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The nonlinear Breit-Wheeler process is a fundamental phenomenon of strong-field quantum electro-
dynamics and is usually studied for classically prescribed laser backgrounds. Here we examine how the
statistical properties of a squeezed coherent driving field modify nonlinear Breit-Wheeler pair production.
Using a polarization-resolved Monte Carlo framework with stochastic averaging over the field-amplitude
distribution derived from the Husimi Q-function, we simulate collisions of γ photons with squeezed light
and identify clear source-state-dependent modifications of the pair production signal. These effects include
the smoothing of harmonic structure, the enhancement of higher-order multiphoton channels, and the
suppression of the single-laser-photon absorption channel when stronger-field realizations raise the
dressed-mass threshold. Within the selected spectral window, the degree of positron polarization increases
monotonically with the squeezing parameter, while the angular distributions broaden as the statistical
weight of larger field amplitudes increases. Our results show that, even at fixed mean electric-field
amplitude, the statistical fluctuations inherent to the squeezed coherent state can substantially reshape
spectral, angular, and spin-resolved observables in strong-field pair production. These findings illustrate a
direct link between source-state-dependent field statistics and strong-field pair production observables, and
provide a theoretical framework for studying how squeezed-state preparation of the driving field can
influence high-energy quantum electrodynamics processes.
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I. INTRODUCTION

The nonlinear Breit-Wheeler (NBW) process converts a
high-energy γ photon into an electron–positron pair
through the absorption of multiple photons from an intense
laser field [1,2], providing a direct route from light to
matter. It is relevant to high-energy astrophysics, laser-
plasma interactions, and strong-field physics. Experi-
mentally, multiphoton pair creation associated with
NBW was first observed in the SLAC E-144 experiment
in the 1990s [3,4]. In E-144, a 46.6-GeV electron beam
collided with a terawatt-class laser pulse (peak intensity
∼1018W=cm2). The interaction produced high-energy γ
photons via nonlinear Compton scattering, which then
underwent multiphoton pair creation in the same laser

field. This provided the first experimental evidence for the
NBW mechanism, linked to nonlinear Compton scattering
by crossing symmetry, and motivated extensive subsequent
studies largely within the classical-background-field
paradigm.
The NBW process has since been explored in a wide

range of classical and structured backgrounds, including
pulsed fields [5–7], dual-pulse configurations with tunable
carrier–envelope phase (CEP) [2], and bichromatic drivers
[8–14]. These works highlight the strong sensitivity of
NBW to the driving field: by tailoring the laser waveform
and parameters, one can control not only the pair yield but
also the energy spectra, angular distributions, and spin
polarization of the produced leptons. The polarization of
the incident γ photon provides an additional control knob. It
can strongly modulate both the production rate and the
polarization of the outgoing leptons [15], and has been
proposed as an indirect probe of vacuum birefringence
through NBW-based observables [16]. Furthermore, at
moderate field strengths (a0 ∼ 1), interference among
multiphoton pathways can become pronounced, generating
oscillatory structures in angular distributions [11].
With rapid progress in generating intense quantum

light [17–26], squeezed states with peak intensities
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approaching 1012–1013W=cm2 are now experimentally
accessible. Complementary advances have also emerged
in the terahertz domain, where ultrafast electro-optic
sampling enables access to THz-field vacuum and squeez-
ing fluctuations and supports quantum-enhanced THz
detection [27–29]. At these peak intensities, intense
squeezed light has been used as a strong-field driver for
above-threshold ionization [30–35], where photon-number
fluctuations can strongly reweight multiphoton channels
and imprint heavy-tailed, shot-to-shot yield statistics on the
emitted electrons. Related quantum-statistical effects have
also been demonstrated in correlated processes such as
nonsequential double ionization [36] and molecular dis-
sociation [37]. On the radiation side, squeezed-light-driven
high-harmonic and attosecond generation [38–44] shows
that nonclassical fluctuations can be transferred to the
emitted field, modifying harmonic photon statistics and
enabling control beyond classical driving.
Although the peak intensities of currently available

