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Abstract We study the sensitivity of possible CLIC and
FCC-ee measurements of light-by-light scattering to old and
new physics, including the Heisenberg–Euler Lagrangian in
the Standard Model with possible contributions from loops
of additional charged particles or magnetic monopoles, the
Born–Infeld extension of QED, and effective dimension-8
operators involving four electromagnetic field strengths as
could appear in the Standard Model Effective Field Theory.
We find that FCC-ee measurements at 365 GeV and CLIC
measurements at 350 GeV would be sensitive to new physics
scales of half a TeV in the dimension-8 operator coefficients,
and that CLIC measurements at 1.4 TeV or 3 TeV would be
sensitive to new physics scales ∼ 2 TeV or 5 TeV at 95%
CL, corresponding to probing loops of new particles with
masses up to ∼ 3.7 TeV for large charges and/or multiple
species. Within Born–Infeld theory, the 95% CL sensitivities
would range from ∼ 300 GeV to 1.3 or 2.8 TeV for the
high-energy CLIC options. Measurements of light-by-light
scattering would not exclude monopole production at FCC-
hh, except in the context of Born–Infeld theory.

1 Introduction

Light-by-light scattering was first discussed theoretically in
the 1930s, from two different points of view. On the one
hand, Heisenberg and Euler [1] considered how the quantum
effects of electron loop diagrams would induce γ γ → γ γ

scattering and higher-order interactions. On the other hand,
Born and Infeld [2] proposed a nonlinear extension of QED,

a e-mail: nikolaos.mavromatos@kcl.ac.uk (corresponding author)

motivated by the ‘unitarian’ idea that there should be a max-
imum electric field analogous to the maximum velocity pro-
vided by the speed of light. Born–Infeld theory predicted
characteristic higher-order interactions that could be probed
in light-by-light scattering.

There has been much subsequent theoretical work on both
these approaches to light-by-light scattering. For example,
the quantum effects of heavier charged particles in the Stan-
dard Model such as W± bosons and top quarks have been
calculated, as well as the leading QCD corrections to quark
loops [3]. In the context of supergravity theories, light-by-
light scattering has been argued [4] to provide interesting
connections between self-duality, helicity and supersymme-
try. Moreover, it was discovered that the Born–Infeld nonlin-
ear modification of QED emerges naturally in string [5] and
brane models [6]. In the latter case, the maximum electric
field is associated with the fact that branes have a maximum
velocity equal to that of light [7], a stunning vindication of the
‘unitarian’ intuition of Born and Infeld [2]. More generally,
dispersion relations and crossing symmetry have recently
been used to derive new sum rules and positivity bounds
on higher-dimensional operators in light-by-light scattering
amplitudes [8].

Over the years, there have also been several experimen-
tal efforts to probe possible nonlinear effects in electrody-
namics [9]. Studies have been made of possible effects on
the spectra of electronic and muonic atoms [10] (see, how-
ever, [11]), as well as photon splitting in atomic physics [12],
birefringence effects [13], vacuum dichroism and measure-
ments of the Lamb shift [14]. These constrained various
possible nonlinear effects in electrodynamics. However, the
tightest constraint on the energy scale in the Born–Infeld
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Lagrangian was � 100 MeV from Lamb shift measure-
ments [14], orders of magnitude below the scale at which
string effects could possibly appear.

Following a suggestion by d’Enterria and Silveira [15],
the ATLAS Collaboration made a first measurement of light-
by-light scattering in heavy-ion collisions at the LHC [16],
which has been followed by a measurement by the CMS
Collaboration [17]. Their results are in good agreement with
the Heisenberg–Euler prediction based on loops of Standard
Model particles, and can be used to constrain possible non-
linear extensions of electrodynamics [18]. In particular, it
was shown in [18] that the ATLAS data imposed a lower
limit � 100 GeV on the energy scale in the Born–Infeld the-
ory, much closer to the threshold where string effects might
conceivably appear. More recently, the TOTEM and CMS
Collaborations have published the first results from a search
for light-by-light scattering in proton-proton collisions at the
LHC [19], which can also be used to constrain possible exten-
sions of the Standard Model, as discussed below.

The LHC constraints are particularly interesting in the
context of Born–Infeld extensions of the Standard Model,
which possess finite-energy monopole solutions [20] of Cho–
Maison type [21].1 The mass of such a monopole gets a
significant contribution from the corresponding Born–Infeld
parameter [18,20], and the lower limit on the Born–Infeld
scale from ATLAS data implies [18] that monopole solu-
tions of the Born–Infeld extension of the Standard Model
should have masses � 11 [20] to 14 TeV [23], rendering
their production at LHC impossible [24,25].2 However, they
could still be within reach of the Future Circular Collider
proton-proton option (FCC-hh) [26], if the Born–Infeld scale
is within a factor of a few of the ATLAS limit [18].

