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Abstract. The energy spectrum and the cross section of photonuclear interactions of 180 GeV muons in
iron were measured at the CERN SPS using prototype modules of the ATLAS hadron calorimeter. The
differential cross section (Na/A)vde/dv for a muon fractional energy loss v = AFE,,/E, was measured in
the range 0.1< v <1. The integrated cross section (Na/A) f0141 vdo/dv is (0.26 £ 0.03stat £ 0.03syst) - 1076

cm2g?

in agreement with the theoretical prediction of 0.267 - 107 cm?g™!. The best adjustment of the

data to the theory is achieved for the value of oyn = (115 £ 18stat = 15syst )b of the photon-nucleon cross
section for photons with energies in the range from 18 to 180 GeV.

1 Introduction

Photonuclear interactions of muons p+ A — ul + hadrons
+ X were first observed [1] in 1955. Despite the fact that
the cross section is relatively large, very few measurements
of muon photonuclear reactions at low momentum transfer
have been reported [2,3]. This mechanism of muon energy
loss has an increasing impact on the design and the analy-
sis of several type of new experiments, and needs a better
understanding.

In Large Hadron Collider (LHC) experiments, high-
energy muons are involved in a broad variety of new
physics processes. They traverse substantial lengths of
dense materials, and their experimental signature must be
thoroughly understood in order to identify them, measure
their energy and to take the hadronic showers accompany-
ing muon tracks properly into account in the energy flow.
In underground experiments, photonuclear interactions of
muons must also be taken precisely into account because
they may produce backgrounds to rare signals [2].

This paper describes a measurement of muon photonu-
clear interactions in iron performed in 1998 using 180
GeV/c positive muons incident to a prototype module of
the ATLAS [4] Tile Calorimeter [5].

As pointed out in [6], two separate theoretical pre-
dictions lead to very different expectations: in particular
the more recent prediction of Bezrukov and Bugaev [7] is
about an order of magnitude larger than the results based
on [8,9]. Supported by the results of [2], the prediction of
[7] is compared to the experimental results described in
this paper.

2 Experiment and data analysis

The ATLAS Tile Calorimeter is an iron-scintillator sam-
pling calorimeter equipped with wavelength-shifting fibre
readout. An important feature of this calorimeter is that
the scintillator tiles are placed perpendicular to the collid-
ing beams; a detailed description of the calorimeter con-
cept is given elsewhere [5]. The experimental set-up is
shown in Fig.1. Here, the muon beam crossed the scin-
tillator tiles of a 5.6 m long prototype module of the Tile
calorimeter at perpendicular incidence, entering the center

Fig. 1. The experimental setup. As indicated by the arrow, the
muon beam impinges centrally on one side of the 5.6 m long
(“large”) calorimeter module. At the downstream end three
smaller modules were placed below the large module and two
were placed above it

of the side facing the beam. For purposes of shower con-
tainment and data selection, five smaller modules, each
spanning 1 m along the beam direction, sandwiched the
large module at the downstream end; three modules were
placed below and two above the large module. Data were
taken with this set-up on the H8 beam of the CERN SPS.

In this configuration the muon beam traversed a fully
periodic structure consisting of alternating slabs of iron
(14 mm), scintillator (3 mm) and about 0.4 mm of other
light elements (scintillator wrappings, glue). The fibres
collecting light from the scintillator are grouped into read-
out cells that segment the calorimeter module along the
beam direction and perpendicular to it in the horizontal
plane. Along the direction of the incident particles six-
teen cells are traversed, each consisting of 17 to 21 iron-
scintillator periods. The segmentation of the small mod-
ules is similar but the readout cells are smaller and consist
of 11 or 12 periods.

Particles of the momentum-analysed muon beam, with
a mean momentum p, = 180 GeV/c, triggered a coinci-
dence of three scintillator hodoscopes; the direction of in-
cidence being measured by a pair of two-coordinate wire
chambers. Approximately 400 000 muon triggers were used
in this analysis.

A minimum-ionizing particle (mip) signal was required
in the scintillator hodoscopes to suppress triggers with
more than one incident particle. Only events within a
beam spot of 1.5 x 1.5 cm? defined by the beam chambers
were selected. This cut reduced the momentum spread of
the selected particles. In order to eliminate the low-level
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hadron and electron contamination of the muon beam,
the signal in each of the first five calorimeter cells was re-
quired to be compatible with that of a mip. With this cut,
only particles traversing 7.5 nuclear interaction lengths or
80 radiation lengths without showering were selected; this
left less than 0.5 events due to hadron-induced interactions
in the analysed data sample. The contribution from muon
decay-in-flight events inside the calorimeter and within the
acceptance region is estimated to be 1.5 events in the se-
lected data sample. Two events without a muon escaping
the shower were found and excluded from the analyzed
sample. As a result of these cuts about Ny = 190 000
events were selected for further analysis.

