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Abstract

We exhibit a solution to the strong CP problem in which ultraviolet physics renders the QCDθ angle physically unobservable
Our models involve new strong interactions beyond QCD and particles charged under both the new interactions and
color.
 2004 Published by Elsevier B.V.Open access under CC BY license. 
-
ard
ts

e
to

w
ers
uite

ute,

ms
-

of

with

nd
ob-
gap
e
at
ric
e

r of
ard
an-
1. Introduction

The CP-violating QCDθ angle is the most mys
terious of the fundamental parameters of the stand
model [1]. θ is highly constrained by measuremen
of the neutron electric dipole moment (NEDM):θ �
10−10. (We work in a basis where argdetMq = 0,
so thatθ is directly related to CP violation and th
NEDM.) Theorists have long sought a mechanism
explain whyθ is so close to zero.

In this Letter we exhibit a model in which ne
physics, at possibly very high energy scales, rend
θ an unobservable parameter. The main idea is q

E-mail addresses: hsu@duende.uoregon.edu(S.D.H. Hsu),
francesco.sannino@nbi.dk(F. Sannino).

1 Since October 1st the address is: The Niels Bohr Instit
Blegdamsvej 17, DK-2100 Copenhagen Ø, Denmark.
0370-2693 2004 Published by Elsevier B.V.
doi:10.1016/j.physletb.2004.11.040

Open access under CC BY
simple. We introduce a massless fermionic fieldQ

which carries both ordinary color and also transfor
under another gauge groupSU(N). The anomaly as
sociated with the axial transformation ofQ receives
a contribution from gluons, so that phase rotations
Q are equivalent to shifts of theθ angle. Because
Q is massless, there is a symmetry associated
these phase rotations, allowing us to eliminateθ en-
tirely. The SU(N) interactions are necessary to bi
Q particles into heavy bound states. These are not
served in low-energy physics, as there is a mass
which grows withΛN , the strong coupling scale of th
SU(N) interaction. A novel aspect of our model is th
ordinary QCD is embedded in a left–right symmet
groupSU(3)L×SU(3)R, where here 3 is not due to th
number of light quark flavors, but rather the numbe
colors in QCD. This structure requires a non-stand
Higgs sector to generate quark masses as well as
 license.  
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other fermionT which is a color singlet and charge
only under the newSU(N) group.

There are other viable solutions to the strong
problem2 [2] such as axion models, left–right sym
metric models and the ones in which CP is brok
spontaneously[3]. In axion models[4–10], additional
particles (usually heavy scalars and colored fermio
are added to realize an anomalous Peccei–Quinn sym
metry. The observed value ofθ QCD is then deter
mined dynamically by the location of the minimum
the instanton-generated potential for the axion fie
which is a pseudo-Goldstone boson of the Pecc
Quinn symmetry. Quantum gravity is not believed
exhibit anyexact global symmetries, and even ve
small, Planck-suppressed, violations of the Pecc
Quinn symmetry will spoil the axion solution of th
strong CP problem[11]. In string theory, it is possi
ble to obtain global symmetries which are exact up
violation by instanton effects. In this sense the ax
solution of the strong CP problem is generally co
sidered to be very natural in string theory (see
example[12]). However, the axion mass scale, whi
is determined by a compactification scale, is gener
very close to the four-dimensional Planck scale. T
conflicts with some standard cosmological argume
which say that such a scale should be no bigger t
about 1013 GeV.

In our model we are left with an exactly mas
less Goldstone boson.3 This Goldstone boson is no
an axion (which would have a non-zero mass), a
our solution is not the standard axion solution of
strong CP problem. A simple way to understand w
we are left with an exactly massless scalar field is
recall that the new coloredand uncolored fermionsQ
andT have zero mass. This[13,14]prevents the Gold
stone boson from acquiring a mass term. Unlike
axion models, the symmetry breaking scale associ
with the Goldstone boson can be taken to be arbitra
large, effectively decoupling it from ordinary particles

2 A massless up quark,mu = 0, does not actually solve th
strong CP problem, as emphasized recently by Creutz[2]. This
is due to the anomalous non-multiplicative renormalization ofmq

which causes the conditionmu = 0 to be scale dependent. In o
model a bareQ mass breaks theSU(3)A gauge symmetry, so
mQ = 0 is preserved by radiative corrections.

