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We show that the superpartners of real Goldstone bosons, resulting from global U (1) symmetries broken at superlarge 
energies MX, obtain, in gauge theories with spontaneously broken supersymmetry (at energies m > roW) , at most masses 
of O (m2/Mx) at the tree level. 

The Peccei-Ouinn solution to the strong CP problem [1] requires invariance under a global U(1) symmetry. 
The spontaneous breaking of this global symmetry leads to a Goldstone boson (the axion) which obtains a very 
small mass through the Adler-Bell-Jackiw anomaly~ Experimental evidence, as well as astrophysical considera- 
tions [2], imply that the scale at which the U(1) symmetry breaks must be at least 109 GeV. Recently, Dine et al. 
[3] pointed out that it is natural to break the U(1) symmetry at the grand unification scale M x ~ 1015 GeV. This 
implies a very small mass for the axion ( M w / M x ) A Q c  D ~ 10 . 8  eV as well as a tiny coupling rnw/M x ~ 10 -13 
which renders the axion "invisible". The invisibility, however, hinges strongly on the pseudoscalar nature of the 
axion. A light scalar particle of  the same mass would contribute to long-range gravitational interactions at 108 
eV-  1 ~ 20 m despite the tremendously small couplings. 

Supersymmetry [4] holds out some hope for the solution of the gauge hierarchy problem [5] in grand uni- 
fied theories (GUTs). It might be tempting to combine the PQ idea with supersymmetry [6]. But supersymmetric 
GUTs With a built-in PQ symmetry broken at M x exhibit, in addition to the axion, a fermion and a scalar boson 
with analogous couplings. Since supersymmetry must be broken at a mass scale rn ~> m w one might expect the 
scalar boson (scalar axion) and the fermion (axino) to get masses >~rn w and thus be irrelevant at low energies. In 
this note we will show, in the context of a general supersymmetric gauge theory, that the superpartners of the in- 
visible axion, instead of obtaining a mass Of order m at the tree level, get at most a mass m 2 / M x  ~ 10 . 2  eV. 
Their couplings to light fermions and Higgs' are related by supersymmetry to those of the axion and are also 
"" 10-13. Our conclusions apply in general for the superpartners of  Goldstone bosons resulting from the breaking 
of global symmetries at M x . 

Consider a general supersymmetry gauge theory characterized by a gauge supermultiplet (/t c~, )t c~, D_ ) and 
left-handed matter supermultiplets (~i, ~ ,  v ~ Fi) transforming under various representations of the gauge group. 
The matter interactions are defined by the gauge invariant function c ~  (superspace potential). The various F 
terms are obtained from cl~ by differentiation 

Fi = ~cl4Y/ooi, F *i = (ac~/3q~i) *, Fij = 82c~/o~bioo] , . . .  . (1) 

The bosonic potential is given by 

1D , V = F * k F  k + ~ . D .  , ( 2 )  
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where Da = e~ ~¢0" Ta0 (Ta is the representation of the generator corresponding to the direction a. The extremi- 
zation condition is 

1 
DV/O0 i = FikF* k + ~(Dc)iDc~ = O . (3) 

The boson mass matrix squared and the fermion mass matrix are, in a (0 i, 01 ) and a (~ ~ i X ~) basis, given by 

r-F.,_F*kJ+I=D .D J + ! D  .]D F*i jkF, .+I-D iD j n .. D "1 

F * ' k F k j + ' D a ' D a j + ' D a / D a  J , ~ ~  C/~F= LDcd O J , (4) lFijkF*k + ~DatV,~t 

respectively. 
Let us now take the superpotential to be invariant under global U(1) transformations 

0 k -+ expOaQk)¢  k . (5) 

Goldstone's theorem for the spontaneous breaking of the global U(1) symmetry can be written as 

x ' O ' C ~ 2  = 0 ,  (6) 

where × stands for the vacuum expectation values of (¢/', 07). The corresponding Goldstone boson is given by 

G = N - I ( Q i ( O i } ,  Qi(0~)) • (7) 

The orthogonal state is 

rl = N -  l (oi{oi)  , Oi(O~ )) .  (8) 

