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ABSTRACT : We present the mass spectrum of a s upersymmetri c theory of partic les 
and di scuss the rel ati ons between the mass s pectrum and the coupl i ngs of the new 
gauge boson U .  We s tudy the phenomenol ogical c�nsequences of s uch theories : new 
spi n-0 and spi n- 1/2  l eptons and quarks , g l ui nos and R-hadrons , effects of the U 
boson and of the grav it i no ,  i n  particul ar i n  astrophys i cs .  
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RESUME : Nous presentons l e  s pectre d e  masse d ' une theorie s upersymetrique des 
particul es , et d i scutons ses rel ations avec l es coupl ages du nouveau boson de 
jauge U. Nous etudions l es consequences phenomenol ogiques de tel l es theories 
nouveaux l eptons et quarks de spi n O et 1/2 , g l u i nos et R-hadrons , effets du boson 
U et du gravi tino ,  en parti cul ier  en astrophys ique . 
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Supersymmetry rel ates bosons t o  fermi ons , associ ati ng parti c les di fferi ng 
by 1/2 unit of sp i n1 ) . It l eads to the i ntroducti on of new parti c les such as heavy 
sp in-0 partners for the l e ptons and quarks , and sp i n- 1/2 partners for the photon 
and g l uons , named the photi no and g lu i nos 2 l . It a l so l eads to re l ati ons between 
parti c l es al ready appeari ng i n  ordi nary gauge theories : the sp i n-0 Hi ggs bosons 
associ ated with the spontaneous breaki ng of the gauge s.ymmetry are now re l ated to 
the correspondi ng mass i ve gauge bosons . Supersymmetry is the natural framework , 
both for the study of spontaneous ly broken gauge theori es of i nteracti ons , and for 
the i ntroducti on of gravitat ion i n  part i cl e phys i cs . 

We shal l review some of the mai n consequences of supersymmetri c theories of 
parti c les ,  i n  parti cul ar i n  astrophys i cs .  ( See a lso ref. 3 for a sometimes more 
deta i l ed di scuss i on . )  Before that , we fi rst present the mass s pectrum of a very 
s imp le supersymmetric theory ,  and i ts rel ati ons to the coupl i ngs of a new neutral 
gauge boson . 

1 .  SYMMETRY BREAKING AND MASS SPECTRUM 
After the s pontaneous breaki ng of the gauge symmetry the partic le content of 

a supersymmetri c theory of weak , el ectromagneti c and strong i nteracti ons can be 
summari zed as fol l ows : 

Spi n- 1  Spi n- 1/2 Spi n-0 

Mass l ess Photon Photino 
gauge mul t i p l ets Gl uons G lu i nos 

Mass i ve I ntermediate Di rac heavy fermi ons Hi ggs bosons 
gauge gauge bosons ( LW+ ' LW- ' Lz , Lu ) 
mul t i p l ets (W± , Z, U) (+ anti parti cles ) (w± , z ,  u )  

Leptons Spi n-0 leptons 
Quarks Spi n-0 quarks 

Table 1 : Part ic le content of a supersymmetric theory of weak , electromagnet ic and 
strong i nteracti ons . 

Each Di rac l epton or q uark i s  associ ated wi th two �;p i n-0 leptons or quarks , 
whi l e  the phot i no and g l u i nos are a s i ng let and an octet of neutral Majorana s pi n-
1/2 parti cl es , respecti vel y .  To every neutral ( or charged ) mass ive gauge boson i s  
associ ated one neutral ( or charged ) mass i ve Hi ggs boson , and one ( or two ) heavy 
Di rac fermi on ( s ) . 

I n  Tab l e  1 we have extended the gauge group to SU ( :l ) x SU ( 2 )  x U( l ) x U( l ) , 
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i ntroduci ng a new neutral gauge boson U .  Thi s  one i s  associ ated under supersymmetry 
with the Di rac fermion Lu and the ordi nary neutral Hi ggs boson , here denoted by u .  
Thi s  extens ion  i s  necessary i f  one wants the spontaneous break i ng of the super­
symmetry to generate l arge masses for sp in-0 l eptons and quarks at the tree approx­
i mation4 l . ( Al ternately many authors consi der a di fferent approach ,  in wh i ch spi n-0 
l eptons and q uarks wou l d  acqui re l arge masses from rad iat ive correcti ons ; th i s  
necess i tates addi ti onal symmetry breaki ng scales i n  the theory . )  

As l ong a s  s upersymmetry i s  conserved the mass spectrum i s  the one gi ven i n  
fi g .  1 .  

photon photi no 

gl uons g l u i nos 

V'---- ­
w mui ti p l et 

Z mul t ip let  

'\/'--- - -

v-- - ­u mul t i plet  

spi n-� and  spi n-0 
leptons and quarks 

Fi g .  1 : Mass spectrum of the supersymmetri c SU( 3)  x SU ( 2 ) x U ( l ) x U ( l )  theory of 
parti c l es . We have represented the new gauge boson U as heavy, but it may a l s o  be 
l i ght ; th i s  wou ld  be the case if the new U ( l )  gauge coupl i ng constant g" i s  very 
sma 1 1 . 
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The s pontaneous breaki ng of  s upersymmetry i s  tri \�ered by an additi onal s i nglet 
ch i ra l  superfie l d ,  wh i ch i s  el ectri cal ly  neutral but couples to the U .  It' descri bes 
a Majorana spi nor � together wi th i ts sp in-0 partner .  The mas s l ess spi n-1/2  gol d­
s ti no fie l d  associ ated wi th the s pontaneous break i ng of supersymmetry is obtai ned 
by mi xing � wi th the heavy Di rac fermion as soci ated wi th the U parti c le . We fi nd 
the fol l owi ng mass  s pectrum : 

Z Lz 
'V'-- Lu u 

w Lw+ Lw- l '\/'--- r l z 
'II' 

u 
w 

photon photi no 

gl uons g l u i nos 

t 
I 
I 
I 
\ 
I 
\ 3. 

x 

1 �· 
'° 
I 
\ 
\ 
\ 

I r I \ 
� 

gol dsti no spi n-� and spi n-0 

(+ gravi ti no) l eptons and quarks 

Fi g .  2 : Mass spectrum of a s pontaneous ly broken s upersymmetric theory of parti cles . 
Even i f  the U boson i s  very l i gh t  ( g "  very smal l ) ,  both the Di rac fermi on Lu and 
the standard Hi ggs boson u woul d  sti l l  be heavy . 
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We  have assumed ,  for s impl i ci ty ,  that the two Hi ggs doublets of  the theory 
acqui re equal vacuum expectati on val ues ( x  = 1 ) ,  so that there i s  no Z-U  mi xi ng . 
The phot i no and gol dsti no fiel ds are then orthogonal combi nati ons of neutral spi nor 
fie l ds , i . e .  