2.1 Selection of photonuclear events

Only events with the largest signal occurring in the 7th
to the 13th of the 16 cells altogether traversed by muons
are selected. This assures optimal containment of showers
produced by muon photonuclear interactions. This defines
a region of 124 iron-scintillator periods in which muon
photonuclear interaction are accepted.

The photonuclear candidates were selected by requir-
ing significant transverse leakage of the shower from the
large module, typical of hadronic showers. Specifically, at
least 0.75 GeV in one of a cell of the five small calorimeters
sandwiching the large module were required.

The longitudinal location zgyan of the shower maxi-
mum in the small calorimeters is clearly correlated with
the location of the shower maximum in the large calo-
rimeter Zarge as shown in Fig.2. To reduce the back-
ground from cosmic rays and electronic noise in the small
calorimeters the difference zsmall — Z1arge Was required to
be within 700 mm of the measured mean value of 500
mm (see Fig. 2).

The energy AE,, lost by muons in the calorimeter mod-
ules is calculated excluding the minimum-ionization sig-
nal. It was obtained summing the signals of five consecu-
tive cells of the large calorimeter (around the cell with the
largest signal) to the signals in the small calorimeters and
subtracting the value of the truncated mean of the muon
signal in the cells traversed by muons. The latter mean
equals 1.7 - By, where Ey,;, is the most probable value of
the muon ionization energy loss for each cell.

The energy scale of the calorimeters was calibrated
using electron beams, and has an uncertainty of 4-2%.
The measured value of AE]“** (in GeV) was corrected
using the relation:

e/h
AE, =
"1 (e/h — DO1LIn(AEp)

meas
AET<,

where e/h = 1.35 £ 0.05 as measured with the Tile Calo-
rimeter [5]. The muon fractional energy loss v is given
by v = AE,/(E, — €), subtracting the measured muon
energy loss upstream of the shower, €, from the nominal
beam energy.

Acceptance and background considerations, given in
detail later in the paper, led to selecting for analysis of
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Fig. 2. The left plot shows the correlation of the longitudi-
nal locations of showers maxima in the large (ziarge) and small
(2sman) calorimeter modules. The measured distribution of the
difference zsmall — Ziarge 1S shown by the line histogram in the
right plot. The expected distribution of this difference from
events with radiative or knock-on muon energy losses with
cosmic rays signals in the small calorimeters is shown by the
cross-hatched histogram. Three events (full histogram) have
been excluded from the analysis

events with v > 0.1 giving a sample of 79 photonuclear
interactions candidates. A typical candidate is shown in
Fig. 3, together with an event in which an electromagnetic
shower is produced by the muon. The latter type of events
is the main source of background, as will be discussed next.

2.2 Acceptance

The acceptance for photonuclear processes is limited by
the requirement that some shower energy is detected in
the small calorimeters. Due to the constant threshold of
0.75 GeV the acceptance is smaller for the lower-energy
showers, or equivalently for small v.

Kinematically, hadrons produced in photon—nucleus
interactions are extremely similar to those produced in
pion—nucleus interactions. This is shown in Fig. 4, which
compares the total energy and the scalar transverse en-
ergy sums of particle produced by photons and pions on
nucleons, as calculated with PYTHIA 5.7 [11] for 54 and
180 GeV photons and pions. This observation makes it
possible to calculate the acceptance of photon—nucleus in-
teractions in this experiment, based on the lateral distri-
bution of pion showers observed in the same test beam.
However the available pion data are at angles of incidence
different than that of the muon beam, hence the following
less direct procedure was used.
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Fig. 3. Examples of a photonuclear interaction of a muon
(left plots) and of a background event (right plots). The sig-
nals in the cells of the small modules (top and bottom plots)
and in the large calorimeter module (center plots) are shown.
The photonuclear interactions are characterized by longer and
broader showers compared to the background events. The in-
coming muon direction is indicated by the arrow

