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Axion:	CP	violation	in	QCD

This	term	violates	T	(CP)	symmetries	
and	induces	a	neutron	electric	dipole	
moment	(EDM)
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Axion:	Neutron	EDM
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FIG. 1. The neutron EDM experimental apparatus.

the vacuum tank with a uniform pitch in z, the vertical di-
ameter of the cylinder. Approximately 20 s are needed to
fill the storage cell with neutrons, after which the entrance
door is closed pneumatically. The electric field is gener-
ated by applying high voltage to the upper electrode while
keeping the lower electrode grounded.
The transition frequency n of the neutrons is measured

using the Ramsey separated oscillatory field magnetic
resonance method. During the storage period, the neu-
trons interact coherently with two short (¯2 s) intervals of
oscillating magnetic field having a chosen frequency close
to the Larmor frequency. The two intervals are sepa-
rated by a long period T ¯ 120 150 s of free preces-
sion. The last step is to count the number of neutrons N"
and N# which finish in each of the two polarization states.
This is achieved by opening the entrance door to the stor-
age cell and allowing the neutrons to fall down onto the
polarizing foil, which now acts as a spin analyzer. Only
those in the initial spin state can pass through to the de-
tector, which is a proportional counter in which neutrons
are detected via the reaction n 1

3He ! 3H 1 p. Dur-
ing one-half of the counting period, an rf field is applied
in the region above the polarizing foil; this flips the spins
of the neutrons, thereby also allowing those in the oppo-
site spin state to be counted.
Figure 2 shows N" from a succession of batch cycles,

each with a slightly different offset between the preces-
sion frequency and the oscillating field frequency. The
normal data-taking procedure entails choosing a working
point at a half-height position close to the center of the
resonance pattern in Fig. 2, where the slope of the curve
is greatest. The batches are cycled continuously for 1–
2 days, while about once per hour the direction of E is
reversed. The data are fitted to a cosine curve to yield the
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FIG. 2. The Ramsey resonance curve for spin-up neutrons,
N". The corresponding pattern for N# is inverted but otherwise
identical.

resonant frequency. It can be shown that the uncertainty
s

d

n

on the dipole moment due to neutron counting statis-
tics noise alone is then
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where N is the total number of neutrons counted and a is
the visibility of the central resonance fringe:

a ≠
sN"max 2 N"mind
sN"max 1 N"mind

, (3)

with a similar value for N#. For the data involved in this
analysis, approximate average values of the variables in
Eq. (2) were a ≠ 0.5, E ≠ 4.5 kVycm, T ≠ 130 s, and
N ≠ 13 000 neutrons per batch, with each batch cycle
taking about 210 s. From one day of data, therefore (and
allowing for pauses between runs and control measure-
ments at zero voltage), s

d

n

was about 6 3 10225
e cm.

The mercury magnetometer.—Under normal running
conditions, small changes in B (at the level of a few nG)
cannot be avoided, and they invariably produce shifts in
the neutron precession frequency that far exceed those
from the d

n

? E interaction. A high-precision magne-
tometer is therefore essential. The current experiment
uses atoms of 199Hg (with 3 3 1010 atomsycm3) stored
simultaneously in the same cell as the neutrons. Gravity
causes the center of mass of the (ultracold) neutrons to
be about 0.5 cm lower than that of the (hot) Hg atoms;
this may crudely be compared with the 30-cm separation
of the magnetometers in the previous ILL experiment [4]
and the 10-cm separation between the pair of cells used in
the measurement at PNPI [5].
The 199Hg is polarized by optical pumping in a one-

liter antechamber. Once the main storage cell has been
filled with neutrons and the entrance door closed, the
polarized mercury is allowed in to join the neutrons. The
spins, first of the mercury and then of the neutrons, are
rotated into the xy plane (i.e., perpendicular to B) by
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Axion:	q=0?
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Diagonalization	of	quark	mass	matrix	(Mq)	has	the	effect	of	shifting	the	value	of	q:

QCD	origin EW	origin

Strong	CP	problem:	why	the	combination	of	QCD	and	EW	parameters	is	so	small?



