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Volume 93B, number 1,2 PHYSICS LETTERS 2 June 1980 

STRONG INTERACTION CORRECTIONS TO K°-~,  ° MIXING IN THE SIX QUARK MODEL ~ 

Frederick J. GILMAN and Mark B. WISE 1 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305, USA 

Received 3 March 1980 

Strong interaction corrections to K ° -~°  mixing in the six quark model are computed in quantum chromodynamics 
using the leading logarithm approximation. The corrections to the real and imaginary parts of the off-diagonal K ° - g °  mass 
matrix elements can be large. 

The K 0 - ~ 0  mass matrix has played an important role in particle physics over the past decade. The small value 
of the real part of  the off-diagonal elements found an explanation in the GIM mechanism [1 ] which invoked a 
fourth, charmed quark. Later calculations [2 ] of  the magnitude of these mass matrix elements led to a quantitative 
estimate of  the charmed quark mass. While these calculations were originally done without strong interaction cor- 
rections, with the development of  Quantum Chromodynamics (QCD) the short distance effects due to strong inter- 
actions were soon computed [3,4] and found to change the answer rather little. 

With the standard phase conventions an imaginary part of  the off-diagonal mass matrix elements is an expression 
of CP noninvariance and leads to the neutral kaon eigenstates, K0L and K 0 s, not being CP eigenstates. With four 
quark flavors there is no imaginary part ,1, but in a six quark model a phase in the heavy quark couplings to the 
weak vector bosons leads to CP violation and an imaginary part in the mass matrix. The phenomenology of CP vio- 
lation in the six quark model has been discussed [6] without account of  QCD corrections and found to be consis- 
tent with experiment and in particular with its observation in the K L - K  S system. 

In this paper we calculate QCD corrections to the K 0 - K  ° mass matrix in the six quark model with its attendant 
CP violation. We find that these strong interaction corrections, calculated in the leading logarithmic approximation, 
are generally not small. 

We work within the standard model [7] where the gauge group of electroweak interactions is SU(2) ® U(1) and 
the six quarks, u, c, t with charge 2/3 and d, s, b with charge - 1 / 3  are assigned to left-handed doublets and right- 
handed singlets: 

( u )  ( c )  ( t ) L  
d' L ' s' L ' b '  ; (U)R' (d)R' (C)R' (S)R' (t)R' (b)R" 

The choice of  quark fields is such that [8] 

= SlC 2 ¢1c2c3 -- s2s3ei~ ClC2S 3 +s2c3ei~ , (1) 

\ b ' / L  \SlS 2 ClS2C 3 + C2S3 el6 ClS2S 3 -- c2c3ei6 b L 

Work supported in part by the Department of Energy under contract DE-AC03-76SF00515. 
I Work supported in part by the Natural Sciences and Engineering Research Council of Canada. 

.1 This conclusion is based on the SU(2)® U(1) gauge theory with the minimal Higgs sector. It is poss~le to add extra Higgs so that 
CP violation also occurs in the four quark model. See for example ref. [5]. 
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Effective Hamiltonian for hS =1 weak nonleptonic decays in the six-quark model

Frederick J. Gilman and Mark B. Wise
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 18 June 1979)
Strong-interaction corrections to the nonleptonic weak-interaction Hamiltonian are calculated in the
leading-logarithmic approximation using quantum chromodynamics. Starting with a six-quark theory, the W
boson, t quark, b quark, and c quark are successively considered as "heavy" and the effective Hamiltonian
calculated. The resulting effective Hamiltonian for strangeness-changing nonleptonic decays involves u, d,
and s quarks and has possible CP-violating pieces both in the usual (V —A) )& (V —A) terms and in
induced, "penguin"-type terms. Numerically, the CP-violating compared to CP-conserving parts of the
latter terms are close to results calculate/ on the basis of the lowest-order "penguin" diagram.

I. INTRODUCTION

In the standard six-quark model. with charge +-,'
quarks u, c, and t and charge --,' quarks d, s, and
b, the left-handed quarks are assigned to weak-
isospin doublets and the right-handed quarks to
weak-isospin singlets of the SU(2) 4 U(1) gauge
group of weak and electromagnetic interactions.
The mixing between quarks in doublets charac-
terized, say, by their charge +—', members, is
describable by three Cabibbo-type angles 0»
and 6I„and by a single phase, 5, which results
in CP violation. The nonlept'onic weak interac-
tion that can result in a net change in quark flavors
is given to lowest order in weak interactions, and
zeroth order in strong interactions, by the product
of a weak current of left-handed quarks, a charged
8'-boson propagator, and another weak current
of left-handed quarks. Neglecting the momentum-
transfer dependence of the 5'-boson propagator,
one has the usual local (V -A) x (V -A) structure
of a current-current weak nonleptonic Hamiltonian.
With the introduction of strong interactions, in

