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Strong CP Problem
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Strong CP Problem

• Charge 

conjugation-Parity

• Fundamental 

symmetry

• Part of the 

Standard Model
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Strong CP Problem

• Charge 

conjugation-Parity

• Fundamental 

symmetry

• Part of the 

Standard Model

• 3 forces covered by 

Standard Model

– Strong force 

– Weak force

– Electromagnetic 

force

Only one that 
should conserve 

CP symmetry

Should break 
CP symmetry 
sometimes
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Strong CP Problem

• Charge 

conjugation-Parity

• Fundamental 

symmetry

• Part of the 

standard model

• Neutron Electric 

Dipole Moment is 

experimentally 

not observed to 
10-26 precision 

without any 

known reason??

• 3 forces covered by 

Standard Model

– Strong force 

– Weak force

– Electromagnetic 

force

Only one that 
should conserve 

CP symmetry

Should break 
CP symmetry 
sometimes

Hook arXiv 1812.02669 (2023)
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Peccei and Quinn “Clean Up” CP Problem With The Axion

R. Schude, Quanta Magazine.

Roberto, I 
have an idea

There’s a new field 
that naturally 
explains the 

Strong Force’s CP 
symmetry? 

Read my 
mind

Nice sombrero 
potential Helen
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QCD Axions 

• Light, spinless particles that arise when PQ symmetry is broken 

– Feebly interact with Standard Model particles

• Purpose: extend Standard Model to “clean up” CP problem

• Why so popular?

< 1 eV/c2

Illustration by Sandbox Studio, 
Chicago with Steve Shanabruch
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QCD Axions 

• Light, spinless particles that arise when PQ symmetry is broken 

– Feebly interact with Standard Model particles

• Purpose: extend Standard Model to “clean up” CP problem

• Why so popular?

– Solution to CP problem AND really good dark matter candidate

< 1 eV/c2

Illustration by Sandbox Studio, 
Chicago with Steve Shanabruch
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Sandbox Studio, Chicago, Symmetry 
Magazine/Fermilab and SLAC

Primakoff Effect: A Way To Detect Axions

• Axion couple (interact) with photons

Electromagnetic 
field

Redondo JCAP 1312 008 (2013) 
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Sandbox Studio, Chicago, Symmetry 
Magazine/Fermilab and SLAC

Primakoff Effect: A Way To Detect Axions (Variants Included!)

• Axion couple (interact) with photons

Why Primakoff?

Electromagnetic 
field

Redondo JCAP 1312 008 (2013)
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 

S
tr
o
n
g
e
r 
c
o
u
p
li
n
g 
to
 

p
h
o
to
n
s 
(e
a
s
ie
r 
to
 
fi
n
d
)

Heavier axion
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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s 
(e
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to
 
fi
n
d
)

Heavier axion

• Dark matter axions in 
galactic halos

• High sensitivity for 
specific mass ranges 
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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)

Heavier axion

Helioscopes:
• Solar axions
• Broad mass range
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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Heavier axion

QCD Axion-
photon coupling 
parameter space

Axion-like Particles (ALPs) 
• Like QCD axions 

• Dark matter candidate
• No strong force coupling 

→ less restricted 
parameter space
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Axion-Photon Coupling Parameter Space

IAXO Collaboration, JHEP 05 (2021) 137 
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Heavier axion

Background goal:

< 10-7 photons/cm2/sec
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Axion Helioscope Experiment Design

Blackbody 
photon 
(x-ray)

Virtual 
photon

Strong lab 
magnetic 

field

Sikivie PRL 51:1415 (1983)

Solar Axion Flux:

Redondo JCAP 1312 008 (2013) 
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International Axion Observatory Conceptual Design

BabyIAXO

Bore cross 
sectional area

.77 m2

Bore
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International Axion Observatory Conceptual Design

BabyIAXO IAXO, IAXO+

Bore cross 
sectional area

.77 m2 2.3 m2, 3.9 m2

Bore
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International Axion Observatory Conceptual Design

Unique sensitivity to QCD 
axions with ma > 10-3 eV
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IAXO X-ray Optic

• This is what an x-ray optic has to look like:

Why?

IAXO Collaboration, JHEP 05 (2021) 137

Top view
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IAXO X-ray Optic

• This is what an x-ray optic has to look like:

Why?

