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We consider renormalization group (RG) equations in field theories with broken symmetry.
The key idea is to treat them like unbroken theories in an external field and absorb the sym-
metry breaking terms into the redefinition of parameters. Then, RG equations for the broken
theory follow directly from those of unbroken one. A particular example of a supersymmetric
gauge theory is considered in more detail.

PACS: 11.15.Ex

1 Introduction

It is very common to consider theories with broken symmetry. Moreover, a typical situation is
when symmetry is broken spontaneously due to non-zero expectation value of some field. This
suggests the treatment of a broken theory as unbroken one in an external field. When this field
has a vanishing expectation value the symmetry is unbroken, and when it has a non-vanishing
value the symmetry is broken. So, if one is able to consider a theory in an arbitrary field, one can
simultaneously treat both the broken and unbroken cases.

Symmetric theory —  Spontaneously Broken Symmetry

\ I
<H>=0 <H>#0

Assume now that treatment of a theory in external field can be considered as modification of
original parameters in a sense that they become external field dependent quantities: {g} —
{g(H)}. This is not always the case, but if possible, leads to considerable progress.

Consider now the renormalization group (RG) equations for the couplings of the original
unbroken theory. If, as has been mentioned above, one can treat the theory in an arbitrary field,
one can make the replacement ¢ — g(H) in the RG equation and get

g=p8(g) — 9(H) = pB(g(H)). 1)

1plenary lecture at 5th Int. Conf. Renormalization Group 2002, Tatranska Strba (Slovakia), March 2002
2E-mail address: kazakovd@thsunl.jinr.ru

0323-0465/02 (© Institute of Physics, SAS, Bratislava, Slovakia 181



182 D. Kazakov

Notice that the 8 function remains the same, just the argument is changed. This is the crucial
point which is not obvious and has to be proved. Whence it is so, one can perform the Taylor
expansion of the coupling over the external field

< H >2
g(< H>)=g(0)+4'(0) < H > +Tg”(0) +

in eq.(1) and get the RG equations for the symmetry breaking terms (¢’, ¢”, etc) directly from
the one of unbroken theory without any further calculation

0= o,

i= T 2)
" d "

i = LDy By

We give explicit examples below.

The same procedure works also for solutions to the RG equations. Consider solution to
the RG equation for effective coupling (one coupling case for simplicity) and make the same
substitution

9 dx /MH) dx
50 B() ooy Bla)

Performing Taylor expansion in the limits of integration one gets the solutions for the symmetry
breaking terms

J(t) = ablg), ¢'(0) :c%za%mﬁ(g), 3

where g = ¢(t) is the solution in the unbroken case, and ¢; and ¢, are some constants.
Below we demonstrate how the advocated procedure works in the case of broken supersym-
metric field theory.

2 Supersymmetric Field Theory

We give here a brief description of the model. Supersymmetry is a fermion-boson symmetry
which converts bosons into fermions and vice versa, and changes the statistics. Supersymmetry
algebra is an extension of Poincaré algebra by anticommuting generators [1]. Supersymmetric
theory assumes that physical states (particles) come in pairs, called superpartners, each pair
containing states with spin different by 1/2. If it is relevant to Nature, it has to be broken, since
we do not observe a degenerate spectrum of fermions and bosons.

The simplest way to write the supersymmetric Lagrangian is to take the usual field theory in
Minkowski space and go from space to superspace, which is an extension of Minkowski space by
anticommuting Grassmannian variables. Then one has to replace ordinary fields depending on a
space-time point by the superfields depending on superspace coordinates. These superfields con-
tain both the fermionic and bosonic states transforming one into another under supersymmetry
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operators. Omitting the details for the lack of space, we write down a typical SUSY Lagrangian
for a general gauge field theory [2]

1 I
Lyigia = /d29 1A W W, +/d26d29 di(eV)] @, +/d29 W + h.c, 4)
g
where
1 "2 —V \% 1 ijk 1 ij
Wa = _ZD e Dae N W = Ey (I)iq)jq)k + §M (I)lq)]

Here V (x,60,0) and ®(z, §) are the gauge and matter superfields, respectively, 1V, is the gauge
field strength tensor and W is the so-called superpotential; # and @ are the Grassmannian co-
ordinates. The Lagrangian (4) contains two dimensionless couplings g and y** and one mass
parameter M¥.

