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Introduction and Motivation

Motivation

Why a dark sector?

> Standard Model (SM) is

incomplete:

> Conceptual problems: Strong

CP, Naturalness etc

> Empirical facts: Neutrino

masses, Dark Matter,

matter-antimatter

asymmetry

> Dark sector: Consists of particles

not charged underSM gauge

groups
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Why a Photon Photon collider?

> Complementary option for high

energy linear colliders: γγ and γe
collisions

> Variable polarization, luminosity

comparable to e+e−

> New physics accessible in

two-photon interaction

> Precision Tests forSM, e.g. Higgs
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Introduction and Motivation Basics of a Photon-Photon Collider

Basics of a Photon-Photon Collider

> High energy photons are produced

via Compton backscattering (CB)

> Photon with energy E0 = h̄ω0 is

scattered on electron with Energy

Ee at small angle θ

> Maximum photon energy

Emax
γ ≈ 0.83Ee for x ≈ 4.8

> Study γ γ or γe collisions with real

photons

Maximum energy of scattered photons

Emax
γ =

x
x + 1

Ee

x ≈ 4Eeω0

m2
ec4

= 15.3

[
Ee

TeV

] [ω0

eV

]
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1 Introduction

Gamma-gamma collisions have a long history: since the 1970s, they have been studied at e+e−

storage rings in collisions of virtual photons (γ∗). Two-photon physics at storage rings is interesting
and complementary to the main e+e− physics program; however, it is not competitive because the
number of virtual photons per electron is rather small: dnγ ∼ 0.03 dω/ω, therefore Lγγ� Le+e− .

Figure 1. (left) The general scheme of a γγ, γe photon collider. (right) A crab-crossing collision scheme
for the removal of disrupted beams from the detector to the beam dump.

At future e+e− linear colliders beams will be used only once, which makes possible e → γ

conversion byCompton backscattering of laser light just before the interaction point, thus obtaining a
γγ,γe collider (a photon collider) with a luminosity comparable to that in e+e− collisions [1–3]. The
general scheme of the photon collider is shown in Fig. 1. Laser photons scatter on electrons in the
conversion region (CP) at the distance b ∼ γσy from the interaction point (IP). If ρ = b/γσy � 1,
then at the IP photons of various energies are mixed in space and the invariant mass distribution
of γγ system is broad. In the opposite case, ρ � 1, the photons with higher energy collide at a
smaller spot size and, therefore, contribute more to the luminosity and its spectrum becomes more
monochromatic. After crossing the conversion region, electrons have a broad energy spectrum and
large disruption angles due to deflection of low-energy electrons in the field of the opposing beam.
The “crab crossing” collision scheme solves the problem of beam removal without hitting the final
quadrupole magnets.

– 1 –

[V. Telnov: arXiv:2007.14003]
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Introduction and Motivation Photon energy spectrum

Energy spectrum, Luminosity and Nonlinear Effects

> Photon energy spectrum (CB) has

strong dependence on polariza-

tion

> Realistic photon energy spectrum

taken into account beam and laser

system

> Multiple Compton Scattering

> Nonlinear effects: Effective

increase in electron mass

> Luminosity spectrum simulation

with CAIN [K. Yokoya et al.]
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Figure 1: Energy distribution for photons (left plot) and the γγ center-of-mass energy

distribution (right plot) from full simulation of luminosity spectrum by V.Telnov [7] (solid

line), compared to expectations for the simple Compton scattering (dashed line). For

better comparison of shape, Compton spectra is scaled to the same height of the high

energy peak.

simple Compton scattering (lowest order QED), as given by formula (14) (see appendix

A). Realistic simulation indicates that a large fraction of colliding photons will have small

energies. Also the maximum of the high-energy peak is shifted towards lower energies.

Shown in Fig. 2 (left plot) is the two-dimensional energy distribution for the colliding

photons, as obtained from the simulation [7], for electron beam energy of 250 GeV. Also

included in Fig. 2 (right plot) is the energy correlation between two photons calculated as

the ratio of the two-dimensional energy distribution to the product of two one-dimensional

energy spectra. Energies of colliding photons are clearly correlated. Majority of collisions

involve photons with similar energies (large values of the ratio along the diagonal). Col-

lisions involving one low-energy and one high-energy photon are suppressed (the ratio

less than 1 in the left-upper and right-lower corner of the plot). This demonstrates that

the correlation between the angle of Compton backscattering and the photon energy is

important and has to be taken into account.