3 We thank E. Witten for correspondence regarding the pres
of the extra Goldstone boson in our model.
2. Model

The model we consider is described in the
companying table and figure. (Generalizations ar
straightforward.) It contains the symmetry grou
SU(N) × SU(3)L × SU(3)R and the additional par
ticles Q and T , which are in the fundamental an
adjoint representation ofSU(N), respectively. The
SU(3)c color symmetry of QCD is the vector subgro
SU(3)V of SU(3)L × SU(3)R, so that QCD gaug
transformations correspond to simultaneous trans
mations withUL = UR. Each ofSU(N) andSU(3)L,R

(or equivalently,SU(3)A,V ) are gauged. Additiona
U(1) axial charges and symmetries are listed. T
anomaly-free linear combination, denotedU(1)TAF is
gauged. Note that inTable 1we have suppressed th
standard model flavor indexf = 1, . . . ,F = 6 (i.e.,
f = up, down, strange, . . . top).

GaugingSU(3)A, as well asU(1)TAF, precludes the
usual standard model masses for the quarksq . These
have the form (suppressing all indices except thos
SU(3)L × SU(3)R):

(1)Lquark mass= mqqcq̃c + h.c.,

which under a generalSU(3)L × SU(3)R transforma-
tion becomes

(2)mqqULU
†
Rq̃ + h.c.

The quark mass(1) is invariant underSU(3)c =
SU(3)V , transformations, which haveUL = UR , but
not underSU(3)A. Hence, the usual Higgs couplin
to quarks is forbidden by gauge symmetry; the
teraction which gives masses to quarks must invo
additional particles charged under bothSU(3)L and
SU(3)R.

To overcome this restriction, we postulate a fie4

H which transforms as(3̄,3) underSU(3)L×SU(3)R,
carries U(1)TAF charge−2F/3 (F = N to insure
gauge anomaly cancellations), and is a singlet un
electroweak symmetries.H couples to quarks via th
higher dimension operator, seefootnote 4

(3)Hφqq̃,

4 The alert reader might wonder why we do not useQ̃Q in place
of H in Eq. (3). The reason is that theQ phase rotation used t
eliminate θ QCD would then re-introduceθ into the quark mass
matrix. This is also why theU(1)QA symmetry must be violated
only by the anomaly and not by other explicit interactions.
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Table 1
The table summarizes the symmetries and particle content of the model. The usual quarksq of QCD also have a standard model flavor ind
f = 1, . . . ,F = 6 which we suppressed. All fields are Weyl spinors. There are five independent globalU(1)’s associated to each Weyl fermio
transformation. We can make two independentanomaly free combinations, labeled byU(1)V andU(1)TAF in the table while there are sti
three anomalousU(1) transformations which are the remainingU(1) transformations in the table. The gauge group isSU(N) × SU(3)L ×
SU(3)R × U(1)TAF

SU(N) SU(3)L SU(3)R UV (1) U(1)TAF U(1)T U(1)QA U(1)A

T C
C

Adj 1 1 0 1 1 0 0
QC

c � �̄ 1 1 −N
3 0 1 0

Q̃c
C

�̄ 1 � −1 −N
3 0 1 0

qc 1 � 1 −N
F

N2

3F
0 0 1

q̃c 1 1 �̄ +N
F

N2

3F
0 0 1
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whereφ is the usual Higgs boson.5 The potential for
H must be chosen so thatH develops a vacuum ex
pectation value. The Goldstone boson mentioned
the introduction is a linear combination of the pha
of H and that of the quark condensateqq̃. In this case
the vev ofH can be much larger than the electrowe
scale since the breaking of electroweak symmetr
solely due to the ordinary Higgsφ. Note that we do no
allow interactions amongH andQQ̃ leading to a mas
term forQ. That is, we assume that theU(1)QA sym-
metry is only violated by the anomaly (i.e., instant
effects). This is similar to the assumption made ab
the Peccei–Quinn symmetry in axion models.

