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Abstract 

Implications of recent precision measurements of the standard model 

gauge coupling constants are discussed in the context of superstring the­

ory. 

1. Introduction 

This talk is intended to serve as a reminder that, as particle physicists, 

our task is to explain observed phenomena and make predictions for new phe­

nomena. The new element in information from experiment is the high precision 

measurement at LEP of the three coupling constants, a 1 , 01 a 3 , of the stan­

dard model SU(3)c ® SU(2)t. ® U( I) gauge group, as determined at the Z mass 

scale: 1• = mz. The two-loop analysis of the renormalization group equations 

(RGE) has been performed by many groups,1•1 and recent trends in the data 

have suggested for some time that the minimal supersymmetric extension of 

the standard model (MSSM) is favored over the standard model (SM) if unifi­

cation of the three coupling constants at a single scale is assumed. What the 

newest LEP data provide is higher precision and therefore a firmer basis for this 

<:on elusion. 

In this talk I will focus, for concreteness, on a recent analysis3 of OELPIII 

data. Optimistically, one could interpret the LEP results as determining three 

fundamental scales of the string theory: the string tension 1'::::: ( 1.3>< 101sGeV)1 , 

t.hc ra<lius of compactificalion R::::: w- 16Gev-•, and the SUSY mass gap ms::::: 

I Tc V. Needless to say, such an interpretation is fraught with caveats. The 

extraction of the parameters at the unification scale is highly model dependent, 

'Ihis rerort has been reprcrluced directly fran the best available copy. 



and there are significant uncertainties associated with threshold dfcds. 

Nevertheless such precise dat.a present new chall<'nges to theorists. Is it 

now possible l.o rule out classes of string vacua? Can one fit the data for a sp<'<·ific 

compact topology and extract experimentally •ldermined values for the siring 

parameters within that class of string vacua? Convcrs.>ly, given experimentally 

determined values for the scales T,ll,m 5 , is it possihle In calculate them from 

the theory within a class of string vacua? 

2. What Does the Data Really Tell Us? 

Amaldi, de nocr and Fiirstenau3 have extrapolated the valu"" of the o;, 

as measured hy the DELl' Ill Coli aboral ion, using the two-loop HC:I•: for hoth 

the SM and the MSSt.l with several assumpl ions on the lliggs content. They 

find that unification of the couplings in the minimal SM, with just oue complex 

Higgs doublet, is ruled out hy more than seven standard deviations. Increasing 

the lliggs content to six complex doublets, they find that unification is possible, 

hut with a unification scale /\cur ::::: 3 x 1013 that is una.:ceptahly low if the 

unified theory allows proton decay with the standard <:<Hiplings of, for example, 

minimal4 Sl/(5). 

In contrast, the MSSM with two chiral supermultiplets of lliggs doublets 

fits the data well, while increasing the lliggs conlent to four cloiral supcnnulti­

plets requires a fit with both a low unification scale (Acur::::: 2 x 1014GeV) and 

a SUSY mass gap (ms ::::: 2 x 1010GeV) that is too high to he relevant to the 

solution of the gauge hierarchy problem. The MSSM lit assumes that the mass 

of one lliggs supermultiplct is equal to the Z-mass and the other is equal toms, 

an assumption that should he borne in mind when considering the implications 

of the data discussed Ldow. One then has I Ioree output parameters, namely the 

unification scale 1\aur, the common value of the coupling <ra at that scale, and 

tlie SUS\' mass gap, that are obtained from the three input parameters n; using 
the HGE. Amaldi et a/. find" 

/\cur= IOw±.:oGe\1, o 01 = 25.7 ± 1.7, ms = 10°±1'ft-\f. (I) 

