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Abstract The process of elastic scattering of photons (scat-
tering of light by light) has attracted much attention in recent
years. It goes through a loop where all the charged particles
contribute to the cross section. To date, this yy — yy pro-
cess has been experimentally studied in the Delbriick scat-
tering and splitting of photons in the Coulomb field of the
nucleus, as well as at the LHC in the scattering of virtual
photons in ion-ion collisions. Hopes for further study of this
process are associated with high-luminosity e™e™ colliders
(SuperKEKb, FCC, CEPC, ILC, CLIC) and gamma-gamma
colliders based on the Compton scattering of laser photons
on electrons. In this article, we show that there are some
very serious background processes where the annihilation
of electrons and positrons (real and virtual) produces a pair
of photons flying into the detector, and the the remaining
products fly away from the detector at small angles.

1 Introduction

The scattering of light by light in a vacuum is undoubtedly
one of the most beautiful processes. The cross section of this
process was theoretically predicted more than half a century
ago [1-5]. The cross section of the process is very small for
optical photons, but it is quite accessible for measurements
at photon energies greater than m,c?.

The interaction of photons goes through the box diagram
shown in Fig. 1, where all charged particles contribute to
the amplitude proportional to the fourth power of its electric
charge (because the diagram has four vertices). The cross
section of the process is shown in Fig. 2 (upper) and in Fig. 2
(bottom) multiplied by the energy squared s = Wyzy, where
one can see steps from various particles. At small energies
quarks are still not free, but for simplicity we included u and

d quarks at the w-meson mass and s-quark at K-meson mass.
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Amplitudes from fermions interfere, therefore the cross sec-
tion is proportional to (Xe#)2. At the Wy, > 2my c? the dom-
inant contribution gives W-bosons.
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Fig. 1 Diagram for light-by-light scattering.

As one can see, the cross section of yy scattering is suf-
ficiently large at energies of 1-100 MeV. It was proposed
half a century ago to study this process at e™e™ storage
rings through collisions of virtual photons, which are almost
real [6]. Although two-photons interactions at e*e™ collid-
ers were actively studied since 1970, but there were no se-
rious attempts to study elastic photon-photon scattering via
the box diagram, such processes y*y* — yy were observed
only via C-even resonance production.

Related to elastic photon-photon scattering is elastic pho-
ton scattering by a nuclei (Delbriick scattering) and photon
splitting in a nuclear field. They also proceed through a box
diagram. These processes have been thoroughly studied at
VEPP-4M in Novosibirsk using a beam of tagged photons
with an energy of 120-450 MeV [7, 8].

A new wave of interest to the Yy — 7y process is asso-
ciated with the development of high energy linear ete™ col-
liders and photon colliders [9-21]. Also ion-ion collisions
at the LHC present good possibilities for studying light-by-
light scattering [22-25].



After a suggestion by [22], the ATLAS and CMS col-
laborations performed a first measurement of light-by-light

scattering in high-energy heavy-ion collisions at the LHC [26—

28] at Wyy =~ 5 GeV.

There are proposals to create special photon colliders
[29-31] to study the process yy — vy at Wy, =~ 1 MeV, where
the cross section is maximum, about 2 ub.
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Fig. 2 Cross section for light-by-light scattering.

There is a desire to study this process at ete™ collid-
ers with high luminosity SuperKEKB, FCC-ee, CEPC, at
future high energy eTe™ linear colliders ILC and CLIC, at
high energy 7y colliders, believing that there will be the best
conditions for studying yy — 7. Recently, D. d’Enterria and
H.S. Shao have considered the possibility to observe the true
tauonium in Yy collisions at Super KEKB and FCC [32].
The yy — yy process was considered as one of the main
backgrounds along with the decays of resonances into two
photons. We doubted this statement. Is Yy — Yy scattering
really the dominant background process at ete™ colliders
in the energy range Wy, ~ 3.5 GeV for a reaction with two
finite coplanar photons?

Indeed, the process of yy — yyatete™ colliders proceed
via the diagram shown in Fig. 3. Only photons are detected
at large angles, electrons leave the detector at small angles.

