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ABSTRACT 

The low-energy values of the gauge coupling constants are very insensitive to 

those at a large energy scale if the corresponding theory is asymptotically 

divergent . This in general requires more than the standard three generations 

of quarks and 1leptons . We explore this scenario within the extension of the 

standard model provided by N = 1 supersymmetry with n quark and lepton genera­

t ions . We introduce as a par ameter the mass threshold Mss  of supersymmetric 

partners of ordinary particles . We find that , if al l gauge theories enter the 

non-perturbative regime at an energy of the order of 101 7  GeV, the low-energy 

values of gauge coupling constants are wel l  reproduced with five quark and lepton 

generations and M8 s  ( 5 TeV .  Furthermore , a l l  fermion masses should be below 

250-300 GeV .  
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A large fract ion o f  theorists  is becoming accustomed to the idea that 

superstr ings at an energy scale of  the order of  the Planck mass wil l  provide the 

u l t imate theory of  the world . However , there is a scenario accord ing to which 

the values of  the gauge coupl ing constants of  the SU( 3 ) xSU( 2 ) XU( l )  group at low 

ener1�y ( i . e . ,  at about the Fermi scale) are largely insensitive to those at a 

very large scale and , therefore to some extent independent of our understanding 

o f  the phys i c s  up there
1 ) . Th is can happen if a l l  known gauge theories behave 

at energies larger than the Fermi scale as asymptotically divergent theories and 

not as asymptot ically free . This is simple to understand : let us consider the 

relation provided by the renormal izat ion group between the gauge couplings at a 

low-energy scale ( µ) and those at a larger one (A) 

.: J_ + c f1. �/u) o{ (A) I ( 1 )  

The ·•hove expression i s  only correct a t  one-loop level but s t i l l  suitable for our 

i l lull tration purpose s .  The sign o f  the const ant c i n  Eq . ( 1 )  determines whether 

the theory is asymptotically free (minus) or not (plus ) . In the first case , the 

valm• of the gauge coup! ing at low energy { a ( µ) » a(A) ) is obtained as the 

d i f forence of two large number s :  

which follows : 

l/a(A) and .i.n ( A/ µ) . Indeed a(A) « a ( µ) from 

:i 
o{(I\) ( 2 )  

An y  uncertainty i n  the value of  a ( A )  wil l  therefore b e  ampli fied when it  i s  

propagated t o  a ( µ) .  The opposite is true for divergent theories where a ( µ) « 
a(A) and therefore l/a( µ) » l/a(A) , l/a ( µ )  - O(dn A/ µ.) . In this case the value 

o f  a ( µ) is essent ial ly determined by the second term in the r ight-hand side of  

Eq . ( 1 )  i f  one can neglec t ,  with respect to it , l/a ( A) , i . e . ,  i f  the theory is 

enter ing a non-perturbat ive regime (a (A) Q( l ) ) .  The const ant c appearing in 

Eq . (1) depends upon the gauge group and the par t ic l e  content of the theory . 

At "our" energies ( o f  the order of the W mas s )  the SU( 3 )  and SU( 2 )  sectors 

are asympto t ically free : one needs new particles in order to obtain the 

behaviour of  an asymptot ically divergent theory at l arge energi e s .  The demand in 

termll o f  new quark and lepton generations within the standard model is very high 

( a  total of  8-9 generations) .  A more economical solution is provided by the 

N = l supersymmetry version of the standard model when only a total of five quark 

and lepton generat ions is required2 ) . Indeed , in this case , one gets "for free" 
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t h e  superpartners o f  ordinary par t ic l e s . This also provides a solut ion of the 

wel l -known hierarchy problem. Without super symmetry , the correc t ions to the 

curvature of the Higgs potential are of the form: 

( 3 )  

with C a model-dependent constant , and extraordinary fine tuning i s  required to 

keep m as low as the Fermi scale : 

;m � "'- H >0 '1' q_ �1/z . .(< A 
( 4) 

Supers ymmetry turns Eq . ( 3 )  into : 

( 5 )  

where i'> M  is  the mass gap between normal part icles  and their supersymmetric 

partners .  Wit h :  

( 6 )  

the inequality i n  Eq . ( 4) is not spoiled by higher order correc t ions . 

The purpose of this lecture , which is based on a work done in col l aborat ion 

with L. Maiani
3 ) , is to analyze the low-energy values of gauge coupl ings when all 

gauge theories are divergent at a l arge energy scale within the N = 1 supersym-

metric extension of the standard model .  In par t icular ,  we consider an 

SU( J ) x su( 2 ) xU( l ) ,  supersymmetric gauge theory with n super symmetric generations 

and two Higgs chiral supermultiple t s .  We assume that supersymmetry is broken by 

soft
s)  

mass terms , which split squarks and sleptons from their fermionic counter­

parts and give masses to the gaugino s .  Al l the se mass terms are independent of 

each other , but , for simpl ic i t y ,  we wi l l  assume that they are of  the same order 

of magnitud e .  Thus , sparticles  and gauginos start contribut ing to the �-funct ions 

above a s i ngle  thresho l d ,  M
s s

· Quarks and leptons t ake masses from the Yukawa 

coupl ings to the Higgs doub l e t s . The latter couplings c annot diverge too early , 

wh i c h  gives  a general bound
4)  

o f  the order of 200-250 GeV to quark and lepton 

masse s .  To be de finit e ,  we assume that quarks and leptons of the yet unseen , n-3 ,  

generations have a mass above the W-mass and smal ler than the 11Fermi scale" � :  

2 5 0  �elf ( 7 )  
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Similar bounds apply to the Higgs scalar masses . Excluding ad hoc cancellat ions , 
this implies the whole Higgs supermultiplet to be below AF . 