They also allowed a spread in superpartner masses over the r;uoge "'-~/:10 to 

30 x ms; this spread tends to lower the value of rns and slightly raise tlu- value 

of /\cur-
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To get a qualitative idea of what this data implies more generally, assume 

that the standard model gauge couplings do indeed unify at a single scale /\auT­

Whether or not the theory is supersymmetric, there is a linear combination of 

the o;-', namely 

o11 + 2o:J1 - 3o]1 

l11Rt is not renormalized at one loop if particles other than gauge bosons (and 

gauginos) form complete representations of SU(5). (Whether or not there is 

an SU(5) grand unified theory has no bearing on this statement; it is simply a 

reflection of the fact that Sl/(5) is the minimal unifying group for the standard 

model, and, ind<--ed, the "observed" fermion spectrum, including the top quark, 

fills out complete SU(5) representations.) Then one gets the result 

sin18., = ~ + ~<>em + t.: + 61_,_ +threshold effects. 
6 9 03 

(2) 

The first two terms on the right hand side of (2) correspond to the one-loop 

contributions of the gauge (super)multiplets to the RGE, and t.1 is the contri­

bution of Sl/(5)-incomplete matter (super)multiplets. Inserting the DELPIII 

values3 for sin1 0.,, o 3 and o•m• Eq.(2) reads 

0.2336 ± 0.0018 = 0.2066~g~::~g:~ + 61-loop + t.1 +threshold effects. (3) 

The first set of errors on the right hand side of (3) reflect the experimental er­

rors quoted3 by Amaldi et a/., and the second set corresponds to a theoretical 

uncertainty of ±.13 assigned by La.ngac.ker and Luo1 to o 3 in order to roughly 

incorporate higher order QCD corrections. If we assume the MSSM value5 

61-loop ::::: 0.0029 and neglect threshold effects, we find a discrepancy of about 

seven stan<lard deviations from 61 = 0. In the minimal SM the only contribu­

tion to t.1 ls a single complex doublet of Higgs scalars which is insufficient to 

account for the discrepancy, whereas two lliggs supermultiplets with the mass 

assignments mentioned above fit the data nicely. Adding more lliggs multiplets 

overcompensates the discrepancy unless their masses are pushed to much higher 

scales so as to reduce their contribution to the running of the couplings. 

Quite generally, what the data is telling us is that either there ace in­

complete Sl/(5) multiplets, and/or the gauge group must be modified at some 

intermediate scale /\Inc before the unification scale is reached. For example, Lan­

gackPr and Luo, who find fits similar to those of Amaldi et a/. also found a good 

3 
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fit 1 to the data using a nonsupersymmclric SO(IO) model wit.l1 the symmetry 

breaking pattern 

SO( 10) Aaur~•c,v SU(J)c 0 Sl/(2)1. 0 Sl.l(2)n 

A,.,~c,v Sll(:l)c 0 SU(2)L 011( I). 

Doth incomplete SU(5) multiplels and intermediate Beale gauge symme­

try breaking can occur in models obtaillt!d from superstring theory. 

3. Examples of Scenarios from Superstrings 

In the I hrec generation model of Greene el a/.6 , the E~ 0 Ea gauge group7 

of the heterotic stringS is broken via Calahi- Yau compaclification9 to ~ 0 t;,., 
and £ 6 is further broken9 by the llosotani mechanism 10 to (Slf(3)J3 which is 

in turn broken by the conventional lliggs mechanism, 1\t several intermediate 

stages, to the Standard Model. The llooolani mechanism entail. nonconlraclahle 

loops of gauge flux, such that the massless mO<Ies sal isfy twisl<'<l houJ~<lary con­

ditions that depend on their E6 transformation prop<.>rlies, anti incomplete 27 

and 27 mulliplets occur. Specifically the massless spectrum at the compactifica­

tion scale consists of three complete matter generations (27's) ami four com­

plete pairs of 27 + 27 (which contribute lo the HCE at the two-loop levd). In 

addition there are two incomplete multiplcts, each consisting of two lliggs su­

pcrmultiplets, one Slf(2)L douhlet lepton supennultiplet, and one charged plus 

one neutral SU(2)L singlet lepton supermultiplet. The neutral singlet does not 

contribute to the RGE, and the charged singlet Slll)('rrnultiplel contributes only 

through its U( I) coupling. The lepton doublet has the same SM gauge couplings 

as the lliggs supernmltiplets. Overall, the incomplete mult.iplets give a contri­

bution lo tl, in (2) that is slightly larger than that of six lliggs surwrnmltiplet.s, 

which would much too large a contrihut.ion if there were a single unilicat.ion 

scale. The question to he studied is whether or not there is a viahlc scenario for 

intennediate scale breaking that allows a lit of this model to the data. 

