral supermultiplets,
we were able to obtain their couplings to su-
pergravity using the Noether procedure. In the
general case, with chiral supermultiplets in in-
teraction, we can also follow the same approach.
However, it is worth noticing that other formu-
lations of D = 4, N = 1 supergravity are also
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available. In fact, although various matter cou-
plings had previously been constructed using the
Noether procedure, the complete Lagrangian in-
cluding vector supermultiplets [:f@‘] was construc-
ted using the more efficient local tensor calculus
method. For a review of the latter see [6], where
also the references of the authors who have con-
tributed to the subject can be found. In Ap-
pendix A we sketch another formulation, the su-
perspace formalism which is the most elegant one.

In what follows we present the final result
(with up to two derivatives), obtained using any
of the available formulations. Let us concentrate
first on the chiral supergravity Lagrangian. It
turns out to depend only on a single arbitrary
real function of the scalar fields ¢; and ¢; with

1,7 =1,...,n, the Kahler function

G(¢",¢) = K(¢",¢) +n|[W(9))*,  (2.1)

which is a combination of a real function, the so
called Kéahler potential K, and an analytic func-
tion, the so called superpotential W. This ex-
presses the fact that the scalar—field space in su-
persymmetry is a Kdhler manifold, i.e. a special
type of analytic Riemann manifold (see above
(A.15) in Appendix A for more details). The
scalar fields should be thought of as the coordi-
nates of the Kéahler manifold and, in particular,
the metric Kj;;- is given by

0’K

Ky = 56007 (2.2)

An important property of G (and therefore of the
Lagrangian) is its invariance under the transfor-
mations

K —» K+ F(¢) + F*(¢") ,

W — e F@Ow . (2.3)

where F' is an arbitrary function. This property
is known as Kahler invariance.

We split the (tree-level) Lagrangian into terms
as

L£C = LG+ LGk + LS, (2.4)

where £ contains only bosonic fields, £§ ;- con-
tains fermionic fields and covariant derivatives
with respect to gravity (i.e. including the su-
persymmetric spin connection) and Eg contains
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fermionic fields but no covariant derivatives. Then,

1 S
= 3R Gy 0,0'0" "

—e%(G(G7HT G —3), (2.5)

e 18

where repeated indices are summed in our no-
tation and e was already defined below (1.41).
It is worth recalling that ejj' gives rise to inter-
actions of the graviton with all other particles
using the expansion studied in section 1.2. Note
that we have set the reduced Planck mass Mp
defined in (1.11}) equal to 1 for convenience (see
e.g. the usual Hilbert—Einstein piece in (2.5)).
It can easily be inserted using dimensional argu-
ments as we will do below in some examples. We
also follow the notation

G; = STC; (2.6)
and 920
Gij« = 96:00° =Gy , (2.7)
with the matrix (G~1)¥" the inverse of the G
(G~ Gy = 3 . (2.8)
From (2.1) and (2.2) we deduce
G- = Kije (2.9)

and therefore the Kéhler metric K;;- determines
the kinetic terms for the scalars ¢; (see the sec-
ond term in (2.5)). This is also the case for
the spin 1/2 fermions ¢; in (2.12) below since
both belong to the same chiral multiplets. Thus
in general we will have non-renormalizable ki-
netic terms as a consequence of the non renor-
malizability of supergravity (see (A.13) in Ap-
pendix A for more details). As we will see in
the next subsection, some scalar fields ¢; may
acquire dynamically vacuum expectation values
implying Kjj« # 0. This will give rise in general
to non—canonical kinetic terms and therefore we
will have to normalize the fields to obtain, at the
end of the day, canonical kinetic terms. A sim-
ple form of K leading to canonical kinetic terms
K;;» = &;; (the so called minimal supergravity
model), which will be used in the next subsec-
tion as a toy model, is given by

K = ¢;i¢*" . (2.10)
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Finally, the third term in (2.5), which arises when
the auxiliary fields F; appearing in the chiral su-
permultiplets are eliminated by their equations
of motion (an extra gaugino bilinear piece given
by —45Lt(G~1)™ A*A* should be added when
vector supermultiplets be considered below)

Fi _ eG/2(G71)ij*Gj* _ (Gfl)ik*Gjlk*ijl

%wi(GﬁW), (2.11)

contributes to the (tree—level) scalar potential.
It is a fundamental piece for model building. In
particular, as we will discuss in the next sub-
sections, it is crucial to analyze the breaking of
supersymmetry as well as the so called soft terms
which determine the supersymmetric spectrum.
Note the exponential factor e“ which obviously
indicates the non renormalizability of the theory.
The piece

1 _
eilﬁgK = 756715‘“”,)0\]?“’}/5’}/pr@0-

1 - .
+Ze*15“”p”\IlM7U\Ilp(GiDg¢l
*1 i 70 j
—GiDs¢™) + |:§Gij*¢LW]L
i _. ) 1
+§¢2lp¢]¢f(*Gmk* + 5 G- Gj)

1 - - ;
+ EGU* \IlﬁlZ)qﬁl ’}/u’lpk + h0:|
(2.12)

contains the kinetic terms for the fermions (i.e.
for the spin 3/2 gravitino ¥ and the spin 1/2
fermions ;) and some non-renormalizable inter-
action terms. For example, even assuming canon-
ical kinetic terms G;;» = d;;, the last term in
(2:12) has at least mass dimension 5 and there-
fore must be suppressed by a power of 1/Mp.
This interaction term is shown in Fig. [6. Fi-

nally,
e LG = G20kg,, U 4 [6G/2qu"£’m¢i

1
§eG/2( — Gij — GiGj

_|_

_|_

Gijr- (G’l)’“*le)zﬁ% + h~0~}

+

1 1 _
<§Gijk*l* - §G1jm* (G 1)nm* Gnk*l*

1 _ _
ZGik*Gjl*> VribriVrYh
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1/Mp
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Figure 16: gravitino—fermion—scalar ~ non—
renormalizable interaction
1 700 abced,g,
- gGi*ij'deLj (e* W0y U,
— Uy h,) (2.13)

where 0, stands for the antisymmetrized prod-
uct of v matrices, contains the fermion Yukawa
couplings and several non—renormalizable terms.
The former are due to the third piece in (2.13)
since G; is proportional to %, and therefore
for a trilinear superpotential, W = Yi;i ¢:¢;¢x,
terms of the type shown in Fig. :_I-Z: will arise. It
is worth noticing that the first term in (2.13) is
a potential mass for the gravitino (local super-
symmetry breaking) if some of the scalar fields
¢; develop expectation values in such a way that
eG/2 £ 0. We will discuss this possibility in de-
tail in the next subsection.

