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The role of eflective theosies in probing a more fundamental underlying
theory and in indicaling new physics thresholds is di d |

with

from the standasd mocdel and more sp
theory.
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1. Introduction

Effective ficld theories have proven to be 8 uscful phenomenological tool
in clementary particle physics. They serve as probes of the underlying sym-
metrics and structure of more fundamental theories, and the very limitations
ou Lheir domain of validity can point to thresholds for new physics. 1 will first
illustrale these pointa with examples from the Standard Model. The large liggs
nass limit of the Standard Model provides both a tl tical laboratory for
checking the validity of an effective theory and also as a model for possible
pliysica scenarsios at the SSC/LIC.

Finally 1 will consider the Standard Model itself as an eflective four-
dimensional field theory that is the low energy limit of ten-dimensional super-
string theory. This entails the study of four-di ional effective i
theuries that emerge as limils of the string theory at scales p just below the

a4 o4

string andfor compaclificalion scales, and that should reduce to the Standard
Maxlet at still lower scales: p & Apy, where Mp; = (SIGN)"! ~ 1.8 x 10" GeV
is the reduced Planck mass. In addition, attempts to make the connection be-
Iween superstrings and observed particle physics must be able to acconnt for the
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origin of supersy ry (SUSY) breaking; this ivates the study of effective
lagrangi for gaugino conckensati ‘The hope is to lind a formulation Ciat

geserates the observed lasge hicrarchy of scales,

2. Effective Theories i thie Standard Model
2.1. Fermi Theary

Low encrgy weak interactions are well described by the Fermi Jagrangian:
Crees = 220650y )WL n0), (U]

which is now undemtond as the low energy Himit of intermediate boson {IV)
exchange, with the identification

s Rarg

Ve = ad, T wa,

(2)
where a3 = g*/4x is the SU{2), coupling constant, if we use (1) to calculate
thie one loop contribution Lo the four fermion coupling we gel a quadratically
divergent contribulion /

AR .
TC""‘ (3)
Evaluating instcad the same conpling at the loop level of the fizahl
Yang-Millu theory, and then taking the fimit of low external momenta Jpf? «
Hijy, gives

Lrotop ~

Lytoop ~ gﬂnm. )

which, using (2], ia the samne as (3), pruvided we make the ilentificatica
A — e, {5)

Similasly, enc-lovp corrections in the eflective theary (1) include logarithuni-
cally divesgent terms, for example, an 8-fermion coupling, that agree, after the
sulwtitution (5), with thuse catealated in the low energy Fanit of the Standarcd
Mouded.

The clfective theory defined by (1} provides a good description of weak
interactions for energies E2CGp < 1, and the loop expansion converges if 1he
cut-olf satisfies A%Gyp < 1, Before it was amderstamd that the waderlying physies
of the Fermi theary was a Ying-Mills theory, these abservations poiotesd 100 new
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physics threshold A < G’ & 300GeV, a threshold that we now associate with
the inass mw of the intenmediale boson. Veltinan was one of the first people 1o
recognize' the importance of Yang-Mills theories in this context.

Whei flavor changing four-fermion couplings are included in £y pe., & cut-
off less than a few GeV is required for consistency with ohservation; this led to
the prediction?, later made more precise by calcotations® 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
cffective lagrangian where the pion field can be viewed as an interpolating ficld
for the quark bilinear field operator:

7 -

dme= ¥ (6)
Iz this case we do not know how to take an analytic limit of the underlying
QCD theory to uhtain the effective pion theory. Rather the low energy limit of -
the latter is dictated by symmetries and their quantum anomalies:

XXy
s
‘Fhe fisst term in (7) is thie unique two-derivative term that respects the chiral
SU(2);, ® SU(2)n symmetry of QCD with two massless quarks. It defines a
nonrenorimalizable eflective theory for which thie loap expansion series converges
if the cut-off, A < 4% f, ~ GeV, lics below the observed resonance mass scale,
I 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 cliral anomaly? present in quark QED. Both terms will have analogues in

the clfective theory for gaugino couds tion to be di 1 below.

L —la x'n’ |6, + +2-'—°F P )
ess = 50 - & TP .

