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ABSTRACT
Asymptotié freedom is examined in detail for a simple super-
~gauge symmetry model of Yang-Mills type. ‘Although the model of
perfect supergaugé symmetry is aéyﬁptoticaily free, the symmetry limit
is not realizednas a local minimum in every direction in the parameter

-

spacé of indepen@ent coupling constants if one. starts with approximate
supergauge symmetry. in spite df the unstable nature of the perfect
s&mmetfy'limit, breaking duebto a soft>operatof explicitly or
gpontaneously does not ruin the asymptotic free@om. This leads to
speculgtion on a new possibility of'achieving.the asymptotic freedom

without massless particles.

I. INTRODUCTION
A simple model of supergauge symmeffy has been proposed which
possesses the ordinary non-Abelian gauge symmetrj as well-as baryon
number conservation (l]. The asympiotic freedom is prerd for this
model. Since the supergauge symmetry requires thét not only the

Yang-Mills fields, but also scalar, pseudoscalar, and fermion fields
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should be massless, symmeilry breaking‘must.occur due to & soft operator
in order for the model to apply to the real world,

| In this paper the asymptbtic freedon of supergauge Yang-Mills
theory is ekamined as the 1imit of the correspondiﬁg.theory of
approXimate-symmetry in which several renormalizable couplings are
left 1ndependeht in Lagrangian. It happéns thaf the thawa couplings
of scalar and pseudoscalar mesons must "choose" unétable fix points
to realize fhe supergauge symmetry. This imﬁlies that the asymptotic
freedom of the supergauge symmetry cannot be realized if one starts
with an approximate supergauge symmetry involving a tiny hard
breaking. |

- In Chapter 2 renormalization groupAequations are written down

for the model Lagrangian that consists of scalar, pseudoscalar,
fermion, and the Yang;Mills fields. Seven coupling constants, which
are normally independent; become'reiated to each other in the super-
gauge symmetric limit. Asymptotic stability Qf the supergauge
symmetric limit is examined in the renormalization gfoup. It is
.shown that if one introduces a soft éymmetry breakihg, the theory
would still'possess asymptotic freedom. In Chapter 3 we will report
on our unsuccessfulAsearch for a model without a massless vector |
meson that realizes the asymptotic freedoﬁ through an unstable,
Instead of stablé, ultraviolet fixed point just as the supergauge

Yang-Mills theory.

II. MODEL AND RENORMALIZATION EQUATION
Ferrara.and Zumino and Salam and Strathdee proposed a simple
and almost realistic model of supergauge symmetry which incorporates

the Yang-Mills fields as well ag fermion number conservation (1,2).
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The model is given by the Lagrangian

L = Tr{ F " (DPA)(DHA) -2—(DuB)(D B)

AT
i 2 2 |
© 3T ‘D“*w - eB[a + tvp] + & (8], (2.1)
where
F}J\). = a;JV\) - a\)vu + ig[vu’v‘v] y : (2.»23)
Do = a0+ iglvue] L  (ea)

Vﬁ, A, B, and Y represept the Yang-Milis s#alar, pseudoscqlar,’
and fermion fields transforming likevthe adjoint representation of
SU(N) written in the (N x N) matrix. The supergauge symmetry forbids
mass terms and relates all the coupling constants. The function
B(g) of the renormalization equation is written for g as
v .3 v _
Blg) = -E5n | - (2.3)
S 8n o ' '
which indicates the esymptotic freedom ().