Alternatively, one could consider a modd with only complete Sl/(5) rep­

resentations, hut with large mass splitt.ings wilhin lh<,;e repr<-sental ious, "" t.IJitl 

t:> 1 vanishf'S only above some large threshold. The 27 of /.;" decomposes uncl•·r 

Sl/(5) as 

27 = 5 + 10 +I+ PH 5) +I. (-1) 

4 
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The SM left-handed ferminns and their superpartners are in 5 + 10, and the 

(5 + 5) contain two lliggs supcrmultiplets plus two SU(J) triplet supermulti­

plets. Mechanisms for large doublet-triplet mass splittings have been found, for 

example, in t.he context of the "flipped SU(5)" model. 11 

One could also try to fit a "minimal" Calabi-Yau scenario where the sur­

viving gauge group after Hosot~1i symmetry breaking is SU(J)c 0 SU(2)L 0 

(U(I))". The massless spectra in these models also include incomplete repre­

sentations clue to twisted boundary conditions, although known realizations11 

seem to require at least four generations .. In this case SM gauge unification can 

occur at a single scale but there may be additional corrections to the RGE clue 

to mixing13 of the additional Z's with the Z of the Standard Model. 

The main point is that the precision of the data now availahle may allow 

more serious reo;triclions on the viability of models suggested by-or derived 
from-the heterotic superst.ring. 

4. Superstring Interpretations of the Data 

In effective theories from superstrings, the gauge coupling g at the unifi­

cation scale is determined by the vacuum expectation value ( vev ) of the dilaton 

field H.e3; using the result3 of Amaldi et a/.: 

gives 

-1 41f 
oa =- :::.26 

gl 

< Re3 >= g-1 :::. 2. 

(5) 

(6) 

This in turn determines the string tension T which is related to the reduced 

Planck mass: 11lpf = (87rGN)-i ~ 1.8 X 1018GeV by: 

../T ~ gmp,. (7) 

giving, U(> l.o additional renormalization effects between the unification scale 

ami the string scale, the result slated in the introduction. llowever, if there 

are complete SU(5) maller supermulliplels in addition to those present in the 

I\1SSM, this will raise the value of oc, with no other effect in one-loop order. 

For example, for three generations of chiral supermulliplels filling £ 6 27 repre­

scul.at.ions (nol.e that. tl, = 0 in this case), the one-loop /1-function vanishes for 
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SU(3)c. so that the QCD coupling ceases to evolve once the SUSY threshold 

ms is reached, giving 

a(;1 = o; 1(ms) + li,_,_ + · · ·::::: 12 + li1 _ 1""" + · ·., g- 1
::::: I. 

\Vhat is the interpret at ion of the unification scale !l.al'T? Several differ­

ent scenarios are possible, with dilferent interpretations. For "four-dimensional" 

string vacua,•• where all the extra dimensions of the heterotic st.ring are inter· 

preted as internal dimensions, the "radius of compactificat.ion" ll = T-! is fixed 

by the string scale and there are no breathing modc.-s, or moduli. One ohtains10 

an enlarged gauge group of rank 22 or less, that breaks via the conventional 

lliggs mechanism to the SM gauge group, possibly via intermediate symmetry 

breaking steps. In "lcn-dintcnsioual" &tring vacua, the .. observed" Ba group 

might break via compactificat.ion to some group G that in turn breaks via the 

Higgs mechanism to the Starulard Model. For example, the flipped Sl/(5) model 

could emerge from the symmetry breaking scenario16 

Ea !ol.'l•~--· 50(10) 11~"' SU(5) 011(1)' '!.!!?.'SAl. 