the form of quantum chromodynamics (@CD),
things become more compl. icated. Consider, for
example, that part of the nonleptonic Hamiltonian
responsible for decay of kaons and hyperons which
we wri. te in terms of the "light" quarks u, d, and
s. As the strong interactions are turned on, not
only is the lowest-order (V-A. ) x (V -A. ) term
involving u, d, and s quarks modified by gluon
exchanges between the quarks, but there are dia-
grams involving virtual "heavy" quarks in loops
which contribute to the strangeness-changing non-
leptonic Hamiltonian. These alter the strength
of the (V -A) x (V -A) terms and introduce new
terms with different chiral structure, e.g. ,
(V -A) x V.
It is the purpose of this paper to calculate the

effective nonleptonic Hamiltonian for strange-
ness-changing decays in the six-quark model. We

sue cess ively cons ide r the W bos on, t quark, b
quark, and c quark as very heavy, and use re-
normalization-group techniques to calculate (in
the leading-logarithmic approximation) the re-
sulting effective Hamiltonian remaining at each
stage.
The basic techniques for carrying out such cal-

culations have been l.aid out previously. ' ' They
were even applied in the four-quark model to get
the effective Hamiltonian for strangeness-chang-
ing decays with the charm quark (and lV boson)
taken as heavy. However, there is only one
Cabibbo angle in the four-quark model and no
CP-violating phase. It is the CP-violating pieces
of the effective rionl. eptonic Hamiltonian which
are of special interest to us in this paper.
In a previous paper' we have raised the pos-

sibility that the diagram in Fig. 1 (the so-called
"penguin" diagram) gives rise to a term H"'"'"'" in
the effective Hamiltonian that yields amplitudes
for strange-particle decay with important CP-
violating parts. Other analyses"' cl.aim that
such penguin-type terms make a major contribu-
tion to the amplitudes for A decay into pions and
are responsible for the &I = 2 rule. Assuming
this we showed that in the six-quark model the
magnitude of CP violation arising from the con-
tribution of the matrix el.ement of H '"""'" to the
decay. amplitude is comparable to that coming
from the mass matrix. It followed that the six-
quark model yields predictions for the CP-
violation parameters of the kaon system (in
particular e'/e ) which are distinguishable from
those of the superweak model.
Two questions could be asked about the validity

of using Fig. 1 to estimate the ratio of CP-violat-
ing to CP-conserving amplitudes. First. is the
effect of multiple soft-gluon exchanges. This has
been answered in Ref. 7 where it is shown how the
local four-fermion structure of the effective
Hami. ltonian is preserved despite the presence of
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PHYSICAL REVIE% D VOLUME 27, NUMBER S 1 MARCH 1983

E -K mixing in the six-quark modelO
—O

Frederick J. Gilman
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Mark B.Wise
Physics Department, Harvard University, Cambridge, Massachusetts 02238

(Received 30 August 1982}

Using the leading-logarithm approximation, strong-interaction corrections to K -E mix-
ing in the six-quark model are computed in quantum chromodynamics. The full calculation
involving the mixing of eight operators at some stages is done, as well as an approximate,
much simpler calculation. Numerically, the exact and approximate results agree to high ac-
curacy and both show that the corrections to the real and imaginary parts can be large.
How to obtain the free-quark limit of these and other results is shown explicitly.

I. INTRODUCTION

The E -K mass matrix has played an important
role in particle physics over the past decade. The
small value of the real part of the off-diagonal ele-
ments found an explanation in the Glashow-
Iliopoulos-Maiani mechanism which invoked a
fourth, charmed quark. Later calculations of the
magnitude of these mass-matrix elements led to a
quantitative estimate of the charmed-quark mass.
While these calculations were originally done
without strong-interaction corrections, with the
development of quantum choromodynamics (QCD)
the short-distance effects due to strong interactions
were soon computed' and found to change the
answer rather little.
W'ith the standard phase conventions an ima-

ginary part of the off-diagonal mass-matrix ele-
ments is an expression of CP noninvariance and
leads to the neutral-kaon eigenstates Eq and ECz not
being CP eigenstates. With four quark flavors there
is no imaginary part, but in a six-quark model a
phase in the heavy-quark couplings to the weak vec-
tor bosons leads to CP violation and an imaginary
part in the mass matrix. The phenomenology of CP
violation in the six-quark model has been discussed
without account of QCD corrections and found to
be consistent with experiment and in particular with
its observation in the Es-&L, system
In this paper we calculate the QCD corrections to

the Ez-EI mass matrix in the six-quark model. A
brief account of this work was reported earlier.
Here we give a more complete treatment, including
the mixing of eight operators at some stages of the
calculation.
In the next section we give the details of how the