Present experiments determine the values of the gauge couplings at a mass 
scall! of the order of �· For colour interactions , we take : 

corrE!sponding to5) 

and 

A + 1 5 0  
... 1 5 0  QC!) - 1 00 Melr 

o<Q.IYI. (K v.i )= • oo'Ff.2 

( 8 )  

( 9 )  

( l o) 

( 1 1 )  

The latter value result s  from the average of  the CDHS6) and CHARM7 ) resul t s :  

S.i\\' e  (M"')1,. ti = O  2.2 :r  :! o . o os-:1:. 0.005 
IN j !)  S: • ( 1 2) 

Evo lut ion o f  the above values from � to 250 GeV (AF) has been computed with 
thre10 or five quark and lepton generations , and the mean value of the two result s  
has  been t aken as a reference value , to be compared with the ai (�) ,  i = 1 , 2 , 3 , 
given by our calculation . 

The reference values should be attained - within the errors - by the 
c oupl ing con s t ant s running "backward" from the large energy scale down to �· 
Be fore they get to AF they pass the mass threshold M8s below which the supersym­
metric partners do not contribute anymore to the beta function. Therefore , their 
values at AF depend upon M8 s  The evolution h a s  been done numerically using 
formulas which are correct up to two loops . The values of the coupling constant 
at A can be varied between and 10 without affecting significantly the resul t s .  
The relevant parameters are n (the number of geneq1tions ) , A the large energy 
scal,e and M S S  n is essentially fixed to the first two integers for which colour 
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in t e r ac t io ns above M
s s  

are not asymptotically free to one loo p ,  n = 5 , 6 .  Larger 

values would make colour interact ions to diverge too early , for M
s s  

< <  A. For n = 

5 or 6, we have varied independently A and M
ss ' in the range : 

i� H 1 o �N.c A .:: '1 0  c.�v 

/\ < Mss < '10" c,.eY f 
Our results  for n = 5 generat ions are illustrated in Figs . 1 to 3 .  

s imultaneous f i t  to the gauge couplings is  obtained for : 

A -=  '1 · '10H' GeY 

M �� = 2 Tei/ 

( 1 3) 

A good , 

( 1 4) 

The no-thr e sh o l d  s i t ua t ion
4) , M � A

F
, s t i l l  leads to an acceptable solut ion . S S  

Inc r e a s ing A ,  the curve giving sin2e
W 

as a func t ion o f  M
s s  

remains quite stab l e ,  

wh i l e  a 3 and ae . m . shift both downwards . As their steepnes s  is  quite different , 

the triple coincidence is lost at some value of A .  The oppo site e ffect on a3 and 

a
e .m . 

is produced when lowering A .  

In conclusion, for n 

gauge coupl ings , for : 

and for 

5, we can reproduce satisfac tor ily the values of the 

( 1 5) 

J1 f 5 TeV S5 ( 1 6)  

No lower bound to M resul t s .  S S  

We find it quite satis factory that a good f i t  t o  the low energy coupl ings 

r equires a value of the mass-gap of N = 1 supersymmetry of the order given in 

E q .  ( 1 6 ) , and we l l  consistent with the value of M
s s  

needed to stab i l ize the low 

energy scal e ,  Eq . ( 6 ) . 

The case n 

values of M SS  
6 also admit s  a solution but only for considerably l arger 
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( 1 7 )  

The reason i s  that colour interac tions diverge more rapidly above M
8 8  

Thi s  must 

be compensated by delaying the mass-scale where all partic les contribute ,  i . e . ,  

b y  i n c r e a s ing M
s s

. In contrast with the previous case, ,  the value Eq . ( 1 7 )  seems 

too l arge to be reconc iled with the bound in Eq . ( 6 ) . 

In · conclusion, the idea that gauge interact ions are not asymptotically free 

at large energy , but rather diverge at a common energy scale A and that N = 1 

super symmetry holds below, leads to a good fit to the low-energy gauge coupl ings 

for five super symmet r ic generat ions . At the same t ime , a very significant upper 

b o und c an be put on the mas s  g a p  o f  N = 1 supersymmetry , M
ss

' less than a few 

TeV .  Thi s  i s  remarkab ly consi stent with what is needed for the hierarchy 

problem, and very promis ing for the next generation of accelerator s .  The range 

o f  values which we find for A is c lose enough to the Planck mas s ,  not to exclude 

that the strong regime of  the gauge interact ions is related to a further uni f ica­

t ion which includes gravity . 
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FIGURE CAPTIONS 

Fig . 1 The s t rong coupl ing cons t ant , a3 , at A
F

= 250 GeV as a func t ion of the 

s uper s ymme t r y  thre shold M
s s  

for five generat ions of quarks and leptons . 

Values of the ultra-violet cut-o f f ,  A, are indicated . The shaded region 

represents the range allowed by present experimental dat a ;  see the 

Tab l e .  

Fig . 2 Same a s  Fig . 1 ,  for the e lec tromagnetic coupling , ae .m .  

Fig . 3 Same a s  Fig . 1 ,  for the weak mixing parameter , s in29
W

. 
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