3. Is the Standard Model ll‘; Effective Theory?

i the alove examples, the notion that the cut-off should indicate a scale
of new physics is related to the anacceptability of fine tuning. For example, one
could absarh the correction (3) (along with the leading divergent corrections
in ligher Inop order) into the definition of the Fermi constant Gy, Since
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the cflective nonrenormalizabile theory new (e.g., the 8- fermion coupling) termns
are only log divergent, the limit on the cut-off would be

nch ks steingent.
However this would require arranging cancellations among large corrections to
produce a very small number.  In the spitit of avoilding fine t

1ing, we can
point to two fine tuning problems in the standard model that might suggest
new physics thresholds.

8.1. The Strong CP Problem

‘The QCI Tagrangian in the Standard Model takes the form

Loco = —EF,,F"" + Eoi‘,,r" +Gi Pq + (qublyn + he), (8)

where ay is the QCD coupling constant, M is Lthe quark mase matrix and the
parameter @ violates I and CP. Ax discussedd at this meeting by Eduardo de
Raphael, the experimental limil on the ncutron electric dipole moment sets a
stringent bound: @ < 107°, if we work in & basis where the guark mass matrix
is hermitian M = A}, When radiative corrections from the CI° viotating weak
sector are included, the quark mass matrix acquires a logaritlanically divergent,
nonbenmitian correction. Rediagonalization of M then induces a correction® 80
to 0, that in the standard model is divergent first in 7-loop ordes:

E05ar = bug + bpisiaes

Bhuie ~ ("7‘) (';,)1 w

44,23
bug = ? (%!) ﬂjml_"m!"uxu (A /) < 2 x 1072 9

.usumulg m. < 20006V and A < Myy. Here Opppy = 93s;sy5i0é is the usual
CP vi % P of the Cahibbu-Kabayashi-Mask matrix.® Although
the contribution (9) increases when one includes additional conplings, such as
in SU(5) grand unification, it is clear that the strong CI* *problem™ docs not
provide uscful information on possible new threshohds.

32.2. The Gauge Hierurchy Problem

In the standard mode] the renoreaalized Wiggs mass is detenmined as

7 A g ¢] A
myy = §(lt| ) = mify(tree) +"TG7A +-0 ()



where ) is the renormalized Higgs self-coupling constant, and a is a numerical

cocllicient of order anity. If the Higgs sector is weakly coupled, A < 1, absence

of fine Luning suggesta & new thrahold at a scale A < 3TV, which ia the
1k “secand threshold™, first hasized by Vell r

A priori, there is nothing sacred about weak coupling. If we allow A,
and hence myy, to become arbitrarily farge, the Higgs sector becomes strongly
canpled. AL scales well below the Higgs masa my, the strong self-couplings of
the three eaten Goldstone bosons ° of the Higgs sector manifest themselves as
strong self-couplings amang the longitudinally polasized i fiate basons,
W, Z. More precisely the S-matrix for the eaten Goldstones is equivalent,® up
to corrections of order mfEJ,, to that for the longitudinally polarized bosons.
A recent alternative proof® by lékene Vel of this “cquivalence t} "o
has resolved questions'® that had beea raised about its validity. To the extent
that the lincar o-model is equivalent to the linear one (a possilile discrepancy
at the two Joop level has been pointed out by van der Bij and M. Veltman'?),
the cflective lagrangian for this aystem is identical to the QCI lagrangian for
low energy pions, Eq.(7), with the substitutions = — ¢ and f, — u, where
v~ }'l'eV is the vacuum expectation value of the Tliggs ficld:

1 N w2 ) A?
Cup = 000 (6., + R0 (1 - W) T

12q.(11) gives a valid description of strong W, Z interactions over an energy range
mjy & E* & A3, where A is the ultraviolel cut-off for the effective theory, and |

have displayed the quadratically past of the loop correction, which

could be reabsorbed as a i
A?
Pren = 280, Vpem= 280 250GeV, Z=)- ——=t .-,
16x%?
‘This shows that, in order to avoid fine tuning, a new physics threshold A <
4xu ~ JTeV is indicated even in the strongly interacting limit of the el k

seclos.

One popular scenario for this new physics is technicolor;* in this case the
strongly coupled part of the electroweak sector closely resenibles the pion sector
of QCL, inchuding the resonance region, with a scaling in energy by a factor
v/ fo x= 2800. However there is no explicit realization of tlis scenario without
phenomenslogical problems.



