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Estimating yy absorption for ultrahigh-energy photons
with lepton and hadron production
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The contribution to the cosmic opacity of ultra-high-energy (UHE) (E > 10'® eV) y rays has been

computed so far for the yy — ete”

and yy — ete~eTe™ processes alone. We go a step further by

systematically evaluating the additional opacity brought about by other leptons and hadrons. We find that
the new dominant channels are those leading to the production of x* and hadrons (mainly z*, z°, K*, K°,
7). Our result can be expressed in terms of the probability distribution for the interaction lengths. For a few
interaction lengths such a probability gets reduced by up to 20%—-30% with respect to current estimates.
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I. INTRODUCTION

The propagation of y-rays in the Universe is severely
limited by absorption through the interaction with soft
radiation backgrounds, leading to the production of par-
ticle/antiparticle pairs [1]. The most commonly considered
reaction is the e™ pair production yy — e*e~, which starts
to become important above few tens of GeV for sources at
cosmological distances. Below energies ~10'* eV the main
targets are the IR-optical-UV photons belonging to the so-
called extragalactic background light (EBL), the fossil
record of light produced by stars along the whole cosmic
history (for a review, see [2]). At energies above ~10'* eV
the major source of opacity is instead the cosmic micro-
wave background (CMB), which restricts the mean free
path of y rays of energy ~10"> eV to about 10 kpc (see e.g.,
[3]). Ultra-high-energy (UHE) y rays with energies above
10'® eV interact with the Rayleigh-Jeans tail of the CMB
spectrum and the cosmic radio background (RB). The
potential detection of UHE photons is quite relevant, since
they provide a natural probe for several fundamental
processes [4,5]. Actually, UHE photons are the by-product
of the photo-meson reactions which restrict the propagation
of UHE cosmic rays to ~100 Mpc (the so-called GZK
radius) [6,7]. Currently, only upper bounds on the UHE
flux have been derived [4]. Because photons produced at
cosmic distances suffer from absorption during their
propagation to the Earth, any comparison of these upper
limits with theoretical expectations must rely upon the
accurate estimate of the cosmic opacity at UHE [7,8].
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So far, the photon interaction length 4, at UHE has
been modeled by using specific codes [8] which, however,
include only pure QED effects, and often consider only the
vy — e’ e process. The aim of this paper is to quantify the
relevance for the UHE photon opacity—namely the absorp-
tion probability—brought about by hadron-producing and
lepton-producing reactions. They are kinematically allowed
for UHE photons because of the large energies available in
the center-of-mass (CM) frame Scy;. These processes have
been considered rather cursorily many years ago within
the framework of effective treatments (see e.g., [9] and
references therein). Specifically, our goal is to compute
them in a systematic fashion and in the light of the state-of-
the-art knowledge. Accordingly, we shall denote by 4,
the total photon interaction length. We would like to stress
that the present paper is restricted to this topic, and does
not address either the origin of the UHE photons or the
fate of the newly produced particles, namely secondary
photons or hadrons and leptons. Our goal can be rephrased
by exploiting an analogy with quantum mechanics.
Accordingly, we compute the analog of the propagator
of the Schrodinger equation and not of a generic wave
function, which can be derived from the knowledge of the
propagator once the initial wave function is given.

The paper is organized as follows. In Sec. II we study the
pair production cross section for both lepton and hadron
production. In Secs. III and IV we cursorily review the
calculation of the double pair production cross section, and
the single neutral meson and para-positronium production
cross sections, respectively. In Sec. V we show how to
compute the interaction length and optical depth associated
with a generic process. In Sec. VI we present some
preliminary concepts needed to express our results, which
are reported and discussed in Sec. VII. Finally, in Sec. VIII
we offer our conclusions.

© 2020 American Physical Society
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I1. PAIR PRODUCTION CROSS SECTION

Starting from lepton production, in order to get a
feeling of what happens in different energy regimes, we
recalculate the cross section o,,_,; of the process yy — 1,
where [ is a generic charged lepton of mass m. The process
yy = [l receives contributions from #- and wu-channel
diagrams. We compute o,,,;; in Scy where the two
incident photons have four-momenta k; = (@, @) and k, =
(w, —w) and the outgoing leptons have four-momenta p;, =
(w,p) and p, = (w,—p), with @ denoting the photon
energy and p the lepton three-momentum (see Fig. 1).
Integrating over the total solid angle we get the total cross
section [10]

na? m?>  1m
o= P) =\ T2 " 20

xln{(w%fq —£<1+’Z—z)}, (1)

where « is the fine-structure constant.