This process has 6 vertices, therefore its cross-section is pro-
portional to o®, where o = ez/ﬁc ~ 1/137. At the same
time, the process e™e™ — yy with two final photons is pro-
portional 2. Of course, in this case photons have energies
equal Ejy, such events can be easily cut off. Similarly, if only
one electron or an positron emits ISR (initial state radiation)
photon at small angle one can kinematically distinguish that
the final photons were produced in a collision where one of
the initial colliding particles had the energy Ep. This event
can be rejected. However, if both e™ and e~ emit ISR pho-
tons, as shown in Fig. 4, then there is no way to distinguish
this process with ¢ o a* from the yy — vy process with
o o a®. Big trouble! This problem was not noticed by QED
experts [6].
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Fig. 3 Diagram for light-by-light scattering in e™ e~ collisions.
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Fig. 4 ¢Te™ annihilation diagram in which photons are completely in-
distinguishable from the case of light by light scattering.

In this paper, we consider these and other QED back-
ground for light-by-light scattering yy — yy atete™, e e~
and 7Yy colliders. For this, we use both analytic considera-
tions and simulations using the CompHEP version 4.5.2 [33].
We assume that two photons after yy scattering are detected
at the angles 150° > 6 > 30°, with all other particles flying
in 10° cones around each beam.

2 Cross section for light-by-light scattering at e,
e~ e~ colliders

The process is described by the diagram shown in Fig. 3.
The spectrum of colliding equivalent photons is given by



well known formula [34]
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d
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min

where x = @0/Ey, o is the energy of an equivalent photon
and E, is the initial energy of electrons/positrons, ¢2. =
m?x?/(1 — x). The maximum value of |g| is determined by
the cut on the acoplanarity angle A¢ between the scattered
photons. In our calculations we assumed A¢ = 0.01. Since
the dependence on ¢ is logarithmic, with sufficient accu-
racy we can put gmax = (Wyy/2)A¢, where the invariant
mass of the colliding photons W%, ~ 4w .
The 7y luminosity, normalized to L,+,-, is given by

. 2
dLy, = / dny dny = 2zdz / £(x) f(z) dx. )

X X

where z = Wy, /2E, and z> = xy. The distribution of lumi-
nosity on z is obtained by integrating on x from x = z? to
x = 1. However, if we restrict the maximum value of the ra-
pidity || = (1/2)In(Xmax /Xmin)> then xmin = ze™ 7, Xmax =
ze'l. This rapidity 1 is connected with the pseudorapidity
angle as 1 = Inftan(6/2)]. The angle 30° corresponds to
n = 1.31. So, by restricting the value of 11 we approximately
restrict angles of final photons rather than directly simulat-
ing scattered angles. The effective cross section of the pro-
cessete” —ete Yyt — eteyy.

Oyy—yy(W) dLyy

do/dW =
/ 2E0 dZ ’

3)
where Gyy_yy(W) for 150° > 6 > 30°. This cross section
of this process, called the "effect", is shown in Fig. 5. In
Fig.6 (curve 1), it is compared with similar distributions of
background processes, which we will discuss later.

3 Background process ete™ — yyyy

In the process shown in Fig. 4, ana electron and positron
emit the ISR photons (at small angles) and then annihilate,
producing a pair of photons with large angles. These photons
have small total transverse momentum and a small acopla-
narity angle, similar to the photons in yy — y7y.

The approximate cross section for this process can be
found as follows.The spectrum of electrons/positrons after
emission ISR photons is given by the same formula as for
equivalent photons (1) with the substitution @ — Ey — E:

o 142

q2
n Tmax g )
m

where x = E / Ey. The luminosity distribution dL+,~ /dW,+,-
can be obtained in the same way as it was done in Eq. 2.
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Fig. 5 The effective cross section for light-by-light scattering in e™e™
collisions.

