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Outline

• The Strong CP problem and Axions 

• Quality problem and its solution 

• Interesting and challenging displaced 
signatures



What is the QCD axion?

Simple solution to a simple problem

Only one or two parameters

Can naturally be Dark Matter

Cla
ssi

ca
l

Simple solution to a subtle problem

Quantum



(Wrong) Classical Strong CP Problem

Neutron contains an up quark and two down quarks

Draw a neutron
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Neutron contains an up quark and two down quarks

(Wrong) Classical Strong CP Problem



Calculate electric dipole moment
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An Improved Experimental Limit on the Electric-Dipole Moment of the Neutron
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(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

e cm (90% CL).

PACS numbers: 13.40.Em, 07.55.Ge, 11.30.Er, 14.20.Dh

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

∗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
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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Measure number of spin up versus spin 
down neutrons for parallel and anti-
parallel electric and magnetic fields
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4D Quantum Strong CP problem

Theory of QCD

Use Chiral Perturbation theory to calculate neutron eDM
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4D Quantum Strong CP problem

QFT formulation of the Strong CP problem
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Four simple solutions to this simple problem

1. Universe is Left-Right symmetric
2. Universe is Time reversal invariant
3. Massless up quark
4. Axions
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CO O

CO2 also has a zero dipole moment
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Why is the dipole moment zero?
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Angle relaxes itself to zero!

(Wrong) Classical Axion
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Plausible that if angle were dynamical maybe 
it would relax itself to a symmetric state

(Wrong) Classical Axion
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Introduce a field whose sole purpose is to 
make the angle dynamical
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Axion dynamically sets 
the neutron EDM to 0
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Outline

• The Strong CP problem and Axions 

• Quality problem and its solution 

• Interesting and challenging displaced 
signatures



Quantum Axion : Quality Problem

The axion fakes a dynamical angle

How good of an imposter is it?

Very difficult because in the Quantum world, 
if something can happen, it will happen



Quantum Axion : Quality Problem

The axion fakes a dynamical angle

How good of an imposter is it?

⇤contamination < 0.1MeV
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Quantum Axion : Quality Problem

This is really really hard!

⇤contamination < 0.1MeV
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In the SM, there is the weak scale

Due to SM’s very special flavor structure

⇤CKM ⇠ 0.003MeV



Quantum Axion : Quality Problem

There are also many other scales : 
GUT, Inflation, Gravity, Dark matter

⇤contamination < 0.1MeV
<latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit>



Quantum Axion : Quality Problem

There are also many other scales : 
GUT, Inflation, Gravity, Dark matter

⇤contamination < 0.1MeV
<latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit><latexit sha1_base64="FIuxPoR4/Wb9bDpEyk6YijMbECE=">AAACGXicbVC7SgNBFJ2NrxhfUUubwSBYSNgVQQuLoI2FQgTzgGwIs5ObZMjs7DJzVwxLfsPGX7GxUMRSK//GyaPQxAMDh3PO5c49QSyFQdf9djILi0vLK9nV3Nr6xuZWfnunaqJEc6jwSEa6HjADUiiooEAJ9VgDCwMJtaB/OfJr96CNiNQdDmJohqyrREdwhlZq5V3/2obbrOUjPGDKI4UsFGrsDuk5dYse9Y/oxL2B6rCVL7hFdww6T7wpKZApyq38p9+OeBKCQi6ZMQ3PjbGZMo2CSxjm/MRAzHifdaFhqWIhmGY6vmxID6zSpp1I26eQjtXfEykLjRmEgU2GDHtm1huJ/3mNBDtnzVSoOEFQfLKok0iKER3VRNtCA0c5sIRxLexfKe8xzTjaMnO2BG/25HlSPS56tr/bk0LpYlpHluyRfXJIPHJKSuSKlEmFcPJInskreXOenBfn3fmYRDPOdGaX/IHz9QOn+qAI</latexit>

Leading order gravity 
suppressed operators must be 

suppressed by 10 powers of the 
Planck scale!

