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Abstract: Two photon collisions offer a variety of physics phenomena that can be studied at future electron-

positron colliders. Using the planned CEPC parameters as a benchmark, we consider several topics within two-

photon collisions. With the full integrated luminosity, Higgs boson photoproduction can be reliably observed, and

large statistics on various quarkonium states can be collected. The LEP results for the photon structure function and
tau lepton anomalous magnetic moment can be improved by 1-2 orders of magnitude.
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I. INTRODUCTION

The flagship of modern particle physics, the LHC, is
expected to continue running for another 10 years or
more. However, planning for next generation colliders
has already begun.

It is widely believed that the next major collider
project will be a high-energy, high-luminosity electron-
positron collider. Currently, four advanced projects in-
volving e*e™ colliders are under consideration: two lin-
ear colliders, the CLIC [1] and ILC [2], and two circular
colliders, the CEPC [3] and FCC-ee [4].

Scientific programs for future e*e™ colliders are well
developed. The main goals are study of Higgs boson
physics, high-precision measurements at the Z pole en-
ergy, study of top quark physics, and searches for new
physics phenomena. In this study, we investigate the pro-
spects of another branch of the experimental program: the
physics of two photon collisions.

The collisions of (quasi-)virtual photons are respons-
ible for a significant fraction of the total event rate at
electron-positron colliders. They are especially abundant
at linear colliders owing to high acceleration gradients.
Such events represent an unpleasant background for the
studies of other physics processes. However, two-photon
collisions themselves provide opportunities for interest-
ing physics studies. In this paper, we analyze several top-
ics that can be investigated using two-photon collisions at
future e*e™ colliders.

At linear colliders, the rate and energy spectrum of
two-photon collisions depend on the particular configura-
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tion of beams. Therefore, our study is restricted to the
case of circular colliders, where the differential gamma-
gamma luminosity can be predicted from first principles.

Both the CEPC and FCC are expected to take large
data sets at a center-of-mass energy of 240 GeV (a point
close to the maximum yield of Higgs bosons). The expec-
ted integrated luminosity of the CEPC is 5.6 ab~!. The
FCC plans to collect at least 5 ab™' at 240 GeV, fol-
lowed by 1.7 ab™! at the energies of top pair production
(340-365 GeV). In this paper, we use the CEPC planned
energy and luminosity as a benchmark scenario; however,
our qualitative results are also applicable to the FCC,
which has a similar expected performance.

II. TWO-PHOTON COLLISIONS AT ELECTRON-
POSITRON COLLIDERS

The era of two-photon physics began in the early
1970s when a relatively high cross section of the 4-th or-
der QED process ete” — e*e"ete” was observed [5] at
the Budker Institute of Nuclear Physics (Novosibirsk).

It should be noted that the first theoretical predictions
of pion photoproduction [6, 7] in e*e™ collision was made
around 1960; however, the calculated cross-sections were
deemed unmeasurably small, and no further elaboration
was performed until the late 60s. At that time, a series of
papers on the multiple final states of e*e™ colliders was
published. It was only after experimental observation in
Novosibirsk that the most remarkable mechanism of
cross-section enhancement due to the small virtuality of
photons emitted by electrons was revealed [8].
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It is the small virtuality of intermediate photons that
features the two main characteristics of two-photon pro-
cesses: enhancement of the yield with increasing collid-
ing beam energies and the possibility of studying a new
type of process yy — X with two variable parameters -
the virtualities of intermediate photons.

The two-photon process can occur at electron- Fig. 1. Kinematics of a two-photon process.
positron or electron-electron colliders:

(see Fig. 1).

The cross-section of the two-photon scattering of
electrons (positrons) can be calculated as a convolution of
amplitudes describing the emission of virtual photons off
where X represents an arbitrary final state. It is not pos-  the initial particle and yy — X transition. The former is
sible for simply any final state to be produced in the two-  calculated within QED, and the latter can be expanded in
photon process; because two photons have even C parity,  independent tensors, the choice of which is arbitrary up to
only states with C = +1 are possible. As mentioned  the conservation of Lorenz, T-, and gauge invariances.
above, the two-photon cross-section slowly increases  For the sake of physical interpretation, it is encoded in

efte” set+re +y +y s et tre +X,

with energy and becomes greater than that of the annihil-  five structure functions. Three of these can be expressed
ation channel at /s/2> 1 GeV. through the cross section o, for scalar (a,b=S) and
In a two-photon process, the initial particles (elec-  transverse (a,b=T) photons. The other structure func-

trons and/or positrons) emit two photons with virtualities tions 777 and 77 correspond to transitions with spin-flip
q1 and ¢», and the latter merges in a final system of  for each of the photons with total helicity conservation

particles X with the invariant mass square W? = (¢ + ¢2)? [9]:
|
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where p? are the density matrices of the virtual photon in do® _ (g )ZL In2 £ (K) doyyx(W?) ©)
the yy-helicity basis, p;,(p}) correspondsto the mo- dw2dr W2 m," \2E dr '

mentum and energy of the initial (scattered) leptons, E;

represents scattered lepton energies, ¢ is the angle  where E is the energy of the initial particles,

between the scattering planes of colliding particles at the

c.m.s. of photons, and m, is the mass of the initial lepton. ) =-C2+y)?Iny—(1-y)B+y?) (3)
The exact formula (1) provides an accurate estima-

tion of the two-photon process at any klnemat{cal Teglon  ig the factor describing the luminosity dependence over
and may be used for quantitatively correct simulations ¢ jnyariant mass of the colliding photons, and ' repres-