The condensate〈Q̃Q〉 ∼ Λ3
N spontaneously break

SU(3)L × SU(3)R → SU(3)V , where the unbroke
subgroup is QCD. The axial subgroupSU(3)A is spon-
taneously broken, and the corresponding Goldst
bosons are eaten, leading to massiveSU(3)A gauge
bosons. It is dynamically preferred for theH con-
densate to align with〈Q̃Q〉 in the SU(3)L × SU(3)R
internal space, since when they are not aligned c
is broken and gluons become massive. As reviewe
[16], the contribution to the vacuum energy from Hi
gsed gauge bosons is larger than that from mass

5 Another option is to introduce a scalar fieldH which trans-
forms as(3̄,3) underSU(3)L × SU(3)R , carriesU(1)TAF charge
−2F/3 (F = N to insure gauge anomaly cancellations), and
the electroweak charges of the ordinary Higgs (i.e., it is a dou
underSU(2)L). Then, quark masses result from an interaction
the formH qq̃ . In this case〈H 〉 must be of order the electrowea
scale[15], which is probably ruled out since the Goldstone bos
would be detectable.
gauge bosons, which generically leads to groundst
with maximal unbroken gauge symmetry.

We expect the colored excitations associated w
rotations of〈H 〉 relative to 〈Q̃Q〉 in the SU(3)L ×
SU(3)R to have mass much larger than the weak
TeV scale since theH dynamics is unrelated to ele
troweak breaking. We also expect theT field to con-
dense and spontaneously breakU(1)TAF, so that any
states containingT constituents have masses at le
of orderΛN .

3. Summary of the UV theory and dynamics

Before describing the low energy theory it is i
structive to display explicitly the UV theory corre
sponding to the fields shown in the table. The ferm
kinetic terms are given by:

LFKT = Q̄L(i/D)QL + Q̄R(i/D)QR + 1

2
T̄ (i/D)T

(4)+ Q̄L(i/D)QL + ūR(i/D)uR + d̄R(i/D)dR,

with QL = Q andQR = ¯̃
Q. Q andQ̃ are left handed

Weyl fermions.QL represents the electroweak qua
doublet, whileqL = q andqR = ¯̃q in the notation of
the table. The generation index for the ordinary qua
is not explicitly shown. More explicitly, the kineti
terms for the new fermions are:

T̄ iγ µ

(
∂µ − iBA

µ T̂ A
Adj − iAµ

)
T ,

Q̄L/Riγ µ

(
∂µ − iAa

L/Rµ
T a

(5)− iBA
µ T̂ A ∓ i

N

3
Aµ

)
QL/R.
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Aa
L/R are the gauge bosons of the color left and co

right gauge interactions witha = 1, . . . ,8. BA, with
A = 1, . . . ,N2 − 1 are the gauge bosons strong
teraction.A is the gauge boson of the anomaly fr
U(1)TAF gauge symmetry. For the ordinary quarks
kinetic terms are:

Q̄Liγ µ

(
∂µ − iAa

LµT a + i
N2

3F
Aµ − iWb

µτb

)
QL,

(6)q̄Riγ µ

(
∂µ − iAa

RµT a − i
N2

3F
Aµ

)
qR.