< photi no I gol ds ti no > = 0 ( 1 )  

Al ternately i f  x f 1 the Z and U m i x ,  the gol dsti no i s  a l i near combi nati on of 
several neutral spi n-1/2 fi e l ds i nc l udi ng the photi no,  and the two charged Di rac 
fermions Lw+ and LW- are no longer degenerate i n  mass wi th the charged W .  The i r  
masses ver i fy the rel ati on : 

2 2 2 m ( Lw+l + m ( Lw- l = 2 m ( W )  ( 2 )  

The mass2-spl i tti ngs between bosons and fermions are determi ned by the ( gauge 
or Yukawa ) coupl i ngs of the gol dstino fie l d ,  i . e .  a l so  by the coupl i ngs of the bo­
son ic  partner of the gol dsti no .  As a resu l t  we fi nd re l ati ons between the mass 
spectrum and the new neutral current JU coupl ed to the gauge boson U. I n  the s i m­
plest case JU i s  purely axi al , and the two spi n-0 parti cles ( sf and tf) associ ated 
wi th each D i rac l epton and quark ( f )  are degenerated i n  mass , up to radi at i ve 
correcti ons : 

( 3 )  

In that case pari ty i s  conserved for al l processes i nvol vi ng spi n-1/2 and spi n-0 
leptons _and quarks as wel l as the photon and gl uons , photi no and g l ui nos . 

The axi al part of the U current i s  determi ned by the gauge i nvari ance of the 
Yukawa coupl i ngs respons i b l e  for quark and lepton masses . I t  i s  uni versal for a l l  
leptons and quarks wh i ch transform l i ke left-handed d o u b l e t s  a n d  r i g h ': ­
h anded s i ngl ets . ( Al ternately ,  "mi rror" l eptons and quarks , whi ch wou l d  transform 
l i ke ri ght-handed doub lets and left-handed si ngl ets , wou l d  a lso  have a uni versal 
axial  coupl i ng to the U boson ,  but wi th the oppos i te s i gn . )  The vector part of the 
U current i s  parametri zed by means of an angle ¢ , i . e .  : 

\ Ju Left "' ( 1  - cos ¢ )  

I .Ju Right "' - ( 1 + cos ¢ )  
( 4 )  

We may have di fferent angles ¢e • ¢µ ' ¢T for the three l epton sectors , a s  l ong as 
they do not mi x .  However,  we have only one ang le  ¢ for the quark sector,  owi ng to q 
�he gauge i nvari ance of the Yukawa coupl i ngs i nduci ng the mass matri x respons ib le  
·or the mi xi ng of  the three generati ons of  quarks . 

There exi st l i near rel ati ons between the boson -fermion mass2- spl i tti ngs i n  the 
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di fferent mul ti p l ets o f  s upersymmetry . I n  parti cul ar l et us cons i der a lepton or 
quark , f ,  together wi th i ts spi n-0 partners , sf and tf . The correspondi ng mass2-
spl i tti ng i s  re l ated to the mass2-spl i tti ng between the w± and the charged Hi ggs 
boson w± associ ated wi th it under supersymmetry : 

m2( sf) - m2 ( f) 

2 2 m ( tf ) - m ( f) 

Th i s  imp l i es that 

( 1 - cos <Pf) 

( 1  + cos <Pl 

m2(W±) 2 + - m � 
4 

m2(W±) 2 + - m � ( 5 )  

4 

( 6 )  

These rel ations , val i d  i n  a l arge c l ass of  model s ,  shou l d  not , however, be 
consi dered as necessary consequences of supersymmetry a l one . I f  i ndeed there exi st  
spi n-0 l eptons and q uarks l i ghter than � 40  GeV/c2 , th i s  wou l d  have very important 
phenomenol ogi cal i mp l i cati ons . 

2 .  NEW SP I N-0 AND SPIN- 1/2 LEPTONS AND QUARKS 
a) Spi n-0 leptons and quarks 
Spi n-0 l eptons are unstab l e  and decay extremely qui ckly into the correspondi ng 

lepton by emi ss ion of a photi no or gol dsti no .  A pai r of spi n-0 l eptons cou l d  be 
produced i n  e+e- anni h i l ation , then decay3 • 5 l  accordi ng to 

e+e- + Pa i r  of spi n-0 l eptons 
+ Non copl anar pai r (e+e- , µ+µ- or T+T- ) 
+ 2 unobserved photi nos or gol dsti nos . 