squeezed states remain below those required for strong-field
QEDpair creation, it is nevertheless of fundamental interest to
understand how nonclassical radiation fields would modify
nonlinear QED processes in principle. Because strong-
field QED probabilities depend nonlinearly on the back-
ground amplitude and are sensitive to higher-order intensity
moments, quantum-optical fluctuations can qualitatively
influencemultiphoton dynamics even at fixedmean intensity.
Initial steps in this direction have recently been taken for
nonlinear Compton scattering: squeezed driving fields
were shown to reshape the emitted radiation, leading to
spectral broadening, enhanced high-frequency emission, and
increased directionality relative to coherent states [45], while
squeezed vacuum states of the emissionmodeswere shown to
significantly enhance or suppress the nonlinear Compton
probability even for a classical driving laser [46]. These
results demonstrate that extremely nonlinear emission proc-
esses can be sensitive to the quantum state of the driving field.
Despite this progress, the impact of quantum-optical states on
strong-field pair production remains largely unexplored. In
particular, understanding how squeezed light modifies the
nonlinear Breit-Wheeler process constitutes a natural exten-
sion of these developments.
In this work, we investigate how the quantum-statistical

properties of squeezed coherent light modify nonlinear
Breit-Wheeler pair production. Section II introduces a
polarization-resolved Monte Carlo framework, enabling
nonperturbative simulations of γ-photon interactions with
squeezed coherent light. In Sec. III, we present simulation
results for NBW pair production in squeezed light fields,
systematically examining the dependence of the energy
spectra, spin polarization, and angular distributions of the
produced electron-positron pairs on the squeezing param-
eter. We further analyze the impact of squeezed light on the
spectra in a representative low-χγ regime. Finally, we
summarize our conclusions in Sec. IV.

II. THE THEORETICAL MODEL

A. Nonlinear Breit-Wheeler probability in a circularly
polarized laser field

The NBW process may be viewed as multiphoton
absorption from the laser background

γ þ nγL → eþ þ e−; ð1Þ

where a high-energy probe photon γ absorbs n photons γL
from a background laser field to produce a particle-
antiparticle pair. The probability of this process is governed
by two Lorentz-invariant parameters

a0 ¼
eE0

mωL
; ηγ ¼

k · kL
2m2

≈
ωωL

m2
; ð2Þ

where E0 and ωL are the peak electric field and frequency
of the laser, m is the electron mass, and k, kL denote the
four-momenta of the probe and laser photons, respectively.
Here, a0 characterizes the laser field strength, while ηγ
captures the energy of the incoming photon. Natural units
with ℏ ¼ c ¼ 1 are used throughout.
In a circularly polarized monochromatic background, the

standard expression for the differential pair production rate
per unit time reads [47]

W ¼ αm2a20
ω

X∞
n¼n0

Z
1−xn

xn

dxðG1n þ hLhγG3nÞ; ð3Þ

where α is the fine-structure constant, hγ and hL denote the
helicities of the incoming γ photon and the laser photons,
respectively, n0 ¼ ⌈ð1þ a20Þ=ηγ⌉ represents the minimum
number of laser photons required to initiate pair creation,

and xn ¼ 1
2

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1

un

q �
with un ¼ nηγ

1þa2
0

denotes the

maximum value of u for a given harmonic number n. If
the polarization of the positron is also resolved, the rate
generalizes to

W ¼ αm2a20
2ω

X∞
n¼n0

Z
1−xn

xn

dx
�
G1n þ hLhγG3n

þ h̄eðhLG2n þ hγG4nÞ
�
; ð4Þ

where h̄e is the helicity of the emitted positron. The
coefficient functions are

GE, ZHUANG, HE, and CHEN PHYS. REV. D 114, 016012 (2026)

016012-2



G1n ¼
1

a20
J2n þ

1

2
ð2u − 1ÞðJ2n−1 þ J2nþ1 − 2J2nÞ;

G2n ¼ ð1 − 2xÞ2u
�
1

2
−

u
un

�
ðJ2n−1 − J2nþ1Þ;

G3n ¼ −ð2u − 1Þ
�
1

2
−

u
un

�
ðJ2n−1 − J2nþ1Þ;

G4n ¼
1

xa20
J2n − uð1 − 2xÞðJ2n−1 þ J2nþ1 − 2J2nÞ; ð5Þ

where Jn is the Bessel function of the first kind. The
argument is given by

zn ¼ 2n
a0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u
un

�
1 −

u
un

�s
; ð6Þ

where u ¼ 1
4xð1−xÞwith x ¼ p·kL

k·kL
≈ ε

ω. These Bessel functions

capture the multiphoton interference and harmonic struc-
tures intrinsic to the nonlinear interaction.

