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Abstract

More than 90% of the energy density in the universe is supposed to be
occupied by dark matter and dark energy. Hypothetical low mass neutral
bosons can be the candidates for such dark components.

For example, the low mass scalar field called dilaton is predicted above
neV mass scale as the candidate for origin of dark energy. It predicted by
the scalar-tensor theory with A (STTA) which is one of the alternative grav-
itational theories. The pseudoscalar field, axion predicted by the quantum
chromodynamics (QCD) below sub-eV mass region can be one of the reason-
able candidates for cold dark matter. These scalar and pseudoscalar fields
may couple to photons via extremely weak interactions. Therefore, search
for low mass scalar and pseudoscalar fields with extremely high intensity
laser fields has been proposed.

Quasi parallel colliding system (QPS) is a system to produce resonance
states of low mass scalar and pseudoscalar fields via photon scatterings in
a focusing laser. By focusing two-color lasers on the same optical axis, the
frequency-shifted photon is emitted from the focal volume as the signature
of the resonance production. This phenomenon is regarded as the four-wave
mixing process in vacuum.

In this thesis, a search for scalar and psudoscalar fields via QPS was per-
formed by combining a 9.3 1J/0.9 ps Ti-Sapphire laser and 100 pJ/9 ns
Nd:YAG laser at 2.3 x 1072 Pa. As a result, no significant signal was ob-
served and the exclusion limits for scalar and psudoscalar fields were ob-
tained below 0.15 eV mass range.

Furthermore, the four-wave mixing process occurring in atoms was ob-
served at an atmospheric pressure. The pressure dependence of the four-
wave mixing photons emitted from residual gas in the vacuum chamber
were measured. The number of them were negligible at 2.3 x 1072 Pa.

The experimental methods established in this thesis can be basically ap-
plicable to higher intensity laser experiments.
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1 Introduction

1.1 Physics Motivation

Ordinary matter composed of quarks and leptons occupies only 5% of the
energy density of our universe. Unknown components called dark energy
and dark matter occupy the remaining density. This indicates that modi-
fications of standard theories of cosmology and elementary particle physics
are required for describing the true nature of the universe. Therefore, un-
covering dark energy and dark matter is one of the most crucial subjects in
modern physics.

The existence of dark matter is strongly indicated by a number of astro-
nomical observations. Some reasonable candidates for dark matter are pre-
dicted by theories beyond the standard model in particle physics. On the
other hand, the mechanism for creating dark energy has not been understood
yet. A number of dark energy models have been suggested. However, there
is no experimental result strongly supports a specific dark energy model.

Hypothetical low mass neutral bosons can be candidates for these dark
components. For example, a scalar type boson called dilaton is predicted
above neV mass scale by one of the alternative gravitational theory. Dilaton
can be the candidate for the origin of dark energy. Furthermore, a pseu-
doscalar type boson called axion is predicted below meV mass range by
the quantum chromodynamics (QCD) as the reasonable candidate for cold
dark matter. Both dilaton and axion are interpreted as Numbu-Goldstone
(NB) bosons [1, 2] as a result of spontaneous symmetry breakings occurred
in the early universe. Therefore they supposed to be have extremely light
masses. They also interact with matter fields very weakly. If these bosons
interact with electromagnetic fields, even if only slightly, they can be proved
by pumping enormous amount of coherent photons to a local space in the
vacuum.

14



1.2 Dark energy models with scalar fields

The accelerating universe was discovered by observations of redshifts of type
Ta supernoval3, 4, 5]. Tt is supposed that unknown energy called dark energy
expands the universe. In modern cosmology, the cosmological constant A is
interpret as the origin of dark energy.

Based on the assumption that A is the vacuum energy at the energy scale
of the quantum gravity field, the theoretical value of A is estimated as
Ayac ~ Mp ~ 1 with Planck units ¢ = h = Mp = 1, where Planck mass

Mp = VsZCG = 2.43 x 10'® GeV with the gravitational constant G. On the

other hand, the observation value of A is Ag,s ~ 10712°, This unreasonable
deviation is called “cosmological constant problem”. Introduced the decay-
ing behavior of A o< 72 as a function of time ¢ is an inartificial solution. This
is because, the present age of universe ¢, = 1.37 x 1019 years is expressed as
to ~ 10% with Planck units.

Scalar-tensor theory with A (STTA) [6] is the alternative gravitational
theory which can solve the cosmological constant problem. In this theory,
decaying A as t2 is obtained as a result of spontaneous breaking of a con-
formal symmetry. It predicts a light scalar field “dilaton” as the NB boson
as a result of the conformal symmetry breaking. Based on the prediction
from STTA, dilaton has the extremely light mass ~ 107 — 107¢ eV [7]
and interacts with matter via extremely weak coupling as weak as that of
gravity. In STTA, two photon coupling to a dilaton via quantum anomaly
are allowed. Therefore, dilaton can be searched directly via vy — ¢ — vy
process, where v and ¢ represent photon and dilaton, respectively. Dilaton
has been searched indirectly by testing the deviation from the Newtonian
gravity at short distances. For example, the modification to the Newtonian
gravity as following form has been tested

mims

Vi, =-G (1+ ae_r/)‘) : (1)

where m, and msy are masses of samples, « is the strength of the hypothetical

potential as compared to the Newtonian potential, and X is its propagation
length.

15



A(meters)

Figure 1. Exclusion limits of non-Newtonian forces in o — A space [8]. The solid
lines show upper limits obtained from previous experiments, Casimir force measurements
”Lamoreaux” [9] and ” Washington” [10], measurements of gravitational force between two
bodies at short range ”Stanford1”[11] and ”Stanford2”[8], and measurement with tor-
sion balance technique ”Colorado”[12]. Shaded areas show the rough predictions for the
dilaton based on the string theory [13], and KK gravitons which is predicted by extra
dimension scenarios [14].
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1.3 Search for pseudoscalar field, axion

The pseudoscalar field, “axion”[15, 16] is a possible candidate for cold dark
matter [17, 18]. The expected mass scale of axion is ~ 107 —1072 eV. Axion
is a hypothetical boson introduced in order to solve “strong CP problem”.
In the QCD theory, the Charge conjugate - Parity (CP) symmetry is not
guaranteed. Nevertheless, the CP violation in the QCD are strongly sup-
pressed according to measurements of the electric dipole moment of neutron
[19]. To solve this unnaturalness, an additional symmetry called “Peccei-
Quinn (PQ) symmetry” [20] is introduced in the QCD Lagrangian. In this
scenario, the CP symmetry is realized by spontaneous breaking of the PQ
symmetry. As a result, axion appears as a Nambu-Goldstone mode.

Axion can also coupling to two photon as well as dilaton. Therefore axion
(0) has been searched via the vy — o — 7 process by a number of experi-
ments. For example, solar axion searches [21, 22, 23, 24, 25, 26, 27], searches
via vacuum magnetic birefringence [28, 29, 30], light shining through a wall
(LSW) [31, 32], and axion dark matter search (ADMX) [33, 34]. The exclu-
sion limits of axion by previous searches are shown in Fig.2.

Solar (CAST)

Microwave cav.

Figure 2. Exclusion limits of axion[35]. The horizontal and vertical axes indicate the mass
of axion and the coupling constant between axion and photon, respectively. The brown
area represents the exclusion limit by the LSW. The blue lines indicate the limit by the
solar axion search experiments. The gray area shows the limit by the microwave cavity
search like the ADMX. The yellow band represents the expected area of axion based on
the prediction from the KSVZ axion model [36, 37].
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Here the experimental strategy of LSW is introduced. The schematic view
of experimental setup of LSW is shown in Fig.3.

Absorber

N I

N [
B @ Axion B
[ ] 7% y[]
Laser Detector
5 5

Figure 3. The schematic view of experimental setup of LSW

The LSW searches axion via the vy — o — vy process. Two photons at
the initial state are provided from a laser and a external magnetic field. The
photon propagating in the static magnetic field converts into an axion with
a certain probability. The axion can be separated from laser photons by
penetrating the absorber placed between two magnets and it converts into
photon in the second magnetic fields.

The conversion probability of v — ¢ — v is given by

1—cos(qL)\?
(qL)? > ’

where g = /M, is a coupling constant of v — o, a ~ 1/137 is the fine-
structure constant and M, is the energy scale parameter corresponding to
the PQ symmetry breaking, B is the strength of the magnetic field, L is its
length, ¢ is the momentum difference between axion and photon.

Py (aBL) @)
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1.4 Quasi parallel colliding system

Here a direct search for dilaton-like scalar fields and axion-like pseudoscalar
fields by creating the resonance states of them in laboratory is discussed.
Photon is a suitable probe for creating resonant states of extremely low
mass fields due to zero mass of itself. At head-on photon-photon collisions,
the colliding energy at the center- of-mass system FEcygs is expressed as 2w,
where w is the energy of incident photons. When we assume optical photons
whose energies are approximately 1 eV, we cannot capturing sub-eV mass
resonances in head-on collisions.

Quasi parallel colliding system (QPS) [39, 40] is the system to realize
the low colliding energy by colliding photons at small incident angles. The
center-of-mass energy is expressed as

ECMS = 2wsin 19, (3)

where ¢ is half of the incident angle of the photon pair. By introducing
small 9, the colliding system to create resonances below sub-eV mass range
is achieved. It is possible to realize the QPS by focusing a laser at a long
focal length. In this method, search for scalar (¢) and pseudoscalar (o) fields
are performed by observing the vy — ¢/ — 7 process.

In the QPS, the enhancement of the scattering rate is given by introducing
another coherent field to stimulate the two photon decay of the resonance
field. The initial and final states photons follow the energy conservation

wHw—= (2—u)w+ uw (4)

where w is the energy of photon which create a resonance, uw is the energy
of photon which induces the resonance decay with 0 < u < 1. The photon
whose energy is (2 — u)w is emitted as the signature of the resonance decay.
The schematic view of the QPS is illustrated in Fig.4.

The similar relation in Eq.(4) is applied to the “four-wave mixing” process
which is the third-order nonlinear quantum optical process in atoms [41, 42].
Therefore, search for low mass fields via QPS by combining two-color lasers
is regarded as observing the four-wave mixing process in the vacuum. The
four-wave mixing measurement in the vacuum is also used as a method
for testing photon-photon scattering via nonlinear QED effects in different
collision geometry [43, 44, 45, 46] .
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Figure 4. The schematic view of QPS. The photons to create resonance state are provided
from the creation laser which is drawn by green. The inducing laser drawn by magenta
induce the decay of resonances. The inducing laser is combined on the same optical axis of
the creation laser. The parameters d, f, Ad¥ denote the beam diameter, the focal length,
the upper range of incident angles of photons, respectively. The signal photon (blue) is
emitted from the focal volume as a result of the exchanging of a resonance field via two
photons scattering process [40].

The QPS has the characteristics that the signal yield has N73 dependence
by the inducing mechanism, where N, is the number of photon per laser
pulse. With taking the rapid developments of high intensity lasers into
account, ny)’ dependence become prominent at experiments with higher in-
tensity lasers. It encourage us to search unknown fields by QPS with laser

fields.
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1.4.1 Kinematics of QPS

Figure 5. The definitions of kinematics variables in QPS [40].

The variables to describe the kinematics of QPS are introduced as illustrated
in Fig.5. The 4-momentum vectors of incident photons p; and py are defined
on the z-x plane as follows:

p1 = (wsind, 0, w cos J; w), (5)
p2 = (—wsind, 0,w cos J; w). (6)

The energy conservation is expressed as
wtw=(2—uw+ uw, (7)

where u is an arbitrary number which satisfies 0 < u < 1. Then, the energies
of final state photons are re-defined as follows:

w3 = (2—uw, (8)
Wi = uw, 9)

where w3 and wy are energies of a pair of final state photons The momenta
of a pair of final state photons p3 and p, are expressed as

ps = (w3 sin b3, 0, ws cos O3; ws), (10)
s = (—wysinby, 0,w cos by;wy). (11)
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The relation of linear polarization states between initial and final state
photons correlates the property of the exchanged resonance. In the case
of scalar field exchange, the relations of linear polarizations when all wave
vectors are on the same plane are expressed as

w{l} +w{l} = ws{1} + wa{l},
w{l} + w{l} = ws{2} + w4{2}, (12)

where {1} and {2} denote linear polarization states orthogonal each other.
In the case of pseudoscalar field exchange, the relations of linear polarizations
are expressed as

w{l} +w{2} = ws{1} + w4{2},
w{l} +w{2} = w3{2} + ws{1}. (13)

The linear polarization relations in Eq.(12) and Eq.(13) are applicable to the
situation that all momentum vectors of photons are on the same reaction
plane. In a focusing laser, the incident p; —p, reaction plane and the outgoing
ps—p4 plane rotate independently. Therefore, even if a {1}-polarized incident
laser is provided at an actual experimental situation, the incident p; — ps
plane rotates from the fixed {1}-polarized plane in the focal region. As a
result, the focused QPS has sensitivity to both scalar and pseudoscalar fields
simultaneously, even though we fix the linear polarization state of incident
laser before focusing. Hence, the sensitivity for scalar and pseudoscalar
fields are evaluated by introducing the incident plane rotation factor G. The
evaluation of G is discussed in Appendix A of this thesis.
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1.4.2 Mechanism for inducing effect

The Feynman diagram of the vy — ¢/0 — 7 process is shown in Fig.6.
The effective interaction Lagrangians coupling between two photons and ¢
/ o are expressed as

1 1 .
—Ly= gM—IZFMVF“”gb, —L, = gM_leWF"”J, (14)

where M is the energy scale parameter and g is the coupling constant, F' is
the electro magnetic tensor and F' is its duel.

Figure 6. The Feynman diagram of the vy — ¢/o — 7y process.

The photon-photon scattering probability is enhanced in the background
coherent field as following mechanism. The Feynman amplitude of the vy —
¢/o — v process as shown in Fig.6 is expressed as

Vo ((p1 + p2)” + mz)_l Vi. (15)

where V; and V5 are the matrix elements at the first and second vertices, re-
spectively. Based on the interaction Lagrangian of the scalar filed exchange,
V1 and V5 are expressed as

Vi = 2 (O1Eu [p1) (O [p2),

Vo = (3| Fu|0) (pa | £ 0). (16)

SESIS
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We now simplify the expression of (0|F),,|p:) as
(Olalp1) = 1, (17)

by introducing the creation operator a and the annihilation operator al.
This description is applied in one photon state. In the case of coherent
photons state, Eq.(17) substitute for

{({p1, Nlalp1, N)) = \/N, (18)

where N is the number of photons in the coherent state. In the case that
the incident photons are provided from the coherent laser, V; is re-expressed
as

Vi = L{{pr NI Eulpr, N) ((po, NI [pa, N)). (19)

It obtains the enhancement of N compared with Eq.(16). The similar
enhancement mechanism can be applied at the second vertex V, when the
inducing laser field is provided. If the momenta of inducing photons are
equivalent to py, V5 is expressed as follows:

Vo = 7 0al F [0 (pa. NI ¥ [ps, V). (20)

As compared to the second line of Eq.(16), V5 in Eq.(20) obtains the
enhancement of v/N. Therefore the scattering rate has the enhancement of
VN ‘N by the effect of the inducing laser field.
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1.4.3 The effect of averaging the squared scat-
tering amplitude

In general, the resonance of a particle is produced when the center-of-mass
energy of a collision Fryg is equivalent to the mass of a resonance m. The
mass of a resonance has the finite width duo to the uncertainty principle
and the mass distribution takes the Breit-Wigner resonance distribution. At
the Breit-Wigner distribution, the value of the full width at half maximum
takes I' = h/7, where 7 is the lifetime of the resonance. Therefore, the
resonance condition is satisfied when Ecyg is included in the mass range of
the resonance.

In the case of QPS, we now define the experimental parameters which
satisfy the following resonance condition.

Ecyg = 2w, sind, = m. (21)

Based on the interaction Lagrangian at Eq.(14), the squared scattering
amplitude in the s-channel | M,|? at the vy — ¢/0 — 7y process is expressed
as

CL2

M (4 (22)
with y = w — w;.
a is defined as W g2 -
=5 (57) = 3o )
with ] o\
T= (&) m* (24)

When capturing the resonance of the low mass and weak coupling fields,
the resonance width I' becomes extremely narrow due to its small values of
g/M and m. Therefore, satisfying the resonance condition is quite difficult,
if Ecus takes a unique value at a individual collision like charged particle
collisions. In the case of the off-resonance condition, in fact, x > a duo to
the small value of M1, | M|? is strongly suppressed since a* oc M 2.

In QPS, however, the momentum vectors of photons fluctuate around its
diffraction limit according to the uncertainty principle. The fluctuation ap-
pears as the uncertainty of the incident angle of photon ). Therefore, Ecys
at QPS intrinsically has the uncertainty, even through it is a single collision.
Thus, the quite narrow resonance can be captured if Fcyg includes the mass
of the resonance in its fluctuation range.
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Considering the uncertainty of the incident angles of the photons, the
squared amplitude should be averaged over the possible incident angles as
follows:

/2
M2 = / o) | Ms(9) . (25)

where p(¥) is the angler distribution of incident two photons in the Gaussian
beam. p(1) is expressed as

i) = g e {— (A%)} | (26)

where ¥ is the angle between a pair of incident photons, Af = d/2f is the
possible maximum incident angle, and ¢ is given as

1

9= §|01 — 0| (27)
with the incident angle of single photon 6, and 5. Then, Eq.(25) is rewritten

as follows:

(4m)? (9,
2 = 28
T = () W, (28)
with

ngexp{— (2;)2}. (29)

In Eq.(28), |[Mg|? has a dependence but not a? dependence as shown in
Eq.(22). We find that a o M? enhancement is obtained by operating the
averaging process originating from the angler ambiguity of the incident pho-
tons. .
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1.4.4 Coupling-mass relation

The signal yield ) is expressed with experimental parameters as follows:

- e () ()
(gm[e\/])2 (M)S WGF.C NN, 0

M]eV] wleV]

where the subscripts ¢ and ¢ indicate the creation and inducing lasers, respec-
tively, A is the wavelength, 7 is the pulse duration, f is the focal length, d is
the beam diameter, u and u are the upper and lower values on u determined
by the spectrum width of wy, respectively, W ~ 7 /2 is the numerical factor
relevant to the integral of the weighted resonance function, G is the incident
plane rotation factor , Fs is the polarization dependent axially asymmetric
factor originated from rotation of ps — py plane (the detail of evaluation of
G and Fg are described in Appendix A and B of this paper), Cpp, = 1/2 is
the combinatorial factor originating from selecting a pair of photons among
multimode frequency states and NN is the average numbers of photons in the
coherent state. The detail of the formulation of the signal yield is summa-
rized in Appendix D of this paper. The coupling constant g/M is expressed

g Yw3eV]
MleV] (22) (%) (5)tan (25 ) CLEWGFCun NN,

Ti u

m=5%eV].

(31)
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1.5 Four-wave mixing process in atoms

A four-wave mixing process is the nonlinear quantum optical process occurs
via interactions between electric fields and matter. Atoms polarize when
electric fields are applied. The polarizability of atoms have non-linearity in
strong electric fields as follows:

P=c(xVE+xPE? + YOE +...), (32)

where P is the polarizability of atom, ¢y is the permittivity of vacuum,
x is the i-th-order nonlinear susceptibility with ¢ = 1,2,3---, and E is
the strength of electric field. Incident photons induce an oscillating dipole
moment in atom and the induced dipole moment radiates other photon fields.

The four-wave mixing is the third-order nonlinear process. The incident
wave includes three separated frequencies, wy, we, and w3 generates a new
wave at w, in polarized materials. The relation of the frequencies between
incident and generated photons is expressed as

Wy + Wy — w3 = wy. (33)
The energy diagram of the four-wave mixing process is drawn in Fig.7.

Figure 7. The energy diagram of four-wave mixing process.

When the frequencies of two absorbed photons have the relation of w; =
w2, this process is specially called “degenerate four-wave mixing”, then,
Eq.(33) is rewritten as

2w — w3 = Wy, (34)

with w = w; = wse. This equation is similar to the energy conservation
of the resonance production at QPS with two-colors laser fields expressed
in Eq.(7). Therefore, the photons generated via the degenerate four-wave
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mixing process in atoms can be the background source at the unknown fields
search in QPS.

The intensity of the generated photon by the degenerate four-wave mixing
process, wy = 2wy — wy at the plane waves condition is expressed [38] as
57675y 0 ; Lsin®(ARL/2)

I = ,
T i (AKL/2)

(35)

where [; is the intensity of photons at frequency w;, n; is the reflective index
at w;, L is the interaction length, and Ak is the phase matching factor
Ak = ky — (2k1 — ko) with the wavenumber at w;.

I, has the cubic dependence of the strength of incident photon fields as
I o< I;%1,, which is similar to the laser pulse energy dependence of the signal
yields at the QPS with two-colors laser fields shown in Eq.(30).
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1.6 Step-by-step searches in QPS

The concept for scalar and pseudoscalar fields search in QPS has been al-
ready advocated [39, 40]. However, the verification of the practical exper-
imental approach is still developing. Therefore, thrashing out problems by
increasing the laser intensities in step by step is important.

In QPS, the signal photon is emitted to the same optical axes of two-color
lasers. Therefore, for example, if we use 1 J pulse laser, the signal photon has
to be separated from ~ 10'® photons per pulse. We developed the optical
system of QPS for the first time at Hiroshima university in 2014 [48] . The
schematic view of the optical system is shown in Fig.8.

Interaction Chamber (IC) Shaetding Box

3

Intensity Monitor (IM)

I PMT (calibration)

Single Photon Detection (SPD)

Figure 8. The schematic view of the experimental setup search for scalar fields by QPS
[48].

We used a 0.2uJ/0.75 ns pulse laser as the creation laser which provides
the initial photons create resonances and a 2 mW CW laser as the inducing
laser which induces the decay of resonances. The wavelengths of the creation
and inducing lasers are 532 nm and 633 nm, respectively. The wavelength
of signal photon is 459 nm. Therefore, 452 nm CW laser is used as the
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calibration source to determine the trajectory of the signal photon.

The creation and inducing lasers are combined by the dichroic mirror (DM)
and they focused in the vacuum chamber. Then, both lasers are separated
from signal waves by the prism and the photomultiplier tube (PMT) is placed
on the trajectory of the signal photon. Optical filters to cut the creation
and inducing photons are place in front of the PMT.

The scalar fields search was performed at 1.2x 10~* Pa with approximately
6.0 x 1078 shot statistics. The leak photons from the creation and induc-
ing lasers were suppressed at a level of less than 10~* photons per pulse.
Furthermore, no significant four-wave mixing signal is observed. From this
pilot search experiment, we confirmed that the experiment setup for detect
the four-wave mixing signal with 1 photon sensitivity is feasible. Figure 9
shows the exclusion limit of scalar fields obtained at a 95% confidence level.
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Figure 9. Exclusion limits for scalar fields are shown in m - g/M space [48], where m is
the mass of the scalar field and g/M is the coupling constant to photon. The red shaded
area indicates the exclusion limit by the pilot search by the QPS at a 95% confidence level.
The blue shaded area represents the exclusion limit of scalar fields by LSW experiment
?ALPS”. The green shaded areas show the exclusion limits by non-Newtonian force
measurements introduced in section 1.2. The expected line of axion is drawn by the black
dotted line as a reference for future pseudoscalar search.
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1.7 Aim of the thesis

The first search for scalar fields by QPS was performed with weak inten-
sity lasers, thus, the effect of the four-wave mixing process in atoms was
negligible. However, the atomic four-wave mixing process can be the main
background source in the future search with higher intensity lasers.

