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We show that the issue of stability is essentially determined in all three cases by the
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for the Yukawa couplings implies stable infra-red fixed points for the A-parameters and
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The predictive power of the supersymmetric standard model and its extensions may
be enhanced if the renormalisation group (RG) running of the parameters is dominated by
infra-red (IR) stable fixed points. Typically these fixed points are for ratios; for instance,
of the Yukawa coupling to the gauge Couplingﬂ, or the A-parameter to the gaugino mass.
Moreover, even if these ratios have not attained their fixed point values at the weak scale
(which in fact is usually the case), the couplings may be determined by quasi-fixed point
behaviour [[]]. Here the value of the coupling at the weak scale is independent of its value at
the unification scale. For this scenario, the Yukawa couplings at the unification scale need
to be large. There is a considerable literature devoted to the consequences of fixed-point
and quasi-fixed point behaviour in the standard model and the MSSM, and in extensions
thereof [I]-[4]. A necessary condition for the success of both the fixed point and the
quasi-fixed point scenarios is the existence of stable infra-red fixed points. Hence it is of
interest to be able to determine for a given theory the nature of the infra-red fixed points,
and this is the question we address in this paper. We consider N = 1 supersymmetric
gauge theories, and investigate the IR stability of the fixed point structure of the Yukawa
couplings, the soft-breaking A-parameters and the soft-breaking massesa. The stability of
the fixed points in each case is determined by the positivity of the eigenvalues of a matrix
M —pQI where (@ is the coefficient of the one-loop gauge 3-function, and the matrix M and
the parameter p depend on the type of coupling. Our main result is that for a theory for
which the anomalous dimension matrix for the matter fields is diagonal, there are matrices
R, S (which are r x s and s x r respectively) and D (which is r x r and diagonal) such
that the matrix M is given by DRS for the Yukawa case, RSD for the A-parameter case
and SDR for the soft mass case. It is easy to show that the non-zero eigenvalues of the
three matrices DRS, RSD and SDR coincide, and hence the eigenvalues determining the
stability of the fixed points for all the couplings in the theory are given in terms of one
basic set. Moreover in a more restricted class of theories (but which still includes all cases
commonly considered) we can show that these non-zero eigenvalues are all positive. This
implies that in the case of negative @, all the fixed points are infra-red stable.

For an N = 1 supersymmetric gauge theory with gauge group II,G,, superpotential

1 .. 1 ..
W = EY”’f@i@j@k + 517 82, (1)

L often called Pendleton-Ross (PR) fixed points [

2 Stability of the Yukawa couplings alone has been considered for a range of theories in Ref. [[[§]
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and soft breaking terms given by
Lsg = (m*)]¢'; + lhijk@'ﬁb‘?bk + lbijqf)iﬁb‘ 41 > MaXaAa + hec. (2)
1 J 6 J 2 J 9 .

(where ¢ is the scalar component of ®, and A is the gaugino), the §-functions for Y, h, b

and m? are given by

167r2ﬂ§/1)ijk = Yiijkp + (k1) + (k< j), (3a)

1672608 = Rtk 4 YULXE, 4 (ko i) + (k < §), (3b)

167T26151)( J) _ szPkl + 5YzjlYlmnbmm + qulle, (36)
. 1 , 1. j

1672 [57%3]]1 — 5Yipqypqn(m?)Jn + QYJqupqn(mz)ni + 2, YIP" (m?)4,

+ hipgh?P? — 8Mo M g, CP8' 5 + 295 (R%)' Te[Rgm?), (3d)

where

Pij — %Yikl}/jkl . 29201115137

a
X' = WY + AM 2085t
Here g, is the gauge coupling for the gauge group G, and C" is the quadratic Casimir for the

representation RY of ®;. The matrix P is related to the one-loop anomalous dimension by