Axion:	The	solution
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Peccei	Quinn	Weinberg	Wilczek

LQCD = ...+ ↵s
8⇡ (✓ �
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)Gaµ⌫G̃µ⌫

a

“a”	is	a	new	scalar	field.
When	the	temperature	
approaches	the	QCD	scale	the	
potential	Veff turns	on	and	the	
axion acquires	a	mass.	
(Asztalos Ann.Rev.Part.	Sci.	2006	56:	293-326)	 T<T(QCD)
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Axions:	CDM
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Standard	Halo	Model	for	ρDM	and	f(va)	
Standard	Halo	Model:	Isothermal,	isotropic	Maxwell-Boltzmann		Distribu%on	of	DM		
assuming		ρDM	=0.3	Gev/cm3	

Observed	axion	velocity	va=v-vE,		
where	the	Earth	velocity	vE=	vsun+vorb	

Maxwellian	velocity	distribu%ons		
•  Galaxy	frames	
•  Earth	frame	

⇢ ' 0.3GeV/cm3

�a ⇠ 10�3

a = a0 cos!t

�!
! ⇠ 10�6 !

2⇡ = 24( ma
100µeV )GHz

na ' 3⇥ 1012
⇣

100µeV
ma

⌘
1/cm3



Galactic	Axion Searches:	ADMX-HF	
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Galactic	Axion Searches:	Quax
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Physics	of	the	Dark	Universe	15	(2017),	135-141	

gp~
2m � ·ra PS ⇠ 5⇥ 10�26W

RS ⇠ 1⇥ 10�3Hz

Electron	coupling

ma = 200µeV



Amplifier	vs	photon	counter
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Pmin = kBTS

q
�⌫
⌧ W Pmin = ~!

q
�⌫
⌧ W

Linear	amplifiers	add	noise	to	the	signal,	at	least	ħ𝜔.	Caveas PR	D26	(1982)

PQuax

min

= 4⇥ 10�23 W

⌧ ⇠ 104 s

Need	a	single	photon	counter	to	evade	standard	quantum	limit	(SQL)



Birth	and	Death	of	a	Photon	
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Nature 446,	297-300	(2007)
n=51	GHz



Cavity	QED
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D.I.Schuster “Circuit	QED”	PhD	Thesis	

Two	level	atom	interacting	via	dipole	coupling	
with	a	cavity	is	described	by	the	Jaynes-
Cummings	hamiltonian:

HJC = ~!c(a†a+ 1/2) + ~!a
2 �z + ~g(a†�� + a�+)

Photons	in	cavity

Two	level	atom

Dipole	interaction



Cavity	QED
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4g 2g 0 2g 4g

Detuning, ∆

T
ra

n
si

tio
n

 F
re

q
u

e
n

cy

ω
r

ω
r
-2g

ω
r
-4g

ω
r
-4g

ω
r
-2g

(|g〉|1〉−|e〉|0〉)1

2

(|g〉|1〉+|e〉|0〉)1

2

|g〉|1〉

|g〉|1〉

|g〉|1〉

|g〉|1〉|e〉|0〉

|e〉|0〉
|e〉|0〉

|e〉|0〉

“quton”

“phobit”

0

detuning, ∆

d
e
ca

y
ra

te
,

Γ e
ff

5g 10g-5g-10g

γ⊥

(γ⊥ + κ)/2

κ

Figure 2.3: a. A plot of the avoided crossing in the transition frequency between the ground
state in the one excitation manifold. The dashed lines show the uncoupled resonator frequency, ωr

(black) and qubit frequency, ωa (green). The solid red and blue lines show the energy for the
!!+, 1

"

and
!!−, 1

"
states as a function of detuning. At large detunings these energies and the associated

eigenstates approach that of the uncoupled system. When ∆ → 0 the photon and qubit become
entangled forming “phobit” and “quton” states. b. Indirect decay rates γκ and κγ

perform a Quantum Non-Demolition (QND) measurement of the atom state. QND measurements

are important because they project the atom into the state they measure, allowing a measurement

to be repeated to improve its fidelity and results in squeezing [Caves1980]. This type of QND

measurement is discussed in depth in section 3.4.

The interaction can also be rewritten to highlight the interaction’s effect on the atom instead

writing the Hamiltonian in Eq. 2.2 as

H ≈ !ωr

#
a†a + 1/2

$
+

!

