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Abstract
The role of effective theories in probing a more fundamental underlying
theory and in indicating new physics thresholds is discussed, with examples
from the standard model and more speculative applications to superstring
theory.

1. Introduction

Effective field theories have proven to be a useful phenomenological tool
in elementary particle physics. They serve as probes of the underlying sym-
metries and structure of more fundamental theories, and the very limitations
on their domain of validity can point to thresholds for new physics. I will first
illustrate these points with examples from the Standard Model. The large Higgs
mass limit of the Standard Model provides both a theoretical laboratory for
checking the validity of an effective theory and also as a model for possible
physics scenarios at the SSC/LHC.

Finally I will consider the Standard Model itself as an effective four-
dimensional field theory that is the low energy limit of ten-dimensional super-
string theory. This entails the study of four-dimensional eflective supergravity
theories that emerge as limits of the string theory at scales p just below the
string and/or compactification scales, and that should reduce to the Standard
Model at still lower scales: yu < Mpy, where Mpy = (87Gn)~3 ~ 1.8 % 10'®GeV
is the reduced Planck mass. In addition, attempts to make the connection be-

tween superstrings and observed particle physics must be able to account for the
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origin of supersymmeltry (SUSY) breaking; this motivates the study of effective
lagrangians for gaugino condensation. The hope is to find a formulation that

generates the observed large hierarchy of scales.

2. Effective Theories in the Standard Model

2.1. Fermi Theory

Low energy weak interactions are well described by the Fermi lagrangian:
Liee = 2V2CH (S} mtin), (n

which is now understood as the low encrgy limit of intermediate boson (1)

exchange, with the identification

2
g nog .
= d = (2)
Mgy "l"/
where a3 = g?/4r is the SU(2)L coupling constant. If we use (1) to calculate
the one loop contribution to the four fermion coupling we get a quadratically

divergent contribution

V2GeA?
Litoop ~ —Ef,— tree- (3)

Evaluating instead the same coupling at the one-loop level of the renormalizable
Yang-Mills theory, and then taking the limit of low external momenta |p|* <
mi,, gives
(L]
Litoop ~ == Lipees 1
1-loop 8 tree ( )

which, using (2}, is the sane as (3), provided we make the identification
A— myy. ‘5)

Similarly, one-loop corrections in the effective theory (1) include logarithmi-
cally divergent Lerms, for example, an 8-fermion coupling, that agree, alter the
substitution (5), with those calculated in the low energy limit of the Standard

Model.

The effective theory defined by (1) provides a good description of weak
interactions for energics E?Gp < 1, and the loop expansion converges if the
cut-off satisfies A*Gr < 1. Belore it was understood that the underlying physics

of the Fermi theory was a Yang-Mills theory, these observations pointed 1o a new

2
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physics threshold A < Gg' & 300GeV , a threshold that we now associate with
the mass my of the interiediate boson. Veltman was one of the first people to

recognize' the importance of Yang-Mills theories in this context.

When flavor changing four-fermion couplings are included in L, a cut-
off less than a few GeV is required for consistency with observation; this led to
the prediction?, later made more precise by calculations® within the renormal-
izable Yang-Mills theory, of the charmed quark mass.

2.2. Pion Chiral Dynamics

As another example, the low energy physics of pions is described by an
eflective lagrangian where the pion field can be viewed as an interpolating field
for the quark bilinear ficld operator:

7 o
dz10 = 7. (6)
In this case we do not know how to take an analytic limit of the underlying
QCD theory to obtain the effective pion theory. Rather the low energy limit of
the latter is dictated by symmetries and their quantum anomalies:
| P wn; an® o
£¢11=§a‘,n‘ ligk's (6.‘,‘-0-—[3__"1. +E;IF“,F + ... (7)
The first term in (7) is the unique two-derivative term that respects Lhe chiral
SU(2)L ® SU(2)r symmetry of QCD with two massless quarks. It defines a
nonrenortnalizable effective theory for which the loop expansion series converges
if the cut-ofl, A < 4nf, ~ GeV, lies below the observed resonance mass scale.
In fact, for a suitable choice of cut-off the one-loop corrections in this effective
theory reproduce, for example, the low energy tail of the p resonance. The
second term in (7), which induces the neutral pion decay #° —+ v, arises from
the chiral anomaly* present in quark QED. Both terms will have analogues in

the cffective theory for gaugino condensation to be discussed below.