We discuss here the prospective sensitivities of proposed
e+e− colliders to light-by-light scattering and their corre-
sponding sensitivities to physics beyond the Standard Model,
such as Born–Infeld theory and general forms of dimension-
8 interactions in the Standard Model Effective Field Theory
(SMEFT).3 CLIC is a proposed e+e− linear collider designed
to achieve a centre-of mass energy of 3 TeV [28], whereas
FCC-ee is a circular e+e− collider capable of reaching
365 GeV in the centre of mass [29]. Such high-energy e+e−
colliders generate γ γ collisions with luminosities that can
be calculated accurately via the equivalent photon approxi-
mation (EPA) and Beamstrahlung. Moreover, the effects of
dimension-8 operators such as those in Born–Infeld theory
grow rapidly with energy, increasing the sensitivities of mea-

1 For a discussion on other types of low-scale magnetic monopole solu-
tions that could exist in extensions of the Standard Model the reader is
referred to the recent review [22], and references therein.
2 See the discussion in Sect. 2.2.3 below.
3 Light-by-light scattering may also be used to constrain axion-like
particles, see e.g. [27].

surements at high energies. CLIC combines these two advan-
tages and could therefore be expected to have the greatest
sensitivity to nonlinear electrodynamics of any accelerator
currently proposed, as we explore in this paper.

In a spirit of generality, in addition to the Heisenberg–
Euler Lagrangian in the Standard Model, we consider the
possible sensitivity of CLIC and FCC-ee to the coefficients
of arbitrary combinations of the two independent parity-
conserving dimension-8 operators that could mediate γ γ →
γ γ scattering:

LEFT ⊃ c1FμνF
μνFρσ F

ρσ + c2FμνF
νρFρλF

λμ. (1.1)

The coefficients c1,2 would receive contributions from any
new particles beyond the Standard Model, related directly
to their masses and electric charges – see (2.2, 2.3) – and
can also be related directly to the scale parameter in a Born–
Infeld Lagrangian – see (2.8) – and to the masses and γ γ

couplings of heavy bosons as well as to the possible effects
of magnetic monopoles.

As we show later, the CLIC sensitivities to the coeffi-
cients c1,2 extend to energy scales of nonlinearity that are
of significant potential interest to string and brane scenar-
ios. In particular, CLIC operating at 3 (1.4) TeV would be
sensitive at the 95% CL to a Born–Infeld scale of 2.8 (1.3)
TeV, showing that it could cover the range where a monopole
in a Born–Infeld extension of the Standard Model could be
discovered at FCC-hh. On the other hand, the sensitivities of
CLIC operating at 350 GeV or FCC-ee operating at 365 GeV
would be limited to Born–Infeld scales ∼ 300 GeV that are
already excluded by [19].

The layout of this paper is as follows. In Sect. 2 we discuss
the theories behind several possible contributions to light-by-
light scattering, including the SM, dimension-8 operators,
the Heisenberg–Euler loop contributions, Born–Infeld the-
ory and loops of magnetic monopoles. Then, in Sect. 3 we
discuss the possible measurements of γ γ → γ γ at CLIC
and FCC-ee, and in Sect. 4 we discuss the sensitivities to
new physics that they would offer. Finally, Sect. 5 summa-
rizes our conclusions.

2 Contributions to light-by-light scattering

2.1 The standard model

There are unavoidable Heisenberg–Euler contributions to
γ γ → γ γ scattering from loops of Standard Model par-
ticles, as illustrated in Fig. 1 for the case of a fermion loop.

We calculate the loops of fermions and vector bosons in
the Standard Model using the SANC code [30]. The left panel
of Fig. 2 shows as a solid line the dependence on mγ γ = √

ŝ
of the γ γ → γ γ scattering cross-section in the Standard
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Fig. 1 Contribution to light-by-light scattering: γ γ → γ γ induced
by a fermion loop

Model. Following a steep fall at lower mγ γ where the cross-
section is dominated by light-fermion loops, we see a small
glitch around mγ γ = 2mW � 160 GeV, the W+W− thresh-
old. This is followed by a prominent rise in the cross-section
above the t t̂ threshold at mγ γ � 350 GeV.

The right panel of Fig. 2 shows the angular distribution in
the centre of mass of γ γ → γ γ scattering in the Standard
Model as a function of mγ γ . The colours and numbers rep-
resent the cross-section in femtobarns in the corresponding
angular bin. We see that there is strong forward–backward
peaking except in the regions of the W+W− and t̂ t thresh-
olds. A similar feature would appear close to any threshold
for new charged particles.

2.2 Dimension-8 operator contributions

The contributions of particles with masses � mγ γ may be
parametrized in terms of the dimension-8 Lagrangian terms
(1.1). The angular cross-section for unpolarised light-by-
light scattering obtained from these Lagrangian terms may

be written as

dσ

d�
= 1

16π2ŝ

(
ŝ2 + t̂2 + ŝ t̂

)2 (
48c2

1 + 11c2
2 + 40c1c2

)
,

(2.1)

where
√
ŝ = mγ γ , and t̂ are the usual Mandelstam invari-

ants in γ γ → γ γ scattering. We see that this cross-section
rises rapidly as a function of mγ γ , conferring a competitive
advantage on a high-energy collider such as CLIC.

In the following sections we describe the possible contri-
butions to the effective Lagrangian coefficients c1,2 in (1.1)
from various types of new physics involving mass scales
beyond the Standard Model.

