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Classical Strong CP 
problem

Neutron contains an up quark and two down 
quarks
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Electric Dipole moment
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Expected Dipole moment



Measurement of EDM

• Measurement via Larmor frequency 
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An Improved Experimental Limit on the Electric-Dipole Moment of the Neutron

C.A. Baker,1 D.D. Doyle,2 P. Geltenbort,3 K. Green,1, 2 M.G.D. van der Grinten,1, 2 P.G. Harris,2 P.
Iaydjiev∗,1 S.N. Ivanov†,1 D.J.R. May,2 J.M. Pendlebury,2 J.D. Richardson,2 D. Shiers,2 and K.F. Smith2

1Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK
2Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, UK

3Institut Laue-Langevin, BP 156, F-38042 Grenoble Cedex 9, France
(Dated: February 7, 2008)

An experimental search for an electric-dipole moment (EDM) of the neutron has been carried out
at the Institut Laue-Langevin (ILL), Grenoble. Spurious signals from magnetic-field fluctuations
were reduced to insignificance by the use of a cohabiting atomic-mercury magnetometer. Systematic
uncertainties, including geometric-phase-induced false EDMs, have been carefully studied. Two
independent approaches to the analysis have been adopted. The overall results may be interpreted
as an upper limit on the absolute value of the neutron EDM of |dn| < 2.9 × 10−26
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I. INTRODUCTION

Measurements of particle electric-dipole moments
(EDMs) [1, 2, 3] are of significant interest because they
provide some of the tightest constraints on extensions to
the Standard Model, such as supersymmetry, that at-
tempt to explain the mechanisms underlying CP viola-
tion [4, 5, 6, 7, 8, 9, 10, 11].

This neutron-EDM experiment, and the performance
of its cohabiting mercury magnetometer, have been dis-
cussed in earlier publications [1, 12]. The final result pre-
sented in this Letter incorporates a comprehensive analy-
sis of systematic errors, some of which were undiscovered
at the time of the earlier measurements.

II. EDM MEASUREMENT TECHNIQUE

The measurement was made with ultracold neutrons
(UCNs) stored in a trap permeated by uniform E- and B-
fields. This adds terms −µn ·B and −dn ·E to the Hamil-
tonian determining the states of the neutron. Given par-
allel E and B fields, the Larmor frequency ν↑↑ with which
the neutron spin polarization precesses about the field di-
rection is

hν↑↑ = |2µnB + 2dnE|. (1)

For antiparallel fields, hν↑↓ = |2µnB − 2dnE|. Thus the
experiment aimed to measure any shift in the transition
frequency ν as an applied E field alternated between be-
ing parallel and then antiparallel to B.

A schematic of the apparatus is shown in Figure 1.
The UCNs were prepared in a spin-polarized state by
transmission through a thin, magnetized iron foil, and
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entered a cylindrical 21-liter trap within a 1 µT uniform
vertical magnetic field B0.

Approximately 20 s were needed to fill the trap with
neutrons, after which the entrance door was closed pneu-
matically. The electric field, of approximately 10 kV/cm,
was generated by applying high voltage to the electrode
that constituted the roof of the trap, while keeping the
floor electrode grounded. The electrodes were made of
diamond-like-carbon coated Al, and the side wall was
SiO2.

The transition frequency ν of the neutrons was mea-
sured using the Ramsey separated oscillatory field mag-
netic resonance method. During the storage period, the
neutrons interacted coherently with two 2 s intervals of
oscillating magnetic field having a chosen frequency close
to the Larmor frequency. The two intervals were sepa-
rated by a period T = 130 s of free precession. The last
step was to count the number of neutrons N↑ and N↓

that finished in each of the two polarization states. This
was achieved by opening the entrance door to the trap
and allowing the neutrons to fall down onto the polariz-
ing foil, which then acted as a spin analyzer. Only those
in the initial spin state could pass through to the detec-
tor, which was a proportional counter in which neutrons
were detected via the reaction n+3He →3H+p. During
one half of the counting period, an r.f. magnetic field
was applied in the region above the polarizing foil; this
flipped the spins of the neutrons, thereby also allowing
those in the opposite spin state to be counted. Each
batch cycle yielded about 14,000 UCN counts. Within a
run the data-taking operations were cycled continuously
for 1-2 days. Periodically, after a preset number (nor-
mally 16) of batches, the direction of E was reversed.
All other settings were held constant during a run. Ev-
ery 10-20 runs, B0 was reversed so that half of the full
data set was taken with B0 upwards and half with B0

downwards. We adopt a system as in [13] where the k̂
vector of our z axis follows the direction of B0. Hence, B0

is always positive, while the gravitational displacement of
the UCNs changes sign.
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hν↑↑ = |2µnB + 2dnE|. (1)

For antiparallel fields, hν↑↓ = |2µnB − 2dnE|. Thus the
experiment aimed to measure any shift in the transition
frequency ν as an applied E field alternated between be-
ing parallel and then antiparallel to B.