B. Squeezed coherent light

In conventional studies of the NBW process, the back-
ground laser field is typically treated as a classical coherent
state, with quantum fluctuations neglected. A coherent state
is defined as the vacuum acted upon by the displacement
operator,

jαi ¼ DðαÞj0i; DðαÞ ¼ exp ðαa† − α�aÞ; ð7Þ

where α∈C characterizes the complex field amplitude, and
a† and a are the photon creation and annihilation operators
satisfying the canonical commutation relation ½a; a†� ¼ 1.
For coherent light polarized along the unit vector ê, the
classical laser field is recovered as the expectation value of
the field operator in the coherent state,

hαjÊðφÞjαi ¼ 2ϵV ½α1 cosφþ α2 sinφ�ê; ð8Þ

where φ ¼ ωt − kz denotes the laser phase, and the sub-
scripts 1, 2 label the real and imaginary parts of α,

respectively. Here ϵV ¼
ffiffiffiffiffiffiffi
ℏω
2ϵ0V

q
is the single-photon field

amplitude, with ℏ the reduced Planck constant, ϵ0 the
vacuum permittivity, and V the quantization volume of the
laser pulse [48]. The two orthogonal quadrature compo-
nents of the electromagnetic field,

X1 ¼
1

2
ðaþ a†Þ; X2 ¼

1

2i
ða − a†Þ; ð9Þ

exhibit equal standard deviations in a coherent state,
ΔX1 ¼ ΔX2 ¼ 1

2
, thereby saturating the minimum uncer-

tainty relation ΔX1ΔX2 ¼ 1
4
. The photon-number distribu-

tion is Poissonian, with mean photon number hni ¼ jαj2.

In contrast, a nonclassical squeezed state is character-
ized, at the operator level, by reduced quantum fluctuations
in one field quadrature accompanied by enhanced fluctua-
tions in the conjugate quadrature. A squeezed vacuum state
is generated from the vacuum by the squeezing operator,

jζi ¼ SðζÞj0i; SðζÞ ¼ exp

	
1

2
ðζa2 − ζ�ða†Þ2Þ



; ð10Þ

where ζ ¼ reiϕ is the complex squeezing parameter, with r
denoting the squeezing strength and ϕ the squeezing angle.
The mean photon number of a squeezed vacuum state is

hni ¼ sinh2r: ð11Þ

To incorporate both classical excitation and quantum
squeezing, we consider the squeezed coherent state,
defined as a coherent displacement of a squeezed vacuum,

jβ; ζi ¼ DðβÞSðζÞj0i: ð12Þ

For this state, the mean photon number naturally separates
into classical and quantum contributions,

hni ¼ jβj2 þ sinh2r; ð13Þ

where jβj2 represents the photon number associated with
the coherent excitation, while sinh2 r originates from
squeezing-induced quantum fluctuations. In the limit
r → 0, the squeezed coherent state reduces to a coherent
state, and its statistical properties revert to the Poissonian
statistics of classical light.
The statistical properties of a squeezed coherent state can

be conveniently described by its Husimi Q-function,

Qrðα;ϕÞ ¼
exp ½−jα − βj2�

π cosh r

× exp

	
−
1

2
tanh rðα − βÞ2e−iϕ þ c:c:



; ð14Þ

where β denotes the coherent amplitude of the displaced
squeezed state.
For ϕ ¼ 0, the Husimi Q-function reads

QrðαÞ¼
1

πcoshr
exp

	
−
2ðα1−β1Þ2
1þe−2r

−
2ðα2−β2Þ2
1þe2r



: ð15Þ

Choosing the phase reference of the coherent field such
that Eβ1 ¼ 0 and Eβ2 ¼ Eβ, we focus on phase squeezing
and implement it through the macroscopic-limit electric-
field quasiprobability distribution. In the macroscopic limit
V → ∞, while keeping the classical field amplitude
finite, the corresponding electric-field quasiprobability
distribution for a phase-squeezed state jβ; ri can be
approximated as
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Q̃ðEαÞ≃
1ffiffiffiffiffiffi

2π
p

Evf

exp

	
−
ðEα2−Eβ2Þ2

2E2
vf



δðEα1−Eβ1Þ; ð16Þ

where Evf ≈ ϵVer denotes the characteristic electric-field
fluctuation amplitude entering the statistical ensemble of
classical field realizations. By absorbing the single-photon
amplitude into the macroscopic normalization and taking
the limit in Eq. (16), the expression for the expectation
value of the electric field changes from Eq. (8) to