3 Model

Dedicated studies have been performed in order to understand the differences between

the photon energy spectra obtained from the collider simulation by V.Telnov [7] and the

spectra expected for the simple Compton scattering (14). To describe simulation results

following effects are taken into account: nonlinear effects due to high density of the laser

3

Realistic photon energy distribution compared to simple
Compton spectrum [Zarnecki arXiv:0207021]
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Light-by-Light Scattering in the SM Theoretical aspects

Light-by-Light scattering
in Theory

> Proceeds at leading order via box dia-

gramO(α4)

> Use Computation Tools like FormCalc

[1604.04611] to reduce tensor integrals

to scalar integrals

> Helicity amplitudes: Mλ1,λ2,λ3,λ4
,

λi = ± for circular polarized photons
γ

γ

γγ

f

f

f

f

γ
γ
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W
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W

W

Figure 1: The Feynman diagrams of light-by-light scattering via one loop box
diagram, created with TikZ-Feynman [?].

2

Cross section in helicity amplitude approach:

dσ
dΩ

=
1

128π2s
(
|M++++|2 + |M++−−|2 + |M+−−+|2 + 4|M+++−|2

)
Advantage: Use symmetries of the process to reduce numberof independent amplitudes
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Light-by-Light Scattering in the SM LbL in Experiments and BSM contributions

Light-by-Light Scattering
in Experiment

> Indirectly tested in electron and muon

magnetic moments

> First direct observation: Heavy ion col-

lisions (Pb-Pb), recorded by ATLAS in

2016 [ arXiv: 1702.01625]

> Z4 photon flux enhancement for ions

compared to protons

Why LbL to study BSM?

> Quartic anomalous gauge couplings

> Supersymmetry

> Axion-Like Particles

Light-by-light scattering cross-section measurements at LHC

G. K. Krintiras 1a, I. Grabowska-Bold 2b, M. Kłusek-Gawenda3c, É. Chapon4d, R. Chudasama5e, and R.
Granier de Cassagnac6f

1 Department of Physics and Astronomy, The University of Kansas, Malott Hall, 1251 Wescoe Hall Dr., Lawrence, KS 66045
2 Department of Physics and Applied Computer Science, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Kraków
3 Institute of Nuclear Physics Polish Academy of Sciences, Radzikowskiego 152, PL-31-342 Kraków, Poland
4 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
5 Department of High Energy Physics, Tata Institute of Fundamental Research, Mumbai 400005, India
6 Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Palaiseau, France

Abstract. This note represents an attempt to gather the input related to light-by-light scattering (γγ) cross-section
measurements at LHC with the aim of checking the consistency with different standard model predictions. For the
first time, we also consider the contribution from the ηb(1S) meson production to the diphoton invariant mass dis-
tribution, by calculating its inclusive photoproduction cross-section. Using a simplified set of assumptions, we find a
result of 115±19 nb, consistent with standard model predictions within two standard deviations. Although an improved
determination of the integrated fiducial Pb+Pb(γγ)→ Pb(∗)+Pb(∗) γγ cross-section by approximately 10% could be
potentially achieved relative to current measurements, further improvements are expected with the inclusion of existing
or forthcoming LHC nuclear data.

1 Introduction

Light-by-light (LbyL) scattering, γγ → γγ , is a rare standard
model (SM) process that can occur at the lowest order in
quantum electrodynamics (QED) via virtual one-loop box dia-
grams (Figure 1). Experimentally, we can directly study LbyL
interactions at relativistic heavy-ion collisions with large im-
pact parameters, i.e., larger than twice the radius of the ions, as
the strong interaction in these ultra-peripheral collision (UPC)
events is diminished. The electromagnetic (EM) fields pro-
duced by the colliding nuclei can be treated as a beam of quasi-
real photons, resulting in the enhancement of the cross-section
for the reaction A+A(γγ)→ A(∗)+A(∗)