2.2.1 The Heisenberg–Euler contribution from massive
particles

In the decoupling limit when mγ γ is much smaller than the
masses of particles circulating in the loops, the resulting
low-energy effective field theory is that of Heisenberg and
Euler. The coefficients c1,2 of the dimension-8 operators for
electrically-charged particles of spin S = 0, 1/2, 1 and mass
M are given to leading order by [31]

ci = α2
EMQ4

eff

M4 CS
i , i = 1, 2, (2.2)

where Q4
eff ≡ ∑

i Q
4
i for particles i of charges Qi , and the

spin-dependent coefficients

C0
1 = 1

288
, C0

2 = 1

360
,

C
1
2
1 = − 1

36
, C

1
2
2 = 7

90
,

Fig. 2 Left panel: dependence on the centre-of-mass energy
√
s of the

Heisenberg–Euler cross-section calculated in the photon polar angle
region 5o < θγ < 175o, showing the effects of the W+W− and t̂ t
intermediate states. Right panel: the angular distribution in the γ γ cen-
tre of mass as a function of

√
s, displaying forward-backward peaking

except in the neighbourhoods of the W+W− and t̂ t thresholds. The
colours and numbers represent the cross-section in femtobarns in the
corresponding angular bin. Both panels were generated using the SANC
code [30]
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C1
1 = − 5

32
, C1

2 = 27

40
. (2.3)

This approximation is sufficient to probe the sensitivity to
particles that cannot be produced directly on-shell when
s � 4M2. Below this threshold the full contribution to the
loop must be included. In the case of circulating quarks in
the Standard Model amplitude, the leading-order QCD cor-
rections have been calculated in [3], and are included in
the SANC code [30] that we use in this paper. This code
also includes fully the effects of the t and W masses in
their respective loop diagrams. In general, for such non-
decoupled charged particles, one may write the unpolarized
cross-section in the form:

dσ

d�
= α4

EMQ8
eff

2π2s

(
|M++++|2 + |M++−−|2

+|M+−+−|2 + |M+−−+|2 + 4|M+++−|2
)

, (2.4)

where expressions for the amplitudes for the various helicity
combinations are given in Appendix A of Ref. [31].

2.2.2 Born–Infeld theory

Born–Infeld theory [2] in n dimensions postulates a non-
polynomial Lagrangian given by

LBI = β2

(
1 −

√
−det

(
ημν + 1

β
Fμν

))
, (2.5)

where ημν is the Minkowski space-time metric, det denotes
the appropriate determinant in n space-time dimensions, and
β is an a priori unknown parameter that fixes the maximum
field strength. The general expression (2.5) may be written in
the following form in the case of 4 space-time dimensions:

LBI = β2

(
1 −

√
1 + 1

2β2 FμνFμν − 1

16β4 (Fμν F̃μν)2

)
,

(2.6)

where F̃μν is the dual of the field strength tensor Fμν : F̃μν ≡
1
2εμνρσ Fρσ . In the four-dimensional case the parameter β

has the dimension of [Mass]2 and can be written as β ≡ M2,
where M is a mass scale.

Expanding the Born–Infeld Lagrangian (2.6) in inverse
powers of β, we find operators of dimension 8 and higher in
the effective field theory and thus make contact with (1.1).
For this purpose, it is convenient to use the following repre-
sentation of the 4-dimensional Born–Infeld theory (2.6) [6]:

LBI � −β2 I2 − β2 I4
(

1 + O(F2)
)

:

I2 = 1

4 β2 Fμν Fμν ,

I4 = − 1

8 β4 FμνF
νρFρλF

λμ + 1

32 β4 (Fμν Fμν)2. (2.7)

Expanding (2.6) to fourth order in the electromagnetic field
strength, we find the following expressions for the coeffi-
cients ci appearing in (1.1) in terms of β:

c1 = − 1

32 β2 , c2 = 1

8 β2 . (2.8)

It follows from the structure (2.7) that the ratio of these coef-
ficients is c2/c1 = −4 exactly, which is a characteristic
prediction of Born–Infeld theory.4 Substituting the expres-
sions (2.8) into the formula (2.1), we recover the leading-
order cross-section for unpolarised light-by-light scattering
in Born–Infeld theory in the γ γ centre-of-mass frame as
given by [33,34]:

σBI(γ γ → γ γ ) = 1

2

∫
d�

dσBI

d�
= 7

1280π

m6
γ γ

β4 , (2.9)

wheremγ γ is the diphoton invariant mass and the differential
cross-section is

dσBI

d�
= 1

4096π2

m6
γ γ

β4

(
3 + cos2 θ

)2
. (2.10)

We note again that this cross-section rises rapidly as a func-
tion of mγ γ , conferring a competitive advantage on a high-
energy collider such as CLIC. This growth is scaled inversely
by the dimensionful parameter β = M2 that appears in
the nonlinear Born–Infeld extension of QED defined by the
Lagrangian (2.6). If β originates from a Born–Infeld the-
ory of hypercharge then the corresponding mass scale is
MY = cos θWM , where θW is the weak mixing angle.

