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High statistics measurement of the underground muon pair separation at Gran Sasso
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We present a measurement of the underground decoherence function using multi-muon events observed in
the MACRO detector at Gran Sasso at an average depth of 3800 hgvtran pair separations up to 70 m
have been measured, corresponding to parent meson®witl—2 GeVE. Improved selection criteria are
used to reduce detector effects mainly in the low distance separation region of muon pairs. Special care is given
to a new unfolding procedure designed to minimize systematic errors in the numerical algorithm. The accuracy
of the measurement is such that the possible contribution of rare processes, guth Bis—u™+N+pu*
+u~, can be experimentally studied. The measured decoherence function is compared with the predictions of
the hadronic interaction model of thiEmAs Monte Carlo code. Good agreement is obtained. We interpret this
agreement to indicate that no anomal®yscomponents in soft hadron-nucleus and nucleus-nucleus collisions
are required by the MACRO experimental data. Preliminary comparisons with other Monte Carlo codes point
out that the uncertainties associated with the hadronic interaction model may be as large as 20%, depending on
the energy. MACRO data can be used as a benchmark for future work on the discrimination of shower models
in the primary energy region around and below the knee of the spedt80656-282(99)03011-§

PACS numbeps): 96.40.Tv, 13.85.Tp

I. INTRODUCTION P, - |
r ~ ——Hpro ——(logo®y; +const. (1.2
The knowledge of hadronic interaction processes plays a X" Eog X" Eg
fundamental role in studies of cosmic rays in the very high
energy(VHE) to ultra high energUHE) range (18 ev ~ The assumption of an exponential atmosphere has been used
<E=<10' eV). In particular, the interpretation of indirect in the last expression. It can be seen how the transverse and
measurements intended to determine the features of primatgngitudinal components of the interaction, as well as the
cosmic rays, such as spectra and composition, depends #iflusive and total cross sections, convolve togetfveth
the choice of the hadronic interaction model adopted in thélifferent weights to yield the lateral separation. The role of
description of the atmospheric shower development. For inP. remains a dominant one in determining the relative sepa-
stance, muons observed by deep underground experimeri@fion of the muon component by introducing a loss of col-
are the decay products of mesons originating mostly in kinelinearity (“decoherence’) with respect to the direction of the
matic regions(high rapidity and highys) not completely ~Shower axis. _ o
covered by existing collider data. The problem is particularly A qualitative extension to the case of nuclear projectiles
important for nucleus-nucleus interactions for which avail-c&n be made within the framework of the superposition
able data extend only to a few hundreds of GeV in the laboModel, where each nucleon of the projectile of mass number
ratory frame. It is therefore crucial to find physical observ-A iS assumed to interact independently with enekgyA.
ables which are primarily sensitive to the assumedrurther refinements are needed to account for modifications
interaction model rather than to the energy spectra ani! the P, and xg distributions deriving from the nuclear
chemical composition of primary cosmic rays. structure of projectile and target, as will be discussed later. A
The shape of the muon lateral distribution is well-suitegreliable evaluation of the lateral distribution function can be

for this purpose. In particular it allows the study of the trans-0btained only by Monte Carlo methods.

verse structure of hadronic interactions, which is one of the Deep underground experiments are capable of selecting
most relevant sources of uncertainties in the mofig)sin ~ atmospheric muons in the TeV range produced in the initial
fact, different aspects of the interactions contribute to thestages of the extensive air show&AS) development. They
lateral distribution. We can qualitatively understand this bycan perform a measurement of muon separation which is
simple arguments, valid in a first order approximation. Let uhighly correlated to the lateral distribution. Since the shower
consider a single interaction of a primary nucleon of total@Xis position is not usually known, the distribution of muon
momentumP, , at a slant height 4, Which eventually ciated with the same events, coming in general from differ-
decay into muons. Calling the separation of a high energy €nt parent and shower generations, are grouped together.

muon (i.e. moving along a straight linefrom the shower Furthermore, a wide range of primary energy is integrated in
axis, we have the same distribution. It is generally assumed, and supported

by many simulations, that the shape of this distribution is

only slightly affected by the mass composition of primaries
(1.2 [2], thus preserving the sensitivity to the interaction features.