V =
�14

M10
pl

<latexit sha1_base64="13Lp5zGljwm5owtCQuALhxm2ed4=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWakoBuh6MaNUME+oDMOmTTThmYyQ5IRSpi1G3/FjQtF3PoF7vwb03YW2nrgwsk595J7T5gyKpXjfFulpeWV1bXyemVjc2t7x97da8skE5i0cMIS0Q2RJIxy0lJUMdJNBUFxyEgnHF1N/M4DEZIm/E6NU+LHaMBpRDFSRgrswza8gF4kENZec0jvtVvPc30T6JTl5uHkeWBXnZozBVwkbkGqoEAzsL+8foKzmHCFGZKy5zqp8jUSimJG8oqXSZIiPEID0jOUo5hIX09PyeGxUfowSoQpruBU/T2hUSzlOA5NZ4zUUM57E/E/r5ep6NzXlKeZIhzPPooyBlUCJ7nAPhUEKzY2BGFBza4QD5HJRZn0KiYEd/7kRdI+rblOzb2tVxuXRRxlcACOwAlwwRlogGvQBC2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD3Nrmh8=</latexit><latexit sha1_base64="13Lp5zGljwm5owtCQuALhxm2ed4=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWakoBuh6MaNUME+oDMOmTTThmYyQ5IRSpi1G3/FjQtF3PoF7vwb03YW2nrgwsk595J7T5gyKpXjfFulpeWV1bXyemVjc2t7x97da8skE5i0cMIS0Q2RJIxy0lJUMdJNBUFxyEgnHF1N/M4DEZIm/E6NU+LHaMBpRDFSRgrswza8gF4kENZec0jvtVvPc30T6JTl5uHkeWBXnZozBVwkbkGqoEAzsL+8foKzmHCFGZKy5zqp8jUSimJG8oqXSZIiPEID0jOUo5hIX09PyeGxUfowSoQpruBU/T2hUSzlOA5NZ4zUUM57E/E/r5ep6NzXlKeZIhzPPooyBlUCJ7nAPhUEKzY2BGFBza4QD5HJRZn0KiYEd/7kRdI+rblOzb2tVxuXRRxlcACOwAlwwRlogGvQBC2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD3Nrmh8=</latexit><latexit sha1_base64="13Lp5zGljwm5owtCQuALhxm2ed4=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWakoBuh6MaNUME+oDMOmTTThmYyQ5IRSpi1G3/FjQtF3PoF7vwb03YW2nrgwsk595J7T5gyKpXjfFulpeWV1bXyemVjc2t7x97da8skE5i0cMIS0Q2RJIxy0lJUMdJNBUFxyEgnHF1N/M4DEZIm/E6NU+LHaMBpRDFSRgrswza8gF4kENZec0jvtVvPc30T6JTl5uHkeWBXnZozBVwkbkGqoEAzsL+8foKzmHCFGZKy5zqp8jUSimJG8oqXSZIiPEID0jOUo5hIX09PyeGxUfowSoQpruBU/T2hUSzlOA5NZ4zUUM57E/E/r5ep6NzXlKeZIhzPPooyBlUCJ7nAPhUEKzY2BGFBza4QD5HJRZn0KiYEd/7kRdI+rblOzb2tVxuXRRxlcACOwAlwwRlogGvQBC2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD3Nrmh8=</latexit><latexit sha1_base64="13Lp5zGljwm5owtCQuALhxm2ed4=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVWakoBuh6MaNUME+oDMOmTTThmYyQ5IRSpi1G3/FjQtF3PoF7vwb03YW2nrgwsk595J7T5gyKpXjfFulpeWV1bXyemVjc2t7x97da8skE5i0cMIS0Q2RJIxy0lJUMdJNBUFxyEgnHF1N/M4DEZIm/E6NU+LHaMBpRDFSRgrswza8gF4kENZec0jvtVvPc30T6JTl5uHkeWBXnZozBVwkbkGqoEAzsL+8foKzmHCFGZKy5zqp8jUSimJG8oqXSZIiPEID0jOUo5hIX09PyeGxUfowSoQpruBU/T2hUSzlOA5NZ4zUUM57E/E/r5ep6NzXlKeZIhzPPooyBlUCJ7nAPhUEKzY2BGFBza4QD5HJRZn0KiYEd/7kRdI+rblOzb2tVxuXRRxlcACOwAlwwRlogGvQBC2AwSN4Bq/gzXqyXqx362PWWrKKmX3wB9bnD3Nrmh8=</latexit>



A High Quality Axion

Hard to modify the axion story

UD D

Want to relax to here Don’t want to relax to here
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✓
✓ � a
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✓
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<latexit sha1_base64="go3HM28K2DMYXEjjldaunHXebw4="></latexit><latexit sha1_base64="go3HM28K2DMYXEjjldaunHXebw4="></latexit><latexit sha1_base64="go3HM28K2DMYXEjjldaunHXebw4="></latexit><latexit sha1_base64="go3HM28K2DMYXEjjldaunHXebw4="></latexit>



What if axion relaxes neutron and 
neutron’ at the same time?
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0<latexit sha1_base64="KAcQIEutAXO1AAahQI1bl0mtGUk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUOO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqt3kcRTiBU7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBa3WMqw==</latexit><latexit sha1_base64="KAcQIEutAXO1AAahQI1bl0mtGUk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUOO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqt3kcRTiBU7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBa3WMqw==</latexit><latexit sha1_base64="KAcQIEutAXO1AAahQI1bl0mtGUk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUOO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqt3kcRTiBU7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBa3WMqw==</latexit><latexit sha1_base64="KAcQIEutAXO1AAahQI1bl0mtGUk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUOO+XK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqx6btVrXFVqt3kcRTiBU7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBa3WMqw==</latexit>
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A High Quality Axion



1. Both neutron and neutron’ need 
the same angle 𝜃

2. Neutron’ should be heavier
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A High Quality Axion



1. Both neutron and neutron’ need 
the same angle 𝜃

2. Neutron’ should be heavier

Extremely hard because Neutron’ needs 
to be heavier but still be a faithful copy 

to within 10 orders of magnitude!

Consider a copy of the Standard Model

A High Quality Axion



In extra dimensions, the Standard Model are 
the degrees of freedom living on a brane

Like an molecules : degrees of freedom such as 
position

Just like there can be many molecules, there 
can be many Standard Models

A High Quality Axion



Consider a copy of the Standard Model

Neutron' needs to be very similar to actual neutron

What is the first thing that changes in this copy?

The object most sensitive to any 
change is the Higgs mass

Electroweak Hierarchy 
Problem

A High Quality Axion



Effect of different Higgs mass
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Very non-trivial fact

If the Higgs mass were the only thing different 
between the two copies, the neutron angles are still 

the same!

Flavor structure of the SM ensures that any change 
occurs at 7-loops and beyond

Not true for a generic theory!

A High Quality Axion



Makes the Quality problem better
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Quality Problem

Old Quality problem
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We have made the simplifying assumption that � ⌧ 1
and m � ⇤QCD0 . Using a phase rotation on � we can
see that the phase is exactly correct. This vev gives a
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integrating out these quarks, we find that the SU(3)c
gauge group has ✓ = �arg detYuYd. Thus the invariant
theta angle of SU(3)c is zero. The IR manifestation of the
anomalous symmetry is a dynamically generated mass
term that cancels the theta angle!
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parameterization
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where f(y�) is a real function that parameterizes the ef-
fects of a non-zero quark mass on the fermion bilinear. If
the quarks were massless, then we know that they con-
fine so that f(0) ⇡ 1. On the other hand, if the mass of
the quarks is larger than ⇤QCD0 , then the quarks do not
confine and we have f(m & ⇤QCD0) ⇡ 0. To find the vev
of �, we need to solve the equations of motion which are
approximately
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From the various limits of f(y�), we see that yh�i .
⇤QCD0 so that the mass of  i
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We now consider the e↵ect of higher dimensional oper-

ators on these solutions to the strong CP problem. There
are two types of operators which can cause an e↵ect. The
first kind are higher dimensional operator which break
the anomalous symmetry used to make the sum of the
theta angles unphysical. As we have learned from string
theory UV completions of axion models, there are good
reasons to expect that quantum gravity e↵ects which
break the anomalous symmetries are greatly suppressed.
The second more dangerous type of higher dimensional
operators respect all symmetries. Dangerous operators
include
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If the pre-factor was not included, then if one used a
chiral rotation to rotate this coupling into the yukawa
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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.

