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CP Conservation in the Presence of Pseudoparticles*
R. D. Peccei and Helen R. Quinnf
Institute of Theovetical Physics, Department of Physics, Stanfovd University, Stanfovd, California 94305
(Received 31 March 1977)
We give an explanation of the CF 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 grangian.
world where P and CP are good symmetries at If all fermions which couple to the non-Abelian
the level of strong interactions. In the context of gauge fields are massless then the various 0
quantum chromodynamics the strong interactions choices give equivalent theories.”® This is most
are believed to be due to non-Abelian vector glu- clearly seen by remarking that a change in the
PHYSICAL REVIEW D VOLUME 16, NUMBER 6 15 SEPTEMBER 1977

Constraints imposed by 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 94305
(Received 31 May 1977)

We elaborate on an earlier discussion of CP conservation of strong interactions which includes the effect of
pseudoparticles. We discuss what happens in theories of the quantum-chromodynamics type when we include
weak and electromagnetic interactions. We find that strong CP conservation remains a natural symmetry if
the full Lagrangian possesses a chiral U(1) invariance. We illustrate our results by considering in detail a
recent model of (weak) CP nonconservation.

I. INTRODUCTION The appearance of this additional term shows the
problem to which we address ourselves. It appears
In a recent letter! we have discussed the question to be a P- and CP-violating term. Thus if £ rep-

of CP conservation of the strong interactions in resents a non-Abelian gauge theory of the strong
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* Dynamical Solutlon _ Peccel & Qumn (1977)

— Re-interpret @ as a dynamical variable (scalar field)

= Pseudo-scalar axion field

= Peccei-Quinn scale, axion decay constant

Potential (mass term) induced by Lcp drives a(x)
to CP-conserving minimum

o

CP symmetry dynamically restored

Axions couple to gluons and mix with 7t°

1/2 10
f

m, = Z—m,[ —~=0.6 meV10 Cev

1+z 3 3

z=m,/my =0.56 (0.35-0.60)




VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Labovatory of Physics, Havvard University, Cambridge, Massachusetts 02138
(Received 6 December 1977)

It is pointed out that a global U(1) symmetry, that has been introduced in order to pre-
serve the parity and time-reversal invariance of strong interactions despite the effects
of instantons, would lead to a neutral pseudoscalar boson, the “axion,” with mass rough-
ly of order 100 keV to 1 MeV. Experimental implications are discussed.

One of the attractive features of quantum chro- U(l)po], under which detm (¢) changes by a phase.
modynamics® (QCD) is that it offers an explana- The phase of detm (¢) at the minimum of V(¢) is
tion of why C, P, T, and all quark flavors are then undetermined in any finite order of pertur-
conserved by strong interactions, and by order- bation theory, and is fixed only by instanton ef-

a effects of weak interactions.? However, the fects which break the U(1)po symmetry. However,
discovery of quantum effects® associated with the potential will then depend on 6, but not sep-

[ the “instanton” solution of QCD has raised a puz-  aratelv on 6 and argdetm, so that it is not a mir-

VoLuME 40, NUMBER 5 PHYSICAL REVIEW LETTERS 30 JANUARY 1978

Problem of Strong P and T Invariance in the Presence of Instantons

F. Wilczek®
Columbia University, New York, New York 10027, and The Institute for Advanced Studies,
Princeton, New Jersey 08540®
(Received 29 November 1977)

The requirement that P and T be approximately conserved in the color gauge theory of
strong interactions without arbitrary adjustment of parameters is analyzed. Several pos-
sibilities are identified, including one which would give a remarkable new kind of very
light, long-lived pseudoscalar boson.

One of the main advantages of the color gauge a certain class of theories®®? the parameter 6 is
theory of strong interactions is that so many of physically meaningless,*® or dynamically deter-
the observed symmetries of strong interactions mined.” In this case, if the strong interaction
seem to follow automatically as a consequence of conserves P and T, we shall say the conserva-
the gauge principle and renormalizability—P,T, tion is automatic.