The breaking of the gauge symmetries will also give Goldstone bosons which are, however, going to be absorbed by 
the gauge fields;they are 

G a = N ' -  l ((ori}(Qa r)ii ' (0*ri} (QC, ry]) " (9) 

Qr denotes the ~ gauge group generator in the representation r. In terms of the D term derivaties, (9) can be 
written as 

Gce = (N'eo O- I ( D j ,  D a]) . (10) 

The normalization of the global U(1) charge is carried out by demanding that G and r/are both orthogonal to G a 
or equivalently to the gauge directions. That implies 

(¢i)QiDod = O, <O.[)aiD£ i = O . 

Goldstone's theorem, together with (11) and (12), gives 

FikF*k]<¢l }Q ] + ~D,~(Do~) i] (O? )Q] Fi]kF*k(C])Q] = O . 

Acting with r/on c/~ 2 gives, after using (13), 

9?~2 rl= 2 N -  l((J)Q]Fi]k F*k  . 

Similarly, we obtain for the fermions xI' L = N -  l((0i)Qi) and q'R = - N -  !(<0 e )Qi): 

C~ F ,~I,L =N-1Fi]Q](O] > , ClE F'.PR = - N - 1 F * i ]  Q] ( O~ }. 

From U(1) invariance of the potential we can derive the identifies 

FkiQi <Oi) = --QkFk , FkijQi (Oi) = (Qk + Q])F]k • 

Using (16) we can cast (15) into the form 

(C'ff~ FXltL) ] = - N - 1 Q ] F ] .  

(11,12) 

(13) 

(14) 

(15) 

(16,17) 

(18) 
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In the case of  unbroken supersymmet~ (F] = 0, Da = 0) (14) and (18) ensure that the full Goldstone supermulti- 
plet (i.e., the bosons G and r/, and the fermion ~ )  is massless as expected. I f  supersymmetry were broken by a D 
term of  some U(1) gauge group while all F ' s  remained zero, then again the full supermultiplet would remain mass- 
less at the tree level, since the right-hand sides of  (14) and (18) do not involve a n y D  terms. Therefore, the only 
case that allows for tree level masses is when at least one of  the Fk's is different from zero. It is also evident in (18) 
that if the fields that break supersymmetry through their auxiliary partners F have zero global U(1) charge, the 
fermion would remain massless. 

Now let us assume that the global U(1) symmetry is spontaneously broken at a scale M X much larger than the 
scale of  supersymmetry breaking m, as in the case of  the grand unified axion. From (18) we see immediately tha t  
the fermionic partner has a mass at most m2/Mx,  since the normalization factor N ~ 0 (Mx). The scalar partner 
requires a little more thought. Consider the boson mass matrix and neglect all D terms, since they do not play a 
role as shown above. Assume that we have diagonalized the FF* pieces of  c~  2. ThenCyg2 takes the form (we 
take all vev's real for simplicity) 

m 4 f . 

I 
0 I 

1 
x, j 

+ 

B 

L 

B 

m 4 

M 2 X 1 0 

xn 

B ] , (19) 