effective AS=2 weak Hamiltonian that contributes

to the E -E mass matrix is calculated. Successive-
ly the 8' boson, t quark, b quark, and c quark are
treated as heavy fields and removed from appearing
in the theory. At each stage we get an effective
theory with less fields and calculate coefficients of
operators in the effective Hamiltonian. These are
related to their values in the theory at the previous
step by renormalization-group equations which we
solve in the leading-logarithm approximation. After
giving the full solution with all mixing included, we
also give an analytic result based on dropping the
mixing of six operators with two others.
In Sec. III we give numerical results. Careful at-

tention is paid to how to match up the running cou-
pling in effective theories with different numbers of
quarks and how the free-quark results emerge as a
limit. This limit is explicitly carried out in Appen-
dix A. Numerical results for the strong-interaction
corrections to the ES=2 Hamiltonian are also given
in several cases. The exact and approximate results
are numerically close and indicate large strong-
interaction corrections in some cases.

II. QCD CORRECTIONS
TO THE E -E MASS MATRIX

We work within the standard model where the
gauge group of electroweak interactions is
SU(2))&U(1) and six quarks, u, c,t with charge —,

and d, s, b with charge ——,, are assigned to left-
handed doublets and right-handed singlets:

r

u c t

L, I.

(u)z, (d)a (c)tt (s)z, (t)z, (b)tt .

The choice of quark fields is such that

27 1128 1983 The American Physical Society
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8

b d
Q

Standard formalism to describe flavour-changing processes; permits to include QCD 
corrections and resum large logarithms to all orders. Equally applicable to K, D, B, Bs 
meson physics. 

Following up on Mark’s pioneering work, people have calculated QCD corrections up to 
next-to-next-to-leading order.  
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Volume 202, number  1 PHYSICS LETTERS B 25 February 1988 

EFFECTIVE HAMILTONIAN FOR WEAK RADIATIVE B-MESON DECAY ~ 

Benjamin GRINSTEIN 1, Roxanne SPRINGER and Mark B. WISE 2 
California Institute of Technology, Pasadena, CA 91125, USA 

Received 18 November  1987 

The inclusive rate for decay of  a B-meson to a hard photon and strange hadronic final states (i.e., B-~yX~ with Xs=K*,  etc.), 
is likely to be dominated by short-distance physics which gives rise to an effective hamiltonian that is a magnetic-moment-type 
operator. Strong interaction corrections to this hamiltonian are computed in the leading logarithmic approximation. 

With three generations of quarks and leptons the coupling of the charged W-bosons to the quarks is given, in 
the standard model, by 

~tgint = (g2/2,,f2)(faet)yu(1 -Ys)  V WU+ +h .c . ,  (1) 

where V is a 3 × 3 unitary matrix that arises because the quark fields must be redefined by unitary transforma- 
tions to diagonalize their mass matrices. Vcan be written in terms of four angles 0~, 02, 03 and ~ [ 1 ] : 

Cl SIC3 --SIS3 
V~- SiC2 CIC2C3--$2S3 ei'~ cic2s31"$2c3ei'~ I • 

\$1s2 ¢1s2c3 -{- ¢2s3 ei~ c1s2s 3 - -  ¢2 c3 ei'~ / / 

(2) 

Here si= sin 0i and ci = cos 0i. Experimental information on nuclear [~ decay, semileptonic hyperon decays and 
B-meson decays implies that the angles 01, 02 and 03 are small. 

Rare decays of B-mesons may provide sensitive tests of the standard model [ 2 ]. In this paper we focus on the 
standard model prediction for the rate of B-meson decay to a hard photon and strange hadronic final states, 
B ~TXs with X~ = K*, etc. The rate for this inclusive process is likely to be dominated by short-distance physics 
which gives rise to a local b--, s7 single quark transition. Neglecting strong interactions the effective hamiltonian 
for weak radiative B-meson decay is [ 3 ] 

Yd~rf = ( 2GF/v/2 ) Vtb V~tsA( emb/16n2)~L a~"bR Fu~ , (3) 

where the masses of the light quarks (u, d, s, c) have been neglected. In eq. (3) mb is the mass of  the bottom 
quark, F~, is the electromagnetic field strength tensor and A is a function of the top quark mass squared divided 
by the W-boson mass squared 

¢r Work supported in part by the US Department  of  Energy under Contract DE-AC03-81-ER40050 and DE-AC03-76SF00098. 
Present address: Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA. 
Alfred P. Sloan Fellow and US Department of  Energy Outstanding Junior Investigator Program under Contract DE-FG-03-84-ER40172. 

138 0370-2693/88/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division ) 
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Alfred P. Sloan Fellow and US Department of  Energy Outstanding Junior Investigator Program under Contract DE-FG-03-84-ER40172. 