The steep rise with mγ γ of the Born–Infeld cross-section
(2.9) would be shared by any other model that can be char-
acterized via a dimension-8 interaction as in (1.1) – see (2.1)
– and is completely different from the energy dependence of
the Heisenberg–Euler cross-section shown in the left panel of
Fig. 2. Likewise, the Born–Infeld angular distribution (2.10)
is also shared with other combinations of dimension-8 oper-
ator models - as also seen in (2.1) – and is also completely
different from the Standard Model prediction, which is shown
in the right panel of Fig. 2. Because of these differences, mea-
surements of the two contributions to γ γ scattering can be
made in different regions of phase space, and it is a good
approximation to neglect interference with Standard Model
scattering when we estimate later the e+e− collider sensitiv-
ity to the Born–Infeld scale.

4 A similar relation between the coefficients may arise in a partic-
ular Heisenberg–Euler effective theory evaluated to this fixed order.
However, no combination of massive particles with spin ≤ 1 can be
integrated out to reproduce the Born–Infeld relations exactly at higher
orders [32].
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2.2.3 Magnetic monopoles

It was suggested in [21] that monopole solutions could exist
in a suitable regularisation of the Standard Model. In the orig-
inal formulation they were characterised by singular kinetic
energy densities at the centre of the monopole, but these
would be regularised by the non-linear terms in a Born–Infeld
extension of the hypercharge in the Standard Model [20]. The
finite-energy monopole solution is characterised by a mass

MM = E0 + E1, (2.11)

where E0 is the contribution associated with the Born–Infeld
U(1)Y hypercharge, and E1 is associated with the remainder
of the Lagrangian. The lower limit on β obtained from light-
by-light scattering in heavy-ion collisions at the LHC [18]
indicates that E0 � 6.2 TeV. It was estimated in [20] that

E0 � 72.8 MY , MY = cos θW
√

β, (2.12)

where β is the QED Born–Infeld parameter. It was esti-
mated in [21], based on a numerical solution for the magnetic
monopole, that E1 ∼ 4 TeV, which was also adopted by [20].
However, the semi-analytic expression for the monopole
solution presented in [23] leads to an improved estimate of
E1 ∼ 7.6 TeV. We conclude that present data indicate that
the Born–Infeld monopole mass is � 14 TeV, beyond the
reaches of the LHC and the e+e− colliders considered here,
but still potentially within reach of FCC-hh.

Loops of magnetic monopoles would contribute to light-
by-light scattering [35,36], as shown in Fig. 1. We assume
that their effects at energies 
 MM can be calculated treat-
ing the monopoles as point-like. The loop contributions of
general point-like dyons of spin 1/2 have been considered
in [36], who showed that the contribution of a point-like
monopole of mass MM may be written in the form

lLEFT−γ−mono
EH = 1

36

(
g√

4πMM

)4 ( β̃+ + β̃−
2

(Fμν Fμν)2

+ β̃+ − β̃−
2

(Fμν F̃μν)2
)
, (2.13)

which is enhanced compared to the loops of electrically-
charged particles considered earlier by the strong (quan-
tized) magnetic coupling g of the Dirac monopole [36]:
g = 2πn

e , n = ±1,±2, . . .. We consider here the case of
point-like monopoles of mass with spin 1/2 and magnetic
charge n = ±1,±2, . . ., for which the coefficients in (2.13)
take the values β̃+ = 11/10 and β̃− = −3/10 [1,36]. In
this case, compared to the case considered in Sect. 2.2.1 of
spin-1/2 fermions of the same mass with effective electric

charge Qeff , the sensitivity is enhanced by a factor

gM
Qeff

= 2π
n

Qeffe2 = n

2αEMQeff
(2.14)

for a monopole of spin 1/2 and magnetic charge n. More
precisely, the Lagrangian 2.13 with coefficients

c̄1 = 1

36

(
g√

4πMM

)4 1

2

(
β̃+ + β̃−

)
,

c̄2 = 1

36

(
g√

4πMM

)4 1

2

(
β̃+ − β̃−

)
, (2.15)

may be written in the basis of Eq. 1.1 using the relations
c1 = c̄1 − 2c̄2, c2 = 4c̄2. The enhancement in the cross-
section 2.1 for the point-like spin-1/2 monopoles relative to
spin-1/2 fermions of the same mass is then given by

σmonopole

σfermion
=

(
1

2

n

αEMQeff

)8

. (2.16)

The magnetic coupling gM is so large that it should in gen-
eral be treated non-perturbatively. However, the monopole-
loop contribution to light-by-light scattering at low energies
is suppressed by 1/M4

M, and one expects in general that
MM ∼ O(mW /α) as is borne out by the calculation (2.12).
In this case, the monopole-loop contribution to low-energy
light-by-light scattering is formally comparable in magnitude
to the perturbative contributions of electroweakly-interacting
particles, and the naive one-loop calculation may be taken as
a good guide.

3 Measurements of γ γ → γ γ at CLIC and FCC-ee

3.1 Experimental conditions

In this study of γ γ scattering, we consider the CLIC [37]
and FCC-ee [29] collider options. The assumed centre-of-
mass energy stages and corresponding integrated luminosi-
ties are summarised in Table 1. For CLIC, the integrated
luminosities we use are those of the latest CLIC baseline sce-
nario [38]. Unpolarised lepton beams are assumed for both
collider options throughout this paper.