We raise here the qﬁestion whether this perfect symmetry limit
can be realized asymptotically if one starts with a model in which the
various coupling constants (the gauge coupling, the Yukawa couplings
and the four-point boson couplings) deviate slightly from the values
of the perfect symmetry. The answer would 5@ affirmative if the
supergauge symmetric point is ultraviolet stable for all the B's of

those couplings when they are allowed to vary independently. To

'examinevthis question, we start with the most general renormalizable
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Lagrangian that consists.ofv.Vﬁ, A, B, and ¢ and still retains

the ordinary SU(N) non-Abelian gauge symmetry,

_ uv';-u.i.ii
L = Tr { 4Fqu (DUA)(D A)+§-(DuB)(D B)

30y - 3] - 7

- S A2 - £ (e 8PP | (2.4)

The coupling constants would be subjected to the constraints

fg = fp = g (the Yang-Mills coupling) , (2.52)
Kk =g =p =0, | (2.5¢)

in the supergauge symmetric limit. Since the following argument
remains true for SU(N) with an arbitrary N, we will present our
result in case of N = 2.

It is just a matter of labor to obtain the following

functions of renormalization group'to the order of a single loop,

2 ' '
d ]
16 2 dgt .= - 8g4 F) ‘ ) ‘ | X (2-6&)

i

af 2
2 s _ 4 o 2.2 : :
16nm —d-t—- = l6fs - 24fs g ’ (2.6b)

2
ar
2 o 4 22
167" —E- = lef," - 24 %% (2.6¢)



6)° - 24Ag * 8(1‘.82 * fpzl))\ - 6g4}

[}

22

16w

+

8kx + 2A(o + p)} ', (2.64)

2.

Hj

; 2
167 8 + 24g - 32£'p fS

2

4

{
o
2

+ 4Mp + o) + 5¢(p + 0) - 24|<g + 8K(f32 + fpz)} s

(2.6e)
d 2 '
.l_61r2 Q- { 832 + 24" - 32fs4}
+ {:Llor2 + 3»(2 + 8Ak - 24cg2 + 16015‘32 ' s (2.6f) -
280 _ [ 4324 oph - aop b
16n° P = {8& + 2g 32fp}
E {up2 + 3% + 8he - 240g° + 1‘6pfp2} . (2.6g)

where t = 8n £ with & being a scale of the linear momenta. In
the right—hénd'sides of (2.6a)-(2.6g) the terms ﬁhich vanish trivially
in thé syﬁmetric limit are grbxiped together in the second curly
brackets, and suppressed are the terms of thev sixth order in g, fs’

and . f, of the fourth order in g, f ‘and £, and the first order

s’
in A, «x, o,. and p, of the second order in ‘g, fs’ and fp
and the second order in A, «, ¢, and p, of the third order in
A, k, o, and p, and of any higher order. It is ‘because we are
looking for an asymptotic solution to (2.6a) to (2.6g) in which

2 2

-1

g2, A, k, O, and p decrease like const, x t
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(inclﬁding the case of const. = 0). ‘This 1s, in fact, the only
asymptotic behavior consistent with all of (2,6a)-(2.6g). One can
observe immediately that when the supergauge constraints (2.5a ).—(2..'50)

2 fp2:, and A ‘reduce to

‘are substituted, (2. 6b)-(2.64) for f

(2. 6a) for g2, and (2.6e)-(2.6g) are satisfied trivially as O = O, |
Our problem is to 1ook into stablllty of the fixed point

realized in the supergauge Yang-Mills theory as viewed in the seven-

dimensional parameter space of g, f , f ,-A, k, g, and o

s p’
rather than along the specific direction constrained by the supergauge

symmetry. The first equation (2.6a) can be solved as

2
2 €o ‘ . - o ' :
g = ——s . A (2.7)
1+—07t . .

Redefining the remaining couplings as

I S ‘ ) , _
(F.2,F %,%,5,5,p) = (fsz/gz, fpz/g‘?, Ae?, _K/gz,‘c/gz, o/e®)

s ''p
(2.8)
we cast (2.6b)-(2.6g) into
= 2 . .
af -
. 2 s _ = 2% 2 : : :
1617 g - = '16fs (fs - 1_) ’ ‘ (2.9a)
161r2 f!i - 168 %721 | - (2.9b)
.. at- . *p p » ) | .
., 24 _ 2 22 =2 : - .
16w T {6X - 16X + 8X(fs + fp ) - 6}
+ {axz + 2X(5 + a)} . (2.9)
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-2 - - -~ = 2 2}
4k + 4X(p + G) + 5k(p + G) - 16k + 8(T " + f‘p )},

