
LBL-30801 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Physics Division 

Presented at the Conference on Gauge Theories-Past and 
Future, in Honor of the 60th Birthday of M.J.G. Veltman, 
Ann Arbor, MI, May 16-18, 1991, and 

· to be published in the Proceedings 

Effective Theories and Thresholds in Particle Physics 

M.K. Gaillard 

June 1991 

U. C. Lawrence Berkeley Laboratory 
Library, Berkeley 

FOR REFERENCE 
Not to be taken from this room 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098 

O:l 
1-' 
0. 
lQ . 
U1 
IS) 

r 
r O:l 
1-'- r 
ern I 
'1 0 w 
l»'t:i IS) 

'1"< co 
"< IS) . .... .... 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



•,._.... 'i~ 

LIIL-30801 

IJCII-PTII-91 /26 

June 7, l!l!ll 

EFFECTIVE THEORIES AND THRESHOLDS IN 
PARTICLE PHYSICS· 

Mary 1\. Gaillard 

Department of Physics, Unit•crsily of Califonoia 

arrd 

Physics Division, Lawrence Be.-J,c/cy Labomtory, I Cyclotr-on Road, 

Der·kelcy, Califonoia 947!!0 

Abstract 

The role of effective llwories in probing a more fmulanu>ntal under

lying theory and in indicating new physics thresholds is discusst.-d, with 

examples from the standard model arul more speculative applications to 

superstring theory. 

•Jnviled talk at tht" C.onfcrence on Gauge Theories-Past and 1-\•ture, in llonor of the GOtl1 

b1rthdfty of M.J.G. Veltman, Ann Arl•or, Michigan, May 16-18, I!JHI. 'l'his Wt)rk was support(:d 

in partLy the Director, Oflice of Energy lleseart:h, Office of lligh Energy anti Nurl(•ar Physks, 

Division of lligh t:nergy Physics of tl1e U.S. Department of Energy under Coutrac.l. DI·~AC03-

76SF00098 and in part hy the National Scic•u·e 'Fmnulation mul«:r grnut PIIY -HU-'lii:JIJ. 

·~ 
~.i 

EFFECTIVE THEORIES AND THRES.HOLDS IN PARTICLE 

PHYSICS 

MARY 1\. GAILLARD 

Depm·tmenl of Physics, University of California 

and 

Physics Division, Laun"ence Berkeley Laborolor11, 1 Cyclotron Rood, 

Ber-keley, California 94 720 

Abstract 
The role of effective theories in probing a more fundamental underlying 

theory and in indicating new physic• thresholds is discussed, with examples 

from the standard model and more speculative a1•plications 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 lliggs 

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/LIIC. 

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 effective supergravity 

theories that emerge as limits of the string theory at scales p just below the 

string and/or compactilication scales, and that should reduce to the Standard 

Model at still lower scales: p « Mrt, where llfpt = (81rGN)-~ ~ 1.8 x 1018GeV 

is the rcduwd 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 supcrsymmctry (SUS\') breaking; this motivat .. s the study of dfeclive 

lagrangians for gauginn <:nndensalion. The hope is to liwl a fnrmulatiun that 

generales the ohserved large hierarchy uf sn•lcs. 

2. Effective Theories in the Standard Model 

2. I. Ft:nui '111eory 

Low energy weak interactions are well tlescrihed hy the Fermi lagrangian: 

C,,... = 2J2Gr{th -,~•h)(J•L -,,,!/•,_), (I) 

which is now understood as the low energy limit of intermL~Iiate boson (W) 

exchange, with the idcutificat.inn 

91 .. "1 
v'2Gr = 4"'lv = mlv' (2) 

where o 1 = g1 /4 .. is the SU(2)L coupling constant. If we use (I) to calculate 

the one loop contribution to tloe four fermion coupling we get a quadratically 

divergent contribution 

.../2GFA1 C,...,. c,_loop - s .. 1 (3) 

Evaluating instead the san1e coupling at the one-loop level of the renurmalizahle 

Yang-Mills theory, and then taking the limit of low external momenta l1•l1 « 
1 . 1nw, g•ves 

0] 
c,_loop -

8 
.. c ...... 

which, using (2), is the same as (3), provided we make the identification 

A_, mw. 

