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Abstract

We exhibit a solution to the strong CP problem in which ultraviolet physics renders thed@@gle physically unobservable.
Our models involve new strong interactions beyond QCD and particles charged under both the new interactions and ordinary
color.
0 2004 Published by Elsevier B.@pen access under CC BY license.

1. Introduction simple. We introduce a massless fermionic fighd
which carries both ordinary color and also transforms
The CP-violating QCD¥ angle is the most mys-  under another gauge gro(N). The anomaly as-
terious of the fundamental parameters of the standardsociated with the axial transformation ¢f receives
model[1]. 6 is highly constrained by measurements & contribution from gluons, so that phase rotations of
of the neutron electric dipole moment (NEDM):< Q are equivalent to shifts of theé angle. Because
1019, (We work in a basis where argdet, = 0, Q is massless, there is a symmetry associated with
so that# is directly related to CP violation and the these phase rotations, allowing us to eliminaten-
NEDM.) Theorists have long sought a mechanism to tirely. The SU(N) interactions are necessary to bind
explain why# is so close to zero. Q particles into heavy bound states. These are not ob-
In this Letter we exhibit a model in which new served in low-energy physics, as there is a mass gap
physics, at possibly very high energy scales, renders Which grows withAy, the strong coupling scale of the
6 an unobservable parameter. The main idea is quite SU(V) interaction. A novel aspect of our modelis that
ordinary QCD is embedded in a left-right symmetric
- groupSU (3). x U (3)r, where here 3is not due to the
E-mail addresses: hsu@duende.uoregon.e(f.D.H. Hsu), number of light quark flavors, but rather the number of
francesco.sannino@nbi.dk. Sannino). colors in QCD. This structure requires a non-standard

1 Since October 1st the address is: The Niels Bohr Institute, Hi tor t t K I
Blegdamsvej 17, DK-2100 Copenhagen @, Denmark. I9gs sector 1o generale quark masses as well as an-
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other fermion7” which is a color singlet and charged 2. Model
only under the nevi8J(N) group.

There are other viable solutions to the strong CP  The model we consider is described in the ac-
problent [2] such as axion models, left-right sym- companying table and figer (Generalizations are
metric models and the ones in which CP is broken straightforward.) It contains the symmetry groups
spontaneouslf8]. In axion modelg§4—-10], additional ~ SU(N) x SU(3). x SU(3)r and the additional par-
particles (usually heavy scalars and colored fermions) ticles Q and 7', which are in the fundamental and
are added to realize an anatous Peccei—-Quinn sym-  adjoint representation o8U(N), respectively. The
metry. The observed value ¢f QCD is then deter-  SU(3). color symmetry of QCD is the vector subgroup
mined dynamically by the location of the minimum of SU(3)y of SU(3), x SU(3)r, so that QCD gauge
the instanton-generated potential for the axion field, transformations correspond to simultaneous transfor-
which is a pseudo-Goldstone boson of the Peccei— mations withU; = Ug. Each ofSU(N) andSU(3); &
Quinn symmetry. Quantum gravity is not believed to (or equivalently,SU(3)4,v) are gauged. Additional
exhibit anyexact global symmetries, and even very U(1) axial charges and symmetries are listed. The
small, Planck-suppressed, violations of the Peccei— anomaly-free linear combination, denot€dl)Tar is
Quinn symmetry will spoil the axion solution of the gauged. Note that iffable 1we have suppressed the
strong CP problenfil1]. In string theory, it is possi-  standard model flavor index =1,..., F =6 (i.e.,
ble to obtain global symmetries which are exact up to f = up, down, strange, ... top).
violation by instanton effects. In this sense the axion GaugingSU(3) 4, as well ad/ (1)7ar, precludes the
solution of the strong CP problem is generally con- usual standard model masses for the quarkhese
sidered to be very natural in string theory (see for have the form (suppressing all indices except those of
example[12]). However, the axion mass scale, which SU(3), x SU(3)r):
is determined by a compactification scale, is generally _ c~
very close to the four-dimensional Planck scale. This Lauark mass=mqq"qe +h.c. (1)
conflicts with some standard cosmological arguments Which under a gener&U(3), x SU(3)g transforma-
which say that such a scale should be no bigger thantion becomes