A schematic of the apparatus is shown in Figure 1.
The UCNs were prepared in a spin-polarized state by
transmission through a thin, magnetized iron foil, and

∗On leave from Institute of Nuclear Research and Nuclear Energy,
Sofia, Bulgaria
†On leave from Petersburg Nuclear Physics Institute, Russia

entered a cylindrical 21-liter trap within a 1 µT uniform
vertical magnetic field B0.

Approximately 20 s were needed to fill the trap with
neutrons, after which the entrance door was closed pneu-
matically. The electric field, of approximately 10 kV/cm,
was generated by applying high voltage to the electrode
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The transition frequency ν of the neutrons was mea-
sured using the Ramsey separated oscillatory field mag-
netic resonance method. During the storage period, the
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one half of the counting period, an r.f. magnetic field
was applied in the region above the polarizing foil; this
flipped the spins of the neutrons, thereby also allowing
those in the opposite spin state to be counted. Each
batch cycle yielded about 14,000 UCN counts. Within a
run the data-taking operations were cycled continuously
for 1-2 days. Periodically, after a preset number (nor-
mally 16) of batches, the direction of E was reversed.
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• Measure number of spin up versus 
spin down neutrons for parallel and 
anti-parallel electric and magnetic 
fields
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QFT formulation of the Strong CP problem
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Anomalous symmetry

• Strange combination appears in the EDM 

• Reason is that there exists a symmetry
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Anomalous symmetry



• Physical quantities must be invariant 

• Only the combination                               is 
invariant under the symmetry
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Anomalous symmetry



Outline

• The Strong CP problem 

• Previous solutions 

• New solutions with LHC observable 
signatures



Discrete Symmetries

• CP and P can both set the neutron EDM to 0 

• Require one to be a good symmetry of nature
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Time reversal
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Discrete Symmetries

• CP and P can both set the neutron EDM to 0 

• Require one to be a good symmetry of nature 
• Spontaneously break the symmetry while 

• Arranging for CKM phase to be large 

• Arranging for neutron EDM to be small 

• Nelson-Barr approach
A. E. Nelson, Phys.Lett. B136, 387 (1984)

S. M. Barr, Phys.Rev.Lett. 53, 329 (1984)



Discrete Symmetries

• Supersymmetry makes this natural 
• CKM phase is in the Kahler potential 

• Theta angle is not renormalized 

• Use loops to connect SM to CP breaking sector

G. Hiller and M. Schmaltz, Phys. Lett. B 514, 263 (2001)



Running of theta

products of wave function factors TQ,u,d as in the non-supersymmetric case.

We are now ready to discuss the non-renormalization of θ = θ−arg det M .

We showed above that arg det M is not renormalized. To understand the

renormalization of θ it is convenient to define the superfield

τ =
1

g2
+ i

θ

8π2
(9)

and work in a basis in which the gauge-kinetic term is
∫

d2θ 1
4
τWαW α, and

where no wave function renormalization is performed. In this basis τ is

renormalized at one loop only [17, 18]

τ(µ) = τ(µ0) −
b0

8π2
log(µ/µ0) . (10)

Here µ and µ0 are real renormalization scales and b0 is the one-loop β function

coefficient. Taking the imaginary part on both sides shows that θ is also not

renormalized.

So far, we have ignored mass thresholds. A superfield with a mass m

between µ and µ0 should be integrated out at the scale m. This gives a

shift δτ = −t2/8π2log(m), and if m is complex we have θ → θ − t2 arg m.

Here t2 is the Dynkin index in the color representation of the field which

was integrated out (t2 = 1 for a quark). This is exactly what is needed for

θ to be invariant, because the massive field should not be included in the

arg det M term in the definition of θ in the low energy theory.2 We discuss

the non-perturbative generalization of this non-renormalization theorem in

Appendix C.