Here we have indicated for illustration the interactio
with the electroweak gauge bosonsWa , but neglected
the hypercharge gauge boson.F is the total number o
quark flavors. To this Lagrangian one has to add
kinetic term for the new gauge bosons and the mo
fied Yukawa interactions which lead to masses for
ordinary fermions. As mentioned earlier we are n
forced to introduce another complex scalar field tra
forming under the left and right color transformation
Hc

c′ . The resulting Yukawa interactions are:

(7)

−λd

M
Q̄c′

L · φHc
c′dR,c − λu

M
εαβQ̄c′

L,αφ
†
βHc

c′dR,c + h.c.

M is a scale related to theH sector of the theory while
φα is the standard electroweak doubletα = 1,2. Other
nicer ways of providing mass to the ordinary qua
can, of course, be explored—a more general st
ture of the Yukawa couplings in flavor space might
expected. With this choice of the Yukawa sector
leptonic sector of the standard model remains unm
ified. It should also be clear thatH must condense fo
the ordinary quarks to acquire a mass.

TheSU(N) gauge theory, being vector like, is fre
from gauge anomalies. Since we independently gaug
SUL,R(3) we also need to cancel the associated ga
anomalies. The simplest way is to construct a vec
like theory with respect to each gauge group. This
be easily achieved by settingN = 6, i.e., equal to the
number of ordinary quark flavors. ForN = 6 (recalling
the 6 flavors of quarksqf ) we see that in each vertic
column of the table corresponding to a non-Abel
group the particle content is vector like.

As for the summary of the dynamics we recall th
our model has four independent scales. The scal
the SU(N) strong dynamicsΛN , the scaleM of the
condensation ofH , the electroweak scale and fina
the ordinary QCD confining scale. We imagine t
first two scales to be much larger than the electrow
scale. Below theSU(N) confining scale, as explaine
in the previous section,SU(3)L × SU(3)R × U(1)TAF
breaks spontaneously toSU(3)V . We identifySU(3)V
with ordinary color interactions. The effective low e
ergy theory below theΛN scale—but remaining abov
the electroweak scale—isobtained by replacing th
SU(N) UV theory with its low energy chiral pertur
bation theory. The Goldstone modes (massless
ored pions) become longitudinal components of
axial vector bosons and hence, in the end, disap
from the low energy theory. A similar fate is shar
by the Goldstone boson associated to the gauged
act U(1)TAF symmetry. SinceT ,Q, Q̃ are massles
we have noSU(N) theta term. By constructionQ
carries ordinary color and we stress that, without
voking any chiral rotation of the ordinary quarks, t
QCD θ term becomes unphysical (see next secti
for a formal proof). This is the main point of our Le
ter.

At the electroweak scale, having already assum
the condensation of the fieldH at some energyM
less than or of order the confining scale ofSU(N),
one generates a mass term for the standard ferm
via Yukawa interactions. In general the couplings
complex and one might be worried that they regen
ate a strong CP phase at low energies. Although
formal proof is provided in a following section we ca
immediately argue that such a strong CP phase ca
appear. This isindependent of the mechanism we us
to give masses to the ordinary quarks. To demons
this we can first perform a non-Abelian chiral rotati
which brings all the quarks to the same complex ph
Then we are left with an axial transformation which
due to the quark axial anomaly, potentially leads t
new strong CP phase. However we are free to perf
an equivalent axial transformation of theQ quarks to
offset the strong CP phase again.

Unfortunately, we were forced to introduce anoth
field H which also carries a new phase. In the abse
of the T and Q fields this would lead to a conven
tional axion field solution to the strong CP proble
However as we shall demonstrate below the would
axion in our model is exactly massless. It is imp
tant to note that our mechanism for rotating away
strong CP phase does not require this extraH field
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and the hope is that a model similar to ours can
constructed in which such a field is not needed.