Photon radiation off the initial-state leptons is described
using the equivalent photon approximation (EPA) [39]:

f (z) = α

2π
log

s

m2

(
1 + (1 − z)2

z

)
, (3.1)

where z = Eγ /Ebeam is the energy fraction of the radiated
photon. In the following, the cut-off z > 0.01 is applied. This
is the only source of photons included for FCC-ee.
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Table 1 Assumed integrated luminosities for e+e−, e±γ and γ γ colli-
sions at CLIC and FCC-ee, where the photons originate from the Beam-
strahlung effect

Collider
√
s [GeV] Le+e− [ f b−1] Le+γ = Lγ e− [ f b−1] Lγ γ [ f b−1]

CLIC 350 1000 450 230

1400 2500 1875 1600

3000 5000 3950 3450

FCC-ee 365 1500 − −

Fig. 3 The distributions of the γ γ scattering centre-of-mass energy√
s′
γ γ for FCC-ee at 365 GeV (green histogram) and for CLIC at 350

GeV, 1.4 TeV and 3 TeV (red, blue and black histograms, respectively).
In the latter cases, the solid histograms show the collisions of two Beam-
strahlung photons, the dotted histograms the collisions of two EPA pho-
tons and the dashed histograms the collisions of one Beamstrahlung and
one EPA photon. All histograms at a given energy stage are scaled to
the same run time

The high bunch charge density at CLIC leads to strong
photon radiation in the electromagnetic field of the other
beam. This effect is referred to as Beamstrahlung in the fol-
lowing. The Beamstrahlung spectra which were prepared for
the CLIC CDR with the GUINEA-PIG simulation code [40]
are used here. The corresponding beam parameters are given
in [41]. The luminosities for the resulting collisions of Beam-
strahlung photons with leptons of the other beam or of two
Beamstrahlung photons are given in Table 1.

In the case of CLIC, we have combined the contributions
from collisions of two Beamstrahlung photons, two EPA pho-
tons or of one Beamstrahlung photon and one EPA photon
were combined. The centre-of-mass energy distributions of
the colliding photons at the different CLIC stages and FCC-ee
operating at a centre-of-mass energy of 365 GeV are com-

pared in Fig. 3. In the region of large
√
s′
γ γ that is most rel-

evant for the new physics reach, collisions of EPA photons
are dominant at CLIC operating at 350 GeV while collisions
involving Beamstrahlung photons are more important at the
higher CLIC energies.

Interactions of virtual photons, which could be tagged by
additional electrons in the final state, are not considered here.

3.2 Signal simulation and background processes

At each CLIC energy stage and for FCC-ee, one million
beam-beam events were randomly generated for each consid-
ered initial-state combination (γBeamstrγBeamstr, γBeamstrγEPA,
γEPAγBeamstr and γEPAγEPA for CLIC, only γEPAγEPA for
FCC-ee). These are used to construct γ γ → γ γ events,
assuming a polar angle distribution ∝ (3 + cos2 θ)2 for
the dimension-8 operator contributions, where θ is the polar
angle of a final-state photon in the centre-of-mass system of
the hard interaction. The event rates are normalised using the
minimum of (2.1) and 1/m2

γ γ , or (2.9) and 1/m2
γ γ to sup-

press events at very large scales. In the Born–Infeld model the
effective field theory description may be expected to break
down for mγ γ � √

β, but in the Euler–Heisenberg case its
validity depends on the magnitude of the electromagnetic
coupling, as we discuss in more detail below.

The Standard Model contribution to γ γ scatteringbreak
described in Sect. 2.1 represents an intrinsic background for
new physics searches. Events are simulated according to the
kinematics predicted by SANC. As for the dimension-8 oper-
ator contributions, beam-beam events are used as inputs to
include the correlations between the two beams.

A second crucial background process is e+e− → γ γ ,
which is simulated using the Whizard 1.95 package [42,
43]. The obtained cross sections for 20◦ < θγ < 160◦, where
θγ is measured in the laboratory frame and Eγ > 25 GeV,
are 3300/3100/290/91 fb at 350 GeV CLIC/365 GeV FCC-
ee/1.4 TeV CLIC/3 TeV CLIC. Due to energy loss from the
Beamstrahlung and ISR effects, the invariant mass of the
final-state photon pair may be reduced significantly com-
pared to the nominal centre-of-mass energy, as illustrated in
Fig. 4. While the distributions peak at the nominal electron-
positron centre-of-mass energies, large tails extend towards
lower values, particularly at the higher CLIC centre-of-mass
energies.

3.3 Event selection

To exclude kinematic regions dominated by the SM contribu-
tion to γ γ scattering, the following requirements are imposed
to the final-state photons in the laboratory frame:

• 20◦ < θγ < 160◦ for each photon;
• Eγ > 25/25/200/400 GeV for each photon at 350 GeV

CLIC/365 GeV FCC-ee/1.4 TeV CLIC/3 TeV CLIC.