[10, 11]. At the limit g7 — 0, one can observe a logar- ents the phase volume of the final state X.
ithmic enhancement of the cross-section, with the natural The cost of this simplicity is the underestimation of
kinematic "regularization" value at m?. the cross-section in certain specific kinematics, the loss of

The small ¢> domain gives the main contribution to  information on the initial particle scattering angle, and
the cross-section of the process under consideration. In  missing the deep virtual scattering behaviour of the cross-
this limit, the expression for (1) can be simplified under a section when one of the photons has a large invariant
procedure known as equivalent photon approximation mass. Of course, events with a large virtuality of an inter-

(Weizacher-Williams' method). mediate photon are considerably more rare because there
Keeping this approximation in mind and considering is no g7 pole enhancement.

only leading terms, we can see that the cross-section of A small ¢7 invariant mass of emitted photons indic-

the two-photon process factorizes into two different parts: ates that the scattered leptons proceed undetected (so

one is connected to the emission of two real photons by called no-tag events); however, owing to the large cross-
initial particles, and the other is final state production by section of the process, no-tag events can be selected even
the two photons [12]: without full final state recovery [13] using the require-
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ments of the small total transverse momentum of the pro-
duced system and the small value of its invariant mass
(W <« 2FE). Gamma-gamma collisions tend to occur at
c.m.s. energies significantly lower than the nominal col-
lider energy, as shown in Fig. 2 (left). Nevertheless, the
amount of collisions at high energies is also significant
and can be used to study different aspects of two-photon
physics.

Practically, two photon events can be tagged via the
detection of one or both scattered electrons (single tag or
double tag mode). Tagging allows one to significantly
suppress background at the cost of a steep reduction in
available statistics. In this case, the requirement of lepton
tagging at a given energy and angular range indicates
non-vanishing virtualities of photon mass and allows the
possibility of measuring the ¢? dependence of the two-
photon cross-section (1). In this paper, we assume that
scattered particles can be tagged in the luminosity monit-
or. A typical CEPC and FCC-ee acceptance down to 30
mrad is assumed.

Two-photon processes have always been of interest to
physicists owing to the fascinating opportunity to study
the conversion of pure light to matter. In this paper, we
cover conservative and well-established topics in two-
photon physics, namely, quarkonium spectroscopy, Higgs
production, tau pair production, and photon hadronic
structure. All suggested measurements are aimed at signi-
ficantly improving the precision of existing experiments
and are certainly achievable under the planned character-
istics of future e*e™ colliders. The integrated luminosity
of gamma-gamma collisions above the W*W~ threshold
(see Fig. 2, right) is slightly less than 1 fb~!, which is
comparable to the total e*e~ luminosity recorded by
LEP2 experiments.

III. QUARKONIUM SPECTROSCOPY

A quarkonium is regarded as a simple hadronic sys-
tem used to explore QCD aspects at low energy regimes

1/N dN/dz
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Fig. 2.

through its spectroscopy [14].

Quarkonia, the bound states of a heavy quark ¢ or b
and the corresponding antiquark, can be most effectively
studied at e*e™ colliders. Since the discovery of J/y in
1974, considerable information on bounded bb and c¢
states has been accumulated.

A quarkonium can be described as a bound quark-an-
tiquark state, with a Coulombic short-distance potential
that has a logarithmic modification of the coupling
strength and linear long-distance potential for a descrip-
tion of quark confinement [14, 15].

Although there are numerous different ways of quant-
itatively describing quarkonia, e.g., lattice QCD methods
[16], NRQCD methods [17], the light front quark model
[18], or the exotic like instanton liquid model [19], there
are still many inconsistencies between the predicted and
measured radial excitation mass spectra of quarkonium
states.

Owing to the negative charge parity of photons, only
neutral particles with an even charge conjugation C =1
can be produced in two-photon collisions. There are
many interesting areas of study involving light mesons
composed of light u,d quarks, such as =z, 7, 1/, and their
excited states; however, we expect that CEPC experi-
ments will be insensitive to hadronic systems with masses
below 3 GeV owing to issues regarding detector resolu-
tion and the experimental environment. Therefore, the
most straightforward studies can be performed with
heavy ¢ and b quarks, which lead us to charmonium and
bottomonium spectroscopy.

Charmonium states with an even charge conjugation
C =1 up to the 7.(2S) mass of 3637 GeV have been well
studied, and their radiative decays to photons have been
observed and measured. y. production in two-photon
collision was recently detected by the BELLE collabora-
tion [20]. However, only the upper limit on the branch-
ing ratio is available to date (see Table 1). From the nu-
merical estimation of event number (see Sect. IIL.B,
double tag set-ups), we can conclude that it is possible to

Integrated luminosity above given WYY (/h‘])
T

1 1 1 1 1 1 1 1 1 1 1
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(color online) Left: Number of yy collisions as a function of the yy invariant mass relative to the e*e~ CMS energy. Right: In-

tegrated luminosity of yy collisions above a certain collision energy, under the assumption of a 5.6 ab~! integrated luminosity of e*e”

collisions.
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Table 1. Charmonium low state radiative decay branching
ratio.

Fraction e Xco Xey Xey n:(2S)
1074 1.57+0.12 2.04£0.09 <63x1072 2.85x0.1 1913

improve the accuracy of the yy branching ratio for the y.,
and 77.(2S) charmonium states and measure, at least, the
Q? dependence of resonance formation in a single-tag
set-up, where we expect approximately 10* events for
each charmonium state.