(1) 

(5) 

Similarly, one-loop corrections in the clfective theory (I) include logarit.hmi

cally divergent terms, for example, an 8-fermion coupling, that agree, after the 

substitution (5), with those calculated in the low energy limit of the Stmulard 
Model. 

The effective theory defined by (I) provi<l<·s a good d<,;criptinn of weak 

interactions rnr cncrgi<.,; E?GF « I, and the loop expansion conv<"W'" ir the 

cut-olf satisfies A1Gf' < I. Before it was understood that Llw underlying phy,ics 

of the Fermi theory was a Yang-1\·lills tht•ory, these ohscrval.ions poiul.cd to a tu:w 

•""
! 
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physics threshold A < Gi} ~ 300GeV, a threshold that we now associate with 

the mass mw of the intermediate boson. Veltman was one of the first people to 

recngnize1 the importance of Yang-Mills theories in this context. 

When flavor changing four-fermion couplings are included in C1,..., a cut

off less than a few GeV is required for consistency with observation; this led to 

the prediction1 , later made more precise by calculations3 within the renormal

izable Yang-Mills theory, of the charmed quark mass. 

2.2. /'ion Chiral Dynamics 

As another example, the low energy physics of pions is described by an 

effective lagrangian where the pion field can be viewed as an interpolating field 

for tloc quark bilinear field operator: 

_T ~ 
q2-y,q => 7r. (6) 

In this case we do not know how to take an analytic limit of the underlying 

QCD theory to ohtain the effective pion theory. Rather the low energy limit of 

the latter is dictated by symmetries and their quantum anom~lies: 

C Ia ;"" i (c· 1f; .. i ) o .. o F-.. ~ •II = 2 ~ .. v.. o,i + n- 1f1. + 6 .. j.F~~ + .... (7) 

The first term in (7) is the unique two-derivative term that respects the chiral 

SU(2)L 0 SU(2)n symmetry of QCD with two massless quarks. It defines a 

nonrenormalizable effective theory for which the loop expansion series converges 

if the cut-off, A< 41f/.- GeV, lies below the observed resonance mass scale. 

In fact, for a suitable choice of cut-off the one-loop corrections in this effective 

thL~ry reproduce, for example, the low energy tail of the p resonance. The 

second term in (7), which induces the neutral pion decay 1r0 -+ rr, arises from 

the chiral anomaly4 present in quark QED. Both terms will have analogues in 

the elkctive theory for gaugino condensation to be discussed below. 

3. Is the Standard Model an Effective Theory? 

In 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 corredion (3) (along with the leading divergent corrections 

in higher loop order) into the dcfiuit.ion or the Fermi constant Gf". Since in 
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the dfcctive nonr<'normalizahll' theory n<'w (e.g., the 8-fermion coupling) terms 

are only log di,•ergent, the limit on the cut-off would he nuoch less stringent. 

However t.his would rc<Jltire arranging cancellations among large corrections to 

prO<Iuce a very small llltlllher. In the spirit of avoi<ling fine l.tming, we can 

point to two fine luning prohlems in the standard model that might suggest 

new physics thresholds. 