As an example, in Fig. 1 we show the dependence of the

average pair separation, as detected at the depth of the un-
In this simplified description we are neglecting the transverselerground Gran Sasso laboratory, with respect tqEhe of
momentum in the parent decay. The previous expression cahe parent mesons and to their production slant height in the
be written in a more instructive way, considering that at highatmosphere. These have been calculated by means of the
energy, apart from terms of the order af{/Ey)?, the lon-  HEMAS Monte Carlo codd3] for a mixed primary composi-
gitudinal c.m. variable is approximately equal to the labo- tion [10]. This code employs an interaction model based on
ratory energy fraction: the results of the experiments at hadron colliders.

P,

r~ E'n’,K

H prod-

032001-2



HIGH STATISTICS MEASUREMENT OF THE ...

Q
s |
81-2j oyt
~ +*
() | ’,*‘
B &
L ’_._0'
08 o
I K
L 0-.
0.6j ”’
+
L
| -
04r"
02}
O-H‘I‘.\\.‘\‘\‘.HI‘\‘\\
0 10 20 30 40 50
() Distance (m)
EE‘, 60 [
t
o | R
e
40 r *¢*+++ +++ + +
0"‘
L
30 ”-0*
[ '0’
20 [**°
10
0:.\..\\\..I\..\\..\.\....I
0 10 20 30 40 50
(b) Distance (m)

FIG. 1. Average separation of underground muon pairs at Gra
Sasso depth, as a function (@ ) of the parent meson&) and of
the slant height in the atmosphéi®. The results are obtained with

the HEMAS Monte Carlo program.

The decoherence function as measured in an undergrou
experiment is also affected by multiple scattering in the rOClﬁ\/I

and, to some extent, geomagnetic deflection.

For a detector with geometrical acceptae@, ¢), for
zenith and azimuthal angleésand ¢, respectively, we define
the decoherence function as the distribution of the distanc

between muon pairs in a bundle:

dN 1 1

d’N(D, 8, )

E:ﬁf A(6,b)

dDdQ

dQ,

1.
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whereN(D, 6, ¢) is the number of muon pairs with a sepa-
ration D in the direction @,¢), () is the total solid angle
covered by the apparatus amds the total exposure time of
the experiment. A muon bundle event of multiplickly, will
contribute with a number of independent pahs=N ,(N,,
—1)/2.

In principle, a decoherence study can be performed with-
out a single large area detector, and in early attempts the
muon lateral separation was studied via coincidences be-
tween two separate movable detectpd$ The advantage
offered by a single large area detector is the ability to study
the features inherent in theamemulti-muon event, such as
higher order moments of the decoherence distributign

The large area MACRO detectfb]| has horizontal sur-
face area of~1000 nf at an average depth of 3800 hgfcm
of standard rockE,=1.3 TeV) and is naturally suited for
this kind of measurement. An analysis of the muon decoher-
ence has already been perforni@d-10]. The bulk of mul-
tiple muon events in MACRO corresponds to a selection of
primary energies between a few tens to a few thousands of
TeV/nucleon. Hadronic interactions and shower develop-
ment in the atmosphere were simulated with the previously
notedHEMAS code. In particular, a weak dependence on pri-
mary mass composition was confirmed for two extreme
cases: the “heavy” and “light” composition modelgl1].

The MACRO analysis was designed to unfold the true muon

decoherence function from the measured one by properly
considering the geometrical containment and track resolution
efficiencies. This procedure permits a direct comparison be-
tween measurements performed by different detectors at the
same depth, and, more importantly, whenever new Monte
Carlo simulations are available, allows a fast comparison be-
tween predictions and data without the need to reproduce all
the details of detector response.