The event yield estimation of charmonium produc-
tion with masses larger than that of 7.(2S) is more diffi-
cult. From one perspective, c¢¢ spectroscopy in this re-
gion of mass states is interesting owing to a lack of know-
ledge on the internal structure and two photon branching
ratio of resonances (see Table 2); hence, any measure-
ment results or lower limit estimations of yy width are
highly appreciated. Moreover, the measurement of the Q?
dependence of resonance formation may provide a hard
restriction over the quantum numbers and internal struc-
ture of the resonances under consideration.

Charmonium bound states with masses above the
open charm threshold cannot be described only in the
frames of the constituent quark model that describes the
observed meson spectrum as ¢g bound states (see Table
2). To explain the unexpected quantum numbers, masses,
branching ratios, and other properties of the heavy reson-
ances that form the charmonium spectrum, various pos-
sibilities of new physics states are considered: meson
states composed of bound gluons (glueballs), gg-pairs
with an excited gluon (hybrids), multiquark color singlet
states, such as gqqq (tetraquarks), molecular bound states

of four-quark systems, and six-quark and "baryonium"
bound states.

The other side of the problem is that without know-
ledge of the internal structure, it is not possible to con-
duct a firm estimation of charmonium state production.
Even a basic equivalent photon approximation with a nar-
row resonance approximation is not applicable owing to
the unknown branching ratio of the two photons.

We suggest conducting a rough estimation of the pro-
duction rate under the assumption that all charmonium
states mostly consist of c¢ states. We know that the
branching ratio of two photon quarkonium decay at the
lowest order does not depend on the state mass and has a
slight (up to several factors) dependence on its quantum
numbers (see Ref. [21] and Table 1). Therefore, the two
photon branching ratio could be estimated at the level of
107*. This estimation provides approximately 107 — 108
events in the no-tag mode (although we do not observe
scattered leptons, it is possible to reduce background
events by imposing a strict transverse-momentum bal-
ance along the beam axis for the final-state hadronic sys-
tem [22]) and approximately 10* events in the single
(minimal angle of detection at 6 degrees) and double tag
(using a luminosity calorimeter) modes. All estimations
are made with the accelerator parameters described in
Sect. 1IL.B. For estimations in the no-tag mode, events
with scattered electrons are also accepted, with negli-
gible contribution to the total event yield.

As a result, we can conclude that if the recently dis-
covered charmonium resonances (Table 2) are similar to
the charm quark bound state, we can discover their
quantum numbers and measure the two photon branching
ratios.

Table 2. Charmonium exotic states that could be observed in a yy collision.

Name JFke Width/MeV Ty, Nature
Xc0(3860) 0+ 201 +101 observed ¢t +possible non-qg states
Xc1(3872) 1t 1.19+0.21 observed candidate for an exotic structure
X(3915) 0or 2** 20+5 observed ct +possible non-qg states
X2(3930) 2t 24+6 observed cC +possible non-gg states
X(3940) 7 3717 - ¢ +possible non-gg states
X(4050) 2% 82+28 - candidate for an exotic structure
X(4100) 97? 152+70 — candidate for an exotic structure
xc1(4140) 1+ 22+7 not observed candidate for an exotic structure
X(4160) 7 139+ 60 - ¢ +possible non-gg states
X(4250) 27+ 177+70 - candidate for an exotic structure
Xc1(4274) 1+t 49+12 - candidate for an exotic structure
X(4350) %+ 13+10 observed cC +possible non-qg states
Xc0(4500) o+ 92+29 - candidate for an exotic structure
Xc0(4700) ot 120+50 - candidate for an exotic structure
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For the bottomonium states, only the ground state
n5(9399) decay to two photons has been observed, and
other C = +1 state radiative decays have not been meas-
ured [23]; hence, any information about them, such as the
upper limit on the two photon branching or decay event
observation, are highly appreciated.

In Sect. III.B, we estimate the low bottomonium
states 1S,1P,2S. The event number of positive charge
parity states with higher radial quantum numbers,
namely, xp0(2P), x51(2P), x»2(2P), x»1(3P), and x»(3P),
are estimated as counterparts with radial quantum num-
bers equal to unity.

With a number of bottomonium state events of ap-
proximately 10° in the no-tag mode and 10? in the
double-tag mode, we may conclude that an upper limit
can at least be placed on the radiative decay branching of
bottomonium states.

A. Theoretical estimation

We can theoretically estimate the full cross-section of
two photon meson production with the help of the equi-
valent photon approximation formula (2), where the
cross-section of mesons with spin J and mass M photo-
production can be estimated via

r,, 1 MT
Tmes(W?) = (27 + 1)81> L =

. (4
M ror—wyswr @

where I'y, and I' are the two photon and total widths of
meson decay, respectively.

B. Estimation of number of events

A simulation is performed using GALUGA [10, 11,
24], a two photon production generator, where the virtu-
alities Q> of photons are fully considered through five
structure functions describing photon scattering with dif-
ferent polarizations. Such a consideration allows for a ro-
bust estimation of meson production at large photon vir-
tualities (large electron or positron scattering angle). Res-
onance formation in two-photon scattering is calculated
in the framework of the constituent-quark model [11].

The expected event yields are presented at the total
beam energy +/s=240 GeV and integrated luminosity
5ab7!.