:J./. The Strong Cl' Problem 

The QCD lagrangian in the Standard ~IO<Ieltakcs the form 

c I r p•v OJ OF f'~v -· Ill (- AI h ) QCO = -4 ·~~ + 8,. ~~ + qt l"q + qL q11 + .C. , (8) 

where OJ is the QCD coupling constant, AI is the quark mass matrix and the 

parameter 0 violates P and CP. As discussed at this nwcting hy Eduardo de 

llaphael, the experimental limit on the neutron electric dipole moment sets a 

stringent bound: 0 < 10-9
, if we work in a l>asis where the quark mass matrix 

is hermitian AI = Aft. When radiative WtTe<·tions from the Cl' violating weak 

sector are indudetl, the quark mass matrix acquires a logarithmically divergent, 

nonhcrmitian correction. Hediagonalizalion of At then induces a correction• 60 

to 0, that in the standard model is divergent first in 7-loop order; 

60sM = 6,.,J + liruu«• 

(
o3)4 ("1)2 UJ~na! J6 c5ruUte......, ----=- - --4 -0c~o.·At"' to- , 
tr 11' '"w 

n 0 ("2 )6 ur:rn:rn~ua~ 28 6w = - - ll Oci\AIIn(A/m,) < 2 X w-
11' tr rnw 

(9) 

assuming 111 1 < 200Ue\' ami A < !If,.,. llere Oci\AI = s:s1 sJsin6 is the usual 

CP violating parameter of t.loe Cahibbo-1\obayashi-Maskawa malrix.6 Although 

t.he cont.ribution (9) inc.-eases when one indudt,; additional .:ouplings, such as 

in SU(5) grand unification, it is cl<'ar that the strong Cl' "problem" does not 

provide useful informal ion on possible new thresholds. 

:1.2. The Gauge llierm·cloy Problem 

In the standard model the renorrnalized lliggs mru;s is det<'rtllitwd as 

m:1 = ~('/'e\')2 = m:1(ltw) +a~~:, A 1 + · · (10) 

4 

w~ -~ 

where A is the renormalized lliggs self-coupling constant, and a is a numerical 

coefficient of order unity. If the lliggs sector is weakly coupled, A < I, absence 

of fine tuning suggests a new threshold at a scale A < 31'eV, which is the 

well-known "second threshold", first emphasized by Veltman.' 

A priori, there is nothing sacred about weak coupling. If we allow ~. 

and hence mu, to become at·l>itrarily large, the Higgs sector becomes strongly 

coupled. At scales well below the Higgs mass mu, the strong self-couplings of 

t.he three eaten Goldstone bosons <p; 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,8 up 

to corrections of order mlv/ Ea,, t.o that for the longitudinally polarized bosons. 

A rt.!cent alternative proof" l>y llelene Veltman of this "equivalence theorem" 10 

has resolved questions" that had bee.t raised about its validity. To the extent 

that the linear a-model is e<tuivalent to the linear one (a possible discrepancy 

at the two loop level has been pointed out by van der Bij and M. Vcltmatt 12), 

the clfective lagrangian for this system is identical to the QCD lagrangian for 

low energy pions, Eq.(7), with the substitutions ll' -+ <p and /. -+ v, where 

v- !'J'cV is the vacuum expectation value of the Higgs field: 

I ; . ( <p;<pj ) ( A l ) C.u = 28~<p &"cp' b;j + vl - 'Pl I - g,.lvl + .... (II) 

Eq.( II) gives a valid description of strong W, Z interactions over an energy range 

m?v « E2 « A 2 , where A is the ultraviolet cut-off for the effective theory, and I 

have displayed the quadratically divergent part of the one-loop correction, which 

could be reabsorbed as a renormalization: 

'{>Ren = Z~<p, VRen = Z~v ~ 250GeV, Z = 1- Al 
16ll'2vl + · · ·. 

This shows that, in order to avoid fine tuning, a new physics threshold A < 
4Kv- 3TeV is indicated even in the strongly interacting limit of the clectroweak 

sed or. 