EαðφÞ ¼ ½Eα1 cosφþ Eα2 sinφ�ê: ð17Þ

We also note that the squeezing angle ϕ determines the
orientation of the noise ellipse in quadrature space and can
redistribute fluctuations between different quadratures. In
the present Husimi-Q sampling framework, however, the
squeezed field enters the NBW probability through the
effective field amplitude. For the plane-wave background
considered here, the coarse-grained observables, such as
the positron yield, spectrum, angular distribution, and spin
polarization, are governed mainly by the local photon
quantum parameter χγ, rather than by the absolute optical
phase. Therefore, varying ϕ mainly changes the effective
fluctuation strength and does not introduce a qualitatively
new phase-coherent contribution within the present
approximation.

C. Simulation implementation for the nonlinear Breit-
Wheeler process driven by quantum light

For intense quantum light interacting with matter, the
evaluation of the nonlinear Breit-Wheeler pair-production
probability reduces to a classical stochastic average over
the Husimi Q-function [see Eq. (23)]. This approach has
previously been employed for nonlinear Compton scatter-
ing in squeezed backgrounds [45]. Its validity in the
macroscopic photon-number regime has been bench-
marked against first-principles time-dependent Schrödinger
equation calculations with quantized radiation fields,
showing quantitative agreement [35]. Here, we extend
the same formalism to the nonlinear Breit-Wheeler process,
since the background field considered also contains a
macroscopic number of photons.
Accordingly, in the Monte Carlo implementation, the

fluctuating quadrature of the background field is modeled
as

δEα2 ¼ Evfξ; ξ ∼N ð0; 1Þ; ð18Þ

while the orthogonal quadrature is kept fixed. For each γ
photon, we draw an independent random variable ξ at the
start of the interaction, which determines the peak field
amplitude entering the strong-field QED rates

Eα ¼ Eβð1þ ρξÞ; ð19Þ

where the dimensionless reduced squeezing parameter is
defined as

ρ≡ Evf

Eβ
: ð20Þ

In this way, each γ photon is propagated in a background
field with an independently sampled peak amplitude,
determined by its own realization of ξ.
The occurrence of pair production is likewise determined

stochastically using the standardMonte Carlo algorithm. At
each time step, the pair production probability, P ¼ Wδt, is
evaluated using Eq. (3), and a Monte Carlo criterion is then
applied to determine whether pair production occurs. A
uniformly distributed random number R∈ ½0; 1� is drawn
and compared with the instantaneous interaction proba-
bility P. If R > P, the photon propagates without interact-
ing; otherwise, a pair-creation event is registered. When an
event is accepted, the absorbed-photon number n and the
positron energy fraction x are sampled from the differential
rate in Eq. (3). The emission angle θ of the positron is then
fixed by the chosen n and x following [49]

θeþ ¼
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ηγnxð1 − xÞ − ð1þ a20Þ

q
ωð1 − xÞ : ð21Þ

The positron’s longitudinal spin polarization is obtained
from the spin-resolved rate [Eq. (4)], yielding the average
value

he ¼
hLG2n þ hγG4n

G1n þ hLhγG3n
: ð22Þ

For every generated electron–positron pair, the simulation
records the energy, momentum, and spin polarization. This
numerical framework integrates quantum fluctuations from
squeezed light into the conventional QED simulations,
enabling accurate modeling of strong-field QED in non-
classical light backgrounds.
We now clarify the validity regime and limitations of the

Husimi-Q averaging method. This treatment is a semi-
classical, coarse-grained description of the squeezed laser
mode, applicable for macroscopic field occupation
jβj2 ≫ 1, moderate squeezing, and observables averaged
over many pair-production events. In this regime, the laser
mode is represented by an ensemble of classical field
amplitudes sampled from the positive Husimi Q-function,
and the nonlinear Breit-Wheeler probability is evaluated for
each sampled realization. The method captures the modi-
fied quadrature-fluctuation statistics of the squeezed state,
but does not retain quantum coherence between different
coherent-state components [35,50]. Thus, the reported
effects should be interpreted as consequences of
squeezed-state fluctuation statistics in the large-photon-
number limit, rather than as phase-coherent interference

GE, ZHUANG, HE, and CHEN PHYS. REV. D 114, 016012 (2026)

016012-4



effects of the laser mode. Corrections associated with
operator ordering, subvacuum quadrature fluctuations, or
temporal correlations may become relevant for small
photon numbers, very strong squeezing, or phase- and
time-resolved observables.