In this thesis, a search experiment performed at Kyoto university with
much higher beam intensities than that of the pilot search. In this exper-
iment, the four-wave mixing photons originating from the residual gas are
anticipated due to the higher beam intensities. This thesis gives the exper-
imental methods to obtain the exclusion limits of scalar and pseudoscalar
fields under the circumstance where a finite amount of background photons
must be evaluated.
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2 Experimental setup

2.1 Overview
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Figure 10. Schematic view of the experimental setup for the scalar and pseudoscalar fields

search.
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Figure 11. The picture of the optical systems.

Figure 10 illustrates the experimental setup for scalar and pseudoscalar
fields search. A mode-locked Ti-sapphire laser, wavelength A\, = 800 nm,
and a Q-switched Nd:YAG laser, wavelength \; = 1064 nm are used as the
creation and inducing lasers, respectively. The linear polarization states
of the creation and inducing lasers are adjusted by polarization angles of
the linear polarizers "POL{1}” and "POL{2}”, respectively. POL{1} and
POL{2} transmit only {1} and {2}-polarization components, respectively,
where {1} and {2} are linear polarization states orthogonal each other. The
half wave plate (HWP) placed on each beam line rotates the linear polariza-
tion angle of each beam, and rotation angles of them are fixed as transmitted
lights from POL{1} and POL{2} are maximized.

The linear polarization vectors of the creation and inducing lasers are
orthogonal because the number of the four-wave mixing photons in atoms
are minimized when the polarization vectors of the two incident lasers are
orthogonal each other. At this condition, the polarization relation between
the initial and final state photons for the scalar field exchange in the focusing
laser fields is expressed as

{1} + w1} = wy{2) + w2}, (36)

In the case of the pseudoscalar field exchange, the relation is written as
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{1} + w2} = wy{2) + w1}, (37)

Thus, the polarization state of w, depends on the property of the resonance.

Figure 12. The pictures of the creation laser (left: Hurricane, manufactured by Spectra-
Physics) and the inducing laser (right: GCR350, manufactured by Spectra-Physics).

The beam profiles of the creation and inducing lasers are shaped to Gaussian-
like profiles by going through the beam apertures with approximately 2mm
clear apertures. Then a few percents of photons in lasers are split and the
photo diodes "PD1” and "PD2” monitor the beam energies of the creation
and inducing lasers, respectively, and CCD cameras "CCD1” and ”CCD2”
monitor the beam alignments of them, respectively.

The beam diameters of them are expanded to approximately 5 - 6 mm by
the telescope on each beam line, and they are combined with the dichroic
mirror (DM) and the beam diameters are expanded to approximately 20 mm
by the common telescope. The combined beam is guided into the vacuum
chamber and focused by the convex lens at a 200 mm focal length.

The signal absorber consists of five optical filters which absorb below 750
nm wavelength photons is placed in front of the convex lens in the vacuum
chamber. It eliminates the background photons emitted from the optical
components.

The agreement of the optical axes between the creation and inducing lasers
are ensured at a precision of 2-3 pum by adjusting the focal spots of them at
the near side and the far side of the interaction point with CCD camera.

The center of wavelength of the signal photon A, is evaluated as

AiXc/2

A= S T2

= 641nm. (38)
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To make sure the detection efficiency and the trajectory of the signal pho-
tons, the calibration light, A = 640 nm, is combined to the same optical
axes of the creation and inducing lasers. The 640nm calibration light is pick
up from the white light source created by “self phase modulation (SPM)”,
which is the third-order nonlinear quantum optical effect occurring by al-
teration in the refractive index which has the dependence of the electric
field strength. Now SPM effect is given by focusing the creation laser to
the quartz cell target filled with water as shown in Fig.13. As a result, the
energy spectrum of the creation laser has a broadening effect by SPM. The
640nm light is obtained from the white light source by placing the band pass
filter which transmits 64045 nm photons. The beam splitter (BS) splits the
calibration light evenly and the photomultiplier tube (PMT’) monitors the
beam energy of the calibration light. Whether the creation laser is guided
into the vacuum chamber or the quartz cell to produce the calibration light
is selected by switching the linear translation mirror (LTM1).

Figure 13. White light are emitted by focusing the creation laser in the quartz cell filled
with water.

The linear translation mirror (LTM2) switches the beam line of the com-
bined beam whether the beam goes to the signal detector or the CCD camera
(CCD3). The agreement of the focal spots of the creation and inducing lasers
are confirmed by monitoring the images of beam spots by CCD3 before and
after the physics run.

The combined beam and signal photons are separated by a pair of prism
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and the signal detector is placed on the trajectory of the signal photons.

The signal pass filters which transmit 580 - 690 nm wavelength photons
are set to eliminate residual photons from the creation and inducing lasers.
The polarization beam splitter (PBS) split the signals to {1}- polarized
and {2}-polarized components, respectively. The {1}-polarized and {2}-
polarized signals through the short (Path{1}) and the long (Path{2}) optical
fiber paths, respectively, with having a 23ns of time delay. Then photons
from each path enter a common photo device. A single-photon-sensitive
photomultiplier tube (PMT; R7400-01, manufactured by HAMAMATSU) is
used as the signal detector.

37



2.2 Data acquisition trigger

Data trigger

Shutter|open Shutter|close

W— S— —_— -

Creation
laser

Inducing
laser

Trigger s c I p
pattern

Figure 14. The image of the trigger logic

The repetition rate of the creation and inducing lasers are 1 kHz and 10
Hz, respectively. The coincidence of the pulse timing of them is adjusted
so that the yields of the four-wave mixing photons emitted from gas in the
focal volume are maximized. The shutter is placed on the beam line of the
creation laser and it repeats open and close every 5 seconds. The image of
the trigger logic is illustrated in Fig.14. The 20 Hz data acquisition trigger
synchronizes to both pulses and it makes four trigger patterns, which are
“the both lasers are incident (S)”, “only the creation laser is incident (C)”,
“only the inducing laser is incident (I)”, and “neither lasers is incident (P)”.
A digital oscilloscope records the waveform data from PD1, PD2 and PMT

triggered by the data acquisition trigger.
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3 Waveform analysis
3.1 Peak finding algorithm

The recorded waveform data from the PMT consists of 500 sampling points
P1 - Psoo in 200 ns time range. Peak structures originating from observed
photons are searched by a peak finding algorithm. The algorithm is operated
as following steps:

S F
E /
o [ P
g 0_ N \/M %/ R4 \ Vo
S = Vi
g o
-4
o
_8__ | 1 |
68 70 78
Time [ns]

Figure 15. The waveform example to show peak finding procedures. The red horizontal
line indicates the pedestal value and the black horizontal line means the threshold value
for peak finding. The gray shaded area shows the integral range to evaluate the charge
sum.
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1. The pedestal value Vj is defined as the average voltage of p; - pigo and
P4oo - Psoo-

2. Set a threshold voltage V; and search points p, and p, satisfy the fol-
lowing requirements:
‘/;_‘/0<‘/p(a—l) and ‘/pa Z‘/t_‘/(h
Vi — Vo <V, and Vi, ., > Vi — Vo

(b+1)

3. Find the point p, which has the minimum voltage from p, to p;, and
regard p, as a peak point.

4. Search points p, and py which satisfy following conditions:
1/2(‘/;71) - %) Z ‘/Pr and %(r-{»l) < 1/2(‘/171) - ‘/0)7

1/2(Vo,—vi) < Vpe_yy and Ve > 1/2(V,, — Vj).

5. Define points p. and pq as below:
c=2(p-r)—landd=2(f —p)+ 1.

Then, the peak structure is defined as data points from p. to pg. The charge
sum of the peak structure () is calculated as

d
Vo, — Vo) At

o=y W= WIS (30)

where At = 0.4 ns is the time interval between V;, and V1, and R = 50 2

is the impedance. The charge sum of the peak structure is converted into

the unit of the number of photons by dividing it from the single-photon

equivalent charge.

3.2 Noise event subtraction

The recorded data contains some noisy waveforms originating from the am-
bient noises in the laboratory. These noisy waveforms should be removed
before search photon-like peaks because the noises could be misidentified as
photon-like peak structures.

The noisy waveforms are identified by analyzing the frequencies of the
waveforms since the frequencies of noise events tend to be lower than those
of normal events. The frequencies are estimated by counting the nodes,
which is defined as the intersection between a waveform and the average
line of amplitudes within the 200ns time window.

Figure 16 shows the distributions of the number of nodes for trigger pat-
terns S, C, I, and P. A waveform the number of node is lower than 150

40



is defined as a noise event. The typical waveforms identified as noisy and
normal events are shown in Fig.17.
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Figure 16. The distributions of the number of nodes for trigger patterns S, C, I, and P
[47]. The red vertical lines indicate the boundary of 150 nodes. All trigger patterns have
similar distributions.

Amplitude [mV]
Amplitude [mV]

Q9 TT20 40 60 80 100 120 140 160 180 2040 60 80 100 120 140 160 180
Time [ns] Time [ns]

Amplitude [mV]
Amplitude [mV]

%2040 80 80 100 120 140 160 180 720740 80 80 100 120 140 160 180
Time [ns] Time [ns]

Figure 17. The two panels on the left and right sides show the example of waveforms
identified as normal and noise events, respectively [47]. The red horizontal lines indicate
the averages of the amplitudes of 500 sampling points in each waveform.
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3.3 Trigger pattern selection

The beam energies of the creation and inducing lasers are monitored by
photo diodes PD1 and PD2, respectively. The trigger pattern is classified
according to the charge correlation between the waveforms from PD1 and
PD2. The waveform examples from PD1 and PD2 are shown in Fig.18 and
Fig.19, respectively.
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Figure 18. The waveform example from PD1. The red horizontal lines indicate the
pedestal line. The black vertical lines show the integral range for evaluating the charge
sum.

The charge sum of the creation laser @), is evaluated as

b

Qe tz T (40)

where a = 43.2 nm and b = 51.2 nm are integral ranges for all waveforms

from PD1, and V; is the pedestal value evaluated for event by event as the
average of amplitudes from 1 - 100 and 400 - 500 data points.

The charge sum of the inducing laser @); is evaluated as integral of the

amplitudes over 1 - 500 points.
The recorded waveforms from PMT are tagged with trigger patterns S, C,
I, or P. Which pattern the waveform belongs to is determined by the charge

correlation between PD1 and PD2 shown in Fig.20.
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Figure 19. The waveform example from PD2.
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Figure 20. The distributions of charge correlation between the creation and inducing
lasers. The data points in the blue, green, magenta and black rectangles indicate trigger
patterns S, C, I and P, respectively.
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Table 1 shows the number of events in each trigger pattern.

Table 1: Data table for the number of events in each trigger pattern

Trigger pattern The number of events

S 46120
C 46203
I 46044
p 46169
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3.4 Threshold value for peak identification

The threshold value V; for identifying the photon-like peak is determined by
checking the correlation between Vi and the charge sum of peak structures
shown in Fig.21. From Fig.21, V; becomes lower, the negative charge value
increase. These negative charges are come from misidentifying the noise as
peak structures. Therefore, the effectual threshold value should be set to
the region the negative charges are not contained. Therefore, V; = —1.3 mV
is given as the effectual threshold value.
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Figure 21. The correlation between V; and the charge sum of peak structure. The red
horizontal line shows 0 charge line and the red vertical line indicates the adopted threshold
value V; = —1.3 mV.
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3.5 Signal-like peak position

The photons which propagate from the focal spot to the detection point
make the characteristic peak structures at specific time domains. The time
domains that signal expected be observed are determined by observing the
four-wave mixing photons emitted from gas in the focal volume. Figure 22
shows the time distributions of observed photons at 5.0 x 10* Pa.
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Figure 22. The time distributions of observed photons (efficiency-uncorrected) per trig-
gered event at 5.0 x 10* Pa [47]. The left and right bands bounded by two neighboring
vertical lines indicate the time domains 7'{1} and T{2} where {1} and {2}-polarized pho-
tons are expected to be observed. The signal-like peaks are observed only in S-pattern.

The time domains in 71-75 ns (7{1}) and 94-98 ns (7{2}) indicate the
arrival times of {1} and {2}-polarized photons traveling the short optical
fiber path Path{1} and the long optical fiber Path{2}, respectively. The
relative time difference between T{1} and T'{2} is 23 ns. It is consistent to
the time difference between Path{1} and Path{2}.
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4 Detector calibration

4.1 Evaluation of 1 photon equivalent charge

To convert the charge sum from the PMT into the number of photons, the
1 photon equivalent (1 P.E.) charge of the PMT has to be evaluated. The
1 P.E. charge was measured with a 532 nm pulse laser in advance of the
search experiment. It is assumed that the charge distribution are consisted
from multiple Gaussian distributions corresponding to the incident photon
counts. The charge distribution are fitted by multiple Gaussian distributions
based on following assumptions:

e The 0 photon distribution does not correlate with the finite photons
distributions.

® iy — fip is proportional to the number of incident photons N. Where
(v is the mean of the N photons distribution.

e The variance of the N photons distribution ¢% is proportional to the
number of incident photons V.

e The incident photon counts conform to Poisson distribution.

Therefore, the multiple Gaussian fitting is operated as we fix the free pa-
rameters (i, 0g, i1, and 0.

The 0 photon distribution are determined by recording waveform data
without photon injection. The charge distribution with 45000 statistics are
shown in Fig. 23. From the fitting gauss function,

po = —2.785x 10717, (41)
oo = 1.090 x 10~ (42)

are given.
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Figure 23. The charge distribution without photon injection.

Then, the intensity of the incident laser is adjusted to extremely low to
determine the 1 photon distribution. The intensity of the laser becomes
higher, the contribution of 1 photon distribution is clearly appeared as right
side tail of the charge distribution. The obtained charge distributions are
fitted by 0 photon + 1 photon + 2 photon distributions by increasing the
laser intensity moderately. Where pp and oy are fixed and the other py and
on are given as free parameters at this time.
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Figure 24. The charge distributions fitted by 3 Gaussians. The blue, green, and magenta
lines represent 0,1, and 2 photon(s) distribution, respectively. The red line shows the sum
of 3 Gaussians.
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The fitting parameters of the 1 photon distribution should not fluctuate
by changing of the laser intensity. The laser intensity dependence of u; and
oy are shown in Fig.25. The fluctuations of u; and o, are converged from
No.2 to No.7. Thus, we evaluate p; and oy as the average values in these
range,

= 3.838 x 1071, (43)
o = 2.807 x 107 (44)
_ x10™ _ x107
= T o) r
a6 SoF ¢
I + 28f T ¢
n T ¥
44r 26F + ¥
42f 24
[ 22F
40_— I ; + 20F
i 1 18'_
38 : u
0 A B R
X[ T T T T PO T T 1 T T T T PO T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Panel No. Panel No.

Figure 25. The laser intensity dependence of p; and o9 are shown at the left and right
panels, respectively. The integer numbers in x-axis indicate the corresponding panel No.
in Fig. 24. The red horizontal lines stand for the average value from No.2 to No.7.

Then, the charge distributions are fitted by the multiple Gaussians at the
higher intensities setting. Now uy and oy become fix parameters, thus, the
multiple Gaussian fitting function are given uniquely by calibrating the aver-
age number of incident photons A. The best suited value of \ are determined
when the minimum y? are given. Figure 26 shows the charge distributions
fitted by multiple Gaussian functions.
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The correlation between A and the mean value of charge distributions
are shown in Fig.27 with the fitting linear function. The charge mean are
proportion to the average number of incident photons A. Finally, the 1
photon equivalent charge (), is given as the slope of the linear function as

Qp.e. = 4.134+0.06 x 107 C. (45)
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Figure 27. The correlation between A and the mean value of charge distributions
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4.2 Detection efficiency

The detection efficiency of the PMT is evaluated by comparing the number
of observed photons at the PMT and the power of the incident laser by using
a 532nm pulse laser. The measurement setup is shown in Fig.28.

BB B —
—_—

532nm NDfilters
pulse laser

BS

Power meter

Figure 28. Setup to measure the detection efficiency of the PMT

The pulse laser is split to two optical paths eventually by a beam splitter
(BS). The power of incident laser is measured by a calibrated power meter.
The laser at another path is attenuate by three optical filters (ND filters)
and guided to the PMT.

The average power of the incident laser measured by the power meter is
1.09 £ 0.01 mW. The pulse energy is evaluated to 55.1 = 0.5 nJ by taking
the repetition rate of the incident laser 19.8 Hz into account. The number
of photons per pulse Npy is evaluated as

Npym = (1.49 £0.01) x 10, (46)

Npyr, the number of observed photons at the PMT) is given by converting
the average value of the charge distribution from the PMT.

Npaer = 16.0 £0.1. (47)

Then attenuation factor of three optical filters placed in front of PMT are
measured as

£=46x10"7. (48)
The detection efficiency ep is calculated as follows:
Npmr
= =24+0.1"%. 49
T ENeu 8 (49)
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5 Experimental parameters

5.1 Beam diameters

The beam diameters of the creation and inducing lasers before expanded by
telescopes are measured by CCD cameras directly.

The x-y beam profile of the creation laser averaged of 50 pulses are shown
in upper-left of Fig.29. The beam diameter is determined by fitting the 3D
beam profile by the 2D gauss function shown in upper-right of Fig.29, where
the form of the fitting function is

fla,y) = Aexp (—%) exp (—%) +C, (50

where A is the amplitude, C' is the offset, i, and p, are the mean values in
x and y axis, respectively, and o is the standard deviation. The common o
is applied in x and y axes due to making the parametrization simply in the
QPS.

The under-left and under-right panels in Fig.29 show x and y projections
fitted by the 2D gauss function, respectively. The similar plots in the case
of the inducing laser are shown in Fig.30.

The beam diameters of the creation and inducing lasers d. and d; are
defined as 20 of the 2D gauss function fit to each profile. As a result,

d, = 1.64+0.01 mm, (51)
d; = 1.69+0.01 mm (52)

are obtained, where the unit of [pixel] are converted into [mm] by taking a
11.2 pm pixel size of the CCD camera into account .

Both beam are expanded 3 times lager by the telescopes and further ex-
panded 4 times larger after they are combined. The expanded beam diam-
eters of the creation and inducing lasers D. and D; are estimated as

D, = 19.6+ 1.6 mm, (53)
D; = 20.341.7 mm, (54)

respectively, with taking the total enlargement factor 12 + 1 into account.
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5.2 Beam overlapping factor at the focal spot

The number of photons contribute to the inducing mechanism in the in-
ducing laser should be considered. It estimated by measuring how much
beam energies of the creation laser overlap to that of the inducing laser at
the interaction point in the vacuum chamber. Since the correction of this
overlapping factor are most sensitive around the focal spot.

The beam profiles of the creation and inducing lasers at the focal spot
are measured at the interaction point by the common CCD camera. The
incident beams are expanded by the telescope install in front of the CCD
camera due to the small size of images captured at the focal spot.

The x-y projection of the creation and inducing beams are shown in Fig.31.
The spot size of them are defined as well as in the case of determining the
beam diameter of them. The common mean values of the 2D gauss function
ftz and f1,, are assigned to the beam profiles of the creation and the inducing
lasers.

The measured spot diameters of the creation and inducing lasers are 20.9+
0.1 gm and 23.1 0.1 um, respectively. A ideal spot diameter of a coherent
Gaussian beam d; is evaluated as

ANf
ds = T (55)
From Eq.(55), the spot diameters of the creation and inducing lasers are
evaluated as 10pum and 12um, respectively. The measured spot diameters
are broadened compared with the ideal values due to the incoherence of the
beams come from their intrinsic properties and the effect of optical materials.

The beam energy overlapping factor

n =087 (56)

is evaluated by integrating the counts in the beam profiles of the inducing
laser over the area that the spot of the creation laser covers.
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Figure 31. The beam profiles of the creation (left) and inducing (right) lasers at the focal
spot
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Figure 33. The beam profile of the inducing laser at the focal spot
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5.3 Beam energies

The beam energies of the creation and inducing lasers are monitored by
photo diodes PD1 and PD2, respectively.

The beam energy of the creation laser are calibrated by the charge sum of
waveform data from PD1. The energy of the inducing laser are calibrated
by the peak voltage of waveforms from PD2, because the charge sum is not
sensitive to in the case of the inducing laser duo to its long time duration.

The beam energies are measured by a power meter at a backward of the
beam aperture on each beam line. The waveforms of photo diodes and the
beam energies measured by the power meter are recorded in parallel by
changing the beam energies with inserting optical filters.

Pulse Energy [uJ]
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Figure 34. The correlation between the charge sum and the pulse energy of the creation
laser is shown in the left panel. The correlation between the peak voltage and the pulse
energy of the inducing laser is shown in the right panel. They are fitted by the linear
functions drawn by the red lines.

The charge distribution of the creation laser and the peak voltage distri-
bution of the inducing laser are shown at left and right panels in Fig. 35,
respectively. The mean of the charge distribution of the creation laser is
5.31 £0.78 x 1072 C and the mean of the peak voltage distribution of the
inducing laser is —0.34 & 0.01 V. The pulse energies at the sampling points
are evaluate by extrapolate the mean values to the linear functions drawn
in Fig. 34.

The pulse energies of the creation and inducing lasers at the sampling
points are £ = 44.6 = 5.9 pJ and Ef = 617.4 £ 3.5 uJ, respectively.

However, the beam energies attenuate by propagating from the sampling
points to the focal spot. The attenuation factors are evaluated by measuring
the beam energies at the sampling points and the focal spot with the power
meter after the physics run. The measured attenuation factor of the creation
laser is k. = 0.21, and that of the inducing laser is k. = 0.19. The pulse
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energies of the creation and inducing lasers at the focal spot E. and E; are
evaluate as follows:

E. = kAE.=93£12ul,

*
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Charge [C] Peak Voltage [-V]

Figure 35. The charge distribution of the creation laser (left) and the peak voltage
distribution of the inducing laser (right).
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5.4 The pulse duration of the creation laser

The pulse duration of the creation laser 7. is measured by using the autocor-
relation method. Figure 36 illustrates the measurement setup. The creation
laser are split by a beam splitter (BS). The two beams travel the different
optical length and the split beams are combined by BS again.

The combined pulse is composed of the two pulses which have a tiny
amount of time difference due to their different optical lengths. The relative
time delay between two pulses are adjustable by sliding the linear transition
stage.

The combined beam enters a BBO (BaByO,) crystal and converts into the
second harmonic wave (A = 400 nm). The intensity of the second harmonic
wave depends on the number of time-coincidental photons in the combined
pulse. Therefore, the time duration of the laser pulse are evaluated by
measuring correlation between a time delay and the intensity of the second
harmonic wave.

The intensity of the second harmonic wave are measured by the PMT. The
optical filters transmit 380-430nm wavelength photons are placed in front of
the PMT. The pulse duration of the creation laser 7. is evaluated as

A
.= 2L (58)

«

where A7 is the time duration of the autocorrelated signal shown in Fig.36,
and « is the autocorrelation factor.

AT is defined as AT = 2AL /¢, where AL = 0.2 mm is the full width at half
maximum of the fitting gauss function of the autocorrelated signal shown in
Fig.37. The autocorrelation factor a = /2 is assigned with the assumption
that the time structure of the laser pulses follow a Gaussian distribution.
From Eq.(58), the pulse duration of the creation laser 7. is given as

7. = 900 fm. (59)
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Figure 36. The setup to measure the pulse duration of the creation laser via the autocor-
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5.5 The energy spectrum of the creation laser

The energy spectrum of the creation laser is measured in front of the focal
spot by a spectrum analyzer. The measured wavelength distribution are
shown in Fig.38. The effective spectrum width of the creation laser dw, is
defined as

1 he
2ed\,’
where h is the Planck constant, c is the velocity of light, e is the elementary
charge. 6\, = 3 nm is defined as the root mean square of the wavelength
distribution shown in Fig.38. The spectrum width of the creation laser is
evaluated from Eq.(60) as

dw, [eV] = (60)

dw, ~ 0.005 eV (61)
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Figure 38. The wavelength spectrum of the creation laser.
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5.6 Signal attenuation factor

The signal attenuation factor from the focal spot to the end of the long
optical fiber, €,p2 is measured. This attenuation factor is composed of the
transmittance of optical devices and the signal acceptance of the PMT.