To end this section, we wish to clarify a potential confusion stemming

from the possibility of redefining the phase of the gluino field via an anoma-

lous R-symmetry transformation. In the absence of a gluino mass this ap-

pears to allow rotating away the θ-angle. However, in order for supersym-

metry breaking to generate a gluino mass as required for phenomenology,
2Note that we have been somewhat cavalier with the Dynkin indices in the definition of

θ. The correct definition contains a factor of t2(Ri) for each of the different representations
Ri of colored fermions in the theory.
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• Gauge coupling runs a one loop 

• Imaginary part implies theta angle does not 
run



Running of CKM phase
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breaking parameters are real and flavor universal. We review the arguments

which prove this in gauge mediated supersymmetry breaking in Section 6.

3 CKM phase from wave functions

In this section we show explicitly that wave function renormalization does

not contribute to θ. This is crucial to our mechanism because wave function

renormalization is not constrained by N = 1 supersymmetry. However, and

this is important for our model of CP violation from wave functions in Sec-

tion 4, wave function renormalization of the quarks contributes to the CKM

phase. We show that a large CKM phase can be generated entirely from

renormalization of the quark kinetic terms if the Z-matrices appearing in

the renormalization deviate from the unit matrix by order one. Finally we

discuss the (non)renormalization of θ and ΦCKM in supersymmetry.

To begin, consider the following Lagrangian containing the kinetic terms

of the SM quarks and their Yukawa couplings

Lkinetic = Q̄iD̸ZQQ + D̄iD̸ZdD + ŪiD̸ZuU (2)

−Lyukawa = Q̄ŶuHuU + Q̄ŶdHdD . (3)

We use two-component spinor notation, Q are the SU(2)-doublet quarks, D

and U are SU(2)-singlets. Zi denote wave function renormalization factors

which in general are complex, Hermitian and positive definite 3×3 matrices.

Such matrices can always be written as the square of other positive definite

Hermitian matrices Zi = (Ti)−2. Thus we can always change from this most

general basis to canonical fields by a Hermitian basis change Q → TQQ,

U → TuU and D → TdD which leads to new Yukawa matrices

Yu = TQŶuTu , Yd = TQŶdTd (4)

It is important to note that this basis change does not shift θ. This is

most easily seen by writing T = U †SU with unitary U and real-diagonal

5

• Wave function renormalization results in non-
vanishing CKM phase 

• Because T are hermitian, does not change invariant theta angle
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argdetYu = argdetŶu + argdetTu + argdetTQ = 0 (68)



Axion solution
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CP Conservation in the Presence of Pseudoparticles*

R. D. Peccei and Helen R. Quinn)
Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 9430S

(Received 81 March 1977)

We give an explanation of the CI'- conservation of strong interactions which includes the
effects of pseudoparticles. We find it is a natural result for any theory where at least
one flavor of fermion acquires its mass through a Yukawa coupling to a scalar field which
has nonvanishing vacuum expectation value.

It is experimentally obvious that we live in a
world where I' and CP are good symmetries at
the level of strong interactions. In the context of
quantum chromodynamics the strong interactions
are believed to be due to non-Abelian vector glu-
ons coupled to massive quarks. In such a theory,
when the effects of gluon configurations of non-
zero pseudoparticle number are included, CP in-
variance requires a very special choice of param-
eters. We will show, however, that CI' invari-
ance of the strong interactions is, in fact, a natu-
ral consequence, provided at least one flavor of
quark acquires its mass from a Yukawa coupling
to a scalar field which has a nonzero vacuum ex-
pectation value, and the Lagrangian originally
possesses a U(1) invariance involving all Yukawa
couplings.
The physical importance of gauge field configu-

rations with nontrivial topology has been stressed
by 't Hooft. ' He has reminded us that the physics
of such theories involves a parameter 0 which
does not appear in the original Lagrangian. ' This
parameter defines the choice of vacuum' among
an infinity of possible distinct and generally in-
equivalent vacua. Each 0 represents a possible
true vacuum and there are in general an infinity
of distinct theories arising from any given La-

q = (g2 j32n') fd4x p 'S't'"

The rotation of a fermion field by exp[iy, ri] in-
duces a change in the effective action given by

'58 f f —if (8"j„')ii = —2iqri
since

s Pj s —(g2/16&a)~ ~F P~~

Thus in such a theory the net effect of such a
rotation is

(2)

(4)