III. SIMULATION RESULTS AND ANALYSIS

In this section, we investigate how the squeezing
parameter influences key properties of the produced posi-
trons, including their yield, spin polarization, and angular
distribution. The interaction setup consists of a monochro-
matic, circularly polarized laser pulse with intensity param-
eter a20 ¼ 0.2, helicity hL ¼ −1, and wavelength
λ ¼ 800 nm, propagating along the þz direction. The laser

collides head-on with a beam of γ-ray photons of energy
ω ¼ 250 GeV, propagating along the −z direction. The
number of incident photons is Nγ ¼ 2.5 × 108, and the
interaction duration is 300T, where T denotes the laser
period. This configuration corresponds to the perturbative
multiphoton regime with χγ ¼ 2a0ηγ ∼ 1. Although recent
progress in bright squeezed light is encouraging [43,51],
the parameter regime considered here should be viewed as a
long-term goal for future squeezed-light-driven NBW
experiments rather than a near-term configuration. An
illustration of the setup is shown in Fig. 1.

A. Positron spectrum

The resulting positron energy spectra for different
squeezing parameters are shown in Fig. 2. For coherent
light (r ¼ 0), the positron spectrum exhibits pronounced
harmonic peaks [Fig. 2(a)], reflecting discrete multiphoton
absorption in strong-field QED. As the reduced squeezing
parameter ρ increases, corresponding to enhanced quantum
fluctuations, the spectrum becomes progressively smoother
and broader. In particular, the yield in the intermediate
energy range δ∈ ½0.3; 0.7� is suppressed, while the spectral
weight at both low- and high-energy edges is enhanced,
indicating a redistribution of pair production probability
induced by the modified field statistics.
To elucidate the origin of these spectral changes,

Figs. 2(b) and 2(c) decompose the positron spectra into
photon-absorption channels (npho ¼ 1–5) [40,45],

dN
dδ

����
r
¼

X5
n¼1

Z
dEαQ̃ðEαÞWnðδ;EαÞ; ð23Þ

FIG. 1. Schematic of nonlinear Breit-Wheeler pair production
driven by a quantum squeezed-light pulse. A high-energy γ-ray
beam (purple, propagating along −z) collides head-on with an
intense, circularly polarized squeezed laser pulse (red, propagat-
ing along þz). Within the focal overlap, the simultaneous
absorption of multiple laser photons converts the incoming γ
photon into an eþe− pair.

FIG. 2. (a) Positron energy spectra dN=dδ as a function of the normalized energy fraction δ≡ εþ=ω, where ω ¼ 250 GeV and εþ
denote the incident photon energy and the produced positron energy, respectively. The different curves correspond to reduced squeezing
parameters ρ ¼ 0.0 (blue), 0.1 (green), 0.2 (magenta), 0.3 (orange), and 0.4 (red). Positron spectra decomposed into multiphoton
absorption channels in the nonlinear Breit-Wheeler process: (b) coherent light (ρ ¼ 0.0); (c) squeezed light (ρ ¼ 0.4). Each curve
corresponds to the absorption of npho ¼ 1 (blue), 2 (orange), 3 (yellow), 4 (magenta), and 5 (green) laser photons.
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where δ ¼ εþ=ω denotes the normalized positron energy
fraction. Here Wnðδ;EαÞ denotes the channel-resolved
nonlinear Breit–Wheeler spectrum corresponding to the
absorption of n laser photons. Its explicit expression is
given in Eq. (3) and is evaluated at a fixed field amplitude,
with the intensity parameter satisfying a0 ∝ Eα. For coher-
ent light, Q̃ðEαÞ ¼ δðEα − EβÞ, and Eq. (23) reduces to a
discrete sum over channels evaluated at a single intensity
parameter. In the coherent case, the single-photon channel
(npho ¼ 1) dominates the spectrum, displaying a broad flat-
top structure with side maxima near δ ≃ 0.2 and 0.8 and a
shallow central dip. Higher-order channels contribute pro-
gressively less and extend toward the low- and high-energy
edges, signaling the onset of multiphoton processes.
When squeezing is introduced, the single-photon chan-

nel (npho ¼ 1) remains dominant; however, its sharp spec-
tral edges are noticeably smoothed and its positron yield
decreases. This reduction stems from a pronounced drop of
the channel weight R≡W1=