To obtain the complete supergravity Lagrang-
ian which couples pure supergravity to supersym-
metric chiral matter and Yang—Mills we still have
to include the vector supermultiplets in the for-
mulation. The result is:

L=LG+ LS+ LS

+ LY+ LY+ LY, (2.14)

where LG, LS, and LE are as in (2.5), (2.12) and
(2.13), but with the derivatives covariantized also
with respect to the gauge group in the usual way.
For example, the term which gives rise to the
kinetic energies for the fermions ; in (?-_1-_2) gives

Figure 17: scalar—fermion—fermion Yukawa cou-

pling

13

Vv

Figure 18: Gauge boson—fermion-fermion interac-
tion

also rise to interactions between gauge bosons
This is shown in Fig. :_1-25 for the
minimal supergravity model. The other pieces in
(2.14) are written below.

The piece L}, is given by

and fermions.

LY =~ (Refu) () (F)
LI fus) (F) (B
%92 [(Re £)™1]"" Gi(T) " ¢;G(T) "

(2.15)

where g denotes the gauge coupling constant, a
denotes the gauge group index, T'® the group gen-
erators in the same representation as the chiral
matter and (F'%),, the gauge field strength.

Note that the supergravity Lagrangian de-
pends not only on G but also on an arbitrary
analytic function of the scalar fields ¢;,

fab(¢) .

It must transform as a symmetric product of ad-

(2.16)

joint representations of the gauge group G to ren-
der the Lagrangian invariant. The function f,
which appears due to the non renormalizability
of the theory (see (A.24) in Appendix A for more
details), is called the gauge kinetic function since
it is multiplying the usual gauge kinetic terms.
It is remarkable that this fact provide us with
a mechanism to determine dynamically the gauge
coupling constant. V., in
quantum field theory, g is removed from the field

By defining gV, =
strength covariant derivative and appears only
in an overall 1/¢% in the kinetic terms. There-
fore if some scalar fields ¢; acquire dynamically
vacuum expectation values we may obtain expec-
tation values for f,; and this may play the part
of the coupling constant. In particular,

1
Re fap = —5

: 2.17
oy (2.17)
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This is in fact the case of supergravity models
deriving from superstring theory as we will see
in section 3. In the formulae of this section we
keep for completeness both g and f.

The third term in (2.15), which arises when
the auxiliary fields D, appearing in the vector
supermultiplets are eliminated by their equations
of motion,

lz afbc
2 0¢;

D, =i [(Ref)™']* <9Gz‘(Tb)“¢j + YiX®

1.0f. 1 o
_§Za¢*lw )\C> + 5)\(1(G1*¢1), (218)

contributes to the (tree—level) scalar potential to-
gether with the third term in (2.5) which was
studied above. The complete scalar potential is
then

V = ¢ (GG Gy - 3)

+ %92 [(Re )™ Gi(To)" 6;Giu(Ty) o
(2.19)

where obviously the first piece is due to the F'-
term contribution and the second piece is due to
the D—term contribution. Note that F' and D
terms in (2.11) and (2.18) are supergravity gen-
eralizations of the ones in global supersymmetry,

where
o 78W
1 T 8¢l b
Dy = —g¢}(Ta)7 ¢; , (2.20)

and the scalar potential Vgiopar = FFT + %DQD“
is given by

ow |?

23

+ 3001 (T) T80T 1

(2.21)

Vglobal = ‘

It is worth mentioning the striking difference be-

tween the scalar potentials (2.21) and (2.19). Whe-

reas the global one @ :2:!,') is positive semi—definite,
the local one (2.19) may be negative (see e.g. the
piece —3e%). This fact will be crucial to break
supergravity being able to fine tune the vacuum
energy density (cosmological constant) to zero,
as we will discuss in the next subsection.
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/
1/Mp
k

Figure 19: Gravitino—gauge boson—gaugino non—
renormalizable interaction

The piece LY. is given by

el = 5(Re fu) (AN
AL,
SGD AL

é(lm fab)DM(ej\a’)%’)/M)\b)

18fab— m b
- —; Y(F)
28(,251%}%0 (F*) AL + hc

(2.22)

The first term determines the kinetic energies
for gauginos A®. They will be non canonical in
general due to the contribution of the gauge ki-
netic function f. A simple form of f leading to
canonical kinetic terms is

~

ab 5ab . (2.23)

The other terms in (2.22) are in general non renor-
For example, the second one, even
assuming f as in @:2:3), has at least mass di-

mension 5. This interaction is shown in Fig. :l-g

malizable.

Finally, the piece LY is given by

_ 1 ofr ik

1pV _ - G/2Y%Jab 1\j k ayb
e Lp = 1€ 8¢*j(G ) EFGEACA
i o

29 Gi(T*)7 ;¥ Ly AaL
2ig Gij+ (T*)* pr\arir,

ab O foe L
%9 [(Re )7] ’ 8{;: Gi(To)” ¢jurAcL

1 — *8fab 8fc* Na NC
E(G 1)lk a¢l 8¢*i>\L>\% RA(}%

3 -
55 (BefunXimAp)”

1 _ _
gRe Fap Ny oW, Wy, A

1 8fab
2 0¢;

1 ya
Z\PMRv“wLiALx’i)

(Prir™ X 17N
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+ —sz’Y“W LMY <2Gij*R€fcd
_17ab 8fac 8f*
e 17" G50 )

1 - _
1—6”¢Li¢Lj/\%)\% ( — 4Gy (G7h) 2%,
82fcd N ab 8fac afbd>
Dons; LU 96; 96,
Lot NN [(Re £)7]

8 0

fac fbd +he
O¢i 0¢;

It is remarkable that if some of the scalar fields

¢; acquire vacuum expectation values, gaugino

+ 4

HN7

(2.24

lk* afcd

)

masses may appear through the first term in (?-_2-4)

This is an indication of supersymmetry breaking
which will be discussed in detail in subsection 2.3.
The third term is a typical supersymmetric in-
teraction. It is shown in Fig. Z-Q: for the minimal
supergravity model. Note finally that @:2:4) con-
tains numerous four—fermion terms.

In summary, the D = 4, N = 1 supergravity
Lagrangian (2.14) depends only on two functions
of the scalar fields. the Kahler function and the
gauge kinetic function

= K(¢*,¢) + n[W(9)[?
fab(¢) .

G(¢*,9)
(2.25)

The Kéahler potential K is a real gauge—invariant
function and f and the superpotential W are an-
alytic functions. Once G and f are given, the
full supergravity Lagrangian is specified. Unfor-
tunately for the predictivity of the theory, both
functions are arbitrary. However, as we will see
in section 3, in supergravity models deriving from
superstring theory they are more constrained and

explicit computations can be carried out.