One popular scenario for this new physics is technicolor; 13 in this case the 

strongly coupled part of the clect.roweak sector closely resembles the pion sector 

of QCD, including the resonance region, with a scaling in energy hy a factor 

v/ f. ~ 2800. However there is no explicit realization of this scenario without 

phenotuenological problems. 
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Veltman reali:u·d some time ago14 that. the cancdlaticms among fermions 

and hosons in a supers)·nunetric thl'ory" would clamp thl' <tuaclrat.ic div.,rgence 

in ( 10), proviclccl the ferrnion-hoson mass gap is not too large. It has proven 

diflit:ult to construct a phenomcnologindly viable renonwdizablc t.hC'Ory with 

sponlaJK'ously broken supersymmetry (SUSY), hut quite easy to accommodate 

explicit soft SUSY lm:·aking, in the furm of scalar and gaugino masses and trilin

ear scalar self-couplings. The scale pilramc·ter that delc•rmint.'S the size of thc:;c 

effects plays the role of the cut.-olf in (10). In fact, the most recent measure

ments of the Standard 1\.lodel gauge constants i~~tlicat.e that their unific-ation is 

rult~l out in the minimal Standard Jl.lc,.ld, while unification within the minimal 

supersymmctric extension of the Standard 1\.lodc•llits the data well, with a SliSY 

rna.ss gap of a.hout a TeV. 16 

In t.his context one must still understand why the m<L'i!l gap is as small as 

it must. be to conform to the clata with no fine tuning. A f;.vorite hypothc:sis is 

t.hat local supcrsynunetry, in the fonn nf a nonvanishing gravitinn llli\.'iS triG, is 

broken spontaneously in a "hiddc·n sc·ct.or" of a ( nonrenormalizahlc) supergra\·it.y 

tlocory, whic:h rnay in turn be the low energy limit. or a (finite) superstring t.ht.•ory. 

It is then the task or the superstring tl .... risls to pr<·dict the ('Orrec.l scale for 

the StJSY mass gap. 

4. The Heterotic Superstring 

In the SIIJICrst ring scenario, Olle starts from a strillg u .. ~•ry 17 in len di

mensioHS with all E'~ Cy E8 gang" group, and ends up'" ill four dimensions with 

aJl effective N = I superslrillg tl1<x.ry with gauge group (G' E E~) 0 (51/ (:I)~) 

Sl./(2) 0l.l(l) E G E /,'.). G is tht• gauge group of a StJSY Yang-Mills the

ory COilpJed to matter, illduclillg I he quarkR, leptollS and lliggs par tides of the ' 

Standard 1\.lc><.lel allcl their superparlllers. (;' is the gauge group or a "hidden" 

SUSY Yang-1\.lills sector, that loas only gravitational slrc·ngth couplings to olo

served Jnatl<'r. A popular canclidal.c HU'd1anis11l for SUS\' hrenking is gaugino 

cotuleusatioll 19 ill the hidcl<'n sec:tor, which is assumeclto l~t: "'YIIlptotieally rrc~· 

and illfrared Cllslavccl, so that the SliSY Yang-1\lills u .... ry I><'Ctlllles C'C>IIfinecl at 

soJn<• sci\lc Ar.. where gaugino cowlt:nsnlion ocntrs: 

< h > 1,;, 1~ A~. ( 12) 

An additional SOillTC: of SUSY hreakiug could (,.,c"' l.loc (quant izc·cl) l'f'l' of llw 

,
' 

....f 

ti 

field strength lltmn or ten-dimensional supergravity. 

I dVImn < lltmn >= 211'11-# 0, /,m,n = 4, ... ,9, 

IILr.tN='ilLBAIN. L,M,N=0, ... ,9. (13) 

When both sources of SUSY breaking are present, it is possible:IO to have "local" 

SUSY hreaking, in the sense that the gravitino acquires a mass: m0 -# 0, with a 

VaJlishing 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. 

fl. 7'/ae Effective Supergravity Theory 

The particle spectrum of the effective four dimensional field theory in

duck'S the gauge supermultiplcts 11'", the mat.ler chiral multiplets ~· and the 

supcrgravit.y multiplet. In addition there is a gauge singlet chiral multiplet S, 

with a scalar component Res that is the "dilaton" field whose t•ev determines 

the value of the gauge coupling constant at the unification scale: 