1
1672

are denoted Y,, o« = 1,...r, and pug, @ = 1,...q, and that the distinct group multiplets

ry(l) =

P. Now suppose that the distinct, independent couplings in the superpotential

are denoted ®;, I = 1,...s. Let us assume that P’; is diagonal, with P*; = Pr§*; for
all ®; in ®;. Further, let us assume that one of the couplings g, (where G, # U(1)) and
its corresponding gaugino mass M, are dominant in the RG evolution. Henceforth we
denote these parameters by g, M and suppress the remaining gauge couplings and gaugino

masses. We may write

PI = ZSIayoz - 29201 (5)

where y, = Y;2. Here S, is related to the dimensionality of the ®;; clearly it is zero unless

the superpotential term involving ¥, contains ®;. The one-loop RG equation for Y, is

d

%Ya =Y, ; R Pr (6)

where 1672t = Inp and R, takes the value 0, 1, 2 or 3 according as the superpotential

term involving y, contains 0, 1, 2 or 3 ®;s. Note that the zero entries of R,; coincide
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with those of Si,, and we have ) ; Ry = 3 for all a. As an example, for the usual MSSM

superpotential, retaining only 3rd generation Yukawas and g3,
W = Y;QtH + Y,QbH, + Y, LrHj, (7)

we have

Po=Y2+ V-5, PL=Y?

T

Py =2Y?—8¢3, P, =2Y? Py,=3Y7? Py =3Y7+Y’

P, =2Y? — 843,
(8)

so that Ry, = Ry, = 1, Ry,+ = Ry, = 1, and Sqv, = Sgv, = 1, Sty, = Spy, = 2 etc.

For the moment we shall focus on the parameters Y% hi7% and m?; we shall discuss
the © and b parameters later. We assume that the distinct independent trilinear soft-
breaking couplings are in one-to-one correspondence with the Y, and we define A, = f{/—z
We then find

167T2ﬁj(412 = QZRQIS]3y5A5+4Zg2MRa[C]. (9)
1.3 I

Similarly, we find, assuming a common soft mass m; for each multiplet ®;,
167281 =23 StayaRasm? +2Y SrayadaAl — 8> MM*Cr. (10)
! a,J o'

The one-loop RG equations for g and M are
d

d
9= Qg°, M= 2Qg¢° M, (11)

and it follows from Eqs. (@), ([T) that the RG evolution of §, = Y%, A, = % and

2
~2 m7 . .
M7 = 35 18 given by

d
~OL - 2~a Ra - 2
dt Y ( E] Pr—g Q)

d - = -

A0 =20 RarSipipAs —2Q0*Aa+4) ¢*RarCr (12)
1,8 I

d

7 =2 Y StafoRasm} —4Q0*M] + 29 Y | StafaAaAy —89°Cr.
a,J fe

These equations may be rewritten in the more compact form

d
g >—7=2D(RSy—U)

dt
d - ~
97?2 A=2(RSD — QI)A+4RC (13)
g—Q%mQ = 2(SDR —2QI)m?* +2SDC — 8C,
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where R, S and D are r X s, s x r and r X r matrices with D,g = §o0a3, and the column

vectors U and C' are defined by
Us =2(RO)a+Q, Co=A,A (14)

We now see the fixed point structure quite clearly. Turning firstly to the Yukawa couplings,

Yo = 0 is always a possible fixed point for each «. The most general fixed point satisfies

Jo =0 (€ J)

(15)
(RSG—U)a =0, (ae{l,...r0\J)

where J is an arbitrary subset of {1,...r}. If this condition is satisfied then we also see
that
Ao =-1 (ae{l,...r}\J)

Ay == [2(RC)a = (RSD)ap | (a€ ) 16)

B

represents a fixed point. (If Q@ = 0 and J #0), then there are in general no fixed points
for A, with a € J .) The existence of this fixed point, corresponding to a universal
A-parameter, A, = —M (in the case J =0)), was first remarked in Ref. [[J (and the
importance of this value for A in the special case of a finite theory was realised earlier, in
Ref. 29]). If (SDR — 2QI) is invertible then the fixed point for m? is given by

m? = (SDR —2QI)~1(4C — SDC), (17)

while otherwise there is no obvious closed form expression. It is easy to show from Eq. ([3)
that in the case J =@, the quantity (Rm?), has the fixed point (Rm?), = 1 for all a. This
“sum rule” has been investigated in Refs. [2]. We should mention also that in the special
case where the Yukawa fixed points satisfy (57 — 2C); = %Q for all I (corresponding to
the so-called P = 1Q case[PT) then it is straightforward to show that mm? = 1 is a fixed
point for all I.