/¢

A

Figure 20: fermion—scalar—gaugino supersymmetric
interaction
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We finally give the explicit form of the local—
supersymmetry transformations:

dey, = —ikey™ ¥, , (2.26)
2 i
60, = +Dye + he(GiDydi — Gi- D™
+ ieG/Q’yus
1 _
- §UW€LG1'*J'WR’YU¢L;‘
1 )
- Z‘PuL (Gigrvri — GerYy)
1
+ 30— o)L N N Re (227
SVE = —E17M Az + hec., (2.28)
e = UMV(Fa)MVEL
{ —11a
+ 59((Re f) NG, (Ty)ijpier
1. “11a 8fbc c
+ qierl(re 7 (190G
8fb
_ C’lp )\C)
ot T
— Z)\% (Gié:LTﬁLi — Gi*ER’gb}.{) , (2.29)
5 = V2ep; (2.30)
1 .
(S’Lﬁl = §Wi5R — \/§6G/2(G71)” Gj*E
1 <o b m1vik Oy
+ gEL)\R)\R(G ) W
1 _— _
+ §5L(G71)Zk Gk~ YrLi¥Li
1 o .
- Z¢Lz (Gj*ER'lpR — GjEL”QZJLj) .(2.31)

2.2 Spontaneous supersymmetry breaking

In section 1.2 we arrived to the conclusion that
supergravity is the gauge theory of global super-
symmetry with the gravitino as the gauge field.
Now that we know the supergravity Lagrangian
our next step is to ask whether the analog of
the Higgs mechanism exists in this context. We
will see in this subsection that this is indeed the
case. The process is the following: scalar fields
acquire dynamically vacuum expectation values
giving rise to spontaneous breaking of supergrav-
ity. The goldstino, which is a combination of the
fermionic partners of those fields, is swallowed by
the massless gravitino to give a massive spin 3/2
particle. This is the so—called super—Higgs effect.
Let us study it in detail.
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As usual in gauge theories the condition for
(super)symmetry breaking is < dx,, >7# 0, where
Xm 1s at least one of the fields in the theory.
The only local-supersymmetry transformations
in @:2@42:3:1:) which may acquire non—vanishing
expectation values without breaking Lorentz in-
variance are (2.29) and (2.31}). Then, for non-

spatially varying expectation values one obtains!

<Oy > = %g [(Re f)il} ab Gi(Tb)ijqﬁjEL s
(2.32)
<O > = =21 GTYH Gyee,  (2.33)

where the scalar fields ¢; (present also through
G and f in (2.32) and (2.33)) are being used to
Note
that (2:3:3) corresponds to vacuum expectation

values for auxiliary fields F; in (2.11))

denote their vacuum expectation values.

Fy =@~ Y9Gy (2.34)

Likewise, (.@-_3-_2) corresponds to expectation val-
ues for auxiliary fields D, in (2.18)

Da = i [(Ref)™ )" gGi(Th) 9, . (2.35)

There are then two ways of breaking supersym-
metry, the so—called F'—term and D—term super-
symmetry breaking. For example, if gauge sin-
glets scalar fields acquire expectation values, the
right-hand side of (2.32) is zero and supersym-
metry may be broken only by F terms @:3:3)
Clearly, in the case of gauge non-singlet scalar
fields the two possibilities, F—term and D-term
breaking, are allowed.

From the above discussion, we deduce that
the relevant quantity for the study of supersym-
metry breaking is G;. We need

G, #0, (2.36)
for at least one value of ¢, if we want to break
supersymmetry. For example, for the minimal
supergravity model of (2.10}) this means

.1 oW

L An expectation value of bilinear fermion—antifermion
states may occur in presence of a strongly interacting
gauge force. For example, the third piece in (2.31) must
be taken into account if one wants to study supersymme-
try breaking by the mechanism of a gaugino condensate

7.

(2.37)
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Whether or not scalar fields acquire expecta-
tion values producing supersymmetry breaking
by F and/or D terms is a dynamical question
which must be answered minimizing the scalar
potential (2.19). Note that using (2.34) and (2.35)
this can also be written as

V = (FpGi-jFj — 3e%)

+ %(Re fab) DaDy (2.38)
The form of the scalar potential allows in princi-
ple the possibility of local supersymmetry break-
ing with V' = 0 (at tree level) unlike global su-
persymmetry breaking where the scalar poten-
tial (2.21)) is always positive definite. The former
possibility seems to be preferred experimentally
since the upper bound on the cosmological con-
stant is extremely close to zero V < 10745(GeV)%.
Of course this is not a solution to the cosmo-
logical constant problem. We do not know why
the terms in the scalar potential conspire to pro-
duce V = 0, but at least we can fine tune them
to obtain the value we want?. Otherwise, V =~
m§/2M12D ~ 10%°(GeV)* as we will see below.

Let us now study a consequence of local su-
persymmetry breaking, the super—Higgs effect.
Discussing first F—term supersymmetry break-
ing, we know that in global supersymmetry a lin-
ear combination of the spinors in the supermul-
tiplets of the auxiliary fields F; is the Goldstone
fermion (Goldstino). In supergravity, where the
mass terms from (2.13) are given by (assuming
for simplicity the minimal model of (2.10}))

— 7’ ST v
et (El(::)m = §eG/2\I/Ma“ v,
i T, i
+ 7§€G/2Gi‘yu’)’#¢
1 o
- 56G/2(Gij + GG Y
(2.39)
the Goldstino
=G, (2.40)

as in ordinary gauge theory, gets mixed with
the gravitino as shown in Fig. 21: due to the sec-
ond term in (2.39). Its two degrees of freedom,

2In fact higher—order corrections to the scalar potential
will spoil this cancellation.
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Figure 21: Gravitino-goldstino mixing interaction

helicity i% states, are eaten by the gravitino
which then gets helicity :I:%, j:% states. Redefin-
ing fields we are left with a gravitino

i V2

_ G/2
W, =, — 32 T e P0,m,  (241)
with mass
w
mgg = eG/2Mp = eK/2|]M—2| , (2.42)
P

where we have inserted the reduced Planck mass
to obtain the correct mass unit, using G dimen-
sionless and W with mass dimension 3. In par-
ticular,

) - 1
e ! (Eg)m = %eG/QW;U””\PL - 560/2 (Gij

+%GiGj>W’¢j : (2.43)

In the case of D—term supersymmetry break-
ing, the term in the Lagrangian mixing the grav-
itino with the Goldstino is not only given by the
second term in (2.39) but also the second one in
(2.24) contributes

_ e =
e YLonizing = %6 12G0 " i

7 _
*§9Gi(Ta)ij¢j‘I’uL’Y”>\aL + h.c.
(2.44)

At the end of the day, with the Goldstino given
by

n= lez - %G_GﬂGi(Ta)ij(bj)\a (2.45)
one obtains similar results to the previous ones.