Quarkonium production is estimated in three differ-
ent modes: no tag, where no final scattered electron or
positron is detected (there is no limitation on the polar
angle of the scattered electron/position), single tag, where
the electron or positron is detected, and double tag, in
which both the electron and positron are detected. The
minimal angles are taken to be equal to 6 or 10 degrees
(various detector characteristics are considered), and a
value of 1.9 degrees is used when the scattered electron
or positron can be detected in the luminosity calorimeter.

From Tables 3 and 4, we can see that the number of
registered mesons is drastically dependent on the minim-
al angle of scattered lepton detection. Using the luminos-
ity calorimeter for scattered lepton detection (minimal de-
tection angle of 1.9 degrees), we can enhance the statist-
ics of registered mesons by two orders of magnitude. This
emphasizes the significance of a low-angle calorimeter in
two-photon physics.

Table 3. Estimation of event number for charmonium states. Singe tag, no tag, and double tag set-ups are considered. Cuts on the
electron or positron scattering angle are 1.9, 6, and 10 degrees.
Name No Tag S Tag 10 S Tag 6 D Tag 6 D Tag 6-1.9 D Tag 1.9-1.9
Ne 1.x10° 53x10° 1.7x10° 7.6x 102 1.2x10* 8.6x10*
Xeo 2.x108 6.5x 10* 2.2x10% 6.3x 10! 9.x 102 8.3x 10°
Xey 7.x 108 4.4x10* 1.1x10* 1.7 x 102 24%103 1.7x10*
Xey 9.5x 107 3.1x10% 9.8x 103 54x10! 7.2x 102 6.7x10°
17c(25) 2.4x108 2.1x10° 6.4x10% 4.1x10? 6.x 10° 4.1x10*
Table 4. Estimation of event number for bottomonium states. Singe tag, no tag, and double tag set-ups are considered. Cuts on the
electron or positron scattering angle are 1.9, 6, and 10 degrees.
Name No Tag S Tag 10 S Tag 6 D Tag6 D Tag 6-1.9 D Tag 1.9-1.9
175(9399) 1.3x10° 1.4x10* 3.9%103 1.1x10% 1.x103 3.6x10°
X (1P) 9.6x10* 5.2x10? 1.4x10% 2.7 3.x10! 1.5x10%
Xb, (1P) 3.9x10° 5.1x10? 1.3x 107 6.6 53x 10! 1.4x 107
Xby(1P) 8.3x 10* 4.9x10? 1.2x10% 34 3.4x 10! 1.6x 102
15(9999) 4.6x10° 5.8x10° 1.6x 103 4.9x10! 4.4x 102 1.5%10°
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In the no-tag mode, where no leptons are registered at
the final state, we expect a large number of events, that is,
107 — 108 for quarkonium states and 10° for bottomoni-
um states. However, the absence of kinematical con-
straints in the no-tag mode results in large background
contamination. Several special techniques, such as strict
transverse-momentum balance for the final state, can be
applied to reduce background. The exact estimation of
no-tag quarkonium sensitivities may only be produced us-
ing a detailed detector simulation.

For quarkonium two-photon physics at the CEPC, we
suggest using a conservative estimation, namely, the
single-tag mode (one detected lepton helps to reconstruct
final state kinematics and drastically reduces background
events) and an efficiency of detection of approximately
10%. It this case, we reconstruct approximately 10% —10*
events for each charmonium state. For bottomonium
states, we can measure low-state n, with approximately
4x10* registered events and possibly observe several
events or apply an upper bound for higher bottomonium
states.

IV. HIGGS BOSON PRODUCTION

The vertex Hyy is forbidden in the standard model
(SM) at tree level. The decay process H — yy as well as
the production process yy — H proceed mostly through
the top-quark and W loops and are sensitive to contribu-
tions from new charged particles; hence, an observation
of excess in the yy — H process would indicate new
physics phenomena, e.g., a contribution of the anomal-
ous Hyy vertex.

At e*e™ colliders, the main background in the pro-
cess yy —» H (referred to as the "signal" hereafter) is
Higgs boson production via the fusion of virtual Z bo-
sons (ZZ — H) and yy collisions with final states identic-
al to those of Higgs decays but without formation of the
intermediate Higgs boson. The background from yy colli-
sions can be strongly suppressed by selecting "single-tag"
events, where one of the beam particles is scattered at a
significant angle and detected in the luminosity calori-
meter. The signal reduction due to this selection is relat-
ively small (by only a factor of 3 to 5) because Higgs bo-
son production is characterized by a large ¢* transfer. In
the following, we assume event selection with a beam
particle scattered by at least 30 milliradians, which is well
within the acceptance of the luminosity monitor [25]. The
signal and main background sources are simulated using
the PYTHIA generator [26]. No detailed detector simula-
tion is performed; however, the main features of the pro-
posed CEPC detector [25] are considered.

A. Higgs photoproduction measurement plans

Currently, Higgs photoproduction at future lepton col-
liders attracts a surprisingly low level of attention.

Nevertheless, there was a vigorous discussion in the
frames of Higgs boson production in ultraperipheral colli-
sions (UPC) at the LHC (proton and heavy ion collision
cases were considered, see Silveira talk [27] and refer-
ences therein), where estimations of Higgs photoproduc-
tion were made for different set-ups and energies.

Recently, a paper [28] devoted to the estimation of
the photoproduction of Higgs bosons at the LHeC [29], a
proposed electron-proton collider at the LHC, was pub-
lished.