X-rays don’t 
bounce!

θ <1˚

θ

Top view

IAXO Collaboration, JHEP 05 (2021) 137
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X-rays don’t 
bounce!

IAXO X-ray Optic

• This is what an x-ray optic has to look like:

Why?

θ <1˚

θ

IAXO Collaboration, JHEP 05 (2021) 137

Top view
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Optic Fabrication Process

Thermal slumping

64

5

1

Laser scanner 
characterization EMAAL assembly

LVDT characterization
Multi-layer 

coating

Glass cutting to 
conic sections

2

3
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Thermal slumping

64

5

1

Laser scanner 
characterization EMAAL assembly

LVDT characterization
Multi-layer 

coating

Glass cutting to 
conic sections

2

3

My Summer Goal
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Thermal Slumping: How It Works 

Thermal slumping
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Thermal Slumping Specifications

Thermal slumping Mirror dimensions (l x w x d) 112 mm x [ ] x .2 mm 

Number of mirrors 240

Smallest mirror radius 54 mm

Biggest mirror radius 60 mm

Mirrors per shell 12

108-125 mm
Inner 10 layers:

Our Oven Factory
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Laser Scanner Characterization

Thermal slumping

64

5

1

Laser scanner 
characterization EMAAL assembly

LVDT characterization
Multi-layer 

coating

Glass cutting to 
conic sections

2

3
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Characterizing Surface Error Using Laser Reflection

Good

Not 
good
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Quantifying Surface Error: Half Power Diameter

• HPD: diameter that encircles half of total captured energy on 

detector

Diameter = HPD

Detector
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Laser Scanning Procedure

• Paint back of glass with black acrylic paint mixed with sugar

– Absorbs reflection from back glass surface

• Manually align glass so reflected laser falls on detector

• Use auto-alignment program to align glass with higher precision

• Scan! Slumped 
glass

Detector

Thickens 
paint

Mike Law Jooyun Woo
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Best Ovens For Different Temperatures

Jooyun Woo
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Good Scan

• 44” HPD

• Flat = good

• Note: scale is smaller

Bad Scan

• 168” HPD

• More variance

Post-Processing Scan Plots: Good Scan vs. Bad Scan
G
la
ss
 
re
s
id
u
a
l 

H
e
ig
h
t 
(μ
m
)

yay

G
la
ss
 
R
e
s
id
u
a
l 

H
e
ig
h
t 
(μ
m
)
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Glass Cutting

Thermal slumping

64

5

1

Laser scanner 
characterization EMAAL assembly

LVDT characterization
Multi-layer 

coating

Glass cutting to 
conic sections

2

3
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Glass Cutting Setup

Hot wire cutter

Cutting mandrels

Width cutter 
stencils

Diamond-
tipped 
scribe

Shims

Dowels

Rods
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Glass Cutting Process: How It Works

Align rods on 
dowels, score and 
crack lengthwise

Align width cutter, 
score width

Propagate crack 
along width cut 
using hot wire 
cutter
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Problem With Cutting Mandrel: Wrong Shape

• Want trapezoids with specific dimensions, 

but have a rectangular cutting mandrels

Trapezoid 
shaped 
cutting 
mandrel
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Solution: Cutting Mandrel Modifications

• Change rod location using shims

• Geometric solution coded into 

spreadsheet to give best rod & shim 

dimensions

Trapezoid 
shape

Cut glass
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Cutting Glass Improves Quality
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Goal Achieved 

• Mastered and streamlined procedure to slump, scan, and cut glasses 

for inner layers of BabyIAXO optic

– Found optimal settings for slumping high quality 120 mm diameter glass 
• Corresponding IAXO Layers: 6-8

– Scanned slumped glasses, quantified glass quality, and provided feedback that 
improved slumping process
• Slumping yield (success rate) went from 28% → 78%!

– Established cutting procedure to accommodate 

different IAXO mirror geometries that can be 
followed to produce all the inner 10 layers

• Cutting yield = almost 100%!

– Proved glass quality only improves after cutting
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Next Steps
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Thank You!!! 

I’d like to acknowledge Prof. Kerstin Perez and the Perez Lab, the Nevis Labs REU led 
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