Now we know that spontaneous supersym-
metry breaking in the context of supergravity is
possible, but still we have to specify the mecha-
nism that generates it. Clearly, e.g. from (2.37)
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and (2.42), we can deduce that the crucial func-
tion regarding this issue is the superpotential of
the theory. The most useful form for this consists
of a sum of two functions

W(Ca, hm) = WO(Coz) + WH(hm) 3

where C, denote the usual scalar fields of the the-

(2.46)

ory, squarks, sleptons, Higgses (and other possi-
ble particles in case we are working with a grand
unified model), which constitute the so—called
observable sector, and h,,, denote additional scalar
fields responsible for the spontaneous breaking of
supersymmetry. The latter are assumed to have
only gravitational interactions with the observ-
able sector. This means that they are singlets un-
der the observable gauge group, constituting the
so—called hidden sector. Therefore the hidden—
sector fields do not have neither gauge interac-
tions nor Yukawa couplings with the observable
sector. In principle, other very weak interactions
between both sectors might be present without
being in conflict with experimental observations,
however we prefer not to consider this complica-
tion.

The simplest model, proposed in an unpub-
lished paper by Polonyi [:_1-:8:], consists of a gauge—
singlet scalar field h with the following superpo-
tential:

W (h) = m?(h + ).
The superpotential must have mass dimension
3 and therefore m and (8 are parameters with
dimension of mass. Since the hidden—sector field
is a gauge singlet, the scalar potential that we

(2.47)

have to minimize is given only by the F' part of
219
V = MeC (Gh(G—l)W Ghe — 3) . (2.48)

where G is dimensionless to obtain the correct
mass unit for the potential. Note that if there
is no any cancellation, at the minimum V =
mg /2M12> giving rise to a huge cosmological con-
stant. Considering for simplicity the minimal su-
pergravity model of (2.1(0)

h*h (W |2
= l 2.4
G M2 +In Mo (2.49)
one obtains
h* 1 oWy
Gy = _— 2.50
O V- T TR
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and

(G_l)hh* = MIQD )
with the following result for the scalar potential
PIR):

|

(2.51)

=

s (e h— 5P
— o ME 1 2 .
V =m%e <|M12,(h+ﬁ)+ -3 M2
(2.52)
Choosing
8= (2-V3)Mp, (2.53)

one can show that V has an absolute minimum

at
<h>= (\/5—1)Mp,

with vanishing cosmological constant V' = 0. Note
that at this minimum supersymmetry is broken
since G, in @_59) is different from zero
_ V3

=M

The gravitino acquires a mass eating the Gold-

stino which in this case is the fermionic partner
of h. Using the result (2.42), this is given by

(2.54)

Gh (2.55)

%(\/gfl)zm_2M

M (2.56)

mgjo =€

Note that the gravitino mass can be much smaller
than the Planck mass if Mﬂp is small. For exam-
ple, to obtain the gravitino mass of order the
electroweak scale, mz/5 ~ My, we need m
MwMp = 10'° GeV. This implies < Wy >~
10°Mp ~ 1038(GeV)3.
next subsection that this possibility is in fact

~
~

We will discuss in the

crucial if we want to avoid a hierarchy problem.
The soft parameters which determine the super-
symmetric spectrum and in particular contribute
to the Higgs potential are of order the gravitino
mass. Therefore we need this mass to be of or-
der My, to obtain a correct electroweak symme-
try breaking. A value of mg/, larger than 1 TeV
would reintroduce the hierarchy problem solved
by supersymmetry.

Defining the supersymmetry—breaking scale
M. S by

M2 =< F, >= Mp < %2(G"H)7" G- >,
(2.57)
where we have inserted Mp in (2.34) to have the

correct mass unit, one obtains using (2.42)

| -

M2 =mg < (G 17 G > . (2.58)
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For example, in the Polonyi model studied above
results (2.51) and (2.55) imply

M2 =V3mgz;sMp . (2.59)

If, as discussed above, m3/, ~ My one obtains

Ms ~ y/mg/oMp =~/ Mw Mp =~ 101°GeV .

(2.60)
This is in fact a generic result that must be ful-
filled by any supersymmetric model. Apart from
that, let us finally remark that the Polonyi mech-
anism must be considered as a toy model. It is
rather ad hoc. There is no a special reason why
W should be given as in @:4:7:) For example, in a
fundamental theory like superstring theory such
kind of superpotentials are not present. A more
realistic mechanism is gaugino condensation in
some hidden—sector gauge group [:_I-Z:] For exam-
ple in superstring theory, besides the gauge group
where the standard model is embedded, other ex-
tra gauge groups are usually present providing a
hidden sector. Due to non—perturbative effects a
superpotential breaking supersymmetry is gener-
ated dynamically.

2.3 Soft Supersymmetry—Breaking Terms

On experimental grounds supersymmetry cannot
be an exact symmetry of Nature: supersymmet-
ric partners of the known particles with the same
masses (e.g. scalar electrons with masses of 0.5
MeV) has not been detected. Let us recall a
mechanism to avoid this problem in the context
of global supersymmetry. Simply one introduces
terms in the Lagrangian which explicitly break
supersymmetry. The only constraint they must
fulfil is not to induce quadratic divergences in or-
der not to spoil the supersymmetric solution to
the gauge hierarchy problem. This is the reason
why these terms are called soft supersymmetry—
breaking terms, soft terms in short.
plest supersymmetric model is the so—called min-
imal supersymmetric standard model (MSSM),
where the matter consists of three generations of

The sim-

quark and lepton superfields plus two Higgs dou-
blets superfields (supersymmetry demands the
presence of two Higgs doublets unlike the stan-
dard model where only one is needed) of oppo-
site hypercharge, and the gauge sector consists
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of SU(3)c x SU(2)r x U(1)y vector superfields.
The associated superpotential, in an obvious no-
tation, is given by

>

generations

+ Y. i/LI:I1éE} +u HiHy

W = |:Yu QrH,uS + Yy QrHdS

(2.61)

where the first piece is related with the Yukawa
couplings (we have taken for simplicity diago-
nal couplings), which eventually determine the
fermion masses, and the second piece, the so—
called p term, is necessary in order to break the
electroweak symmetry.