If, however, all fermions are massive such a
rotation will also change the fermion mass term

grangian.
If all fermions which couple to the non-Abelian

gauge fields are massless then the various 0
choices give equivalent theories. " This is most
clearly seen by remarking that a change in the
effective value of 0 can be induced by making an
exp[iy5ri] rotation of the fermion fields. We de-
fine the effective Euclidean action in the qth sec-
tor to be

&,i i' = fd'xZ + i8q,
where

1440



Axion solution

Axion dynamically sets 
the neutron EDM to 0
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Baryogenesis from Hawking Radiation

Anson Hook1

1
School of Natural Sciences, Institute for Advanced Study
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I. INTRODUCTION
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Axion solution

• One parameter solution (KSVZ axion) 

• Also a dark matter candidate 

• String theory motivation for not just one axion, 
but many many axions

Kim, J.E. (1979). Phys. Rev. Lett. 43: 103.
Shifman, M.; Vainshtein, A.; Zakharov, V. (1980). 
Nucl. Phys. B166: 493.
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Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.
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• SuperNova 1987A 
• Axions carry away too much 

energy G.G. Raffelt, Lect. Notes 
Phys. 741, 51 (2008) 
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• Globular cluster stars/
White dwarf 

• Alters stellar evolution
G.G. Raffelt, Stars as 

Laboratories for 
Fundamental Phys-  
ics, (1996)
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G. Raffelt and L. Stodolsky, Phys. 
Rev. D37, 1237 (1988)

• Laboratory experiments 
• Photon regeneration - ála 

neutrino flavor oscillations

– 5–

3F − D = 0.586 ± 0.031 [19]. The strange-quark contribution

is ∆s = −0.08 ± 0.01stat ± 0.05syst from the COMPASS experi-

ment [18], and ∆s = −0.085± 0.008exp ± 0.013theor ± 0.009evol

from HERMES [19], in agreement with each other and with

an early estimate of ∆s = −0.11 ± 0.03 [20]. We thus adopt

∆u = 0.84 ± 0.02, ∆d = −0.43 ± 0.02 and ∆s = −0.09 ± 0.02,

very similar to what was used in the axion literature.

The uncertainty of the axion-nucleon couplings is dominated

by the uncertainty z = mu/md = 0.35–0.60 that we mentioned

earlier. For hadronic axions Cu,d,s = 0 so that −0.51 < Cp <

−0.36 and 0.10 > Cn > −0.05. Therefore it is well possible that

Cn = 0 whereas Cp does not vanish within the plausible z range.

In the DFSZ model, Cu = 1
3 sin2 β and Cd = 1

3 cos2 β and Cn

and Cp as functions of β and z do not vanish simultaneously.

The axion-pion interaction is given by the Lagrangian [21]

LAπ =
CAπ

fπfA

(

π0π+∂µπ− + π0π−∂µπ+ − 2π+π−∂µπ0) ∂µφA ,

(10)

where CAπ = (1 − z)/[3(1 + z)] in hadronic models. The chiral

symmetry-breaking Lagrangian provides an additional term

L′
Aπ ∝ (m2

π/fπfA) (π0π0 + 2π−π+) π0φA. For hadronic axions

it vanishes identically, in contrast to the DFSZ model (Roberto

Peccei, private communication).

II. LABORATORY SEARCHES

II.1 Photon regeneration

Searching for “invisible axions” is extremely challenging.

The most promising approaches rely on the axion-two-photon

vertex, allowing for axion-photon conversion in external electric

or magnetic fields [5]. For the Coulomb field of a charged

particle, the conversion is best viewed as a scattering process,

γ + Ze ↔ Ze + A, called Primakoff effect [22]. In the other

extreme of a macroscopic field, usually a large-scale B-field, the

momentum transfer is small, the interaction coherent over a

large distance, and the conversion is best viewed as an axion-

photon oscillation phenomenon in analogy to neutrino flavor

oscillations [23].

February 21, 2013 11:25
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Outline

• The Strong CP problem 

• Previous solutions 

• New solutions with LHC observable 
signatures
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Symmetry Breaking through Bell-Jackiw Anomalies*
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In models of fermions coupled to gauge fields certain current-conservation laws are vio-
lated by Bell- Jackiw anomalies. In perturbation theory the total charge corresponding to
such currents seems to be still conserved, but here it is shown that nonperturbative ef-
fects can give rise to interactions that violate the charge conservation. One consequence
is baryon and lepton number nonconservation in V -A gauge theories with charm. Another
is the nonvanishing mass squared of the g.