This is a rigid or unbroken theory. The possible SUSY breaking terms are [3]:

M 1 .. 1 .. ) .
_Esoft—breaking = |:?)‘)‘ + EAUk¢i¢j¢k + §Bu¢i¢j + hC:| + (m2);¢:¢ﬂa (5)

They break the mass degeneracy in the supermultiplets and can be rewritten in terms of super-
fields as

1 o _

Lsoft = /d29 4—92(1 — 2Mn)TYWoW, +/d29d29 OUSF — (m*)Enm) (e )10,
1 .. . 1 . -

+ /d29 [g(y”k — AR, 0,y + 5 (MY = B”n)@@j] + h.c., (6)

where = 0?2 is an external spurion field. It is responsible for supersymmetry breaking. Obvi-
ously, eq.(6) can be treated as replacement of the couplings of unbroken Lagrangian (4) by the
external field dependent quantities

1 1
- =
52

92

_ 1-— M772* ]\4777 yijk - gijk _ yijk . Aijkm M N = A Bz‘j777

g g

The mass term m? can be absorbed into the redefinition of the Yukawa coupling y as well (see
below).

Thus, a softly broken SUSY theory can be treated as a rigid SUSY theory in an external
spurion superfield n with the couplings g,y and M being the external superfilelds S(n, 7). Both
the theories have the same singular part of the effective action.

The statement: In external spurion field  the singular part of the effective action depends on
the couplings, but does not depend on their derivatives:

ST (9) = Sé’;{g(sy"/s, % Dyfsx

and as a result has the same form in unbroken and broken cases with replacement of the couplings
by external fields. As a consequence, the following theorem is valid [4]:

The theorem Let a rigid theory be renormalized via introduction of the renormalization con-
stants Z;, defined within some minimal subtraction massless scheme. Then, a softly broken theo-
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ry is renormalized via introduction of the renormalization superfields Z,; which are related to Z;

by the coupling constant redefinition
Z’i(g2a Y, g) = Zi(QQa gv 3?)7

where the redefined couplings are

3 = gi(L+ M+ M7+ (2M;M; + A;)n),
gt =y = AT Sy (m?), g™ ()], 4y (m2))
~ _ 1 — 1 n n n n
Uige = Uigk — Ak + 5 Ungi (M) + Yink (M)} + yign (m?) 07,

2

Here A; are unphysical ghost field masses to be eliminated from physical RG equations [5].

U]

This leads to RG functions for the soft terms of a broken theory in terms of unbroken one.

The results for the soft term 3 functions are summarized below.

Summary of the Soft Term Renormalizations

The Rigid Terms The Soft Terms

604-; = OiYay 6MAi = Dl’}/ai

7% = 5y + perm's) | B = §(AV!yf+ perm’s) - (y Diyf+ perm’s)
chiral anomalous dim. Bs., = DaYa,

i = 5(MP] + MY5j) | B = 5(B] + BYy)) — (M Div] + MY D)

D2 — DlDl + Zaiai% + %(mQ)Z (ynbc 0 + ybnc

0 0
+ Yabe 8ynbc + Ybac aybnc + Ybea aybcn ) '

3 Hlustration

Consider, as an illustration of the above formulas, the simplest case of a pure gauge theory [6].

In a rigid theory the coupling is renormalized as
aBre = Z,a, o= g?/1672
Making the substitution o — & one gets &”%¢ = Z,& or (up to linear terms in 1)

aPUe(L 4 MEy) = a(l + Man) Za(a(l + Man)).
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After expansion over 7 this leads to equations

afPrre = aZ,(a),
MPBareqBare  — MaaZy(a) + aDiZ,,
where D1 = M« 9_ s the differential operator extracting linear terms over n. As a result, we
Ja
get the bare mass
MPBere = M+ Dy 1In Z,,. (8)

Differentiating eq.(8) with respect to a scale, one gets

604 = O[’YOU 6MA = leyaa

where v, is the gauge field anomalous dimension ~,, = dlog Z,, /dlog ji?.
Consider now a solution to the RG equation in a rigid theory written in quadratures

« do/ Q2
— =In—. 9)
a Ba) I
Performing the replacement of the couplings one gets
(1(1+MA7)) / 2
/ da’ In Q_

0(14+Maon) pa’) B u?

which after expansion over » leads to the solution for the soft mass term

aMA OéMAO ﬁ(a)

— = = My = const —=,

Bl@) ~ Blao) ! a

where « is taken from eq.(9). Thus, solution for the soft mass term directly follows from the one
for the rigid coupling.