γγ relative to proton-
proton (pp) collisions by a factor of Z4 [1–3]. The signature of
the LbyL final state is the “exclusive” production of two pho-
tons, where the incoming ions survive the EM interaction: two
photons with low transverse energy are expected and no fur-
ther activity in the central detector surrounding the interaction
region. The LbyL process has been also proposed as a sensitive
channel to study physics beyond the SM [4–9]. In particular,
the enhancement of the diphoton rates can be induced by new
neutral particles, such as axion-like particles (ALP), contribut-
ing in the form of narrow diphoton resonances.

a gkrintir@cern.ch
b Iwona.Grabowska@cern.ch
c mariola.klusek@ifj.edu.pl
d emilien.chapon@cern.ch
e ruchi.chudasama@cern.ch
f raphael@cern.ch
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Fig. 1: The lowest order QED diagrams of SM LbyL scattering
production in Pb+Pb UPC. A potential EM excitation of the
outgoing Pb ions is denoted by (∗). Plot adapted from Ref. [10].

The first direct evidence of the LbyL process at the LHC
was established by the ATLAS [11] and CMS [12] Collabora-
tions, exploiting the large photon fluxes available in UPC lead-
lead (Pb+Pb) collisions at the LHC. The evidence was obtained
from Pb+Pb data recorded in 2015 at a per nucleon center-of-
mass energy of

√
sNN = 5.02TeV with integrated luminosities

of 0.48 nb−1 (ATLAS) and 0.39 nb−1 (CMS). The CMS Col-
laboration also set upper limits on the cross-section for ALP
production, γγ→ a→ γγ , over the ALP invariant mass range of
5–90 GeV, whereas previous ATLAS searches involving ALP
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Figure 1. Schematic diagrams of (left) SM LbyL scattering and (right) axion-like particle produc-
tion in Pb+Pb UPC. A potential electromagnetic excitation of the outgoing Pb ions is denoted by
(∗).

collision (UPC) events. In general, UPC events allow studies of processes involving nuclear
photoexcitation, photoproduction of hadrons, and two-photon interactions. Comprehen-
sive reviews of UPC physics can be found in refs. [1, 2]. The electromagnetic (EM) fields
produced by the colliding Pb nuclei can be treated as a beam of quasi-real photons with a
small virtuality of Q2 < 1/R2, where R is the radius of the nuclear charge distribution and
so Q2 < 10−3 GeV2 [3–5]. The cross section for the reaction Pb+Pb (γγ)→ Pb(∗)+Pb(∗) γγ

can then be calculated by convolving the respective photon flux with the elementary cross
section for the process γγ → γγ, with a possible EM excitation [6], denoted by (∗). Since
the photon flux associated with each nucleus scales as Z2, the LbyL cross section is strongly
enhanced relative to proton-proton (pp) collisions.

In this measurement, the final-state signature of interest is the exclusive production of
two photons, where the diphoton final state is measured in the detector surrounding the
Pb+Pb interaction region, and the incoming Pb ions survive the EM interaction. Hence,
one expects that two low-energy photons will be detected with no further activity in the
central detector. In particular, no reconstructed charged-particle tracks originating from
the Pb+Pb interaction point are expected.

The LbyL process has been proposed as a sensitive channel to study physics beyond
the SM. Modifications of the γγ → γγ scattering rates can be induced by new exotic
charged particles [7] and by the presence of extra spatial dimensions [8]. The LbyL cross
sections are also sensitive to Born-Infeld extensions of QED [9], Lorentz-violating operators
in electrodynamics [10], and the presence of space-time non-commutativity in QED [11].
Additionally, new neutral particles, such as axion-like particles (ALP), can also contribute
in the form of narrow diphoton resonances [12], as shown in figure 1. ALPs are relatively
light, gauge-singlet (pseudo-)scalar particles that appear in many theories with a sponta-
neously broken global symmetry. Their masses and couplings to SM particles may range
over many orders of magnitude. The previous ATLAS searches involving ALP decays to
photons are based on pp collision data [13, 14].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in
measurements of the anomalous magnetic moment of the electron and muon [15, 16]. The

– 2 –
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Light-by-Light via ALPs

Light-by-Light through Axion Like Particles

> Axion-Like Particles (ALPs): Pseu-

doscalar particles appearing in

theories with broken global symmetry

> Effective interaction of ALPs with pho-

tons:

Leff =
1

2
(∂µa)(∂µa)− m2

a
2

a2

−1

4
gaγγaFµνF̃µν

> DecayWidth ofALP into Photons:

Γa→γγ =
g2aγγm3

a

64π

=⇒ Competitive Limits through LbL at a

Photon Collider?
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ATLAS is marked with label: ATLAS γγ → γγ [5]
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Light-by-Light via ALPs

Light-by-Light through ALP's

> Helicity amplitudes of pure ALP LbL (computed with FormCalc), e.g.