3. Is the Standard Model an Effective Theory?

ln the above examples, the notion that the cut-off should indicate a scale
of new physics is related to the unacceptability of fine tuning. For example, one
could absorb the correction (3) (along with the leading divergent corrections
in higher loop order) into the definition of the Fermi constant Gg. Since in

3
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the effective nonrenormalizable theory new (e.g., the 8-fermion coupling) Lerms
are only log divergent, the limit on the cut-off would be much less stringent.
However this would require arranging cancellations among large corrections to
produce a very small number. In the spirit of avoiding fine tuning, we can
point to two fine tuning problems in the standard model that might suggest

new physics thresholds.
3.1. The Strong CP Problem

The QCD lagrangian in the Standard Model takes the form
| = .
Caco = =3 Fub™ + 20FLF™ 4§ Pot WMan+he),  (8)

where a3 is the QCD coupling constant, Af is the quark mass matrix and the
parameter 0 violates P and CP. As discussed at this mecting by Eduardo de
Raphael, the experimental limit on the neutron electric dipole moment sets a
stringent bound: & < 1072, if we work in a basis where the quark mass matrix
is hermitian M = MY, When radiative corrections from the CP violating weak
sector are included, the quark mass matrix acquires a logarithinically divergent,
nonhermitian correction. Rediagonalization of Af then induces a correction® 60

to 0, that in the standard model is divergent first in 7-loop order:
80spr = bt + bpnite,

4 2 1,,,2
s ag\? mim 16
Stuite ~ (7) (—") <—20char ~ 107'°,

L4 miy
oy £ a\® mimimin?
big = b} (—Z) ——‘—"—nf—'-()cm, III(A/I",) <2x107® (9)
7 \nw mid

assuming m, < 200GieV and A < M. Here Ocicas = sisysasind is the usual
CP violating parameter of the Cabibbo-Kobayashi-Maskawa matrix.® Although
the contribution (9) increases when one includes additional couplings, such as
in SU(5) grand unification, it is clear that the strong CP “problem” does not

provide useful information on possible new thresholds.
3.2. The Gauge Hierarchy Problem

In the standard model the renormalized iggs mass is determined as

¢
1672

] A . .
miy = —é('I'e\’)2 =mj(tree) 4 a APt (10)

]

*

where ) is the renormalized Higgs self-coupling constant, and a is a numerical
coeflicient of order unity. If the Higgs sector is weakly coupled, A < 1, absence
of fine tuning suggests a new threshold at a scale A < 3TeV, which is the
well-known “second threshold”, first emphasized by Veltman.”

A priori, there is nothing sacred about weak coupling. If we allow A,
and hence my, to become arbitrarily large, the Higgs sector becomes strongly
coupled. At scales well below the Higgs mass my, the strong self-couplings of
the three eaten Goldstone bosons ¢* of the Higgs sector manifest themselves as
strong self-couplings among the longitudinally polarized intermediate bosons,
W%, Z. More precisely the S-matrix for the eaten Goldstones is equivalent,® up
to corrections of order m,/E},, to that for the longitudinally polarized bosons.
A recent alternative proof® by Hélene Veltman of this “equivalence theorem™!'®
has resolved questions'! that had beea raised about its validity. To the extent
that the linear o-model is equivalent to the linear one {a possible discrepancy
at the Lwo loop level has been pointed out by van der Bij and M. Veltman'?),
e clfective lagrangian for this system is identical to the QCD lagrangian for
low energy pions, Eq.(7), with the substitutions 7 — ¢ and f, — v, where
v~ i'l'cV is the vacuum expectation value of the Higgs ficld:

0 2
l:eII:% ' (6.-,-+UT“"_%) (1—#)+---. (1)
Eq.(11) gives a valid description of strong W, Z interactions over an energy range
m}, € E? « A?, where A is the ultraviolet cut-off for the effective theory, and |
have displayed the quadratically divergent part of the one-loop correction, which
could be reabsorbed as a renormalization:
A2

This shows Lhat, in order to avoid fine tuning, a new physics threshold A <

Pren = 240, Vaen = Zhun 250GeV, Z=1- +oee

4nv ~ 3TeV is indicated even in the strongly interacting limit of Lthe electroweak

seclor.