4 Examples

Consider now some particular examples in gauge field theories.
1. General gauge theory
In the one-loop order the rigid 3 functions are

fa = v A =0Q Q=T(R)-30(G)
- 1, .. i 1 i i
ﬁZJk — §(y”l7f +perm's), V4 ™ = 53/ klyjkl — 2aC(R)j,

where T(R), C(G) and C(R) are the Casimir operators of the gauge group. This leads to the
following soft 3 functions:

Bl = aMag,
R §Bl(§y3k yzzcmeOzO(R){)+Ml(§A]k Yikm + 2aMAC(R)))

+(i = J9),



186 D. Kazakov

BIFY = AT G Y, — 20C(R)) + y 7 (GAP i + 20MAC(R)F)
[Bmz2]; W = 514 MAjw — 4aM3C(R)} + 1Y Mm?)L g + 1Y M) Yk

4 ,
+1y”l(m2)'§yjkl-

We used here the fact that in the given order the solution for 3, is £, = M4 M4.
At two loops the gauge anomalous dimension ~,, is

Yo = 0Q +20°QC(G) ~ 207} C(R)] (10)

J 7
and the 3 function for the gaugino mass takes the form

J

2 . .
Bars = aMaQ +4a2MAQC(G) — ;aMAwl(l)O(R)g

1 ) X .4 ) :
+ —a(AMy + Y™ A C(R)] — —aMaC(R);C(R)].

2

In this case, again the solution for the ghost mass A, can be found analytically [5]
1

r

SC(RY, — M3C(G)].

%, = AR = _9q] j

(m?)
In case when one knows the 3 function in all loops as in the NSVZ scheme [7]

NSVZ _ aQ —2r ' TryC(R)]
« N 1-20(G)a

one has the all loop S function for a gaugino mass as well as the all loop solution for A,:

ANSVZ _ 72ar*1Tr[mQC(R)] - MEC(G)'
@ 1-2C0(G)x
2. MSSM in the low tan 3 regime
The Minimal Supersymmetric Standard Model (MSSM) is the generalization of the Standard
Model of fundamental interactions [8]. The Lagrangian of the MSSM repeats that of the SM
with replacements of all the fields by appropriate superfields. It contains three gauge and a set of
Yukawa couplings the same as in the SM. However, the RG equations are slightly modified due
to the presence of extra particles. In the so-called low tan (3 regime one is left with three gauge
and one Yukawa coupling. The one loop rigid RG equations are

di = 71)1‘0412, i = 172,3

Yt = Yt(1—36043 + 30&2 + %al — 6}/15)
Their analytical solution has the form [9]

() = — Q0 — In MX
O[Z(t) 14 bjapt’ t=In Qé(
(11)

Yt (t) _ YOE(t)

= Tonrm PO = L+ bae) /™, F(t) = g BE)dt'
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To get solutions for the soft terms one has to make the substitution: o« — &,Y — Y and
expand over 7, 7. For the gauge coupling one has [6]

O[()M() Oé()bl'Oé()M()t _ (7)) M() M,

oMy, = T+ baol (1+bia0t)2 = T byagt . T bioot = Mg, = ﬁiaot'
Analogously
Aft) = o — Mol o — T (¢ — F))
Expanding up to 57 one can get the solution for the mass term (X, = m? + ﬁzé +m%):
5,(1) = Yo — A% [Ag+ 6MYo(tE — F))? N g[i(ﬁd_E) Y th_E].
1+ 6YoF (14 6YoF)2 dt'E dt’ 1+6YF dt

These solutions exhibit the so-called fixed point behaviour [10]. Namely, if one neglects ”1” in
the denominator of expression for the Yukawa coupling in eq.(11), the initial value Y; cancels
and one gets the fixed point value at the infrared region (which corresponds to ¢ — o)

E
t— 00 éYt(t)HYtFP:6—F.
The same fixed point behaviour is true for the soft parameters. To find it, one has to replace the
couplings in (12) by the proper superfields and expand the FP over n, 7. This gives directly the
FP for the soft terms.

(12)

tdE tE-—F
AFP _ — M, et
t O(Edt F )

tE — F d t?dE. t?*dE
ZFP _ M2 2 Y (i R————
¢ 0[( F) a5 a) T Fa

Thus, the FP’s for the soft terms follow those for Yukawa couplings and have the same stability
properties.