+
+

(2.94)
2 do _ | 2 = 4
1§n 5 ° {BX - 3"+ 24}
+ {1152: + 3%+ 8IR - 165 + 168?52} , (2.9)
2dp _ 2 x4
1617 o = {8)2 - 32_1‘p + 24}
+ {1152 « 322 + 8Y% - 16p + 165f‘p2} (2.9r)
2

Equation (2.9a) shows that the supergauge symmetric solution fs =1

corresponds to an ultraviolet unstable fixed point.' If our model

(2.4) possesses only an approximate symmetry such as’ Fs =1 + §_

at some t, this small deviation & would amplify itself and either

approach a finite constant of a stable fixed point, if ény, or else

blow up as t + o, Only if fs falls sharply on unity, the solution
-2

- £ % =1 is realized at t + ». As for fpz the fixed point fpz =1

s
is again ultraviolet stable. It is interesting to see whether the

supergauge symmetric point is stable or not with respect to the other

couplings vafied independently around it. Since (2.9a) and (2.9b)
F 2
v P
the intersection of the two hypersurfaces given by ?32 =1 and

f 2 . 1 to examine the remaining equations in (2.9¢)-(2.9f). It

P
turns out that to the first order deviation

forbid any deviation from .?82 = g1, we restrict ourselves onto
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24(328% + 14k + 55 + 5p) ., (2.10a)

n

'a(328% + 14K + 50 + 5p)/dt

a(28% - G - p)/dt = -4(2A% - G - p) ; | | (2,10b)
d(2x - 0 - p)/dt = -8(2k -G - o) , _ (2.10¢)
a5 -p)dt = 0 . | | (2.10d)

Stable deviation is éllowed along the normals to the hyperplanes
given by 20X -G -p =0 and 20Kk - 0 - p = 0. Physical implication
of such a stable deviation is not clear since we have already choéen
the unstable fixed points in fSZ and fpz prior to this. If one
starts with the perfectly symmetric Lagrangian, of course, no deviation
éccurs in any direction. | |
The supergauge Yang—Mills theory forbids mass terms for A,v
B, and V¥ as well as for Vu. To haverelev&néeto the real physical
world, therefdre, the supergauge symmetry with the fang-Mills fields
must be broken, .Because of thé unstable nature:of the asymptotic.
freedom of the supergauge theory, symmetry bféaking due to soft
operatdrs-of canonical dimension less than four_eithEr explicitly or
spontaneously is of physical interest. When the breakiﬁg is soft, the
8 functions for the dimensionless couplingg.are unaffected, but new
super-renormalizable couplings enter into the renormalization group

equation, Their t dependence is determined by (3f5)

K- @-ve) . ()

where d(>0) is the naive dimension of the coupling X and Y 1is

the anomalous dimension of the symmetry breaking operator associated
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with x. The coupling X includes mass terms and vecuum expectation

‘values of scalar fields, The function vy(t), in general, behaves like

¢/t as 1 -+ o, thus leading to

v. x(t) ~ o L o | (2.12)

Such soft coupling constants can be accbmmodated as symmétry breaking
into the supergauge theory without ruining the asymptotic freedom

for the dimensionless coupllngs.

3. SEARCH FOR ASYMPTOTiC FREEDOM WITHOUT MASSLESS PARTICLES
The foregoing analysis tempts us to speculate that the ultra-

violet unstable solutions so far abandoned in the literature (6 7)
may have a chance of survival. In order for such a solution to be
realized in the physical world, all thé dimensionlesé couplings
ﬁormalized at any common finite t must be dependent on each other,
and there should be no deviation aliowed for them. Associated with
each of such models there.exist a class of'Lagraﬁgians”that.are
obtained by addiﬁg super—renormalizabie terms to it. Although no
obvious symmetry exisfs in general that forces the dimensionless
couplingé subject to'constraints, éuch a Lagranglan or a class of
Lagrangians are certainly asymptotically free.*' We have explored in
a few simpler cases whether there exisiSsa mddél»of‘strong inte:otions
that raises all vector meson masses spontaneously through elementary
| scalar fields without rﬁining the asymptotic freedom nor the global
symmetry incorporgted originally in.the Lagrangian.  We learn from