The intensities of the {2}-polarized calibration light at in front of the
vacuum chamber and at the PMT are measured in parallel. The calibration
light are split by the BS and the energy at in front of the vacuum chamber
is measured by a photo-multiplier-tube (PMT") which is the same model of
the PMT used as the signal detector.

€opt2 1s evaluate from following equation,

Npumr

RattReD7 (62)

€opt2 =
PMT

where Npyr is the mean number of the incident photons per pulse measured
at the signal detection point by PMT and Npyrv is measured at in front of
vacuum chamber by PMT’, R, is the attenuation factor from the sampling
point to the focal spot, and R, is the ratio of detection efficiency of PMT
and PMT".

The measurement values of Npyr and Npy are

Npmr = 2.0940.01, (63)
Npmr = (4.1740.20) x 10% (64)

R.y = 0.26 + 0.06 is measured at the sampling point and the focal spot
by PMT’ after physics run.

R, = 0.45%0.01 is also measured when the detection efficiency of PMT
are measured.

As a result, eqpio is given as

€optz = 0.9 £ 0.2 %. (65)

5.7 Efficiency ratio between two optical fiber
paths

€opt1, the signal attenuation factor for Path{1}, is evaluated from the ratio
of path efficiencies B, where

B = Coptl . (66)

€opt2
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B is measured by rotating the polarization angle © of the calibration light
with the half wave plate, and counting the number of photons in 7{1} and
T{2}.

The © dependences of the number of {1} and {2}- polarized photons are
plotted in Fig 39.
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Figure 39. The number of {1} and {2}-polarized photons as a function of the linear
polarized angle ©.

The data points for each polarization state are fitted by following function,

f(©) = A(cos20 + ¢) + C, (67)

where A is the amplitude, ¢ is the phase, and C is the constant. B is re-
expressed as B = Ay /A{g}, where Ay and Ay are the amplitudes of the
fitting functions of {1} and {2}-polarized data, respectively. From Fig.39,

B =0.51+0.01 (68)

is given and
€Eoptl = Bﬁoptg =0.5+0.1 % (69)

is obtained.
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6 Results

6.1 Observed photon counts in vacuum

The physics run search for scalar and pseudoscalar fields was performed at
2.3 x 1072 Pa. The time distributions of observed photons are shown in
Fig.40.
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Figure 40. The time distributions of the observed photons (efficiency-uncorrected) at
2.3 x 1072 Pa [47]. The data points in each trigger pattern are normalized to the number
of triggered events of S trigger pattern.

From Tab.2, it is confirmed that no four-wave mixing photon is observed in
vacuum. Furthermore, residual photons in the creation and inducing lasers
are also not observed at the detection point.

The number of the four-wave mixing photons are evaluated with following
strategy. It is assumed that the number of observed photon n; for each
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Table 2: The numbers of observed photons in T{1} and T{2} for each trigger pattern.
n;1 and n;e are the number of signals in trigger pattern ¢ with {1} and {2}-polarized
states, respectively. W; is the number of events in trigger pattern i.

Trigger ¢ n;1  nyo W;
S 0 0 46120
C 0 0 46203
I 0 0.07 46044
P 0 1.53 46169

trigger pattern ¢ are composed of following components

ng = Np+ Nc+ N;+ Ng, (70)
nce = Np+ Ng, (71)
n; = Np+ Ny, (72)
np = Np, (73)

with an assumption that the observed photons at P-pattern np are comes
from thermal noises from the PMT and ambient noises such as cosmic rays
(Np). All trigger patterns should contain Np by considering the event
weights of the four trigger patterns. No and N; are come from the residual
photons in the creation and inducing lasers, respectively. They furthermore
contains the photons produced by nonlinear interactions at optical materials
or gas when the creation or inducing laser is incident, individually. Ng is
the number of signal photons originating from the four-wave mixing process.
This should appears at S-pattern.
Ny is evaluate from Eq.(73), as follows:

W. %4 W.
Ng = ng— WinP - Wz(nc - nP) - _f(nl - nP)
W, W. W
= ng——sn(;— —Sn1+—snp. (74)

We Wi Wp

The time distribution of Ng is shown in Fig.41. It is obtained by sub-
tractions among the time distributions of the four-trigger patterns shown in
Fig.40 based on the relation in Eq.(74). Figure 41 indicates that no excess
is shown in time domains T{1} and T{2}. It means the four-wave mixing
signals are not observed in this search.
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Figure 41. The time distribution of the number of signal photons Ng (efficiency-
uncorrected) at 2.3 x 1072 Pa.

As a result, the number of observed signal photons with {1} and {2}-
polarized states are obtained as follows:

Ng; = 0=£0(stat.) & 2.16(syst.I) + 0.30(syst.II) £ O(syst.1II),
Ngo = 1.46 £ 1.27(stat.) £ 2.16(syst.I) £ 0.04(syst.I) £ 3.59(syst.I).
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6.2 Systematic errors

Systematic error I is come from the number of the photons outside of the
two arrival time domains T{1} and T{2}. This is evaluated by calculating
the root mean square of Ng except in T'{1} and T{2}.

Systematic error II is originating from the ambiguity of the number of
signals depends on the uncertainty of the threshold value V; for the peak
finding. It is estimated by changing V; from —1.2 mV to —1.4 mV.

Systematic error III is relevant to the ambiguities of threshold value n,04c
for the rejection of noisy events shown in Fig.16.

The number of signals by changing V; and n,.q. are listed in Tab.3. V
and npoqe are changed independently. When estimate syst.I, n,oq40 is fixed
to 150. In the case of syst.Il estimation, V; is fixed to -1.3 mV.

Table 3: The data table of Ng; and Ngo depends on V; and nyode.

Vi [mV] Nsi Ngo | nnode Nsi Nago

-1.2 0.52 1.46 145 0 -4.75
-1.3 0 1.46 150 0 1.46
-1.4 0 1.53 155 0 1.46

It is assumed that uncertainties of Ng; and Ng, originating from the am-
biguities of V; and n,4. are based on uniform distributions. Here syst.Il and
syst.IIl are defined as the standard deviation of uniform distributions.
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7 Background Estimation

7.1 Four-wave mixing process in residual gas

The four-wave mixing photons can be emitted from the focal volume by
interaction between high intensity lasers and residual gas into the vacuum
chamber.

The four-wave mixing process by interacting with atoms is interpreted as
the third-order nonlinear quantum optical process[41, 42]. Tt is considerable
background source since it can be the main background component at higher
intensity laser experiments in the future.

In this experiment, the expected number of the four-wave mixing photons
from gas are estimated by measuring its pressure dependence. The number
of the four-wave mixing photons in gas are evaluated with similar analysis
method at the vacuum condition.

Figure 42 shows the pressure dependence of the number of the four-wave
mixing photons. The black and red data points indicate {1} and {2}-
polarized photons, respectively, and they are fitted by the quadratic func-
tions.

The expected number of the four-wave mixing photons with the same shot
statistics as the vacuum data at 2.3 x 1072 Pa (an equivalent condition to
the vacuum data) are estimated as

Negagt = 1L.7E 1.1 x 1077,
Ngasg = 1.7E 1.1 x 1077, (75)

where Ngae1 and Ny are the number of {1} and {2}-polarized photons (
efficiency-corrected), respectively. Thus the number of the four-wave mix-
ing photons emitted from residual gas are negligible small in this search
experiment.
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Figure 42. The pressure dependence of the number of four-wave mixing photons per pulse
[47].

The correlations between the energies of the incident lasers and the number
of the four-wave mixing photons in gas are also measured. The beam energies
of the creation and inducing lasers are changed independently by inserting
optical filters on each beam line. The energies of the creation and inducing
lasers dependences are shown in Fig.43 and Fig.44, respectively.
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Figure 43. The correlations between the pulse energy of the creation laser F. and the
number of the four-wave mixing photons in gas Npww fitted by the quadratic function.
The vertical axis is scaled by F; and the numerical values are notated in arbitrary unit.
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Figure 44. The correlations between the pulse energy of the inducing laser E; and Npwnm
fitted by the linear function. The vertical axis is scaled by E. and the numerical values
are notated in arbitrary unit.

74



In addition, the number of the four-wave mixing photons Ngwn divided by
E.2E; at the different beam energies conditions are plotted in Fig.45. They
become constant among the different beam energies conditions. It agrees
with the intensity dependence of the four-wave mixing photons I, o< I;%],
shown in Eq.(35).
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Figure 45. Npww/E?/E; at the different beam energies conditions fitted by constant.
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7.2 Photon-photon scattering by nonlinear
QED effect

The QED (Quantum Electro Dynamics) predicts photon-photon interaction
by the contribution of the electron loop originating from the nonlinear quan-
tum effect of vacuum (Fig.46). The background photons can be produced
via this process in QPS. The cross section of photon-photon scattering in
the QED process is expressed as

973 5 o ( Tiems
- 76
7QED = 01257 e (mec2) ’ (76)

where o ~ 1/137 is the fine-structure constant, v, ~ 2.8 x 1073 cm is
the classical electron radius, wey is the photon energy in the center-of-mass
system, and m, ~ 0.5 MeV is the electron mass .

i Y

g y

Figure 46. The Feynman diagram of the photon-photon scattering via nonlinear QED
process.

We now roughly estimate the order of ogrp with w = 0.1 eV,
OQED ™~ 10_75 Hl2. (77)

The luminosity L of the photon-photon scattering in QPS including the
inducing photons per shot are expressed simply as

N2N; . 9

= 2rIV2 sin A7, (78)
where N, ~ 10 and N; ~ 10' are the number of photons in the pulse of

the creation and inducing lasers, respectively, Wy ~ 10 pum is the focal spot

radius, and AY = d/2f ~ 0.1.
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L is evaluated as
L~ 10" m™2. (79)

The number of the photon-photon scattering processes expected with
whole shot statistics in this experiment are expressed as

Nqep = 0qep LW, (80)

where Wg ~ 50000 is the number of S-triggered events.
Nqgp is roughly estimated as

Nggp ~ 1072, (81)

We note that these calculation overestimates the scattering rate, since
we now assume that all inducing photons contribute to the inducing effect.
A rigorous derivation of the photon-photon scattering rate by the QED
process in the QPS geometry can be evaluated by taking the phase matching
between the creation and inducing photons into account. We overestimate
the scattering rate, nevertheless, it is negligible small in this experimental
condition. Therefore, the background signals originating from the nonlinear
QED process are no less negligible in this experiment.
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8 Exclusion limits for scalar and
pseudoscalar fields

8.1 Coupling - mass relations

The coupling-mass relations of scalar and pseudoscalar fields are evaluated
from Eq.(31). The efficiency-corrected number of {1}-polarized photons Ng;
and that of {2}-polarized photons Ngp are evaluated with the experiment
parameters as

N, N,
NSIZ L ) NSZZ 2

€opt1€D €opt2€D

(82)

The upper limits of the signal yields per shot in the case of scalar and pseudo
scalar fields exchange at a 95% confidence level are evaluated as

Y - 2.240Ngo Y 2.240Ng, | (83)
€opt2€pWs €opt1€pWs
respectively.

We now assume the true number of signal yield is 0, since no significant
signal is observed and the expected number of backgrounds are negligible.
Therefore, the number of observed signals should follows the Poisson distri-
bution whose mean is 0. §Ng; and dNgo are defined as the standard devia-
tions of the Poisson distributions and they are evaluated from the quadratic
sum of the statistical and systematic errors of Ng; and Ngo, respectively.
The upper limits of the searched mass ranges of both fields are given as

m < 2wsin A ~ QW% =0.15 eV. (84)

The exclusion limits for scalar and pseudoscalar fields obtained from this
experiment are shown in Fig.47 and Fig.48, respectively.
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Figure 47. Exclusion limits for scalar fields (¢) in ¢-photon coupling (g/M) as a function
of mass of ¢ (my) [47]. The excluded region at a 95% confidence level obtained from
this experiment is drawn by the red shaded area. The magenta shaded area shows the
excluded region by previous search in QPS [48], which is renewed from the black dotted
line obtained from Ref.[48] by taking the incident-plane-rotation factor G into account.
The blue shaded area represents the excluded region for scalar fields by light shining
through a wall experiment " ALPS” [32] ( the sine function part of the sensitivity curve
is simplified to unity for drawing purposes at the mass region above 10~3eV, ). The
green shaded areas indicate the limits given by non-Newtonian force searches by torsion
balance experiments ”Irvine” [49], ”Eto-wash” [50, 51], ”Stanford1” [11], ”Stanford2” [§]
and Casimir force measurement ”Lamoreaux”[9].
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Figure 48. Exclusion limits for pseudoscalar fields (o) in o-photon coupling (g/M) as a
function of mass of o (m,) [47]. The blue shaded area shows the excluded region by the
pseudoscalar search, ” ALPS”. The green and gray solid line show the exclusion limits from
the solar axion experiments ” Tokyo Axion Helioscope” [21, 22, 23] and ?CAST” [25, 26, 27]
, respectively. The black shaded area represents the result from the dark matter axion
search using a microwave cavity ”ADMX?” [33, 34]. The cyan band indicates the expected
coupling-mass relation of QCD axion predicted by KSVZ model[36, 37] with |E/N —1.95]
in the range 0.07-7, furthermore, in the case of E/N = 0 is shown by the black dotted
line.

80



8.2 Data table of experimental parameters

The experimental parameters are summarized in Tab.4. G% and GP® repre-
sent G in the case of scalar and pseudoscalar fields exchange, respectively.
The evaluation of G is discussed in Appendix A of this thesis.

5 0s and Fis o denote Fg in the case of scalar and pseudoscalar fields
exchange, respectively. See the detail in Appendix B of this thesis.

The center of the wavelength of the inducing laser )\;, the line width of
the inducing laser dwy, and the pulse duration of the inducing laser 7; are
referred from the values published by Spectra Physics.

The energy of the inducing laser per 7; is evaluated as E; = nE}, where n =
0.87 is the overlapping factor given from section 5.2, and F = 117.4+0.7 pJ
is obtained from Eq.(57).

The single-photon detection efficiency at 641nm is evaluated as ep = &e,
where £ = 0.67 is the relative quantum efficiency between 532nm and 641nm
lights provided by HAMAMATSU, and €}, = 2.4 + 0.1 % is given from
Eq.(49).
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Table 4: Data table of experimental parameters.

Parameters Values
Center of wavelength of creation laser A, 800 nm
Relative line width of creation laser (dw/{(w)) 3.8 x 1073
Center of wavelength of inducing laser \; 1064 nm
Relative line width of inducing laser (dws/{wy4)) 5.0 x 1075
Duration time of creation laser pulse per injection 7, 900 fs
Duration time of inducing laser pulse per injection 7; 9 ns
Creation laser energy per 7. 93 £1.2uJ
Inducing laser energy per 7; 100 £ 1 wd
Focal length f 200 mm
Beam diameter of laser beams d 20 mm
Upper mass range given by 6 < Af 0.15 eV
U= wy/w 0.75
Incident plane rotation factor G 3$=19/32
Gr3—1/2

Axially asysmmetric factor Fg $720=19.4
Fi512=19.2

Combinatorial factor in luminosity Ci,; 1/2
Single-photon detection efficiency at 641nm ep 1.4+£01 %
Efficiency of optical path from interaction point to path{1} e;pt1 0.5 £ 0.1 %
Efficiency of optical path from interaction point to path{2} €;pt2 0.9 £ 0.2 %
5Ng1 2.2
0Ng2 4.4
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9 Conclusion

The search for scalar and psudoscalar fields via the quasi parallel colliding
system (QPS) was performed by combining a 9.3 J /0.9 ps Ti-Sapphire laser
and 100 pJ/9 ns Nd:YAG laser at 2.3 x 1072 Pa.

The number of {1} and {2}-polarized signal-like photons are Ng; = 0 +
O(stat.)£2.16(syst.I1)20.30(syst.II)£0(syst.I) and Ngo = 1.46+1.27(stat.)+
2.16(syst.I) & 0.04(syst.II) & 3.59(syst.III), respectively.

As a result, no significant signal was observed and the exclusion limits
for scalar and psudoscalar fields were obtained at a 95% confidence level
below 0.15 eV mass range. The most sensitive coupling limits g/M = 2.05 x
10~* GeV ™! for scalar search and g/M = 2.12x10~* GeV " for pseudoscalar
search are obtained at m = 0.15 eV.

The pressure dependences of the four-wave mixing photons emitted from
residual gas in the vacuum chamber were measured. The expected number
of {1} and {2}-polarized photon per shot are Ny = 1.7+ 1.1 x 1077, and
Ngaso = 1.7+ 1.1 x 107° at 2.3 x 1072 Pa.

The experimental methods developed in this thesis can be applicable to
the future experiments with higher intensity lasers.
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10 Future prospects

Here prospects for the future experiments with higher intensity lasers are
discussed. There are several issues which can be considerable in the condi-
tions using higher intensity lasers.

e How to suppress the number of background signals and how to estimate
the number of them?

The four-wave mixing photons from gas are negligible in this experi-
ment. However, the finite number of background signals can be ob-
served in higher intensity laser fields. They can be suppressed by
achieving a higher vacuum pressure since the background signals have
the quadratic dependence of the pressure as shown in Fig.42.

If we use 1PW (10'® W) lasers in the future experiments, the vacuum
pressure 10710 Pa are necessary to suppress the four-wave mixing pho-
ton in gas less than 1 photon per shot. Achieving 10'°Pa is not easy
since a large volume of vacuum components, for example, a vacuum
chamber and beam transporting pipes, are used in high intensity laser
systems. The reasonable solution is introducing the differential pump-
ing system near the focal spot.

In the high vacuum pressure, the quadratic pressure dependence of
background signals can no be assured since the partial pressure should
no be similar to that of near an atmospheric pressure. Therefore, the
number of background signals should be estimated by considering what
atoms dominate the measured pressure, and how many background
photons expected to be emitted from them.

Furthermore, the four-wave mixing photons emitted from optical com-
ponents are also considerable. The material which through the intense
laser can be main background sources. Thus, they should not be placed
before signals are separated from incident lasers. For example, beam
focusing should be done by not a convex lens but a parabolic mirror.

e How much sensitivity can future experiments reach?
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Figure 49. The expected sensitivities obtained by future experiments.

An upgraded experiment is developing with 10TW laser at Kyoto uni-
versity and 10PW laser at ELI-NP (Extreme Light Infrastructure -
Nuclear Physics) [52], which is being constructed in Romania and it
will run from 2018. The expected sensitivities are shown in Fig.49.
The purple line is expected sensitivity by Kyoto 10TW experiment and
it will reach to QCD axion line at sub-eV mass region. The green line
indicates the expected sensitivity in ELI-NP. The sensitivity by ELI-
NP experiment will not reach to the gravitational coupling. Therefore,
an extremely higher intensity lasers are required for the dilaton search.

Here the worldwide laser community IZEST (International center on
Zette-Exawatt Science and Technology) [53] is introduced. This is as-
sociated from more than 30 institutions including Kyoto university and
ELI-NP to develop the extremely high intensity lasers and contribut-
ing to fundamental physics research. The dark field search experiment
via QPS is positioned as one of the important researches in [ZEST
community. Therefore, the dilaton search will become factual in the
future.
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Appendix A: Incident plane ro-
tation factor ¢

The relations of the linear polarization states between the initial and final
state photons can be written as

w{l} + w{l} = ws{1} + wy{1},
w{l} + w{1} = w3{2} + ws{2}, (85)

or

w{1} + w{2} = w3{1} + ws{2},
w{1} + w{2} = ws{2} + ws{1}. (86)

Equations(85) and (86) correspond to the case of scalar and pseudoscalar
fields exchange, respectively. We note that these descriptions can be applied
when all photons are on the same reaction plane. However, in the focused
geometry in QPS, the theoretical incident polarization plane consists of the
incident photon pair p; and ps has a rotational degree of freedom. Therefore,
if we fix the polarization vector of the incident laser to {1} or {2}, the
theoretical polarization vectors (1) and (2) are defined independently. As
a result, the focusing QPS has the sensitivity for scalar and pseudoscalar
fields, simultaneously, even we fix the polarization vectors of the incident
photons to {1} or {2}.

The outgoing p3 —p4 plane also has the rotation degree of freedom with the
rotation angle ¢ independent of the rotation of the incident p; — po plane.

To evaluate the signal yields of scalar and pseudoscalar fields in the focused
QPS, a weighted averaging factor G over the rotation angle of the incident
plane ® is introduced.
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Figure 50. The definitions of polarization vectors and rotation angles in QPS [47].

First of all, the s-channel scattering amplitude is expressed as
u Ved
(p1 + p2)? +m?’
where S = abced with a,b,c,d = 1 or 2, respectively, denotes a sequence of
polarization states of four photons.
The ®-dependent squared transition amplitude should be averaged over

the possible rotation angle from 0 to 2. Thus, we define the incident plane
rotation factor as follows:

Ms = —(gM™)? (87)

21
G, = Do Vo (@)Fd®
T vile = 0)zae

The vertex factors for the scalar fields exchange (SC) are expressed as

(83)

VI = (p1p) (V) — (preS?) (pael”),

VEBC — (papa) (e”el®) — (psel) (pacs?). (89)

In the pseudoscalar fields exchange (PS),

S vpo a
VE}P = —"” pluprelu( )620(b)a
S vpo c
V(El]P = _Eu ’ p3up4p631/( )€4U(d)’ (90)
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where € is the Levi-Civita tensor.
The momenta and polarization vectors of four photons are expressed as
follows:

etV = (0,1,0),
e?) (—cos?,0,sin ),
e (—cos ¥, 0, —sin ),
egf) (—cosfs,0,sinbs),
ef) = (—cosfy,0,—sinby),
2} (wsin¥ cos @, —w sin ¥ sin @, w cos ),
pe = (—wsindcos P, wsindsin P, w cos V),
ps = (wssinbscos @, —wssinfssin @, ws cos bs),
D4 (—wy sin 04 cos @, wy sin Oy sin , wy cos Oy). (92)

We evaluate the first vertex factor in case of ab = 11 for the scalar exchange
as

VIS = (o) (ee5”) = (maes”) (e
w?(cos 20 — 1 + sin?(¥) sin? @) ~ w?¥?(2 — sin? @),  (93)

where the approximation is based on ¥ ~ ¢, < 1.
In the case of ab = 12 for the pseudoscalar exchange,
V[l PS = —€“Vpop1pp2p61y(1)6za(2)
= —2w?sin®9 cos ®. (94)

We obtain the incident plane rotation factor in case of scalar exchange as

so  JTT(2—sin?@)%dd 19

= = —, 95
In the case of the pseudoscalar exchange, we obtain
2w
ps _ Jo (cos®p)dp 1 (96)

1z 8 2
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Appendix B: Axially asymmet-
ric factor Fg

The outgoing ps — p4 plane has the rotation degree of freedom as well as the
incident p; — pe plane. From Eq.(89), the second vertex factor in case of cd
= 22 for the scalar exchange is given as

V™ = (o) (657€l) — (psel”) (paes”)
= wawy{cos (B3 + 04)(cos (B3 + 04) — 1) + (1 + cos® ) sin s sin 0, cos O3 cos O3
+  (sin” 3 cos® 04 + sin® 0, cos® B3) cos p}. (97)

For a small 9, the approximations sin s ~ vR¢ and sindy ~ 1 / VR are
used with R = sinf3/sin 0y = wy/ws.
Then, cos (03 + 0,) is rewritten as
cos (B + 0)) ~ 1 — 9*(1 + R), (98)
with .
R = 5(7z+7z—1). (99)

Equation (97) is approximated as

V[Q]SC wsws??{cos® o + (2cos p — R} = wsws* F(0). (100)

The axially asymmetric factor Fg for the scalar exchange case are defined
as

2w
3 . .