The first attempt, obtained while the detector was still
under construction, and therefore with a limited size, was
presented ir(7]. The same analysis, with a larger sample
based on the full lower detector, was extended8h With
respect to theilEMAs Monte Carlo expectations, these results
indicated a possible excess in the observed distribution at
large separations. In R€fL0] we presented the decoherence
distribution without the unfolding procedure; the claimed ex-
cesses were not confirmed. In order to reach more definitive
r?Eonclusions, a more careful analysis of the systematics asso
ciated with the unfolding procedure was considered neces-
sary. A detailed discussion of this item will be addressed in
Sec. IV.

n A more careful discussion of the Monte Carlo simulation
ig also necessary. The bulk of the muon bundles collected by
ACRO are low multiplicity events, coming from parent
mesons in the far forward region of UHE interactions, not
easily accessible with collider experiments. This requires an
extrapolation to the highest energies and rapidity regions,
%troducing possible systematic uncertainties. For instance,
some doubts have been raiddd concerning the treatment
of mesonP, in HEMAS. In the HEMAS hadronic interaction
code, secondary particle, depends upon three different
contributions:

3
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(P, ) increases with energy, as required by collider data ifPendicular to the long detector dimensiamd strip views.
the central region; The latter employs 3 cm wide aluminum strips at 26.5° to the

(P, ) increases in p-nucleus and nucleus-nucleus interagwire view. The average efficiencies of the streamer tube and
tions, relative to that for pp collisions, according to the strip systems were 94.9% and 88.2%, respectively, in the

“Cronin effect” [12]; period of this analysis.
(P, ) varies withxg, according to the so called “seagull ~ The spatial resolution achieved with this configuration de-
effect” [13]. pends on the granularity of the projective views. The average

The sum of these effects yields some doubt about a poswidth of a cluster, defined as a group of contiguous muon
sible overestimate dP, for energetic secondary particles, a “hits,” is 4.5 cm and 8.96 cm for the wire and strip views,
hypothesis recently restated[ib4]. It is therefore crucial to  respectively. Muon track recognition is performed by an al-
perform a high precision test of the transverse structure ofjorithm which requires a minimum number of aligned clus-
this model, since it affects the calculation of containmentters (usually 4 through which a straight line is fit. The dif-
probability for multiple muon events and, consequently, theferences between the cluster centers and the fit determine a
analysis of primary cosmic ray compositi¢®,10]. spatial resolution otryy,=1.1 cm for the wire view andrg

In this paper, a new analysis of the unfolded decoherence-1.6 cm for the strip view. These resolutions correspond to

function is presented, performed with improved methods ugn intrinsic angular resolution of 0.2° for tracks crossing ten
to 70 m. The present work enlarges and completes the datgrizontal planes.

analysis presented if9,10]. Preliminary results of this un- In reconstructing the best bundle configuration, the track-
folding procedurg 15] showed an improved agreement be-ing package flags track pairs as parallel, overlapping, or in-
tween experimental data and Monte Carlo predictions.  dependent and not parallel. This is achieved in two steps, in

Particular attention is paid to the small-separatidh ( each projective view:
=<1 m) region of the decoherence curve, in which processes Two tracks are defined as parallel if their slopes coincide
such as muon-induced hadron production can produce within 20 or if their angular separation is less than 3° (6° if
background to the high energy muon analysis. At the enerthe tracks contain clusters whose widths exceed 30 ©ifn-
gies involved in the present analysig (=1 TeV), more- erwise, the track pair is flagged as independent and not par-
over, muon-induced muon pair production in the rock over-allel if its distance separation is larger than 100 cm.
burden could yield an excess of events with small separation, Tracks at short relative distance are labeled as overlap-
as suggested ifil6]. This process is usually neglected in ping if their intercepts with the detector bottom level coin-
Monte Carlo models commonly adopted for high energycide within 3.2-(2¢ if their angular separation is1.5°).
muon transporf3,17-19. The routine chooses the most likely bundle as the set hav-
Section Il is devoted to the description of the detector andng the largest number of parallel tracks and the largest num-
of data analysis, with a focus on new event selection criteriaber of points per track. Subsequently, tracks flagged as not
In Sec. Il the features of the Monte Carlo simulation areparallel are considered in order to include fake muon tracks
presented together with the comparison between experimewriginated primarily by hadrons a#-rays in the surrounding
tal and simulated data in the MACRO detector, while Secrock or inside the detector. A two-track separation of the
IV is dedicated to the unfolding procedure. A comparativeorder of 5 cm is achieved on each projective view. However,
discussion of the features of different hadronic interactiornthis capability can be substantially worsened in case of very
models is summarized in Sec. V. In Sec VI, the problemlarge, but rare, catastrophic energy losses of muons in the
existing in the first bins of the decoherence distribution isdetector.