One popular scenario for this new pliysics is technicolor;'3 in this case the
strongly coupled part of the clectroweak sector closely resembles the pion sector
of QCD, including the resonance region, with a scaling in energy by a factor
v/ [« & 2800. Nowever there is no explicit realization of this scenario without

phenomenological problems.



Veltman realized some time ago' that the cancellations among fermions
and bosons in a supersymmetric theory' would damp the quadratic divergence
in (10), provided the fermion-boson mass gap is not too large. It has proven
difflicult to construct a phenomenologically viable renormalizable theory with
spontancously broken supersymmetry (SUSY), but quite casy to accommodate
explicit soft SUSY breaking, in the farm of scalar and gaugino masses and tritin-
car scalar sclf-couplings. The scale paramicter that determines the size of these
effects plays the role of the cut-off in (10). In fact, the most recent measure-
ments of the Standard Model gauge constants indicate that their unification is
ruled out in the minimal Standard Model, while unification within the minimal
supersyminetric extension of the Standard Model {its the data well, with a SUSY

mass gap of about a TeV !¢

In this context one must still understand why the imass gap is as small as
it must be to conform to the data with no fine tuning. A favorite hypothesis is
that lacal supersymmetry, in the form of a nonvanishing gravitino mass me, is
broken spontancously in a “hidden sector” of a (nonrenormalizable) supergravity
theory, which may in turn be the low energy limit of a (finite) superstring theory.
It is then the task of the superstring theorists to predict the correct scale for

the SUSY mass gap.

4. The Heterotic Superstring

In the superstring scenario, one starts from a string theory'” in ten di-
mensions with an Eg ¢ Eg gauge group, and ends up'® in four dimensions with
an effective N = 1 superstring theory with gauge group (¢ € E}) ® (SU(3) ®
SU2) @ U(1) € G € Ey). G is the gauge group of a SUSY Yang-Mills the-
ory coupled to natter, including the quarks, leptons and Higgs particles of the
Standard Model and their superpartners. €7 is the gauge group of a “hidden”
SUSY Yang-Mills scctor, that has only gravitational strength couplings Lo ob-
scrved matter. A popular candidate mechanisim for SUSY breaking is gaugine
condensation® in the hidden sector, which is assumed (o e asymptolically free
and infrared enslaved, so that the SUSY Yang-Mills theory becomes confined at

some scale A, where gangino condensalion occurs:
i 3 .
< A > hid™~ I\c. (|2)

An additional source of SUSY breaking could he? the (quantized) vee of the

6

ficld strength Hep, of ten-dimensional supergravity.
/dv'""' < Hign >= 210 #0, Lmn=4,...,9,
Hipgn = ViByn, LLM,N =0,...,9. (13)
When both sources of SUSY breaking are present, it is possible to have “local”
SUSY breaking, in the sense that the gravitino acquires a mass: mg # 0, with a
vanishing cosmological constant at the classical level of the effective theory. Su-

persymmetry breaking should be communicated by radiative corrections to the
observable sector, resulting in a SUSY mass gap, i.e., “global” SUSY breaking.

{.1. The Effective Supergravily Theory

The particle spectrum of the effective four dimnensional field theory in-
cludes the gauge supermultiplets We, the matter chiral multiplets ®* and the
supergravity multiplet. In addition there is a gauge singlet chiral multiplet S,
with a scalar component Res that is the “dilaton” field whose vev determines

the value of the gauge coupling constant at the unification scale:
< Res >=g72, (14)
as well as singlet chiral multiplets T, called “moduli”, whose scalar components
t. are related to the structure of the compact manifold. In the case of a single
modulus?' the unification (or compactification) scale is determined as
M3,
< ResRet >

where ' is the (complex) scalar component of the superfield ®*.

Aur = +0(< ¢']? >) (15)

The effective theory just below the compactification scale is an N = 1
supergravity theory. In the Kaller covariant superficld formulation?? of super-
gravity, the lagrangian takes the simple form

L=CLg+ Lo+ Lyp- (16)

The first term
Lg

-3[(1’051% +he a7

is the generalized Einstein term. 1t contains the pure supergravity part as well

as the ki.n(-,tic energy terms for the chiral supermultiplets. ‘The second term:

.