The soft terms can be parameterized by the
following parameters: gaugino masses M,, scalar
masses M, trilinear parameters (associated with
the Yukawa couplings) A, 4. and a bilinear pa-
rameter (associated with the p term) B. Thus
the form of the soft Lagrangian is given by

Loopt = = (Ma Aada + h.c.) —m2 O C,

>

generations

|:A'u, lA/u QLHQ'EL%

Aq Yy QrHdS + A, Ve Ly H1&5,
B ji HiHs + hec.) (2.62)

+
+

where C, denote all the observable scalars, i.e.
QL,QE,JCL,EL,é‘i,Hl,HQ, and A\, with a corre-
sponding to SU(3)¢, SU(2)r,U(1)y, denote all
the observable gauginos, i.e. g,Wm,g,B. The
hat on Yukawa couplings and p parameter de-
note that they are rescaled. We will discuss these
points in (2.66) and (2.73) below.

These soft terms are crucial not only because
they determine the supersymmetric spectrum, like
gaugino, Higgsino, squark and slepton masses,
but also because they contribute to the Higgs po-
tential (together with the quartic terms coming
from D terms) generating the radiative break-
down of the electroweak symmetry. Let us recall
that in the standard model the whole Higgs po-
tential has to be postulated ad hoc.

Although in principle the breaking of super-
symmetry explicitly may look arbitrary, remark-
ably in the context of local supersymmetry it
happens in a natural way: when supergravity is
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spontaneously broken in a hidden sector, the soft
terms for the observable fields are generated. Let
us discuss this in some detail.

In the previous subsection we studied mech-
anisms in order to break local supersymmetry,
where the presence of fields in a hidden sector
was crucial to achieve it. Let us divide the super-
potential as in (2.46) and consider for simplicity
the form of the Kéahler potential K that leads
to canonical kinetic terms (2.1() for the chiral
supermultiplets

1 . . W
- (Z CiCa+ > hmhm> + It
P\ ™ P

(2.63)

Then, assuming that supersymmetry is broken

by F' terms, only the first piece of the scalar po-
tential in (2.19) will contribute

M2 (>0, CiCatd hihm)
8W0 C:

V=e
(i
+§m:|

|WH + Wol
M2

(WH + Wo)l|?

ow. h
-+ a (W + Wo)l?

’m

where we are using for the moment a generic
hidden-sector superpotential W (hy,). The ob-
servable sector superpotential Wy (C\,) might be

for example the one of the MSSM in @:6:]:) or a
GUT generalization of it. Note that non renor-

(2.64)

malizable terms can in principle be ignored for
analyses far below the Planck scale, M p — 00,
since they are suppressed by powers of 4. For
73%‘” — 0.

example Thus apparently one

is left in the observable sector with the usual
global-supersymmetry scalar potential |% |2 and
nothing new arises from the breaking of super-
gravity. However, if some fields acquire large
vacuum expectation values, the new gravitation-
ally induced terms may be important. We saw
in the previous subsection that although the first
term in (2.13) is non renormalizable it gives rise
to a sizeable contribution to the gravitino mass
mg /o R ‘%{?‘ (see (::2:4:2)) For example, using the
Polonyi mezhanism we obtained < h >~ Mp im-
plying Wy =~ 1038(GeV)? and therefore msz /g R
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100 GeV. From this discussion we conc)lude that
h* h

m m ) W (b))
M2
fixed when we take the limit Mp — oo. Here
h.. are being used to denote their vacuum ex-
pectation values at the minimum of the potential
(2.64). This limit where Mp — oo but my s is
held fixed is the so—called flat limit. Then, al-
though the observable sector does not contribute
to give mass to the gravitino and therefore does

not feel directly the breaking of supersymmetry,

we must hold mg/, = e*Mp

it feels the breaking indirectly due to the appear-
ance of soft terms through gravitational inter-
actions in (2:64). For example, the term pro-
portional to 3WH Wo will give rise to couplings

73m3 12Wo. Also from the term proportional to
| C*|2 masses m3/2C*C for the scalars will
In total, from (2.64) one obtains in the
low—energy limit

arlse.

V= eﬁg 2 il {Z‘aWO
|WH| \ W IWo
Z CiCo + M’é za:cam

* hm
— | =3 | W,
+M]%> ) o

! (; i (W;; oh,

+ cc } . (2.65)
Rescaling the observable superpotential
W* 2 m ’m
Wo =W, e*Mp —m 2.66
0 =Worg ne ; (2.66)

and taking into account that the expectation val-

ues F,, of the auxiliary fields associated with the
scalars hp, are given by (see (2.57))
1 oW} h
F = mga M3 (W* ah*H M”; ) , (2.67)

(2.65) may be rewritten as

OWo |2
V=Y |Ga] o maCaCa
+ msg/2 an%
Fpn A
+ (Zh:”mli% >W0+cc
(2.68)
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SUPERSYMMETRY
BREAKING ORIGIN

GRAVITATIONAL MSSM

(observable sector)

(hidden sector) INTERACTIONS

Figure 22: Supersymmetry breaking occurs in a
hidden sector and is transmitted to the observable
sector by gravitational interactions giving rise to soft

terms.

Therefore at the end of the day we are left with
the usual global supersymmetric potential (with
superpotential WO) plus soft terms. The proce-
dure studied in this section and the previous one
to break supersymmetry is schematically sum-
marized in Fig. 2-%' We can apply this result
to the case of the MSSM (2.62). For example,
absorbing the above rescaling (2.66) in Yukawa
couplings and p parameter as usual,

N W L hy hm
Yu,d,e = Yu,d,e |Wg| €2M}2D Zm ,
~ W;} 2M2 m ""
— m . (2.69
A= € (2.69)

one obtains the following soft parameters:

Mo = Mg3/2 ,
* Fm
Avde = m3/zzhmm ;
* Fm
B = m3/2 thW - m3/2(270)
m P

It is worth noticing that the gravitino mass set
This
was expected since the F' part of the scalar po-
tential in (2.19) has an overall factor e
therefore it is a general result valid for any su-
pergravity model. This implies that the effective

the overall scale of the soft parameters.

and

supersymmetry—breaking scale in the observable
sector is of order m3/ as already mentioned above
and not the supersymmetry—breaking scale F,,
which is of order 10'° GeV.

Note that the scalar masses are automati-
cally universal m, = m. In particular, in this
model they are all equal to the gravitino mass,
m = mg/y. Actually, universality of scalar masses
is a desirable property not only to reduce the
number of independent parameters in supersym-
metric models, but also for phenomenological rea-
sons, particularly to avoid flavour changing neu-
tral currents. Besides, the A parameters are also
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universal, A, 4. = A, and they are related to the
B parameter?