Moreover, there are numerous estimations and pro-
posals for double Higgs photoproduction measurement at
photon colliders, particularly owing to the possibility of
probing trilinear Higgs interactions [30, 31].

B. Theoretical estimation of event number

For the estimation of the Higgs production rate due to
the two-photon mechanism, we can utilize the equivalent
photon approximation, elaborated in Refs. [6, 32] and [9],

2 E? 2
a\? E dw w
Oee—eeH ~ 2(;) (ln me) X f e f(ZE)O-VVQH(W)»

where o, (W) represents the Higgs photoproduction
cross-section estimation, and the function f is defined in
Eq. (3). Here, we consider only leading logarithm approx-
imation.

The subprocess cross section for two photon Higgs
production can be calculated via the narrow resonance es-
timation [33],

ryy 1 MHF
My 7t (M, —W?)2 + MI?

Oyy—t(W) ~87°
- 2Ty 2 2
~8 —MH6(W - Mp),

where Iy, and I' are the two photon and total widths of
Higgs decay, respectively, and My is the Higgs mass.

Given the energy of the initial electron beam E = 120
GeV and T, =2.27x107°T, ' ~4.2 MeV [23], we can
roughly estimate Higgs two photon production at CEPC
energies of the level of 0.25 fb.

It is interesting that the Higgs production rates
through the two photon mechanism at the CEPC and
LHC are comparable. In the latter case, the estimation
gives a cross section of approximately 0.1 fb (see Refs.
[34-36]).

C. Background from ZZ fusion

The energy dependencies of the signal yy —» H and
background ZZ — H processes [26] are compared in
Fig. 3. At high energy colliders, the ZZ — H background
rate is significantly higher than that of the signal.
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(color online) Left: Energy dependence of the e*e™ — He'e™ cross-section for the signal yy — H and background ZZ — H con-

tributions. Right: Energy dependence of the signal to background ratio. The vertical lines indicate a CMS energy of 240 GeV.

However, at ete™ CMS energies near 240 GeV, the back-
ground decreases abruptly and becomes comparable to
the signal. The CEPC and FCC-ee colliders are therefore
perfectly suited to study the yy — H process.

At 240 GeV, the total signal cross-section is 0.26 fb
[26], compared with 0.50 fb for the ZZ — H background.
The background can be significantly reduced using the
fact that the typical ¢* transfer in ZZ — H events is signi-
ficantly larger than that in the yy — H process. The distri-
bution of the scattering angle is presented in Fig. 4.
Nearly all the background is removed by applying the re-
quirement that the beam particles are scattered by less
than 24°.

Figure 5 shows the energy distribution of the
scattered beam particles with a scattering angle between
30 mrad and 24°. An additional energy cut, £ > 15 GeV,
is applied to the scattered particles to ensure reliable iden-
tification in the luminosity calorimeter. After the cuts on
the angle and energy of the scattered particles, the cross-
section is 0.049 fb for the signal and 0.027 fb for the
ZZ — H background. Assuming an integrated luminosity
of 5.6 ab~!, this corresponds to 273 and 154 events, re-
spectively.

D. Background from other hard processes

The Higgsstrahlung e*e™ — ZH is the most abundant
Higgs production process at the 240 GeV collision en-
ergy. The "single-tag" signal can be caused by an elec-
tronfromZ-bosondecay. Thecross-sectionofete™ — ZH —
eeH is 6.7 fb. The requirement that one of the electrons
must be found in the "single-tag" region between 30 mrad
and 24° reduces the effective cross-section to 1.4 fb. Fur-
ther background reduction is achieved by the require-
ment that the second electron is not reconstructed in the
tracker. Events with the second electron outside the track-
ing system (less than 10 degrees from the beam) corres-
pond to 0.030 fb, which is similar to the background from
ZZ7 fusion. This electron can be reconstructed in the lu-
minosity calorimeter. Although the reconstruction effi-
ciency is not perfect, the background can be reduced to a

-/

60|

Events per 5.6ab

0] ZZ—H

Yy—H

30

20

1 1 1 1
0 10 20 30

40 50 60 70
Scattering angle (degrees)

Fig. 4. (color online) Distribution of the beam particle scat-
tering angle for the yy — H signal and ZZ — H background.
The number of events is normalized to an integrated luminos-
ity of 5.6 ab~! .

-

Events per 5.6ab
T

0o 10 20 30 40 50 6 70 80 90
Enegry of scattered electron (GeV)

Fig. 5. (color online) Energy distribution of beam particles
with a scattering angle between 30 mrad and 24° for the
vy — H signal and ZZ — H background.

negligible level compared to that in ZZ fusion. Electrons
outside the luminosity calorimeter (less that 30 mrad
from the beam) correspond to 0.001 fb, which is also neg-
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ligible.

Another "standard" mechanism of Higgs boson pro-
duction is the WW fusion e*e™ — Hvv. The "single-tag"
signal can be produced by an ISR photon at an angular
acceptance between 30 mrad and 10° (at larger angles,
photons are distinguished from electrons by the tracking
system). The total WW fusion cross-section is approxim-
ately 5 fb at 240 GeV. The presence of the "tag" photon
reduces this to 0.032 fb, which is similar to the ZZ fusion
background. Further background reduction is based on
the large missing transverse momentum in Hyv events. A
loose cut, Pss <20 GeV/c, rejects only 4% of the signal,
while the WW fusion background is reduced to 0.008 fb,
which is only a small fraction of the ZZ fusion back-
ground.