<Res>= g-1
• (14) 

as well as singlet chiral multiplels To, called "moduli", whose scalar components 

lo are ~elated to the structure of the compact manifold. In the case of a single 

modulus11 the unification (or compactificalion) scale is determined as 

l At~, ol 
Acur= _,.. __ ,.._,_ +O(<I'f'l >) (15) 

where ..,• is the (complex) scalar component of the superfield ~·-

The effective theory just below the compactificalion scale is an N = I 

supergravily theory. In the Kahler covariant superfield formulation11 of super

gravity, the lagrangian lakes the simple form 

{., = {.,E +£pol +£YM- (16) 

The first term 

{.,E = -3 I cP0£R +!&.c. (17) 

is the gelleralizccl Einstein term. It contains the pure supergravity piU'l as well 

as liar: killelic energy terms for the chiral supermultiplcts. The second term: 

£po, = j tfl0£e1((Z.Zl/2W(Z) + lo.c., • (18) 

7 
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contains the Yukawa couplings and the scalar potential, and the third term 

LI'Af =~I d18£J:(Z)II'!II': + h.c. (19) 

is the Yang-Mills lagrangian. The ahove lagrangian is invariant under a 1\ahler 

transformation, which is a redefinition of the 1\ahlcr potentiai/\(Z, Z) = /\'(Z, Z) t 
and of the supcrpotential IV(Z) = W(i)f hy a holomnrphic function F(Z) = 

F( Z) f of the chiral supermultiplcls Z = ~·, S, '/',: 

1\ -+ I\'= 1\ + F + F, II'-+ II''= e-FIV. (20) 

Since this transformation changes eKI1~V by a phase that can be compensalL-d by 

a phase transformation of the integration variahle e. the theory define<! ahove is 

classically invariant13•22 under 1\ahler transformations provided one transforms 

the superfields Rand IV; by a compensating phase; for example the Yang-Mills 

supcrficld transforms as: 

U': -t e-•huF/llV:. (21) 

This last transformation, which implies a chiral rotation on the left-handed 

gaugino field ~{.: 
,\: -t e -•huf"/l ,\~, (22) 

is anomalous at the <tuantum level, a point that will he important in the discus

sion below. (llere a is a gauge index and o is a Dirac index.). 

The theory is completely spedfied hy the field content, the gauge group 

and the three functions K, IV and f of the c.hiral snpcrfidds. In theories from 

superstrings one has ff:(Z) = li;S, resulting in the identification (14). The 

1\iihler pol ential depends on the dilalon an•l t.he IIIO<Inli flehls in such a way 

that the compact.ification sc:ale ( 15) is determined by the vet•: 

A ~ K/6 GUT = (2g)> < e > · 
M/'1 

(2:1) 

4. !!. The Effcctit•e Lagmnf!ian for· r.augirw Condensation 

In order to incorporate snpersynunetry llreaking, we indndt• an effective 

potential for gaugino condensation that. is cnnsl.ruded by the introducl.ion of a 

8 
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composite superfield operator14 U as an interpolating field for the Yang-Mills 

<:omposite operator: 

~w:w: ~ u = e«12W(II). (24) 

llc•·e II is a chiral superrnultiplet 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 col{lposite quark operator, Eq.(6), in low energy QCD. 

1\ahler invariance requires 

W(II)-+ e-FW(II) (25) 

under (20). 

Just as the symmetries of the Standard Model and their quantum anoma

lies uniquely determine the low energy pion lagrangian (7), the symmetries of 

the efk-ctive supergravity theory determine the effective supergravity lagrangian 

for the bound state supermult.iplct 1/. In addition to the chiral anomaly re

lated to the transformation (21), (22) under 1\ahler transformations, there is a 

conformal anomaly associated with a rescaling of the cut-off ( 15), (23) under 

(20): 

AcuT-+ eReF/3Acur. (26) 

The effective lagrangian for gaugino condensation is defined by25•26 

c;!,{ =I Jl8£e"I1W(JI,S) =I Jl8£eK11 W(I/)2bo~ln(ll/p) + h.c. 