+~~ ~~ +p
then the topological quantum number is

n = (g'/32~') fG„,'G„„'d'x,
with

a~pv 2~ pvnacng

(2)

n is an integer for all field configurations in Eu-
clidean space that have the vacuum (or a gauge
transformation thereof) at the boundary. In Min-
kowsky space n would be i times an integer (if we
take d'x and e»„ to be real and A„B/Bx, imagi-
nary).
The solution with n = I in Euclidean space is

~,( ),1 2 1I,„v(x -xn)'
g (x-x,)'+Z'' (4)

Here, x, is free because of translation invariance
and ~ is a free scale parameter; g is a tensor
that maps antisymmetric representations of SO(4)
onto vectors of one of its two invariant subgroups

When one attempts to construct a realistic mod-
el of nature one is often confronted with the dif-
ficulty that most simple models have too much
symmetry. Many symmetries in nature are slight-
ly broken, which leads to, for instance, the lep-
ton and quark masses, and CI' violation. Here I
propose to consider a new source of symmetry
breaking: the Bell- Jackiw anomaly.
My starting point is the solution of classical

field equations given by Belavin et al. in four-
dimensional (4D) Euclidean gauge-field theories.
The solution is obtained from the vacuum by map-
ping SU(2) gauge transformations onto a large
sphere in Euclidean space. Taking the new,
gauge-rotated, vacuum as a boundary condition,
they obtain a nontrivial solution inside the sphere,
characterized by a topological quantum number.
If the Lagrangian is

SO(3):

Qattv ealtv ( t l"t ~ I t 2i 3) y

q,a„=-5,„(a,v =1,2, 3),
1atta hyatt (at t" I & 2~ 3) t

Thus isospin is linked to one of the SO(3) sub-
groups of SO(4). The solution has

S =fZ(a") dax = S"/—g'. (6)
Since we have a 4D rotational symmetry, the so-
lution is not only localized in three-space, but al-
so instantaneous in time. I shall refer to such ob-
jects as "Euclidean-gauge solitons, "' EGS for
short.
There is a simple heuristic argument that ex-

plains why these solutions of the Euclidean field
equations are relevant for describing a tunneling
mechanism in real (Minkowsky) space-time, from
one vacuum state to a gauge-rotated vacuum (a
gauge rotation that cannot be obtained via a series
of infinitesimal gauge rotations). Consider an or-
dinary quantum mechanical system with a poten-
tial barrier V larger than the available energy E,
which I put equal to zero. Then the leading expo-
nential of the tunneling amplitude is exp(- Jpdx),
with

p /2nz=V-E.
This corresponds to the classical equations of
motion, except for a sign difference. Thus the
leading exponential is obtained by replacing in the
equations of motion t by it and computing the ac-
tion S for a path from one to the other vacuum.
[Note that both in Euclidean and in Minkowsky
space the gauge group is the compact group SU(2).]
Suppose now that we have in addition N mass-

less fermion doublets coupled to the gauge field:
E

g fet minn g qt D qt
t= j.
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• Signatures of the massless up quark 
solution 

• Before confinement there is a massless quark 

• There is a sector which confines - QCD 

• After confinement, the vev of the η’ boson removes θ from 
the IR
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quark masses,” in a mass-independent subtraction scheme such as
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quote the 1S mass. These can be different from the heavy quark
masses obtained in potential models.
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Massless up quark solution “strongly 
disfavored”

Status of the massless up 
quark



Generalized massless up 
quark solution

• 40 years since it was invented 
• Why throw away a good idea? 

• Simplest generalization of the massless 
up quark solution



• Before confinement there is a massless 
quark 

• There is a sector which confines  

• After confinement, the vev of the η’ boson 
removes θ from the IR

Generalized massless up 
quark solution



New massless quark solution
• Before confinement there is a 

massless quark 

• There is a sector which confines  

• After confinement, the vev of the η’ 
boson removes θ from the IR
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The eta prime boson changes our theta angle
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Copying QCD

• How much do we need to copy? 

• Copy leptons 
• Anomaly considerations 

• Mirror QCD spontaneously breaks SU(2) 
• Copy Higgs and SU(2) 

• Everything but U(1)
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New massless quark solution



Symmetry explanation
Anomalous symmetry renders sum of angles unphysical and 

difference physical 

Discrete symmetry results in the difference being zero
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What are the constraints on this model?



• We do not see a mirror sector 

• The mirror sector must have larger masses 

• The Higgs vev in the other sector must be 
much larger than ours! 