P
n Wn at larger field ampli-

tudes a0. For coherent driving at a0 ¼ aβ [a2β ¼ 0.2], the
relative contribution of the single-photon channel is
R ≃ 0.8. In a squeezed state, amplitude fluctuations make
a0 a stochastic variable distributed around aβ. As a result,
the npho ¼ 1 channel is enhanced for realizations with
a0 < aβ but suppressed for a0 > aβ (see Fig. 3). Crucially,
the suppression at higher a0 is much stronger than the
enhancement at lower a0, and the npho ¼ 1 channel
becomes kinematically forbidden for a0 ≳ 0.7. This occurs
because increasing a0 raises the dressed mass m� of
the produced leptons and thereby elevates the NBW

threshold [52]. Averaging over the squeezed-state ampli-
tude distribution therefore shifts statistical weight into the
high-a0 region where R is strongly reduced (or vanishes),
yielding a net suppression of the positron yield of npho ¼ 1

channel relative to the coherent case.
By contrast, the higher-order channels (npho ¼ 2–5) are

systematically enhanced across the spectrum, with particu-
larly strong amplification near the spectral boundaries. This
behavior can be traced back to the broadened field-amplitude
distribution associated with squeezed-state driving, which
generates an ensemble of field strengths rather than a fixed
value. In our Monte Carlo implementation, this ensemble is
realized by sampling the intensity parameter a0 from the
quasiprobability distribution Q̃ða0Þ, whose width scales as
Δa0 ∝ ρ. In the parameter regime considered here, the partial
NBW rate for absorbing n laser photons approximately
follows the scaling Wnða0Þ ∝ a2n0 , and thus behaves as a
monotonically increasing and locally convex function of a0,
with a progressively steeper logarithmic slope for larger n.
Consequently, Jensen’s inequality [53] implies

hWnða0ÞiQ̃ > Wnðha0iQ̃Þ; ð24Þ

with the enhancement becoming progressively stronger for
higher-order channels. Physically, this reflects the heightened
sensitivity of large-n processes to comparatively rare large-
amplitude realizations in the tail of Q̃ða0Þ [54]. Note that the
Jensen-type enhancement applies only to channels that
remain kinematically allowed over the sampled a0 range.
The npho ¼ 1 channel is special because it is cut off for
a0 ≳ 0.7, so the heavy tail of Q̃ða0Þ contributes primarily zero
weight to W1 while still boosting Wn≥2. This theoretical
expectation is confirmed by the spectral decomposition
shown in Fig. 2(c), where all channels with n ≥ 2 exhibit
order-dependent enhancement relative to the coherent
case (ρ ¼ 0).

B. Positron polarization

The influence of the squeezing parameter on the longi-
tudinal polarization of the produced positrons is shown in
Fig. 4. The different curves correspond to different squeez-
ing parameters. In general, low-energy positrons (δ≲ 0.5)
inherit the laser helicity, whereas high-energy positrons
(δ≳ 0.5) exhibit helicity reversal. As ρ increases, the
polarization curve becomes smoother and undergoes dis-
cernible upward or downward shifts in several energy
ranges [Fig. 4(a)], indicating that squeezed light provides
a handle to tune the spin polarization of positrons in
addition to reshaping the spectrum. Figures 4(b) and
4(c) show the spin-resolved positron spectra dN=dδ.
Spin-up positrons (Sz > 0) dominate in the low-
energy range (δ≲ 0.5), where a pronounced harmonic
structure appears; increasing ρ suppresses these oscillations
[Fig. 4(b)]. Spin-down positrons (Sz < 0) dominate in the