M++++ = −
g2aγγ
16

s2

s − m2
a + imaΓa

> Each helicity amplitude: M = Malp + MSM
> Resonance region s ∼ m2

a in s-channel, for narrow resonance

σγγ→a→γγ ∝ g2aγγBa→γγ

> Full cross section with CB photons:

dσ
dΩ

=

∫
dL
dŝ

dσ̂γγ

dΩ
dŝ

> Differential luminosity spectrum calculation with CAIN

γ

γγ

γ a

γ

γγ

γ

a

γ

γγ

γ

a

Figure 1: The Feynman diagrams describing light-by-light virtual production
of the axion-like particle a.

The differential cross sections for the process γγ → γγ for the CB initial
photons is shown in Fig. 2 as functions of the transverse momenta of the final
photons pt. The ALP mass ma and its coupling f are chosen to be equal to
1200 GeV and 10 TeV, respectively. In order to reduce the SM background,
we have imposed the cut W = mγγ > 200 GeV. The curves are presented for
two values of the ALP branching into two photons Br = Br(a → γγ). For
this differential cross sections, the virtual production of the ALP dominates
the SM light-by-light subprocess for pt > 100 GeV region. The total cross
sections σ(pt > pt,min) as functions of the minimal transverse momenta of the
final photons pt,min are shown in Fig. 3. It can be seen from this figure that
the deviation from the SM gets higher as the pt-cut increases. Moreover,
while the SM cross section decreases up to the value of pt,min = 500 GeV, the
total cross section remains almost unchanged.

Fig. 4 demonstrates the dependence of the total cross sections on the
ALP mass for two fixed values of the ALP coupling f = 10 TeV (in the
left panel) and f = 100 TeV (in the right panel). Since in the mass region
ma = 1000 − 2500 GeV, the dominant dependence of the cross sections
scales as 1/f 2, one can assume that it comes from the interference piece.
However, it is not a case. Our calculations have shown that the pure axion
matrix element Ma in (6) is dominant. Moreover, t- and u-channel terms
in Eqs. (10)-(12) scale as 1/f 4 and are negligible with respect to s-channel
terms in Eqs. (7) and (12). The main contribution comes from the resonance
region s ∼ m2

a in the s-channel terms of Ma. As a result, in the mass region
ma = 1000− 2500 GeV we get

σ ∼ 1

f 2
Br(γγ → a) , (28)

in a qualitative agreement with Fig. 4. For more details, see Appendix A.

10

Light-by-Light virtual production ofALP [S.C. Inan, A.V. Kisselev: arXiv:2007.01693]
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Conclusion and Outlook

Conclusions and Outlook (Work in Progress)

> High physics potential fora γγ-collider to probe a dark sector:

Complementary to e+e−-colliders and LHC

> ALP parameter space can be constrained at future high energy colliders such as

CLIC

Outlook

> Optimize photon luminosity

> Investigate dark sector phenomenology

> Dark Higgs and Dark Photon

> Dark Axion Portal

MonikaWüst Dark Sector Physics at Photon Colliders July 24, 2024 13 / 13



Backup

Backup - Overview Dark Sector Portals

Portal Particle Interaction

Vector Dark photon γ′ ε
2FµνZ ′µν

Axion Pseudoscalara gaγγ

4 aFµνF̃µν ,
gaγγ

4 ∂µaψ̄γµγ5ψ

Higgs Dark scalarS λHS |S |2|H |2

Dark Axion Mixed a and γ′
gaγγ′

4 aFµν Z̃ ′µν +
gaγ′γ′

4 aZ ′
µν Z̃ ′µν

and Neutrino portal, mixed scenarios etc.