3. MSSM in the high tan 3 regime
Here we have three Yukawa couplings and the corresponding RG equations look like

di = 71)1‘0412, 1= 172,3

Yt = }Q(%Oxg + 30&2 + %al - 6}/15 — Yb),

Yb = }/t(%(lg + 30&2 + 1—75041 — Yt — 6}/(, - YT),

Y: =Y;(3as + 2a; — 3V}, — 4Y5).

Despite a simple form of these equations, there is no explicit analytic solution similar to (11). One
has either approximate solution [11] or the iterative one [12]. In both the cases the Grassmannian
expansion over 7 leads to the corresponding solutions for the soft terms.
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Yiayt) Yiay(H) [, il B N .

Ay, fayo A X0}

Fig. 1. Comparison of numerical and approximate solutions. Dotted lines correspond to the analytical
approximate solutions, solid lines to the numerical solution.

We consider as an illustration the approximate solution. It can be taken in the form [11]

YioEy(t)

WO S IR ®) + VRO Y EOT )
Yapp(t) — }/bOEb(t)
’ [1+ § (Yoo Fy() + Yoo Fy (8))]2/T[1 + TYao Fy(4)]2/7
1
T I3 F(0) 1 Vel )P
YTap:D(t) = YTOET(t)

1+ ZY  F Y1+ LY Fy(t) + YroFy)PP/7

To demonstrate the accuracy of the approximate solution (13) and the efficiency of the Grass-
mannian expansion, we present in Fig.1 the comparison of numerical and approximate solutions
for the Yukawa couplings of a rigid theory as well as the soft terms. One can notice perfect
agreement of numerical and analytical curves. Shown also are the fixed point behaviour, again
for the Yukawa couplings and for the soft terms obtained via the expansion procedure for the
approximate solutions (13). The numerical curves approach the analytically calculated FP’s in
the infrared region.
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5 Totally all loop finite N=1 SUSY gauge theories

Another example of application of the same procedure is the so-called finite field theories in the
framework of SUSY GUTSs. These are the theories where all the UV divergences cancel and
hence all the g functions vanish. This can be achieved in a rigid theory if the following two
conditions are satisfied [13, 14]:

e The group representations are chosen in a way to obey the sum rule

> T(R) = 3C5(G)
R

e The Yukawa couplings are the functions of the gauge one
Y; =Yi(a), Yi(a) = cla +cha® + ... (14)

where the coefficients ¢!, are calculated algebraically in the n-th order of PT.
To achieve the complete finiteness of the model including the soft terms, one has to modify
the finiteness condition (14) as

Y = Yi(a)

and perform the expansion over n, 77. This gives [15]

_ dlnY;
Ai = —Ma dlna’

_2d dlnYy;
2i MAdoza dlna’
where Y'(«) is assumed to be known from a rigid theory. These expressions lead to a totally
finite softly broken SUSY field theory!
Alternatively one can formulate the same conditions in terms of the bare couplings. They are
finite in this case. In dimensional regularization one has instead of eq.(14)

}/Z_Bare = QBare - fi(€)7 fz(e) _ Cl(‘l) + CZ(-2)€ + C(3)€2 + ... (15)

where the coefficients cE") are in one-to-one correspondence to those in eq.(14). Replacing the
couplings in eq.(15) in a usual way one finds that the function f (=) cancels and one has simple
relations for the soft terms valid in all orders of PT [6]

- i A_Bare — _MBare
YviBl”e = QBare * fi(€) = { ) are ézre :
pare i) = 4 ghare  (ayfre)?,

These relations for the bare quantities provide the vanishing of the 5 functions for the soft terms.

6 Conclusion

It is very useful to consider a spontaneously broken theory in terms of a rigid one in an external
field. In case when one is able to absorb the external field into the redefinition of parameters
of the original theory and perform the renormalizations for an arbitrary field, one can reproduce
renormalization properties of a spontaneously broken theory from a rigid one. The following
statements are valid:
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o All the renormalizations are defined in a rigid theory. There are no independent renormal-
izations in a softly broken theory.

e RG flow in a softly broken theory follows that in a rigid theory.

e This statement is true for RG equations, solutions to these equations, particular (fixed
point) solutions, approximate solutions, etc.
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