FIG. 3. Relative weight of the single-photon channel
(npho ¼ 1), R≡Wn¼1=

P
n Wn, as a function of the field am-

plitude a0 (solid blue line). The dashed red line marks the
coherent-driving case, a0 ¼ aβ [a2β ¼ 0.2]. The shaded bands
indicate three regimes: (i) an enhancement region with R > 0.8,
(ii) a reduction region with R < 0.8, and (iii) a kinematically
forbidden region where R ¼ 0, i.e., the npho ¼ 1 contribution
vanishes.
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high-energy range (δ≳ 0.5), where the yield varies sig-
nificantly with ρ, while the low-energy range remains
nearly unchanged [Fig. 4(c)]. Thus, changes in Sz at low
energies are mainly due to spin-up positrons, whereas
changes at high energies are driven by spin-down positrons.
To quantify the impact of the squeezing parameter on
polarization, Fig. 4(d) plots the average z-component of the
positron polarization within δ∈ ½0.15; 0.27� versus ρ. The
mean polarization rises monotonically from 0.14 for
coherent light (ρ ¼ 0) to 0.25 at ρ ¼ 0.4, demonstrating
that squeezed-state driving can significantly modify spin-
resolved pair production observables relative to the coher-
ent-light case.

C. Positron angular distribution

For the coherent-light case, the positron angular distri-
bution is circularly symmetric and displays a hard-edged,
ring-enhanced profile [Fig. 5(a)]. This arises from the head-
on geometry and the fixed field strength a0, which impose a
sharp cutoff on the angular distribution: θðδ; a0Þ≲ θmax ≈
2 × 10−6 rad [Eq. (21)]. Given the approximately uniform
positron yield across different δ [Fig. 2], the angular
distribution (θ ∝ a0=δ) remains nearly homogeneous
within this kinematically allowed disk.
Introducing squeezing makes the field strength a0

fluctuate from event to event. Consequently, the kinematic
limits are no longer fixed numbers but are sampled from a

distribution of cutoff values. Averaging over this distribu-
tion blurs the sharp boundary of the coherent case and fills
in the central region, producing the broadened, quasi-
Gaussian pattern visible in Fig. 5(b). To quantify the
broadening, we define the polar-angle variance

σ2θ ¼ hθ2i − hθi2; ð25Þ

where h� � �i denotes an average over the distribution Q̃.
Figure 5(c) plots σ2θ versus ρ. The steady rise shows that the
angular distribution widens as squeezing grows. This trend
is driven mainly by fluctuations of the transverse momen-
tum p⊥: for small angles, θ ≃ p⊥=pz, and the change of pz
with a0 is suppressed by the large lepton energy εþ,
whereas p⊥ ∝ a0 varies linearly with the field strength.
Panel (d) complements the variance plot by showing the
mean polar angle hθi (solid blue) together with its one-
sigma band hθi � σθ (light-blue shading). While the mean
stays nearly constant, the widening band visually reflects
the growth of σθ seen in panel (c). Taken together, panels
(b)–(d) demonstrate that squeezing-induced fluctuations in
the sampled field amplitude markedly enhance the angular
divergence of the produced electron-positron pairs.

D. Impact of laser and γ-photon parameters

We next examine the NBW process in a head-on
collision between a 16 GeV γ-ray beam (Nγ ¼ 2 × 106)

FIG. 4. (a) Energy-resolved longitudinal spin polarization Sz of
the produced positrons as a function of the normalized energy
fraction δ ¼ εþ=ω. The curves correspond to reduced squeezing
parameters ρ ¼ 0.0 (blue), 0.1 (green), 0.2 (magenta), 0.3
(orange), and 0.4 (red). (b,c) Density distributions of spin-up
(b) and spin-down (c) positrons for different values of ρ. The
spin-up and spin-down states are defined with respect to the z
axis. (d) Average spin polarization hSzi, evaluated over the
interval 0.15 < δ < 0.27, as a function of ρ.

FIG. 5. Angular distributions of positrons, d2N=dθxdθy
(rad−2), as functions of the emission angles θx ¼
arctanðpx=pzÞ and θy ¼ arctanðpy=pzÞ, for different reduced
squeezing parameters: ρ ¼ 0 (a) and ρ ¼ 0.4 (b). (c) Polar-angle
variance σ2θ of the produced positrons as a function of the
squeezing parameter ρ, characterizing the growth of angular
spread under squeezed light. (d) Mean polar angle hθi (solid line)
and the corresponding one-sigma band hθi � σθ (shaded region)
versus ρ.
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and a circularly polarized laser pulse with intensity param-
eter a20 ¼ 2. Figure 6 shows the resulting positron energy
spectra for ρ ¼ 0.0, 0.1, and 0.2. In all three cases, the
spectra are symmetric and broadly distributed around
δ ≃ 0.5. Notably, the peak yield dN=dδ increases from
approximately 6 × 105 at ρ ¼ 0 to 1.2 × 106 at ρ ¼ 0.2.
Compared with the setups in Secs. IIIA–IIIC, the present

parameters imply a higher pair production threshold,
requiring the absorption of approximately nmin ∼ 32 laser
photons. For a fixed harmonic order n, energy-momentum
conservation in head-on geometry kþ nκ ¼ qþ þ q−,
together with the quasimomentum mass-shell conditions
q2� ¼ m2�, yields the allowed energy-fraction window [52]