γ γ′

ε

a

γ

γ

gaγγ

H S

κ

a

γ

γ′

gaγγ′

1
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Backup

Backup - Dark Axion Portal

> Interaction Lagrangian

Leff =
gaγγ

4
aFµνF̃µν +

gaγγ′

2
aFµνF̃ ′

µν

> Fermions in triangle loop can have both charges U (1)PQ and U (1)Dark

> Dark Axion Portal couplings are not just product of two individual portals (εGaγγ
would be greatly suppressed since ε2 � 1)

Feynman diagrams fore+e− → γγγ′
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Backup

Backup - Compton Scattering

Compton Cross Section:

1

σc

dσc

dy
=

2σ0
xσc

[
1

1− y
+ 1− y − 4r(1− r) + 2λePcrx(1− 2r)(2− y)

]
> r = y/(x(1− y))
> Kinematics of backward Compton scat-

tering is characterized by

x =
2p0k0
m2c2

≈ 4E0ω0

m2c4
cos2 α0

2

> Photon emission angle is very small,

θ ∼ 1/γe = 2 · 10−6

> Photons with maximum energy scatter

at zero angle

E
θ

α 0

e
θ
ω

E0

ω0

Figure 10: Kinematics of the backward Compton scattering

eter y are:

ω ≤ ωm =
x

x+ 1
E0 , y ≤ ym =

x

x+ 1
=

ωm

E0

. (15)

The energy of the scattered electron is E = (1 − y)E0 and its minimum value is Emin =
E0/(x+ 1).

Typical example: in collision of the photon with ω0 = 1.17 eV (λ = 1.06 µm — the
region of the most powerful solid state lasers) and the electron with E0 = 250 GeV, the
parameter x = 4.5 and the maximum photon energy

ωm = 0.82E0 = 205 GeV (16)

is close enough to the initial electron energy E0.
A photon emission angle is very small, θ ∼ 1/γe = 2 · 10−6.
The total Compton cross section is

σc = σup
c + 2λePc τc ,

where λe is the mean helicity of the initial electron, Pc is that of the laser photon and

σup
c =

2σ0

x

[(

1− 4

x
− 8

x2

)

ln(x+ 1) +
1

2
+

8

x
− 1

2(x+ 1)2

]

, (17)

τc =
2σ0

x

[(

1 +
2

x

)

ln(x+ 1)− 5

2
+

1

x+ 1
− 1

2(x+ 1)2

]

,

σ0 = πr2e = 2.5 · 10−25 cm2 .

Note, that polarizations of initial beams influence the total cross section (as well as the
spectrum) only if both their helicities are nonzero, i.e. at λePc 6= 0. The functions σup

c ,
corresponding to the cross section of unpolarized beams, and τc, determining the spin
asymmetry, are shown in Fig. 11. In the region of interest x = 1 ÷ 5 the total cross
section is large enough

σc ∼ σ0 = 2.5 · 10−25 cm2 (18)

and only slightly depends on the polarization of the initial particles, |τc|/σup
c < 0.1.

On the contrary, the energy spectrum does essentially depend on the value of λePc.
The energy spectrum of scattered photons is defined by the differential Compton cross
section:

dσc

dy
=

2σ0

x

[

1

1− y
+ 1− y − 4r(1− r)− 2λePc

y(2− y)

1− y
(2r − 1)

]

. (19)

13
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Backup

Backup - Vector boson fusion (VBF)
at electron-positron vs gamma-gamma collider

> Assume now coupling of ALP to electroweak

gauge bosons

Lint = CWW
a
fa

W A
µνW̃µν,A + CBB

a
fa

BµνB̃µν

=⇒ Generate UFO-File with Feynrules

> At e+e−-collider: Main production channels at

low energies (ALPStrahlung) flatten out

> VBF depend only logarithmically on s but can

reachsizeable crosssectionathigh energies [C.X

Yue et al: arXiv:2112.11604]

> VBF at gamma-gamma collider: Access to dark

Higgs and ALPs

0 500 1000 1500 2000 2500 3000
s  [GeV]

101

102

103

104

105

/g
2 ay

y

ALP production for ma =  100 GeV

e + e >  a
e + e > Z a
e + e > (w + w ) e ea
e + e > ( )e + e  a
e + e > (zz)e + e  a