In the case of pseudoscalar exchange, the second vertex factor at c¢d = 12
are evaluated as

Vlz]PS = _Euypgp3up4p63y(1)640'(2)
= —waws{cosb,(— cos b3 + cosb,) + sin f4(sin O, + sin b3 cos p)
~ w2 R+ (R4 1) cos p} = —wiwii?G(y), (102)
with )
R=3(R-R"). (103)
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As a result, the axially asymmetric factor for the pseudoscalar exchange
is given as
2m

.1
Fihe = G?(p)dp ~ 21 (72 + 5(7&*1 + 1)2) . (104)
0
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Appendix C: The effect of finite
spectrum widths of the creation
and the inducing lasers

The description of the vy — ¢/0 — 7 process in QPS are based on the
condition that the incident photon pair have the same photon energy w and
the same incident angle ¥). However, the incident photons have the energy
uncertainties due to the finite spectrum width of the creation laser. There-
fore, the energy-asymmetric collisions of the incident photon pairs should be
considered when evaluate the signal yield.

Here the energy conservation is introduced again.

w + w—(2—-uw+uw
=w + w—wst+ws (105)

The finite spectrum widths of the creation and inducing lasers give the
uncertainty of v as u < u < u. As a result, the signal photon also has the
finite spectrum width.

We now introduce the following notations for the photon energies as

w = (w)+ow
w3y = <W3> + 5(4}3
Wy = <W4> + (5&)4 (106)

where (w), (ws), and (w,) are the average of the energies of the creation,
signal, and inducing photons, respectively, and dw, dws, and dw, are their
energy fluctuations. dw and dw, are given by the spectrum width of the
creation and inducing lasers, respectively. These notations are based on the
practical laboratory frame, referred to as L-system, with different incident
photon energies w; and wy and corresponding incident angles vy and vs.
To apply the ideal description that the incident photon pair have the same
incident photon energy and incident angle, referred to as (L)-system, the
following notations are introduced.

w = (w)
w3 = <CU3> + ACU3
wy = (wy) = Awy (107)



In the (L)-system, ¢, is effectively invisible by operating the transverse
Lorentz boost. Aws and Aw, include not only dws and dw, but also the
energy uncertainties originating from absorbing dw by transition from L-
system to (L)-system. The energy and the transverse momentum of the
incident photons w and pr have relations between L-system and (L)-system

as follows:
<;1T ) :”( T > ( (w)&?nﬁ)’
(o )= 77 ) (edian ). (108

where ( is the relative velocity with respect to the velocity of light ¢ and
v = (1—?)""2. From Eq.(108), w; and w, are expressed as

wp = Y{(w)(1 — Bsindd) = (w) — dw = (w) (1 — or),

wy = Y{w)(1 + Bsind) = (w) + dw = (w) (1 + or), (109)
where 07 = dw/(w) is the relative line width with respect to the mean energy
of the creation laser.

[ for w; and wy satisfies the following equations with introducing the
notation 5; and s corresponds to w; and ws, respectively with or < 1.

(1 +sin®9 — 267)37 — 2sindp; + 267 = 0,
(1 + sin® 9 + 207)3; + 2sin 9B, — 267 = 0. (110)

In the case of 1, the following solution is given with ¥ < 1.

 9++VD )
where
D ~ 9% — (1 + 9% — 267)20r ~ 9 — 267 (112)
The constraint of D > 0 gives
20r < 02, (113)

If this is satisfied, VD ~ (9% — 207)"/% ~ ¥ — 67 /0 with 6r < 1 gives
r— or
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As a result, f14 are expressed as

or or

— 2 _ ~ —_

Bie ~ (1 —09%+26r) (20 ﬁ> 20 - .
Bio ~ (1—0%+26r) (%) ~ % >0, (115)

where 1, is not acceptable because the limit of r — 0 indicates g = 0.
[ is similarly obtained as

Boyr ~ (1492 +267) (%) N(S—T>0,

W
Boo ~ (1492 +26r) (—219 — %) ~ =20 — %, (116)

where (35_ is not acceptable because the limit of r — 0 indicates § = 0 as
well as [4.
As a result, § is given as

or

BB =Por =5 (117)

By substituting dr in Eq.(117) into Eq.(113), the range of 3 is expressed as
v

B<s (118)

Among ¥ within A9, ¥, is effectively enhanced based on the Breit-Wigner
distribution in the averaging process of the square of the invariant scattering
amplitude around Ecys = 2sind,.(w). Therefore, for a given mass m ~
2(w)¥, with ¥, < 1, the effective physical limit on f is expressed as

or 9,

=g <5 (119)

On the other hand, the full line width of a creation laser Ar = dwg/(w) is
intrinsically determined. Therefore, the maximum range of § is given as

O<B<6cz%. (120)

If 5. is smaller than (., the upper limit of (3, is constrained as (., < f.
duo to the instrumental limit of the spectrum width of the creation laser.
Therefore smaller (3, either (5. or 3, has to be chosen.
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The range of u originating from the spectrum width of the creation laser
in the (L)-system is notated as u, < u < %,.. u, and %, are evaluated as

Uw) ~ Lyu(w)yy(1+ pY) =l uw(w) min{y.(1 + Ar), (1+ %193)}

ufw) ~ Lu{w)y(l = BY) = lufw) min{ye(1 — Ar), (1= 597)}
(121)

where [; represents the process to choose a wy within the relative line width
of the inducing laser with [;»+ = 1 &+ dwy/{ws), 7. and ~; are defined as
Y. = (1—$%)7Y2 and v, = (1 — B2)~1/2 respectively, and min{ A, B} requires
to choose smaller one between A and B.

The effective spectrum width of the inducing laser broadens by absorbing
that of the creation laser in (L)-system. We introduce a following notation as
including the effect of the spectrum widths of the creation and the inducing
lasers

wess = Lliu{w), (122)

where [, = 1 £ du./u with du. = (4. — u.)/2. The inclusive uncertainty on
wy in the (L)-system is evaluated as

ow 2 ow 2 Sy 2 Su, \ 2
2 _ [ == 27 TH<A> 21 20,02 | [ 224 c
5w<4>_(ali>5ll+( alc)élc u*(w) [(u>+(u) )

(123)

The inclusive uncertainty on u is given as

Sttine = &ZSD - U\/<5uﬂ)2 + (5;‘6)2. (124)

The upper and lower limits of u is obtained as

U+ 5uinc7
U — OUipc, (125)

S
|

respectively.
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Appendix D: Evaluation of the
signal yield in QPS

The signal yield Y in QPS is evaluated as following policy.
Y = D[s/L’|Z[L7/s], (126)

where D is the time-integrated density and X is the interaction volume per
unit time.

From Eq.(2.5) of Ref.[39], the differential cross section per solid angle of
the signal photon is expressed as

dJ 1 2 . 19_4 (W3>2|M (19)|2 (127)

—— =|(— sin — .
dSs 8w 2w o

The output angle of the signal photon #3 fluctuates by the effect of the

spectrum width of the inducing laser dw,. The integrated cross section over

the range of 65 is expressed as

o(9) = Z3MsO)P /03 (ﬂfsmegd@g, (128)

~ (87w)?sin v 09, 2w

where 05 and 03 are the upper and lower limits of @3, respectively. The
interaction cross section into the interaction volume per unit time (1) is
denoted as

%(0) = K(9)a(v)

263 Fs| Mg(0)|? ( Ae )2 Su

(87T>2 2mwe Z [LS/S} (129)

where K (¥) is the relative velocity of incoming particle beams defined as

01 X 03)32

K@) =5 — e -

Ac is the wavelength of the creation laser, u = u — u. The averaged value
of 3(1)) over ¥ is expressed as

= 2csin? ¥, (130)
¢
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ol
I

/ " dp0)z(0)

B c]-'gx\zdu /2 9
= m/o dip(0)|Ms ()|

i (83) (57) 1)

Then, we evaluate the time-integrated density factor D based on the Gaus-
sian laser beam propagation. The density profile of an incident Gaussian
laser at the focal point z = 0 with the pulse duration time 7, propagating
over the focal length f along z-axis are expressed as

2N, 22 + 9 2\
————expq —2 e —| — , (132
Tw?(z) p{ w?(2) \/_CTC P T, (132)
where NN, is the number of creation photons per pulse.

The time-integrated density factor for the creation laser D, is expressed

as
Dc:/ dt/ dx/ dy/ dzpl2(z,y, z,1)
f/C

1 ZR _ f
= V@;;ﬂnuo2252_5'tan ! (;;;) [s/L%], (133)
where the time integration is performed during the pulse propagation from
z = —f to z = 0, since the photon-photon scattering never occurs after they
pass through the focal point.

The effect of the inducing laser beam under the practical experimental
condition is should be considered. The inducing effect is expected only
when the momentum of the one of the final state photon ps coincides with
a photon momentum included in the coherent state of the inducing beam.
When the final state of photons accept the inducing effect, it should satisfies
following resonance condition,

Ecyvs = m = 2wsind,. (134)

Therefore, py has to be expressed with the condition ¥ = ¢,. Then,
following relations are obtained with approximation ¢, < 1,

0, ~R7Y29, and 63 ~ RY?9,, (135)

pc(x7 y’ Z? t) =
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where )
sinfls  wy U

= = (136)

" osinfy,  ws 2—u

These relations indicate that the final state photons emitted as a ring-like
patterns.

Next, the overlapping between the ps and the fraction of photon momenta
in the inducing beam is discussed. The electric field distribution at z = 0 is
described as following expression,

2
Bz =0) = BB ep{-%uz+17)]

2 2
= Wy Wy ;2
=0 1

where the transverse wave vector component k% = k2 + kg is introduced.
The electric filed distribution of the inducing beam is expressed as

I
5
|
@]
e
o

= - Wy Woy (12
Ey(ky, ky; 2 =0) = Epy—— exp § ——— (k74) (138)
47 4
The acceptance factor A; is evaluated as
k1 2
Ai _ fkﬂ 27TkT4E4koT4 _ 6_%&@2 B e—%&EQ
fooo 27T]€T4Ezd/{7T4
wi, —— w2, k2 _ S
~ S = k)~ SR R
— (0N T—u (9
~2RV-R () =a——= (2 1
wom (L) e (L) o
with
kry = kysin@y ~ kR0, (140)

where kg and kr4 defined as the lower and upper values of kpy, the ap-

proximation woikrs < 1 and kg ~ ksR™Y/29, are applied in the first and
second lines, respectively, and
27Tw04 2 2

— 2 14
N A0 AG (141)

Woaky =
is substituted in the third line.
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Furthermore, the overlapping effect of pulse durations of the creation and
inducing lasers should be considered. This is because the inducing photons
contribute the enhancement effect have to coincide with the creation photons
at the time-dimension. When we simulate the pulse duration of the creation
laser 7, is shorter that that of the inducing laser 7;, the entire inducing effect

iS expressed as
’ T; ! uy AH T; v

The density factor including the inducing laser effect D..; is expressed as
follows:

Dc—i—i = CmecI
N2 1 1 z f 9.\ (.
= Chp——= — Ztan ()4 . =\ N;
P rTwel er, ¢ <2R> U(Ae) (Tz)
4 1 Te _1 7Td2 197" 2
= ———— | — ] tan
V 27T 02)\(37_0 T; 4 fAc AQ

Y 2o B N2N, (143)

X

uY

where Cy,, = 1/2 is the combinatorial factor originating from the combina-
tion of choosing two photons among frequency multimode states in creation
and inducing lasers.

The signal yield Y is finally expressed as

y = ,Z)c—&-ii

4 1 (7 [ wd? 9, \° T —u )

S S (L LowN2N,

Vo 2\ Te (TZ) an (4 f)\c) (AG) uu G N
W Fs\2ou (ﬁr> (g >2

X —

4y/m(4m)3 \AO) \ M
1 /\c Te f s -1 7Td2
~ —— (=) (2 (%) tan
64v/2m4 \c. ) \ i ) \d 4 fA.
(@ —u)? [ gmleV]\* [ m[eV]\® 5
FsCup NI N;, 144
“ Tgu ey ) vy ) WsCmlNe (144)
where the parameters specified with [eV] apply natural units.
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Appendix E: Scalar-tensor the-
ory and dilaton

Here physics backgrounds for the scalar-tensor theory and dilaton fields are
introduced by referring to Ref.[13]. The accelerating universe was discov-
ered by observations of redshifts of type Ia supernova. It is supposed that
unknown energy called dark energy expands the universe. In modern cos-
mology, the cosmological constant A is interpreted as the origin of dark
energy.

The cosmological constant A is appeared in Einstein field equations as
follows:

1 8
R,uu - §Rg;w + Ag;w = EGT}U/7 (145)

where R, is the Ricci tensor, R is the scalar curvature, g,, is the metric
tensor, G is the gravitational constant, and 7, is the stress-energy tensor. If
we assume the cosmological constant A as the vacuum energy, the theoretical
value of A is estimated as Ay, ~ Mp ~ 1 with Planck units ¢ = h = Mp = 1,

where Planck mass Mp = \/87;‘& = 2.43 x 10'® GeV. On the other hand,

the observation value of A is given as Agps ~ 10729, This unreasonable
deviation is called “cosmological constant problem”.

Scalar-tensor theory is the alternative gravitational theory which can solve
the cosmological constant problem. Scalar-tensor theory is propounded by
P.Jordan in 1955 to discuss about the time variability of the gravitational
constant (G. The first motivation is come from considering why gravitational
force is so weak compared to other forces. The time variability of G is
obtained by introducing scalar field ¢.

The Lagrangian is expressed as follows:

1 1
E =v—y <§§¢2R - Eeguya/iqsauqs + Lmatter - A) ) (146)

where £ is the dimensionless constant, € & 1, Lyaiter 1S the matter field La-
grangian. The time variability of G is expressed as £¢? = (87Geg) . How-
ever, the scale factor of universe a(t) = const is given from Eq.(147). This
means the universe is static, which is not consistent with the observations
of the expanding universe.

The physical frame which has the invariable G is obtained from the con-
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formal transformation of Eq.(147). The transformation satisfies

g*;u/ = Qgguua (]‘47)

where
Q* = ¢¢°, (148)
¢ =¢exp(Co), (149)

with (72 =6 + e£~!. Then Eq.(147) is converted as

1 1
L= V —Gx (§R* - §g*‘uu8“0'ay0' + L*matter - Aexp <_4<0>> : (150)

The transformed conformal frame is named “Einstein frame”. The invariable
G is expressed in the first term of right side. The Einstein frame has the
highly important aspects that

a=t"? (151)

2\ dt 16

where a is the scale factor of the universe and p, is the energy density of the
scalar field . The expansion of the universe is expressed in Eq.(151) and
the time dependence of it is consistent with the expected result.

Equation (152) gives t=2 dependence of As. Now we go back to the
cosmological constant problem. The age of universe tq = 1.37 x 10'° years
is expressed as t, ~ 10°° with Planck units. On the other hand, Ags oc t=2
is obtained from Eq.(152). As a result,

Aobs = Avacty? = Ayae x 10712 (153)

2
po= = (d—a)  Nexp (—4Co) = (22, (152)

is derived. Thus, the descriptions of the Einstein frame can be the solution
of the cosmological constant problem.

The Einstein frame seems to be having good agreement with our realistic
universe. However, the Einstein frame have the crucial problem that the
mass of particles m has the time variability. This property is come from
Linatter in Eq.(147). Here Lyagier is expressed as

1 1
Lmatter =v—g (_5.9“”8#1/}8111/} - §m2¢2> ) (154)

where 1) is the neutral scalar field. In the Einstein frame L, e 1S €xpressed
as

1 1
L*matter =V 0« (_ﬁgfu u¢*aV¢* - §m3¢3> ) (155)
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where m, has the time dependence with m, oc £, 172

To introduce the constant mass to the Einstein frame, the second term of
the right side in Eq.(154) is rewritten as

1
Loy = —5v/=gh*¢*¢?, (156)

where h is the dimensionless coupling constant. In the Einstein frame, Eq.
(157) is expressed as

1
Loy = =5v/=gem;v?, (157)

where m; = h*¢~'= const. The Einstein frame, finally, has consistency with
our realistic universe.

Our nature has chosen the Einstein frame as the specific conformal frame
in spite of the nature has the degree of freedom of what frame choose. It is
interpreted as the spontaneous breaking of the conformal symmetry. From
Eq.(149), o is regarded as the Nambu-Goldstone field called dilaton.

Dilaton has a nonzero mass duo to the self-energy. The mass of dilaton
m, is given by [39]

m2M2
my ~ — =~ (107 eV)?, (158)
P

where m, is a typical mass of the light quarks ~ MeV, My, ~ TeV is
the effective cutoff of the self-energy of dilaton relevant to the mass scale
of the supersymmetry-braking. This calculation is based on the one-loop
diagram of the light quarks and leptons couple to dilaton. When the two-
loop diagram of the o - Higgs coupling is taken into the account, m, ~
sub-eV is obtained.

The coupling constant for the o - photon coupling is expressed as [39]

g  (2a/3m)Z¢
M M (159)

where Z = 5 is the effective number of the fundamental charged particles
(the light quarks and leptons) in the loop, and £ is a constant of the order
unity. The magnitude of the coupling constant is roughly estimated to
g/M ~ 1072 eV ~ G1/2.
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Appendix F: Axion theory

Axion is the pseudoscalar NG boson as a result of the breaking of the Peccei-
Quinn (PQ) symmetry. Theoretical backgrounds of axion is introduced in
this section by referring to [54].

The PQ symmetry is the chiral symmetry introduced to solve the strong
CP problem. The QCD Lagrangian has the term violates the CP invariance
as [bD]

gg VI

Ly = HWF;‘ Fouw, (160)
where 6 is the phase parameter relevant to the chiral transformation, g, is
the coupling constant of the QCD, F}!* is the strength of the gluon field,
and [y, is its dual. 6 has a degree of freedom corresponds to the chiral
transition, however, its experimental value is constrained to f,,s < 1072 by
the measurements of the electric dipole moment of neutron. Why is 6,5 so
small is known as the strong CP problem.

To solve the strong CP problem, a global chiral symmetry U(1)p, is in-
troduced. As a result, Eq.(160) substitute for

Ly = (9+“N> Ge o i (161)
o v /) 32p2 ¢ T

where a indicates the axion field, v is the vacuum expectation value of the
Higgs field, and N is the model-dependent factor. a takes the following form.

a = (a) + aphys; (162)

where (a) is given by the minimum value of the potential of a, and aphys
is indicates the excitation of the potential. Therefore, apnys represents the
observable axion.
When the PQ symmetry breaks spontaneously to satisfy
a
(9 + <—>N> =0, (163)
v
the strong CP problem can be solved and axion appears as the NB boson.
The interaction Lagrangian coupling between two photons and axion in-
troduced in Eq.(14) is given again.

Sl
—Ly = gM 1ZFWF“ o. (164)

The original PQ model predicts that axion may also couple to the charged
particles directly and the mass scale of the PQ symmetry braking takes
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M ~ (\/§GF)_1/2 = vp, where G is the coupling constant of the weak
interactions. However, this prediction is excluded by the previous axion
search experiments, for example, Kt — 7 + a search at KEK [56] and
J/Y¥ — v+ a search at SLAC [57], where a represents axion.

From the previous experimental results, a “invisible axion” model with
M > vp has been advocated. Here the typical invisible axion model called
the “KSVZ model” [36, 37] is introduced. The KSVZ model predicts that
a scalar field o with M, > vp carries PQ charge and a superheavy quark
() plays a role as the only fields carry PQ charge with Mg ~ M,. As a
result, axion does not interact with leptons and it only interacts with the
light quarks via the strong and electromagnetic anomalies [55].

In the invisible axion model, the mass of axion is given as

 meF /Z 107 GeV
M, 1+=z2 M, ’

Mg (165)

=0.62 eV <

where m, = 135 MeV is the mass of 7y, F; = 93 MeV is the decay constant
of mg, z = Z—Z = 0.568 £0.042 with the masses of up quark and down quark,
m,, and my, respectively.

The coupling constant for the axion - photon coupling is expressed as

2
g e E
M T s, (N - 1-92) ’ (166)

with

E = 2) Qs(PQ);QiNy, (167)

where Q5(PQ); is the PQ charge of the fermions, @; is the electromagnetic
charge in unit of e, and V,; is the color degree of freedom. Thus the values
of N and F are the model-dependent because the number of species carry
the PQ charge depends on the model.
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Quasi-parallel photon—photon scattering by combining two-color laser fields is an approach to
producing resonant states of low-mass fields in the laboratory. In this system resonances can be
probed via the four-wave mixing process in the vacuum. A search for scalar and pseudoscalar
fields was performed by combining a 9.3 J/0.9 ps Ti-sapphire laser and a 100 nJ/9 ns Nd:YAG
laser. No significant signal of four-wave mixing was observed. We provide the upper limits on
the coupling—mass relation for scalar and pseudoscalar fields, respectively, at a 95% confidence
level in the mass region below 0.15eV.

Subject Index C15, C19, C23, C33, C41

1. Introduction

Uncovering the nature of dark energy and dark matter is one of the most crucial problems in modern
physics. Low-mass and weakly coupling fields predicted by theoretical models in cosmology and
particle physics can be candidates for such dark components. For instance, based on the scalar—tensor
theory with the cosmological constant A (STTA) [1], dark energy is interpreted as decaying A while
the universe becomes older due to the gravitational coupling between extremely light dilatons, a kind
of scalar field (¢), and matter fields. Observing the yy — ¢ — yy process with extremely high
intensity laser fields can be a method of searching for ¢ in the laboratory [2]. The same approach
can also be applied to searches for low-mass pseudoscalar fields (o), if the photon spin states are
properly chosen [3]. The axion [4,5], a pseudoscalar field associated with the breaking of Peccei—
Quinn symmetry [6], is a suitable candidate to which this method is directly applicable. The axion
is supposed to be one of the most reasonable candidates for cold dark matter [7,8]. Therefore, these
theoretical models strongly motivate us to search for such fields in the laboratory in general.

Axion searches via two-photon coupling processes have been performed by a number of experi-
ments, for example, solar axion searches [9-15], light shining through a wall [16—19], and the axion

© The Author(s) 2015. Published by Oxford University Press on behalf of the Physical Society of Japan.
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Fig. 1. Quasi-parallel colliding system by combining two-color laser fields [2], where d is the beam diameter,
f the focal length, and the incident angle ¥ takes 0 < ¥ < A#, which is unavoidable due to the ambiguity of
the wave vectors of incident photons by the nature of focused lasers.

dark matter experiment [20,21]. Following the first search for scalar fields at a quasi-parallel collid-
ing system (QPS) [22], the upgraded search for sub-eV scalar and pseudoscalar fields is presented
in this paper.

With the schematic view of QPS in Fig. 1, we briefly explain the essence of our method as follows.
By using variables defined at QPS, the center of mass system (CMS) energy between a randomly
selected photon pair is expressed as

Ecms = 2w sin ¢, (D

where o is the energy of incident photons and ¢ is half of the incident angle of the photon pair.
Extremely low collision energies are realizable at QPS by focusing a laser field because small values
of ¥ can be automatically introduced.