Cpot = / LPOENEDY (7Y 4 he., (18)
7
< -3



contains the Yukawa couplings and the scalar potential, and the third term
i
Lom = / LOE[(Z)WEWE 4 hec. (19)

is the Yang-Mills lagrangian. The above lagrangian is invariant under a Kahler
transformation, which is a redefinition of the Kahler potential h'(Z,2) = K(Z, Z)t
and of the superpotential W(Z) = W(Z)t by a holomorphic function F(Z) =
l_:'(Z_)t of the chiral supermultiplets Z = ¢*,8,7,:

K—=RK=K+F+F, W-osW=¢F (20)

Since this transformation changes e®/2W by a phase that can be compensated by
a phase transformation of the integration variable 6, the theory defined above is
classically invariant®**?? under Kahler transformations provided one transforms
the superfields R and V2 by a compensating phase; for example the Yang-Mills
superfield transforms as:

W2 - et Fiyye, (21)

This last transformation, which implies a chiral rotation on the left-handed
gaugino field Ag:
—ilmF, '
D i W (22)

is anomalous at the quantum level, a point that will be important in the discus-

sion below. (Here a is a gauge index and a is a Dirac index.).

The theory is completely specified by the field content, the gauge group
and Lhe three functions K, W and [ of the chiral superficlds. In theories from
superstrings one has f3(Z) = &8, resulling in the identification (14). The
Kahler potential depends on the dilaton and the moduli fields in such a way

that the cotnpactification scale (15) is determined by the vev :

Agur

oy = (29)% < M8 > . ()

4.2, The Effective Lagrangian for Gaugino Condensation

In order Lo incorporate supersymmetry breaking, we include an effective

potential for gaugino condensation that is constructed by the introduction of a

composite superficld operator® U as an interpolating field for the Yang-Mills
composite operator:

%w;w: = U = o1T(H). (24)
flere H is a chiral supermultiplet that represents the lightest bound state of
the confined SUSY Yang-Mills sector, in the same way that the pion is an
interpolating field for the composite quark operator, Eq.(6), in low energy QCD.

Kahler invariance requires
W(H) — e FW(H) (25)
under (20).

Just as the symmetries of the Standard Mode! and their quantum anoma-
lies uniquely determine the low energy pion lagrangian (7), the symmetries of
the effective supergravity theory determine the effective supergravity lagrangian
for the bound state supermultiplet H. In addition to the chiral anomaly re-
lated to the transformation (21), (22) under Kahler transformations, there is a
conformal anomaly associated with a rescaling of the cut-off (15), (23) under
(20):

Agur — FPAgyr. (26)

The effective lagrangian for gaugino condensation is defined by?*:28

cll = / LOLHNW(H,S) = / LOEHPW (H)2b6M In(H[p) + hec.

= / POERIyAe=510 13 In(H ) + hoc., (27)

where by determines the B-function for the confined Yang-Mills theory:

and A and p are constants of order unity. The H-superfield kinetic energy term
is determined by the Kahler potential?637:

K=~1(S+35)-3n(T+T -0 -|H]). (28)

Then under a Kahler transformation (20), (25), with H — e~F/2J{, the la-
grangian (27) undergoes the shift

sl = - %”—" / POEF(Z)U + hee.

9



= ,/_aag%(ncr‘(z)l-""“ﬂ, +ImFERFF,, + ), (29)
which correctly reproduces the known variations under the trace and conformal
anomalies.? Note that in this formalism the anomaly is reflected in the inter-
action term (27), but the H kinetic energy term, defined by (28), respects the

classical symmetry of the theory.

If we now solve for the vacuum value of the scalar component h of the
superfield H:
<h>= ;uz‘&, (30)

and integrate out the H-supermultiplet, which at the classical level of the theory
defined by (27) and (28), amounts to fixing # at its ground state value (30),
we obtain an eflective theory for ¢, S, T and the observable-sector Yang-Mills

fields that is defined by (28) with I =< k > and by the superpotential

. M : N 2

W(Z) = cu® &% 4 &+ he 35/, | = ——;"Jx,ﬁc—', (31)
where the constant & is proportional to the vev (13). This is precisely the of-
fective theory obtained earlier by Dine et al® using arguments based on a

nonanomalous chiral U/(1) symmetry:

A2 — e g s 4 i (32)

The effective theory defined by (31) has a positive semi-definite potential
which vanishes at the minimum. If & = 0, the vacuum energy is minimized for
h=0 (< H >=0) or < s > oo (g = 0), that is, condensation does not
occur and supersymmetry remains unbroken. For & # 0 the eflective theory has
the following properties at the classical level® and at the one-loop®® level: the
cosmological constant vanishes, the gravitino mass mg can be nonvanishing, so
that local supersymmietry is broken, in which case the vacunm is degencrate, and
there is no manifestation of SUSY breaking in the observable sector. Nourenor-
malization theorems for supergravity, together with a classical SL(2,R) @ U(1)
symmetry of this effective theory, indicate®” that these results will persist to all

orders of the cflective theory defined by (31).