In any event, our main concern here is with the IR stability of the fixed points rather
than their actual values. The stability of the fixed points of the evolution equations for
a generic set of parameters )\; is determined by linearising the evolution equations about
the fixed points A7 so that they adopt the form %5)\1 = g—f\; ,+0Aj, where 0N = A — A"

gf; ,~ have positive real parts. In the case

The system is IR stable if all the eigenvalues of
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at hand the task is fairly simple, the soft-breaking equations being linear already, and the
only subtlety arises for the Yukawa coupling case. We find

g = 20,3(RSY—U DRS 18

55 ap(RSY—U)p + (DRS)ap- (18)
Let us first of all consider the simplest case, of a fixed point with all of the g, non-zero, in
other words J =(). The Yukawa fixed points then simply satisfy RSy—U = 0 and it follows
from Eq. (I§) that the Yukawa stability matrix is just DRS. We then see immediately
from Eq. (TJ) that the stability matrices for the A and 7m? are RSD —QI and SDR—2QI.
Hence for IR stability we require DRS, RSD — QI and SDR — 2Q 1 to have positive
eigenvalues. The appearance of combinations of R, S and D in each of these stability
matrices seems quite remarkable. Even more interestingly, the three matrices DRS, RSD
and SDR have the same set of non-zero eigenvalues. This follows from the easily-proven
result that M N and NM have the same non-zero eigenvalues for any m x n and n x m
matrices M, N.

We have some immediate and surprisingly powerful results. In an asymptotically free
theory (@ < 0) such that the Yukawa couplings flow to non-zero PR fixed points, the
A-parameters and soft masses also flow to fixed points. A non-asymptotically-free theory
(Q > 0) cannot have completely stable fixed points for both A-parameters and soft masses
unless the number of Yukawa couplings and the number of fields is the same. This is
because unless the matrices R and S are square, then either RSD or SDR will have some
zero eigenvalues (except possibly in pathological cases where, RSD (say) has fewer than r
independent eigenvectors).

Now let us turn to the case of a fixed point where some of the g, (p, say) are chosen
to be zero. Let us re-order the g, so that J = {r —p+1,...r}, and let us partition the
g into go, a = 1,...r —p and g5, @ = r —p+1,...r. It follows from Eq. ([7) that the

stability matrix for the Yukawa couplings now takes the block form
Ty
(0 7). (19)

Tiap = (DRS)ap, Toap = (DRS).5, T355 = 053RSy —U)g, (20)

where

and (with some abuse of notation) R, S and D represent the relevant matrices after re-

ordering the couplings. Hence for stability of the Yukawa fixed points we require (RSy —
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U)z > 0 for B=r—p+1,...r together with the positivity of the eigenvalues of the matrix
T1. The stability matrices for the A and m? are still given by RSD — QI and SDR —2Q1,
and it still follows that the non-zero eigenvalues of DRS, RSD and SDR coincide-though
there are now additional zero eigenvalues, since D contains p zeroes on the diagonal. The
eigenvalues of RSD — Q1 consist of —Q (p times) together with the eigenvalues of 77 — Q1.
Hence this fixed point can only be stable in the asymptotically free case.

Finally we should say a word about the p and b parameters. The evolution of the u
parameter is governed by

o d A -
g 2%#& = p1a(RSY — 2RC)a, (21)

where R4 takes the value 0, 1 or 2 according as the u term contains 0, 1 or 2 ®$s. The

only fixed point for p (or any combination such as %, +7) is pa = 0 for each & (except in

the special case of a one-loop finite theory with P = 0, for which any value of u is a fixed
point). The stability of pg = 0 requires (RS§ — 2RC)4 > 0 for each d. In the case of a
theory with no gauge singlets, we have Y,,,0™" = 0 in Eq. (Bd). In that case we have

—2

g 2—B=—-2QB+2RSDA + 4RC, (22)

SR

where By = HI;—O‘M Eq. (B9) clearly determines the fixed point for B in terms of that for
A. Moreover, the stability of the fixed point for Bs simply requires that ) be negative.
However, in a theory with gauge singlets, the stability of By is determined by a new matrix
which has no obvious connection with those which have arisen hitherto.