Then the value of 1\c;ur < n-•, as determined Ly the extrapolation of the 

LEP data, is identifietl with the scale where Higgs hrc••king occurs. Since the 

If( I) of the Sl\f is not emhedtled in SU(5) in this model, one generally expects 

a, = 03 f a 1 at this scale• 

In all the scenarios just descrilx:d, !l.aur is interprdt:d as the scale where 

the gauge symmetry of an effe..tive four dimensional field theory is broken by 

the Higgs mechanism to a smaller gauge group. In srlt"h cases the threshold 

cffect.s arc wdl underRttK>tl, provided 1\c;I•T <t: ../f, and for "10-dimerrsiorral" 

strings !l.avT <t: n-•. The LEI' data proviti~"S no infornration 011 the radius ll 

of compactification in such s{"enarios. 

A .different irrterprct.at.ion applies if E's is broken at the compactification 

scale n-• :: 11.(;111" to the SM gauge group times some fador group, or to a larger 

group that suhscquently J,,.caks at an intermediate scale to the SM group. In t.he 

latter case t.hc fit to an HC:E analysis of the low crwrgy tlat.a would indutlc hot.h 

A, •• and !l.al'T = n-•. iL' for the 80(10) nrodcl1 mentioned in Sect.. 2. In t.llf',;e 

scenarios one tlirect.ly extracts the value of II, for example, II;::;, 101 "/'-l for t.lw 

fit to the MSSM CJUotctl in the lnlroduction. llmvcver, at. the t.wo-loop le\"d, this 
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result is sensitive to the total number of complete SU(5) matter representations 

that contribute to the RCE. For example, each additional generation of SM 

fermions was fmmd 17 to increase the value of Aaur by a factor 2; one would 

expect an even larger effect in the MSSM, as well as additional contributions 

from extra generations of (5 + 5) as in (4). 

Since in this second class of scenarios, the CUT scale now characterizes 

the transition from a to-dimensional field or string theory t.o a four dimensional 

field theory, threshold effects are much less well understood. Calculations18
•
19 

of the finite corrections20 from integration over heavy string and J(aluza-Kiein 

modes suggest that the a; do not precisely unify at a single scale. The devia­

tion from unification is in principle calculable for a given string vacuum, but is 

different for different vacua.'8·'' 

Another problem is in the precise interpretation of the compactification 

scale, since the metric g;1 of the complex compact manifold (or orhifold) is 

not in general specified by a single scale. When one extracts"-14 an effective 

4-dimensional supergravity theory from a ten-dimensional one, the Kahler po­

tential 1\"(Z, Z) that defines the low energy theory for the chiral multiplets Z, 

is related to the metric g;1, i,j = 1,2,3, by 

K I 1 -• e = W(Res) del g;1• (8) 

A manifestly supersymmetric loop expansion of the effective (nonrenormaliz­

able) 4-dimensinnal supergravity theory requires a field-dependent cut-off; con­

sistent r""nlt~ have been found16·l6 with the cut-off 

Aaur ( 16 ·)' mpr = (Res)>e" =< detg;1 >-i, (9) 

which for compactification on three tori of equal radius,>l g;1 = li;j(Rmp1 )~, 
reduces to the intuitively expected value, Ac;ur = u-•. However even if (9) is 

the correct scale to be used in the RCE, there could he additional threshold 

effects due to a nonuniformity of the background metric. 

Assuming that these amhiguities can be resolved in such a way that the 

parameters of the string vacuum can be reliably inferred from the data, one has 

then to produce predictions of t.he theory with which to compare them. 

7 
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~- Can the Parameters of the String Vacuum be Calculated? 

In this final section I will dcscrihe some attempts to answer the ahove 

question in the affirmative. There is a class of mn<lcls hasetl, for example, on 

orbi[old cornpactificat.inn that have a "'no-sc:ale" structure,17 with the 1\iihler 

potential (8) of the form11.l4 

/( = -ln(S + S)- 31n dct(T;1 + T1i- L ~icl>j) +twisted sector terms, ( 10) 

where Sis the chiral superfield that contains t.he dilaton Hes, ami '/;1 = T,i are 

the moduli superfields; the t•eu 's of their real scalar comp<m<'nls < Het,1 > <le­

lermine the structure of the background metric awl heuce I h" rompactificalion 

scale (9). The ~:' arc gauge nonsinglet matter supcrficlds wit.h scalar compo­

nents 'Pi. Neglecting possihle massless modes in the twislt.'d St·clor, the classical 

vacuuru is supersyrnntdric and the I'CI' 's < s > and < t > an~ undetcrrninecl 

classically in these models. 