couplings, one would find that the operator is not sup-
pressed by M2

pl times an order one constant but instead

by an order 32⇡2/g2 constant. Thus the pre-factor is
needed if higher dimensional operators are to be sup-
pressed by the planck scale and not by a parametrically
lower scale. After the Z2 symmetry is broken, this op-
erator causes the di↵erence between the theta angles to
be non-vanishing. In order not to reintroduce the strong
CP problem, this operator requires that the vev of H 0 be
smaller than ⇠ 1014 GeV.

Depending on how the Z2 is broken, there may be di-
mension 5 operators which impose stronger constraints.
If the Z2 symmetry is broken by a real scalar � odd un-
der the discrete symmetry[15], then there is a dangerous
dimension 5 operator

�

Mpl

⇣
GG̃�G0G̃0

⌘
(13)

If the only fine-tuning allowed in the theory is that
needed to solve the hierarchy problem, then this oper-
ator leads to the constraint that � ⇠ H 0 be smaller than
109 GeV, which results in new colored states with mass
below 100 GeV and is experimentally ruled out. Thus
we require that the Z2 is broken in such a way that
only dimension 6 operators can be written. The sim-
plest way to avoid this problem is to instead introduce
a scalar � which is a doublet under a new SO(2) gauge
symmetry and impose that it transform as � ! i� un-
der the discrete Z2 symmetry. In this way, the quartic
�2(HH†

�H 0H 0†) can be tuned against the mass term to
result in a very light Higgs and no dangerous dimension
5 operators can be written.

The phenomenological consequences of these solutions
are tied to the strong coupling scale of the mirror sector.
In the solution involving massless bifundamentals, the
first signatures would be the color octet bosons. The
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Disclaimer

Unfortunately, collider axion/ALP literature is 
not standardized

High Quality QCD Axion and the LHC
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Solutions to the so-called “Axion Quality Problem” typically involve increasing the mass of the
axion and/or making it more strongly coupled. As a result, such a heavy axion is a prime candidate
that can be probed at the LHC. We write down a GeV-scale axion model that solves the strong CP
problem and avoids the quality problem, by introducing a mirror sector related to the SM by a (softly
broken) Z2 symmetry. We point out a great opportunity to study GeV-scale axions at the LHC:
the challenging hadronic signal from axion decay can be distinguished against the QCD background
when it is long-lived, yet the same vertex ⇠ a

fa
GG̃, that mediates the decay, allows for enough

production rate at hadron colliders thanks to the large gluon parton luminosity. We demonstrate
that di�cult, but plausible, displaced search strategies can probe large, uncharted regions of axion
parameter space. Our study opens up a new window towards accelerator observable axions, and
more generally, singly produced long-lived particles.

Introduction.—The Strong CP problem is the puzzle
of why the strong interactions are CP symmetric even
though the Standard Model (SM) as a whole is not.
Technically, the question centers on the vanishingly small
value of the one CP-violating coupling of QCD, ✓. An
elegant solution is provided by elevating ✓ to a fully dy-
namical pseudoscalar “axion” field. If the axion gets its
potential entirely through QCD e↵ects, then remarkably
its ground state automatically corresponds to ✓ = 0 [1–4].

Despite this bottom-up simplicity, the QCD axion
mechanism has a top-down flaw: the axion quality prob-
lem [5–7]Soubhik: More ref. on quality problem?. This
arises because there can be other UV contributions to the
axion potential that can push the minimum away from
✓ = 0. The QCD-induced potential is so shallow that
even higher-dimensional interactions suppressed by UV
scales, all the way up to the Planck mass, are su�cient
to spoil the axion mechanism. One approach to this prob-
lem is to very strongly suppress these UV contributions
with special UV structure for the axion, such as compos-
iteness, extra dimensions or string theory. While such
structures do ameliorate the quality problem, it is not
clear to what extent they fully solve it. However, in this
paper we present an alternative resolution. We introduce
a mirror sector in the UV related to the SM by a Z2 sym-
metry, coupled to the same axion, such that its contribu-
tion to the axion potential is much larger than QCD’s but
aligned with it in having its minimum at ✓ = 0. This re-
sults in a vastly higher quality axion mechanism in that
it is much more robust against other uncorrelated UV
e↵ects.

Enormous e↵orts are currently being devoted to the
search for a standard QCD axion in the form of a ex-
tremely light and extremely weakly coupled field in small-
scale experiments, astroparticle experiments, and astro-
physical observations. For reviews see Refs. [8, 9]. By
contrast, we find our solution to the quality problem
places us in a very di↵erent and interesting region in ax-

ion mass-coupling parameter space, in which the axion
can be probed as a quantum particle at cutting-edge col-
lider experiments.
Our proposed search for the high quality QCD ax-

ion should be distinguished from existing searches for
pseudoscalar particles, often dubbed axion-like-particles
(ALPs). A true QCD axion has a small defining coupling
to QCD. If this coupling dominates the production/decay
of the axion at colliders, such events might be expected
to be buried under hadronic backgrounds. ALP searches
circumvent this issue by relying on significant couplings
to SM electroweak states, with only subdominant cou-
pling to QCD. This hierarchy of couplings is hard to rec-
oncile with, and certainly inessential to, a genuine QCD
axion. Remarkably, we find that the axion can stand out
with just the defining QCD coupling to gluons. For suf-
ficiently small coupling the axion becomes a long-lived
particle (LLP), spatially separable from the dominant
backgrounds, and yet is produced in su�cient numbers
because the small coupling is o↵set by the immense glu-
onic content of the colliding proton beams. We will show
that the high quality axion search presents a theoretically
motivated and experimentally novel but challenging tar-
get for singly produced LLPs.
We begin by reviewing the axion mechanism and its

quality problem, and then present our two sector solu-
tion, which puts the axion within collider reach. We
discuss the details of the LHC phenomenology, focusing
on axion production, its long lived regime, and the sup-
pression of the dominant background from fake-tracks.
Finally, we discuss the results and provide our outlook.
Axion mechanism and the quality problem.—