In addition, the e+e− → γ γ background was reduced
using a cut on the invariant mass of the two final-state pho-
tons:
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Fig. 4 The distributions of the γ γ invariant mass in e+e− → γ γ

events at 350 GeV, 1.4 TeV and 3 TeV CLIC (red, blue and black
histograms, respectively), and at 365 GeV FCC-ee (green histogram)

• Mγ γ < 310/330/1150/2650 GeV for each photon at
350 GeV CLIC/365 GeV FCC-ee/1.4 TeV CLIC/3 TeV
CLIC.

No detector effects are included in the present study, and it
is assumed that all photons are reconstructed. In full simula-
tion studies of realistic CLIC [44] and FCC-ee [45] detector
concepts, photon efficiencies well above 95% are found for
photons passing the event selection cuts described above. The
expected photon energy resolutions of the CLIC and FCC-ee
detector concepts of better than σ(E)/E = 20%/

√
E ⊕ 1%

are not expected to have a sizeable impact on the measure-
ment of light-by-light scattering using the cut and count
approach described above.

In the kinematic region defined by the cuts described
above, the SM cross-section for light-by-light scattering can
be measured with a statistical precision of 29%/56%/15%/5%
at 350 GeV CLIC/365 GeV FCC-ee/1.4 TeV CLIC/3 TeV
CLIC in the absence of new physics contributions. CLIC
at 350 GeV achieves greater precision than the higher-
luminosity FCC-ee at 365 GeV because of the steep increase
in the SM cross section as mγ γ decreases (see Fig. 2). In
the low mγ γ region, Beamstrahlung is relevant even at 350
GeV CLIC (see Fig. 3), improving the precision of 350 GeV
CLIC compared to 365 GeV FCC-ee. A more precise deter-
mination of the SM cross-section could be achieved using an
optimised selection for this purpose, but this is beyond the
scope of the present analysis.

4 Sensitivities to new physics in γ γ scattering

4.1 Sensitivity to generic dimension-8 operators

The prospective sensitivities of e+e− collider measurements
to the possible dimension-8 operator coefficients (1.1) in the

(c1, c2) plane are shown in Fig. 5. Those of FCC-ee and CLIC
at 350 GeV are shown in the upper panels, and those of CLIC
measurements at centre-of-mass energies

√
s = 1.4 and

3 TeV are shown in the lower panels. We display contours of
1-, 2-, 3-, and 5-σ statistical significance, calculated as S/

√
B

where S is the number of dimension-8 signal events and B is
the number of background events. The 5-σ contour represents
the potential discovery sensitivity in the presence of a signal,
and the 2-σ contour represents the potential 95% CL exclu-
sion contour in the absence of any signal. We see that typ-
ical 95% CL sensitivities to the dimension-8 operator coef-
ficients are c1,2 � O(10−11) GeV−4 for FCC-ee and CLIC
at 350 GeV, which improve to c1,2 � O(4 × 10−14) GeV−4

for CLIC at 1.4 TeV and c1,2 � O(2 × 10−15) GeV−4 at
3 TeV. The latter correspond to sensitivities to new physics
at mass scales ∼ 2–5 TeV. The 1.4 TeV and 3 TeV stages of
CLIC would therefore improve over the bounds set recently
by the TOTEM and CMS Collaborations at the LHC [19].
However, the FCC-ee and the 350 GeV stage of CLIC are
not as sensitive as the LHC. Projections for HL-LHC have
been estimated in [31].

In the following Sections we discuss the interpretations of
the FCC-ee and CLIC sensitivities in the theoretical frame-
works discussed earlier.

4.2 Sensitivities to Heisenberg–Euler contributions

The lines in Fig. 5 represent the possible contributions to
the Heisenberg–Euler Lagrangian from heavy particles of
spin 0, 1/2 and 1 and effective charge Qeff = 10, defined
below Eq. (2.2), that may arise in scenarios for new physics
beyond the Standard Model.5 A large effective charge enables
sensitivity to the highest scales, since it compensates for the
loop factor in the heavy particle contributions.

The dots along the lines represent the values of (c1, c2)

expected for the heavy particle masses indicated (in TeV) by
the labels. The directions in the (c1, c2) plane differ for the
different spins: unfortunately they cannot be distinguished
experimentally, since the kinematical distributions for the
different spins are identical in the decoupling limit, as can be
seen in (2.1).6

In the case of spin 0, we see that the 5-σ discovery sensi-
tivity for

√
s = 1.4 TeV is to a mass m0 � 0.6 TeV, extend-

ing somewhat beyond the reach for direct pair-production.