The acceptance was calculated using available pion
beam data and GEANT [10] simulations with the
GCALOR [12] hadronic interactions code. The pion beam
data were taken at energies of F, = 20, 50, 100, 150 and
180 GeV (the corresponding values of v are v = F/180),
and with beams impinging on the calorimeters at several
angles  between 50° and 80° to the muon direction shown
in Fig. 1. Using these data, the acceptance acc,(6,v) for
pion showers giving signals of 0.75 GeV or more in at
least one cell of the small modules was obtained. Accep-
tance values obtained by simulations, accyc(6,v), and
with data, acc,(6,v), are in agreement within 10%. Fi-
nally, pion—induced showers with the same longitudinal
distribution along z as the candidate photonuclear events,
and in the direction of muons, were simulated and the
acceptance accpre(z,v) was calculated, again taking ad-
vantage of the observed similarity of photon—nucleus and
pion—nucleus interactions. These values were corrected by
the ratio of acc,(0,v) and accpre(6,v) to find the accep-
tances acc(v) used in this analysis:

acex (6, v) > |

accpre(6,v)

acc(v) = {acepo(z,v)) - <

In the expression, the first mean value in angular brackets
is taken over the z positions of the generated pion showers,
the second mean is taken over all available pion incident
angles 6.

The values of the acceptance are shown in bottom plot
of Fig. 5 together with the parametrization
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Fig. 4. PYTHIA simulations of pion and gamma interactions
with nucleons. Results for energies corresponding to the values
of v =0.3 and v =1 are shown. Top plot: distribution of total
energy F), carried by secondary hadrons produced in gamma—
nucleon interactions (histograms) and in pion—nucleon interac-
tions (full circles). Bottom plot: distributions of the scalar sum
Hr = X|pt| of transverse momenta of secondary hadrons

acc(v) = 1.225-v —0.4025 - v, which was used to evaluate
the cross sections. A systematic uncertainty of +10% in
the acceptance was estimated from the comparison of pion
data and simulations. Another source of systematic errors
is the effect on 0.75 GeV cut due to the 2% uncertainty of
the calorimeter energy scale. This leads to an additional
systematic uncertainty in the acceptance of 5% and 1% at
v=0.1 and v=1 respectively.

2.3 Backgrounds

The main signature of a photonuclear event is the pres-
ence of energy in at least one of the small calorimeter cells.
Three possible sources of background leading to a signal
in excess of 0.75 GeV in these cells can be identified:
FElectronic noise. The typical r.m.s. value of electronic
noise in the small calorimeter cells is 20 MeV, hence the
probability to produce a signal greater than 0.75 GeV
should be negligible.

Cosmic rays and beam halo particles. The charge signal
from the small calorimeters is integrated over a 200 ns
gate, warranting a detailed estimate of the effect of such
random coincidences.

Lateral leakage of electromagnetic showers. Electromag-
netic showers produced in the large module by knock-on
electrons or radiative losses of muons, and leaking into the
small modules are the main source of background to pho-
tonuclear processes. The transverse dimension of about 12
Moller radii does not completely suppress electromagnetic
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Fig. 5. Top plot: the electromagnetic showers background
pbk(v) estimated with the electron beams (full circles) and
with Monte Carlo simulations. Bottom plot: the acceptance of
photonuclear events estimated with hadron beams of different
energies E.. The curve is the parametrization described in the
text

leakage out of the large calorimeter because radiation may
leak through the scintillator tiles.

All events with a mip signal in the large calorimeter
were used to estimate the background due to cosmic rays,
beam halo and any unexpected electronic noise. It was
found that only a fraction of 1073 of such events is ac-
companied by a signal exceeding 0.75 GeV in at least one
small calorimeter cell.

Data taken with electron beams impinging on the 5.6
m module from the direction opposite to that of the muon
beam (i.e. hitting the side nearest to the small modules)
were used to find the probability that lateral electromag-
netic shower leakage exceeds 0.75 GeV in the small mod-
ules, that is 1.5-1072 and 4-1073 with 10 and 100 GeV
electrons respectively. To obtain this leakage probability
for several energies, the electromagnetic showers were sim-
ulated using GEANT and reproducing starting points, lat-
eral and angular positions in accord with the data. The re-
sults including the energy independent probability of 1073
are shown in the upper plot of Fig. 5, where the estimated
error band is also shown.

In summary, the probability pbk(v) of observing a fake
photonuclear event in this analysis can be parametrized
by the band indicated in upper plot of Fig. 5.