The lepton dispersion relation w* = p? + m? allows us
to express o,,_,; entering Eq. (1) in terms of w only, and by
employing the Lorentz-invariant Mandelstam variable s =
(k; + ky)? = 40” we can rewrite 6,7 in terms of s alone
(see Fig. 2).

As far as the production of hadrons is concerned, the
picture is much more involved because of the presence of
nonperturbative effects. First detailed studies of the process
yy — hadrons in the context of e™e™ collider physics have
been presented in [10,12], while first investigations on the
yy total hadronic cross section and its relevance for the
absorption of extragalactic y rays has been briefly discussed
in [13]. In the low-energy region the hadronic cross section
is dominated by pion pair production. In addition to tree-
level results based on scalar QED for charged pions, refined
predictions in chiral perturbation theory have been com-
puted at one- and two-loop level in [14] and [15,16],
respectively. These predictions are reliable in the region
/s <500 MeV with the higher order corrections increas-
ing the cross section by about 20%. Also the process yy —
7°7° at one- and two-loop level has been studied in [14,17]

Y k1 P1 l vy k1 Pl l
Y ko P2 r Y ko P2 r
FIG. 1. Feynman diagrams in the ¢ and u channels for the

process yy — I1.
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FIG. 2. Behavior of 6,,_,.+,- and 6,,_padrons CTOSS sections and
corresponding thresholds. The colored area represents the un-

certainty affecting 6, hagrons- Also plotted are a;;"_]f; SED and the
data fit cross section a‘y’;}t_"‘}}f;‘dmns [11].

and [18,19], respectively, with the total contribution not
exceeding the cross section for charged pion production by
about 10%. The peak of the total cross section (charged
plus neutral pion pairs) shows up at /s ~ 300 MeV, with a
value of about 600 nb.

The energy region 500 MeV < /s < 1.5 GeV is popu-
lated by hadronic resonances with J°¢ = 0+ [20], which
couple to the initial photon pair and complicate the picture.
The cross section has been measured at flavor factories for
different exclusive channels, with event selection cuts on
the polar angle of the hadronic decay products (see e.g.,
[21-23]).

The total hadronic yy cross section in the energy
region /s 2 1.5 GeV can be described by various
models with their inherent uncertainties (for a review see
[11] and references therein). But for CM energies up to
200 GeV—thus spanning two orders of magnitude in
energy—the yy hadronic cross section has been measured
at large electron-positron collider [24,25] and a Regge-
inspired parametrization of the type

data fit
yy—hadrons

o (s) = As® + Bs™" (2)

has been fitted to the data.

Our predictions for the total hadronic yy cross section in
the region /s > 1.5 GeV are obtained from the latter
parametrization, with the following parameter values:
A=51+14nb, B= 1132+ 158 nb, ¢ = 0.240 £ 0.032
and n = 0.358. In the low-energy regime we stick to the
tree-level scalar QED prediction [10]
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where m . is the 7t mass. We multiply the cross section
by a K factor in order to reproduce the prediction of two-
loop chiral perturbation theory of about 600 nb at
/s 2300 MeV. We then smoothly connect these predic-
tions in the intermediate region, including the shape due to
the hadronic resonances within our uncertainty band. The
resulting cross section as a function of the CM energy is
plotted in Fig. 2, with the threshold given by 2m,.

In order to evaluate the interaction length 1, of UHE
photons interacting with soft background photons, we work
in a generic inertial reference frame S, wherein E denotes
the energy of the hard photon and e that of the soft
background photon. As a result, s reads

2
scalar QED T m s«
6]’7—>7z+7z’ (a)’p) - 40)2 {2<1 + a)ﬂ2

3)

s = 4w* = 2Ee(1 — cos @), 4)

where ¢ is the angle between the two photon three-
momenta. In order to translate o,,_,; and 6, _padrons from
Scm to S, we use the fermion dispersion relation and
Eq. (4), thereby obtaining them as written in S and denoted
by 6,,_;i(E.€,¢) and 6, harons(E, €, @), respectively,
which will be used to compute the corresponding contri-
bution 4, ,,_,; and 4, ,, _hadrons 10 4y ot

III. DOUBLE PAIR PRODUCTION

At very high energies the ete™ double pair-production
cross section can be well approximated by [9,26]

at (175 19 16m2\ ©
Oyy—eteete (S) ) <§€(3) - ﬁ) <1 - ) ’

m? s

(5)

where m, is the electron mass and ((-) is the Riemann zeta
function. The 4m, threshold has been taken into account by
means of a step function. This simplified approach
becomes unreliable in the region close to the threshold.
However, we have checked that, by changing the energy
threshold of the step function from sy = 4m, to 100s,
Ay yy—ete-eto~ 18 unaffected in the energy region of the
UHE photons above 10'® eV within the S frame we are
working in.