The QCD axion field, a(x), is coupled to QCD by pro-
moting ✓̄ ! ✓̄ + a(x)/fa:

L �
↵3

8⇡

✓
✓̄ +

a(x)

fa

◆
G

a
µ⌫G̃

a,µ⌫
. (1)

In the absence of the axion, ✓̄ represents the CP-odd
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Decays

the coverage between the shaded regions with di↵erent
colors. The reason behind the strong dependence comes
from our trigger requirement HT > 100 GeV or lead-
ing jet pT > 30 GeV. Given that the axion mass we are
probing are much smaller than these scales, the produc-
tion cross section remains approximately constant, as dis-
cussed around Eq. (10) and shown clearly in the appendix
in Fig. (4). Second, the lower edge of the coverage is de-
termined by the minimal displacement requirement, be-
low which the e�ciencies becomes too low for a GeV ax-
ion to be su�ciently displaced. Third, unlike most LLPs
that are produced by stronger interactions than those
involved in their decays, the upper edge for our search
is limited by the production rate of the LLPs. These
features echo the challenge of the search—one needs to
have good background control to reach the GeV axion.
We have to reduce the background as much as possible
while maintaining a good signal selection e�ciency. Of
course, alternative signal trigger and selection strategies
that do not penalize the low mass, small displacement,
axions could potentially enhance coverage. This deserves
further study.

There has been a tremendous amount of activity in
searching for ALPs at various accelerator facilities. The
coverage of these searches, after translating into our
ALP EFT normalization, are typically for fa . 100
GeV. The best projected sensitivity for ALPs with ⇠ 10
GeV masses is the HL-LHC prompt diphoton resonance
search [26] which reaches fa . TeV. We also show our
result in logarithmic scale in the lower panel of Fig. 3 to
compare with the existing and other proposed searches,
whose details can be found in the Appendix B. As dis-
cussed over the course of this paper, our proposed strat-
egy covers a strongly motivated regime of ⇠ GeV scale
ALPs with fa ⇠ 100 TeV �10 PeV. We see in the lower
panel of Fig. 3 that existing and other proposed searches
for such masses are far less sensitive, fa . TeV. Fur-
thermore, in the regime of low decay constants fa .
100 GeV, where these other searches operate, the ax-
ion EFT expected to break down at energies ⇠ 4⇡fa,
and new SM-charged degrees of freedom should appear
within range of the LHC. Whereas, for high decay con-
stants such as we consider, it may well be that the ax-
ion production/detection is the only channel available at
LHC energies. Hence, we emphasize that our proposed

model and search covers a motivated and distinctive re-
gion of axion parameters.
Discussion and Outlook— The quest for axions

is pressing. We have put forward a general theoretical
structure involving a mirror sector in which a true QCD
axion solves the strong-CP problem, while being very ro-
bust against the axion quality problem. We find that ⇠
GeV axions with ⇠ PeV decay constants lie at the heart
of the motivated parameter space (see Fig. 1). In this
regime, the axion can be produced and detected at the
LHC as a long-lived particle. This is a challenging long-
lived particle search at the LHC. The production rate is
highly suppressed by the same small coupling that leads
to the displaced decay, implying that for reasonable rates,
most decays will take place inside the LHC main detec-
tors. Furthermore, there is only one low-mass displaced
vertex in the event while most other searches are for
pair production of heavy long-live particles. We explored
the dominant background of fake tracks and proposed a
three-displaced-track strategy with 2D-4D displaced ver-
tex reconstruction, demonstrating that the background
can be feasibly suppressed.
Beyond the strong motivation from a high quality ax-

ion, our exploration belongs to a new class of challeng-
ing long-lived searches, and it requires creative designs
of the triggers and analysis at the LHC main detectors.
This new class of long-lived particle models can be fur-
ther motivated/extended by more generic considerations
of pseudo-Nambu-Goldstone bosons of confined hidden
sectors, with additional possibilities of productions and
decay modes. New production modes range from hadron
decays, SM heavy particle decays, to gluon splittings.
New decay modes range from exclusive modes into three
pions, diphotons, to dileptons. These new production
and decay considerations lead to rich phenomenology and
further motivates our explorations and searches for GeV
scale long-lived particles at accelerator facilities [26–37].
Acknowledgments.— This work are supported in

part by the NSF under Grant No. PHY1620074 and by
the Maryland Center for Fundamental Physics. AH, ZL,
and RS would like to thank PITT-PACC, KITP, MIAPP,
and Aspen Center for Physics for support from their pro-
grams and providing the environment for collaboration
during various stages of this work. The codes for this
study are available at Axion@LHC.