W pair production is a potentially dangerous back-
ground owing to its high cross-section (approximately 15
pb at 240 GeV). The "single-tag" signal can be produced
by electrons from leptonic ¥ decays. However, this back-
ground is reduced by several large factors: the branching
of WW — csev decays (factor 14), the probability of sim-
ultaneous fake b-tagging of both ¢ and s quarks (factor of
at least 500), electron production outside the tracking sys-
tem (factor 70), reconstruction of hadronic W decay with
a Higgs boson mass (factor of at least 20), and the re-
quirement of a low PJ™** (factor of 7). Taken together, the
above factors reduce e*e™ — W*W~ to a negligible level.

E. Background from non-resonant yy collisions

The most abundant (58%) Higgs decay channel is
H — bb. In this channel, the most significant background
is the non-resonant production of b quark pairs in yy col-
lisions (yy — bb). In addition, there is a reducible back-
ground yy — cc, where both jets from ¢ quarks are tagged
as b jets. The background from light quarks can be neg-
lected because it is efficiently suppressed by b-tagging.

With the "single-tag" selection described above, the
vy — bb cross-section is 94 fb for the full range of bb in-
variant masses. This is reduced to 0.77 fb for M, > 100
GeV. According to the CEPC CDR [25], the invariant
mass resolution in H — bb decays is approximately 5
GeV. Within the 1o window around the Higgs mass
(120 < My, < 130 GeV), the yy — bb background is 0.124
fb, which is more than five times higher than that of the
signal (considering the branching fraction of H — bb de-
cay).

The total cross-section of single-tag yy — cc produc-
tion is 2086 fb. This is reduced to 13.6 fb for M, > 100
GeV and 1.8 fb for 120 < M. < 130 GeV. Although the
cc background is almost two orders of magnitude higher
than the signal, it can be efficiently reduced by b-tagging.
According to the the CEPC CDR, the c jet rejection factor
is 10 for the 80% b jet efficiency. Applying b-tagging to
both jets, a 64% efficiency is obtained for signal tagging,
and a reduction factor of 100 is obtained for the charm

-

Events per 5.6 ab

) 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

O of b quark closest to the beamline (degrees)

Fig. 6.
quark closest to the beam line. Shaded area is the yy — H sig-

(color online) Distribution of the polar angle of the

nal, and open histograms represent the non-resonant back-
ground. The events are shown within the invariant mass win-
dow 118 < My, <132 GeV.

-/

100

80—

Events per 5.6 ab

60—

YVWZZ — H — bb

40—

20—

Yy — bb/cc

1 1 1 1 1 1 1
100 10 120 130 140 150 160 170 180 190 200

Higgs candidate mass M,, (GeV)

Fig. 7. (color online) Distribution of the invariant masses of
Higgs candidates. Shaded area represents yy — bb/cc back-
grounds, and open histogram represent the signal, with a small
contribution from ZZ — H events.

background, making the latter considerably smaller than
the yy — bb background.

The non-resonant background can be additionally re-
duced using a cut on the direction of the produced b and ¢
jets. Figure 6 shows the distribution of the quark polar
angle. The background jets are concentrated near the
beam axis. We apply a polar angle cut ® >20° to both
quarks. Within this acceptance, we assume (for the signal
and background) a 75% efficiency to reconstruct both jets
from b or ¢ quarks.

The My, invariant mass distribution is presented in
Fig. 7. The Higgs signal is smeared assuming a 5 GeV
mass resolution. Within the 118—-132 GeV window, the
expected signal is 57 events, the peaking ZZ background
is 33 events, and the non-peaking background is 278
events. A fit to the signal and background yields results at
a signal significance of approximately 4.lofor the
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H — bb channel after the subtraction of the ZZ — H
background. The signal significance can be further im-
proved by including other Higgs decay modes. We con-
clude that the yy — H signal can be reliably observed
with the planned CEPC luminosity.

V. TAU PAIR PRODUCTION

At present, the anomalous magnetic moments of elec-
trons and muons are measured with enormous precision,
that is, better than one per billion and one per million, re-
spectively. These measurements provide an extremely
important test of the SM. At the same time, the anomal-
ous magnetic moment of the tau lepton, a., is known with
poor accuracy.

The measurement of a. is interesting in two respects.
First, the large a, mass is sensitive to the contributions of
new physics at higher scales. Second, many theoretical
models predict that new physics effects manifest them-
selves only in the properties of third-generation fermions.
Thus, the overwhelming success of the SM observed in
the field of anomalous magnetic moments might simply
be a consequence of performing high precision measure-
ments with only first generation leptons.

The most precise determination of a, (17 permille)
was performed by the DELPHI experiment at LEP2. The
total luminosity was approximately 0.5 fb~!, taken at
c.m.s. energies between 182 and 208 GeV. The tau anom-
alous magnetic moment was extracted from the absolute
cross-section of tau pair production in gamma-gamma
collisions. The simplest final state was selected with one
tau decaying into an electron and another into a muon.
The precision of the DELPHI cross-section measurement
was approximately 4%.

At the CEPC, the integrated luminosity will be in-
creased by four orders of magnitude with respect to
LEP2. Thus, an improvement in a, precision by a large
factor can be expected.

At a collision energy of 240 GeV, the QED cross-sec-
tion of the ete™ — e*e™7"1™ process is 570 pb [37]. This

s)

50001

1.