The asymptotic cross section for yy — ete~p 'y~ has
been computed in [26-29], finding values of about three
orders of magnitude lower than 6,,_,.+.-.+.-, thus com-
pletely negligible for our purposes.

IV. SINGLE NEUTRAL MESON PRODUCTION

We consider here the production of the neutral mesons
7%, n,  and 7, induced by the yy scattering.

For 7° the dominant decay mode is into two photons
7° — yy. Here, we consider the inverse process of single 7°

production yy — z° whose cross section is

872

ny_)ﬂo(s) = El}oqwé(s - mio), (6)

where o = 7.82 eV is the experimental 7° decay

=yy
rate [20].
For#, ' and 7, the situation is similar, apart from the fact
that not always the yy channel represents the dominant
decay mode. In Eq. (6) we must replace m,o and I'0_,,,
with the corresponding quantities for #, ' and 7. For the
masses we take m, = 548 MeV, my = 958 MeV and
m, = 2984 MeV while for the yy decay rates T',_,,, =
0.51 keV, I'y_,,, =43 keVand I, _,,, =5 keV [20].
The cross section for the production of para-positronium
(p-Ps) via yy — p-Ps possesses the same functional form
of Eq. (6) with m o replaced by m, p; ~2m, and I',0_,,, by

=Yy
Tppenyy = 5:29 % 1076 eV [30],

V. PHOTON INTERACTION LENGTH

Denoting by E the observed hard photon energy in S,
the inverse of the interaction length 4,(Ey, z) at redshift z
for a hard photon of energy E = (1 + z)E, interacting
with background soft photons of energy ¢ is computed by
multiplying the background spectral number density
n,(e(z), z) by the cross section of two interacting photons
0,,(E(z).€(z). ), and next integrating over ¢ and e(z)
[1,31]. The result is

_ 1 1 —cosg
A (Eo 2) = /_1 d(COS(P)T

x/iE() )de(Z)ny(e(z),z)aw(E(z),g(Z),go)’

(7)
while the optical depth z,(E,, z) reads
z A7 (B, 2)
7,(Ey,7) = — 7 ! .
(8)

In the standard ACDM cosmological model we take for
definiteness H, = 70 kms~! Mpc~'—which in natural
units reads H, = 1.50 x 1073 eV—while Q, = 0.7 and
Q,; = 0.3. In addition, we have
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where my, is the total mass of the produced particles: for
leptons my,, is the mass of two/four leptons, for hadrons m,,
is the mass of the two produced mesons, the minimum being
2m,. For single meson and para-positronium production
My, 1s the meson and para-positronium mass, respectively.

Concerning n,(€(z), z) of the soft photon background we
consider the EBL, the CMB and the RB. For the EBL we
adopt here the model of Gilmore ef al. [32] mainly because
the values of n,(e(z), z) are tabulated. Similar results can be
obtained e.g., by employing the model of Franceschini and
Rodighiero [33]. For the CMB we consider the standard
temperature 7 = 2.73 K, and concerning the RB we use
the most recent available data with two low-frequency
cutoffs [34].

(1) One placed at 2 MHz, called intermediate RB.

(2) Another placed at 10 MHz, called minimal RB.
They differ by a considerable extent, and their importance
for the analysis contained in this paper will be discussed in
Sec. VIIL

€thr (E’ (p)

VI. TOWARDS THE RESULTS

We are now in a position to evaluate the contribution to
the interaction length 4, arising from all considered

processes, namely 4,,,_.; (I=e, pu, 7), 4, hadronss
and 4, . p-ps-

In Fig. 3 we plot the interaction length at z = 0 of all
processes considered so far, along with the total interaction
length which is defined as

-1
Ay ot = < l/l;,l> )

where {4, ;} are the interaction lengths pertaining to each
process considered above. Moreover, any quantity referring
to every such process will henceforth be labeled by i. The
shadowed area in Fig. 3 represents the uncertainty in 4,
arising from that affecting 6,, _nagrons-

In order to figure out the relative importance of each
considered processes, it is compelling to compute the
associated photon survival probabilities { P, ; }, which enter
the quantity F defined in Eq. (18) below, and ultimately in
Fig. 4. They are related to the optical depths {z,;} by

Ay yy—eteetes Ay ypmad i,

(10)

— T,
P},J‘—e [AN

(11)
and hence—since the various considered channels are
independent—the probability calculus implies that the total
survival probability is

107 e
1090
105}
10
- 10°
S
‘g 10}
=
~ 10t 3
E _A"hto
10° F---Xyyote
F - Aot
1071 S
-‘;-;‘:’W—»ye-e‘fr
_ ,yy—rhadrons
107%F . AT 07 e
—3 r ."""“;A'y’_v:z:z-}:s....