( 7 )  

Systemati c searches for spi n-0 l eptons have been carri ed out a t  PETRA a n d ,  more 
recently,  at PEP6 ) . They lead to the fol l owing l ower l i mits : 

m(spi n-0 el ectrons ) 
m ( sp in-0 muons) 
m (spi n-0 taus ) 

> 16 GeV/c2 

> 16 GeV/c2 

> 15 GeV/c2 
( 8 )  

One can a l so search for unstab le  spi n-0 quarks . They wou l d  decay i nto ordi nary 
q uarks by emi ssi on of a photi no or gol dsti no or,  more frequently ,  of a g l u i no .  
Constrai nts on thei r masses are expected to be avai l ab l e  soon . Let u s  now briefly 
discuss the possi b l e  exi s tence of a new c l ass of spi n- 1/2 and spi n-0 l eptons and 
quarks . 
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b )  Mi rror fami l i es o f  quarks and l eptons 
The extra U { l )  gauge group has been i ntroduced i n  order to make sp in-0 l eptons 

and quarks heavier  than thei r spi n- 1/2 partners . Th i s  has the drawback of genera­
ti ng y5 anoma 1 i es , si nee the U boson has a uni versa 1 axi a

,
l coup 1 i ng wi th a 1 1  

ordi nary leptons and quarks . I n  v iew of cance l l i ng them we shal l have to i ntroduce 
add i ti onal fie l ds . Thi s  wi l l  l ead us to cons i der ,  in parti cu lar ,  heavy mi rror 
leptons and quarks , wh i ch transform l i ke ri ght-handed doublets and left-handed 
s i nglets of the weak i nteraction gauge group .  ( See ref .  7 for a d iscuss i on of 
mi rror parti cles in the framework of N ;  2 extended s upersymmetric  theori es . )  The 
U boson has , agai n ,  a universal axi a l  coupl i ng ,  but now of the oppos i te s i gn ,  wi th 
a l l  mi rror leptons and quarks . Formul as ( 4 ,  5 )  can be extended to the mi rror sector , 
wi th an addi tional mi nus s i gn .  We have ,  i n  parti cular : 

( 9 )  
Mi rror fermi ons wou l d  be unstab le and decay extreme ly quickly i nto mi rror spi n-0 
leptons and quarks , by emi s s i on of a photi no , gol dsti no,  or gl ui no .  

' 
mi rror ' 

lepton or quark 
' ' ' 

photi no , gol dsti no 
or gl ui no 

mi rror spi n-0 
l epton or quark 

Fi g .  3 D iagrams respons i b l e  for the decays of heavy mi rror spi n-� l eptons and 
quarks . 

Mos t mi rror spi n-0 leptons and quarks woul d be short-l i ved ( e . g . , tµM + teM veM vµM ' 
i nduced by the exchange of the fermionic partner of the W ) , but some may be l ong­
l i ved or even stabl e .  Present l i mi ts on mi rror spi n-0 lepton masses shou ld  be of 
the order of 15 GeV/c2 ; and we may assume that th i s  is a l so  true for ordi nary and 
mi rror spi n-0 quarks . Then formul a ( 9 )  i mp l i es the fol l owi ng l ower l imi t : 

m (mi rror fermions ) µ 15 GeV/c2 /2 � 21 GeV/c2 ( 10 ) 

3 .  GLUI NOS AND R-HADRONS 
Gl ui nos are a col or-octet of neutral spi n-1/2 parti cles associ ated wi th the 

gl uons under s upersymmetry . They are mass less at the tree approximation ,  al though 
they may acqui re a mass by radi ati ve correct ions , the val ue of th i s  mass bei ng 
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model -dependent8 l . Gl ui nos may combi ne wi th quarks , anti quarks and g luons to  gi ve 
new col or s i nglet hadroni c states named R-hadrons9 )  ; see a l so G . R .  Farrar ' s  
l ecture a t  thi s  Rencontre . R-hadrons wou ld  be unstab le  11nd decay i nto ordi nary 
hadrons by emi ss ion of a phot i no or gol dsti no (wi thout charged l epton ) . Thei r 
estimated l i feti me i s  short, i . e .  "' 10-12 - 10-15 s i n  the s implest case , for a mass 
of 1. 2 GeV/ c2 . It depends strongly , both on the masses of the R-hadrons , and of 
those of spi n-0 quarks , denoted by ms ; one has : 

" m5 ( R-hadron] r ( R-hadron + photi no + hadrons ) v a as - 4 
· 

r ( R-hadron + goldsti no + hadrons )  

ms 

e2 5 
...::9 m ( R-hadron ' "' a - � 
4'11 s 4 ms 

( 1 1 )  

( 12 )  

I n  the l atter formu l a  eg"'2 denotes the Yukawa coupl i ng constant of a gol dsti no to a 
quark l i ne .  It i s  proporti onal to the new U( l )  gauge coupl i ng constant g" . The 
parameter eg can be e l i mi nated i n  favor of the parameter d whi ch measures the scale 
of the spontaneous breaki ng of the supersymmetry (or ,  equi valently ,  of the mass 
acqui red by the gravi tino,  when s upersymmetry is rea l i zed l ocal ly ) 3 )  : 

1 
; 

Therefore : 

4'11 GNewton 
3 2 mgravi ti no 

as 5 r ( R-hadron + gol dsti no + hadrons ) "' �  m ( R-hadron ) 
d 

( 13 )  

( 14 )  

One can  search for the mi ssi ng energy carri ed away by the emi tted photi nos 
and goldsti nos , i n  cal orimeter experiments . From the res u l ts of the Cal tec-Stanford 
experiment at Fermi l ab10)  one gets , assumi ng an R.-hadron mass of "' 2 GeV/c2 , 

a (pN + RR + X )  � 40 µb at rs o 27 GeV ( 15 )  

Therefore R-hadron masses should be a t  l east o f  the order o f  1 . 5  o r  2 GeV/c2 . 

Much stronger l i mi ts on the producti on cross section of R-hadrons can be 
obtai ned from beam dump experiments , provi ded an addi t i onal hypothes i s  on spi n-0 
quark masses i s  made . The photi no cross secti ons are gi �en by ll) : 



o(phot i no + nucl eon + photi no + hadrons ) . 7  l0-38cm2 E ( GeV) (  
ms ) -4 

40 GeV/c2 ( 16 )  

o (photi no + nucleon + gl ui no + hadrons ) 100 l0-38cm2 E ( GeV ) (
40 
�

V/c
2 ) -4 ( 17 )  

The gol dst i no cross sections h ave a l s o  been eval uated . They are proporti onal t o  the 
quanti ty l/d2 appearing i n  formul a  ( 13 ) . 