1,

Y

000

000

Number of events (arb.un

2
s
S

1000

| L | 1
0 2 4 6 8 10 12 4

Leading track P, (GeV/c)

Fig. 8.
events.

corresponds to nearly 3 billion events with an integrated
luminosity of 5 ab~!, or 165 millions events with the
e — u final state.

At LEP2, the selection efficiency of the e—yu final
state was 15%—20%. In the CEPC environment, a tighter
selection might be necessary to cope with the high back-
ground. We conservatively consider the following severe
cuts: at least one of the two tracks must have the trans-
verse momentum pr >5 GeV/c, whereas the other track
must have pr >3 GeV/c. In addition, the directions of
both tracks must be more than 20 degrees from the beam
axis, and the total energy of the two particles must be less
than 30 GeV to remove annihilation events.

Figure 8 shows the distribution of the transverse mo-
mentum of the leading and subleading tracks in
vy — 17 — ep events. Only a small fraction of the events
satisfy the selection cuts. Figure 9 shows the distribution
of the invariant mass of the electron and muon after ap-
plying the selection cuts.

The above selection has a generator-level efficiency
0f 0.42%, corresponding to the total statistics of approx-
imately 700 thousands events. Thus, the statistical error is
expected to be at the permille level, and the measurement
is likely to be systematically limited.

Given the clean and simple final state, one can optim-
istically expect to maintain the total systematic error at
the 0.5% level. This will include the absolute luminosity
determination (0.1%), tracking and particle identification
efficiency (0.15% per track for tracking and a similar
number for the PID), trigger efficiency, and residual
background.

With the above systematic error, the DELPHI preci-
sion can be improved by a factor of 8 for the cross-sec-
tion measurement, and the sensitivity to the anomalous
magnetic moment would be improved by a similar factor.
Adding other final states (such as e—p and p—p) is not
expected to significantly improve the total error because
the measurement will be systematically dominated.
However, these channels will have partially independent

2
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(color online) Distribution of the transverse momentum of the leading (left) and subleading (right) tracks in yy — 77— eu
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Fig. 9. Distribution of the visible invariant masses of the se-
lected yy — 77 — eu events.

systematic uncertainties, providing important cross-
checks and a certain reduction in the overall systematic
errors.

VI. PHOTON HADRONIC STRUCTURE

The measurement of the photon structure function
(PSF) has a long history. Although the photon is con-
sidered a point-like particle, it can fluctuate to a quark
pair or rho meson owing to quantum effects. These two
processes are usually described as point-like and hadron
contributions to the PSF, respectively. The latter has been
estimated in the framework of the vector meson domin-
ance model [32], whereas the former was calculated with-
in the quark model in leading order QCD corrections [38]
and later in a series of papers at NLO [39, 40] and NNLO
accuracy [41].

The most recent measurement of the PSF was per-
formed at the LEP approximately 20 years ago. Since
then, publications have been scarce; the latest review on
the state-of-the-art can be found in [42—44].

The photon hadronic structure can be tested via the
measurement of inclusive hadron production in the
gamma-gamma  collisions e*e” - eTeTyyt > ete +
hadrons. A high-virtuality photon, v*, is radiated off an
electron, which scatters at a relatively large angle and can
be detected in the experimental setup ("tagged electron").
The second electron is usually scattered at a small angle
and thus remain undetected ("untagged electron™). The y
photon radiated by the untagged electron can be con-
sidered quasi-real.

The overall reaction can be described as a deep in-
elastic scattering (DIS) ey of the tagged electron on the
real photon. In such scattering, the hadronic nature of the
target photon is effectively revealed.

A pioneering experiment on the PSF F, measure-
ment was conducted at DESY by the PLUTO collabora-
tion in 1981 [45] within the range Q € (1,15) GeV’ at an

average beam energy of 15.5 GeV. Since then, many ex-
periments have contributed to increasing the Q? range up
to 780GeV’ at PLUTO [46, 47], ALEPH [48, 49] AMY
[50, 51], DELPHI [52, 53], JADE [54], L3 [55, 56],
OPAL [57], TASSO [58], TOPAZ [59], and TCP/2y
[60].

The most recent experiments were performed at the
LEP by the ALEPH, L3, and OPAL collaborations with
similar characteristics: center of mass energy ~ 200 GeV
and integrated luminosity ~ 600 pb~!, while the minim-
um angle for detection in the luminosity calorimeter was
0.024, 0.03, and 0.033 rad, respectively. Comparing this
data with similar CEPC parameters, namely, a c.m.s. en-
ergy of 240 GeV, an integrated luminosity of 5 ab™!, and
a minimal detection angle of approximately 1.9 degrees
(0.03 rad), one can naively estimate the number of events
at the CEPC to be approximately 10* times larger than
that at the LEP.

The hadronic PSF F; (x,0%) can be extracted from the
differential cross-section do/dQ*dxdy, where Q7 is the
virtuality of y*, and x,y are the Bjorken scaling variables.

In the case of single-tagged events, when one of the
photons is almost real (photon invariant mass P ~ 0), the
general process cross-section, ete™ — ete yy - efe™ X

do(ee — eeX)
dxdzdQ*dP?

do(ey — eX)
dxdQ?

= fy/e s (5)

is factorized into an almost real photon luminosity func-
tion fy/e

f _ @ 1+(1—z2)i_2mgz
Y PR A =

and deep inelastic proton-electron scattering cross-sec-
tion [32]

» L= Ey/Ebeam (6)

do(ey — eX) _ 2na?