3 ~
about 163 GeV. _ meqULU LG +he. @)
In our model we are left with an exactly mass-

less Goldstone boschThis Goldstone boson is not ~ The quark masg1) is invariant underSU(3). =

an axion (which would have a non-zero mass), and (v, transformations, which havé, = U, but
our solution is not the standard axion solution of the NOt underSU(3)4. Hence, the usual Higgs coupling
strong CP problem. A simple way to understand why 0 guarks is forbidden by gauge symmetry; the in-
we are left with an exactly massless scalar field is to teraction which gives masses to quarks must involve
recall that the new coloreahd uncolored fermiong® additional particles charged under b0 (3), and
andT have zero mass. Thj$3,14]prevents the Gold- UGk ) o

stone boson from acquiring a mass term. Unlike in 10 overcome this restriction, we postulate a ffeld
axion models, the symmetry breaking scale associated? Which transforms a3, 3) underSU(3).. x SU3)k,

with the Goldstone boson can be taken to be arbitrarily Ca1es U(1)1ar charge—2F/3 (F = N to insure

large, effectively decoupligit from ordinary particles. ~ 9auge anomaly cancellations), and is a singlet under
electroweak symmetrie¢! couples to quarks via the

higher dimension operator, sé®tnote 4

2 A massless up quarkp, = 0, does not actually solve the Hoqq, 3)
strong CP problem, as emphasized recently by Cr&itz This
is due to the anomalous non-multiplicative renormalizatiom:gf

which causes the conditiom, = 0 to be scale dependent. In our 4 The alert reader might wonder why we do not @ in place
model a bareQ mass breaks th&J(3)4 gauge symmetry, so of H in Eq. (3). The reason is that th@ phase rotation used to
mo = 0 is preserved by radiative corrections. eliminate # QCD would then re-introducé into the quark mass

We thank E. Witten for correspondence regarding the presence matrix. This is also why thé/(1)p4 symmetry must be violated
of the extra Goldstone boson in our model. only by the anomaly and not bytar explicit interactions.
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Table 1

The table summarizes the symmetries and particle content of the model. The usualgqoB@€ED also have a standard model flavor index
f=1..., F = 6 which we suppressed. All fields are Weplrsors. There are five independent glob&ll)’s associated to each Weyl fermion
transformation. We can make two independanbmaly free combinations, labeled by1)y and U (1)tar in the table while there are still
three anomalou#/ (1) transformations which are the remainibg 1) transformations in the table. The gauge grouigN) x SU(3);, x
VR g x UDTAF

U(N) V)L V)R Uy (D) UDTar UDr UDoa U4
& Adj 1 1 0 1 1 0 0
of 0 0 1 1 -5 0 1 0
0% 0 1 m -1 -5 0 1 0
¢ 1 0 1 - v 0 0 1
i 1 1 0 +4 » 0 0 1

whereg is the usual Higgs bosohThe potential for gauge bosons, which generically leads to groundstates
H must be chosen so th& develops a vacuum ex-  with maximal unbroken gauge symmetry.
pectation value. The Goldstone boson mentioned in  We expect the colored excitations associated with
the introduction is a linear combination of the phase rotations of (H) relative to (00) in the U@R), x
of H and that of the quark condensaig. In this case V(3)r to have mass much larger than the weak or
the vev ofH can be much larger than the electroweak TeV scale since thé/ dynamics is unrelated to elec-
scale since the breaking of electroweak symmetry is troweak breaking. We also expect tifefield to con-
solely due to the ordinary Higgs. Note thatwe donot ~ dense and spontaneously brdakl)tar, so that any
allow interactions amongy andQ 0 leadingtoamass  states containing’ constituents have masses at least
term for Q. That is, we assume that tlig(1) g4 sym- of orderAy.
metry is only violated by the anomaly (i.e., instanton
effects). This is similar to the assumption made about
the Peccei—Quinn symmetry in axion models.