The cross section for eTe™ — yy above an angle 6 is
well known [5]

2na? [ 1+cos
Opto——yy = We%re, <] —y —cosbp | . (5)

The cross section for angles 150° > 6 > 30° is

23x10°
G@*e’—vyy = 7‘/‘/2 [GeV}Z cm”. (6)

ete~
Similarly to (3)

o-eJre*—W)/(W) dLe*e*
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G/ 2E() dZ ’
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where z = W,+,- /2Ey, L.+, for events when both electron
and positron emitted ISR photons, normalized to the "usual"”
luminosity of the collider. This cross section is shown in
Fig. 6, curves "2". The conditions used are: rapidity Nmax =
1.31, maximum acoplanarity angle A¢ = 0.1. The strange
shape of the curves is due to the fact that at z = Wy, /2E, <
0.27 the luminosity is limited by the rapidity threshold. In
addition, the cross section has a logarithmic divergence as
the electron energy approaches Ey. It becomes smoother when
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Fig. 6 Cross sections for light-by-light scattering and backgrounds in
e*e collisions.

imposing a limit on the maximum energy of colliding elec-
trons/positrons. This can be seen in curve "6" (the sum of all
background processes) where the cutoff E, < 0.9E is ap-
plied. In the experiment, the energies of colliding particles
can be found from the energies and angles of the registered
photons. We will return to this figure after considering other
background processes.

This important process was also simulated using Com-
pHEDP. It was required that two photons have angles 150° >
6 > 30° and other two photons have angles 6 < 10° or 6 >
170°. Fig.7 shows cross sections with only the angular cuts.

Fig.8 shows the same cross sections as in Fig. 7 with
additional cuts on the relative difference of transverse mo-
menta |p;1 — pr2|/(pr1+pi2 < 0.05 and |[A¢| < 0.1, the
red curves also have a cut on the maximum energy of collid-
ing electrons (as discussed above) E, < 0.9Ey. Fig. 9 shows
same cross sections as Fig. 8, but with a narrow cut on the
acoplanarity angle: |A¢| < 0.01. It is seen that a narrower
cut on |A¢| reduces the cross section at small W. The cross
sections obtained using CompHEP are close to analytical
predictions. Some of the difference is due to different cuts
on the angles: in CompHEP the angles are simulated di-
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Fig. 7 Cross section for ete™ — yyyy with an angular cut only, see
the text.
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Fig. 8 Cross section for e"e™ — yyyy with cuts |p, 1 — pr2|/(pi1 +
Pr2 < 0.05and |A¢| < 0.1, red curves with E, < 0.9E), see the text.

rectly, while in analytical calculations the angular cut was
done using pseudorapidity angle.
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Fig. 9 Cross section for eTe™ — yyyy with cuts as in Fig. 8, but
smaller acoplanatity angle: [A¢| < 0.01.

Thus, it can be seen that this background process (o< a*),
which exists only at eTe™ collides (absent in e~ e~ colli-
sions) after all cuts exceeds the effect (< at®) at W > 1 GeV
for 2Ep = 10 GeV and at W > 10 GeV for 2Ey = 100 GeV.



4 Background process ete™ — eTe”yyy

This process exists (is the same) both at ete™ and e"e™ col-
liders. The most important diagram of this process is shown
— ~

&

>
>

Fig. 10 Annihilation of an electron/positron that has emitted an ISR
photon with a positron/electron from a virtual e~ pair.

in Fig. 10. Here e (or ™), which emitted ISR photon, an-
nihilates with e~ (e™) from the virtual e*e™ pair. This back-
ground process is proportional to o (while the effect o< a%).
The number and spectrum of electrons emitted ISR photon
were discussed earlier and are given by (4). The number of
the sea electrons/postrons in the electron is [35, 36]

o’ 2 (9
dni: <87‘[2> ln ( ;nl‘lézlx> X
4+ 3x—3x> —4x°
3x

X {2(1 +x)Inx+ ] . (®
As before, having the spectra of colliding e and ™, we can
calculate the e™e™ luminosity distribution, and multiplying
it by the e™e™ — yy cross section (6), obtain do /dW. The
results are shown in Fig. 6, curves "3". The cutoff E, <
0.9E) (discussed in the previous section) will further de-
crease this background (in Fig. 6 this cut is applied only
to the sum of all background processes). In any case, it is
clear that this background process exceeds the effect approx-
imately at W > 2 GeV for 2Ey = 10 GeV and at W > 20 GeV
for 2E5 = 100 GeV. Note, that this is true for both eTe~ and
e~ e~ colliders.