• For the sake of plotting results, set it to 1014 GeV

Constraints
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Solutions to the strong CP problem strongly 
constrained by higher dimensional operators
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FIG. 1: The mass of the ⇢0 meson in the mirror sector as a
function of the mirror Higgs vev. The mass of the scalar color
octet will be a factor of few below the mass of the ⇢0.
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pressed by M2
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• Observable signatures come from the 
pseudo-goldstone bosons
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• Observable signatures come from the 
pseudo-goldstone bosons 

• Color octet scalars 

• Obtain a 1-loop mass from gauge boson 
loops 

• Like charged pions, quadratic divergence 
cut off by rho mesons
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Maximum mass for lightest new 
particles is 2 TeV!

LHC Observables



Pions decay through the anomaly into a pair of 
gluons
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LHC signature
LHC observable signatures
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Figure 6: Observed and expected 95% CL cross section limits as a function of top squark mass
for the inclusive (left) and heavy-flavor (right) RPV top squark searches based on results from
the low-mass (a) and high-mass (b) scenarios. The dashed red line shows the NLO+NLL pre-
dictions for top squark production, and the vertical dashed blue line indicates the boundary of
the limits between the low- and high-mass scenarios.
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for the pair-produced coloron search based on results from the low-mass (a) and high-mass (b)
scenarios. The dotted red line shows the NLO+NLL predictions for coloron pair production,
and the vertical dashed blue line indicates the boundary of the limits between the low- and
high-mass scenarios.

8 Summary

A search has been performed for pair production of heavy resonances decaying to pairs of jets
in four-jet events from proton-proton collisions at

p
s = 8 TeV with the CMS detector. The

distribution in the average mass of selected dijet pairs has been investigated for localized dis-
agreements between the data and the background estimate. This method takes advantage of a
number of additional optimized kinematic requirements imposed on the dijet pair. No signifi-
cant deviation is found between the selected events and the expected standard model multijet
background. Limits are placed on the production of colorons decaying into four jets with a
100% branching fraction, excluding at 95% confidence level, masses between 200 and 835 GeV.
For this model, these results include first limits in the mass ranges of 200–250 GeV and 740–
835 GeV, extending previous limits [15] to lower masses by 50 GeV, and to higher masses by
95 GeV. Limits are set on top squark pair production through the l00

UDD coupling to final states
with either only light-flavor jets or both light- and heavy-flavor jets with a 100% branching
fraction. We exclude at a 95% confidence level top squark production followed by R-parity

LHC signature
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Testable strong CP

• A strong CP problem solution which is 
testable at the LHC! 

• An existing search places bounds 

• 4 jets with two resonances 

• What about a solution which is not being 
looked for at the LHC?
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P
SU(3)xU(1) goes to 
itself under parity so 
that their theta angles 
vanish

S. M. Barr, D. Chang, and G. Senjanovic, 
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Parity

Invariant theta angle vanishes!
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Breaking of parity

• No mirror quarks observed 

• Mirror quarks are heavy 

• Mirror Higgs vev is large
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Higher dimensional 
operators

Testability comes from Higher dimensional 
operators
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LHC signatures

• New colored particles observable at the LHC! 

• New colored particles with mass ratios equal 
to the Standard Model mass ratios
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• Mixing allowed by symmetries 
• Technically natural to keep them small 

• If matrix is random, need to be smaller than 100 GeV from FCNC 
bounds 

• Could be like Yukawas and be almost diagonal
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• m = 0 
• R Hadron type searches 

• m is flavor anarchic 
• Mixing in right handed quarks : decays through yukawa 

interactions 

• Preferentially decay into 3rd generation : Standard T’ searches
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LHC signatures
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Decay of fourth generation quarks which is exactly 
opposite the current intuition!
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LHC signatures

Hasn’t been done at CMS 

ATLAS-CONF-2011-022, 7 TeV 37 pb-1  

Bounds of 270 GeV - new decay involving Z,H isn’t being searched for
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LHC signatures
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Conclusion

• Solutions to the Strong CP problem are 
testable at the LHC 

• Two solutions each reaching TeV scale by different 
mechanisms 

• Generalized massless up quark solution 
• 2 TeV color octets - 4 jet search with 2 resonances 

• Parity based solution 
• Fourth generation quarks that preferentially decay into first 

generation quarks - 2 weak gauge bosons or Higgs, plus 2 
jets with 2 resonances