C, flavor conservation, the 3® 3* structure of chi- I regard a theory of type (i) as verv unattrac-

Frank Wilczek

“I named them aftera laundry.
detergent, since they clean up
a problem with an axial current.”
(200435/ )'/Ena oA liii)
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Gluon coupling
(Generic property)
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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 mto limits on my4 and f4 using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar 1s 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
cos? 3 = 1/2. The Cold Dark Matter exclusion range
1s particularly uncertain. We show the benchmark case
from the misalignment mechanism.
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Globular Cluster

Light ALPs can be produced in stars through various mechanisms, e.g. ]
Primakoff conversion g = Relevant in He- _ o
7/+Ze —>a+ /e burning stars = ' R e ]

:O : e R _'
Y a 8:'_

Compton scattering ?/2’1,7 o RelevantinRG ~ ~ | ' _-
a, 7.5¢ S
N < N o L _ 10 "erg/(gs) |
Nucleon Bremsstrahlung | Relevant in SN . D:;:'---- - J —#7 Bremsstrahlung
N+N-—->N+N+a N I N and neutron stars T4 s s 7 s e o

Log;op [g-cm ]

The emission of axions could lead to an overly efficient energy drain,

inconsistent with observations. This leads to bounds on the axion HB stars are,

couplings with photons, electrons and nuclei. evidently, in the

region where axion

« Maurizio Giannotti, 9t Patras Workshop dominates over
neutrino cooling
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09 —r T T T Credible regions for neutrino plus
08 o, - axion hot dark matter

' (WMAP-7, SDSS, HST)

Hannestad, Mirizzi, Raffelt & Wong
[arXiv:1004.0695]

07 F A

Marginalizing over neutrino
hot dark matter component

m, <0.7eV (95%CL)

2m,, [eV]

Assuming no axions

xm, < 0.4eV (95% CL)

Figure 1. 2D marginal 68% and 95% contours in the ) m,-m, plane. The blue lines
correspond to our results using CMB+HPS, and the red lines using CMB+HPS+HST.

e G. Raffelt, Vistas in Axion Physics



Cosmology
N LOIA Dalrk wiatter

Modern values for QCD parameters and temperature-dependent axion mass
imply (Bae, Huh & Kim, arXiv:0806.0497)

1.184 1.184
10 ueV
2 — 2 (__Ja _ 2

If axions provide the cold dark matter: Q h? = 0.11

1012G eV %592 o 0.592
®; = 0.75 ( 7 ) 1.0 (10 ueV)

e ©; ~ 1implies f, ~ 10 GeV and m, ~ 10 peV
* G. Raffelt, Vistas in Axion Physics
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Any Light
Particle Search |
<
frequency doubled

infrared source

(‘35W', 1064nm)
+Resonator!

ALPS-1 (2010) and upgrades towards ALPS-II

B-field

v

PIXIS CCD

B. Dé&brich for the collaboration | 9th Patras workshop | June 24th 2013 | Page 6
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Axion Helioscope

Primakoff (Sikivie 1983)
production

Y 4 | Axion fi

........................ WWWWWWY

Axion-Photon-Oscillation

Sun

L B B B » Tokyo Axion Helioscope (“Sumico”)

- ’ (Results since 1998, up again 2008)
6|— —

- g » CERN Axion Solar Telescope (CAST)
s _' (Data since 2003)

N i Alternative technique:
oy o Bragg conversion in crystal
o . _ Experimental limits on solar axion flux

0 2 4 6 8 10 from dark-matter experiments

Axion energy [keV] (SOLAX, COSME, DAMA, CDMS ...)

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23—-26 April 2012
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Axion Haloscope (Sikivie 1983)
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Standard Quantum Limit
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LHe LS _{ W | || Fridge %
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New modular gear systems
(19600:1 reduction)

Newly plated microwave cavity

Summer 2010.
Magnet has been cooled and energized.
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Fig. 4 Temperature dependence of the fraction of the 111 p3 > states excited by
the blackbody-photon absorption in the cavity. The dependence was measured
with the present Ryvdberg-atom single photon detector. Solid line is a theoretical
prediction (see text in detail) in the over-damped regime.

111s,, = 111p5,
2527 MHz  SQL: 121 mK
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