=I Jl8£eK/22bo~e-3SI'lboJJ3 1n(ll/p) + h.c., (27) 

where bo determines the ,0-function for the confined Yang-Mills theory: 

8g 3 --=-bog. 
81np 

and ~ and I' are constants of order unity. The 1/-superfield kinetic energy term 

is determined hy the IGihler potential26•27 : 

1\ = -ln(S + S) - 31n(T + t -1~12 -1111 2
). (28) 

Then under a J(iihler transformation (20), (25), with II -+ e-F/3 11, the la

graugiaH (27) undergoes the shift 

u;!,{ =-
2
; I Jl0£F(Z)U + h.c. 

9 



= J-.tctgW(neF(zlF''"F~" + tml-'(z)t~"F~" + .. ·l. (29) 

whi<"h correclly reproduces the known variations under the trace and conformal 

anomalies.14 Note that in this formalism the anomaly is reflected in the inter

action l~nn (27), but t.he II kinetic energy term, defined hy (28). rCtipert.s the 

classical symmetry of the lht'Ory. 

If we now solve for the vacuum value of the scalar component h of the 

supcrfield II: 
< h >= ,, .. -i. (30) 

and integrate out the 1/-supermultiplel, which at the classical level of the theory 

defined by (27) and (28), an10unts lo fixing II at its ground stale value (:10), 

we obtain rua effective I henry for <I>', S,T and the ohscrvalole-sc.-tor Yang- I\! ills 

fields that is define<! by (28) with II =< h > and hy lhe superpotenlial 

ll'(Z) = C;Jkcl>'cl>i<J>k + i:: + he-JS/lbo • 
- 2~, 3 -1 
h=-:~-'1• r. • (31) 

where the constant i:: is proportional to the''"' (1:1). This is preci,;cly the cf

ft.'Ctive theory obtained earlier by Dine el a/. :10 using argurnt•nls hased on a 

nonanomalous chiral ll( I) symmetry: 

-': -+ eloll/1 -':, s -+ s + 2/>oifJ. (:12) 

The effective theory defined l.,y (31) has a positive semi-definite potential 

which vanishes at the minimum. If i:: = 0, the vacnum energy is minimized for 

h = 0 ( < II >= 0) or < s >-+ oo (g = 0), that. is, condensation docs nul 

occur and supersynunctry remains unhroken. For i:: "/- 0 t.he cffedive theory has 

the following properties at t.l"' classical level20 and at the one-I<K>p28 level: the 

cosnlological consla.ul vanishes, the gravitino rna.ss "'G can In: nonvanishing, so 

t.hat. local supersynunct.ry is hroken, in whid1 case the vanuun is <legencral.c, and 

t.hcre is no manifestation of SliSY breaking in the ohscrvahl., sector. Nonrcuor

rnalization t.heorems for supcrgravily, together with a ci<L"i<:al S L(2, R) (1 1.1( I) 

symmct.ry of I his elfccl.ive tht..->ry, in<licaten that these results will pNsist to all 

orders of the effective theory defined by (31 ). 

The S 1.(2, R)i?Jl'( I) symmetry elfrds a 1\~hl<·r lrausformation (20). aoul 

hence is hroken by anomali<'S at th" quant.um lcv<·l. The t·fkcts of """"'"li<·s 

can he made manif<-st iu t.he elfcct.ive low clwrgy I lu"ry if we first. i111<-~ral" 

-' ..;. 
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oul the JJ supermultiplet at the one-loop level. Then soft SUSY breaking in 

the form of gaugino m~ appears at the one loop level of the effective low 

energy theory; more precisely these terms arise from diagrams with one J/ loop 

ruad one "light"partide loop. Evaluating this contribution requires first fully 

determining theone-H-Ioop effective lagrangian and performing the appropriate 

wave function renormalizations and the Weyl transformation needed to recast 

the renormalized Einstein curvature term29 in canonical form. 