2

%
ωa +

2g2

∆
a†a +

g2

∆

&
σz (2.3)

In this grouping, one can see that the interaction gives the atom frequency a “light” shift consisting

of a photon number-dependent “Stark” shift (2ng2/∆) and vacuum noise induced “Lamb” shift

(g2/∆). Physically when the atom state is changed it must electrically compress (or expand) the

photons’ wavelength, increasing (or decreasing) the frequency of each photon in the cavity, which

will require extra energy (!g2/∆). The atom-photon symmetry of the dispersive interaction is a

manifestation of the Heisenberg uncertainty principle required backaction. It means that photons

which are used to measure the state of the atom will also modify its frequency. This quantum Stark

Hamiltonian is special because the interaction can also perform a QND measurement on the photon

number. Experiments measuring photon number and measurement induced dephasing are the topics

of sections 8.2 and 8.3.

Because the Jaynes-Cummings Hamiltonian connects only states with the same number of excita-

� = !a � !c

|�, ni = cos ✓n|g, ni � sin ✓n|e, n� 1i
|+, ni = sin ✓n|g, ni+ cos ✓n|e, n� 1i

✓n = 1
2 arctan

⇣
2g

p
n

�

⌘

In	the	strong	coupling	limit	(𝛥≪𝑔)	photon	is	continously absorbed	and	re-emitted	inside	the	cavity	
with	the	atom	oscillating	between	ground	and	excited	state.

E±,n = ~
2

⇣
(n� 1)!c + !a ±

p
4ng2 +�2

⌘



Cavity	QED:	Dispersive	Limit	(𝚫≫𝗴)
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HJC ' ~!c(a†a+ 1/2) + ~
2

⇣
!a +

2g2

� a†a+ g2

�

⌘
�z

The	electric	field	in	the	cavity	produces	a	Stark-shift	in	the	atom	energy	levels.	

S.Deleglise https://agenda.infn.it/conferenceOtherViews.py?view=standard&confId=12992

Dispersive	limit	allow	quantum	non	destructive	(QND)	
measurement	of	photons	in	the	cavity



Cavity	QED:	Strong	Dispersive	Limit
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Figure 2.5: Spectrum of coupled cavity and atom system in strong dispersive limit. (left) Cavity
spectrum when atom is in ground (blue), excited (red) state or not present (dashed black). (right)
Atom spectrum when cavity has different (exact) photon numbers.

measuring the state of a single atom using the cavity, one has the luxury of using many photons

to compensate for a small dispersive shift χ < κ, even in the weak dispersive limit (pink region in

Fig. 2.4). Because there is only a single atom in the cavity, single photon precision requires dispersive

strong coupling.

Perhaps even more interesting is when the Stark shift per photon exceeds the atom decay (χ >

γ). In this case the atom is shifted by more than a linewidth for each photon, only responding

when driven at a given frequency when a specific number of photons are present in the cavity. By

probing the response of the atom at different frequencies one can measure the exact photon number

distribution (see section 8.3). The qubit can not only measure the photon number but be coherently

controlled by it. If the qubit is made only to respond when a single photon is present this can be

considered a conditional-not (CNOT) gate. If multiple atoms in the cavity (which might be far

apart from each other) perform a CNOT on the same photon state they can be entangled without

ever interacting directly.

In the weak dispersive limit (red region in Fig. 2.4), the cavity, though its frequency became atom

state-dependent, remained harmonic at photon numbers below ncrit. If the coupling becomes strong

enough, even in the dispersive limit well below ncrit (where perturbation theory is still accurate)

higher order terms in the expansion of equations 2.4 and 2.7 can become significant compared with

the cavity linewidth. A new critical photon number can be defined for when the 4th order shift

(nχ2/∆), changes the resonator frequency by more than a linewidth per photon.

In	the	strong	dispersive	limit	the	energy	shift	is	larger	
than	natural	width	of	atom	(𝜅)	and	cavity	mode	(𝛾):

g2/� ⌧ �, k

Photon	number	in	the	cavity	are	measured	by	
performing	spectroscopy	on	the	atom	to	measure	the	
energy	shift.