Appendix A: Details of the Collider Phenomenology

We parametrize the coupling of the axion to the SM gauge fields as,

a

8⇡fa

⇣
c3↵3GG̃+ c2↵2WW̃ + c1↵1BB̃

⌘
, (A1)

7
Due to large gauge coupling, decay is 

dominated by decays into gluons

mqe
ia/fqqc

Mass suppression and usually not 
present at tree level
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2. Axion decays and lifetime

For ma < 3m⇡, the axion predominantly decays into diphotons via the coupling aF F̃ coming from Eq. (A1), with
the rate,

�a!�� =
↵
2

EMc
2
�

256⇡3

m
3
a

f2
a

, (A3)

while the decays a ! �� and a ! ⇡⇡ are forbidden by C and CP invariance. Forma & 2 GeV, the axion predominantly
decays into hadrons. The corresponding rate can be calculated from the decay rate into gluons via the coupling aGG̃

in Eq. (A1),

�a!gg =
↵
2
3
(ma)c23
32⇡3

m
3
a

f2
a

KNLO(ma), (A4)

where KNLO(ma) is the K-factor at next-to-leading order and is given by,

KNLO(ma) = 1 +
↵3(ma)

⇡

✓
97

4
�

7

6
Nf

◆
. (A5)

We see that the decay rate into gluons dominate over that into diphotons due to the smallness of the fine structure
constant ↵EM in comparison with ↵3, and the presence of color factors for the former. For 3m⇡ < ma . 2 GeV,
the axion decay patterns are more complex and can be understood as mixings between axion and SM pseudo-scalar
mesons. These have been calculated in Ref. [33].
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FIG. 5. Axion partial decay widths into diphoton (red) and hadrons (blue) as a function of its mass. On the right side of the
axes we also show the results in units of proper decay length.

In Fig. 5 we show the GeV Axion partial decay widths into diphoton (red) and hadrons (blue) as a function of
its mass. We chose the axion decay constant to be 1 PeV and show the corresponding inverse proper decay length
on the y-axis on the right-hand side. Here, in addition to above direct calculation, we have followed Ref. [33] in its
treatment of the hadronic axion decay modes for ma . 2 GeV. Such treatment generates the non-trivial behavior in
the regime below 2 GeV for the a ! gg calculation. The seemingly abrupt transition region near the 2 GeV regime
shall be interpreted as a smooth transition between chiral perturbation treatment to matrix element calculation from
the first principle. We can see that the GeV axion mainly decay into the hadrons and the diphoton branching fraction
is typically of order 10�3 to 10�4, assuming the Wilson coe�cients c1 = c2 = c3. This property renders the searches
for axions decaying into diphotons not very sensitive to the signal, especially when it is long-lived.

Appendix B: Current Search Coverage of GeV Axions

LHCb diphoton search– Using 80 pb�1 diphoton data, Ref. [26] sets a bound on �(pp ! Xa(��)) for 4.9GeV <

m�� < 6.3GeV. A projection for HL phase with 300 fb�1 is also done for an extended mass range 3GeV < m�� <

20GeV. We show the resulting bounds (solid)/projections (dashed) in blue for c1 = c2 = c3 = 1 in the lower panel of
Fig. 3.
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Possible?

• Most displaced vertex searches come from 
exotic Higgs decay 

• Need large coupling for production 

• Need to couple to something heavier to avoid decay 

• Gluon coupling is unique 
• Low energy gluons are ubiquitous  

• Large PDFs mean much larger production cross section



Possible?

ISR + axion production channel



Goal

• Displaced vertex searches are hard 
• Even harder for theorists to replicate 

• Well motivated signal 

• Give a plausibility argument that finding a 
signal of this type is possible



Trigger

• At least 3 tracks with pT > 2 GeV 

• At least 3 tracks have d0 > 1 mm 

• |η| < 2.4 

• dT > 5 mm & dT < 35 cm 

• HT > 100 GeV

Reduce backgrounds

En
ou
gh

 hi
ts 

in 



ou
ter

 tr
ac
ke
r



Variables

which minimizes the distances between the vertex and
the tracks. Then we construct the 4D vertex of the sys-
tem by extrapolating the 2D point in the transverse plane
to the z direction and time direction by propagating the
tracks. 3 4

FIG. 2. Schematic display of the kinematical variables used in
our 2D-4D vertexing selections. The red lines represent (fake)
tracks and the black dotted lines represent the reconstructed
momentum and vertices.

Our 2D-4D displaced vertexing selection is defined as
follows:

1. The 2D common vertex has a minimal distance to
the interaction point of 0.5 cm and maximal dis-
tance of 35 cm, 0.5 cm < dT < 35 cm;

2. The 2D tracks fit a common vertex with standard
deviation �dT < 1 cm;

3. The 2D common vertex is su�ciently displaced
away from the interaction point, dT /�dT > 5;

4. The corresponding 4D vertex has a standard devi-
ation in z direction �dz < 5 cm;

5. The corresponding 4D vertex has a z-direction lo-
cation dz < 20 cm;

6. The corresponding 4D vertex has a standard devi-
ation in time �dt < 500 ps;

7. The corresponding 4D vertex has a time dt <

1000 ps;

8. The tracks are within 0.4 in pseudorapidity of the
reconstructed displaced jet direction |⌘i�⌘V | < 0.4
for all the three tracks;

3 We conservatively assume that the track momentum direction
follows the direction that minimizes the fly time between the 2D
impact point to the fitted vertex.

4 Note that this is not directly a 4D vertex fitting that minimizes
the �2 of the 4D information of the tracks for a common vertex.
This definition is to reduce the computation needed for the vertex
finding.