In order to overcome low scattering amplitudes of yy — ¢ /o — yy processes due to weak cou-
pling, we first utilize the character of the integrated resonance effect by capturing Ecms within
A Ecwms via Af prepared by a creation laser field. Secondly, we let another laser field propagate into
the optical axis common to the creation laser. This laser induces decay of resonance states into a spe-
cific energy—momentum space by the coherent nature of the inducing field. The scattering probability
is thus proportionally increased by the number of photons in the inducing laser field [2,3,23,24].

The energies of decayed photons are defined by the energy conservation

o+owo=2—-uow+tuo, (2)

where u is an arbitrary number which satisfies 0 < u < 1. We redefine the energies of final state
photons as

w3=2—u) o,
w4 = Uw, (3)

where w3 and w4 are the energies of the signal photon and inducing photons, respectively.
In the case of the scalar field exchange, the relation of linear polarization states between initial and
final state photons when the wave vectors are on the same reaction plane are expressed as follows:

o{l} + ofl} = @3{1} + wa{l},
w{l} + o{l} = 03{2} + w4{2}, “
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where {1} and {2} are linear polarization states orthogonal to each other. In the pseudoscalar field
exchange, the polarization relations are expressed as

o{l} + {2} = w3{l1} + wa{2},
{1} + 02} = 03{2} + wa{1). (5)

We emphasize that the above relations are limited only to the theoretically ideal case where all four
photons are on the same reaction plane within the treatment based on plane waves. In the focused
QPS, however, we must accept independent rotations of the incident p;—p; plane and the outgoing
p3—p4 plane as illustrated in Fig. A1 with respect to an experimentally given linear polarization
plane. This implies that even if we supply w as the pure {1}-state by a polarizer at the moment of
plane wave propagation in advance of focusing, mixing of {1} and {2} states for randomly selected
incident photon pairs is unavoidable while lasers are focused. Therefore, the focused QPS with a fixed
initial linear polarization plane has sensitivity to both scalar and pseudoscalar fields simultaneously.
We discuss this nature in detail in Appendix A.

The relation in Eq. (2) is similar to “four-wave mixing” in matter corresponding to the third-order
nonlinear quantum optical process in atoms [25,26]. Therefore, the observation of the four-wave
mixing process in the vacuum may be interpreted as a replacement of the atomic nonlinear process
by the exchange of unknown scalar or pseudoscalar fields. The observation of four-wave mixing in
the vacuum is also used as a method for testing higher-order QED effects [27-30].

Photons produced via the atomic four-wave mixing process can be the main background source for
this search. The first search for scalar fields at QPS [22] was performed with weak intensity lasers,
and thus the effect of the four-wave mixing process in atoms was negligible. In this experiment,
however, four-wave mixing photons originating from the residual gas are anticipated due to much
higher beam intensities. In this paper the method to obtain the exclusion limits in the search at QPS
sensitive to both scalar and pseudoscalar fields is provided under the circumstance where a finite
number of background photons must be evaluated.

2. The coupling—mass relation
The effective interaction Lagrangians coupling between two photons and ¢ /o are expressed as
—~Ly=gM ' JF F"¢, —L,=gM 'JF,,F"o, (6)

where M has the dimension of energy and g is a dimensionless constant. The yield of signal photons,
Y, is expressed with experimental parameters relevant to lasers and optical elements as follows:

_ 1 Ac Tc f : 1 md? (’2_2)2
V=g () (0 (2) o (7)™

gm[eV]\* (m[eV]’ .
) <M[eV]> (w[eV]> WOFs ConpNe™Ni- @)

where the subscripts ¢ and i indicate the creation and inducing laser, respectively, A is the
wavelength, 7 is the pulse duration, f is the focal length, d is the beam diameter, u and u are the upper
and lower values on u determined by the spectrum width of w4, respectively, m is the mass of the
exchanging field, W is the numerical factor relevant to the integral of the weighted resonance func-
tion which is refined in Eq. (B21) in Appendix B compared to YW ~ 7/2 in Ref. [22], G is the incident
plane rotation factor described in Appendix A, Fg is the polarization-dependent axially asymmetric
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factor for outgoing photons [3], C,,p is the combinatorial factor originating from selecting a pair of
photons among multimode frequency states, and the N are the average numbers of photons in the
coherent state. The detail of the formulation of the signal yield is summarized in the Appendix of
Ref. [22]. The coupling constant g/M is expressed as

M[eV] <A_() (%> (§)3tan_l (ffd;) (ﬁ;5)2ngsCmbNC2Ni

cT.

§__ _ pligs? Yerlev] m=P V], (®)

3. Experimental setup

We explain the experimental setup to detect signals of four-wave mixing in the vacuum. The
schematic view of the setup is shown in Fig. 2.

A Ti-sapphire laser (wavelength 800 nm) and a Nd:YAG laser (wavelength 1064 nm) are used as
the creation and inducing lasers, respectively. To reduce the number of background photons emitted
from the residual gas via four-wave mixing, the linear polarization states of the creation and inducing
lasers are configured to linear polarization states {1} and {2}, respectively. The beam alignments of
the lasers are monitored by CCD cameras (CCD) and the pulse energies of the creation and inducing
lasers are measured by photodiodes (PD). These beams are combined by a dichroic mirror (DM).
The combined beams are guided into the vacuum chamber at the 20 mm beam diameter and focused
with the convex lens at the focal length of 200 mm.

The expected wavelength of the corresponding signal photon is evaluated from the following
equation:

Aike/2

= ——— =641 nm. 9)
Ai —Ac/2

N

A light source with a central wavelength of 640 nm is combined with the creation and inducing
lasers by DM to evaluate the detection efficiency and to trace the trajectory of signal photons for the
detector alignment.

The agreement of the optical axes between the two lasers is adjusted at a precision of 2-3 pm
by monitoring individual beam profiles at the near side and the far side of the focal spot with the
CCD camera. The beam profiles at the focal spot are shown in Fig. 3. The spot sizes of the creation
and inducing lasers, which are defined as 2 o of the 2D Gauss functions fitting the beam profiles,
are 21 pm and 23 pm, respectively. The creation laser overlaps with 87% of the beam energy of the
inducing laser at the focal spot. Thus, the effective beam energy of the inducing laser is evaluated by
correcting the measured beam energy with this overlapping factor.

Signal photons generated within the focal volume travel along the common optical axis of the com-
bined lasers. Signal photons are separated from the creation and inducing lasers by the prism, and
signal wave filters are placed to further eliminate the residual photons from the combined lasers. The
polarization beam splitter (PBS) transmits {1 }-polarized photons and reflects {2 }-polarized photons.
Incident photons are split between the shorter optical fiber Path{1} and the longer Path{2}. The inci-
dent photons to PBS are eventually observed by the common photo-device having relative time delay

4/19

S102 ‘67 AInf uo 3song Aq /1o syeunolpioyxo-deid/:dpy woiy pepeojumo(


http://ptep.oxfordjournals.org/

PTEP 2015, 073C01 T. Hasebe et al.

Vacuum chamber
PD&CCD 71

- AY
P 3 | e —H
Shutter
Creation Iaserl 7
800 nm I iBS o
BS

1
I
1
1
1
1
|
I
Inducing laser ‘ rd
—NHK
I

Shielding box

1064 nm

640 nm(calibration)
PD&CCD

Fig. 2. Schematic view of the experimental setup.
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Fig. 3. The beam profiles of the creation laser (left) and the inducing laser (right) at the common focal point
captured by a common CCD camera.

of 23 ns. We use a single-photon-countable photomultiplier tube (PMT; R7400-01, manufactured by
HAMAMATSU) as the photo-device.

The repetition rate of the creation laser is 1 kHz and that of the inducing laser is 10 Hz by syn-
chronizing the trigger with the 1kHz creation pulsing. The data acquisition trigger of 20 Hz is
synchronized with the 1kHz creation laser pulsing which includes pedestal triggers in order to
provide four patterns of triggers. The time coincidence between creation and inducing pulses is per-
formed by adjusting the relative injection timing between the two lasers so that the relative time
maximizes the four-wave mixing yield in the air. The shutter is placed on the creation laser beam
line and it repeatedly opens and closes every 5 seconds. We acquire data with the four patterns of

9 ¢¢ 29 ¢

triggers, which are “both lasers are incident (S),” “only the creation laser is incident (C),” “only the
inducing laser is incident (I),” and “neither laser is incident (P).” The digital oscilloscope recorded
waveform data from the PMT and two photodiodes synchronized with the 20 Hz data acquisition
trigger. The recorded waveform data from the PMT are sorted into the four types of trigger pattern:
S, C, I, and P. The four trigger patterns are classified by checking the charge correlations between

the waveform data from the two photodiodes for intensity monitoring.

4. Method of waveform analysis

The observed photon counts are estimated by analyzing the waveform data from the PMT. The indi-
vidual waveform consists of 500 sampling data points within a 200 ns time window. We search
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Fig. 4. A waveform data sample with two peak structures. The black shaded areas show the integral ranges to
evaluate the charge sums of individual peak structures.
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Fig. 5. Distributions of the number of nodes for trigger patterns S, C, I, and P. The events with fewer numbers
of nodes below the red vertical line are identified as noisy events.

for negative peaks whose amplitude exceeds a given threshold. We then calculate charge sums of
the peak structures. Figure 4 shows a sample of waveform data where peak structures are identi-
fied. Charge sums of peak structures are evaluated in units of the single-photon equivalent charge,
—4.21 x 10714 C.

There are some accidental noisy events among the recorded waveform data. In our analysis method,
these noise structures could be misidentified as large photon-like peak structures. Therefore, it is
necessary to remove such noisy events from the analyzed waveform data before counting photon-like
peaks. We can identify noisy events by analyzing the frequencies of the waveforms. Noisy waveforms
tend to have lower frequencies than those of normal waveforms. The frequencies are estimated by
counting the number of nodes, which is defined as the intersections between a waveform and the
average line of amplitudes within the 200 ns time window. The distributions of the number of nodes
for each trigger pattern are shown in Fig. 5. We regard a waveform of which the number of nodes
is lower than 150 as a noisy event in all trigger patterns by confirming that the differences of the
distributions among four trigger patterns are not prominent. Typical waveforms of noisy events and
normal events identified by this method are shown in Fig. 6.
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Fig. 6. Examples of waveforms of noisy events and normal events. The two panels on the left and right sides
show waveforms of normal events and noisy events, respectively. The red horizontal lines indicate the averages
of the amplitudes of sampling points for each waveform.

5. Measurement of the four-wave mixing process in the residual gas

Background photons can be produced via the four-wave mixing process occurring in residual atoms
in the vacuum chamber. To estimate the expected number of background photons, we measured the
pressure dependence of the number of four-wave mixing photons in gas. Figure 7 shows arrival time
distributions of observed photons in the air at 5.0 x 10* Pa among four trigger patterns. Specific two-
peak structures appear only for the S pattern. These peak structures have approximately a 23 ns time
interval, which agrees with the optical path length difference between Path{1} and Path{2}. We count
the number of photons within a time domain 7'{1} (71-75ns) for the {1}-polarized state and T {2}
(94-98 ns) for the {2}-polarized state.

The number of four-wave mixing signals Ng are evaluated from the following equation (see
Egs. (18) and (19) in Ref. [22]):

Ns = ng — %(S:nc — %nl + %}S)np, (10)
where n; and W; denote the number of photon-like peaks in the signal domains and the number of
events in trigger pattern i, respectively.

The pressure dependence of the number of four-wave mixing photons per S-trigger event are shown
in Fig. 8. Data points are fit by the quadratic function of pressure. We extrapolate the number of four-
wave mixing photons in the residual gas at 2.3 x 1072 Pa (an equivalent condition to the vacuum
data we discuss later) from the fitting function. The efficiency-corrected number of {1 }-polarized and
{2}-polarized photons in residual gas Ngasl and Ngasz with the same shot statistics as the vacuum
data are evaluated as follows:

Ngast = 1.7 £ 1.1 x 1072,
Negasa = 1.7+ 1.1 x 107°, (11)

We confirmed that the expected value of four-wave mixing photons from the residual gas is
negligibly small in the vacuum data for a given total statistics.
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Fig. 7. The arrival time distributions of observed photons per triggered event (efficiency-uncorrected) at
5.0 x 10* Pa. The left and right bands bounded by two neighboring red lines in each panel indicate the time
domains T{1} and T {2} where {1}- and {2}-polarized photons are expected to be observed, respectively. In this
figure, the threshold value for peak identification is set lower than that of the actual data analysis on purpose
to show typical pedestal structures in each trigger pattern.
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Fig. 8. The pressure dependence of the number of four-wave mixing photons in the residual gas inside the
interaction chamber per S-trigger event. The red and black lines represent the fitting functions for the {1}- and
{2}-polarized states, respectively.

6. The search for four-wave mixing signals in the vacuum

We acquired data at 2.3 x 1072 Pa in the search for the resonant states of the ¢ and o fields. Figure 9
shows the arrival time distributions of observed photon counts. Table 1 summarizes the numbers of
observed photon-like signals evaluated in units of the single-photon equivalent charge with {1}- and
{2}-polarized states for each trigger pattern, respectively.

After performing subtractions between the four patterns of the histograms in Fig. 9 based on the
relation in Eq. (10), we obtained the time distribution of Ng as shown in Fig. 10. The numbers of
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Fig. 9. Arrival time distributions of observed photons at 2.3 x 1072 Pa. The data points in each trigger pattern
are normalized to the number of triggered events of the S trigger pattern.

Table 1. The numbers of observed photons in 7{1} and T{2} for each
trigger pattern. n;; and n;, are the numbers of photons evaluated in units of
single-photon equivalent charge in trigger pattern i with {1}- and {2}-polar-
ized states, respectively. W; is the number of events in trigger pattern i.

Trigger i ni ni W;
S 0 0 46120
C 0 0 46203
| 0 0.07 46044
P 0 1.53 46169
20:
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S 10F
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Fig. 10. The arrival time distribution of Ng defined in Eq. (10).
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Table 2. Data table of experimental parameters. G and G}, represent the incident
plane rotation factor for the scalar and pseudoscalar field exchanges, respectively.
The evaluation of G is discussed in Appendix A. F}5,, and F15,, denote the axially
asymmetric factor for scalar and pseudoscalar field exchanges, respectively. See the

detail in the Appendix of Ref. [3].

Parameters Values
Center of wavelength of creation laser A, 800 nm
Relative line width of creation laser (w/{w)) 7.5 x 1073
Center of wavelength of inducing laser A; 1064 nm
Relative line width of inducing laser (Sws/{w4)) 1.0 x 1074
Duration time of creation laser pulse per injection 7, 900 fs
Duration time of inducing laser pulse per injection t; 9ns
Creation laser energy per t, 93+1.2u]
Inducing laser energy per t; 100 £ 1 J
Focal length f 200 mm
Beam diameter of laser beams d 20 mm
Upper mass range given by 0 < A6 0.15eV
U=ws/w 0.75
Incident plane rotation factor G 11 =19/32
gh=1/2
Axially asymmetric factor F; Fiin =194
F, =192
Combinatorial factor in luminosity C,,;, 172
Single-photon detection efficiency ep 1.4+0.1%
Efficiency of optical path from interaction point to Path{1} €qp 0.5£0.1%
Efficiency of optical path from interaction point to Path{2} €p0 0.9+£0.2%
8 Ngi 22
SNs, 4.4
signals with {1}- and {2}-polarized states are, respectively, given as follows:
Ng1 = 0% 0 (stat.) &= 2.16 (syst.I) = 0.30 (syst.Il) £ 0 (syst.III),
Nsy = 1.46 & 1.27 (stat.) £2.16 (syst.I) & 0.04 (syst.Il) £ 3.59 (syst.III). (12)

The systematic error I originates from the number of photons outside of the two arrival time win-
dows for the {1}- and {2}-polarized states. This was evaluated by calculating the root mean square
of Ng, except in the T'{1} and T {2} windows. The systematic error Il originates from the dependence
on the threshold values for the peak finding —1.3 & 0.1 mV. The systematic error III is relevant to
the ambiguities of the rejection of noisy events, 150 & 5 nodes.

7. The excluded coupling—mass limits for scalar and pseudoscalar fields

There is no significant four-wave mixing signal in this search from the result in (12). We thus evaluate
the exclusion regions on the coupling—mass relation as follows.
We estimate the upper limit on the sensitive mass range as

d
m < 2w sin A6 ~ 2wﬁ =0.15eV (13)

based on the values summarized in Table 2, where ¢ in Fig. 1 varies from 0 to A9 defined by a focal
length f and a beam diameter d.
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Fig. 11. Exclusion limits for scalar fields (¢) in ¢—photon coupling (g/M) as a function of the mass of ¢ (m).
The region excluded by this experiment is shown by the red shaded area. The magenta shaded area shows the
region excluded by our previous search, which is renewed from the black dotted line obtained from Ref. [22] by
taking the incident plane rotation factor G and the mass-dependent W factor in Appendix B into account. The
blue shaded area represents the region excluded for scalar fields by the light shining through a wall experiment
“ALPS” [19] (for the mass region above 1073 eV, the sine function part of the sensitivity curve is simplified to
unity for drawing purposes). The green shaded areas indicate the limits given by non-Newtonian force searches
by the torsion balance experiments “Irvine” [32], “Eto-wash” [33,34], “Stanford1” [35], “Stanford2” [36], and
Casimir force measurement “Lamoreaux” [37].

The number of efficiency-corrected {1}-polarized signal photons Ng; and that of {2}-polarized
signal photons Ns; are evaluated from the following relations with the experimental parameters:

Ngsi Ns»
Nsi = . Ns2= (14)

€optl €D €opt2€D

where €qpt1 and eopr2 are the attenuation ratios of the signal photons propagating from the interaction
point through Path{1} and Path{2}, respectively.

These attenuation factors are composed of the transmittance of optical devices and the acceptance
of signal paths with respect to the actual location of the PMT. They are inclusively evaluated by
sampling the beam energies of the 640 nm calibration light at the focal point and the detection point,
respectively, and taking the ratio between them. The matching of beam paths between the calibration
light and four-wave mixing signals is ensured by adjusting the beam center of the calibration light
with respect to those of the creation and inducing lasers at the near side and the far side of the focal
spot, respectively. ep is the signal detection efficiency of the PMT mainly caused by the quantum
efficiency of the device. ep is evaluated using a 532 nm pulse laser in advance of the search. We
evaluate the absolute detection efficiency by splitting the 532 nm beam equally and taking the ratio
between these energies. One is measured by a calibrated beam energy meter and the other is measured
by the PMT with neutral density filters with measured attenuation factors. We then corrected the
difference of the quantum efficiencies between the 532 nm and 641 nm lights by taking the relative
quantum efficiencies provided by HAMAMATSU into account.

We then evaluate upper limits on the coupling—mass relation at a 95% confidence level on the basis
that the fluctuation of the number of signal yields forms a Gaussian distribution. We define § Ng as
the one standard deviation of Ng. It is evaluated from the quadratic sum of statistical and systematic
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Fig. 12. Exclusion limits for pseudoscalar fields (o) in o—photon coupling (g /M) as a function of the mass of o
(m,). The blue shaded area shows the region excluded by the pseudoscalar search, “ALPS.” The green and gray
solid lines show the exclusion limits from the solar axion experiments “Tokyo Axion Helioscope” [9-11] and
“CAST” [13—15], respectively. The black shaded area represents the result from the dark matter axion search
using a microwave cavity “ADMX” [20,21]. The cyan band indicates the expected coupling—mass relation of
the QCD axion predicted by the KSVZ model [38,39] with |E/N — 1.95| in the range 0.07-7; furthermore,
the case of E/N = 0 is shown by the black dotted line.

errors in Eq. (12), and 2.248 Ny is the upper limit of Ng when we obtain a 95% confidence level (see
Eq. (36.56) in Ref. [31]). The upper limit of signal yields per shot Vs (for the scalar field exchange)
and s (for the pseudoscalar field exchange) are evaluated as follows:

_ 2.246 Ngp _ 2.246 Ns1
€opr2épWs’ P eopiepWs'

- (15)
As we briefly mention in Sect. 1 and in detail in Appendix A, even though we fix the linear polariza-
tion planes for the creation and inducing laser fields by the polarizers at the moment of plane wave
propagation, mixing of {1}- and {2}-polarization states is unavoidable in the focused QPS. By this
effect, the focused system has sensitivity to both scalar and pseudoscalar fields simultaneously.

We obtain the coupling—mass relation from Eq. (8). The exclusion limits for scalar and pseudoscalar
fields at a 95% confidence level are shown in Figs. 11 and 12, respectively.

8. Conclusions

A search for scalar and pseudoscalar fields via the four-wave mixing precess at QPS has been
performed by focusing 10 wJ/0.9 ps and 100 wJ/9 ns pulse lasers. The number of {1}- and {2}-
polarized signal-like photons are Ng; = 0 = 0 (stat.) & 2.16 (syst.I) & 0.30 (syst.II) & 0 (syst.III)
and Ngy = 1.46 £ 1.27 (stat.) = 2.16 (syst.I) £ 0.04 (syst.I) &+ 3.59 (syst.III), respectively. We
confirmed that the expected number of four-wave mixing photons in the residual gas is negligibly
small by measuring the pressure dependence. As a result, no significant four-wave mixing signal is
observed in this experiment. We obtained the upper limits on the coupling—mass relation for scalar
and pseudoscalar fields at a 95% confidence level, respectively. The most sensitive coupling lim-
its g/M = 5.24 x 10~*GeV~! for scalar search and g/M = 5.42 x 10~*GeV~! for pseudoscalar
search are obtained at m = 0.15eV.
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Appendix A. Evaluation of the incident plane rotation factor G

Figure A1l illustrates the relation between the experimentally defined linear polarization
directions {1} and {2} and those theoretically defined (1) and (2). It also depicts the relations between
the p1—py and p3—p4 planes with respect to the x—z plane, where the theoretically allowed coupling of
an exchanged field to the linear polarization states can be evaluated in the clearest way. In Ref. [3], we
have assumed the incident photons p; and p, are both plane waves with different wave vectors on the
same reaction plane, which always ensures the clearest condition. In the general three-dimensional
incident case such as a focused Gaussian beam, however, the p1—p; plane can rotate with respect
to the x—z plane, which results in a deviation from the theoretically clearest condition. We therefore
introduce a weighted averaging factor G over the clockwise rotation angle @ of the incident reaction
plane with respect to the x-axis as follows.

As discussed in Ref. [3], the Lorentz invariant s-channel scattering amplitude for the Lagrangian
defined in Eq. (6) has the following basic form:

[1y,02]
Ms = — (gM*1)2 Yab ng , (A1)
(1 + p2)° +m?

where S = abed with a, b, c,d = 1 or 2, respectively, denotes a sequence of four-photon polariza-
tion states and m is the mass of the scalar or pseudoscalar field. With the vectors defined below, the
vertex factors for the scalar case (SC) are expressed as

1]sC b b
Vch] = (p1p2) (eﬁ“)eé )) - (pleéa)> (pzeg )> ,

2]8C d d
Vc[d] = (p3p4) (egc)ef; )) - (p3eff)> <p4e§ )> , (A2)

and those for the pseudoscalar case (PS) are expressed as

1]PS a) (b
V[E] = —élwpgplupzoeg )62( ),
2]PS o ¢) d
Vc[i] = —ehlvP P3,. P4 063( )6(4 ). (AS)

We must first take into account the clockwise rotation angle ¢ of the p3—p4 plane with respect
to the given x—z plane independent of the p1—p; plane, because these two planes are not coplanar
in QPS, contrary to the situation where the coplanar condition of p; through p4 is always satisfied
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Fig. Al. Definitions of polarization vectors and rotation angles in QPS.

in CMS. This implies that the simple summation factor 27 on the azimuthal degree of freedom
of the solid angle cannot be applied to QPS; instead, the ¢-dependent squared transition amplitude
must be summed over the possible rotation ¢ from 0 to 2r. We have already introduced this axially
asymmetric factor Fg with respect only to the incident reaction plane at @ = 0 in [3]. This factor
essentially depends only on the second vertex factors above, while the incident plane rotation factor G
is relevant only to the first vertex factors. We thus define the incident plane rotation factor as a
weighted average with respect to Fg at @ = 0 as follows:

2
o b @) [ do N
ab = o 1] _ 2 ’ ( )
KTV @ =0 do

because experiments cannot fix the incident reaction plane and the intensity of the creation laser field
must be shared over the possible incident reaction planes.