These results show us that it is possible to learn
things about soft terms without knowing the de-
tails of supersymmetry breaking, i.e.
plicit form of the function Wy (k).

the ex-
We are
left in fact with only two free parameters, ms/y
and A = A, 4. Of course once this function
is known we can compute these quantities since
mg/o and Fy, depend on Wg(hy,). For example,
for the Polonyi mechanism studied in the previ-
ous subsection one obtains straightforwardly

A:(?’—\/g) m3/z -

The above results @:7:(]) should be under-
stood as being valid at some high scale O(Mp)

(2.72)

and the standard renormalization group equa-
tions must be used to obtain the low—energy (&
My ) values.

On the other hand, from the fermionic part
of the supergravity Lagrangian, (tree-level) soft
gaugino masses may also be obtained. Let us
assume for simplicity fup = 0apfa. After canon-

ically normalizing the gaugino fields in the first
term of (2.22),

5\a = (Refa)1/2)\a » (2'73)

the first term in (2.24) gives rise to a mass term
as in (2.62) with

M, = %(Refa)_lF Ofa (2.74)

m 8hm ’
with F,, as in (2.57). Note that the gauge ki-
netic function f is dimensionless and therefore
For this to be
non—vanishing at tree level, which is phenomeno-

logically interesting (experimental bounds on glu-

the mass unit above is correct.

ino masses imply M3 > 50 GeV), it is necessary
a non—canonical choice of the vector supermulti-
plets f, # const. For example, universal gaug-
ino masses can be obtained if all the f, have the

3In fact, this relation depends on the particular mech-
anism which is used to generate the p parameter. Its
generation is the so—called p problem and several solu-
tions have been proposed in the context of supergravity

(24
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same dependence on the hidden—sector fields, i.e.
fa(hm) = caf(hm), for the different gauge group
factors. This is in fact the case of supergrav-
ity models deriving from (tree-level) perturba-
tive superstring theory as we will see in the next
section. Let us use the general formula (2.74)
to consider the simple case f, = h/Mp with
the same Kahler function (2.63) studied above,
where some h,,, = h. Then, one obtains the uni-
versal mass
1 -1

M = §(R€ h)™"Fy, (2.75)
where Fj, is given by (2.67) with h,, = h. For
example, for the Polonyi mechanism one obtains

V3
2(v3-1)

As in the case of scalar soft parameters (2.70),
the gravitino mass set the overall scale of the soft

gaugino masses. Note to this respect the overall
factor €“/2 in the first term of (2.24).

Let us finally remark that with the inclusion
of the other unsuppressed terms in @:1:4) we are
left finally with the usual global-supersymmetry
Lagrangian plus the soft terms. This effective La-
grangian is obviously renormalizable and there-
fore perfectly consistent in order to study phe-
nomenology. For example, the third term in @: 1:3)
gives rise to the usual Yukawa couplings and Hig-

gsino masses. Note that G;; give rises to the

*Wo

. 1
observable—sector piece Wi 802005 and therefore

GG/2Gij induces the contribution 6‘2,1@& with
Yukawa couplings and the p parameter rescaled

as in (2.69), i.e.

—————ar¥sR + h.c. (2.77)

a7

The Higgsino masses given by [ are obviously
supersymmetric masses. The same contribution
will appear in the Higgs masses through the first
term in (2.70))

In conclusion, we have shown in this subsec-
tion that supergravity models are interesting and
give rise to concrete predictions for the soft pa-
rameters. However, one can think of many possi-
ble supergravity models (with different K, W and
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f) leading to different results for the soft terms*

For example, if instead of assuming the form of K
for the observable sector given by (2.63) we take
K = Ky(hl,, hm)CiCy it is straightforward to
see that soft scalar masses are no longer univer-
sal (we also must canonically normalize the scalar
fields in (2.62) C,, = K. +/2C,, similarly to the case
of gaugino fields (2.73)).
perpotential Wy in (2.47) give rise to soft terms
which are different from those obtained using

Also, the Polonyi su-

a gaugino—condensation mechanism. This arbi-
trariness, as we will see in the next section, can be
ameliorated in supergravity models deriving from
superstring theory, where K, f, and the hidden
sector are more constrained. We can already an-
ticipate, for example, that in such a context the
kinetic terms are generically not canonical.

3. Supergravity from superstrings

Recently there have been studies of supergravity
models obtained in particularly simple classes of
superstring compactifications. Such models have
a natural hidden sector built-in:
dilaton field S and the complex overall modulus
field T'. These gauge singlet fields are generically

the complex

present in four-dimensional models: the dilaton
arises from the gravitational sector of the theory
and the modulus parameterizes the size of the
compactified space < T >~ R? MZ,,;n,> Where R
denotes the overall radius. Both fields are taken
dimensionless. Assuming that the auxiliary fields
of those multiplets are the seed of supersymmetry
breaking, interesting predictions for this simple
class of models are obtained. Here we will ana-
lyze very briefly this issue. More details can be
found in [20].

Once we choose the compact space, K and f
are calculable. Starting with the D = 10 super-
gravity Lagrangian, obtained as the low—energy
limit of superstring theory, and expanding in D =
4 fields, the D = 4, N =
grangian can be computed. In particular, work-

1 supergravity La-

ing with orbifold compactifications in the context

4General formulae for tree-level soft parameters were
computed in [19] See also [2(!] for a review with super-
gravity and superstring examples. One-loop corrections
to the soft parameters were computed recently in L?l_']

of the perturbative heterotic string, one obtains

c- —%(Re S) P Fs,
1
HCEYRE
3
T
(T + T")",Cad"C +

M2 8,S0"S*

M3 9, To"T*
., (3.1)

where n, are negative integer numbers called
modular weights of the matter fields C,. A com-
parison of this result with the general supergrav-
ity Lagrangian (2.14), in particular with the sec-
ond term in (2.5) and the first term in (2.15), al-
lows us to deduce the Kahler potential and gauge
kinetic function

K=—In(S+8*)—3n(T+1T
g Caly
+(T+T 52,
fap = S dap - (3.2)

Note from our discussion in (2.17) that < Re S >=
1/g% and therefore the gauge coupling constants

are unified even in the absence of a grand uni-

fied theory.
e.g. SU(5) or SO(10), are not mandatory in or-
der to have unification in the context of super-
strings. Recall that S and T fields are dimension-

Thus grand unification groups, as

less unlike all other scalars which have dimension
1. This implies dimension 1 for the F' terms of
S and T whereas the F' terms of all other scalars
have dimension 2 as studied in section 2.2.