Simulated with MadGraph5 aMC@ NLO
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Backup

Backup - ALP LbL at a Photon Collider

> Full cross section with CB photons:

dσ
dΩ

=

∫
dL
dŝ

dσ̂γγ

dΩ
dŝ

> Differential luminosity spectrum

calculation with CAIN

> Compact linear collider

(CLIC): proposed future

e+e−-collider with 3 stages

(
√

s = 380, 1500, 3000GeV)
→Limits on ALP mass in range

ma = 1000− 2400GeV

> Cross sections much smaller for

EPA photons in e+e− collision

> Use initial-state photon polariza-

tion

1000 2000 3000 4000
1
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100

1000

10000

1000 2000 3000 4000
1

10

100

1000

10000

(fb
)

ma (GeV)

 BR=1
 BR=0.1

Ös=3000 GeV
f=10 TeV
pt>500 GeV

ma (GeV)

 BR=1
 BR=0.1

Ös=3000 GeV
f=100 TeV
pt>500 GeV

Figure 4: The total cross sections for the process γγ → γγ at the CLIC for
the CB initial photons as functions of the ALP mass ma for f = 10 TeV and
f = 100 TeV with two values of Br(a→ γγ).

that for the process pp → p(γγ → γγ)p in Fig. 7, we have to conclude that
the above mentioned behavior of the sensitivity is really related to a specific
dependence of the subprocess γγ → γγ on the axion mass as discussed in
Appendix A.

2.2 Weizsäcker-Williams photons

The photon-photon interactions can be realized at the CLIC in a different
way, using almost real photons emitted from incoming electron beams. These
processes can be studied in the framework of the Weizsäcker-Williams ap-
proximation (WWA). [98]-[101].

In this approximation, incoming electrons scatter at very small angles.
Therefore, electrons can not be caught in the main detector. If scattered
electrons of the beams are observed, minimal and maximal values of scattered
photon energies can be determined. Otherwise, energy or momentum cuts
imposed on final state particles can be used to specify the minimum photon
energy. The photon virtuality varies in the following kinematical range

Q2
min ≤ Q2 ≤ Q2

max , (30)

13

[S.C. Inan, A.V. Kisselev: arXiv:2007.01693]
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Backup

Backup - Realistic photon energy spectrum

NonlinearQED effects:

> Very strong laser field in conversion region→ electron can interact simultaneously

with several laser photons

> Characterized by parameter

ξ2 =
e2F̄2h2

m2
ec2ω2

0

=
2nγr2

eλ

α

where F̄ is strength of electric field in laserwave and nγ the density of laser

photons

> Leads to effective increase in the electron mass, maximum energy of scattered

photons descreases:

Emax
γ =

x
x + 1 + ξ2

Ee
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Backup

Backup - ILC and CLIC Parameters

required average laser power has also gone up to 9 J× 2820× 5Hz ≈ 130 kW.
All resulting parameters for the Compton interaction zone of a γγ-collider
based on 250GeV electron beams are compiled in Tab. 5.

Table 5
Optical parameters resulting from an optimisation of the γγ luminosity

laser pulse energy Epulse ≈ 9.0 J

average laser power < Plaser >t ≈ 130 kW for one pass collisions at the

TESLA bunch-structure

pulse duration τpulse 3.53 ps FWHM (σ=1.5 ps)

Rayleigh length zR ≈ 0.63mm

beam waist w0 ≈ 14.3 µm(1/e2) (σ=7.15 µm)

laser-e− crossing-angle αL ≈ 56mrad

normalised mirror-size acc/wcc,G 0.75

laser wavelength λ 1.064 µm

nonlinearity parameter ξ2 0.30

total luminosity Lγγ 1.1 · 1034 cm−2s−1

3.1.4 Enhancement capability of the cavity

According to the results obtained in [51] all mirrors could have a diameter
of about 120 cm. In this case cutoff occurs at approximately 75% of the hy-
pothetical Gaussian beam radius (1/e2) at the final focusing mirror which
represents the dominant aperture at which diffraction will occur.

An estimated fractional power loss due to diffraction of roughly LFdiff ≥
0.9998 per round trip and a reflectivity of between RHR =99.99% and 99.95%
for presently available standard mirror coatings would permit a steady-state
impedance matched power enhancement between 1100 and 270, for otherwise
perfect conditions 6 . The enhancement becomes the more sensitive against any
impedance mismatch, the larger A∞ is.