138 0370-2693/88/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division ) 
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a
 b         s γ was the first observed process involving a top penguin diagram, 
                  by the CLEO experiment in 1994.



Wess Award Ceremony                                                Ulrich Nierste        KIT       5 Nov 2022 

New physics in b     s γ

8

Volume 201, number 2 PHYSICS LETTERS B 4 February 1988 

WEAK RADIATIVE B - ME SON DECAY AS A PROBE OF THE HIGGS SECTOR ~ 

Benjamin GRINSTEIN 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA 

and 

Mark B. WISE t 
California Institute of Technology, Pasadena, CA 91125, USA 

Received 3 November 1987 

We examine the rate for B-meson decay to a hard photon and strange hadronic final states (i.e., B--,yXs, Xs=K*, etc) in 
extension of the standard model with two Higgs doublets and no tree-level flavor-changing neutral Higgs-boson couplings. In such 
models the rate for B--.yXs can differ dramatically from what it is in the standard model. 

The standard model of the strong, weak and elec- 
tromagnetic interactions [ 1 ] with three generations 
of quarks and leptons is compatible with present ex- 
perimental information. In the standard model only 
one Higgs doublet is required to spontaneously break 
SU(3) × SU(2) ×U(1 ) to SU(3) ×U(1 ) and to give 
mass to the quarks and leptons. However, there is no 
strong motivation for this minimal Higgs sector. In 
fact, extensions of the standard model motivated by 
the hierarchy puzzle (e.g., technicolor and low en- 
ergy supersymmetry) typically have a much more 
complicated Higgs sector. In this letter we study the 
sensitivity of the rate for weak radiative B-meson de- 
cay to extensions of the minimal Higgs sector. 

The simplest of the minimal Higgs sector consists 
of adding a second Higgs doublet. Then the physical 
degrees of freedom in the Higgs sector are three neu- 
tral and one charged scalars. Tree level flavor chang- 
ing couplings of the neutral scalars are absent if the 
up-type Yukawa couplings involve only one of the two 
Higgs doublets, and the down-type quark Yukawa 

This work was supported by the Director, Office of Energy Re- 
search, Office of High Energy and Nuclear Physics, Division 
of High Energy Physics of the US Department of Energy under 
Contracts DE-AC03-7600098, DE-AC03-81-ER40050 and DE- 
FG-03-84-ER40172. 
Alfred P. Sloan Foundation Fellow. 

couplings also involve only one of the two Higgs 
doublets [ 2 ]. In this letter we consider two models of 
this type. Model I has both the up- and down-type 
quarks getting mass from Yukawa couplings to the 
same Higgs doublet H~. The Higgs doublet H2 has no 
Yukawa couplings to the quarks. In this model the 
Lagrangian density contains the following couplings 
of the physical charged scalar ~ to the quarks 

\ b / R d  
(1) 

In eq. (1) Mu and MD are the up-type and down-type 
quark mass matrices (o00) 

= 0 , A I D  = , m u  me ms 
0 m t  0 m b 

(2) 

Pl and v2 are the magnitude of the vacuum expecta- 
tion values of H~ and H2 respectively, and V is the 
Kobayashi-Maskawa [ 3 ] matrix 

274 0370-2693/88/$ 03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division ) 

b         s γ is also an effcicient probe of 
new physics, highly sensitive to effects 
of charged Higgs boson. 
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Volume 232, number 1 PHYSICS LETTERS B 23 November 1989 

WEAK DECAYS OF HEAVY M E S O N S  IN T I l E  STATIC QUARK A P P R O X I M A T I O N  cr 

Nathan ISGUR 
Department of Physics, University of Toronto, Toronto, Canada M5S IA 7 

and 

Mark B. WISE 
CaliJbrnia Institute of Technology, Pasadena, CA 91125, USA 

Received 8 October 1989 

When one or more quarks are heavy compared to hadronic scales, some new symmetries appear in the low energy effective 
lagrangian for QCD. We exploit these static quark symmetries to derive model-independent normalizations of some weak had- 
ronic matrix elements involving heavy quarks, as well as many relationships between such matrix elements. We briefly discuss 
how some of these conditions can be used to improve determinations of Kobayashi-Maskawa angles. 

The weak decays of heavy mesons can be a rich 
source of information about particle physics. For ex- 
ample, the semileptonic decays of B mesons play a 
crucial role in determining certain weak mixing an- 
gles, and the rare decays of B mesons are a sensitive 
probe of new physics beyond the minimal  standard 
theory. 