The gol ds ti no coupl i ng constant eg i s  expected to b� at mos t ,  comparable wi th 
e/2 or e ,  and coul d be much smal l er .  Then the i nteraction rate of the gol dsti no i s ,  
at most ,  comparabl e  wi th the i nte raction rate of the photi no1 1 l . ( Even i f  thi s were 
not true , the cons trai nt obtai ned by tak i ng only the photi no cross sections i nto 
cons i deration woul d  s ti l l  rema i n  essenti a l ly val i d ) . From the BEBC beam dump exper­
i ments we get12 l : 

2o( pN + RR + X )  a t  /"S = 27  GeV ( 18) 

Wi th a rough estimate < E > · �  30 GeV/c2 for the average energy of each of the two 
emi tted photi nos ( i . e .  2 < E > � 60 GeV/c2 for the average mi ss i ng energy ) , we get 
from formu la  ( 16 )  the l i mi t  : 

o(pN + RR + X )  
m 

< 6 µb ( s ) 4 
40 GeV/c2 ( 19 )  

I f  R-hadrons are l i ght  enough so they can be reexci ted by photi nos i n  the 
final s tate , formul a  ( 1 7 )  shou l d  be used and we get the much s tronger l imi t 

� 4 o(pN + RR + X )  < 4 0  n b  x ( ) 
40 GeV/c2 ( 20 )  

(rhe actual l i mi t i s  somewhat less constra i ni ng owi ng to  the  threshold  factor 
associ ated wi th the reexci tation of an R-hadron i n  the f inal state ; to estimate 
thi s  one shou l d  make a more deta i l ed analys i s  of the momentum s pectrum of photi nos 
and gol dsti nos produced i n  R-hadron decays . )  A l imi t as constra i n i ng as � 40 nb 
woul d  imply that R-hadrons must be heavier than � 4 GeV/c2 ; see ref .  13 for an 
estimate of R-hadron producti on cross secti ons in terms of thei r masses . 

4 .  PHENOMENOLOGY OF THE NEW GAUGE BOSON U 
a )  Neutral current processes 

4 9 1  

The exchange o f  the new neutral gauge boson U ,  i n  addi tion t o  the usual Z ,  may 
l ead to l arge devi ati ons from the successful  neutral current phenomenol ogy of 
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the standard model . Most of the time we sha l l  assume for simpl i c i ty that there i s  
no Z- U mi xi ng effect , i . e .  that x = 1 .  Then we get the mass rel ati ons : 

2 � � _g_ 
811\.J 2 2 n 8mz 

( 2 1 )  

� GF 2 
2 r 

8mu n 

i n  wh i ch r < 1 or r = 1 ,  dependi ng on whether or not a s "i nglet Hi ggs fi e l d  i nduces 
an addi ti onal contributi on tc the U mass . The effects of Z and U exchanges can be 
des cri bed by the effecti ve Lagrangi an dens i ty 

( 2 2 )  

The factor mu 2 /mu 2 + q2 ori gi nates from the U boson propagator . I t  i s  equal to 1 
i n  the l ocal l i mi t ( l q l  « mu) ,  but a lmost vani shes i f  tl1e U i s  very l i gh t .  

The express ion of the U current i s 14 ) : 

+ 

. . .  ( 2 3 )  

b }  Neutri no scatteri ng experiments 
(vl -nucl eon and (v l -el ectron scatteri ng experi ments can be parametri zed i n  

terms o� the s i x  quanti�ies3 • 14 ) : 
') 

uL = � - � si n2 e + �( 1 - cos <Pµ } ( l - cos <Pq ) -;i� r2 
mu 

+ 

q 
2 

1 1 . 2 1 rnu 2 dL = - 2 + 3 s i n  e + 8( 1  - cos q,
µ
} ( 1 - cos <Pq ) 2--2 r mu + q 

m 2 
uR = - � si n2 e - � ( 1  - cos <Pµ } ( l + cos <Pq l �; r2 

mu + q '· 



{ gv = - � + 2 si n2 e - i( l - cos

2

¢µ) cos ¢e 

1 1 mu 2 g = - - + - ( 1 - cos ¢ ) ----z---z r A 2 4 µ m + q  u 
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( 24 ) 

( 25 )  

The resul ts o f  ( vl -nucleon scatteri ng experiments 15 l i mply that the addi ti onal µ 
U-exchange. contri buti ons to ul and dl cannot be too l arge , whi l e  the constrai nts 
on uR and dR are less restri cti ve . Al together , we find 

Thi s  i mp l i es 

2 mu 2 ( 1 - cos ¢µ) -2--2 r ( 1  - cos ¢q ) .{'.. 1/2 
mu + q 

( 1 - cos 
2 mu ¢µ) z----2 

mu + q 

and one of the three factors at l east must be smal l e r than 1 .  

( 26 ) 

( 2 7 ) 

i )  ( 1 - cos ¢µ) � 1/2 wou l d  mean that the new neutral current is mos tly V + A , 
at l east i n  the muon sector . 

i i )  mu
2fmu

2 + q2 � 1/2 woul d mean that the U i s  l i ght compared wi th the momen­
tum transfer i n  the exoeri ments consi dered . 

i i i )  r2 { 1/2 woul d  mean that a Hi ggs s i ng let gi ves an addi ti onal contri buti on 
to the U mas s . 

The res u l ts of v -e and v -e scatteri ng experiments can a l so be used to gi ve 
constrai nts on the U boson , whjch are s imi l ar to the ones given by eq . ( 26 , 27 )

14 l . 