An alternative manner to deal with these backgrounds
is to directly remove such events taking advantage of the
different longitudinal profiles of electromagnetic and
hadronic showers, observed using the longitudinal segmen-
tation of the large calorimeter. A Monte Carlo simulation
of the distribution of the smallest number Ngs of adja-
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Fig. 6. Monte Carlo study of electromagnetic and hadronic
showers separation using the variable Ngs defined in the text.
The two upper plots show the distribution of Ngs for simulated
electron and pion showers with energies of 20 and 170 GeV.
Bottom plot: the fraction fe(Nos > 2,v) of electron showers
with Ngs > 2 for different electron energies, and the fraction
f=(Nos < 3,v) of pion showers with Ngs < 3

cent cells containing at least 95% of the shower energy de-
posited in five adjacent cells is shown in Fig. 6. It is seen
that an overwhelming fraction of electromagnetic showers
deposit 95% of the energy in less than three calorimeter
cells (Ng5 <3), whereas for hadronic showers Ng5 > 3 with
the most probable value Ng5 =4.

The distributions of the variable Ng5 for photonuclear
interaction candidates shown in the top plots of Fig.7
clearly indicate that the candidate sample consists almost
entirely of hadronic showers. Eliminating events with
Ngs < 3 is an effective background cut. The inefficiency
associated to this cut was estimated using the Monte Carlo
results in Fig. 6, which were parametrized by
frx(Ngs < 3,v) = 0.310 - v=2:039 — 0.285. The remaining
contamination of the selected sample by electromagnetic
showers is <1% and is taken into account in the estimate
of systematic errors.

The results of the two background estimates are com-
pared in the bottom plot of Fig. 7, where the band corre-
sponds to the pbk(v) calculated above and the points are
the events eliminated based on the value of Nys, per bin
of Av = 0.1. More specifically the band is obtained by
multiplying the upper and lower limits of pbk(v) by the
number of muon events with electromagnetic energy losses
Nem (v), which is obtained from the theoretical expressions
of knock-on, bremsstrahlung and pair production cross
sections given in [13,14] and scaled to Ni,; muons.
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Fig. 7. Top plots: the distribution of the variable Ngs de-
scribed in the text for photonuclear event candidates, in three
different intervals of v. Hatched events with the value of Ng5=2,
which is typical of electromagnetic showers, have been excluded
from the analysis. Bottom plot: comparison of the number of
events with Nos = 2 per bin of 0.1 in v (filled circles) with the
calculated number of background events from the three sources
of background examined (cross-hatched band)

The good agreement of the two background estimates
over the observed range of energy losses gives confidence
in the purity of the photonuclear event sample. Figure 7
also shows that for v < 0.1 the background rapidly grows,
which motivates the choice of v > 0.1 in this analysis.

2.4 Evaluation of the cross section

The differential probability of fractional energy loss v per
g/cm? of iron was calculated in nine equal intervals
Av;i(i = 1,...,9) of v using only events with Ng; > 3.
The following expression is used:

N;
Ny Ud£ 2ty w(vy) 1
AFe dv o NtotAUi
1

X )
1 + Lscipsci/LFepFe

LFe *PFe

where each event j has weight w(v;) = 1/[1 — fz(Nos <
3,v;)]acc(vj) with fr(Nos < 3,v;) and acc(v;) defined
above. The variable v; is the measured value of v for the
j-th event within the i-th interval of v; IV; is the number
of events in the i-th interval, Ny, is the total number of
selected primary muons, Av; is the width of the i-th in-
terval. N4 is the Avogadro number in units of mol~!, and
Lpe, pre and A, are the length of the accepted region of
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Fig. 8. The full circles show the measured differential energy-
loss probability spectrum of 180 GeV muons by photonuclear
interactions in iron. The curve is the theoretical prediction of
[7]. The errors shown are statistical only

the iron in cm, its density in g-cm ™ and atomic weight of
the iron in g-mol~! respectively. The length and the den-
sity of light materials (mainly the scintillator) are denoted
by Lsci, psci- The correction Lgeipsci/Lrepre due to the
contribution of light materials is 3%.

The values of (N4/A)vdo/dv are given in Table 1 and
shown in Fig. 8.

An other evaluation of the probability of fractional en-
ergy loss v can be made using the same expression as above
but without removing the candidate events with Ng5 < 3.
Now the weight of each event is

w(vj) _ 1-— Nem(vi) pbk;(v])/Nl

acc(v;)

where the term subtracted form 1 is the probability that
an event comes from backgrounds.

The cross-section (or energy-loss probability) values
obtained with this second method are 2% higher than in
the first calculation, which led to an estimate of a further
2% systematic uncertainty.