- the preceding chapter that such a model must contain a nonvanishing

*
The possibility was discussed in a recent paper by N, P, Chang (8).
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Yukawa cquplihg of scalar fields; if not, it‘would'reduce to one of

' those that were already examined extensively (5,6]; Following the
line of reasoning devéloped by Bardakci and'Halpérn (9); we find that
this excludes many of‘simpler models. With -SU(N) as a global
symmetry, one can assign the 3calér multiple£ S either into the’

2 ;vl) represeﬁtation of  SU(N). When S

(N,§) or the (N° -1, N
is like (N,N), where the physical global symmetryvis, SUl(N) & SU2(N),
the simplest choice for fermions is to introduce a pgir of fermion
multiplets-liké (N;l)» and (1,N). With the Yang;Mills fields

-_~(-N2 -1,1) gdded to them, this model is one of the simplest candid-
‘atesﬁfor the model that we search for. After a standard calculation,
we have found that there always exists an ﬁnstable nonzero fixed

point for the ratio of the Yukawa coupling of the scalar fields to

- the gauge cdupling for an arbitrary N (>2), but the four-scalar

couplings have no fixed point at zero either stable or unstable. We

have further looked into the assignment of

s ~ (W-1, ¥-1) , o (3a)
‘l’l ~ (Nz -1, 1) and . ‘DZ = (1: N2 - l) ’ | ’(B-lb)
v, - (v -1, 1) ' o | (3§1c)

.és the next simplest.possibility, though it contains rather depressingly

many. elementary fields of‘the exotic quantum numbers, Bgcause of the

1

same reason as in the preceding model, no desirable model has been

discovered in this ciass, th&tmaintainsvthe asymptotic freedom. If

the fermions are assigned into a single multiplet (N2 -1, N2 -1),

there is no unstable fixed point except at zero for the ratio of the
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Yukgwa coupling to the gauge coupling, We feel that even if one
chooses an unstablé fixed point'of'renormalization group; there is no
simple field theory of stréng interactions that is asymptotically
free and avoids massless vector mesons through elementary scalar

fields, Dynamical spontaneous breaking seems to be compelling.

4. ACKNOWLEDGMENTS
The author is most grateful to.Professdr K. Bardakeci for
calling his attention to reference (8) and for illuminating discussibn
on the subject. Thanks areglsc due to Dr. K. Lane for helpful
discussion. It was learnt after completion of this work that the
unstable nature of the supergauge Yang-Mills theory was mentioned by
D. J. Gross at the international Conference on High Energy Physics at

London, July, 1974.

REFERENCES

S. Ferrara and B. Zumino, CERN preprint TH 1866 (1974).

(2) A, Salam and J. Sfrathdee; Trieste preprint IC/74/36 (1974).
G. 't Hooft, Nuel. Phys. Bé61l (1973) 455.

(4) S. Weinberg, Phys. Rev. 8 (1973) 3497.

(5} B. W. Lee and W. I. Weisberger, NAL preprint, NAL-Pub-74/32-THY,
March 1974; |

(6) D. J. Gross and F. Wilczek, Phys. Rev D8 (1973) 3633 and D9

- (2974) 980,

(7) T. P. Cheng, E. Eichten, L~F, Li, Phys. Rev. D9 (1974) 2259.

(8) N. P. Chang, Research Institute of Fundamental Physiés, Kyoto
University preprint, RIFP-192, May 1974.

(9) K. Bardakci and M, B. Halpern, Phys. Rev. D6 (1972) 696.



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeneéss or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