When l ooking for devi ati ons from the predi cti ons of the s tandard model i t  i s 
parti cularly i mportant to remember that the exchanges of a l i ght U boson woul d modi fy 
'.:he neutral current phenomenol ogy at l ower val ues of the momentum transfer ( \ q2 \ � 
mu

2
l only , the h i gher- \ q2 \ phenomenol ogy rema in i ng unchanged . 
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c) e+e- anni h i l at i on 
If the new neutral current i s  mostly V + A ( i . e .  for J 1 - cos <P l � 1/2) i t  

has no l arge effects on neutri no cross secti ons , but i t  can modi fy the e+e- + e+e- , 
/µ- or T+T- anni hi l ation cross secti ons 16 l . Both the total cross sect i on and the 
forward-backward asymmetry coul d be affected . The asymmetry can be expressed i n  
terms of the parameter hAA' whi ch i s  equal to gA

2 = 1/4 i n  the standard model , for 
» mz 

2 . Here h AA is gi ven by the fol l owi ng express i on ,, i ndependent of cos cp : 
2 2 

1( mz mu 2) h = - -2-- + z- r 
AA 4 m - s m - s z u 

From there one gets the new ( s i mpl i fied ) expres s i on of the asymmetry 

3 A "' - 2 

( 28) 

( 29 )  

The s tandard mode 1 predicts A "' - 9 %  a t  IS = 3 4  GeV .  I f  the U i s  heavy the pre­
di cted asymmetry wou l d  be mul t ip l i ed by about ( 1  + r2 ) , i . e .  i t  wou l d  be doubled 
for r = 1. Thi s  is wel l  in agreement wi th the Tasso resul t ( A = - 16 . l ± 3 . 2% ) ,  but 
it seems excl uded by the resu lts of the Jade , Cel l o  and Mark J experiments , whi ch 
report l ower val ues of the asymmetry16 l . 

I f  A "'  2 { Astandardl i s  excl uded, th i s  wi l l  i mply that r i s  smal l er than 1 ,  or 
that the U boson i s  rel ati vely l i gh t .  To i l l ustrate thi s ,  i f  we assume that r = 
we fi nd that a resu l t such as 

- 16% < A < - 5% ( 30 )  

wou l d i mply 

mu < 20 GeV/c2 ( 31 )  

I n  addi ti on ,  l i mi ts o n  cos cp can be deduced from th1! val ues of the total cross 
secti ons , by us i ng the expres s i on 

2 
( co� p) 2 ·-;-u� r2 mu - s 

such l imi ts are not yet very constrai ni ng (e . g . ,  h vv < . 12 � r l cos <P l  < . 7 ) .  

( 32 )  

If r = 1 we may s oon be forced t o  concl ude that the U ,  i f  i t  exi sts ,  must be 
re l ati vely l i ght . It is then poss i b l e  to search for it as a rel ati vely narrow 
resonance i n  e+e- anni h i l at ion17 l . The e lectroni c  wi dth i; s gi ven by : 



G m 3 
_F_u_ ( 1  + cos2 cp ) r2 
2411 n e 

= 1 10 eV/c2 mu (GeV )
3 , i f  cos <Pe = 0 ,  r = 1 

( 33 )  

( 34 ) 

A 20 GeV/c2 U woul d have a parti al wi dth � 1 MeV/c2 . Whenever a scan for narrow 
resonances has been pe.rformed no s uch object has been found . Thi s  i s  the case , i n  
part i cu lar , i n  most of the 1 to 7 . 6 GeV/c

2 mass i nterval , a s  wel l a s  i n  the T 
region . A systemati c search wou l d a l l ow one to di scover or e l i mi nate a U partic le 
havi ng r = 1 and a mass i n  the energy range cons i dered . 

d )  Product ion of a l i ght U i n w and T decays 

4 9 5  

We  have di scussed e l sewhere the l i feti me and decay modes o f  the U ; and i ts . 
producti on i n * • T ,  posi troni um and kaon decays , as wel l  as beam dump experiments.I? ) . 
The l atter18l excl ude the exi s tence of a U boson i n  the 1 to 7 MeV/c2 mass range , 
s i nce i n  that case the decay U + e+e- should have been observed. 

A U l i ghter than 1 MeV/c2 ei ther escapes or decays i nto v v pai rs .  There i s  
a l so a very rare decay mode U + 3 y ( brought t o  my attenti on by H .  Faissner) wi th 
a branching rat io 

3 cos p , 2 B ( U  + 3 y) � a  ( 1 - cos cp ( 35 ) 

I f  the U mass i s  between 2m and 2m the U wi l l  decay i nto v v or e+e- wi th bran-e µ 
chi ng rati os of about 60% and 40% respecti vely ,  assuming cos cp = 0 .  We shal l use ,  
i n  the fol l owing analys i s ,  the esti mate 

B ( U  + unobserved neutral s )  9 60% ( 36 ) 

for mu < 2m]J
. 

Strong experimental l i mi ts on radi ati ve decays of the w now exi st 19 l and pre­
l im inary results concerni ng the T have been presented at thi s  Conference20 l . Com­
pari ng the experimental l im it 

B (w + y + unobserved neutrals 2 ) < 1 . 4 10-5 ( 37 ) 
l i ghter than 1 GeV/c 

wi th the theoreti cal expectation for a U l i ghter than 2mµ ' 

B {w + Y + 'L....noth i ng l � ( 5 or 6 ) 10-5 x2 r2 ( 60% to 100%) ( 38 ) 
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we find the constraint 

2 2 x r ,i; . 5 ( 39 } 

I n  a s imi l ar way , a l i mi t "' 10-4 on the anal ogous liranchi ng ratio of the T ,  
when compared wi th the expected rate 

2 
B (T + Y + Lnothi n g ) "' 3 10

-4 � ( 60% to 100% ) ( 40 )  

wou l d i mply 

r2 -2 f . 6 x 
( 41 )  

Formu l as ( 39 , 41 } , i f  confi rmed , wou l d a l l ow one to e l i mi nate the exis tence 
of a very l i ght U boson having r = 1 , whatever the val ue, of x i s .  ( Th i s ,  however, 
re 1 ies on the hypothes i s ( 36 ) ; i f  cos cp were cl ose to one most U' s wou l d  decay 
i nto e+e- , µ+µ

- or qq pai rs , rather than neutri no pai rs ) .  I t wou l d be useful to 
study not only the decays * or T + y + noth i ng ,  but, a l s o the decays i nto y e+e- , 

+ -or y µ µ . 