Let us illustrate our results with some simple examples. We begin with a simplified

version of the NMSSM, with the superpotentiadE
W =Y,QtH, + ANH,H, — £N°. (23)

The one-loop anomalous dimensions are given by

Po=Y2—-8q¢3, P, =2Y7-8¢3, Pp,=3Y2+)\,

(24)
Py, = X2, Py =202+ k).

3 Here (and also in the next example of the MSSM) we ignore all except the third generation
Y: coupling. It is straightforward to generalise to the case of diagonal couplings for the other

generations.



Writing Y; = %, etc, we find that our matrices R, S, D are given in the NMSSM case by

1 00 )

11100 2 00 Y2 0 0
R=(00 1 11 S=13 10 D=0 X 0]. (25)
00003 010 0 0 &

0 2 2

The Yukawa coupling evolution in this model was analysed in Ref. [[§. The only non-
trivial fixed point with 17,52, A2 k2> 0is

A—f—0, V2-1
T 7T 9
3
and is clearly stable, since the stability matrix of Eq. ([9) is just | 0 % 0 |. From
0 0 3
Eq. ([§) we find the fixed point for the A to be
Ay,=-1, Ay=L, Ay=0, (26)
and from Eq. ([[7) we find the fixed points for the m? to be
R S SO (27)

in agreement with Ref. [[J]. Again these fixed points for the A and /m? are clearly stable,

since () is negative and 177 = g Our formalism excludes the possibility of determining

fixed point values for A-parameters corresponding to mixing between the generations.
For our second example we take the model with the MSSM superpotential of Eq. ([7).

The matrices R and S are given (ordering the fields as @, L, t, b, 7, Ha, Hy) by

1 10
0 0 1 )
1 01 0010 2 0 0 Y2 0 0
R=|10 010 01 S=[0 2 0 D=0 Y2 0 (28)
0100101 00 2 0 0 Y?
300
0 3 1

There is no fixed point with 1772 > 0. However, in the case where we take Y, = 0 and Y;,

Y}, non-zero at the fixed point, we find a fixed point with

5};2:}/2)2:%, At:A 1’ AT:

)

Wl

(29)

— 52 =
=m; = 0.

N

b— —
2 ~2 _ ~2 1 ~
=3 My, =Mz, =—3, M

oo



1
? % and T3 = 1. The non-vanishing
3

eigenvalues of T are g and % Since moreover ) < 0 for the MSSM, we deduce that the

We find in Eq. ([9) that at the fixed point T} = (

fixed points are stable. Evidently the above fixed point values for Y;, Y, correspond to
large tan (3 (specifically tan 3 = m;/my,); the RG evolution of the Yukawa couplings in this
region was studied in Ref. [I0]. It would be interesting to extend this analysis to include
the soft—breaking terms.

For our third example we take a model with superpotential

W = Z YirQitrH;r. (30)

il

We have
Rir;=1, Rirr=1 Rijrir=1,

Siir=1, Srir =2, Siri =3, (31)
Dirir = Y3/9° = iir,

with all other entries in R, S and D being zero. The Yukawa fixed point is ¢;; = ¢, where

y = %, for all 4, I (assuming we take all the ¢ non-zero). In this case the fixed point
for every A is A;; = —1, and the fixed points for m? are

- 1 . . 1 . . 3y

m; = @(3”& —8), mj= @(G%y —8), i = 0 (32)