Artificial	atoms:	The	Cooper	Pair	Box
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CHAPTER 3. CAVITY QED WITH SUPERCONDUCTING CIRCUITS 62
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Figure 3.10: a. Sketch of CPB circuit. The CPB consists of an island connected to a reservoir
via a tunnel junction and is electrostatically biased by a voltage coupled through a small capacitor.
b. A circuit diagram of the CPB. The island (green) is connected to a ground via a Josephson
junction which is represented by a pure Josephson element with energy EJ and a stray capacitance
Cj. The charging energy, which sets the scale of electrostatic excitations, is determined by the total
capacitance of the island to ground.

frustrated by the gate voltage. The Hamiltonian for this electrostatic component1,

Hel = 4EC

!
N̂ − ng/2

"2
(3.48)

where EC = e2/2CΣ is the electrostatic charging energy to add a single electron2 to the island.

These electrostatic energy levels, the parabolas (dashed and dotted lines) in Fig. 3.11, are just

the energies of a capacitor with some fixed charge. If the junction were only capacitive, allowing

no tunneling, then Eq. 3.48 would fully describe the Cooper pair box. Charge would be perfectly

quantized, but there would be no way of changing the charge state, a rather uninteresting quantum

circuit. However, the Josephson effect allows Cooper pairs to coherently tunnel across the junction,

described by the Hamiltonian

HJ =
EJ

2

#

n

(|n⟩ ⟨n + 1| + |n + 1⟩ ⟨n|) (3.49)

where EJ is the Josephson energy and n is the number of Cooper pairs on the island. This operator

in the Hamiltonian allows Cooper pairs to hop on and off the island, acting much like a discrete

kinetic energy term in a tight binding model of a lattice.

The shape of the energy bands and composition of the wave functions can be expressed purely in

1An energy −CgV 2
g /2 has been subtracted off as a gauge choice because it does not depend on any of the dynamical

qubit variables.
2The convention in this thesis is that all electrostatic energies and polarization charges are expressed in terms of

single electrons.

SC	island

SC	reservoir
Gate	capacitance

V.	Bouchiat Phys.	Scrip.	T76	(1998)	165-170	

J-junction

Gate	voltage

CPB	consists	of	a	SC	island	connected	to	a	reservoir	via	a	Josephson	junction.	The	gate	voltage	
induces	tunneling	of	Cooper	pairs.



The	Cooper	Pair	Box
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Figure 3.11: a) CPB energy levels. Dotted and dashed black lines show electrostatic energy of
island for 0 and 1 Cooper pairs present on the island. The (from bottom to top) blue, red, and green
solid bands show the ground, and first two excited state energy levels with EJ = EC. At ng = 1
there is an avoided crossing, where the eigenstates are superpositions of n and n + 1 Cooper pairs.
The midpoint of the avoided crossing occurs at an energy EC, and the difference between states at
even ng of Cooper pairs is 4EC. b) A plot of the expected number of Cooper pairs (each with charge
of 2e) of the ground (blue) and first excited (red) state. The dashed/dotted curves have EJ = 0 and
so the expected value is just the lowest energy integer charge state, whereas the solid curves with
EJ = EC have non-integer expected charge values indicating strongly overlapping superpositions of
charge states. At ng = 1 they have the same expected charge 2e⟨N̂⟩ = 1e, meaning that they can
not be distinguished by a charge based measurement or affected (to first order) by charge noise.

terms of the ratio1 EJ/EC. When the characteristic tunneling energy is much less than the charging

energy (EJ ≪ 4EC), in the charge qubit regime, then the qubit state can be accurately expressed

in terms of the nearest two charge states. In the charge qubit regime, the most important effect

shown in Fig. 3.11a is that the Josephson coupling lifts the degeneracy present when the Cooper

pair box is electrostatically frustrated at ng = 1. At this bias condition, the ground and excited

eigenstates are superpositions of charge states (|0⟩± |1⟩) /
√

2 with a ground-excited state energy

difference Eeg = EJ. When Eeg > kBT then there will be no thermal population of the first (or any

higher lying) excited state.

When using the CPB as a qubit, it is convenient to reexpress the lowest two levels of the Hamil-

tonian in the language of a spin-1/2, which can be done by taking the first two levels, subtracting

their mean energy, and approximating the operators as |n⟩ ⟨n + 1|+ |n + 1⟩ ⟨n| → σ′
x and N̂ → σ′

z/2.