5 . PHENOMENOLOGY OF THE GRAVITI NO 
a) The mass i ve gravi t ino 
The supersymmetry generator Qa and the generator of s pacetime trans l at i ons Pµ 

satisfy the al gebra1 l 

wi th 

{ Q , Q } = - 2 P  

f Tµ0 ( x }  d3x 

f J0c/ x )  d
3x 

( 42 )  

( 43 ) 

( 44 ) 

When s upersfmmetry i s  rea l i zed l ocal ly ( s upergravi t/1 l ) the theory i s  i nva­
ri ant under l ocal spacetime transformati ons and i ncl udes general re l ati vi ty .  The 
spin-2 gravi ton couples to the conserved energy momentum tensor Tµv whi le i ts super­
partner, the spin -3/2 gravi ti no, couples to the conservE!d supersymmetry current 
Jµ The strength of both coupl i ngs is fi xed by the extremely sma l l  constant a 

K = 1/2 - 19 2 - 1 ( Brr GNewton l � 4 10 ( GeV/c ) ( 45 )  
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The s pontaneous breaki ng of gl obal supersymmetry generates a mass less spin- 1/2 
gol dsti no . As soon as supersymmetry i s  real i zed l ocal l y  the Gol dstone fermi on fie ld 
i s  e l i mi nated by the super-Hi ggs mechanism wh i l e  the gravi tino acqui res a mass m312 . 
I t i s  gi ven by 

d K -
/6 

( 46 )  

i n  wh i ch the parameter d measures the magni tude o f  the spontaneous breaki ng of 
supersymmetry ,  at the gl obal l evel . 

b )  Li fetime of the gravi t ino , and constra i nts on a short-l i ved gravi tino 
A mass i ve gravi ti no wou l d  be unstable and decay i nto any boson-fermi on pai r ,  

provi ded the decay i s energeti cal ly a l l owed . 

photon gl uon 

~ g� 
photi no glui no 

spi n-0 lepton 
or quark ,,,. "' 

,,,. ,,,. 

g� 
l epton or quark 

Fi g .  4 : Verti ces wh i ch may be respons i b l e  for gravi tino decay . 

Assumi ng that the gravi tino i s  heavier than the photi no (* ) we fi nd, as an order-of­
magni tude estimate , the decay rate 

r ( gravi ti no + y + photino ) � g GNewton m�/2 ( 47 ) 

A 1 GeV/c2 gravi ti no wou l d decay i nto y + photi no , 'whi l e  a heavier gravi t ino wou l d 
have many other decay channel s .  Thi s gives : 

2 for m312 � 1 GeV/c 

for m312 � 10
5 GeV/c2 

15 7 
,312 � 10 s (� 3 10 y ) 

-2 
,312 � 10 sec . 

( 48) 

( 49 )  

(*)Alternately the photi no , i f  heavier than the gravi tino , woul d decay i nto y + 
gravi tino ; cf. G . R .  Farra r ' s  lecture , and refs . 2 2 ,  whi ch suggest that the photino 
mi ght have a mass of 14 eV/c2 , or � 100 eV/c2 . 
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I f  m312 were larger than � 1 GeV/c2 , a l most none o f  the primordia l graviti nos 
woul d be s urvi vi ng now , and the gravitino contri buti on to the present energy den­
s i ty of the universe woul d be negl i gi b l e .  

Heavy gravi ti nos , however, might have modi fi ed the expansion rate o f  the early 
uni verse, and cou l d  have led to too l arge a val ue for the primordi al hel i um abun­
dance . Th i s  does not happen if graviti nos are s uffi ciently heavy ( i . e .  m312 l arger 5 2 -2 than � 10 GeV/c ) , so they decay very early ( T312 shorter than � 10 s ) .  I n  that 
case the gravitino contributi on to the expans i on rate when the n/p ratio freezes 
out is negl i gi b l e ,  and the hel i um abundance is not affected . 

Therefore gravi ti nos shoul d be, ei ther very heavy 1) 105 GeV/c2 ) and short­
l i ved , or on the contrary very l i ght and s table or quas'i s tabl e .  Before di scussi ng 
constrai nts on graviti nos of the l atter type we need to know more about thei r 
i nteracti ons . 

c) I nteraction cross secti ons of the gravi ti no 
The ampl i tudes i nvol ving one gravi ti no are grav itati onal amp l i tudes propor­

tional to K .  The correspondi ng cross secti ons or decay rates are proportional to 
GNewton · Th i s  does not mean, however, that they are nece!ssari ly negl i gi b l e ,  s i nce 
the gravi t i no mass may be very smal l ,  and one can show that the interaction cross 
sections , or decay rates , i nvol ving a very l i ght gravi ti no wi th pol ari zati on ± 1/2 
are proporti onal to 

3 
4TI i ( 50 )  

More preci sely a very l i ght graviti no behaves essenti al ly l i ke the mass less gol d­
st ino of gl obal ly supersymmetric theories3 • 23 l . Whether or not the correspondi ng 
cross secti ons and decay rates are si zeable depends on two thi ngs : 

i )  the val ue of the parameter d ; i f  d i s re l at ively smal l the gravi ti no may 
have i nteracti ons comparable i n  strength wi th weak i nteracti ons , or even l arger ; 
on the other hand i f  d i s  l arge the gravi t ino i nteractions are negl i gi b le ; d l arge 
does not imply that the boson-fermi on mass2-spl i tti ng L'lm2 i tsel f has to be l arge 
one may have d » L'lm2 , provided the new U( l )  gauge coupl i ng constant g" is very 
smal l .  