In a hadron containing a heavy quark Q (mQ>> 
Aocig) along with light degrees of freedom, the heavy 
quark acts as an essentially static color source in the 
hadron's  rest frame. It has recently been realized that 
this fact can be exploited to derive relationships be- 
tween hadronic parameters [ l ]. A simple example is 
the matrix element of the axial current A ~ = ~ , F s Q  
(where q is a light quark field) between the ground 
state pseudoscalar meson P with qQ flavor quantum 
numbers  and the vacuum"'  

fvP~ ( 0 I A ~ I P ( p ) )  = x / / ~ p .  (1) 

Research supported in part by the Natural Sciences and En- 
gineering Research Council of Canada and by the US Depart- 
ment of Energy under Contract no. DE-AC038 I-ER40050. 

w~ In this paper we will find it convenient to normalize states 
containing a heavy quark according to < M (p', s' ) I M (p, s) ) 
=6~ fl3(p ' -p) .  This is the origin of the factor (2Ev) -"2 on 
the right-band side ofeq. ( 1 ). 

Since the axial current is partially conserved, it re- 
ceives no renormalization. However, there is a large 
logarithm, namely l n (m~/A~cr~) ,  in thc perturba- 
t i re  expansion of the matrix clement ( 1 ) coming from 
loop momenta  p in the region AQCD<P<m Q. This 
logarithm can be displayed explicitly by going over 
to an effective theory where the heavy quark is treated 
as a static color source. The axial current in this ef- 
fective theory, A" (~) ,  does require renormalization 
and hence develops a dependence on the subtraction 
point/t. The relationship between the axial current in 
the effective theory and in the complete theory is 

A ,  = C ( i t  )A'~(,u ) +... , (2) 

where the ellipses denote higher dimension operators 
suppressed by powers of m o. At / t  = mQ 

C(mc))  = 1 + O ( o ~ s ( m q ) / n  ) . (3) 

At this subtraction point there is a large logarithm in 
the matrix element of A~,(/t). We can transfer it from 
the matrix element to the coefficient function C by 
scaling the subtraction point ~ down from mQ to some 
hadronic scale around At)co using the renormaliza- 
tion group equations. The result is that in the leading 
logarithmic approximation 
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When one or more quarks are heavy compared to hadronic scales, some new symmetries appear in the low energy effective 
lagrangian for QCD. We exploit these static quark symmetries to derive model-independent normalizations of some weak had- 
ronic matrix elements involving heavy quarks, as well as many relationships between such matrix elements. We briefly discuss 
how some of these conditions can be used to improve determinations of Kobayashi-Maskawa angles. 
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fvP~ ( 0 I A ~ I P ( p ) )  = x / / ~ p .  (1) 
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We present an extension of our earlier observations on symmetries in operation in the weak decays of heavy mesons containing 
a single heavy quark. The new symmetries allow us to obtain absolutely normalized model-independent predictions in the heavy 
quark limit of all of the form factors for the Q~--*Q2 induced weak pseudoscalar to pseudoscalar and pseudoscalar to vector 
transitions in terms of a single universal function ~(t) with ~(0) = I. 

The properties of  hadrons containing a single heavy 
quark Q (mQ>>AocD) along with light degrees of  
freedom are constrained by symmetries which are not 
manifest in QCD [ 1 ]. The first o f  these is a flavor 
symmetry which arises from the fact that the long- 
wavelength properties o f  the light degrees of  freedom 
in such a hadron become independent o f  mQ for 
mQ >> AQC D. Thus, for example, the light degrees of  
freedom of  a I] and D meson can be related by an 
(approximate)  b,--,c SU (2) symmetry even though 
mb and mc are very different. The second symmetry 
pointed out in ref. [1 ] is a related spacetime sym- 
metry which arises in QCD because the spin o f  a 
heavy quark decouples from the gluon field [ 2 ]. This 
makes SQ, the heavy quark spin operator, the gener- 
ator of  another SU(2)  group of  symmetries of  the 
light degrees o f  freedom in a meson containing a sin- 
gle heavy quark. Thus, for example, the light degrees 
o f  freedom in the B and 13" mesons are in (approxi- 
mately) the same state since the spin orientation of  
the b quark does not affect their dynamics. These 
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symmetries are manifest in an effective theory where 
the heavy quark acts in its hadron's  rest frame like a 
spatially static triplet source of  (short-distance) color 
electric field [2,3 ]. In the effective theory the heavy 
quark's couplings to the gluon degrees of  freedom are 
independent of  its mass and described by a Wilson 
line [ 3 ]. 