9. The tracks are within 0.4 in azimuthal angle of the
reconstructed displaced jet direction |�i��V | < 0.4
for all the three tracks;

The definitions of these quantities are shown in the
schematic drawing in Fig. 2. Following the empirical
model of fake track distribution discussed above, we find
that the combination of the transverse plane vertex fit-
ting (Cut1+Cut2+Cut3) provides a suppression factor of
8.2 ⇥ 10�2. The combination of z-direction consistency
(Cut4+Cut5) and t-direction consistency (Cut6+Cut7)
provides 4.9 ⇥ 10�2 and 3.0 ⇥ 10�3 background sup-
pression, respectively. Furthermore, the requirement for
the displaced tracks pointing back to the primary ver-
tex (Cut8+Cut9) provides 4.9⇥ 10�4 suppression. After
taking into account the correlations between the selection
cuts5, the resulting overall suppression factor of the fake-
track background from this 2D-4D vertex fitting proce-
dure is 2.9⇤10�9. This means the background is reduced
to

1012 ⇥ 2.9 ⇤ 10�9 = 2900. (13)

A crucial consideration on top of the above background
estimation is that so far it is using outer layers of the
tracking information only. For the signal, there would
be consistent energy deposition in the Electromagentic
Calorimeter (ECal) and Hadronic Calorimeter (HCal),
as well as inner tracker information if the displaced ver-
tex has a transverse displacement smaller than 50 cm,
which constitutes a powerful consistency check. If one
further requires the matching of the information between
di↵erent subdetectors for all the tracks and as well the
neutral hadrons, each of three tracks should be able to
conservatively provide one order of magnitude fake track
suppression6, reducing our background estimate to,

2900⇥ (10�1)3 ' 3. (14)

Hence, it is plausible that the fake track background can
be suppressed to negligible levels.
Admittedly, there is a large uncertainty in the fake-

track background estimation. For instance, depending on
the detector performance at the HL-LHC, one can have
10-30 fake tracks per collision and, the ranges in the fake
track distribution model may vary. The study in Ref. [20]
showed that by requiring two “high quality” fake tracks,
one can have ⇠ 10�1 background rate suppression and
the HT cut provides ⇠ 10�2 suppression, so the overall
rate at L1 is around 10 kHz. Our evaluation here conser-
vatively assumes that a similar same level of suppression

5 See supplemental material, especially the discussion on the corre-
lations around Table I, for the detailed treatment and estimation
of the selection cuts correlations.

6 We thank Yuri Gershtein for private communications to confirm
this point.
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Background

• 10 kHz of events make it through L1 trigger 

• Background dominated by fake tracks 

• Model background as flat distribution subject to 
• |d0| < 15 cm 

• 1/R < 1/(1.8 m) 

• |η| < 2.4 

• t0 < 6 ns 

• z0 < 15 cm 

• 10 kHz 108 s = 1012 events



Further Cuts

• 35 cm > dT > 5 mm 

• ΔdT < 1 cm 

• dT/ΔdT > 5 

• Δdz < 5 cm 

• dz < 20 cm

Find x-y vertex location and then find z-t value

• Δdt < 500 ps 

• dt < 1000 ps 

• |ηi - ηV| < 0.4 

• |φi - φV| < 0.4
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which minimizes the distances between the vertex and
the tracks. Then we construct the 4D vertex of the sys-
tem by extrapolating the 2D point in the transverse plane
to the z direction and time direction by propagating the
tracks. 3 4

FIG. 2. Schematic display of the kinematical variables used in
our 2D-4D vertexing selections. The red lines represent (fake)
tracks and the black dotted lines represent the reconstructed
momentum and vertices.

Our 2D-4D displaced vertexing selection is defined as
follows:

1. The 2D common vertex has a minimal distance to
the interaction point of 0.5 cm and maximal dis-
tance of 35 cm, 0.5 cm < dT < 35 cm;

2. The 2D tracks fit a common vertex with standard
deviation �dT < 1 cm;

3. The 2D common vertex is su�ciently displaced
away from the interaction point, dT /�dT > 5;

4. The corresponding 4D vertex has a standard devi-
ation in z direction �dz < 5 cm;

5. The corresponding 4D vertex has a z-direction lo-
cation dz < 20 cm;

6. The corresponding 4D vertex has a standard devi-
ation in time �dt < 500 ps;

7. The corresponding 4D vertex has a time dt <

1000 ps;

8. The tracks are within 0.4 in pseudorapidity of the
reconstructed displaced jet direction |⌘i�⌘V | < 0.4
for all the three tracks;

3 We conservatively assume that the track momentum direction
follows the direction that minimizes the fly time between the 2D
impact point to the fitted vertex.

4 Note that this is not directly a 4D vertex fitting that minimizes
the �2 of the 4D information of the tracks for a common vertex.
This definition is to reduce the computation needed for the vertex
finding.

9. The tracks are within 0.4 in azimuthal angle of the
reconstructed displaced jet direction |�i��V | < 0.4
for all the three tracks;

The definitions of these quantities are shown in the
schematic drawing in Fig. 2. Following the empirical
model of fake track distribution discussed above, we find
that the combination of the transverse plane vertex fit-
ting (Cut1+Cut2+Cut3) provides a suppression factor of
8.2 ⇥ 10�2. The combination of z-direction consistency
(Cut4+Cut5) and t-direction consistency (Cut6+Cut7)
provides 4.9 ⇥ 10�2 and 3.0 ⇥ 10�3 background sup-
pression, respectively. Furthermore, the requirement for
the displaced tracks pointing back to the primary ver-
tex (Cut8+Cut9) provides 4.9⇥ 10�4 suppression. After
taking into account the correlations between the selection
cuts5, the resulting overall suppression factor of the fake-
track background from this 2D-4D vertex fitting proce-
dure is 2.9⇤10�9. This means the background is reduced
to

1012 ⇥ 2.9 ⇤ 10�9 = 2900. (13)

A crucial consideration on top of the above background
estimation is that so far it is using outer layers of the
tracking information only. For the signal, there would
be consistent energy deposition in the Electromagentic
Calorimeter (ECal) and Hadronic Calorimeter (HCal),
as well as inner tracker information if the displaced ver-
tex has a transverse displacement smaller than 50 cm,
which constitutes a powerful consistency check. If one
further requires the matching of the information between
di↵erent subdetectors for all the tracks and as well the
neutral hadrons, each of three tracks should be able to
conservatively provide one order of magnitude fake track
suppression6, reducing our background estimate to,

2900⇥ (10�1)3 ' 3. (14)

Hence, it is plausible that the fake track background can
be suppressed to negligible levels.
Admittedly, there is a large uncertainty in the fake-

track background estimation. For instance, depending on
the detector performance at the HL-LHC, one can have
10-30 fake tracks per collision and, the ranges in the fake
track distribution model may vary. The study in Ref. [20]
showed that by requiring two “high quality” fake tracks,
one can have ⇠ 10�1 background rate suppression and
the HT cut provides ⇠ 10�2 suppression, so the overall
rate at L1 is around 10 kHz. Our evaluation here conser-
vatively assumes that a similar same level of suppression

5 See supplemental material, especially the discussion on the corre-
lations around Table I, for the detailed treatment and estimation
of the selection cuts correlations.