A 

where B is a matrix of  at most order m 2. In the limit m 2 ~ 0,(1000,...;  0,...), (0,...; 1 .... ,0)  are eigenvectors to the 
eigenvalue zero; any linear combination of  them is also such an eigenvector. As m departs from zero, the two 
vectors are not eigenvectors to the eigenvalue zero any more. However, the total matrix has a zero eigenvalue (cor- 
responding to the Goldstone boson). Let it be (v; v') where v, v' are vectors of  the length corresponding to the size 
of  the blocks in (19). Obviously A 5 + B~' = 0 and A 5' + B5 = 0. This yields (A - B) (5 - 5 ' )  = 0, and (A + B)  
X (5 - 5')  = 0. I f  5 = 5',  then, for 5 @ 0, (A + B) has a zero eigenvalue. I f  5 = - 5 ,  then (A - B) has a zero eigen- 
value. If  v :~ +v ', both A + B have a zero eigenvalue. But using Rank (A] )  = Rank(~+B~- -A)  one sees that c-I/(B 
would have the eigenvalue zero twice, which we exclude * 1. Let us then take 5 = - 5  [this corresponds to the vec- 
tor G of  eq. (7)].  5 is then the eigenvector with eigenvalue zero o fA  - B. As B ~ 0 (m 2 -+ 0), (1, 0~...) is such an 
eigenvector, and we will expect 5 to have the form (1, 0,...) + (m2/M 2) a) where ~a is a normalized vector. I f  (A 
- B)5 = 0, then (A + B)5 = 2B5 ~ rn2/M 2 if one also uses the bounds on B. Consider now the orthogonal vector to 
(5, - 5 ) ,  namely ~ = (5, 5), which corresponds to ~ of  eq. (8). Then-"gg 2" i] ~ maiM 2. I f  we expand ~ in terms of  
the eigenvectors ~i of  c//(~, [~ =xigi, (x 2 + x 2 + ...)1/2 = 1]. Then cffg2 . ~ =  )t ixit i .2,  which implies that the 
x i are negligible if )t i ~ M , and since ~ is approximately orthogonal to the zero eigenvalue eigenvector, the remain- 
ing x i is of  order one and the corresponding eigenvalue is ~m4/M 2. The alert reader might object that this argument 
only holds if none of  the )t i in (19) goes to zero with m 2, for then we have degenerate eigenvalues -~0. However, 
in the limit m 2 ~ 0, the eigenvectors (1 ..... 0) and (0, ..., 1, ..., 0) (where the 1 stands in a position where a X/= 0) 
are distinguished by their couplings to the lagrangian and no degeneracy need be feared. 

• 1 The two eigenvectors would be of the form (v, v') and (v, -v'), and thus there would be a massless scalar. 
.2 hi are the eigenvalues of the e i. 
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A different argument can be given if  one considers the FGP mass relation [7] imposed by supersymmetry,  i.e., 

trt)g~] + 3 tr[Cr/t~r] = 2 tr[C~V ,F] + 
l 

where c/g 2 is the vector mass matr ix squared 

~(Do~ D~i + D~iDfi i) , 

and NiQi,D correspond to a possible factor U(1) gauge group. I f  we were to take the l imit  o f M  x -* 0% the extra 
zero in the right-hand side (that contains the fermion mass rn2/Mx) would have to be compensated for in the left- 
hand side by an extra zero in the boson mass matrix.  Therefore, the scalar boson must necessarily have a mass m2/ 
M X too. There can be no interference from the vectors since one could Consider the gauge couplings to go to zero. 

We have seen that  the breaking of  a global U(1) symmetry * 3 at M x in a gauge theory with supersymmetry 
breaking at m leaves the partners of  a Goldstone boson with masses m2/M X at the tree level. We expect  this beha- 
viour to occur also for more general global symmetries.  In the case of  an anomalous U(1) (Peccei -Quinn symmetry)  
the invisible axion (a pseudoscalar) will obtain a t iny mass from the anomaly. Its partners, a scalar and a fermion, 
obtain bigger, but  nevertheless very small, masses at tree level or order m2/Mx, roughly ( 1 0 - 2 _  1) eV for typical 
supersymmetry breaking scales. Their couplings to light fermions are at most  of  order f ~ mw/M x ~ 10-13.  Radia- 
tive corrections from quark-squark  loops will be small, i.e., at most  of  order f2m w ~ 10-  17 eV. Nevertheless, it  
might be possible to find experimental  signals of  their existence through their couplings to Higgs'. The coupling 
of  the scalar to gravitation would also be very pronounced i f  it  happened to remain massless , 4 .  With a mass of 
10 -  2 eV it will not  influence macroscopic gravitational interactions, but  it will play a role in astrophysics. 

In conclusion, we would like to restate our result. In supersymmetric theories with a global symmetry  broken 
at very high energy scales, the partners of Goldstone bosons remain light. 

K.T. Wishes to thank H.P. Nilles and J. I l l iopoupos and D.W. wishes to thank M. Loss for useful discussions. We 
also want to thank S. Ferrara for reading the manuscript.  

:~3 This includes R-symmetries with minor modifications in the proof. 
,4 What we obtained is just an upper bound. 
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