HCPB = −
1

2
(4EC(1 − ng)σ

′
z + EJσ

′
x) (3.50)

This is the Hamiltonian of a spin2 (with µ = 1) subject to a fictitious magnetic field, B = EJx̂′ +

1The effects of different EJ/EC ratios will be discussed in more detail chapter 4.
2Even well into the “transmon” regime, where EJ ≥ 4EC, the CPB can be expressed in this form, but the field

n	excess	of	Cooper	pairs	in	the	island
EC electrostatic	energy	to	charge	a	single	electron
EJ Josephson	energy

For	ng=1	the	circuit	behaves	as	a	two	state	atom:

|+i = (|0i � |1i)/
p

(2)

|�i = (|0i+ |1i)/
p

(2)

HCPB = 4EC
P

n(n� ng/2)2|nihn|� EJ
2

P
n (|nihn+ 1|+ |n+ 1ihn|)

E± = EC ⌥ EJ/2

EJ ⌧ EC



Superconducting	Qubits
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Flux	Qubit Cooper	Pair	Box	Qubit

Transmon Qubit



Resolving	Photon	Number	States	in	SC	Circuit
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D.	I.	Schuster	et	al.,	Nature	445,
515–518	(2007).

⌫c = 5.7GHz

Q ' 22, 000

⌧c ' 4µs

⌧a ' 0.5µs



3D	Cavities
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H.	Paik,	Phys.	Rev.	Lett.	107 (2011).

Relaxation	Time ⌫c = 8GHz

Q ' 106

mode24,25 as the first stage of amplification. The low-frequency cavity, with
a resonant frequency of vs/2p5 7.216 GHz and a lifetime of t0 5 55ms,
stores the photon states which are measured and manipulated. Exploiting
the nonlinearities induced in both resonators, we use the transmon qubit
to track the parity of the storage cavity state. For simplicity, we will refer
to the storage cavity as the ‘cavity’ henceforth.

The qubit and cavity are in the regime of strong dispersive coupling,
which can be described by the Hamiltonian

H=B~vq ej i eh jz vs{xqs ej i eh j
! "

a{a

where a and a{ are the annihilation and creation operators, respect-
ively, jeæ is the excited state of the qubit and xqs/2p5 1.789 MHz is the
qubit-state-dependent frequency shift of the cavity. The readout cavity
has been neglected because it remains in the ground state while the system
evolves. The interaction between the qubit and the cavity entangles qubit
and photon. In the rotating frame of the cavity, Fock states associated with
the qubit in the excited state acquire a phase W 5 a{axqst proportional
to their photon number26. By waiting for t 5p/xqs, one can realize a
controlled-phase gate Cp~I6 gj i gh jzeipa{a6 ej i eh j, where gj i is the
ground state of the qubit, adding a phase shift of p per photon to the
cavity state conditioned on the qubit state14,27. Therefore, Cpcan be inserted
between twop/2-pulses on the qubit in a Ramsey-type measurement to
map the photon parity of any cavity state onto the qubit (black enclos-
ure labelled ‘P’ in Fig. 1b). The result of a qubit measurement after the
secondp/2-pulse, together with prior knowledge of the initial qubit state,
indicates whether the number of photons in the cavity is even or odd, but
reveals nothing about the actual value of the photon number.

The creation of cat states is a natural consequence of a parity measure-
ment on a coherent state jaæ (a is a complex amplitude) because the phase

cat states defined byN+ aj i+ {aj ið Þ, withN+~1
# ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 1+e{2 aj j2
% &q

,
are eigenstates of the parity operator eipa{a (refs 28, 29). After applying
a microwave pulse at frequency vs to the cavity, initially in vacuum,

to create a coherent state jaæ with the qubit initially in jgæ, we use the
parity protocol to take aj i gj iz ej ið Þ