By requiring (1)={1} and (2)={2} at @ = ¢ = 0 where the theoretically clearest polarization
relations can interface with the experimental condition, we describe the polarization vectors and
momentum vectors for four photons with rotation angles @ and ¢ as follows:

e =(0,1,0), (AS)
eﬁz) = (—cos 1, 0,sin?), eéz) = (—cos 1, 0, —sin?}),
egz) = (—co0s 63, 0, sin63) , ef) = (—c08 64,0, —sinby) ,

p1 = (wsin?¥ cos @, —wsin Y sin @, w cos ¥; w),

p2 = (—wsin?d cos @, wsin Y sin @, w cos ¥; w),

p3 = (w3 sin 63 cos ¢, —w3 sin B3 sin @, w3 cos 63; w3) ,

P4 = (—w4 8N 64 COS @, w4 SIN B4 SN @, w4 COS O4; w4) . (A6)
We note here that we cannot rotate polarization vectors because the experiment must introduce fixed
polarization vectors. This implies that the clear distinction between scalar and pseudoscalar couplings

cannot be stated due to non-zero rotation angles because non-identical linear polarization planes
between photon 1 and 2 or photon 3 and 4 are implicitly introduced.
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Based on these vectors, we summarize the relations between momenta and polarization vectors
with photon labels i = 1, 2, 3, 4 as follows:

(ple§1)> = —wsin?Y sin P, <p2e51)> = wsin? sin @,

(p3e§.1)> = —w3sinb3 sing, <P4e§~1)) = w4 sinby sin g, (A7)

(el.(l)e;.l)> =1 and (ei(l)e;z)) =0 (AB)
for any pair i, j, and

=1 for i=j,

egz)e§2)> = cos 27, <e§2)ef)> = cos(f3 + 04) = cos O,
) = cos(v — 63), (eéz)ef)) = cos(¥ — b,),

= cos(9 + 6s) (e§2>e§>) = cos(9 + 63) (A9)
and
(P1p2) = @*(cos 20 — 1) = (p3ps) = w3wa(cosf; — 1), (A10)
where (p + p2)> = (p3 + p4)? is required for massless photons.
We are now ready to estimate the factor G included in the partially integrated cross section at

Eq. (A24) in Ref. [22]. We evaluate the case of ab = 11 for the scalar exchange. From the first of
Eq. (A2), we obtain

1]SC 1) (1 1 1
v{ﬂ = (p1p2) (65 )e§ )) - (pleé )) (pze§ ))
= a)2<cos 29 — 1 + sin® ¥ sin’ @) ~ w?9? (2 — sin? cD) , (A11)

where the first of Eq. (A10), Eq. (AS), and <ple§])> ( pzegl)) — — (wsin ¥ sin ®)? are substituted.
The last approximation is based on ¥ ~ ¥, < 1.
This yields the following averaging factor on the incident reaction plane:
2
LT (2-sin? @) do g

SC
- — Al2
9n 87 32 (Al2)

We also provide the case of ab = 12 for the pseudoscalar exchange as follows. Based on the first

of Eq. (A3), the first vertex factor with vector definitions above is expressed as

1PS @
ng] = _ewpaplumpegv)eéa) = —Ppiup2pe™”

= —piup2p [€"PF (—cos V) + €P? (—sin )]

= p2p [(ploeoypx - plzezypx> cos ¥ + (pmeoypz + plxexypz) sin 73]

oo (2)
€

= P2y [(—weoypx + wcos ﬁezypx) cos ¥ + (—weoypz + wsin ¥ cos @exypz) sin 19]
= [(—a)eoy”pzz + wcos ﬂezyoxpzo) cos ¥
+ (—a)eoyxzpzx + wsin ¥ cos @exyozpzo) sin 15‘]

= @’ [(— cos ¥ + cos ¥) cos ¥ + (—sin® — sin¥) cos @ sin¥] = —2w” sin® ¥ cos P.
(A13)
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This yields the following averaging factor on the incident reaction plane:

f cos? pdp 1
= —. Al4
iy = o =3 (Al4)

Appendix B. Refinement of the weight factor VY

In Ref. [3,22], we approximated VV as the constant 7 /2 for a mass region much smaller than that cov-
ered by A as a conservative estimate. This is because we preferred simplicity of the parametrization
to accuracy. However, once we need to compare the sensitivity for the higher mass region with the
other search methods, the validity of the approximation applicable only to the smaller mass region
must be reconsidered. In the following, we first exactly repeat the relevant part of Ref. [22] and then
refine W as a function of the sensitive mass regions by quoting the necessary equations.

We first express the squared scattering amplitude for the case when a low-mass field is exchanged
in the s-channel via a resonance state with the symbol to describe polarization combinations of initial
and final states S:

2

2 2
|(Ms|” ~ (4m) m,

(B1)

2

where x = w* — wf with the resonance condition m = 2w, sin ¥, for a given mass m, and a is

expressed as
_ o (ﬂ)z __mr (B2)
8T \ M 2 sin? O

with the resonance decay rate of the low-mass field

r=(16mr)"! (gM_1)2m3. (B3)

The resonance condition is satisfied when the center-of-mass system (CMS) energy between two
incident photons Ecys = 2w sin ¢ coincides with the given mass m. At a focused geometry of an
incident laser beam, however, Ecyms cannot be uniquely specified due to the momentum uncertainty
of the incident waves. Although the incident laser energy has an intrinsic uncertainty, the momentum
uncertainty or the angular uncertainty between a pair of incident photons dominates that of the inci-
dent energy. Therefore, we consider the case where only angles of incidence © between randomly
chosen pairs of photons are uncertain within 0 < % < A¢ for a given focusing parameter by fixing
the incident energy. The treatment for the intrinsic energy uncertainty is explained in detail in the
Appendix B of Ref. [22]. We fix the laser energy w at the optical wavelength

2 m? 2
a)()pt = m ~ 1CV (B4)

while the resonance condition depends on the incident angle uncertainty. This gives an expression
for x as a function of ¥:

m
X(@) = why —w) = 25 = 25 = (1= @/9)”) @l (BS)
where
5 —3)2
4y = (1—%) dy. (B6)
2a)opt wopt
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We thus introduce the averaging process for the squared amplitude |Mg|? over the possible
uncertainty on incident angles

/2
M = /0 () Ms(®)PdD. (B7)

where M g specified with a set of physical parameters m and gM ~! is expressed as a function of ¥,
and p (9) is the probability distribution function as a function of the uncertainty on ¥ within an
incident pulse.

We review the expression for the electric field of the Gaussian laser propagating along the
z-direction in spatial coordinates (x, y, z) [26] as follows:

E = Ey—2 {—'k—H Rl b } >
(.X, y, Z) — OWZ) exp l[ Z (Z)] r (w(z)2 2R(Z)) ’ ( )

where E| is the electric field amplitude, k = 27 /A, r = /x% + y2, wq is the minimum waist, which
cannot be smaller than A due to the diffraction limit, and the other definitions are as follows:

2

w(z)2 = woz (1 + ZZ?) , (B9)

ZR2
R=z<1+—2>, (B10)

Z

H(z) = tan™! (i) : (B11)
_ 7w’ BI2
R=— (B12)

With 0 being an incident angle of a single photon in the Gaussian beam, the angular distribution
g(0) can be approximated as

1 02
0) ~ S B13
RO S o1y

where the incident angle uncertainty in the Gaussian beam A#6 is introduced within the physical range
0| < /2 as

A d
A~ = = — (B14)
TTWo 2f
with the wavelength of the creation laser A, the beam diameter d, the focal length f, and the beam

waist wg = ﬁfd—k/“z, as illustrated in Fig. 1. For a pair of photons 1, 2, each of which follows g (8), the

incident angle between them is defined as

9 = 3161 — 6. (B15)
With the variance A9? = 2 (%A@z), the pair angular distribution p (¢) is then approximated as
(%) 2 7 )’ 2 for 0<?® /2 (B16)
~ expi— | — ~ or <% <m/2,
P N7 R BRAVY NI

where the coefficient 2 of the amplitude is caused by limiting ¥ to the range 0 < ¢ < 7/2, and
(%)2 « 1 is taken into account because A6 in Eq. (B14) also corresponds to the upper limit by the
focusing lens based on geometric optics. This distribution is consistent with the flat-top distribution
applied to Refs. [3,24] apart from the coefficient.
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We now re-express the average of the squared scattering amplitude as a function of y = a& in
units of the width of the Breit—Wigner (BW) distribution a by substituting Egs. (B1) and (B16) into
Eq. (B7) with Eq. (B6):

—  (4n)? <z9,)
Ms|? = — Jaw, B17
|IMs| ﬁwépt g (B17)
where we introduce the constant
w2
W e 1, /(n/2))?} L
= w BI18
| © o B18)
with
-3/2
a§
C‘)opt

In Eq. (B18) the weight function W (§) is a positive and monotonic function within the integral range
and the second term is the BW function with a width of unity. Note that | Mg|? is now explicitly
proportional to a but not a®. This gives the enhancement factor @ compared to the case |Mg|? o

a® where no resonance state is contained in the integral range controlled by A# experimentally.
The integrated value of the pure BW function from & = —1 to & = +1 gives /2, while that from
& = —oo to & = 400 gives 7. The difference is only a factor of two. The weight function W (£) of
the kernel is almost unity for small a£, that is, when a is small enough with a small mass and a weak
coupling. Therefore, we will consider only the region of & 4= 1 as a conservative estimate. By taking
only this integral range, we can be released from trivial numerical modifications originating from

2
£ = —oo and the behavior of W (§) at & = wzpt {1 — 9/ (/2))* } which are not essential due to
the strong suppression by the BW weight.

We now refine WV in order to apply it more accurately even to the case for #,/Af6 ~ 1 where,
exactly speaking, the second approximation in Eq. (B16) is not valid. In this case, by using the first
of Eq. (B16) with substitution of the relation between y = a& and ¥ expressed in Eq. (B5), Eq. (B19)
is modified as follows:

(9, AO)? a \ 9 \°

Wopt

2
opt

in Eq. (B18) for the conservative estimate. This is justified in the mass—coupling range we are

where the last approximation is based on a/w;, ., <« 1 with respect to the integral range & + 1

interested in via the first relation in Eq. (B2), for instance, a /a)gpt ~ 1072 for m ~ 0.1eV and
g/M ~ 10~*GeV~!. By substituting Eq. (B20) into Eq. (B18), the conservative evaluation on W
over £ & 1 is expressed as

we [T we g~ T Uy (B21)
~ ———dt ~ —exp{— | — .

O E2+ 1 2 P17 Ao
This factor is dependent on ¥, equivalently dependent on mass, especially for larger ¥, close to A6,
while it is almost 77 /2 for smaller ;.
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A search for sub-eV scalar fields coupling to two photons has been performed via four-wave
mixing at a quasi-parallel laser collider for the first time. The experiment demonstrates the novel
approach of searching for resonantly produced sub-eV scalar fields by combining two-color laser
fields in the vacuum. The aim of this paper is to provide the concrete experimental setup and the
analysis method based on specific combinations of polarization states between incoming and
outgoing photons, which is extendable to higher-intensity laser systems operated at high repeti-
tion rates. No significant signal of four-wave mixing was observed by combining a 0.2 £J/0.75 ns
pulse laser and a 2mW CW laser on the same optical axis. Based on the prescription developed
for this particular experimental approach, we obtained the upper limit at a confidence level of
95% on the coupling—mass relation.

Subject Index C15, C19, C23, C33, C41

1. Introduction

The large proportion of dark components in the universe motivates us to search for yet undiscov-
ered fields to naturally interpret the relevant observations. In high-energy scales, several bosons have
been discovered that can be understood as a result of spontaneous symmetry breaking, such as pions
based on chiral symmetry at the 0.1 GeV scale and W/Z bosons based on gauge symmetry via the
Higgs mechanism at the 100 GeV scale. The relevant experimental results show the evidence of cou-
pling to two photons of boson states via, for instance, the decay process of the neutral pion and the
Higgs-like particle. These facts encourage further experimental searches for similar types of fields
via two-photon coupling at very different energy scales, apart from any theoretical speculations. In
addition, there are actually theoretical rationales for expecting sub-eV particles such as the axion
(pseudoscalar boson) [1-3] and the dilaton (scalar boson) [4—6] associated with breaking of funda-
mental symmetries in the context of particle physics and cosmology. Therefore, we are led to probe
such fields via their coupling to two photons in the sub-eV mass range. Furthermore, the advent of
high-intensity laser systems and the rapid leap of the intensity encourage the approach of probing
weakly coupling dark fields with optical photons by the enhanced luminosity factor [7,8].

We advocated the concept of the quasi-parallel laser collider to produce a resonance state of a
hypothetical boson in the sub-eV mass range and simultaneously induce the decay in the back-
ground of a coherent laser field [9—11]. The exchange of such a low-mass field is interpreted as the

© The Author(s) 2014. Published by Oxford University Press on behalf of the Physical Society of Japan.
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Fig. 1. Quasi-parallel colliding system (QPS) between two incident photons out of a focused laser beam with
focal length f, beam diameter d, and with the upper range of incident angles A?¥ determined by geometric
optics. The signature (2 — u)w is produced via the four-wave mixing process, lo + lo — 2 — w)w + uw
with 0 < u < 1, by mixing two-color waves with different frequencies 1w and uw in advance at the incidence.

four-wave mixing process in the vacuum. Figure 1 illustrates the four-wave mixing process where
two photons with degenerate energy w are used for resonance production, the inducing laser field
has the energy uw with 0 < u < 1, and a photon with the energy (2 — u)w is created as the signature
of the interaction. This four-wave mixing process is well known in quantum optics [12,13], where
atomic dynamics governs the phenomenon instead of the exchange of the hypothetical resonance
state, and the application to test the higher-order QED effect can also be found in Refs. [14—17]. We
identify this wave-mixing system as a special kind of photon—photon collider intentionally; it has
the significant advantage that the interaction rate has cubic dependence on the laser intensity, while
conventional particle colliders have quadratic dependence on the number of charged particles per
colliding bunch [11]. The cubic dependence of the interaction rate highly motivates us to extend the
method to much higher pulse energy and higher-intensity laser systems.

The proposed method can in principle distinguish whether the exchanged boson is scalar or pseu-
doscalar based on combinations of polarization states in the initial and final state photons [11].
Therefore, the method has impacts on searches for axion-like particles as well as the fifth force
[18,19]. In this paper, however, we focus only on the case of the scalar field exchange, because the
experimental setup is simpler. The aim of this paper is to demonstrate the pilot experiment to search
for sub-eV scalar fields via the four-wave mixing process in the vacuum, in which the basic elements
necessary for the proposed experimental method and data analysis are provided so that they can be
extended to much higher-intensity systems operated at high repetition rates in the near future [20].

2. Coupling—mass relation

In this section we summarize the formulae necessary to obtain the coupling—mass relation from
experimental parameters. The formulae are basically from Ref. [11]; however, we re-evaluate the
relations to apply to the realistic experimental conditions in the pilot search. We thus provide the
details of the corrections in Appendices A and B compared with those in Ref. [9,11].

The effective interaction Lagrangian between two photons and a hypothetical low-mass scalar field
has the generic form expressed as

1
—Ly=gM IZFWF“"qS, (1)

where M has the dimension of energy while g is a dimensionless constant.
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Fig. 2. Definitions of kinematic variables [9].

In the case of scalar field exchange, the possible linear polarization states in the four-wave mixing
process when all wave vectors are on the same plane, as illustrated in Fig. 2, are expressed as follows:

ofl} + o{l} > 2 — wwf{l} + uw{l},
ofl} + o{l} > 2 — w)w{2} + uw{2}, )

where photon energies from the initial to the final states are denoted by the linear polarization states
{1} and {2}, which are orthogonal to each other. In this pilot experiment, we pursue the second case
of Eq. (2).

We then introduce notations to describe the kinematics of four photons as illustrated in Fig. 2, where
the incident angle ¥ is assumed to be symmetric around the z-axis in the average sense, because we
focus lasers symmetrically by a lens element. We introduce an arbitrary number u with 0 < u < 1
to redefine the momenta of the final state photons as

ws=uw and w3 =2 — o, 3)

where we require 0 < w4 < w3 < 2w. We look to measure w3 with the specific polarization states as
the signature of the interaction. With these definitions, energy—momentum conservation is expressed
as[11]

Q2—-—u)w+uw =2w, 4)
(2 —u)wcosBz + uwcosby = 2w cos I, ®)]
(2 —u)wsinb; = uw sin by, (6)
sinfy w4 u sin® ©
Esin94=a)_3=2—u=1—2cos000504+cos21‘}' @)

Given a set of physical parameters of the scalar field exchange—mass m, coupling to two pho-
tons g/ M, and the polarization-dependent factor Fs with a specified set of linear polarizations S as
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explained below—the yield is parameterized as

1 A\ (e (FN . i wd®\ @—uw? [gm[eV])?
YVY=—"—|— — — ] tan —
6427 \c.) \u ) \d 4fie) uw  \ MeV]
m[eV]
X
w[eV]
which is quoted from Eq. (A35) in Appendix A, where the subscripts ¢ and i denote creation and

inducing lasers, respectively, A the wavelength, T the pulse duration, f a common focal length, d
a common beam diameter, u and u upper and lower values on u determined by the spectrum width

3
) WFsCmbN2N;, (8)

of w4, respectively, Cpyp = 1/2 is the combinatorial factor originating from the consideration on
multimode frequency states [11], N the average numbers of photons in coherent states, VW ~ /2
the numerical factor relevant to the integral of the weighted resonance function defined by Eq. (A22)
in Appendix A, and we partially apply natural units to parameters specified with [eV].

Reference [11] discussed the effect of the spectrum width in the case that the spectrum width of the
creation laser is negligibly small compared to that of the inducing laser. However, this is not always
the case. For example, this pilot experiment is actually performed with the condition that both widths
are nearly equal, as we explain in the next section. We provide the details of the effective choice of
u and u applicable to the most general case in Appendix B.

In the case of § = 1122 as specified by the second of Egs. (2) applied to the scalar field exchange
(SC), the polarization-dependent factor is estimated as [11]

3 A A
Fiiy ~ 27 (g +3R? — R) : 9)

with R = %(7?, + R~ fora given u via R in Eq. (7). This factor originates from a degree of freedom
on the azimuthal rotation of the plane including p3 and p4 around the z-axis in Fig. 2 with respect to
that defined by p; and p;. The other polarization combinations can also be calculated based on the
appendix of Ref. [11].

From Eq. (8) we express the coupling parameter g/M to discuss the sensitivity as a function of m
for a given set of experimental parameters via the equation

8 1/4g.2 Ya? [eV]

M[eV] 3 i—u)?
[eV] <C)”T°C) <%> (%) tan—! (471]51;0) (uﬁi) WfscmchzNi

under the condition 7, < 7, because the pulse energy of the creation laser is more important for

m=2[eV]  (10)

enhancing the signal yield due to the quadratic dependence on the energy.

3. Experimental setup to detect four-wave mixing

Figure 3 shows a schematic view of the experimental setup. The setup consists of the wave mixing
part (WM), the interaction vacuum chamber (IC), the intensity monitoring part (IM), and the single-
photon detection part (SPD).

WM combines a pulsed laser beam to create a resonance state with a continuous-wave (CW) laser
beam which induces the decay with specified linear polarization states. For the purpose of calibra-
tion, a laser beam containing the signal energy (2 — u)w is also combined. The wave mixing can be
achieved by a set of dichroic mirrors.

The pulsed laser is the linearly polarized NanoLaser, a monolithic passively Q-switched microchip
laser. The laser cavity consists of a 2mm?® Nd:YAG gain medium bonded to a chromium-doped
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Fig. 3. Schematic view of the experimental setup to measure the four-wave mixing process in the vacuum.

YAG saturable absorber. The repetition rate depends on the diode pumping power: the higher the
pumping power, the faster the absorber saturates and becomes transparent. The measured repetition
rate is 18.5 kHz. The cavity’s mirrors are vapor deposited on the both sides of the crystal to form a
monolithic oscillator pumped by a CW diode laser. The second-harmonic wavelength of 532 nm is
produced by converting the fundamental wavelength of 1064 nm. The pulse energy of the 532 nm
wave is typically 0.8 pJ per 0.75 ns pulse duration with the transverse mode close to TEMOO at the
ejection point of the laser.

The CW laser is a linearly polarized helium—neon laser at the wavelength 632.8 nm with power
10 mW at the ejection point of the laser and the transverse mode TEMO0O.

The relative line widths of these lasers with respect to their central frequencies are summarized in
Table 2. In addition, as we discuss in Appendix B concerning the relation on line widths between
creation and inducing lasers which is relevant to u and u in Eq. (8), we evaluate the effective line
width in the averaged quasi-parallel frame based on Eq. (B26) in Appendix B.

Given wavelengths for the creation laser (A, = 532 nm) and inducing laser (A; = 633 nm) beams
which result in u = A¢/A;j = 0.84, the corresponding wavelength of four-wave mixing is expected
to be

)‘c/ 2%
W)

Thus, in addition to the creation and inducing laser beams, a blue diode laser covering the 452 £+

= 459 nm. an

S

10 nm wavelength range is used to supply the calibration source to align the detection system and to
obtain the detector efficiency with respect to the signal photon of 2 — u)w.

The linear polarizers made of calcite with an extinction ratio of O (10~%) specify the incident linear
polarization states of the creation and inducing laser fields, as well as the calibration laser field. The
linear polarization state {1} is determined by the polarizer (Pol{1}) for the creation laser, while the
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state {2} is set by the polarizer (Pol{2}) for the inducing laser, which is adjusted so that the planes of
the linear polarizations become orthogonal to each other. In front of the linear polarizers, A /2-plates
are placed and adjusted so that the transmittance of almost linearly polarized lasers at the output of
the laser systems is maximized. In front of the ejection point of the creation pulse laser, we put a
long-pass filter to accept wavelengths only above 510 nm to suppress wavelengths close to the signal
wavelength of 459 nm in advance of the wave mixing with the optical density OD ~ 4, where OD is
defined as OD = — log;((1/1p) with output and input photon intensities / and Iy, respectively.

After wave mixing with specified polarization states, the combined laser beams share the common
optical axis, and they are guided into the interaction chamber (IC) which is maintained at 1.2 x
10~* Pa. Inside IC, a set of achromatic lenses expands the beam diameter to 40 mm and focuses
the combined beams with a focal length of f = 200 mm. The focal spots are monitored by a beam
profile monitor and the centers of the two-color beam profiles at a point near the common focal
spot are aligned with each other with ~10 wm precision. The agreement of the optical axes between
the two beams is also confirmed by checking the profile overlap at a different point from the focal
spot along the common optical axis. After focusing the combined beams inside IC, the divergent
beams are parallelized by a set of achromatic lenses with a reduced beam diameter of 10 mm and
guided outside the IC through the chamber window. The beam-focusing parameter is important,
because this gives the upper limit of the sensitive mass range by the possible range of the incident
angle ¥ via Egs. (A18)—(A20) in Appendix A. The resonance production is enhanced when m =
2w sin ¥ is satisfied, that is, when the CMS-energy between two incident photons coincides with the
exchanged mass. If the angular coverage A® is too small compared to the mass we are interested in,
the resonance condition is never satisfied. Therefore, the focusing parameter can adjust the sensitive
mass range via the upper limit on the incident angles. In this pilot experiment the upper limit on mass
is thus 0.46 eV for the creation laser wavelength of 532 nm (2.3 eV).