5 Background process ete™ — ete"ete yy

The most important diagram of this process is shown in
Fig. 11. It is proportional to «®, as is the effect. The spec-
trum of the virtual (sea) e™ is given by the previous formula
(8). Proceeding in the same as for other processes, do /dW
can be calculated; the results are shown in Fig. 6, curves "4".
This background is significantly smaller than the effect.

6 Background process e e” — eTe”yy

This process is the double bremsstrahlung process shown in
Fig.12, and there are about 20 other diagrams of the ete™ —

A

e

Fig. 11 eTe™ Annihilation of electrons and positrons from virtual
ete pairs.

ete~yy process. This process is proportional to a* (while
the effect is proportional to a®), and has the largest cross
section. However, most photons are emitted at small angles,
and pairs of photons flying at large angles do not peak at a
small total transverse momentum and do not have a small
acoplanarity angle. Therefore, this background can be sub-
tracted.It does not add systematic error to the light-by-light
scattering, but can increase the statistical error. It is diffi-
cult to make any analytical estimates of this process, but it
has been simulated using CompHEP. As before, it was re-

Fig. 12 e¢"e™ Main diagram of the processes ete™ — eTe™ yy.

quired that two photons have angles 150° > 6 > 30° and
the final electron and positron have small angles 8 < 10°
or 6 > 170°. Cross sections with only these angle cuts are
shown in Fig.13.
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Fig. 13 Cross section for et e~ — ete™ yy with an angular cut only,
see the text.
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Fig. 14 The distribution on the acoplanarity angle between photons in
the process ete™ — e*e™ yy with an angular cut only, see the text.

The distribution of these event by acoplanarity angle is
shown in Fig.14. Unexpectedly, we see photon pairs with
small acoplanarity angles. The nature of these events is as
follows. This is a process of et e~ annihilation into two pho-
tons, where one of the initial electrons "emits" a virtual eTe™
pair in the forward direction, and the other colliding elec-
tron/positron has a beam energy Ey. Using energies and an-
gles of detected photons, we can calculate energies of col-
liding particles and exclude such events. We applied a cut-
off E, < 0.9Ey, and events with small A¢ disappeared along
with the bumps at large W in the invariant mass distributions
in Fig. 13.

The cross section with additional cuts on the relative dif-
ference of transverse momenta |p; 1 — pr2|/(pr1 + pi2) <
0.05 and |[A¢| < 0.1 is shown in Fig. 15. The distribution of
these events is flat at small acoplanarity angles (we do not
show this figure), so for |[A¢| < 0.01 the cross section will
be additionally ten times smaller. Comparing the cross sec-
tion of this process with the effect and background curves in
Fig. 6, one can see that it is small and can be neglected.
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Fig. 15 Cross section for eTe™ — eTe™ yy with the cuts E, < 0.9E,
|pea — Pe2l/(pra+ pr2 < 0.05 and [A¢| < 0.1, see the text.

7 Conclusion

We have found the background processes that significantly
limit the possibility to study light-by-light scattering at eTe™
colliders. Electron and positrons with E < E( (after emitting
ISR photons) annihilate, producing a pair of photons indis-
tinguishable from light-by-light scattering photons. Curve
7 in Fig. 6 shows that studying light-by-light scattering at
e~ e colliders is possible at energies of approximately W <
1 GeV for 2Ey = 10 GeV (SuperKEKB) and at eneries less
than W < 10 GeV for 2Ey = 100 GeV (FCC-ee, CEPC).

The situation is better at e e~ colliders, where the main
background is the annihilation of an electron that emitted
the ISR photon with the virtual positron accompanying the
counter electron. This background poses a problem for study-
ing light-by-light scattering at energies of approximately W >
2 GeV for 2Ey) = 10 GeV and W > 20 GeV for 2Ey = 100
GeV.

Thus, studying yy scattering at high energies presents
a serious challenge for ete™ and e~ e~ colliders. Note, both
these processes are absent at heavy-ion collisions and at muon
colliders.

Photon colliders based on linear colliders offer a good
opportunity to study light-by-light scattering at large invari-
ant masses. Here, the background situation is also compli-
cated by possible production of eTe™ in the conversion re-
gion and coherent production of eTe™ by a photon in the
field of the counter beam. However, photon colliders have a
high energy peak in the luminosity spectrum, which allows
for suppression/subtraction of all backgrounds.
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