To apply these symmetries to the matrix elements 
o f  weak current, we must know these currents in the 
effective theory. For the currents o f  interest here 
(color indices are suppressed ) 

Vg _= Qj~,~ Q,, ( 1 ) 
j i _  Av =~.j~v~sQi, (2) 

one has [ 1,4 ] for J ,  = V~ or A, 

J~ = Cj, JJ~ + ... , (3) 

where the ellipses denote higher dimension operators 
suppressed by powers of  mQ, and where on the right- 
hand side of  eq. (3) J~ is the naive weak current in 
the effective theory. In the leading logarithmic ap- 
proximation with mj<  m,- 

/ . . \ 6 / ( 3 3 - - 2 N f  ) 

Cji = ( Ots[mi)~ (4) 
\ a s ( m j ) , /  
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Systematic treatment of the limit 
mQ>>ΛQCD for a heavy quark Q=b,c

Heavy-quark limit: Form factors reduce to 
a single function, the Isgur-Wise function 
(with known normalization).
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We identify a new cosmological problem for models which solve the strong CP puzzle with an invisible axion, unrelated 
to the domain wall problem. Because the axion is very weakly coupled, the energy density stored in the oscillations of the 
classical axion field does not dissipate rapidly; it exceeds the critical density needed to close the universe unless fa <~ 1012 
GeV, where fa is the ~lxion decay constant. If this bound is saturated, axions may comprise the dark matter of the universe. 

Ever since the discovery [ 1 ] of  the CP-violating 
parameter 0 of  the strong interactions, the small value 
of  0 has posed a serious puzzle. Current experimental 
limits [2] on the electric dipole moment  of the neu- 
tron require [3] ~< 10 -9.  The small value of  O is natu- 
rally explained in models.with a spontaneously 
broken Peccei -Quinn symmetry [4], but the result- 
ing axion [5] has not  been seen. In a recently pro- 
posed variant of  the Peccei -Quinn scheme [6,7], the 
axion mass and its couplings to ordinary matter  are 
inversely proport ional  to the large vacuum expecta- 
tion value fa of an [SU(2) × U(1)] w-singlet scalar 
field. F o r f a  >~ 10 TeV, this axion is consistent with 
all known laboratory experiments,  but a more strin- 
gent constraint o n f a  comes from astrophysical con- 
siderations [8]. To suppress the power radiated in 
axions by the helium core of  a red giant star to an ac- 
ceptable level, it is required that fa ~> 109 GeV. Since 
fa must be very large anyway, one is tempted to sup- 
pose [7] that fa ~ 1015 GeV, the mass scale of  grand 
unification [9]. 

In this paper,  we point out a new cosmological 
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constraint on the "invisible" .axion satisfying 
fa ~ 109 GeV. Because the couplings o f  this axion 
are so weak, the energy density stored in the oscilla- 
tions of  the classical axion field does not  dissipate 
rapidly. To prevent this energy density from exceed- 
ing the critical density we must require fa ~ 1012 
GeV; the invisible axion must not  be too visible. The 
most interesting possibility is fa ~ 1012 GeV, for in 
that case a nondissipative, pressureless axion gas 
could constitute the dark matter  of the universe. 

The axion is a pseudo-Goldstone boson ; all o f  its 
couplings are suppressed by inverse powers of  the 
axion decay constant fa '  Its only nonderivative cou- 
pling, to t r (FF) ,  arises from the color anomaly of  the 
Peccei -Quinn current. In the effective field theory 
describing physics at energies be lowfa  , the action o f  
the nonlinearly realized U(1)po Peccei -Quinn sym- 
metry on the axion field a is 

a/fa ~ a/fa + O. (1) 

We have chosen to normalize fa so that a global rota- 
tion o f a / f  a is equivalent to a rotation of the QCD 
angle O;a/f a must therefore be regarded as a periodic 
variable with period 2rdV, where N is the number o f  
elements in the discrete subgroup of the U(1)po sym- 
metry group which is not  explicit ly broken by non- 
perturbative QCD effects. 
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Dine, Fischler, and Srednicki have proposed a solution to the strong CP puzzle in which
the mass and couplings of the axion are suppressed by an inverse power of a large mass.
We construct an explicit SU(5) model in which this mass is the vacuum expectation value
which breaks SU(5) down to SU(3) (3SU(2)U(1).

PACS numbers: 14.80.Kx, 11.30.Er, 12.20.Hx
The standard SU(3) SU(2) SU(1) gauge theory