The condensat&) Q) ~ A3, spontaneously breaks

V@)L x UE)r — U(S)y, where the unbroken g\ wtive to display explicitly the UV theory corre-

subgroup s QCD. The axial subgro8p(3)4 Isspon-  g554ing to the fields shown in the table. The fermion
taneously broken, and the corresponding Goldstone kinetic terms are given by:

bosons are eaten, leading to mass8i&3)4 gauge 1
bosons. It |s_dynal_m|gally_preferred for thig con- Lokt = 0L(P)OL + Or(PD)Qr + =T (P)T
densate to align witiQ Q) in the U(3); x SU3)x ) 2
internal space, since when they are not aligned color + QL(P)QL + ur(iP)ug + dr(iP)dg, (4)
is broken and gluons become massive. As reviewed in . . = =
[16], the contribution to the vacuum energy from Hig- with 0, = @ andQg = Q.  andQ are left handed

. Weyl fermions.Q; represents the electroweak quark
gsed gauge bosons is larger than that from massless . = .

doublet, whileq;, = ¢ andgg = g in the notation of

the table. The generation index for the ordinary quarks
is not explicitly shown. More explicitly, the kinetic
terms for the new fermions are:

3. Summary of the UV theory and dynamics

Before describing the low energy theory it is in-

5 Another option is to introduce a scalar fiekl which trans- _ R
forms as(3, 3) underU(3); x U3)g, carriesU (1)Tag charge Tiy“(aﬂ - iBATAAd- —iA )T,
; . w = Adj w
—2F /3 (F = N to insure gauge anomaly cancellations), and has
the electroweak charges of the ordinary Higgs (i.e., it is a doublet _ - o a a
underU(2);). Then, quark masses result from an interaction of QL/RlVl au - lAL/RMT
the form H ¢g. In this case(H) must be of order the electroweak

scale[15], which is probably ruled out since the Goldstone boson D ANA N
would be detectable. —iB, T Fi EA/L OL/R- (5)
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A7/ are the gauge bosons of the color left and color condensation of/, the electroweak scale and finally
right gauge interactions with = 1, ..., 8. BA, with the ordinary QCD confining scale. We imagine the
A=1,...,N2—1 are the gauge bosons strong in- firsttwo scales to be much larger than the electroweak
teraction.A is the gauge boson of the anomaly free Scale. Below theU(N) confining scale, as explained
U (1)1aF gauge symmetry. For the ordinary quarks the in the previous sectior8U(3), x SU3)r x U ()1ar

Kinetic terms are: breaks spontaneously 8J(3)y. We identifySU(3)y
5 with ordinary color interactions. The effective low en-
5 - . N . theory below thet y scale—but remaining above
iyt 9, —iAF T +i—A —lerb) , ergy y N SLEIE 9
Quiy ( " Lu 3FH Wt )L the electroweak scale—isbtained by replacing the

N2 SU(N) UV theory with its low energy chiral pertur-

51Ri7/”<8u —iAG, T —i3—FA;4)CIR~ (6) bation theory. The Goldstone modes (massless col-
ored pions) become longitudinal components of the

Here we have indicated for illustration the interactions axial vector bosons and hence, in the end, disappear
with the electroweak gauge bosoWs, but neglected  from the low energy theory. A similar fate is shared
the hypercharge gauge bosahis the total number of by the Goldstone boson associated to the gauged ex-
quark flavors. To this Lagrangian one has to add the act U (1)tar symmetry. SinceT, Q, Q are massless
kinetic term for the new gauge bosons and the modi- we have noSU(N) theta term. By constructiom®
fied Yukawa interactions which lead to masses for the carries ordinary color and we stress that, without in-
ordinary fermions. As mentioned earlier we are now voking any chiral rotation of the ordinary quarks, the
forced to introduce another complex scalar field trans- QCD 6 term becomes unphysical (see next sections
forming under the left and right color transformations: for a formal proof). This is the main point of our Let-

HY,. The resulting Yukawa interactions are: ter.
At the electroweak scale, having already assumed
_EQE’ “pHSdg o — ﬂeaﬁ QCL’ o H dR o +hee. the condensation of the field at some energy
M c M TP less than or of order the confining scale @8(N),
Q) one generates a mass term for the standard fermions