Veltman realized some time ago*® that the cancellations among fermions
and bosons in a supersyn
in (10), provided the fermi

c theory*® would damo the guadralic divergence

1-bosun imass gap is not too large. It has proven
dillicult {o construcl a pl logicalty viable r lizable: theory with

spont ly broken supessy 1y (SUSY), but quite easy to accommoiate
explicit soft SUSY bireaking, in the form of scalar and gauging masses and teilin-
car scatar sell-couplings. The scale parameter that determines the size of these
cllevts plays the role of the cot-off in (10). In fact, the most recent measure-
waesits of the Standard Model gauge constants indicate that theis unificati
rubed out in the minimal Standard Medel, while unification within the

persy ric ion of the Standard Mool fits the data well, with a SHSY
mass gap of about a TeV '®

In this context one must stil) widerstand why the mass gap is as small as
it must be to conform to the data with no fine tuning. A favorite biypolbe
that local supersymmetry, in the form of a nonvanishing gravitine snass mg, is

is

broken spontaneously in a “hidden sector” of a (nonsenormalizable) supergravity
theory, which may in turn be the low energy limit of a (finite) snperstring theory.
it is then the task of the superstring thearists o predict the correvt seale for
the SUSY mass gap.

4. The Helerotic Superstring

i the superstring scen.

10, one starts from a siring theory'™ in ten di-
mensions with an £y ¢ Ey gage gronp, and ends up!® in four dimensions with
an ellcctive N = 1 superstring theory with gauge group ((7 € EL) @ (SH(3) &
SUy o U(L) € G € Ey). G is the gauge gronp of a SUSY Yang-Mills the
ory conpled to matter, inchs

ng the quarks, keplons and Higgs particles of the
Stancdard Medel and their superpartners. 7 is the gange group of & “bidden™
SUSY Yang-Mills sector, that has anly gravitational strength couplings to ob-

served matter. A popular canididate wechanisig for SUSY breaki

S gaugine
condensation' in the hidden sector, which is assumes) to e aspiptotically froe
and infrarcd enslaved, so that the SUSY Yang-Mills theory becomes confined at
some scale A, where gaugine condeusation occurs:

< AX g~ AL (12)

An additional sumee of SUSY Dreaking conld 1™ the (quantized) ven of 1l
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ficld strength Hema of ten-dimensional supergravity.
dev'" <Hpn>=2mm#0, Lmn=4,...8,
Hupgw = ViBun, LMN =0,...,9. (13)
When haoth sources of SUSY breaking are present, il is poasible® 1o have “local”
SUSY breaking, in the sense that the gravitino acquires a mass: mg # 0, with a

vanishing castnological constant at the clussical levet of the ffective theory. Su-
persymmetsy breaking should be icated by radiative corrections Lo the

observalle sector, sesulting in a SUSY masa gap, i.e., “global” SUSY breaking.
§.1. The Effective Supergravity Theory

‘The particle spectrum of the effective four dimensional field theory in-
cludes the gauge supermultiplets 1=, the natter chiral mulliplets @ and the
supergravity multiplet. In addition there is a gauge singlet chiral multiplet S,
with a scalar component Res that is the “dilaton™ field whase veu deterniines
the value of the gauge coupling constant at the unification scale:

< Res >=g72, (1)

as well as singlet chiral snultiplets 7., 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
b o<l >) (15)
< Resftet > °

where p* s the (; lex) scalar of the superfichd @7,

Alyrr =

‘The effective theory just below the compactification scale is an N =1
supergravity theory. In the Kaliler iant superficld formulation® of super-
gravity, the lagrangian takes the simple form

L=CL+ Lo+ Lym (16)

The fust term
Ce=-3 ] LOER + he. a7

is the generalized Binstein term. It contains the pure supesgravily part as well

s the Kinetic encrgy terms for the chiral supermultiplets. The second tern:

Lyt = / LOESEAMY(2) 4 e, (18)
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contains the Yukawa couplings and the scalas potential, and the third terin

Lyn = % _/ LOELHZWW + b 0%
is the Yang-Mills lagrangian. The above | tat is invariant uader a Kahler
sfe on, which is a redefinition of the Kahler potential K'(Z,2) = l\'lZ.Z)'

and of the superpatential W(Z) = W(Z')' by a halemorphic function F{Z) =
F(Z)‘ of the chiral supermultiplets £ = ¢4, 58,7,

K-K=K+F+F, WW=ce*Ww 20

Since this transformation changes e/ by a phase that can be compensatad by
a phase transformation of the integration variable O, the theory defined above is
classically invariant™3? under Killer transformations provided ome transforms
the superficlds R and 13 by a compensaling phase; for example the Yang: Mills
superfield transforms as:

W2 = ey, 2

‘This last transformation, which implics a chiral ratation on the left-handed
gaugino fickd A3:
2 ey, @2

is anomalous at the quantum level, a point that will be important in the discus.
sion below. (llere a is a gauge index and o is a Dirac index.).