To make contact with observed physics one must appeal to noni>Nlur­

bative sources of SliSY breaking. A p<>pulac candidate mechanism is gaugino 

condensation18 in tlw "hidden" E~ SUSY Yang-Mills sector of t.he effective su­

pergravit.y theory iu four dimensions. This induces a superpolential19 for the 

dilaton superfield S: 

IV= W(~) + i1e->5flbo, (II) 

where W(~) is the classical superpnlential for matter and 4, determines the 

hidden sector P-funclion. However, the vacuum energy density fnr the theory 

defined by ( 10) and (II) is positive semi-definite. The potential vanislocs at its 

minimum, which occurs fnr < IV >= 0, that. is, for < <p >= 0 and for either 

< s >-+ oo (g -+ 0) or h = 0, so condensation <lnes not <KCIIr and supersym­

metry remains unhroken. Note that the parameter ;, can he interpret.cd'tO,Jt as 

the t•eu of the scalar component h of lhe lighl~'lil chiral sHp<'<nuoltiplet. II that 

occurs as a hound stale in t.he confined hidden Yang-Mills se<·tor: 

< >..x >h •= 4 < e-••llboi.JcK/2 >= < lo' > AJ 
t yl ,., (12) 

where 
lie = e -l/lbog' Au11r 

is the scale of gaugino co1ulensal.ion. 
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Auother possibility is that E~ is broken at compa.ctification to a product 

gauge grnup31 n G, with different P-functions b,. This scenario has recently 

been reconsidered33 by Dixon et al. who took into account finite threshold 

corrcclions18- 11 A; that separate the values of the different coupling constants 

at the GUT scale. Then the effective superpotential lakes the form33 

W =IV(~)+ Eh;e(-35/11>.+~.)_ 
i 

(13) 

Now a vanishing energy density can occur for h; "F 0; for example a solution with 

< Res >"" 2, o(;1 "" 25 was estimated33 in the context of "four dimensional" 

strings. However the superpolenlial vanishes at this minimum, and therefore so 

does the gravitino mass 

me =< e'''1 W >, (14) 

so supersymmelry remains unbroken. Provided one does not consider an effec­

tive theory with an unbounded potential,:>a-J6 this result that gaugino conden­

sation alone cannot break supersymmelry appears to be quite general.31 The 

same result was found for vanishing vacuum energy in models37
•
38 with several 

gaugino condensates using the composite hound stale formalism and including 

threshold corrections. 

An additional source of SUSY breaking could bc19 the (quantized) ueu 

of the field strength Htrnn of len-dimensional supergravity. Then the effective 

superp<2lential takes the form 

W = W(~) + c + i1e-35/1bv
0 (15) 

c ex j dV""" < lllrnn >= 2,.-n 'F 0, I, m, n = 4, ... , 9, 

llutN=''hBAIN. L,M,N=0, ... ,9. (16) 

For c i 0 this effective theory h!'-" the following properties both at the classi­

cal level:!'' and at trte one-loop39 level: the cosmological constant vanishes, the 

gravilino mass me can be nonvanishing, so that local supersymmetry is bro­

ken, in which c.;,.., the vacuum is degenerate, and there is no manifestation of 

SUSY breaking in the observable sector. Nonrenormalization theorems for su­

pcrgravity, together with classical nonlinear, non compact symmetries suggest16 

tloal. these results will persist to all orders of the elfective theory define<! by ( 10) 

9 



and (15). The gravit.ino mass (14) is determined as (assuming II.GIIT = n-•) 
i::/\.3 ? 

m~:::::: 4r.u; ,;. 3i: x 1011 GeV 
4g ru1•1 

(17) 

where the number on the right is the value suggest&! by the analysis3 of Amal<li 

ct al. if ll.r.uT = n-•. At one loop the degeneracy in the moduli SJ>iU'C is lirt.cd; 

for the case of a single m<><lulus,11 g,J = 6;AIIcsllet)f, oue ohtains39 

"'a:::::: 0.1/\.arrr:::::: O.luaf•r/boi: 

[which is not necessarily compatible with the last expression in (17)]. 