.
S

FIG. 3.

1010 10 102 101 10 10% 10 1017 10 10 102 102! 1022

EO [GV]

Interaction length 4, o for all considered processes calculated at redshift z = 0. The colored area represents the uncertainty on

Ay 1ot corresponding to the yy — hadrons channel caused by the uncertainty affecting 6, hagrons- Curves a) and b) correspond to the RBs
defined in Sec. V for an intermediate and a minimal RB, respectively.
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FIG. 4. At distances 5 Mpc < D < 100 Mpc, we show the
fractional relevance F = |P, o — P, 01|/ Pyl Of the new con-
sidered channels with respect to P, 4 for any choice of the RB
below Ey ~10?? eV (since F = 1 — P, news see the text for more
details). The width of the curves reflects the uncertainty affecting
G y—hadrons Shown in Fig. 3.

Py,tot = HPy,i’ (12)

1

so that the fotal optical depth 7, is similarly related to
Py,tot as

P = €7, (13)

Even though the calculations in Egs. (7) and (8) are exact
in cosmology, in order to express 7, ; in terms of 4, ; we can
employ—rather than Eq. (8)—the expression

D
L= (14)
7.

where D denotes the total covered distance. We remark that
Eq. (14) is a very good approximation, since the GZK effect
[6] forces us to work in the local Universe—conventionally
defined by the condition z < 0.2—corresponding to dis-
tances d < 850 Mpc. Thus, thanks to Egs. (10), (11), (12),
(13), and (14), the total optical depth turns out to be

1 D

Tytot = ZT}/J =D /1_ = 2 . (15)
i i i 7.tot

Nonetheless, we stress that the values of 4,; and 7,;

entering our calculations have been computed by means
of Egs. (7) and (8).

In view of our subsequent developments, it is quite
illuminating to denote by 7, ;4 the optical depth referring to
the yy — eTe™ and yy — ete e e processes, and like-
wise to denote by 7, ., the optical depth associated with
the new considered channels. The corresponding photon
survival probabilities are evidently

Py ol = e7"rom, (16)
and
P, pew = e raev, (17)

It is also instrumental to compare the difference between
our result P, and the standard one P, 4. This task can be
accomplished by defining the fractional relevance

|Py,tot - Py,oldl

F =
P}/,old

(18)

of the new considered channels with respect to P, o4 Note
that F can be recast in the form

F=1=P,pen- (19)
To see this, we start by replacing F in Eq. (18) with

P
F=1--I1% (20)

y.old

since the new channels lower P, with respect to P, qq.
Next, we obviously have

Py,tot = Py,oldPy,newa (21)

which inserted into (20) returns Eq. (19). The advantage of
Eq. (19) is to show that F is independent of the standard
process yy — e e~ for which the RB becomes preeminent
for E, > 10'° eV, while the RB contribution to the new
channels starts to become important for E, > 10*> eV
[35,36]. As a consequence, J turns out to be independent
of the choice of the RB up to energies E, =~ 10?* eV.
The quantity F is plotted at several distances
(5 Mpc < D <100 Mpc) in Fig. 4.

As we can see from Fig. 3, the most important channels
in addition to yy — eTe™ and yy — eTe~ete™ are those
leading to the production of hadrons and of x*, while the
production of 7% is less important. The single neutral
meson production that takes z°, 5, # and 7, into account
does not play any significant role as compared to the above-
mentioned processes: only around Ey~ 5 x 10'8 eV rep-
resents it the leading contribution among those that must be
added to the processes yy — ete™ and yy — eTe~eTe .
The para-positronium production is the most important
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channel after yy — e*e™ around 10'* eV < E, < 101 eV
but its correction to the process yy — eTe™ is totally
irrelevant for UHE photons.

Let us assume that the UHE photon energy is around
Ey =10 eV, where the effect of the new channels
becomes maximal (see Fig. 3). Then from the above
expressions of the cross sections for the various channels,
we see that—in the isotropic case—the UHE photons
primarily interact with soft photons of energy ¢, such that:
(i) € =~10"%eV (RB) for the yy — ete™ channel,
(i) ey~6x10"*eV (exact peak of the CMB) for
vy = ete"ete, (iii) ey~4x10"*eV (close to the
CMB peak) for yy — ptu~ and (iv) ey ~7x 107* eV
(close to the CMB peak) for yy — hadrons, as far as the
leading processes are concerned.