Including loop corrections from the 11-sector, one finds26 that masses are 

generated for the gauginos of the observahle sector that are of order 

mc";m~1 A: _15 
mi- (411'Af,.,)• < 4 x 10 Mp1 - 7TeV, 

for me"; < mu - Ac < 10-1 klp1, (33) 

where mu is the mass of the 11-supermultiplet. The factor ( 411' )-• appears in 

(3:1) bt.'Cau8e the effect arises first at two-loop order in the effective theory, the 

factor Ill(; is the necessary signal of SUSY breaking, the factor mj1 is the signal 

of the anomalous breaking of SU(2, 'R) 0 U(l), and A: 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 

sector are nonrenormalizable interactions with dimensionful coupling constants 

proportional to M-p1
1

. Note that the ground state equations give 

me";=< eKilw >~ .\p
3

A~ 
2eg•M~,' (

i::e)i 
pAc - 2,\ Aaur. (34) 

so it is not possible to generate a hierarchy of more than a few orders of mag

nitude between me"; and Acur if c is quantized as in ( 13). However this initial 

small hierarchy is enough to generate a viable gauge hierarchy if observahle 

SliSY breaking is sufficiently suppressed, as in (33), relative to local SUSY 

breaking. For example, recent LEP data16 suggest AciJT- 1016GeV, g-1 - 2, 

so for a hidden £8 gauge group(~= .56) we get Ac- .6Acur- 3 X w-3 Mp,. 

f3. Rcslumliun of S}lace-Time Duolily 

In t.he formalism presented ahove, the classical S L(2, 'R)0U( I) symmetry 

is hrokeu by anomalies to a Peccei-Quinn t.ype U(I) symmetry: 1' -+ T + i-y. 

However the discrete subgroup St(2, Z) of SL(2, 'R) is knowu30 to be an exact 
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symmetry to all orders in string perturhat ion theory. Similar symmetries are 

present in more general string compactifications. 

This so-called "mO<Iular in variance", which includes the "•luality" inver· 

sion R-+ R- 1 of the radius of compactification, is rc:;tor.-d hy adopting, instead 

or (27), the effective lagrangian31 

c:,!,{ = J Jl6£e"l12br,>.e- 35/2bu 11 3 1n( llrJ1(T)/!•) + h.c., (35) 

where •1('f) is the Dedekind •!·function. This is the unique function of the chi· 

ral superlields that has the re<Juired analyticity and SL(2, Z) transfor;nation 

propcrt.ies.31•31 For dilfcrent compactifications it will t..e replaced by different 

moduli-dependent functions. 33
·"' This additional contrihution t.o the Yang-l\lills 

wave function renonnalization can he understood" as arising from finite thrc:;h

old corrections36
•33 to the leading log approximation that. arise from heavy string 

mode loops, and is ciOS<'Iy related to the anomalous <Jnru>tum correction <lue to 

the (nonrenormalizahle) coupling of the 1\ahlcr connection, 

r,. = 1\;o,.z; -1\,o,.z' = i [o,.(s -_s) +a,,( I- i) + cp'iJ,,cp'- cp'o,.cp;] 
4 s + s t _ 1 ;- lvl> • 

to the axial U(l) Cltrrent.17
•
37

·"' This AlliU-t.ype anomaly• induces a coupling 

of the moduli to the fermion axial current ruul hence t.o the gauge field strength 

F,.vf.••w, in analogy with the 1f"}"} coupling in (7). 

\Vhether or not this "correded" cffc.-t.ive lagrangian, or its gcncraliza· 

lion t.o ntore realistic (~OIIlpactificatinns, can produce as promising a re:;ull for 

phenomenology as the one in (33) remains to he sccn.311 
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