The effective superpotent.ial (15) may he ohtainetl"·26 Ly first construct­

ing an elfective theory for the composite superficld II, solving for the a•ev of its 

scalar component h and selling II =< II >=</a >; for a suitaLiy defirwd the­

ory, this is equivalent to integrating out the superficld II at lrce level. If instead 

the clfective low energy theory is defined hy integrating. out the composite su­

perfield at the one loop level, the chiral and conformal anomalies induce terms 

that break the nonlinear, noncompad symmetries in suda a way th;ot SUSY 

breaking is trruasmitted to the observable ~-ctor. Spcx·ifically a gaugino mass is 

genemted that is of onler1 

m(;rn~1 11.~ • 
rn0 ~ ' "- i: x Me\' 

(41fmpr) 4 ' 
(II!) 

where mu is the mass of the 11-supermultiplet, and the last figure is again the 

one suggested Ly ( 17) ruuJ the analysis3 of DELl' Ill <lata for ll.a11r = n- 1 • 

The numbers in both ( 17) ruad (11!)-which may be overkill-should probably he 

reg;orded as lower hounds in the general context of string models. They are very 

sensitive to the value of ll.t;ur; for ll.r.t•1' = 1011GeV, they become, for example, 

m0 :::::: 3c x 1o•·•r:ev, '"• ~ i: x 10'/'cV. 

The effective theory defined by (10) and (Iii) dot.'S not n,;pcc.t onndula~ 

invariance, or target space duality, under which ll -+ u- 1 • Hc::;toration of 

modular invariance can be achieved3-1•30 by replacing the constants 

;, -+ ia(T), i:-+ i:('I') 

by appropriate fund.ions of the moduli. At the level of the cffcdivc t.lteory for 

the composite field //, the required '/'-dependence"" of ;, can I.e inl<·rprdcd"' 
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as threshold corrections18 from integration over heavy I<aluza-l(lein and string 

modes. This modification lifts the degeneracy in t at the classical level of the 

elfective low energy theory, but the resulting potential34- 36 is unbounded in 

the direct. ion s -+ 0, g -+ oo. However, a reinterpretation38 of the elfective 

superpotential for II in terms of a wavdunction renormalization results in an 

efft.'dive theory that is once again positive semi-definite and of the no-scale 

fonn,17 wit.h a degenerate va.cuum and no SUSY breaking in the observable 

sector at tree level. Local SUSY breaking, m~ I 0 can a<jCUr provided that 

modular in variance is broken by the classical nonperturba:tive vev ( 16): i: = 
constant I 0. For this theory the vacuum degeneracy is fully lirted at one loop. 

The results depend to some extent on uncertain threshold elfects (that can be 

ru.ljusted within reasonable limits to assure a vanishing cosmological constant 

at the one-loop level). A preliminary investigation40 of the one-loop effective 

potential in the case of three moduli and a hidden E~ gauge group shows a 

minimum of the potential with·, for exrunple, the parameters: 

o(;1 ::::::25, R:::::: 2.8T-~ :::::: 2.2 X I0- 18Gev-•' m~:::::: 2 X 1016GeV, 

where the gauge nonsinglet matter and twisted sector fields were set to zero. To 

determine whether or not observable SUSY breaking is sufficiently strongly sup­

pressed in this model requires an understanding of how the threshold corrections 

depend on the gauge nonsinglet superlields 4>i-note that for this model[sce (8) 

and < IO)J the radii or the three tori are actually given by llc. =< t"- ~IY'ol1 > 
with o = 1,2,3. 

The moral of this discussion is that, while the gap between superstring 

theory and phenomenology remains a wide one, attempts to hridge it may ulti­

mately bear fruit. 
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