P TERt (1+1A=pHF) =y F)). ()

Neglecting the virtuality of the quasi-real photon, one
obtains 0% = 2 Epeam Eqag (1 — c080g), x = 0*/(Q* + W?), and
y=1-(1+cosbig)Ee/(2Epeam), Where W is the yy* in-
variant mass, which is experimentally measured as the
mass of the hadronic system, and 6,, and E, are the
scattering angle and energy of the tagged lepton, respect-
ively.

Usually, the experimentally accessible kinematic re-
gion corresponds to small values of y (y* < 1); hence, the
contribution of the term proportional to the longitudinal
structure function F) is negligible, and one can determ-
ine PSF F g directly from the cross-section (7).

Measurement of the energy Ei,, and polar angle 6,

013001-10



Two-photon physics at future electron-positron colliders

Chin. Phys. C 47, 013001 (2023)

of the scattered electron is straightforward. The most dif-
ficult part of the analysis is the reconstruction of the had-
ronic invariant mass . In addition to the finite detector
resolution and efficiency, W reconstruction is affected by
the acceptance issue because the hadronic system is typ-
ically boosted along the beam axis and part of it remains
undetected or poorly reconstructed. A sophisticated un-
folding procedure is required to convert the measured vis-
ible invariant mass into the true value. An additional dif-
ficulty is regarding the background from overlapping in-
teractions. This background has little impact on hard pro-
cesses but must be carefully considered in studies on
gamma-gamma collisions.

The scattered electron can be reconstructed either in
the luminosity monitor (probing the small Q? values with
high statistics) or the forward electromagnetic calorimet-
er. In the latter case, the domain of high Q? values can be
accessed. The available range of high Q? is limited by
low statistics owing to the steeply falling spectrum of
scattering angles. Given the unprecedented luminosity,
future e*e™ colliders will be able to study the PSF in the
high 0? domain, which has never been accessed by previ-
ous experiments.

At LEP2, the explored range of Q% was limited to ap-
proximately 103 GeV’, mainly due to the available statist-
ics. At the CEPC, the collision energy will be compar-
able to LEP2. However, the large statistics expected at fu-
ture colliders (an increase of several orders of magnitude)
will allow the exploration of kinematical regions that
were inaccessible in past experiments owing to limited
statistics. Among them, the following can be mentioned:

e Measurement of the PSF at high virtualities Q2,
corresponding to large electron scattering angles.

e Double-tagged events, where both beam particles
are detected. In this situation, the entire event is fully re-
constructed, which will dramatically reduce the systemat-
ic uncertainty at the expense of low available statistics.

The case of deeply virtual target photons, Q%>
P? > Aqcp, is interesting because it is purely perturbat-
ive and allows one to compare experimental values with
absolute QCD predictions.

VII. CONCLUSIONS

In this study, we investigate several interesting topics
involving two-photon physics that could be considered at
the CEPC and FCC-ee, two future electron-positron col-
liders. As a reference, we take the planned CEPC set-up
with a c.m.s. energy +/s =240 GeV and an integrated lu-
minosity of 5.6 ab~! and assume that a forward electro-
magnetic calorimeter will cover polar angles down to 1.9
degrees. Our qualitative results can be applied to the

FCC-ee project, considering its similar expected perform-
ance.

We consider a limited set of topics in two-photon
physics, namely, quarkonium spectroscopy, Higgs and
tau pair production, and the photon hadronic structure.
Our estimations are based on a conservative approach,
and the quantitative characteristics will undoubtedly be
surpassed in real experiments. New physics problems
such as the search for MSSM heavy Higgs, anomalous
top quark interactions, and new physics states will be
considered elsewhere.

In Sect. IIl, we consider quarkonium two-photon
physics in three possible detection modes: no-tag, single-,
and double tag. We find that the use of a low-angle calor-
imeter (1.9 degree minimal detection angle) may drastic-
ally improve the statistics of tagged events by two orders
of magnitude. In the no-tag mode, we expect approxim-
ately 107—10% quarkonium and 10° bottomonium events.
Considering the efficiency of detection to be approxim-
ately 10 % and using the single-tag mode for better re-
construction of the final state and background event re-
duction, we estimate approximately 10?—10* registered
events for charmonium states. For bottomonium, we can
expect approximately 4x 10%> low-state 1, and possibly
observe several events or apply an upper bound for high-
er states.

In Sect. IV, we find that the photoproduction of Higgs
can be observed with a total cross-section of approxim-
ately 0.25 fb and a collider luminosity of 5.6 ab~!. Pos-
sible background issues from non-resonant yy collisions
and ZZ — H are discussed, and it is shown that, by
choosing appropriate selection cuts, a signal significance
of more than 40- may be achieved for the H — bb chan-
nel.

The tau pair production cross-section and anomalous
magnetic moment measurement can be improved by up to
a factor of 8 compared with the precision of the DELPHI
experiment at the LEP (Sect. V).

The statistical error on the PSF measurement (Sect.
VI) can be improved by approximately two orders of
magnitude compared to the LEP experiments. Further-
more, we expect that, owing to the high luminosity of fu-
ture colliders, it will be possible to perform PSF measure-
ments at high virtualities Q2.

A more detailed analysis and thorough simulation of
events, background, and systematic and statistical errors
on physical quantities can be performed once the exact
characteristics of the planned colliders and detectors are
known.
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