The theory is cirapletely spevificd by the fichl content, the gauge gronp
and the three functions &, W and | of the chiral snpefichls. In theories from
superdtrings one has [2{Z) = &S, resulling in the identification (14). The
Killer potential depends on the dilaton and the modali fields in such a way
that the compactification scale (15) is determined by the vew :

Acur _
My

(2 < eFle 5 v

{-2. The Effcctive Lagrangian for Guugine Cendensation

Tu order to incorporate supersyimmetry breaking, we include an effective
potential for gauging condensation that is constructed by e introduction of i


http://Mtlt-iili.il

it fokd

¥ " 2% U as an i fating field for the Yang-Mills
compussile operator:

%n{_-w: = U = SPP(HY. (21)
Yere I ia a chiral Itiplet that rep the lightest bound state of
the confived SUSY Yang-Mills scclor, in the samne way that the pion is an
interpolating ficld for the comppusite quark operalor, Eq.(6), in low energy QCD.
ICihler invariance requires

W) — e FiV (I (25)
under (20).

Just as the symmetries of the Standard Madet and their quant'un anoina-

lica uniquely detesmine thie low encrgy pion L gian (7), the tries of
the effective supesgravity theory ine the elfeclive supergravily lagrangian
for the bound state sup Itiplet 1. In addition to the chiral anomaly se-

luted to the translormation {21), (22) under Wahler translosaations, thece is a
confonmal ansmaly associated with a rescating of the cut-off (15), {23} under
{205

Acur = FFPAGyT. (26)

‘The eflective } iac for gaugi b ion is defincd hy®®

&= / LOESPW(I,S) = ] LOEKPWYINI(H ) + he.

= j POE 222 P (11 [ ) + hoc., [vy]
where by deterssines the §-function for the confined Yang-Mills Uheory:

P9 _
Ay~ bog’,

and A and p are constants of order unity. The H-superfickd kinetic energy tern
is deternsined by the Kalier potential®27:

K = —1(5 + 5) = 30T + T — |0 — {11j%). (28)

Fhen under a Kabler transformation (20), (25), with I — ~*P1, Lhe a-
grangian (27) undergoes the shift

sct! = ‘%“' / LPOEF(Z) + h.c.
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= = y%(licl-‘(z)f"'"l-',,,+ WF ()™ b ), (29)
which correctly reproduces the known variations wnder the trace and conformal
anomalics.?® Note that in this formalisin the anoinaly is reflected in the inter-
action terin (27), bul the H kinelic encrgy term, defined by (28), respevts the
classical synunetry of the theory.

1l we now solve for the vacuum value of the scalar component h of the
superfield I1:
< h>=pe, (30)
and integrate out the f-gup Itiplet, which at the classical level of the theory
defined by {27) and {28}, amounts 1o fixing I at its ground state value {30),
we obtain an eflective theory for #',5, T and the observable-sector Yaug-Mills
fields that is defined by {28} with If =< A > and by the superpotential

W(Z2) = au®' @O + &4 e, = -%“—‘A;Pe-'. (31)

where the constant & is proportional to the cer (13). This is precisely the of
fer tive theory oblained carlier by Dine ef al® using argumients based on a
nonanomalovs chiral (1) symmetry:

AT e g sy 32)

‘The cfective theory defined by {31} Lias a positi i-cl
which vanishes at the minimumn, i € = 0, the vacuum cuergy is
h=0(< H>=0)or <3 > 00 (g = 0), that is, condensation docs not
occur and supersy y brok For & £ 0 the effective Lheory has

the lollowing propertics at the classical leve'™ and at the sae-loop® level: the
|

ical constant vanishes, the gravitine mass mg can b nonvanishing, so
that bocal supersymmetry is byoke:
the

in which case the vacuun is degencrate, and
is no manilestation of SUSY llu'nking in the observable sector. Nomenor-