As we learnt in the previous section, we can
compute with information (3.2) the soft terms
(e.g. gaugino masses M, are trivially obtained

from (2.74)):

mé, = m3, + m| Frl?,
Fg
Ma = Ta . a0
(S+5*)
FS FT
A = — — 3
0 BT S @ T O et

1 0Y,
+n, — (T +T) —ﬁ”> . (3.3)

Yagy, OT

Note that to obtain this result we did not assume
any specific supersymmetry—breaking mechanism,
i.e. a particular value of Wx(S,T). Due to
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the form of the gauge kinetic function gaugino
masses turn out to be universal. However, due to
the modular weight dependence the scalar masses
(and A parameters) show a lack of universal-
ity. Universality can be obtained in the so—called
dilaton dominated limit, i.e. if we assume that
the mechanism of supersymmetry breaking is in
such a way that only the F' term associated with
the dilaton acquires a vacuum expectation value,
Fr = 0. Then,

Mo = M3/2 ,
Ma = \/§ ms/2 ,
Aapy = —M, (3.4)

where to obtain the value of M, we have assumed
a vanishing cosmological constant, i.e. V =0 in

(2.38)
|Fs|?
515

3| Fr|?
T +17)

=3m3, . (35)
Recall that only the F part of (2.38) contributes
to supersymmetry breaking since the hidden sec-
tor fields, dilaton and modulus, are gauge sin-
glets.

It is worth noticing that the above results
(3.4) are independent of the compactification spa-
ce since the dilaton couples in a universal man-
ner to all particles, i.e. f and the dilaton part
of K are not modified by the particular choice of
compact space. Because of the simplicity of this
scenario, predictions are quite precise. For exam-
ple at high energies the relation between scalar
masses and gaugino masses is M, = v/3 mq. Us-
ing the renormalization group equations one ob-
tains at low—energies

Mz~ mg >>mj; . (3.6)

4. Conclusions

Supergravity cannot be the final theory of ele-
mentary particles since it is non renormalizable.
However, it might be the effective theory of the
final theory (perhaps superstrings). In that case,
supergravity might be subject to experimental
test through the prediction of the soft supersym-
metry breaking terms which determine the super-
symmetric spectrum. The study of supergravity
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is therefore worthwhile. Besides, there are still
open problems whose solutions are crucial for the
consistency of the theory. The cosmological con-
stant problem and the mechanism of supersym-
metry breaking are the most important ones.
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A. Appendix

Superspace formalism in supergravity

We sketch in this Appendix the derivation of
the most general D = 4, N = 1 supersymmet-
ric gauge theory coupled to supergravity, using
the superspace formalism. For a review of this
method see [B], where also the references of the
authors who have contributed to the subject can
be found.

Let us recall first how this approach works
in the context of global supersymmetry. The su-
perspace is defined as the space created by

Ty ga, 9@ 5 (A].)
where z,, are the usual four space-time dimen-
sions and the anticommuting parameters 0, 04
(o = 1,2), which are elements of a Grassmann
algebra, are introduced as supersymmetric part-
ners of the x—coordinate. The components of
the chiral supermultiplets (¢;, ¥;, F;) with i =
1,...,n, where ¢; are complex scalar fields, 1; are
Weyl spinor fields and F; are auxiliary complex
scalar fields, arise as the coefficients in an expan-
sion in powers of # and 6 of the so called chiral
superfields ®;(x, 0, 0), which are functions of the
superspace coordinates. Then, working in the su-
perspace, the most general renormalizable super-
symmetric Lagrangian involving only chiral su-
perfields (barring linear contributions which are
forbidden, unless the superfields are neutral, once
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gauge invariance is included) is given by
A 1
Eglobal = /d29d29¢j_¢1 + |:/ d2e (imij(bi(bj

1
+ _Y;jk(bi(qu)k> +hc:| R (AQ)

3
where repited indices are summed in our notation
and the couplings m;; and Y;;; are symmetric in
their indices.

Its generalization to the local-supersymmetry
case parallels the construction of a Lagrangian
including gravity in the non—supersymmetric case
discussed in section 1.1. First, to obtain the su-
persymmetric gravitational action we need su-
persymmetric generalizations of the measure ed*z,
where e = det €)', and Ricci scalar R. These
are given by the chiral density superfield £ and
superspace curvature superfield R. Their com-
ponents, (e, ¥,,...) and (R, ¥,,...) respectively,
where ¥, is the gravitino and the dots denote
auxiliary fields, arise as the coefficients in an ex-
pansion in powers of the superspace parameters
O. The latter are generalized 6 parameters which
now carry local Lorentz indices. The pure super-
gravity Lagrangian is then

(A.3)

where k? = 817Gy is the gravitational coupling.
The Lagrangian (A.2) is now easily extended to
the local case. We first write it in chiral form

1= = 1
Lgliobar = /d29 [—gDDQ;Wbi + §mij‘1>i‘1>j

+ (A4)

1
gyvijk(biq)j(bk] + h.c.

where D and D are the usual supersymmetric
derivatives and we are using the property

/ F (2,0,0) 600 = / DDF (z,0,d)

1 _ _
i /DDF (,0,0) d*6 .
(A.5)

We then add the supergravity action (A.3) and
replace 6 — O, d%20 — d?02&, and —%DD —
—1(DD — 8R), where D is the covariant deriva-
tive. This gives the Lagrangian (A.2) in local
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supersymmetry (setting k equal to one):
1, - -
‘Clocal = /d2@25 |:3R - g (DD — SR) Q);FCI)l

1 1
+ §mij<I>i<I>j + gYijk(I)i(I)jCI)k:| + h.c.

(A.6)

It is interesting to write this equation as
1, - -
Liocal = /dzezg {_g (DD — 8R) QU(®;, ;)

+W(<I>i)} + h.c., (A.7)
where

Q®;, @) = ®; — 3 (A.8)

is the superspace kinetic energy, and

is the superspace potential (also called superpo-
tential).

After eliminating the auxiliary fields by their
Euler equations, and rescaling and redefining the
other fields, one arrives at the component La-
grangian in terms of the physical fields, ¢, 1, e}’
and ¥,. Remarkably, its expression is written in
terms of the real function

K(¢i,¢;) = —3In <%> , (A.10)

with
Qoi, ¢7) = ¢ i — 3.