The SL(2, RY&U(1) symmetry elfects a Kahler transformation (20), and
hence is broken by anomalies at the quantum level. The eflects of anomalies

can be made manifest in the effective fow energy theory if we first integrate

10

out the H supermultiplet at the one-loop level. Then soft SUSY breaking in
the form of gaugino masses appears at the one loop level of the effective low
energy theory; more precisely these terms arise from diagrams with one H loop
and one “light”particle loop. Evaluating this contribution requires first fully
determining the one- H-loop effective lagrangian and performing the appropriate
wave function renormalizations and the Weyl transformation needed to recast

29

the renormalized Einstein curvature term® in canonical form.

Including loop corrections from the H-sector, one finds?® that masses are
generated for the gauginos of the observable sector that are of order

2 A2
mamy A

o ~13 ~
m; (A Mm)? <4 x 107 Mp; ~ TTeV,

for mg <my ~ A, <1073 Mpy, (33)

where myy is the mass of the /{-supermultiplet. The factor (47)~* appears in
(33) because the eflect arises first at two-loop order in the eflective theory, the
factor mg is the necessary signal of SUSY breaking, the factor mj; is the signal
of the anomalous breaking of SU(2,R) ® U(1), and A2 is the effective cut-off.
"This last factor arises essentially for dimensional reasons: the couplings respon-
sible for transmitting the knowledge of symmetry breaking to the observable
scctor are nonrenormalizable interactions with dimensionful coupling constants
proportional to M. Note that the ground state equations give

ApdA2

ge\ 3
e AW oy AN ~ E)
mg =< "W > 2eg AL’ sA. (2,\ Agur, (34)

s0 it is not possible to generate a hierarchy of more than a few orders of mag-
nitude between mg and Agur if € is quantized as in (13). However this initial
small hierarchy is enough Lo generate a viable gauge hierarchy if observable
SUSY breaking is sufficiently suppressed, as in (33), relative to local SUSY
breaking. For examiple, recent LEP data'® suggest Agyr ~ 101°GeV, g=% ~ 2,
s0 for a hidden E3 gauge group (b = .56) we get A. ~ .6Agur ~ 3 x 1073 Mp,.

4.3. Restoration of Space-Time Dualily

In the formalism presented ahove, the classical SL(2, R)QU(1) symmetry
is broken by anomalies to a Peccei-Quinn type U(1) symmetry: T — T + iv.
However the discrete subgroup SL(2, Z) of SL(2, R) is known™ to be an exact

1
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symmetry to all orders in string perturbation theory. Similar symmetrics are

present in more general string compactifications.

This so-called “imodular invariance”, which includes the “luality” inver-
sion R — R~ of the radius of compactification, is restored by adopting, instead

of (27), the effective lagrangian®

= / LOEMAe 3 I3 In(HyX(T) ) + hc., (35)

where y(T) is the Dedekind 5-function. This is the unique function of the chi-
ral superfields that has the required analyticity and SL(2,2) transformation
properties. 33! For different compactifications it will be replaced by different
moduli-dependent functions.*>™ This additional contribution to the Yang-Mills
wave function renormalization can be understood?® as arising from finite thresh-
old corrections®* to the leading log approximation that arise from hicavy string
mode loops, and is closely related to the anomalous quantum correction due to

the (nonrenormalizable) coupling of the Kahler connection,

d(s—38) B(—-D+¢d" — '
s+s t—1—|pf? ’

T, = K32 -~ K,z = % [

to the axial U/(1) current.?”¥:% This ABBJ-type anomaly* induces a coupling
of the moduli to the fermion axial current and hence to the gauge field strength
F, P, in analogy with the myy coupling in (7).

Whether or not this “corrected” effective lagrangian, or its gencraliza-
tion to more realistic compactifications, can produce as promising a result for

phenomenology as the one in (33) remains to be seen.®
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