The absolute beam intensities are monitored by the beam profile monitor. The non-interacting
creation and inducing laser fields are kicked out by individual dichroic mirrors and the reflected
waves are measured by the photo diodes PD1 and PD2 for 532 nm and 633 nm, respectively. This
amplitude information is used to monitor the relative intensity variation on a shot-by-shot basis.

The signal wave is further guided to an equilateral prism made of N-SF11 glass with a MgF; anti-
reflection coat, and thus refracted to the detection system, while the residual non-interacting creation
and inducing beams are refracted in different directions. These non-interacting waves are further
reflected by mirrors and dumped apart from the detection point of the signal wave.

For the scalar field search, we require the initial and final state photon energies with their linear
polarization states as follows:

w{l} + o{l} = uo(2) + 2 — w2}, (12)

where {1} and {2} specify orthogonal linear polarization states for photons in the creation beam and
in the inducing beam, respectively. As a reference polarization combination, we also simultaneously
measure the case

o{l} + o{l} - uwf{2} + 2 — w)wfl}, (13)

which is not allowed when all the wave vectors in Fig. 2 are on the same plane. Due to a degree of
freedom on the relative rotation angle between the p; — py and p3 — pa planes around the z-axis,
however, there is a finite probability of accepting this polarization combination. In order to measure
both cases on a shot-by-shot basis, we introduced the polarization beam splitter (PBS) whose polar-
ization directions are aligned to the incident laser polarizations {1} and {2} respectively in advance
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Fig. 4. The number of photons in 7{1} and T{2} as a function of the relative rotation angle between the
polarization plane of the pulsed creation laser and that of the polarization beam splitter (PBS).

(see the enlarged view of the SPD part in Fig. 3). For the two polarization paths behind the PBS,
two plastic optical fibers whose transmittances are independent of the incident linear polarization
states are attached with different lengths by introducing a relative time delay of 23.75 ns. These two
optical fibers are attached to a common photomultiplier tube (PMT), which is a metal package PMT
with the rise time of 0.78 ns (R7400-01 manufactured by HAMAMATSU), through lenses so that we
can count the number of photons in the two different time domains 7'{1} and 7 {2} separated by that
time difference on the digitized wave form of the analog output from the common PMT. By using the
fiber-coupled PMT, the degree of linear polarization is measured by rotating the polarization plane of
the pulsed creation laser with respect to that of the PBS. Figure 4 shows how the numbers of photons
in T{1} and T{2} change as a function of the relative rotation angle ® in units of degrees. The fit
results with the functional form sin(x ® /180) are consistent with a nearly linear polarized state after
transmission through all the optics, including the dichroic mirrors.

In order to shut out residual non-interacting creation and inducing laser photons, five short-pass
filters (SPF) with nominal OD ~4 for each to accept only wavelengths below 470 nm are placed
inside the tube in front of the PBS. The detection efficiency for the signal wavelength is evaluated
in advance of the pilot measurement with two PMTs of the same type using the beam splitter (BS)
in Fig. 3.

The readout of the analog signal from the photomultiplier is performed by a four-channel wave-
form digitizer (10-bit cPCI High-Speed Digitizers, Acqiris DC282 type U1065A provided by Agilent
Technologies) without any electronics for amplification to avoid adding noise sources. The measured
maximum rate of the readout by requiring simple online preselections is ~10 kHz. The digitizer is
similar to a digital oscilloscope; however, the readout speed is three orders of magnitude higher.
Thus, online selections based on an algorithm are applicable before waveforms are actually stored.

Trigger signals are created by discriminating pulse heights of analog signals on PD1 and the dig-
itizer is synchronized with these trigger signals. By denoting the existence or absence of green
(532 nm) and red (633 nm) lasers as g and r or g and r, respectively, we can consider the following
four wave-mixing patterns: g +r, g + 7, g + 7, and g + r, representing the cases including signal
(S), dark currents or pedestal (P), residual of creation laser photons (C), and residual of inducing
laser photons (I), respectively. The pedestal trigger is produced immediately after every 18.5 kHz
green triggers by adding a constant delay at which the green laser pulse is physically absent.
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We put a physical shutter on the CW red laser beam line, repeating open and close every 2 s. Mon-
itoring the green and red laser amplitudes at individual triggers allows the identification of the four
patterns of wave-mixing S, P, C, and I based on offline analysis of the recorded digitized waveform.
Waveforms are recorded with 500 sampling points during the 250 ns time window corresponding to
0.5 ns/division, which is consistent with the time resolution on the leading edge of the photomultiplier
(PMT) used for the single photon detection.

As the online level trigger, we required that at least one signal-like signature below a —1.00 mV
threshold after online pedestal subtraction is found in either T{1} or 7{2} time domain within the
two 15 ns windows (see the green bands in Figs. 4 and 6), and only waveforms containing such a
signature are recorded on the disk for offline analysis.

The number of total triggers reached 2.5 x 10° during the pilot measurement over four days.

4. Offline data analysis

In order to test the statistical significance of the four-wave mixing signals, the quantities we discuss
are Ng; which are the acceptance-uncorrected numbers of photons found in the time domains 7 {i}
with the linear polarization states i = 1, 2 in the case of the signal pattern (S). For the following
paragraphs, we abbreviate the symbols of the time domains with specified polarization states, unless
confusion is expected.

First, the four patterns: signal (S), pedestal (P), residual of green laser photons (C), and residual
of red laser photons (I) are each identified by looking at the amplitudes of the photodiodes recorded
in the waveform data, and the number of events of individual patterns, Ws, Wp, W, and W1, respec-
tively, are counted. These numbers are used as the weights to evaluate the number of photons in the
signal pattern by subtracting those in the other patterns.

Since there are no perfect wave-filters, we must expect non-zero numbers of residual photons in
the three patterns except for the pedestal pattern where the dominant background is the thermal noise
from the photomultiplier. We therefore interpret the observed raw numbers of photons 7 in the four
patterns specified with individual subscripts as

ns = Np + Nc + N1+ Ng

nc = Np + Nc¢
ny = Np + Np
np = Np, (14)

where we assume that the observed pedestal counts include thermal noise from the photodevice and
ambient noise such as cosmic rays, and hence the pedestal counts should be commonly included in
the other three patterns in the average sense. By considering the event weights of the four trigger
patterns, we then deduce the true number of photons in the signal pattern as follows

W W. W
Ns =ng — WISJHP - Wz(nc —np) — WT("I — np)
Ws Ws Ws
=g — — e — — —np. 15
ns chc W ni + WPnP (15)

We note that, exactly speaking, the physical meaning of np is different from the number of photons,
because the dominant pedestal charges are produced by thermal noise in the photodevice. As long
as the observed charges are expressed in units of single-photon equivalent charge, however, this
treatment is justified.
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Fig. 5. Single-shot example of a digitized waveform with peaks within the 50 ns time window.

The analysis steps to obtain the observed raw numbers 7n;; with trigger patterns i = S, C, I, P and
linear polarization states j = 1, 2 are as follows. Figure 5 shows a single-shot example of the digi-
tized waveform within a 50 ns time window. The two time domains within 3.5 ns intervals subtended
by two solid vertical lines are equally defined and are separated by the known time difference of
23.75 ns due to the different optical fiber lengths. The shorter (earlier time domain) and longer (later
time domain) fibers correspond to the linear polarization states {1} and {2}, respectively.

Photon-like signals or thermal noise signals are identified by negative peak finding. After finding
a time bin with the largest amplitude in the negative direction, a global pedestal amplitude is deter-
mined by averaging over the 250 ns window excluding the peak region, as shown by the horizontal
line in Fig. 5. We then find the falling edge and define the signal arrival time #( at the detector as
the time bin at the half value of the peak amplitude after subtracting the pedestal value, which is
indicated by the dotted vertical line. We require that a peak structure is identified by a pair of falling
and rising edges around the peak position #,. By defining time intervals from the falling edge to the
peak and the peak to the rising edge as At and At;, respectively, the time window of a signal, g,
is defined as 7, — 2.0A#s <ty < 1p + 2.25At;, indicated by solid vertical lines. The charge sum in
that time window is evaluated in units of single-photon equivalent charge, —4.21 x 10714 C.

The single-photon equivalent charge from the PMT used when operated at —800 V was evaluated
with weak pulsed-photon sources ranging from 0 to several tens of photons as the average number
of incident photons per pulse injection. Based on the Poisson probability distribution for a given set
of pulsed photon sources, we can estimate the expected charge when a single photon is injected so
that this charge is common to all the weak photon sources.

We then choose the waveforms satisfying the condition that at least one peak above 0.6 photon-
equivalent charge (—2.60 x 10714/ — 4.21 x 10~!%) is contained for counting the number of pho-
tons in the four patterns. The offline cut is indicated by the dotted vertical line in Fig. 6 with respect to
the single-photon equivalent charge denoted by the solid vertical line, where the charge sums within
the time windows of photon-like signals are shown in all four trigger patterns.

Figure 7 shows charge sums within time windows of peak-like structures, equivalently the numbers
of photon-like signals, as a function of the observed arrival time 7o for the four trigger patterns. The
number of photons is counted in units of single-photon equivalent charge within the time domains
T{1} and T {2}, respectively. Table 1 summarizes the numbers of photons in units of single-photon
equivalent charge in the four trigger patterns in the time domains 7'{1} and 7 {2}, and the numbers
of analyzed events in trigger patternsi = S, C, I, P.
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Fig. 6. Charge sums within time windows of photon-like signals in all four trigger patterns. The offline cut
is indicated by the dotted vertical line with respect to the solid vertical line corresponding to single-photon

equivalent charge.
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Fig. 7. Charge sums within time windows of peak-like structures in units of single-photon equivalent charge
that correspond to the numbers of photon-like signals, as a function of the arrival time #, for the four trigger
patterns, signal, pedestal, green residual, and red residual, within the time domains 7'{1} and 7' {2} with a 3.5 ns
interval subtended by the red vertical lines, respectively. The green shaded bands indicate the online analysis
windows of 15 ns time duration.

Table 1. Observed raw numbers of photon-like signals n;; in two time domains specified
with the polarization states j = 1, 2 for each trigger pattern i = S (signal), P (pedestal dom-
inated by thermal noise), C (green laser), and I (red laser), where W; indicates the number
of analyzed events in trigger pattern i.

Trigger i nj nin W;

S 1036 675 5.97317383 x 108
P 391 422 6.65181553 x 108
C 822 513 6.65200665 x 108
I 574 510 5.97300398 x 108
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5. Results

We take two steps to discuss the existence of signal photons from the four-wave mixing process.
First, we investigate whether the acceptance-uncorrected Ng; and Ns; indicate deviations from zero
beyond the inclusive errors in individual polarization paths. We then set upper limits on the coupling—
mass relation, if there is no statistically significant number of four-wave mixing signals. Otherwise,
we discuss the polarization dependence of the observed finite numbers of four-wave mixing signals.

The acceptance-uncorrected numbers of photon-like signals Ng; and Ns; with signal triggers (S)
after subtraction between four patterns of triggers were obtained based on the relation in Eq. (15) as
follows:

Ng1 =75 £ 51(stat.) £ 96(syst. I) £ 7(syst. 1),
Ngsy = 83 &£ 44(stat.) = 96(syst. I) = 7(syst. II). (16)

The statistical errors were calculated by taking propagation of statistical errors associated with the
subtraction using the photon numbers in Table 1 into account. The systematic errors I associated
with the subtraction between four trigger patterns were evaluated by focusing on the behavior of
the numbers of photon-like signals in the time windows outside the T{1} or T {2} domains, denoted
by T{1} & T {2}, where only unpolarized background photon-like signals are expected,! hence, the
difference between Ng and Ng5 should not appear and the deviation from zero gives the systematic
uncertainty on the subtraction method. We randomly combined 14 independent time bins of 0.25 ns
interval among the T {1} & 7'{2} domain and counted the number of photon-like signals within the
same time window as that of the T{1}, T{2} domains, i.c., 3.5ns = 0.25ns x 14. The root mean
square of such counts eventually gives the systematic uncertainty on the baseline counts in the 7'{1}
and T{2} domains associated with the subtraction method. The systematic errors Il originate from
the ambiguity on the offline cut to define a peak to count the number of photon-like signals. These are
estimated by changing the offline cut value from 0.5 to 2.0 photon-equivalent charge. The numbers
in Eq. (16) indicate that there is no significant four-wave mixing signal within one standard deviation
in both polarization states {1} and {2}.2

In order to evaluate the acceptance-corrected photon numbers Ns; and Ns;, we need to correct
the bias due to the difference of detection efficiencies in the two optical fibers in Fig. 3 for selecting
states {1} and {2}, respectively. We thus parameterize the overall efficiencies, €] » for the {1} and {2}

! The residual of the pulsed creation laser beam is only found either in T'{1} or T{2} domains, even though the
polarization states can be distinguished by the two optical fiber paths. On the other hand, the residual of the CW
inducing laser beam can be found in any time domains, however, the polarization states cannot be distinguished
by the two optical fiber paths eventually, because photons even with one polarization state can produce signals
in the two time domains equally as long as these incident timings are randomly distributed. Therefore, if the
T{1} & T {2} domain is chosen, no polarization dependence of the number of residual photon-like signals is
expected after all, as long as the subtraction between the four trigger patterns is ideally performed. Needless
to say, thermal noise should not have any polarization dependence.

2 The expected acceptance-uncorrected numbers of photons with {2}-state from atomic four-wave mixing
processes are evaluated as ~10722 and ~10~° photons from the residual gas and optical elements for the same
shot statistics as the present search, respectively, based on supplementary measurements with higher-intensity
laser fields where four-wave mixing yields were evaluated as a function of residual gas pressures. We estimated
these numbers of photons by scaling the results in the supplementary measurement down to the laser peak power
of the two-color laser fields with the same optical elements and focusing geometry as the present search by
taking differences of detector acceptances and shot statistics between the present search and the supplementary
measurements into account.
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states, respectively, as
€1 = €opt1 €D, € = €opt2€D, (17)

where €qpt1 2 express the optical collection efficiencies of the combination of the polarization beam
splitter and optical fibers equipped with two lenses, and ep is the pure detection efficiency of the
photomultiplier not including the optical paths (see the enlarged SPD part in Fig. 3). What we directly
measure experimentally is a branching ratio between two paths containing exactly the same optical
components and detector as those used for the pilot measurement, which corresponds to the ratio of
these two efficiencies:

1

= (18)
€2

B

This quantity is determined by taking the ratio between the numbers of photons in 7{1} and 7' {2} at
® = 90° and ® = 0°, respectively, in Fig. 4. With B, the acceptance-uncorrected photon numbers
are expressed as

Nsi  Nsi Nsi

€1 Bey Begpep

Ng» Ng»
Ngy = —= = (19)

- ’
€2 €opt2€D

where the second of Egs. (17) is substituted, and ep is known from the other measurement in advance.

As the second step, we evaluate the upper limit on the coupling—mass relation, where we regard the
acceptance-uncorrected uncertainty 6 Ngp in the polarization state {2} as the one standard deviation
o in the following Gaussian type of distribution with the mean value u = Ngp:

1 /M+5 2092 8
l—a= e~ (/200 gy = erf(—) , 20
V2o Ju-s V20 20)

where the estimator x corresponds to Ng; in our case, and the confidence level is given by 1 — a—
see Eq. (36.56) in [21]. As the upper limit estimate, we apply 2o = 0.05 with § = 2.240 to give a
confidence level of 95% in this analysis.

We then require that the expectation value of Ng, coincides with 2.24¢ to obtain the upper limit
at the 95% confidence level. In order to relate the upper limit on Ng, with the upper limit on
the coupling-mass relation directly, we further need to deduce Ns; corresponding to the unbiased
number of signal photons immediately after the focal point via the second of Egs. (19):

Ngo 2.246 Ngp
Ny = = . (21)

€opt2€D €opt2€D

Figure 8 shows the upper limit on the coupling—mass relation at the 95% confidence level which is
calculated by requiring

WY = Ns» (22)

in Eq. (10) with the experimental parameters summarized in Tables 1 and 2. The excluded domain
by this pilot search based on four-wave mixing (FWM) in QPS is indicated by the slanted shaded
area. For reference, we show existing upper limits from the other types of scalar field searches with
vertically shaded areas: the ALPS experiment [22] (the sine function part of the sensitivity curve is
simplified to unity for the figure) which is one of the “Light Shining through a Wall” (LSW) experi-
ments, searching for non-Newtonian forces based on torsion balance techniques; Eto-wash [23,24];
Stanford1 [25]; Stanford2 [26]; and the Casimir force measurement (Lamoreaux) [27]. The domains
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Fig. 8. Upper limits on the coupling(g /M )—mass(m) relation for the scalar field exchange. The excluded region
by this pilot search based on four-wave mixing (FWM) in QPS is indicated by the slanted shaded area. The
vertically shaded areas show the excluded regions by the other scalar field searches: the ALPS experiment [22]
(the sine function part of the sensitivity curve is simplified to unity for drawing purposes) which is one of
the “Light Shining through a Wall” (LSW) experiments, searching for non-Newtonian forces based on torsion
balance techniques; Eto-wash [23,24]; Stanfordl [25]; Stanford2 [26]; and the Casimir force measurement
(Lamoreaux) [27]. As a reference for future pseudoscalar searches, we also show the expected mass—coupling
relation based on the QCD axion scenario for E/N = 0° (KSVZ model [29,30]), indicated by the inclining
dotted line.

below the vertically shaded areas are all excluded. We note that if we require the proper polarization
combinations between initial and final states for pseudoscalar fields [11], we are able to test the QCD
axion models in the near future. As a reference, we show the expected mass—coupling relation based
on the QCD axion scenario for E/N = 03 (KSVZ model [29,30]) which is indicated by the inclining
dotted line.

6. Conclusion

We demonstrated the pilot search for scalar fields in the mass region m < 0.46¢eV via four-wave
mixing of two-color laser fields. There were no significant four-wave mixing signals. We obtained
the upper limit on the coupling—mass relation at a confidence level of 95%, which approximately
follows m~>/? scaling with the highest sensitivity g/M = 92.6 GeV~! at m = 0.46 eV. The concept
of the experimental setup as well as the analysis procedure is extendable to higher-intensity laser
systems in the near future.

3 See the parametrization, for example, in the section “Axions and other similar particles” in [21]. See
also [28] on the possible range of the ratio of the electromagnetic to color anomaly factors of the axial current
associated with the axion, E/N.
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Table 2. Experimental parameters used to obtain the upper limit on the coupling—mass

relation.

parameters

values or comments

wavelength of creation laser A,

relative line width of creation laser (Sw/{w))
wavelength of inducing laser A;

relative line width of inducing laser (Sws/{(w4))

u = w4/w based on Egs. (3) and (7)

focal length f

beam diameter of laser beams d

upper mass range given by ¢ < Av

azimuthal asymmetric factor Fg

duration time of creation laser pulse per injection t,
duration time of inducing laser per injection 7; (CW)
creation laser energy per t

inducing laser energy per t;

combinatorial factor in luminosity Cy
single-photon detection efficiency ep

efficiency of optical path 2 €y

branching ratio B = € /¢;

8Ns; in Eq. (22)

532nm

4.6 x 107°

633 nm

3.2 x 1076

0.84

200 mm

40 mm

0.46eV

F55, in Eq. (9)
0.75ns

Is

(0.181 £ 0.009) uJ
(1.87 £0.19)mJ
1/2

(2.94 £0.03)%
“4.3+0.1)%
0.824 £0.002
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Appendix A. Re-evaluation of the signal yield

Given the formulae in Refs. [9-11] and the correction suggested by [31], we re-evaluate the signal
yield with a more direct formulation than that based on the concept of cross section. The cross section
is naturally applied to a beam flux normal to a target or the extension to head-on particle colliders
where all beams are on the same axis. In QPS, however, this viewpoint is not necessarily convenient
due to the wide distribution of tilted incident fluxes. In such a case, we can adopt the more convenient
formulation [32,33], which is useful, for instance, to evaluate the number of interactions in plasma
where the concept of a beam flux to a target is no longer clear. With the notations in Fig. 2 and the
Lorentz invariant phase space factor d L;;,

d* p3 d* ps
dLips = 21)*8 —p1— : Al
ips = (27)"8(p3 + p4 — pi p2)2a)3(27r)3 Yoa ) (A1)
the signal yield can be formulated as [32,33]
V= / ded7 p1 (7, 1) pa (. 1) f dﬂ—p(mwwn dLips
=D[s/L?|T[L3)s]. (A2)
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where M (¢) is the Lorentz invariant transition amplitude as a function of incident angle ¥ with the
normalized statistical weight p(¢}) due to the uncertainty of the incident angle, D is time-integrated
density, and ¥ is the interaction volume per unit time. We note the dimensions explicitly with time s
and length L in [] of Eq. (A2). On the other hand, it may be possible to factorize the yield based on
the concept of time-integrated luminosity x cross section as follows:

Y= fdﬁp(ﬁ) (/ drdripi(F, ) p2 (7, t)K(l‘}))( |M(ﬁ)|2dLips>

K(@)2w2w

= / d9p () L(D) [s/(L2 : s)] o (9) [LZ] , (A3)

where K corresponds to the relative velocity of incoming particle beams for a given ¢ based on
Magller’s Lorentz invariant factor [34]. The relative velocity K is defined as [35]

(01 x 12)?

—— =2csin’ ¥, (A4)

K@) = \/(171 —0)? —

with the notation in Fig. 2. If p(¢) is a mere number, which is the normal case for collisions with

c

two independent beams with a fixed relative velocity, this factorization is robust. In the case of the
photon QPS, however, the concept of relative velocity between a pair of incident photons could
be ambiguous due to spreads of single photon wavefunctions near the waist,* while the squared
scattering amplitude itself has to be averaged over a possible range on ¢ due to that unavoidable
uncertainty. In order to have recourse to the concept of a cross section, however, we need to choose a
proper relative velocity value to convert a squared scattering amplitude into a cross section. We then
face difficulty in uniquely determining a K-factor with respect to the averaged squared scattering
amplitude over a range of ¥ in QPS. In the formulation in Eq. (A2) without recourse to the concept
of a cross section, on the other hand, ambiguity originating from choices of a proper K -factor is all
avoidable. Therefore, we reformulate the signal yield based on Eq. (A2) as follows.

We first express the squared scattering amplitude for the case when a low-mass field is exchanged
in the s-channel via a resonance state with the symbol to describe polarization combinations of initial

and final states S:

a2

X2 +a2
- a)f with the resonance condition m = 2w, sin ¥, for a given mass m, and a is

IMs|? ~ (4)> (AS)

where x = w?

expressed as
w? (gm )2 mI’

= — = —’ A6
87 \ M 2sin’ 9, (A6)
with the resonance decay rate of the low-mass field’
2
r=16m)"! <gM—1> <y (A7)

4 Our attitude might be strongly biased by the Copenhagen interpretation. If pre-existing momenta in advance
of measurement could be realized in nature, it might allow us to explicitly define relative velocity. The approach
expressed in Eq. (A2), however, can circumvent this vague point originating from the different interpretations
of realism in quantum mechanics.