For example, the kinetic terms of the scalars are
proportional to

(A.11)

0’K

I
09007 Oui0%05

(A.12)
They have properly normalized kinetic energies
since % = §;; + .... The Lagrangian also
has higherjorder interaction terms, such as non—
renormalizable four—fermion couplings, which are
suppressed by powers of Newton’s constant. Be-
low we shall see that K is the so called K&hler po-
tential and that the component Lagrangian has a
natural interpretation in the language of Kéhler
geometry.
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Since supergravity is a non-renormalizable
theory, we are in fact interested in the most gen-
eral Lagrangian that can be built from chiral su-
perfields. This is

Lylobal = /d29d2éK(<bj,<bj)
+ Ucﬂe W(®;) + h.c.| . (A.13)
Here K and W are vector and chiral superfields

respectively, with power series expansion in terms
of the chiral superfields ®;,

(I)H(D-i_ Zah AN LI JM(b "(I)iN
+ +
X(I)jl (I)JM’
= Zbilmm i Piy . (A14)

The component expansion of K implies that ki-
netic terms are obviously non renormalizable. On
the other hand, only kinetic terms with two space—
time derivatives are present. A higher—derivative

theory might be obtained if supersymmetric deriva-

tives of superfields were allowed in K. We ex-
clude this problematic possibility in what follows.
To study the matter couplings of chiral multiplets
it is convenient to use the language of Kahler ge-
ometry.

A Kadhler manifold is a special type of ana-
lytic Riemann manifold, subject to certain con-
ditions. These conditions imply that the metric
and the connection are determined by the deriva-
tives of a scalar function K called the K&hler po-
tential. E.g. the metric g;;~ is given by g;;- =
% = K;j-, where ¢; and ¢} are the com-
plex coordinates parameterizing the Kahler man-
ifold. Under an analytic coordinate transforma-
tion, ¢; — ci(c) and ¢f — ¢’(c*). Note that
the metric is invariant under analytic shifts of
K, K(e,¢*) = K(c,c*) + F(c) + F*(c*). They
are called Kahler transformations of the K&hler

potential.

Then, using the Kahler notation, it is possi-
ble to see that the component Lagrangian from
(A.13) can be written in terms of the real func-
tion K (¢, ¢*). For example, the scalar potential
is given by

oW ow*

V=K,
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The Lagrangian is invariant under coordinate tra-
nsformations, where the scalar fields should be
thought of as the coordinates of the Kéhler man-
ifold and the fermions as tensors in the tangent
space. From the superspace viewpoint, the source
of this Kihler geometry is the invariance of (A.13)
under the superfield Kéhler transformation:

K(®,®") —» K(®,®") + F(®) + F*(®T) .
(A.16)
Now, following the same steps as in the case
of the renormalizable chiral Lagrangian (A.2),
we generalize (@-_1_5) to the local-supersymmetry
case

Liocal = 75 / d*e 25[ (DD - 8R)

x e FRE) 4w,

+ h.c., (A.17)

where K (®,®T) is a general hermitian function
and W(®) is the superpotential. The exponential
form is suggested by the relation (A.10). Note

that expanding in k2,
6
£local = _ﬁ/dQG ER‘F/CZQ@Q(‘:

x {é(m) - 8R)K (®,®;) + W(@-)]

+ ...+ he, (A.18)

we may recover the global-supersymmetry La-
grangian. After a straightforward computation,
the component form of (A.17) turns out to be the
same as that of (A.7), where now K is an arbi-
trary real function of the scalar fields, the lowest
component of the superfield K (®,®"). Using a
super—Weyl transformation one can simplify the
component expression in such a way that it de-
pends only on the real function

G(¢*.¢) = K(¢",¢) +In[W(9)]* . (A.19)
For example, the scalar potential is given by
-1
oG [ 9*G oG
G
= -3 A.20
96 (8@@) o%; (420

This is different from the global-supersymmetry
Lagrangian, where K and W enter in an indepen-
dent way (see e.g. (A.15)). The final Lagrangian
can be found in the text in eq. (2.4).
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To obtain the complete supergravity Lagrang-
ian which couples pure supergravity to supersym-
metric chiral matter and Yang—Mills we need now
the complete gauge—invariant global supersym-
metry Lagrangian in superspace.
first how to obtain the renormalizable gauge—
invariant Lagrangian.

Let us recall

One imposes gauge in-
variance to the renormalizable chiral Lagrangian
(A.3) with the result that a vector superfield must
be introduced:

£global = /d29d2(§ (I)+6V(I)
a1 1
+ d=0 5771”@1@] —+ gnjkq)lq)]q)k
+ h.el, (A.21)

where now the chiral superfields ® transforms as
a representation of a gauge group G and V =
2gT*V* with T* the group generators in that
representation, V® the vector superfields and g
the gauge coupling constant. The components of
V® are the vector bosons belonging to the ad-
joint representation of GG, their Majorana spinor
partners A% and the auxiliary real scalar fields
D®. Adding the (gauge—invariant) kinetic term
for the vector supermultiplet,

%/d% W WS + h.c., (A.22)
we obtain the complete Lagrangian. Here WS
is the gauge field strength (chiral spinor) super-
field with spinor index «. In particular, W, =
—%DD@‘VDaeV. We follow the same procedure
to obtain the most general gauge—invariant La-
grangian. From (A.13) we deduce

Eglobal = /d20d29_ [K((I)j_v (I)J) + F((I)j_7 cI)j? V)}

+ [/ d?0 W(®;) + h.c.| , (A.23)
where I' is a counterterm which is necessary for
gauge invariance. As above we have to add the
kinetic term for the vector supermultiplet:

1

o / d?0 f o, (D)WW | (A.24)
but now an arbitrary analytic function of the
chiral superfields f,;(®;), which would be just
dap- in the renormalizable case, may be included.
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Under supersymmetry it transforms as chiral su-
perfield. Under a gauge transformation, it must
transform as a symmetric product of adjoint rep-
resentations of the gauge group.

Then, from (A.23) and (A.24), we deduce the
local-supersymmetry Lagrangian:

Liveal = / d?e2¢ E(@ﬁ — 8R)
1
X €J7p{—§ [K((I):rvq)]) +F(¢j7¢]7v)]}

b fa (@)W 4 W(@i)}

+ h.c., (A.25)

where W, = —1(DD—8R)eV Dye" is the curved—
space generalization of the Yang—Mills field stren-
gth superfield. After eliminating the auxiliary
fields, and rescaling and redefining the other fields
as in the case of chiral models, one arrives at the
component Lagrangian in terms of the physical

fields, ¢, 1, Vo, A, e™

i ¥y It depends on the two

arbitrary functions

G(¢*,¢) = K(¢*,¢) + In|[W(e)* ,

fav(i) 5 (A.26)

and can be found in the text in eq. (2.14).
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