The optical energy fluence of ≈ 13 J/cm2 is expected to be well below the dam-
age threshold of mirror substrates and coatings. However, no data for trains
of ps-pulses separated on nano- to microsecond time scales which accumulate

6 Such reflectivities are currently readily available only for mirror substrates of a
few cm diameter. This is not limited due to any principles of physics. For optical
gravitational wave detection similar mirrors of about 30 cm diameter have already
been manufactured. This topic certainly requires further technological effort.

29

Table 2: Possible parameters of the photon collider at CLIC. Parameters of electron
beams are the same as for e+e− collisions

2E0 GeV 3000
λL [µm]/x 4.4/6.5
tL [λscat] 1.
N/1010 0.4
σz [mm] 0.03
frep × nb [kHz] 15.4
γεx/y/10−6 [m·rad] 0.68/0.02
βx/y [mm] at IP 8/0.15
σx/y [nm] 43/1
b [mm] 3
Lee(geom) [1034] cm−2s−1 4.5
Lγγ(z > 0.8zm,γγ )[1034] 0.45
Lγe(z > 0.8zm,γe )[1034] 0.9
Lee(z > 0.65)[1034] 0.6
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dLγe
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1
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R = |ω1 - ω2| / ωav R = |ω1 - ω2| / |ωav-Rpeak|

CLIC (3000)
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z = Wγγ / 2 E0 z = Wγe / 2 E0
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1.5
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0.5

0

Figure 2: γγ (left) and γe (right) luminosity spectra at CLIC(3000). L0, L2 are the
luminosities with the total helicity of two colliding photons in the case of γγ collisions
(or the total helicity of the colliding photon and electron in the case of γe collisions)
equal 0 and 2, respectively.

7

Laser Parameters ILC (Eb = 250 GeV) [Bechtel et al arXiv:0601204] and CLIC (Eb = 1500 GeV) [Burckhardt 2020]
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Backup

Backup - Helicity amplitudes (SM)

Use discrete symmetries to reduce number of indendent amplitudes:

> Parity

Mλ1λ2λ3λ4
(s, t, u) = M−λ1−λ2−λ3−λ4

(s, t, u).

> Time reversal

Mλ1λ2λ3λ4
(s, t, u) = Mλ3λ4λ1λ2

(s, t, u)

> Bose symmetry

Mλ1λ2λ3λ4(s, t, u) = Mλ2λ1λ4λ3(s, t, u)

Use crossing symmetry, only 3 amplitudes have to be calculated, e.g.

M++++(s, t, u), M++−−(s, t, u), M+++−(s, t, u)
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Backup

Backup - Helicity amplitudes (ALP)

M++++ = −
g2aγγ
4

s2

s − m2
a + imaΓa

M++−− = −
g2aγγ
4

(
s2

s − m2
a + imaΓa

+
t2

t − m2
a
+

u2

u − m2
a

)
M+++− = 0

where

M+−+−(s, t, u) = M++++(u, t, s)
M+−−+(s, t, u) = M++++(t, s, u)

and differential cross section

dσ
dΩ

=
1

128π2
(|M++++|2 + |M+−+−|2 + |M+−−+|2 + |M++−−|2)
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Backup

Backup - Dark Axion Portal

> Interaction Lagrangian

Leff =
gaγγ

4
aFµνF̃µν +

gaγγ′

2
aFµνF̃ ′

µν

> Fermions in triangle loop can have both charges U (1)PQ and U (1)Dark

> Dark Axion Portal couplings are not just product of two individual portals (εGaγγ
would be greatly suppressed since ε2 � 1)

Feynman diagrams fore+e− → γγγ′
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Backup

Backup - EPAand photon flux

Full γγ production cross section

σ(AB γγ−−→ AγγB) =

∫
dw1dw2

fγ/A(w1)

w1

fγ/B(w2)

w2
σγγ→γγ(

√sγγ)

with
√sγγ =

√
4ω1ω2 two photon cms energy

ω1/2 two photon energies

fA/B(ω) photon flux at energyω radiated of by the hadrons A/B
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