δ∈ ½δðnÞ− ; δðnÞþ �; δðnÞ� ¼ 1

2

	
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

n0
n

r 

; ð26Þ

whose width Δδn grows with n while the spacing between
adjacent channels shrinks. With increasing laser intensity,
higher harmonic orders become accessible. For sufficiently
large n, the windows overlap so strongly that the discrete
harmonic pattern is washed out, and even a coherent pulse
already produces a smooth, quasicontinuous spectrum;
see Fig. 6.
When squeezed light is applied, shot-to-shot fluctuations

in the field amplitude a0 modify the NBWyield. Under the
present parameters, a large number of high-order multi-
photon channels contribute simultaneously. Although the
probability of each individual channel depends only mod-
erately on a0, the broad statistical spread of a0 introduced
by the squeezed-state Q-function reweights the dense
channel ensemble, leading to a nearly uniform, broadband
enhancement of the differential spectrum dN=dδ. The

effect becomes more pronounced as ρ increases, since
the broadened field-amplitude distribution preferentially
amplifies the higher-order rates, which are more sensitive to
large a0 fluctuations. By contrast, for previous parameters
(a20 ¼ 0.2, ωγ ¼ 250 GeV, χγ ≃ 1.4), only a limited num-
ber of low-order channels (n ≤ 5) are kinematically acces-
sible. In this case, the NBW spectrum retains distinct
harmonic peaks, and the integrated yield approximately
follows the perturbative scaling Wn ∝ a2n0 . Since squeez-
ing-induced fluctuations affect only a small number of
contributing terms, the overall yield is far less sensitive to
changes in ρ than in the case with many overlapping
channels. In summary, squeezing-induced intensity fluctu-
ations have the greatest impact when the process involves a
wide range of photon orders, where statistical reweighting
can amplify high-order contributions. Conversely, their
influence is relatively modest when the dynamics are
dominated by a few well-separated channels.

IV. CONCLUSION

We have investigated the nonlinear Breit-Wheeler proc-
ess in intense squeezed light using a polarization-resolved
Monte Carlo framework. Within our approach, the pair
production probability is obtained by averaging the strong-
field quantum electrodunamics (QED) rate over the
squeezed-state field-amplitude distribution derived from
the Husimi Q-function. The observed modifications are
most naturally interpreted as arising from the reweighting
of field amplitudes induced by the quantum state of the
source at fixed mean electric field amplitude. As the
squeezing parameter increases, the statistical weight of
stronger-field realizations grows. This leads to a systematic
reshaping of the pair production signal: higher-order multi-
photon channels are enhanced, harmonic structures are
smoothed, and both energy and angular distributions
broaden. In the selected spectral window, the positron
polarization degree also increases with the squeezing
parameter, demonstrating that spin-resolved observables
respond directly to the underlying field statistics. A
particularly notable effect is the suppression of the funda-
mental (n ¼ 1) photon-absorption channel. Stronger-field
realizations increase the dressed mass and thereby raise the
kinematic threshold, so that the lowest-order channel
becomes partially inaccessible, while higher-order channels
remain open and acquire increased statistical weight. These
effects do not originate from a change in the average field
strength or from a classical modification of the beam
geometry. Rather, they reflect how different quantum-state
preparations of the driving field alter the distribution of
field amplitudes entering the strong-field QED averaging
procedure. Our results therefore establish a direct theoreti-
cal connection between the quantum-optical statistics of the
driving source and nonlinear Breit-Wheeler observables,
and provide a framework for future studies exploring how

FIG. 6. Energy spectrum of positrons generated in the NBW
process for an initial photon energy of 16 GeV and a circularly
polarized laser field with a20 ¼ 2, under different reduced
squeezing parameters: ρ ¼ 0.0 (blue), 0.1 (green), and 0.2 (red).
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the quantum state of intense light fields can influence
strong-field particle production.
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