2.5 Systematic errors

The systematic errors of the energy loss probability spec-
trum are dominated by the uncertainty of the acceptance.
The uncertainty of +0.05 in the e/h ratio and the 2%
uncertainty in the energy scale together lead to an uncer-
tainty in the cross section that does not exceed £5% over
the range of v. The error in the thickness of the absorber
plates is about 1%.
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The overall systematic error is £12% with very weak
energy dependence from the value of 12.5% at v=0.1 to
11.5% at v close to 1. The individual contributions to this
value are listed in the following table:

Source of systematic uncertainty Syst. error in %

v — 0.1 v—1
Acceptance +10 +10
Energy scale in small calorimeters +5 +1
Cut N95 2 3 -1 —1
Background subtraction +2 +2
e/h and energy scale +5 +5
Absorber thickness +1 +1
Total +12.5% +£11.5%

3 Comparison with theory

The experimental results on photonuclear energy losses in
iron are compared in Fig. 8 and Table 1 to the theoretical
prediction of Bezrukov and Bugaev [7], as given in [15]:

do o 9
(U dv > photonuclear a 2 AF@U’YN (AEM>U F(El“ U)
The form vdo/dv is chosen because it is not divergent at
v = 0. In the formula, « is the fine-structure constant
and o,N(AE,) = 114.3 4 1.6471n*(0.0213AE,, [GeV]) ub
is the parametrization of the photon-nucleon cross section
for the energy loss AE, = vE,. The function I'(E,,v) is

given by (m,, is the muon mass):

3 m? Kkm? 2m?
I'(E,,v) = EG(.T) (mln (1 + t1> - J:t — t“)
1

with
3 (22 _m
Gla) = — (2—1+e (1+m)>,
m2112
T = 0'0028214}7/630-VN(AEM)7 t= ]_iiva
2 2
k=1->— 2, m?=054GeV?, m3 =180 GeV*
v v

The results and the theoretical prediction are in good
agreement. The integrated value of the theoretical vdo /dv
for v > 0.1 is 71% of the total. The experimental value
(0.26 + 0.035¢at & 0.034yst) - 1075 cm?g™! of the integral

cm?g
(N4/A) f01.1 vdo/dv is also in very good agreement with
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Table 1. The measured differential cross section values
(Na/A)vdo /dv for fractional photonuclear muon energy losses
v and theoretical predictions [7]. First errors are statistical and
second are systematic

(v) (Na/A)vdo/dv(meas.) (Na/A)vdo/dv(th.)
cm?.g™! cm?.g™!
0.113 £ 0.009 (0.58 +0.20 4 0.07) x 10~° 0.76 x 107°
0.217 £ 0.006 (0.56 + 0.14 % 0.06) x 10~° 0.57 x 107°
0.33+0.01 (0.46 +0.13 4 0.05) x 1076 0.41 x 107°
0.4540.01 (0.2940.10 £ 0.03) x 10°° 0.31 x 107°
0.52+0.01 (0.3340.11 4 0.04) x 107° 0.26 x 107°
0.65+0.01 (0.16 + 0.08 4 0.02) x 107° 0.20 x 107°
0.7540.01 (0.20 4 0.09 +0.03) x 10~° 0.16 x 107°
0.8540.01 (0.1740.08 £0.02) x 107° 0.12x 107°
0.9540.03 (0.09 £ 0.06 £0.01) x 107° 0.07 x 107°

the theoretical prediction of 0.267 - 1075 cm?g~!. The re-
sults of this experiment together with those of [2] support
the theoretical description of muon photonuclear interac-
tions given by [7].

The main scale factor in the theoretical formula is the
value of the photon-nucleon cross section o . In the stud-
ied energy region it varies very slowly with the energy. The
predicted values, using the parametrization given above,
are 116 pub and 117 pb for v =0.1 and v =1 respectively.
The parametrization is valid up to the highest energies of
the HERA collider, where the measured values of 143+4ub
[16] and 165 &+ 11pb [17] are in good agreement with the
value of 157 ub predicted by the parametrization used in
the theoretical formula for a mean value of /s =200 GeV.

These experimental results can alternatively be used to
measure o, y. For this purpose the measured cross section
is fitted using o, as a free parameter. The best agreement
with the theory is obtained for
oyN = (115 % 184tat £ 15gyst)ub for photons from 18 to
180 GeV (4/s from 6 to 18 GeV).
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