' ffiffiffi
2
p

after the first p/2-pulse to
N{ aj i{ {aj ið Þ gj izNz aj iz {aj ið Þ ej i½ $

' ffiffiffi
2
p

after the second pulse,
at which point the parity of the cavity state is entangled with the state of
the qubit. Detection of the qubit state using the readout cavity then pro-
jects the storage cavity onto one of the two cat states. To confirm the
non-classical properties of these states, we perform Wigner tomography
of the cavity after a single parity measurement for an initial coherent
state of displacement jaj5 2 (!n~4). Post-selecting on the ground or
excited qubit states to obtain the odd or even cats (Fig. 2a, b), respectively,
we see the interference patterns that are the signature of quantum beha-
viour. The overlap between the measured Wigner function and that of
an ideal cat state gives a fidelity of F 5 83% for the odd cat state. Figure 2c
shows the Wigner function without post-selection (tracing over qubit
states). Fringes in the Wigner function almost completely disappear, as
expected, and we obtain the statistical mixture of even and odd states.
The weak visibility of the fringes comes from the slightly lower fidelity
of the even cat state, wherein the qubit ends up in the jeæ state, which is
more susceptible to qubit relaxation. Figure 2d shows the normalized
difference between the two cat states to emphasize the interference fringes.
The high contrast between even and odd cat states is a central require-
ment in implementing a recently proposed QEC scheme12, where these
form the code and error spaces, respectively.

Because the loss of a single photon changes the parity of a cat state,
monitoring parity repeatedly in real time allows us to track photon jumps
of our cavity. Here we note that to interpret the result of a single parity
measurement we must know the state of the qubit before the first p/2-
pulse. In other words, it is the correlation of the qubit states before and
after the parity measurement (a pattern of oscillation between jgæ and
jeæ versus a constant pattern remaining in either jgæ or jeæ) that reveals
the photon state parity. For the following data we have chosen Rŷ,{p=2
as the second qubit pulse, instead of Rŷ,p=2, to maintain a constant pattern
when the cavity is in the even parity state. Apart from reversing which
pattern we assign to be even and which we assign to be odd, this change
makes no difference. Figure 3a shows the measurement protocol and
Fig. 3b–e shows typical 400ms single-shot traces. The initial displace-
ment is jaj5 1.0 and the repetition interval of the parity measurements
is 1ms, which is much smaller than the average photon lifetime, t0 5 55ms,
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Figure 1 | Experimental device and parity measurement protocol of a
photon state. a, Bottom half of the device containing a ‘vertical’ transmon
qubit located in a trench and coupled to two waveguide cavities. The low-
frequency cavity, with vs/2p5 7.216 GHz and a lifetime of t0 5 55ms, is used
to store and manipulate quantum states. The high-frequency cavity, with
vm/2p5 8.174 GHz and a lifetime of 30 ns, allows for fast readout of the qubit.
b, Protocol (P) for measuring the parity of the storage cavity field. After an
initial displacement of cavity vacuum D(a) 0j i~ aj i to create a coherent state
with a complex amplitude a, a Ramsey-type measurement is performed. It
consists of two p/2-pulses separated by t 5p/xqs (during which a controlled-
phase gate Cp~I6 gj i gh jzeipa{a6 ej i eh j is realized), followed by a projective
measurement of the qubit, where xqs is the dispersive interaction between the
qubit and the storage cavity. In this schematic, with the qubit initially in the
ground state, | gæ, the Ramsey-type measurement maps the even and odd
photon states onto the | eæ and | gæ states of the qubit, respectively. A subsequent
projective measurement indicates the cavity state parity. The second p/2-pulse
can be either Rŷ,{p=2 or Rŷ,p=2, simply switching the interpretation of the
result of the qubit measurement.
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Figure 2 | Ensemble-averaged Wigner functions of cat states in the cavity
created by single-shot parity measurements of an initial coherent state in the
cavity. The Wigner functions are mapped out with varying displacements b
and a measurement of the mean photon parity Ph i (ref. 21). Here we follow the
protocol depicted in Fig. 1b, using Rŷ,p=2 as the second pulse. The qubit is always
initialized to the | gæ state through post-selection on an initial measurement.
a, Odd cat state by post-selection on the | gæ state as the result of the parity
measurements. b. Even cat state by post-selection on the | eæ state. c, No post-
selection of the parity measurement, thus tracing over the qubit state. Fringes
almost disappear, indicating a mixture of two coherent states. d, The
normalized difference (data in a minus data in b, all divided by two), or the
expectation of the parity weighted by Æszæ of the ancilla, emphasizing the
interference fringes.
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Rising	interest	in	axions searches	…	(no	
Susy	at	LHC?)

Single	photon	counter	in	microwave	regime	required	to	reach	ultimate	sensitivity

SC	Qubits	may	be	the	solution	…	R&D	already	started	
for	ADMX-HF!	
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