5 This illustrative value is chosen to ensure consistency with the effec-
tive field theory (EFT) approximation. Extending the analysis to smaller
Qef f could either correspond to a simple rescaling or involve a more
involved analysis beyond the EFT approximation, depending on the
sensitivity. We leave such an investigation to future studies.
6 We note that the formulae for the ci given in (2.3) are valid in the
large-mass limit, and one should take sub-asymptotic corrections into
account when making more precise estimates of the sensitivities to the
masses of new particles of different types.
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Fig. 5 Contours in the (c1, c2)

plane of 1-, 2-, 3-, and 5-σ
significance sensitivities of
possible measurements with
FCC-ee and CLIC at 350 GeV
are shown in the upper panels,
and those of possible CLIC
measurements at centre-of-mass
energies

√
s = 1.4 and 3 TeV

are shown in the lower panels.
The potential 5-σ discovery
region is outside the grey
contour, and the potential 95%
exclusion reach is outside the
yellow contour. Also shown are
the lines corresponding to the
Heisenberg–Euler [1]
contributions of heavy spin 0,
−1/2 and −1 beyond-the-
Standard-Model particles in
blue, orange, and green,
respectively, with effective
charge Qeff = 10, a value that
has been chosen for consistency
with the validity of the relevant
EFT. The dots are labelled with
the masses of the particles in
units of TeV

On the other hand, at
√
s = 3 TeV the CLIC discovery

reach for spin-0 particles would be to m0 � 1.3 TeV, less
than the reach for pair-production. In the cases of spins
1/2 and 1, for

√
s = 1.4 TeV the 5-σ discovery reaches

again extend beyond the pair-production threshold to a mass
m1/2 � 0.85 TeV for spin 1/2 and m1 � 1.5 TeV for spin 1,
and for

√
s = 3 TeV the direct discovery reach for spin 1/2 is

m1/2 � 1.8 TeV whereas for spin 1 it is m1 � 3.4 TeV. For
spin 1 the masses are sufficiently far above the centre of mass
energy that the EFT approach should be a good approxima-
tion. In the spin-0 and −1/2 cases the sensitivities are greater
for larger effective electromagnetic charges. However, we
note that most of the sensitivity comes from lower diphoton
centre-of-mass energies where there are higher statistics, so
the EFT approach may provide a good first approximation
even for smaller electromagnetic charges.

4.3 Constraint on Born–Infeld theory

We discuss now the sensitivity of CLIC and FCC-ee mea-
surements of γ γ scattering to the mass parameter M = √

β

that characterizes the Born–Infeld Lagrangian (2.6). Fig. 6

displays the same contours as in the previous section with the
trajectory corresponding to Born–Infeld theory [2] at various
scales, and Fig. 7 shows the number of events produced as
a function of the Born–Infeld mass parameter M . The right
panel shows the statistical significance – calculated as S/

√
B

where S is the number of Born–Infeld events and B is the
number of background events – of a prospective Born–Infeld
signal excess above the Standard Model background. A sig-
nificance S ≥ 5 corresponds to a ≥ 5-σ discovery of new
physics, and S = 2 corresponds to the 95% CL lower limit
on M in the absence of any signal. On the basis of Fig. 7 we
estimate for 3 TeV CLIC:

5σ discovery range : 2.5 TeV, 95% CL lower limit : 2.8 TeV.

(4.1)

As seen in Fig. 7, we have made similar estimates of the
CLIC and FCC-ee sensitivities to the Born–Infeld scale from
running at the lower energies of 350, 365 and 1400 GeV:

CLIC 350 GeV : 5σ discovery range :
280 GeV, 95% CL lower limit : 310 GeV,
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Fig. 6 Contours in the (c1, c2)

plane of 1-, 2-, 3-, and 5-σ
significance sensitivities of
possible measurements with
FCC-ee and CLIC at 350 GeV
are shown in the upper panels,
and those of possible CLIC
measurements at centre-of-mass
energies

√
s = 1.4 and 3 TeV

are shown in the lower panels.
The potential 5-σ discovery
region is outside the grey
contour, and the potential 95%
exclusion reach is outside the
yellow contour. Also shown are
the lines corresponding to the
Born–Infeld model [2], for
which c2/c1 = −4. The dots are
labelled with the corresponding
values of the Born–Infeld scale
in units of TeV
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Fig. 7 Left panel: the number of γ γ → γ γ events in Born–Infeld
theory [2] as a function of the Born–Infeld scale M at 350 GeV CLIC,
FCC-ee, 1.4 TeV CLIC and 3 TeV CLIC (red, green, blue and black
histograms, respectively). Right panel: the statistical significances of

excesses of events compared to the SM background as a function of the
Born–Infeld scale M at 350 GeV CLIC, FCC-ee, 1.4 TeV CLIC and 3
TeV CLIC (red, green, blue and black histograms, respectively)

FCC − ee 365 GeV : 5σ discovery range :
290 GeV, 95% CL lower limit : 330 GeV,

CLIC 1.4 TeV : 5σ discovery range :
1.14 TeV, 95% CL lower limit : 1.31 TeV. (4.2)

We see that the CLIC sensitivities at 3 TeV and 1.4 TeV in
the centre-of mass extend to Born–Infeld scales above 1 TeV,
into the range of relevance for low-scale brane scenarios.
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4.4 Constraints on monopole masses

4.4.1 Sensitivity from monopole loops

In the case of CLIC at 3 TeV, we found in Sect. 4.2 a 95%
CL sensitivity to spin-1/2 fermions with Qeff = 10 and mass
2.1 TeV. Using the rescaling relation (2.14), this corresponds
to a mass

MM ∼ 14 |n| TeV (4.3)

for a monopole of spin 1/2 and magnetic charge n =
±1,±2, . . .. This is beyond the reach of the LHC, though
probably within the reach of FCC-hh [26] for |n| = 1
or 2.