4. The massless Goldstone boson

We now construct the low energy effective theo
for the pseudoscalar particles associated with the
ial U(1) symmetries in our model. At energies abo
the electroweak scale we have the two condens
〈T T 〉 and 〈QQ̃〉. We hence expect two independe
pseudoscalars, one from each condensate, which
singlets of theSU(3)L × SU(3)R non-Abelian sym-
metries:

〈T T 〉 = ∣∣〈T T 〉∣∣eiηT ,

(8)det〈QQ̃〉 = ∣∣det〈QQ̃〉∣∣eiηQ,

by ηT we denoteηT /FT andηQ is ηQ/FQ. The de-
cay constantsFT andFQ are comparable in size an
of the order of the confining scale of theSU(N) gauge
theory. Since the confining scale ofSU(N) is much
larger than the electroweak scale the massive scala
citations will not appear in the low-energy theory. T
instanton-induced effective potential, which preserve
theU(1)TAF symmetry, is

(9)VTAF = c1
∣∣〈T T 〉∣∣N ∣∣det〈QQ̃〉∣∣ei(NηT +3ηQ) + h.c.,

with c1 a constant. This potential determines the lin
combination of pseudoscalars which becomes m
sive. The orthogonal combination remains massl
It is absorbed in the longitudinal component of t
U(1)TAF gauge boson and hence decouples from
low energy physics. TheSU(N) θ angle is rendered a
unphysical quantity sinceT ,Q, Q̃ are exactly mass
less.

At much lower energies we include the effects
the ordinary quarks. To give mass to the fermio
while preserving theU(1)TAF symmetry we intro-
duced the fieldH . Note that, even in the presen
of a mass term for the quarks, the QCD theta an
is unobservable, since the masslessT ,Q, Q̃ fields al-
low us to rotate awayboth theSU(N) and QCD theta
angles. (We discuss this issue further in the follo
ing subsections.) The phase ofH combines with the
phase ofqq̃ yielding a massless Goldstone boson a
a massive pseudo-Goldstone boson. The latter is thη′
meson of QCD. To show this one can use either cur
-

algebra techniques[13] or the effective Lagrangian ap
proach[14]. We present here the effective Lagrang
approach. The two new pseudoscalars are relate
the phaseh of 〈H 〉 andηq of 〈qq̃〉. At very low en-
ergies, below the QCD scale, we deduce the follo
ing effective potential, where we restrict our attent
to pseudoscalar fields (recallF = 6 is the number o
quark flavors, not a decay constant):

Vlow = c2
∣∣〈qH q̃〉∣∣ei(h+ηq)

(10)+ c3
∣∣〈det[qH q̃]〉∣∣eiF (h+ηq) + h.c.

The last term is the ordinary instanton-induced ferm
determinant. It is clear that the only combinati
which acquires a mass ish + ηq . Hereh stands for
h/|〈H 〉| and ηq for ηq/Fπ . The linear combination
shown in the potential is the standardη′ of QCD, while
the orthogonal combinationh − ηq remains massless

We stress thath − ηq is a true massless Goldsto
boson, not an axion of the usual type. While the Q
θ angle has becomedynamical, in the form of the
massless linear combination, the presence of the m
less fermionsQ, Q̃ andT has rendered physics ind
pendent ofθ , and hence the potential for the massl
combination flat. The result is similar to that of an a
ion model thatalso has a massless quark, except in t
case it is theQ andT fields which play the role of the
massless quark. In usual axion models, two differ
linear combinations of the axion field andηq appear:
one induced by the mass term of the quarks and
other due to instantons[14]. This leads to both a mas
sive axion and a massiveη′, unlike in our model.

5. Axial anomalies

We have three axial currents, and only one is an
aly free with our charge assignments:

∂µJ
µ
TAF = 0,

∂µJ
µ
QA = 1

16π2

[
3FµνF̃

µν + NGµνG̃
µν

]
,

(11)∂µJ
µ
A = 1

16π2

[
6GµνG̃

µν
]
.