M is a scale related to thé sector of the theory while  via Yukawa interactions. In general the couplings are
¢, is the standard electroweak douhlet 1, 2. Other complex and one might be worried that they regener-
nicer ways of providing mass to the ordinary quarks ate a strong CP phase at low energies. Although the
can, of course, be explored—a more general struc- formal proofis provided in a following section we can
ture of the Yukawa couplings in flavor space might be immediately argue that such a strong CP phase cannot
expected. With this choice of the Yukawa sector the appear. This isndependent of the mechanism we use
leptonic sector of the standard model remains unmod- to give masses to the ordinary quarks. To demonstrate
ified. It should also be clear that must condense for  this we can first perform a non-Abelian chiral rotation
the ordinary quarks to acquire a mass. which brings all the quarks to the same complex phase.
The SU(N) gauge theory, being vector like, is free  Then we are left with an axiaransformation which,
from gauge anomalies. Bie we independently gauge due to the quark axial anomaly, potentially leads to a
VU, r(3) we also need to cancel the associated gaugenew strong CP phase. However we are free to perform
anomalies. The simplest way is to construct a vector an equivalent axial transformation of tige quarks to
like theory with respect to each gauge group. This can offset the strong CP phase again.
be easily achieved by setting = 6, i.e., equal to the Unfortunately, we were forced to introduce another
number of ordinary quark flavors. For = 6 (recalling field H which also carries a new phase. In the absence
the 6 flavors of quarkg ;) we see that in each vertical of the T and Q fields this would lead to a conven-
column of the table corresponding to a non-Abelian tional axion field solution to the strong CP problem.
group the particle content is vector like. However as we shall demonstrate below the would-be
As for the summary of the dynamics we recall that axion in our model is exactly massless. It is impor-
our model has four independent scales. The scale oftant to note that our mechanism for rotating away the
the SU(N) strong dynamicsAy, the scaleM of the strong CP phase does not require this exirdield
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and the hope is that a model similar to ours can be algebratechniqud43] or the effective Lagrangian ap-
constructed in which such a field is not needed. proach[14]. We present here the effective Lagrangian
approach. The two new pseudoscalars are related to
the phase: of (H) andn, of (¢g). At very low en-
4. The massless Goldstone boson ergies, below the QCD scale, we deduce the follow-
ing effective potential, where we restrict our attention
We now construct the low energy effective theory to pseudoscalar fields (recall= 6 is the number of
for the pseudoscalar particles associated with the ax- quark flavors, not a decay constant):
ial U (1) symmetries in our model. At energies above
the electroweak scale we have the two condensatesViow = c2|(q Hg)|e'"+"9)
(TT) and (Q Q). We hence expect two independent ] i
pseudoscalars, one from each condensate, which are + csl({detg Hl)|e' T ") 4 e, (10)
singlets of theSU(3), x SU(3)r non-Abelian sym- e |ast term is the ordinary instanton-induced fermion
metries: determinant. It is clear that the only combination
(TT) = |(TT)]ei'7T, which acquires a mass s+ 1. !—|ereh stands f_or
. o h/|(H)| and n, for n,/F;. The linear combination
de{Q Q) = |detQQ)|e'"?, (8)  shownin the potential is the standaycbf QCD, while
the orthogonal combination— 1, remains massless.
We stress thak — 7, is a true massless Goldstone
boson, not an axion of the usual type. While the QCD
0 angle has becomdynamical, in the form of the
massless linear combination, the presence of the mass-
less fermions?, O andT has rendered physics inde-
pendent o), and hence the potential for the massless
combination flat. The result is similar to that of an ax-
ion model thatlso has a massless quark, except in this
VIAE = C1| (TT) |N|det(QQ> |gi(N?1T+377Q) +hc., (9) case it is theD andT fields which play the role of the
) ) ) ) ) massless quark. In usual axion models, two different
with c1 a c_onstant. This potential def[ermlnes the linear linear combinations of the axion field amg appear:
combination of pseudoscalars which becomes mas- j,q induced by the mass term of the quarks and the

si\{e. The ortho_gonal combina}ion remains massless. giher due to instantorj44]. This leads to both a mas-
It is absorbed in the longitudinal component of the ;e axion and a massivé, unlike in our model.
U (1)1ar gauge boson and hence decouples from the

low energy physics. Th8U(N) 6 angle is rendered an
unphysical quantity sincé&, Q, O are exactly mass-
less.