1 for gravity, together wilh o classieal SL{2, Ry £{1)
symmelry of this elfective llnmry indicates” that these results will persist to al)
orders of the efleclive theory defined by (11},

The SL{2, RYG (1) symmetry efleets a Kabler transformation (200, and
hence is broken by anomalies at the quantum level. “Fhe effects of anomalies
can be made manifest in the effective by energy theory if we fist integrate
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out the I/ supermultiplet at the onc-loop level. Then soft SUSY breaking in
the form of gaugino masses appears at the one loop leve! of the effective low
energy theory; more precisely these terma arise from diagrams with one I loup
and one “light"particle Joop. Evaluating this ibuti guires first fally
deteemining the one-/-toop effective lagrangian and performing the appropriate
wave function renormalizations and the Weyl transformation necded to recast
the renormalized Einstein curvature tern® in canonical form.

Inchuling loop mr}ec!ionl from the Il-scctor, one finds® that masses are
gencrated for the gauginos of the observable sector that are of order

2 A2
mgmj, A

™ Gk

<4 x 107 Ap ~ TTeV,

for mg < mgt ~ A < 1072 Afpy, (33)

where my is the mass of the H-supermuitiplet. The factor (4x)~* appears in
{33) because the eflect arises first at two-loop order in the effective theory, the
factor mg is the necessary signal of SUSY breaking, the factor m}; is Lhe signa!
of the anomalous breaking of SU/(2,R) @ U(l), and A? is the effective cut-off.
i i the plings respon-
sible for itting the X kedge of ry 1 g to the ohservable
seclor are nonrenormalizable interactions with dimensionful coupling constants
proportional to Af5}. Note that the ground state equationa give

“I'hiis last factor arises ially for

9 ApPA2 eyt
—< AW Sy B De ~ (__\
ma=<e "W > Zeg %’ sA n) Acur, (34)

50 it is nut possible to generate a hierarchy of more than a few orders of mag-
nitude between ma and Acpr if é is quantized as in (13). However this initial
stall hicrarchy is enough to generate a viable gauge hierarchy if observable
SUSY breaking s sufficiently suppressed, as in (33), relative to local SUSY
breaking. For example, recent LEP data'® suggest Acyr ~ 10°CeV, g72 ~ 2,
80 for a kidden Ey gauge group (b = .56) we get A. ~ 6Agur ~ 3 x 10-3Mp,.

{.3. Restoration of Space-Time Duality

In e formalism presented ahove, the classical SL(2, R)®V(1) symmetry
is broken by anomalics to a Peccei-Quinn type U(1) symmetry: 7' — T + iy,
However the discrete subgroup SL(2, 2) of SL(2,R) is known™ (o be an exact



symmetry to all orders in string perturbation theory. Sinilar symimclrics are
presenl in mote general string compactifications.

This so-callal *inodular invariance”, which inchudes the “duality” inver-
sion 2 — 77 of the radins of compactification, is restored by adopting, instead

of (27), Lhe effective lagrangian®

Gl = [ dOEST A ST U W(IT) i) + he., (35)

whiere 3{T) is the Dedekind i-function. ‘This is the unique function of the chi-
val superfields that bay the required analyticily and S1.(2, 2) transfornation
properties. ! For dilferent compactifications it will be replaced by different
moduli-dependent functions.®* This additional contribution to the Yang: Milis
wave function renorsmalization can be understood® as arising from finite thresh.
old corrections® ™ to the leading log approximation that

s from beavy string
mode loops, and is clocely related to the anomalous gquant
the (nonrenosmalizabile) coupling of the Kalkes connection,

n correction due to

. . ifofs=3) 8.0t 0404 — 'y
I.= ka8 - Kt = i [ "’ o 2 =i IoF 1.
to the axial U(1) current. 3 This ADBJ-type ancinaly induces a coupling
of the moduli to the fermion axial current amd hence 10 the gange field strength
F v in analogy with the xvy coupling in (7).

Whether or not this “cosrected” effective lagrangian, or 48 generaliza-
Lion tu mare realistic compactifications, can produce as promising a resull for
plienomenology as the one in (33) remains 1o be soen.®
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