For stability it is sufficient to consider RS. It is straightforward to compute the eigenvalues

explicitly in this case. We find that RS — AI is the ny? x n,? matrix given by

5 ANI+K 21 o ... ... 2I 21
21 5-ANI+K 2 ... ... 2I 21
RS — M\ = (33)
21 21 of ... ... 2 [-ANI+K

where K is an ng X ng matrix with every entry 1, and I is the ny X ngy unit matrix. By
subtracting the last column from every other column, and then adding every row to the

last row, we conclude that
det(RS — XI) = det[(3 — \)I + K™~ det[(3 + 2n, — \)I + K]. (34)
By similar operations we can show that
det[z] + K] = 2" (x +n,), (35)
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and it follows that the eigenvalues of RS are 3 ([ny — 1]? times), n, + 3 ([ny — 1] times),
2ng + 3 ([ng — 1] times) and 3ny, + 3 (once). These are all positive. Hence again we
find stability in the asymptotically free case. It is easy to combine our second and third
examples to obtain the n, generation theory which was considered as a model for strong
unification in Ref. [P§.

As our final example we will take a semi-realistic GUT with gauge group SUs® SU3z ®
SUs, and a matter content consisting of n sets each of the representations X = (3,3,1),
Y =(1,3,3) and Z = (3,1,3). The superpotential for the theory is :

1
T MXP + XY+ A 7%) + pXY Z. (36)

W:3

Here \1 X3 = (\)*?7 X, XX, where o, 3--- = 1---n. If we set the three gauge couplings
all equal to g then it is easy to see that they remain equal under renormalisation. In what
follows we will suppose that we have (A?)% = (A7)d3, and (p*)§ = p°d5. In this case we

have (note that this is a case with s > r)

Y2
0 3 0 TR 0 o
R = S=(0 2 0 3 D = 2 (37)
0 0 3 00 2 3 0 0 X o0
1 11 0 0 0 p?

At the fixed point we have 65\22 + 952 = Q + 16, and hence we must take Q > —16 to
ensure physical fixed point values. We find the non-zero eigenvalues of DRS etc to be
Q + 16 — 9p% (twice) and Q + 16, which are positive provided the 5\22 and p? are positive.
The implications for the stability of the infra-red fixed points were discussed in Ref. [1J].
Again stability is assured in the case @ < 0.

Each example we investigated had the property that the non-zero eigenvalues of DRS
were positive (for physical fixed-point values for the g, in other words each diagonal entry
of D non-negative at the fixed point) leading to IR stability of the fixed points for A, m?
for an asymptotically free theory. The obvious question is whether this is true in general.
We have so far been unable to answer this question completely; however, as a first step we
can show that if S may be written S = Dy RT Dy, where D, and D, are diagonal matrices
with positive entries along the diagonal, and if D has non-negative entries, then DRS has

non-negative eigenvalues. All the examples we have considered have this property. For

11
1379
example, Dy = diag(1,3,2,2,6,3,3), Dy = diag(1,1, %), in our third example, Dy;; = 1,

instance, in our first example, Dy = diag(1,2,3,3,6), Dy = diag(1 ); in our second
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Dir.r =2, Dyirir = 3, Dy = I; and in our fourth example, D; = %I, D, = diag(1,1, %)
It is possible to write down matrices R and S, subject to the constraints that ) ; Ror = 3
and that R corresponds to a theory with P diagonal, which do not have the property
above; but they do not correspond to any physically interesting model, and in any case we
have not been able to construct any examples which lead to non-zero eigenvalues of DRS
with negative real parts. It is tempting to speculate that this is a general result.

We thus conclude that the focusing of Yukawa couplings and soft breakings observed
for example, in Ref. [[9] for the MSSM is not in fact specific to that theory but a general
phenomenon; the existence of stable infra-red fixed points for the Yukawa couplings implies
(given asymptotic freedom) stable infra-red fixed points for the A-parameters and soft
scalar masses. In Ref. [[2] we proposed that universality of soft masses and couplings at
the unification scale might be associated with IR fixed points. Our demonstration here
that there exists a strong relationship between the IR stability of the fixed points for these
masses and couplings with the stability of the fixed points in the Yukawa sector makes this

scenario even more plausible.
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