appears to be adequate to describe all of the phe-
nomenology of the strong, electromagnetic, and
weak interactions. Moreover, much of the struc-
ture of these interactions is explained by the
theory in the sense that it follows directly from
the form of the gauge interactions. However,
there are a number of features which can be de-
scribed in the context of SU(3) SSU(2) SU(l) but
which are in no sense explained. Some of these
features, such as charge quantization and the ob-
served value of the weak mixing angle, are ex-
Plained by the extension of SU(3) SSU(2) SU(1) to
the grand unifying group SU(5). ' The rest com-
prise the fundamental puzzles of contemporary
particle physics: Why SU(3) SSU(2) CIU(1) [or
SU(5)] and not some other gauge group 7 How
many generations of quarks and leptons exist and
why? Why do the quark masses and mixing
angles take their observed values? Why is the
CP nonconservation in the SU(3) strong interac-
tions so small? Finally, in the context of grand
unified theories, there is the hierarchy puzzle.
Why are the mass scales associated with the
electroweak and strong interactions so small
compared to the unification mass scale M„=10"
GeV?' Some or all of these questions may not
have answers. The world may just be the way it
is.
Our penultimate question, the puzzle of the
smallness of strong CP nonconservation, is par-
ticularly tantalizing. Several different mechan-
isms have been proposed to exp/ain the smallness.
Soft CP noneonservation' or a massless up quark4
might do it at a price in elegance. The Peccei-
Quinn' symmetry would do it, but the predicted
axion' is not seen. ' Some workers' have sug-
gested scenarios in which the axion is heavy and
hard to see. Dine, Fischler, and Srednicki'

(DFS) have recently suggested a clever variant
of the Peccei-Quinn scheme in which the axion
mass and its coupling to normal matter are in-
versely proportional to a large and arbitrary
vacuum expectation value (VEV) of a.n SU(2)
singlet scalar field. If this VEV is large enough,
their axion is invisible.
In this paper, we comment on the DFS idea.

We first note that the singlet VEV must be great-
er than 10' GeV to satisfy astrophysical con-
straints. " In the SU(3) SSU(2) SU(1) theory,
such a large mass scale is unnatural. Thus, in
the context of SU(3) 13SU(2) CIU(1), the DFS idea
is a trade-off. It explains the smallness of strong
CI' nonconservation at the cost of introducing a
hierarchy puzzle.
In a grand unified theory, it seems reasonable

to imagine that the singlet VEV is of order M„.
Our main purpose in this paper is to describe a
model in which it is more than reasonable, it is
automatic, because the DFS singlet field is pre-
cisely the field whose VEV breaks SU(5) down to
SU(3) SSU(2) SU(1). In our model, the hierarchy
puzzle is still with us, but the strong CP puzzle
is solved at no addtional cost.
The astrophysical constraints on a light axion

have been discussed by Dieus, Kolb, Teplitz,
and Wagoner. " They find that for a light axion
with conventional couplings, the power radiated
in axions by the helium core of a red supergiant
star would exceed the power in photon emission
by about 10". Consistency with the usual stellar
models can only be achieved if the axion couplings
are reduced by at least 10". In the DFS model,
the axion coupling is reduced by the ratio of the
usual Higgs VEV, u =250 GeV, to the singlet
VEV. Thus the singlet VEV must be of order 10'
GeV or larger.
Our main concern is the construction of an ex-
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constraint on the "invisible" .axion satisfying 
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rapidly. To prevent this energy density from exceed- 
ing the critical density we must require fa ~ 1012 
GeV; the invisible axion must not  be too visible. The 
most interesting possibility is fa ~ 1012 GeV, for in 
that case a nondissipative, pressureless axion gas 
could constitute the dark matter  of the universe. 

The axion is a pseudo-Goldstone boson ; all o f  its 
couplings are suppressed by inverse powers of  the 
axion decay constant fa '  Its only nonderivative cou- 
pling, to t r (FF) ,  arises from the color anomaly of  the 
Peccei -Quinn current. In the effective field theory 
describing physics at energies be lowfa  , the action o f  
the nonlinearly realized U(1)po Peccei -Quinn sym- 
metry on the axion field a is 

a/fa ~ a/fa + O. (1) 

We have chosen to normalize fa so that a global rota- 
tion o f a / f  a is equivalent to a rotation of the QCD 
angle O;a/f a must therefore be regarded as a periodic 
variable with period 2rdV, where N is the number o f  
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We propose a mechanism for stabilizing the size of the extra dimension in the Randall-Sundrum

scenario. The potential for the modulus field that sets the size of the fifth dimension is generated by
a bulk scalar with quartic interactions localized on the two 3-branes. The minimum of this potential
yields a compactification scale that solves the hierarchy problem without fine-tuning of parameters.
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The standard model for strong, weak, and electromag-
netic interactions based on the gauge group SU!3" 3
SU!2" 3 U!1" has been extremely successful in account-
ing for experimental observations. However, it has sev-
eral unattractive features that suggest new physics beyond
that incorporated in this model. One of these is the gauge
hierarchy problem, which refers to the vast disparity be-
tween the weak scale and the Planck scale. In the context
of the minimal standard model, this hierarchy of scales is
unnatural since it requires a fine-tuning order by order in
perturbation theory. A number of extensions have been
proposed to solve the hierarchy problem, notably techni-
color [1] (or dynamical symmetry breaking) and low en-
ergy supersymmetry [2].
Recently, it has been suggested that large compactified

extra dimensions may provide an alternative solution to
the hierarchy problem [3]. In these models, the observed
Planck mass MPl is related to M, the fundamental mass
scale of the theory, by M2

Pl ! Mn12Vn, where Vn is the
volume of the additional compactified dimensions. If Vn
is large enough, M can be of the order of the weak
scale. Unfortunately, unless there are several large extra
dimensions, a new hierarchy is introduced between the
compactification scale, mc ! V

21#n
n , and M.