VII. RESULTS

We are finally in a position to quantify our results. It goes
without saying that the observable quantity would be the
flux (in our analogy the wave function), but in the total lack
of knowledge of the initial flux (in the above analogy, the
initial wave function), the best we can do is to compute the
photon survival probabilities for primary UHE photons (the
analog of the propagator).

Realistically, we expect UHE photons with energy
around Ej =~ 10% eV to travel a few interaction lengths
Aytor- According to Eq. (15) we have D =1, ,4, o
Although 7,,, can take any positive value, in order to
get a feeling of what goes on we have to commit ourselves
with a few suitable benchmark values of 7, ,, which—on
account of the previous equation—translate into different
values of the covered distance D, whose corresponding
photon survival probability is given by Eq. (13). Thus, for
7,0t = n—where n is a benchmark value—a distance D =
niy o Will be travelled, with associated photon survival
provability

P;/,tot<D = nﬂy,tot) = e—n’ (22)

owing to Eq. (13).

We believe that the simplest way to show the change
brought about by the inclusion of the new channels—which
can be read off from Figs. 3 and 4—amounts to compare
P, to P,qq for different numbers of the interaction
length, which clearly changes the value of F. Because of
the great uncertainty in the RB mentioned at this end of
Sec. V (more about this in Sec. VIII), we shall report the
values of P, for the cases a) and b), respectively: as we
shall see, P, turns out to be considerably smaller in case
a) than in case b).

We proceed along the following strategy. First, from
Fig. 3 we read off the value of 4, in cases a) and b), and
next we consider a particular number of interaction length
Ay or» 8O that the resulting total distance turns out to be

D = nk, . Finally, we compare D = ni,—for both
choices a) and b) of the RB—with the different distances
reported in Fig. 4 pertaining to . In this way, we quantify
how much P, becomes smaller than P, 4 for several
distances.

Specifically, for a distance of n = 1 interaction length
P, o gets smaller than P, ;g ~0.37 by a factor F roughly
between 2% and 5%. Similarly, for n =2 interaction
lengths P, is smaller than P, ;4 ~0.14 by a factor F
of roughly between 4% and 8%. Further, for n = 4.6
interaction lengths P, becomes smaller than P, 4 =~
0.01 by a factor F roughly between 10% and 20%. Finally,
forn =7 P, gets smaller than P, 54 ~0.001 by a factor
JF roughly between 15% and 30%.

VIII. CONCLUSIONS

So far, the contribution to the cosmic opacity of UHE
(E > 10'8 eV) y rays has been computed only for the yy —
ete” and yy — ete ete™ processes. Instead, we have
evaluated the relevance of the contributions from hadron
and lepton production in UHE yy scattering, along with
those arising from the single neutral mesons and the para-
positronium production processes. As far as the hadron
sector is concerned, uncertainties affecting the interaction
length 4, , _padgrons g1VE rise to an uncertainty in 4, which
reverberates in P, .. But our results are sizable even in the
most conservative case, namely taking the smallest value
of Oyy—hadrons*

A point should be stressed. While the standard yy —
et e” channel is affected by the uncertainty on the level of
the RB for E, > 10 eV (the yy — eTe~ete™ channel is
insensitive to the RB), the new considered channels are
instead independent of RB up to Ey=~10?* eV, as it is
shown by Eq. (19) as combined with the results reported in
[35,36]. Moreover, the new channels do not add any further
uncertainty apart from that coming from the hadron sector,
which is however subdominant. Unfortunately, the uncer-
tainty in the level of the RB is quite high, as shown in Fig. 3
and exceeds the contribution of the new considered
channels. However, future studies of the RB may hopefully
decrease its uncertainty to a level where the impact of the
new channels dominates over the RB uncertainty.

A further consequence of our result—whatever the RB
level—is a modification of the estimated charged UHE
cosmic ray flux, since the UHE photons considered in this
paper arise from the photo-meson reactions.

Finally, it goes without saying that any final product of
the two-photon scattering triggers an electromagnetic (EM)
cascade, thereby producing secondary photons and other
particles, as first realized in 1938 by Landau and Rumer
[37]. We restate that the study of this topic, as well as the
origin of the UHE photons, is beyond the scope of the
present Paper, since here our attention is focussed only on
the UHE photon opacity. Manifestly—when the attention
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is shifted to the estimated total photon flux at lower
energies—the EM cascade must be considered along with
the new channels considered in the this paper.
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