4.4.2 Indirect sensitivity within Born–Infeld theory

The sensitivities to the Born–Infeld theory [2] presented in
Sect. 4.3 can be translated into the corresponding monopole
masses, as discussed in [18]. For example, a Born–Infeld
scale of 4 TeV, which is intermediate between the 5-σ dis-
covery sensitivity and the 95% CL exclusion sensitivity of
CLIC at 3 TeV estimated in Sect. 4.3, would correspond to a
monopole mass

MM � (ξ + 72.8 × cos θW ) × 4 TeV, (4.4)

where ξ ∼ 1 for the numerical solution of [21], yielding
MM ∼ 260 TeV , and ξ ∼ 7.6/4 = 1.9 for the semi-
analytic solution of [23], yielding MM ∼ 263 TeV, beyond
the reach of any collider currently contemplated.7 This is also
the case for Born–Infeld monopoles when we consider the
prospective CLIC sensitivity at 1.4 TeV, which we estimate
to be to a Born–Infeld scale ∼ 1.3 TeV, corresponding to a
monopole mass ∼ 90 TeV. However, the prospective CLIC
sensitivities at 350 GeV is to a Born–Infeld scale ∼ 300 GeV,
corresponding to a monopole mass ∼ 26 TeV, which might
be accessible to a future high-energy proton-proton collider
such as FCC-hh [26].

The constraint (4.4) is much stronger than that derived pre-
viously (4.3) for a point-like spin-1/2 monopole. However,
(4.4) only applies to a Born–Infeld monopole, whereas (4.3)
applies to a wider class of monopoles. Moreover, the validity
of the point-like approximation for the monopole solutions
discussed in [20,21] may be questioned. Hence the two limits
(4.4) and (4.3) should be regarded as complementary. They
demonstrate the versatility of the prospective sensitivity of
CLIC to new effects in light-by-light scattering.

7 Above, we used the representative value sin2 θW = 0.23; more accu-
rately, we should use the value of sin θW at the CLIC energy scale,
which we estimated to be sin2 θW = 0.25, however doing so the result
changes only by about 1% .

5 Conclusions

We have explored in this paper the sensitivities of prospective
FCC-ee and CLIC measurements of light-by-light scattering
to possible new physics. This could manifest itself either via
loop diagram contributions to the effective QED Lagrangian
as calculated by Heisenberg and Euler [1], or via dimension-
8 effective operators as appear in Born–Infeld theory [2].
The contemporary interest of the latter possibility has been
reinforced by the realization that Born–Infeld theory emerges
naturally in string theory [6], most specifically in the D-brane
framework [7].

While we find that FCC-ee will not be competitive with
the LHC [19], CLIC has two advantages for the measurement
of light-by-light scattering, as compared to FCC-ee. One
is its higher centre-of-mass energy, which is advantageous
for measuring the strongly energy-dependent effects of both
the Heisenberg–Euler Lagrangian and generic dimension-8
operators such as appear in Born–Infeld theory. A second
advantage is that the CLIC photon spectrum has an impor-
tant Beamstrahlung contribution in addition to the EPA con-
tribution that is present also for lower-energy circular e+e−
colliders.

We have found that CLIC measurements could be sensi-
tive to generic dimension-8 operators with coefficients up to
O(2 × 10−15) GeV−4 at the 95% CL, corresponding to a
new physics mass scale ∼ 5 TeV. Interpreting this sensitiv-
ity in the framework of the Heisenberg–Euler Lagrangian,
we find that light-by-light scattering at CLIC could be sen-
sitive to new large charge/multiplicity spin-1 bosons with
masses beyond its kinematic reach, and similarly to spin-1/2
bosons with masses comparable to its beam energy. Interpret-
ing the CLIC sensitivity within Born–Infeld theory confirms
that light-by-light measurements at a centre-of-mass energy
of 3 TeV would provide 5-σ discovery sensitivity to a Born–
Infeld scale

√
β = M = 2.5 TeV. This discovery sensitivity

is particularly interesting for some D-brane scenarios that
envisage mass scales in the TeV range.

An interesting application of this analysis is to constrain
the possible mass of a magnetic monopole. Assuming that
its low-energy effects are the same for a point-like particle,
the rescaling (2.14) of the sensitivity for electrically-charged
particles corresponds to a sensitivity to loops of spin-1/2
monopoles of charge |n| of mass MM ∼ 14|n| TeV. How-
ever, in the specific framework of Born–Infeld theory, the
CLIC light-by-light sensitivity at 1.4 (3) TeV corresponds to
a Born–Infeld monopole mass of 90 (260) GeV.

This analysis reinforces the key message of [46], namely
that the higher centre-of-mass energy of CLIC gives it a par-
ticular competitive advantage in the search for new physics
manifested by higher-dimensional operators, compared to
lower-energy e+e− colliders. This was first illustrated in [46]
in the case of dimension-6 operator coefficients, and here
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we have extended this observation to dimension-8 operators,
in which case CLIC benefits also from its enhanced photon
spectrum due to Beamstrahlung. In general, the high energy
of CLIC gives it a long lever arm for these indirect searches
for new physics [47–50], as well as for direct pair-production
searches.
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