Randall and Sundrum [4] have proposed a higher dimen-
sional scenario to solve the hierarchy problem that does
not require large extra dimensions. This model consists
of a spacetime with a single S1#Z2 orbifold extra dimen-
sion. Three-branes with opposite tensions reside at the
orbifold fixed points and together with a finely tuned cos-
mological constant serve as sources for five-dimensional
gravity. The resulting spacetime metric contains a redshift
factor which depends exponentially on the radius rc of the
compactified dimension:

ds2 ! e22krc jfjhmndxmdxn 2 r2
c df2, (1)

where k is a parameter which is assumed to be of order
M, xm are Lorentz coordinates on the four-dimensional
surfaces of constant f, and 2p # f # p with !x, f"
and !x, 2f" identified. The two 3-branes are located at
f ! 0 andf ! p .A similar scenario to the one described
in Ref. [4] is that of Horava and Witten [5], which arises
within the context of M theory. Supergravity solutions

similar to Eq. (1) are presented in Ref. [6]. In Ref. [7],
it is shown how this model may be obtained from string
theory compactifications.
The nonfactorizable geometry of Eq. (1) has several im-

portant consequences. For instance, the four-dimensional
Planck mass is given in terms of the fundamental scale M
by

M2
Pl !

M3

k
$1 2 e22krcp% , (2)

so that, even for large krc, MPl is of order M. Because of
the exponential factor in the spacetime metric, a field con-
fined to the 3-brane atf ! p with mass parameterm0 will
have physical mass m0e2krcp and for krc around 12, the
weak scale is dynamically generated from a fundamental
scaleM which is on the order of the Planck mass. Further-
more, Kaluza-Klein gravitational modes have TeV scale
mass splittings and couplings [8]. Similarly, a bulk field
with mass on the order of M has low-lying Kaluza-Klein
excitations that reside primarily near f ! p and hence,
from a four-dimensional perspective, have masses on the
order of the weak scale [9].
In the scenario presented in Ref. [4], rc is associated

with the vacuum expectation value of a massless four-
dimensional scalar field. This modulus field has zero
potential and consequently rc is not determined by the
dynamics of the model. For this scenario to be relevant, it
is necessary to find a mechanism for generating a potential
to stabilize the value of rc. Here we show that such a
potential can arise classically from the presence of a bulk
scalar with interaction terms that are localized to the two
3-branes [10]. The minimum of this potential can be
arranged to yield a value of krc & 10 without fine-tuning
of parameters.
Imagine adding to the model a scalar field F with the

following bulk action:

Sb !
1
2

Z

d4x
Z p

2p
df

p
G !GAB!AF!BF 2 m2F2" ,

(3)

where GAB with A, B ! m, f is given by Eq. (1). We
also include interaction terms on the hidden and visible
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Although the Standard Model of strong and elec-
troweak interactions successfully accounts for most
experimental observations to date, it has several
unattractive features that suggest the presence of new
physics at high energies. One of these features is the
gauge hierarchy problem, which refers to the vast
disparity between the weak scale and the Planck
scale. In the minimal Standard Model, this hierarchy
is unnatural since it requires a fine tuning order by
order in perturbation theory. Several extensions have
been proposed to avoid this fine tuning, such as low

w x w xenergy supersymmetry 1 and technicolor 2 .
More recently it has been proposed that the intro-

duction of compactified extra spatial dimensions may
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w xalso provide a solution to the hierarchy problem 3 .
In their simplest form, these scenarios assume that
spacetime is the product of a four-dimensional
Minkowski space and a compact n-manifold. While
gravity can propagate freely through the extra di-
mensions, Standard model fields are confined to the
four-dimensional spacetime. Observers in this three-
dimensional wall, or ‘‘3-brane,’’ measure an effec-
tive Planck scale M 2 sMnq2V , where M is thePl n
fundamental Planck scale and V is the volume ofn
the extra dimensions. If V is large enough, M cann
be of order the weak scale. The hierarchy problem is
then reformulated as the dynamical question of find-
ing a mechanism that stabilizes the size of the extra
dimensions.
Randall and Sundrum considered a different sce-

w xnario that does not require large extra dimensions 4 .
Their model consists of a single S1rZ orbifold2
extra dimension with 3-branes residing at the bound-
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