6 We thank Yuri Gershtein for private communications to confirm
this point.
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Further Cuts

• 1012 events 3 10-9 = 3000 remaining events

So far only used outer tracker information

Ecal, Hcal, inner tracker

• 3000 (10-1)3 ~ 3 events

Plausible that backgrounds can be suppressed to 
negligible levels
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FIG. 4. The number of axion production at the 13 TeV LHC with 3 ab�1 of integrated luminosity as a function of the axion
mass in a one-jet matched cross section calculation, for a fixed axion decay constant of 100 TeV.
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Appendix A: Details of the Collider Phenomenology

We parametrize the coupling of the axion to the SM gauge fields as,

a

8⇡fa

⇣
c3↵3GG̃+ c2↵2WW̃ + c1↵1BB̃

⌘
, (A1)

where ↵i =
g2
i

4⇡ denote the SM gauge couplings and ↵1 is related to the hypercharge gauge coupling as ↵1 = 5/3↵Y .
Below the scale of the electroweak symmetry breaking, the axion-photon coupling can be written as,

a

8⇡fa
c�↵EMFF̃ , (A2)

where c� = c2 +
5
3c1.

1. Production cross section

The calculation of the production cross section, dominated by the gg ! a process at leading order, for the GeV
scale axion is subtle. It samples the low x regime, is subject to scale dependences from the running of ↵3 as well as
the choices of factorization and renormalization scale. Without proper resummation, this is likely to give unphysical
results in the low mass regime. Here we carry out the rate calculation in a one-jet matched rate calculation with
further detector simulation. In Fig. 4, we show the number of axion production at the 13 TeV LHC with 3 ab�1 of
integrated luminosity as a function of the axion mass in a one-jet matched cross section calculation, for a fixed axion
decay constant of 100 TeV. The blue, red, and green lines represent the matching scale choices of 7.5 GeV, 15 GeV, and
30 GeV, respectively. We can see that the matched calculation of the inclusive and exclusive cross section is relatively
stable against the matching scale choices for axion mass above 5 GeV. The cross section un-physically decreases when
the axion mass goes below 5 GeV. Similar results were also found in Ref. [28]. The dotted line shows the inclusive
cross section, and the solid, dot-dashed, and dashed lines are with a leading jet minimal pT cut of 30 GeV, a minimum
HT cut of 60 GeV and 100 GeV. We can see that imposing the leading jet pT cut reduces the signal rate by one to
two orders of magnitude, and the HT cut of 60 GeV and 100 GeV further reduces the rate by another factor of ⇠ 1.5
and ⇠ 3.5, respectively. The shaded bands indicate the scale uncertainty with the matching scale choices of 7.5 GeV
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FIG. 6. Selection e�ciency as a function of lifetime for di↵erent masses.

There are also many proposals and auxiliary experiments of the LHC that can be sensitive to sub-GeV ALPs. For
instance, FASER, a ultra-forward detector of the LHC, would cover the ALPs below a GeV [27, 28]. More details and
comparisons of the future proposals can be found in Refs. [29, 30].
BaBar and Belle-II– BaBar carried out a search [35] for ⌥(2S, 3S) ! �a where a decays hadronically for the

mass range 2m⇡ < ma < 7GeV. Ref. [26] recasted this for the ALP model under consideration which gives fa . 3.5
GeV for c1 = c2 = c3 = 1. A Belle-II projection was also given for the same search assuming an increase in the
number of produced of ⌥(3S) by a factor of 100 compared to BaBar and only statistical uncertainty, which gives a
projection of fa . 10 GeV. Assuming a future sensitivity of BR(B ! K

(⇤)
a(��)) = 10�8 at future B-factories, we

recast the bound of Ref. [31], for our benchmark point c1 = c2 = c3 = 1. The resulting sensitivities are shown in
magenta (B ! K

⇤
a) and purple (B ! Ka) in the lower panel of Fig. 3. The bounds from B

±
! K

±
a(⌘⇡+

⇡
�)

and other hadronic decay modes of the ALP, as discussed in [33], cover a small parameter space in the lower panel of
Fig. 3 and are not shown. The most recent proposal at Belle II searches for invisible axions and the photonic decays
of visible axions bremming from photons of the decaying mesons [34], covering the sub GeV regions. Noting that at
or beyond a GeV, the hadronic decays of the axion dominates, new studies on this modes would be very promising,
given the clean environment from the B-factories.
Diphoton searches from the LHC and Tevatron– Using the measured diphoton cross section at the LHC [42–

44], Ref. [45] puts a bound on the process �(pp ! Xa(��)) and projects sensitivities at HL-LHC. We show the
associated limits (solid)/projections (dashed) for c1 = c2 = c3 = 1 in brown in the lower panel of Fig. 3.

We do not show subdominant bounds coming from Z-width measurement [46, 47], LEP limit on BR(Z !

�a(jj)) [48], LEP constraints on two or three photon final states [49, 50], heavy-ion collisions [51–54], ATLAS limits
on BR(Z ! �a(��)) [55], ATLAS search pp ! �a(��) [55], sensitivities of B-factories to e

+
e
�

! �a(��) [31]. For
sub-GeV axions, more exclusive searches could be relevant.