i i )  l ow-energy theorems tel l  us that the ampl i tudes i nvol v i ng one gravi tino 
( gol dsti no) genera l l y vani sh at l ow energy ; then one can expect cross sections 
and decay rates i nvol vi ng a l i ght gravitino to be suppressed ; however , thi s  i s 
not the case , owi ng to the photon-phot i no or gl uon-gl u i no exact , or approximate , 
mass degeneracy ; as a resu l t ,  the domi nant processes i nvol vi ng the gravi ti no at 
l ow energies are : 



gravi t i no + A ++  photi no + B { 5 1 )  

and, al so ,  the producti on o f  graviti no-anti photi no pa irs . They can b e  computed i n  
terms o f  the matri x element o f  the el ectromagneti c  current 

{ 52 )  

The equi val ence between the gravi t i no and gol dsti no aspects i s  val i d  for the 
total amp l i tudes . It i nvol ves non tri v ia l  properties of i ndi vi dual di agrams , for 
exampl e those i l l ustrated i n  fi g .  5 .  

gravi ti no photi no gol dsti no e gol dsti no e 

+ >-'� - -< 
e e e photi no e photi no 

Local l i mi t  

Fi g .  5 Diagrams representi ng the qomi nant contri buti ons to the scatteri ng of 
l i ght  gravi ti nos , or equ i va lently ,  gol dsti nos , on matter .  

Th i s  l eads to the fol l owi ng express i on of  the gravi ti no cross section1 1 l 

cr ( gravi t i no + e ++ photi no + e )  
l5rr a GNewton 

2 me E 
9m3/2 

( 53 )  

42  2 m3/2 -2 
. 54 10- cm ( _5 2 ) E ( r.ev ) ( 54 )  

10  eV/c 

whi ch can be compared with the expected val ue of the vµ e scattering  cross section 
for s i n2 

e = 1/4 ,  in the standard model 

We have , roughly 

cr ( gravi ti no) 

1 . 4 l0-42cm2 E ( GeV) 

- m3/2 -2 .4 o(v  or v ) (  _5 2 ) µ µ 10 eV/c 

( 5 5 )  

( 56 )  

499  
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d )  Parti c l e  physi cs l imi ts on the gravi tino mass 
Graviti no-anti photi no pai rs can be produced in the' decays of heavy vector 

resonances such as the � and the T (or toponi um) 3 • 23 ) . The b;anch ing  rati o  is gi ven 
by 

B (oni um + i nos) 
B ( oni um + e+e- ) 

�· GNewton moni um 
2 3a m312 

( 5 7 )  

From the study of  the decay � ·  + TI+ TI-
�(+ noth ing )  one can deduce that the rat io  

( 5 7 )  i s  smal l er than . 1 ,  i . e .  

m312 > 1 . 5  10-8 eV/c2 ( 58) 

A better l imi t cou l d  be obtai ned wi th the T , wh i ch i s  three times heavier than 
the � ·  

More genera l l y ,  other processes where v v pai rs can b e  rad i ated from a fermi on 
l i ne may a l so  be used to gi ve an upper l i mit  on the radiation of a gravi ti no-anti ­
photi no pai r ,  and therefore a l ower l imi t on the gravi tino mass . For exampl e  a 
much stronger l i mit  cou l d  be obtai ned from the s tudy of the process e+e- + y + 
( 2  unobserved neutra l s )  at . PETRA. From the cross secti ons gi ven i n  ref .  11 we find 
that , if m312 � 2 . 5  10-7  eV/c2 , the new- i nos pai r production  wou l d  be � 600 times 
the v v pai r producti on .  Th i s  might al ready be excl uded .  I nci dently ,  an upper 

µ µ -
l i mi t on the process e+e + y photi no anti phot i no of th e order of 60 times the 
y v v production cross secti on would al l ow one to el i mi nate the exi stence of 

µ µ 2 spi n-0 e l ectrons l i ghter than 11\.J/2 � 40 GeV/c . 

e )  Decoupl i ng temperature of the gravi ti no and con straints on i ts mass 
Us i ng  the val ues of the grav it ino cross secti ons 1 1 )  one can eval uate the i r  

de coup 1 i ng temperature T d i n  terms o f  thei r mass . By comparing the i nteraction rate 
n a v �  T5/m�12 wi th the expans ion rate t- l  � T2 one fi nds Td as a functi on of the 
strength of the i nteracti on { cf .  ref .  24) . From express i on ( 56 ) of the gravi ti no 
+->- phot i no cross sect i on ,  for grav iti nos i n the ± 1/2 pol ari zati on state , one gets 

T (v ) (  
m3/2 ) 2/3 

d µ 10-5 eV/c2 

wh i l e  grav i ti nos i n  the ± 3/2 pol ari zation state are so weak ly i nteracti ng 
(� GNewton ) that they wou l d  have decoupled extremely early (or were never at 
equi l i bri um) . 

Formul a ( 59 )  i s  a rough esti mate , only val i d  for l ower val ues of Td . For 

( 59 )  



501 

T > m( R-hadron) the  reacti on grav i t i no +-+ g l ui no i s  more i mportant than gravi ti no 
+-+ photi no,  and keeps grav it i nos i n  thermal equi l i bri um down to l ower val ues of the 
temperature ; then ( 59 )  i s  expected to overestimate Td by about an order of magni ­
tude . 