Here we have denoted withFµν the SU(N) field
strength while the associated gauge field isBµ. In the



374 S.D.H. Hsu, F. Sannino / Physics Letters B 605 (2005) 369–375

rep-
es

ed

t. In
s
d

f

ed
ors.

into

hat

fol-
ha-

iva-

les:
x
of

al-
i-
—in
.
s
n

r-

to

CD
dis-
Fig. 1. Schematic representation of the model. The black node
resents theSU(N) gauge theory. The left (right) node indicat
SU(3)L(R). After condensation of theT andQ fermions theV node
is the QCD gauge group. The two squares represents the ungaug
SU(F ) left and right QCD flavor groups.

anomaly equationsGµνG̃
µν represents

(12)GµνG̃
µν = 1

2

(
GµνLG̃

µν
L + GµνRG̃

µν
R

)
,

whereG
µν
L,R are the field strengths for theSU(3)L,R

gauge groups, whose gauge fields areA
µ
L,R.

At scales much below theSU(N) confining scale
ΛN the axial gauge bosons can be integrated ou
this limit the field strengthGµν appearing on the rh
of equations(11) is just the usual QCD gluon fiel
strength.

The anomalous Ward identities(11) imply that ax-
ial rotations of theT field are equivalent to shifts o
theSU(N) θ angle (henceforth denotedθ ′). Axial ro-
tations ofQ shift θ ′ as well as theSU(3)L,R angles
denotedθL,R, while q rotations only shiftθL,R. It is
clear that we can eliminateθ ′ by appropriateT rota-
tion. θL,R are discussed below.

6. Euclidean functional integral

The partition function of our model is

Z =
∑

µνLνR

∫
[DB]µ[DAL]ν[DAR]ν ′e−S(AL,AR,B)

(13)× detQdetT detqeiµθ ′+iνLθL+iνRθR ,

where the fermionic integrals have been perform
leaving determinants of the respective Dirac operat
The measure of the integral has been divided
winding number sectors, where theSU(3)L,R wind-
ing numbers are given byνL,R = 1

16π2

∫
d4x GµνL,R ×

G̃
µν
L,R(x), and theSU(N) winding number isµ =
1

16π2

∫
d4x FµνF̃

µν(x). It is convenient to define:

(14)ν = 1

2
(νL + νR), νA = 1

2
(νL − νR),

(15)θ = θL + θR, θA = θL − θR.

The left–right symmetry of our model suggests t
νA = 0 implying that the physics is insensitive toθA.
To arrive at the same conclusion we can use the
lowing dynamical argument. Due to the Higgs mec
nism, the axial gauge fieldsAµ

L −A
µ
R are heavy. At low

energies their fluctuations are suppressed, or equ
lently: A

µ
L = A

µ
R. Consequently,νL = νR , which im-

plies thatθA is an unphysical parameter.
We can then concentrate on the remaining ang

θ ′ and the usual QCDθ . Here we can use the inde
theorem relating the number of chiral zero modes
theT Dirac operator to the Pontryagin index:

(16)nT+ − nT− = Nµ.

For theQ operator, we have

n
Q
+ − n

Q
− = 3µ + Nν,

and for theq operator

(17)n
q
+ − n

q
− = 6ν.

Heren± denotes the number of zero modes of chir
ity ±. BecauseQ andT are massless, their determ
nants vanish whenever there are any zero modes
other words, ifany of the respectiven± are non-zero
The condition of non-vanishing determinants require
µ = 0 andν = 0. The only topological sectors that ca
contribute haveµ = ν = 0. This means that the pa
tition function is independent of bothθ andθ ′—they
are unphysical parameters.

Note also that it is sufficient thatT andQ are mass-
less to completely rotate awayθ andθ ′. This is im-
portant since it allows, at low energies, the quarks
acquire a mass term without upsetting our results.

7. Conclusions

We described a class of models in which the Q
θ angle is rendered unobservable by new short
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tance physics involving a new strong forceSU(N).
A generic prediction of the models is new color
particles and a non-standard Higgs structure for
quark masses. Interestingly we have an exactly m
less pseudoscalar boson which may be relevant
cosmology and is similar to a Majoron, for which co
straints from accelerators and astrophysics have b
recently analyzed[17].
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