3 We note that if M ~ Mpianek ~ 10" GeV and g ~ ageq ~ 1072, the decay rate form ~ 1072 GeV becomes
~10~*! Hz, and hence the lifetime is quite long. Therefore, we need to stimulate the decay at the same time as
the production by supplying an inducing laser field in advance of the interaction, that is, we treat the interaction
as an instantaneous scattering process where the production and the decay cannot be distinguished in spacetime.
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The resonance condition is satisfied when the center-of-mass system (CMS) energy between two
incident photons Ecyms = 2w sin ¥ coincides with the given mass m. At a focused geometry of an
incident laser beam, however, Ecys cannot be uniquely specified due to the momentum uncertainty
of incident waves. Although the incident laser energy has an intrinsic uncertainty, the momentum
uncertainty or the angular uncertainty between a pair of incident photons dominates that of the inci-
dent energy. Therefore, we consider the case where only angles of incidence ¥ between randomly
chosen pairs of photons are uncertain within 0 < ¢ < A¢ for a given focusing parameter by fixing
the incident energy. The treatment for the intrinsic energy uncertainty is explained in Appendix B.
We fix the laser energy w at the optical wavelength,

2= ey (A8)
Pt 42 ’

r

while the resonance condition depends on the incident angle uncertainty. This gives an expression
for x as a function of ¥

2 m2

m
@) = wly = wk®) = 1 — = [ 1= 0,/9)| 0y (A9)
opt r 4193 4292 r opt
where
s ~3/2
= ——[1- % dx. (A10)
26()Opt a)opt

We thus introduce the averaging process for the squared amplitude |Mg|? over the possible
uncertainty on incident angles,

/2
MsP = /O P ()| Ms ()29, (Al1)

where M specified with a set of physical parameters m and gM~! is expressed as a function of
¥, and p(¥) is the probability distribution function as a function of the uncertainty on ¢ within an
incident pulse.

We review the expression for the electric field of the Gaussian laser propagating along the
z-direction in spatial coordinates (x, y, z) [13] as follows:

exp {—i[kz — H@)]-r? ( 1 5 + i)} , (A12)
w(z)?  2R(2)

- = u)o
E(x,y,2) = Ep
w(z)

where Ej is the electric field amplitude, k = 27 /A, r = \/x2 + y2, wq is the minimum waist, which
cannot be smaller than A due to the diffraction limit, and other definitions are as follows:

2
w(2)? = wo? <1 + Z%) , (A13)
ZRZ
R=z(1+7%), (Al4)
H(z) = tan™! (i) : (A15)
_ T’ Al6
ZR=— (A16)
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With 6 being the incident angle of a single photon in the Gaussian beam, the angular distribution
g(#) can be approximated as

1 02
) ~ -t Al7
0~ |- @i

where the incident angle uncertainty in the Gaussian beam A6 is introduced within the physical range

0] < /2 as
Ac d

Twy  2f
with the wavelength of the creation laser A., the beam diameter d, the focal length f, and the beam

AG ~

(A18)

waist wg = %, as illustrated in Fig. 1. For a pair of photons 1, 2, each of which follows g(6), the
incident angle between them is defined as

1
Y = §|91 — 6]. (A19)
With the variance A2 = 2(‘1‘ A6H?), the pair angular distribution p(¢) is then approximated as
) 2 9 \? 2
P NZZX e BV JTAO

where the coefficient 2 of the amplitude is caused by limiting ¢ to the range 0 < ¥ < /2, and

for 0<9 <m/2, (A20)

(A%)2 <« 1 is taken into account because A8 in Eq. (18) also corresponds to the upper limit by the
focusing lens based on geometric optics. This distribution is consistent with the flat-top distribution
applied in Refs. [10,11], apart from the coefficient.

We now re-express the average of the squared scattering amplitude as a function of x = a& in
units of the width of the Breit—Wigner(BW) distribution a by substituting Egs. (A5) and (A20) into

Eq. (A11) with Eq. (A10):

——  (4m)? (ﬁ,)
Msg|? = — )aWw, A21
| M| Vol \ 6 (A21)
where we introduce the constant
w2
—PH1— (@, /(/2)%}
W= w de, A22
/ ’ © 7% (A22)
with
—3/2
W) = (1 - ?) . (A23)
[0))
opt

In Eq. (A22), the weight function W (£) is a positive and monotonic function within the integral
range and the second term is the Breit-Wigner(BW) function with a width of unity. Note that | M g|?
is now explicitly proportional to a but not a?. This gives the enhancement factor a compared to the

case | Ms|? oc a® where no resonance state is contained in the integral range controlled by A6 exper-
imentally. The integrated value of the pure BW function from £ = —1 to £ = +1 gives 7 /2, while
that from & = —oo to &€ = +o00 gives . The difference is only a factor of two. The weight function
W (&) of the kernel is almost unity for small a£, that is, when a is small enough with a small mass and
a weak coupling. For instance, the coupling—mass range covered by Fig. 8, g/M ~ 10! GeV~! and
m ~ 10713 GeV, gives a ~ 1073, while g/M ~ 10> GeV~! and m ~ 10710 GeV gives a ~ 10717,
In such cases the integrated value of Eq. (A22) is close to that of BW, because the weight function is
close to unity and also the upper limit of the integral range in Eq. (A22) is large for ¢, /A¥ < 1 by
the a~! dependence. In Ref. [11], we thus approximate W as /2 as a conservative estimate.
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Let us remember the partially integrated cross section over the solid angle of the signal photon w3
which corresponds to Eq. (11) in Ref. [11]. The expression before taking the average over ¥, hence
as a function of 9, is:

2 b3
0(0)_fS|MS(19)| f3(w3

2
=" "~ — ) sin63d6s. A24
(87TCL))2 Sin4 3 973 20)) S 63do3 ( )

We then convert the interaction cross section o (1) into the interaction volume per unit time X (1)
by simply multiplying the relative velocity K (/) = 2¢ sin” 9

2cFs|Ms(@)? /93 W3\2 . 23 FsIMs)IP [ he \POou o5
)= =25 [ (22 singyd6s ~ T3],
D) = raysin? o Jo, (2a)> S 87)2 mc) & [ /S]

o (A25)
where A is the creation laser wavelength, Su = & — u with approximations u?> <« 1and 9 <« 1,and ¢

and A are restored to confirm the dimension explicitly. The averaged value over 9 is then expressed as

— /2 cFs)2su (72
Y = Dp(P)T(D) = —< Dp (¥ ?|?
/0 4203 E (D) 2(16712)2/0 d9p(2)| Ms(2)|

cFsh28u (4m)? (0,) " cWFsA2su (ﬁ,)

~ —_— a - —_—
2(167%)? (/magy \ A0 2/ (4m) 2wy \AO
2T (@A) 2wy \ A0 ) 87

M
CWfs)»g(su Oy gm\2
_ . A26

4./7(4m)3 (AH) <M> (A26)

where Eq. (A21) and a in Eq. (A6) are substituted in the second and third lines, respectively, and
w; = wopt via Eq. (A8) is identified for the last line.

We now consider the time-integrated density factor D in Eq. (A2) applicable to free propagation of
the Gaussian laser beam for creation, as illustrated in Fig. 1. We first parameterize the density profile
of an incident Gaussian laser beam being the focal point at z = 0 with the pulse duration time .
propagating over the focal length f along the z-axis as [36]

2N, x2 + y? 1 7\
» VK 1) = ———— _2 - — ) A27
Pe(x,y,2,1) Tw2(2) exP { w2(z) | J/mete xp CTe (A27)

where the central position of the creation pulse in the z coordinate is traced by the relation z = ct
as a function of time ¢ while the pulse duration along the z-direction is expressed with the local
coordinate z’; hence, 7’ = z — ct, and N, is the average number of creation photons per pulse. Using
the squared expression

4N 2 1 x2 4+ y? 7 \?
Bl wiz) P {_4 w?(z) } =P {_2 (c_fc) ] ’ (A28)
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based on Eq. (A2), D. is then expressed as

0 00 00 o0
f dtf dxf dy/ dzpd(x, v, 2. 1)
—f/c —00 —00 —00

2
_ 4N? /0 ” 1 rw?(ct) [mw?(cr) /00 0 exp | -2 7
m3(ete)? Jogpe wHer) 4 4 oo cTe

N 1/0 i 1
- V2rrwotete Joge 14 (ct/zr)?

N2 1 1
= gy (i) [s/L3], (A29)
«/27‘[ TTWo“ CTe C ZR

where the time integration is performed during the pulse propagation from z = — f to z = 0, because

D

photon—photon scattering never takes place when two photons in a pair are apart from each other at
z > 0.

We now evaluate the effect of the inducing laser beam. The inducing effect is expected only when
P4 as a result of scattering coincides with a photon momentum included in the coherent state of the
inducing beam. In order to characterize p4 from the interaction, we first summarize the kinematic
relations specified in Fig. 2. Although the CMS-energy varies depending on the incident angle ¢, the
interaction rate is dominated at the CMS-energy satisfying the resonance condition Ecmys = m =
2w sin ¥, via the Breit—-Wigner weighting. Therefore, p4 is essentially expressed with the condition
¥ = v, in Eq. (7). With ¥, < 1, we obtain the following relations:

04 ~R7V?9, and 63 ~R?y,. (A30)

These relations imply that the spontaneous interaction causes ring-like patterns of emitted photons
with cone angles 83 and 64 commonly constrained by ¥, because the way to take a reaction plane
determined by p1 2 3.4 is symmetric around the z-axis.

We then evaluate what fraction of photon momenta in the inducing beam overlaps with p4; in other
words, the acceptance factor applied to the ideal Gaussian laser beam, which was discussed within the
plane wave approximation in [11]. In the beam waist at z = 0, the angular spectrum representation
gives the following electric field distribution as a function of wave vector components k, and k, on
the transverse plane z = 0 based on the Fourier transform of E (x,y,z=0)[37]:°

2 )2 2 2
Eky, kys 2 = 0) = Bg 0= 0i+kD) — f W0—i (A31)
4r 4r
where the transverse wave vector component k% = k)% + ki is introduced. With the paraxial approx-
imation k, ~ k — k% /2k, we can derive exactly the same expression for E(x, y, z) in Eq. (A12)

starting from this representation [37].5 We apply Eq. (A31) to the inducing beam represented by the

_ _fA
= zdze

For a range from k14 to kT4 by denoting with the underline and overline the lower and upper values

subscript 4 with kT4 = k4 sinf ~ kaR™1/2 v, using the first relation in Eq. (A30) and w4

® A similar description can also be found in http://www.photonics.ethz.ch/fileadmin/user_upload/optics/
Courses/EM_FieldsAndWaves/AngularSpectrumRepresentation.pdf.
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on the corresponding variables, respectively,the acceptance factor A; is estimated as

krq 2
O S B TR Ter L B
T S amkpaEldkrs ) y U )

0 T4L£;AKT4

2 1,2

w§,k 1 =-1
~ SR =R

2 2
— (P 9

~2R 'R 1)<A—;) = 46U <A—’9> , (A32)

where the approximation in the first line is based on woskT4 < 1, kT4 ~ kaR~1/29, is substituted in
the second line, and wosk4 = 2;3# = 2/A04 with A4 ~ A6 due to the common focusing geometry
d and f to those of the creation beam is substituted in the third line by defining §Uf = % We note
that Eq. (A32) now has quadratic dependence on ¥, while the corresponding acceptance factor in
[11] was proportional to ¥, due to the plane wave approximation.

Because of the common optical element sharing the same optical axis, in advance, the spatial
overlap between creation and inducing lasers is satisfied in QPS. In actual experiments, however, it
is likely that the time durations between the two laser pulses are prepared as 7; > 7. for inducing
i and creation ¢ beams, respectively, because shortness of 7. is more important to enhance D, via
the quadratic nature of the pulse energy. Therefore, we further introduce a factor representing the
spacetime overlap by assuming the pulse peaks in spacetime coincide with each other. Hence, the

entire inducing effect is expressed as

Tc 9, 2 Tc

Therefore, the overall density factor D¢ including the inducing laser effect is expressed as

Dc—i—i ~ CmeCI
N2 1 1 9\
~ oy L VR (S asp (22} ()
2w mwo? et ¢ 7R A6 T
4 ZR Tc af(f U : 2
= — | — |t — — | SUC,NZN;
2T 7Tw02C2‘L'c (‘Ei ) an ZR AO mb e i

4 1 [\, md®\ (0 \* 5
= " (E) T\ SUCHNEN;, A34
N (q> an (4 IEWAVY mb N Vi (A34)

where Cpyp, = 1/2 corresponds to the combinatorial factor originating from the choice of a frequency

among the frequency multimode states in the creation and inducing lasers, as discussed in Ref. [11].
Based on Eq. (A2) with Egs. (A26) and (A34), the re-evaluated signal yield ) is finally expressed as

Yy =D(:—|—if
_ 4 1 Tc tan="! 7d? 9, zguc N2N_CWfS)‘38u O, (gm)Z
= J2n et \ T 4 fr ) \ 20 mb e My rdn)d \ a6 ) \M
1 Ac ¢ [ md? 9\ gm\2 ’
=— (=) (2t ) sustd (%) WFsCrp NIN;
V2r(4r)3 (CTC)(Ti> o (4 frc) \ A6 ! (M) $Hmb e i
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1 Ac Tc 3. wd? gm\2 m 3 )
- o )\ 3 ) A0 e e JoudU G CobNZN;
Vam(4m)? (m)(n) o\aa) (5) rofev]) VT sCmNeN

L (e \ (T (N, 1 md® )\ G —w? (gm[eV])?
~—rn—|—])|— )= tan —
64274 \ctc ) \ 1) \d 4 fac uu M [eV]
m [eV]
X
w[eV]

3
) WFsCupN2N;, (A35)

where the parameters specified with [eV] apply natural units. We note that the re-evaluated signal
yield depends on m°>, compared to the m? dependence in Ref. [11]. The additional m? dependence
is caused by the multiplication of K-factor in Eq. (A25), and an m dependence is further added by
Eq. (A32) due to the ring-image acceptance for the inducing effect. The sensitivity to lower mass
domains thus diminishes.

Appendix B. The effect of the finite spectrum widths of the creation and inducing
laser beams

When the creation and inducing lasers have finite spectrum widths, the effect has impacts on the inter-
action rate of four-wave mixing as well as the spectrum width of the signal via energy—momentum
conservation within the unavoidable uncertainty of photon momenta and energies in QPS. We have
considered the effect of the finite line width of the inducing laser field by assuming the line width of
the creation laser is negligibly small [11]. In such a case, the energy uncertainties in the process of
four-wave mixing with the conventions used in Fig. 2 are described as

w = {w), w4= {wg)Etéwy, and w3 = (w3) L sw;3 (B1)

for the creation laser, the inducing laser, and the signal, respectively, where (--) denotes the average of
each spectrum, w4 expresses the intrinsic line width caused by the energy uncertainty in the atomic
process producing the inducing laser beam, and w3 = Swy arises due to energy conservation [11].

In this case, # and u in Eq. (A35) via Eq. (3) solely originate from the intrinsic line width of the
inducing laser field. However, this approximation is not valid for the case where the line width of the
creation laser is equal to or wider than that of the inducing laser. We now provide the prescription
for the following general case:

w={(w)+dw, ws= {(wg)Fdws, and w3 = (w3) =+ dws, (B2)

where the intrinsic line width of the creation laser w is explicitly included. In this case, at a glance,
Eq. (6) must be modified so that a finite net transverse momentum along the x-axis in Fig. 2 is
introduced by the different incident photon energies w; and w» with corresponding incident angles
P and v, respectively. These notations are for a nominal laboratory frame defined by a pair of
asymmetric incident photons, referred to as the L-system. Here, nominal implies that we cannot
specify an individual photon’s incident wavelength as well as its incident angle physically, that is,
what we know priori is only the ranges of uncertainties on possible wavelengths and incident angles.
Exactly speaking, all the calculations so far are based on the equal incident energy (w) with the
equal incident angle ¥ in the averaged laboratory frame, referred to as the (L)-system as illustrated
in Fig. 2, where the transverse momentum of the incident colliding system is zero on the average.
We regard the effect of these nominally possible L-systems as fluctuations around the averaged (L)-
system. We therefore attempt to transform L-systems into an (L)-system so that w is effectively
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invisible as follows:
o= (), 4= (w4)* Awy, and w3 = (w3)=* Aws, (B3)

where dw in Eq. (B2) is absorbed into the effective line widths of the final state photon energies in
the (L)-system resulting in Aws > dw4 denoting A as the effective width in the (L)-system, and
accordingly Awsz > Sws3 arises via energy—momentum conservation in that system.

As long as a resonance state with a finite mass is formed, a range 0 < ¢ < A¥ in Fig. 1 eventually
contains the resonance angle ¢, which satisfies the condition that the center-of-mass system energy
Ecms = 2{w) sin ¥, coincides with the mass m in the (L)-system, and any nominal L-systems which
satisfy the resonance condition can be generally formed by a transverse Lorentz boost of the (L)-
system with the relative velocity 8 with respect to the velocity of light ¢. Assigning the positive
direction of B to the positive direction of the x-axis in Fig. 2, the energy and the transverse momentum
relations between an L-system and the (L)-system are connected—see Eq. (43.1) in [21]—via

or\_ (1 -B\( @
pir) "\ 1) \(w)sine )
w\_ (1 A\ @
(m) -7 (—/3 1 ) <—<w> sin ﬂ) | ®Y

with y = (1 — g%)~1/2, where the subscripts 1 and 2 correspond to the photon indices in Fig. 2.
Since the relations of the energy components in Eq. (B4) indicate that p; experiences a frequency
down-shift, while p, experiences a frequency up-shift, we introduce another definition of the energy
components of p; and p; after the transverse boost:

w1 = y{w)(1 = Bsind) = (0) — dw = () (1 —ér),
wy = y{w)(1 + Bsin?}) = (w) + Sw = (w) (1 + 8r), (BS)

where a relative line width with respect to the mean energy of the creation laser ér = dw/(w) is
implemented. We note the following physical and experimental conditions:

0<pB<1 and 0<dr«I. (B6)

For convenience, we tentatively distinguish g for wj > by the subscripts in the following discussion.
As for wy, from the first line of Eq. (B5) with §r <« 1, we obtain

(14 sin® 9 — 28r) 7 — 2sin 9B + 26r = 0, (B7)
with solutions, assuming ¥ < 1,
= UENVEL 92408 (19:|:~/D>, BS
Pre =57 05 +26r) 1 (B8)
where
Dy ~ 0% — (1 + 92 — 28r)28r ~ 92 — 26r. (B9)

Requiring D; > 0 gives a physical constraint
28r < 2. (B10)
If this is satisfied, /D; ~ (92 — 28r)!/2 ~ 9 — 8r/® with §r < 1 gives

ﬂi\ﬂ~0i(ﬁ—%>. (B11)
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The double-sign symbol in Eq. (B8) gives the following two solutions:

Bis ~ (1 — 0% +26r) 29— ) g
1+ 9 295
5 8
B~ (1 — 92 +28r) (gr) ~ §r >0, (B12)

where only 81— is physically acceptable, while B4+ is not, because the limit of §r — 0 must
correspond to 8 = 0 in our discussion.
Let us move on to discuss w,. From the second line of Eq. (B5), with 6r < 1, we get

(14 sin® 9 +28r) 2 + 2sin 9B, — 26r = 0, (B13)
with solutions, assuming ¥ < 1,
= R~ (=020 (-0 £ VD). Bl4
P+ R ER y ( r) 2 (B14)
where
Dy ~ 92 + (1 + 92 +26r)28r ~ 9> +28r > 0. (B15)
The approximation /Dy ~ (92 4 28r)'/2 ~ ® + 8r/9 with §r <« 1 gives
1)
—0i\/D2~—ﬁi(ﬂ+§r). (B16)
The double-sign symbol in Eq. (B14) gives the following two solutions:
oo ~ (1402 +26r) ()~ 2
24 3 3 ,
2 or or
P~ (L4 07 4280 (=20 — — ) ~ =29 — —. (B17)

where only B, is physically acceptable, while 8>_ is not for the same reason as w1, in addition to
the positivity condition.
A common S is eventually determined as
or
ﬂ~ﬁ1_=ﬂz+=; (B18)
based on Egs. (B12) and (B17). By substituting 67 in Eq. (B18) into Eq. (B6), the range of § is

expressed as
4

B < 5 (B19)
Among ¢ within A9, 9, is effectively enhanced based on the Breit—Wigner distribution in the aver-
aging process of the square of the invariant scattering amplitude around Ecps = 2 sin 0 (w) [10].
Therefore, for a given mass m ~ 2(w)¥, with ¥, < 1, the effective physical limit on j is expressed

as 5
r v,
= — < —. B20
Br 9, < b ( )
On the other hand, an instrumental full line width of a creation laser Ar = Swg,1/ () is given by the
creation laser intrinsically. Therefore, the range of 8 can be maximally covered by
Ar
based on the relation in Eq. (B18). If 8. is smaller than §,, however, the instrumental condition

limits B to 8 < B before reaching the physical limit §, for a given mass parameter. Therefore, we
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are required to choose smaller 8, either 8. or 8, depending on the relation between an experimentally
given line width of the creation laser and a given mass parameter we search for.

Given a possible range of B based on the relation between an intrinsic line width of the creation
laser and a given mass m, we can construct a unique (L)-system by inversely boosting individual
L-systems, where the intrinsic line width dws is effectively broadened. This is because a spec-
trum width is effectively embedded by the possible range of inverse boosts for a w4 chosen among
(wa) — Sws < w4 < (w4) + Swy in individual L-systems. Therefore, combining the inverse-boost-
originating spectrum width with the intrinsic line width of the inducing laser provides the effective
inclusive range of u defined in Eq. (3) in the (L)-system.

We first evaluate how much the common inverse boost originating from the line width of the cre-
ation laser solely changes the range of u from u, to u. in the (L)-system for an w4 within the line
width of the inducing laser field. By inversely applying the boost in Eq. (B4) to p4 in Fig. 2, we
can express the upper and lower edges of the broadened energy range of w4 with the approximation
9, < 1as’

tic(w) ~ Lu(w)y (1 + ) = Lu(w) min {yc(l +Ar), y (1 + %03)} ,

u(w) ~ liu(w)y (1 — ) = lju(w) min {Vc(l —Ar), ¥ (1 - %ﬂrz)} : (B22)

where /; represents the process to choose an w4 within the relative line width /; = 1 & dua/u, with
duqa = (u — u)/2 being the average value (/;) = 1, subscripts ¢ and r in the right-hand side denote
the cases where . and S, are used, respectively, and min{A, B} specifies the smaller of A and B.
We then discuss the inclusive range of u by combining the broadened w4 in the (L)-system with the
intrinsic line width of the inducing laser. We introduce a notation reflecting the combining process
in the (L)-system,
w<as = liu{w), (B23)

where Ic =1 & duc/u with Suc = (e — uc)/2, having average value (lc) =1, is a coefficient
describing the uncertainty by the inverse transverse boost discussed above. Since the intrinsic energy
uncertainties of the creation and inducing laser beams are independent, quadratic error propagation
gives the following inclusive uncertainty on w4 in the (L)-system:

2 dw-4> 2 2 dw~4> 2 2 2 2 duy 2 duc 2
Pou == ) Shit (=) Sle=wt? | (5) +(=5) |- (B24)
1 c u u

Finally, this gives the inclusive uncertainty on u,

Sw—a- Sua\’> [ Suc\?
Sutine = oo=t= _, [(224) 4 (o) (B25)
(w) u u

and the upper and lower limits on #, which replace the limits in Eq. (10) with

u

U+ Sutinc and  u = u — Sutjnc, (B26)

respectively, are obtained.

7 Note that the degree of freedom to flip p3 and p,4 around the z-axis by keeping the angular balance in Fig. 1
results in both frequency up- and down-shifts in w3 and ws.
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As a summary based on Eq. (B22), the effect of the line width of the creation laser is less significant
compared to that of the inducing laser for a smaller mass range, while it has some impact for a larger
mass range, as long as the line width is comparable to or larger than that of the inducing laser.
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