A grav i ti no l i ghter than � 10-2 eV/c2 wou ld  decouple at T � 100 MeV/c2 
� m , µ 

and wou l d  have the same effect as an addi ti onal two-component neutri no species 
for the abundance of hel i um i n  the uni verse . Accordi ng to ref .  24, at most 4 l i ght  
weakly i nteract i ng part ic les cou ld  be  al l owed .  I f  ve ' vµ ' v, and  the phot i no were 
these four parti c les there wou l d  be no room l eft for the gravi tino,  as al ready 
discussed i n  ref . 3 .  Th i s  wou l d  imply the fol l owi ng l ower l i mit  on the gravi tino 
mass : 

-2 2 m312 � 10 eV/c (60 ) 

I f  the gravi ti no i s  heavi er than � 10- l  eV/c2 i t  decouples before the quark­
hadron phase trans i ti on .  Vari ous part ic le  species anni hi l ate , i nc l udi ng fi nal ly  
the muons , heati ng up the  photon and neutri no (and,  presumably ,  phot i no )  gas  wi th 
respect to the grav i ti no gas , before neutri nos drop out of equi l i bri um ,  at T � 
1 MeV/c2 . Graviti nos are col der than neutri nos ; fewer of them are present when the 
n/p rat io  freezes out ( as nowadays ) .  S uch gravi ti nos have a negl i gi b l e  effect on 
the hel i um abundance . S imi l arly , the maxi mum mass they may have , wi thout l eadi ng 
to an unacceptably l arge energy dens i ty for the uni verse ,  is l arger than for 
ordi nary neutri nos . If a ( two-component)  neutri no may be as heavy as � 100 eV/c2 , 
one fi nds ( d i sregardi ng momentari ly  possi b l e  effects of photi nos ) 

( 6 1 )  

i n  wh i ch g1 ( <  Td ) i s  the effective number of  i nteracti ng degrees of  freedom after 
gravi ti nos decoupl e ,  and g1 takes i nto account the photons , electrons and neutri nos , 
wh i ch remai n at equi l i bri um down to T � a  few MeV/c2 . Formu l a  ( 6 1 )  was used i n  ref .  
2 5  to deri ve an upper l imi t o f  the order of 1 keV/c2 for the gravi ti no mass . 

One may a l so  consi der the effects of photi nos . Let us assume , for s i mpl i ci ty ,  
that they decoupled a t  a temperature T l ower than mµ ( th i s  i s  the case , unless 
spi n-0 el ectrons are very heavy ) .  Tak i ng i nto account y , ve , vµ ' v, and photi nos 
we now have : 

7 25 g 1 = 2 + 8(4 + 6 + 2 )  = 2" 

Thi s  correction has l i tt le  effect on the bound ( 6 1 )  for the grav i ti no mass . 

( 6 2 )  
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Potent ia l ly  more i mportant i s  the fact that photi nos may remai n at equ i  1 i bri um 
duri ng the anni hi l at ion of e+e- pai rs . These pai rs wou l d  anni h i l ate not only i nto 
photons but a l so  i nto photi nos and anti photi nos . Let us attempt to descri be i t  i n  
a more quanti tat i ve way . I n  the extreme s i tuation for wh i ch photi no i nteractions 
wi th el ectrons are rel ati vely l arge , and photi nos remai n at equi l i bri um duri ng 
most of the e+e- anni hi l at ion peri od , the usual formul 11 gi vi ng the change of the 
number of photons i n  a co-movi ng vol ume 

( 63 )  

i s  repl aced by 

2 + � ( 4  + 2 )  

7 2 + 8 2 1,. ,) 
�i { 64 )  

e+e- pai rs are now less  effi ci ent in  heati ng up the photon gas wi th respect to  the 
neutri no gas , s i nce they heat up the phot i no gas as wen .  T he  n e u t r i no  
temperature i s  h i gher than i t  wou l d  have been i n  the absence of  photi nos . I t  fol l ows 
from entropy conservation that 

{ 65 )  

The present number dens i ty of  neutri nos of  a gi ven speci es i s  a l so  hi gher 

{ 66 )  

In  that case one gets a sma l ler  l i mi t on neutri no masses , i .e .  "' 70 eV/c2 i nstead 
of "' 100 eV/c2 . 

S imi l arly,  we fi nd 

Tgravi ti no 

Tphot i no 

ngrav i t i no O 

nphot i no 0 

15 2 l/3 [ 25 J 29 g1 (<Td) \ 

25 
3 15 2 -3 \o 3 
4 29 gr (< Td ) 400cm ( �) 

3 -3 � 3 
4 400cm ( 2:7o K) 

{ 6 7 )  

{ 68 )  



If i ndeed photinos decoupled at the end of the e+e- anni hi l ation period the upper 

l i mi t on thei r mass wou l d  be l owered down to � 40 eV/c2 , whi l e  the upper l i mit on 

the gravi t i no mass obtai ned from formu l a  ( 6 1 }  wou l d  have to be mul ti p l i ed by � . 6 .  

A 1 keV/c2 graviti no may have a decoup l i ng temperature o f  a few tens 

o f  Ge V ,  i . e .  comparable  to the masses of spi n-0 quarks, denoted by ms . More 

care i s  then requi red , s i nce formul as s uch as ( 53 ,· 54,  etc . )  are only va l i d  for 

503  

T < ms . Other di agrams , where the graviti no coupl es to  lepton-spi n-0·- lepton or quark­

s pi n-0-quark pairs , soften the hi gh-energy behavi our of the cross secti ons . One has 

a( gravi ti no � g l u i no)  � 
G

N as T2 
--r m3/2 

(69)  

I f  spi n-0 quarks are rel ati vely l i ght the cross section ( 69 , 70) may be too smal l 

to keep graviti nos i n  equi l i bri um, even at T � ms . I n  that case gravi ti nos wou l d  

decoupl e very early, for T o f  the order o f  the uni fi cati on mass o r  may b e  the 

Pl anck mas s , when the number of i nteracti ng effective degrees of freedom was l arge r .  

I n  an SU{ 5 ) ( x  U ( l } }  supersymmetri c theory t h i s  number i s  at l e a s t  o f  the order of 

400 , but it can be much l arger when other groups are chosen . Val ues as h i gh as 

� 104 may not be unreasonab l e .  Th i s  woul d gi ve a less s tri ngent l i mi t on the mass 

of a quas i stab l e  graviti no 

2 m312 � 100 keV/c ( 71 )  

To concl ude this section about the gravi tino,  i t  appears that as trophys ical  

consi derati ons favour havi ng a stab l e  or quas i stable  gravi ti no in  the 10-2 eV/c2 

+ up to maybe 100 keV/c2 mass range or,  al ternately,  a short- l i ved one heavi er 

than � 105 GeV/c
2

. 
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