Appendix C: Analysis Details

Fig. 6 shows the selection e�ciency as a function of ALP lifetime for di↵erent ALP masses. We can see from the
figure that the typical e�ciency with our proposed search is ⇠ 10�1 for 4 GeV and 10 GeV axion. For lighter masses,
e.g., for the mass of 2 GeV shown in the blue curve, the maximum e�ciency is ⇠ 10�2. The peak e�ciency lifetime
shifts towards higher values because of the smaller boost factor. To get a better understanding of why lower masses
have lower e�ciencies we now include the e↵ects of various cuts in Fig. 7.

Fig. 7(a) shows the number of hadronic objects produced from the axion decay. Heavier axions produce more number
of tracks on average. Thus it is much easier for a heavier axion to pass our requirement of three displaced tracks.
Fig. 7(b) shows the HT distribution of jets in the entire event. We see that the requirement of having an ISR jet with
pT > 30 GeV at the generation level makes the resulting HT distribution largely independent of the comparatively
smaller axion mass. Fig. 7(c) shows the pT distribution of tracks coming from axion decay. Since heavier axions
produce more tracks, those are also somewhat softer on average compared to tracks from lighter axions. However, we
see the requirement of pT > 2 GeV is somewhat, but not very, significant. Figs. 7(d) and 7(e) respectively show the
⌘ and impact parameter distribution of tracks. The requirement of the ISR jet at the generation level again makes
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Projected Reach
can be achieved by requiring three “high quality” fake
tracks. As shown in the cross-section discussion in the
appendix in Ref. A 1, such a HT cut reduces the inclusive
cross section by more than two orders of magnitude for
the axion mass regions of interest. To show what one
can achieve with a slightly less conservative trigger con-
sideration, in the next section we also consider a trigger
with a leading jet pT of 30 GeV plus three “high quality”
displaced tracks. We assume a same level of L1 rate and
background can be maintained using advanced trigger
developments such as matching information between dif-
ferent subdetectors. Additionally, there are backgrounds
from two fake tracks plus one real track, or one fake-track
plus two real tracks. These backgrounds can be vetoed
e↵ectively by requiring the real tracks to have sizeable
impact parameters, which is already part of our preselec-
tion and trigger considerations.

There is another crucial machine-related background,
that is secondary vertices created by SM particles in-
teracting with detector materials. Naively, these back-
grounds will be very similar to our signal given it has a
true displaced vertex with a small mass, whose momenta
also points back to the primary vertex with high prob-
ability. Special treatments, such as removing displaced
vertices that originated from material-dense areas, have
been applied in various displaced vertex searches at the
LHC [22–25]. It is not yet clear how e�cient this removal
procedure would be for low mass searches such as ours
but, it is important to remove the backgrounds from ma-
terial interactions. This challenge deserves further study.

Lastly, there may be another approach to start looking
for our signals, which is through a modification of the
hadronic tau tagger to exploit displacement. Note the
similarities between our signal and the three-prong tau
decays: both of them are hadronic, involve GeV scale
masses, and are displaced. One could start conducting
our search by imposing a further displacement require-
ment for a three-prong tau-like object, after removing
the invariant mass cut. It would be an interesting and
practical approach to start exploring our signals.

Results.—After these considerations, we show the es-
timated sensitivities for our signals at the HL-LHC with
3000 fb�1 integrated luminosity. The typical signal e�-
ciency with our selection cuts are between 10�3 to 10�1

as can be seen from Fig. 6. Given the large uncertainties
in background estimation, we show in Fig. 3 the reach
of the proposed search with two di↵erent assumptions on
the number of signal events, namely with 3 and 10 signal
events that correspond to 0 and 25 background events
respectively. While these numbers for the background
events are just our crude estimates as described above,
the LHC experiments would have refined background es-
timates based on full simulations and data driven meth-
ods.

From Fig. 3 we can see that with a minimal HT cut
of 100 GeV (shown in green shaded region), our esti-
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FIG. 3. The signal coverage in the ma and fa plane where the
red and green contours correspond to requiring a leading jet
with pT > 30 GeV and HT > 100 GeV respectively. Upper
panel: The reference lines for various ALP proper lifetimes
are shown. Lower panel: The signal coverage in comparison
with bounds (solid) and projections (dashed) coming from
other (proposed) searches (for more details see Appendix B).
For both the red and green contours, we show 10 and 3 signal
events regions that can covered following the present work.

mates imply a search for a displaced hadronic vertex
would probe axion masses GeV . ma . 12 GeV, with
decay constants 100 TeV . fa . 2 PeV when 3 signal
events are required. The coverage shrinks when 10 signal
events are required, and then such a search would probe
GeV . ma . 7 GeV and 100 TeV . fa . 1 PeV. With
a minimal leading jet pT cut of 30 GeV (shown in the red
shaded region), the 10 events search would cover a simi-
lar region as the HT > 100 GeV, 3 events region, while
the 3 events region extends to around ma ⇠ 20 GeV and
fa . 4 PeV showing the unique potential of the main
detectors in probing massive axions.

There are several unique features of the coverage plot
in Fig. 3 which are di↵erent from the analogous results
involving more common LLP searches where LLPs are
pair-produced. Understanding this will help in design-
ing and optimizing future searches for GeV scale axions
and more generally, singly produced LLPs. First, the
coverage has strong dependence on the number of sig-
nal events needed, which is clearly shown by comparing
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FIG. 3. The signal coverage in the ma and fa plane where the
red and green contours correspond to requiring a leading jet
with pT > 30 GeV and HT > 100 GeV respectively. Upper
panel: The reference lines for various ALP proper lifetimes
are shown. Lower panel: The signal coverage in comparison
with bounds (solid) and projections (dashed) coming from
other (proposed) searches (for more details see Appendix B).
For both the red and green contours, we show 10 and 3 signal
events regions that can covered following the present work.
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Conclusion

Axion is a simple solution to a “simple” problem

Has a deep problem called the Quality problem

Z2 models naturally ameliorate this problem

Very interesting pheno! Displaced vertex search

Similar to hadronic tau but displaced instead