At much lower energies we include the effects of
the ordinary quarks. To give mass to the fermions We have three axial currents, and only one is anom-
while preserving theU (1)tar symmetry we intro-  aly free with our charge assignments:
duced the fieldH. Note that, even in the presence
of a mass term for the quarks, the QCD theta angle 3MJ#AF =0,
is unobservable, since the massl@sg, O fields al- 1 . .
low us to rotate awapoth the SU(N) and QCD theta ~ 9uJpa = rewz[?’Fqu”v +NGuG*],
angles. (We discuss this issue further in the follow- 1
ing subsections.) The phase Hf combines with the 3;LJX = 16:2
phase of;g yielding a massless Goldstone boson and
a massive pseudo-Goldstone boson. The latter ig'the Here we have denoted witli*” the SU(N) field
meson of QCD. To show this one can use either current strength while the associated gauge fiel@#s In the

by nr we denotenr /Fr andng is no/Fp. The de-
cay constants’r and Fp are comparable in size and
of the order of the confining scale of t8&) (N) gauge
theory. Since the confining scale 88 (N) is much
larger than the electroweak scale the massive scalar ex
citations will not appear in the low-energy theory. The
instanton-induced effectivpotential, which preserves
the U (1)1aF symmetry, is

5. Axial anomalies

[6G,.,G"]. (11)



374

-

<IT> & <QQ>

#—

®

Fig. 1. Schematic representation of the model. The black node rep-
resents theSU(N) gauge theory. The left (right) node indicates
V()1 (r)- After condensation of the and Q fermions theV’ node

is the QCD gauge group. The twqugares represents the ungauged
U(F) left and right QCD flavor groups.

anomaly equation& ., G represents

~ 1 ~ ~
GuG"" = E(GMVL G+ G GR'). 12)

where G’’’ are the field strengths for tH8J(3). &
gauge groups, whose gauge fields afe;,.

At scales much below th8UJ(N) confining scale
Ay the axial gauge bosons can be integrated out. In
this limit the field strengthG,,, appearing on the rhs
of equations(11) is just the usual QCD gluon field
strength.

The anomalous Ward identitié$1) imply that ax-
ial rotations of theT field are equivalent to shifts of
the SU(N) 6 angle (henceforth denotéd). Axial ro-
tations of Q shift 6’ as well as the8U(3), g angles
denoted,, r, while ¢ rotations only shifty;, g. It is
clear that we can elimina® by appropriatel’ rota-
tion. 0, g are discussed below.

6. Euclidean functional integral
The partition function of our model is

zZ= ) f [DB1L[DALLIDAR], e SALARE)
HVLVR

x detQ detT detge M0 TivLoLtivebr (13)
where the fermionic integrals have been performed

leaving determinants of the respective Dirac operators.

SD.H. Hsu, F. Sannino / Physics Letters B 605 (2005) 369-375

The measure of the integral has been divided into
winding number sectors, where ti&J(3), g wind-
ing numbers are given by g = 12 [ d*x G, 5 X

G)'x(x), and theSU(N) winding number isy =
L [d*x F,, F™(x). Itis convenient to define:

1672

1 1
V= E(VL +VR), VA = E(VL —VR), (14)
0 =0r, + Og, 64 =61 —OR. (15)

The left-right symmetry of our model suggests that
v4 = 0 implying that the physics is insensitive Q.

To arrive at the same conclusion we can use the fol-
lowing dynamical argument. Due to the Higgs mecha-
nism, the axial gauge fields; — A%, are heavy. At low
energies their fluctuations are suppressed, or equiva-
lently: A} = A%. Consequentlyy; = vg, which im-
plies that4 is an unphysical parameter.

We can then concentrate on the remaining angles:
¢’ and the usual QCD@. Here we can use the index
theorem relating the number of chiral zero modes of
the T Dirac operator to the Pontryagin index:

nl —nl =N, (16)
For theQ operator, we have

ng —ng=3,u+Nv,

and for theg operator

nf —n = 6v. (17)

Heren4+ denotes the number of zero modes of chiral-
ity . BecauseQ andT are massless, their determi-
nants vanish whenever there are any zero modes—in
other words, ifany of the respective are non-zero.
The condition of non-vanishghdeterminants requires
=0 andv =0. The only topological sectors that can
contribute havex = v = 0. This means that the par-
tition function is independent of both and6’—they
are unphysical parameters.

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

7. Conclusions

We described a class of models in which the QCD
6 angle is rendered unobservable by new short dis-
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