presented in detail, testing new hypotheses on its origin. Only tracks with a unique association in the two views

Conclusions follow in Sec. VILI. can be reconstructed in three dimensional space. At this
level, pattern recognition is used to require a complete
Il. DETECTOR DESCRIPTION AND DATA ANALYSIS matching between tracks belonging to different projective

views. This is automatically achieved when two tracks pass
The MACRO detectof6], located in hall B of the Gran through separate detector modules. When they are in the
Sasso Laboratory, is a large area detector equipped witkame module, matching of hit wires and strips on the same
streamer tube chambers, liquid scintillation counters andletector plane is accomplished by taking advantage of the
nuclear track detectors arranged in a modular structure of sigtereo angle of the strips with respect to the wires. In some
“supermodules.” Each of these is 12X12mX9m in size cases the track pattern correspondence between the two
and consists of a 4.8 m high lower level and a 4.2 m uppevwiews is also used. The possibility to analyze muon decoher-
“attico.” In this paper only data from the lower level of the ence in three dimensional space is important to have an un-
apparatus are included; therefore only the lower detector wilbiased decoherence distribution. However, the unambiguous
be described further. association of muon tracks from the two projective views
Tracking is performed by means of limited streamercannot be accomplished for high multiplicity events because,
tubes, which are distributed in ten horizontal planes sepain events characterized by a high muon density, the tracking
rated by~60 g cm 2 of CaCQ (limestone rockabsorber, algorithm is not able to resolve the real muon pattern without
and in six planes along each vertical wall. The streamer tubesmbiguities, especially when tracks are superimposed. In
have a square cross section 0of 3 cn?, and are 12 m long. Refs.[9,10] we presented the muon decoherence function in
From each plane two coordinates are provided, the (pee-  the wire view alone, which allowed the extension of the
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analysis to higher multiplicities. g 04r
We have analyzed about %40 events, corresponding 2 +
to a 7732 h live time for the lower part of the apparatus. g 0.3 |
These events were submitted to the following selection cri- E’ i
teria: 5 0.2 |
(1) Zenith angle smaller than 60°. This choice is dictated © r
by our limited knowledge of the Gran Sasso topographical g 01
map for high zenith angles. Moreover, we cannot disregard < I *+ "
the atmosphere’s curvature for larger zenith angles, whichat ¢ o | S
present our current simulation models do not include. % 3 T *TTT
(2) Fewer than 45 streamer tube hits out of track. This 8 .g.1 |
selection is designed to eliminate possible misleading track & I
reconstruction in events produced by noise in the streamer — 02
tube system and/or electromagnetic interactions in or near i
the apparatus. 0.3 E
(3) Track pairs must survive the parallelism cut. This re- T
jects hadrons from photonuclear interactions close to the de- 0.4 e
tector, as well as tracks reconstructed from electromagnetic 0 5 10 15 20
interactions which survived the previous cut. Separation (m)

The last cut is not completely efficient in rejecting muon . . .
tracks originating from local particle production because the FIG- 2. The change in the experimental decoherence function
angle between these tracks may fall within the limits im-induced by cut C_:4. The data indicate the f_ractlonal deviation be-
posed by the parallelism cut. These limits cannot be furthe}wee_n the experimental decoherence function before and after the
reduced since the average angular divergence due to muItiplatf[;)'[’l'c""t'On of the cut.
muon scattering in the rock overburden is about 1° at the ) ) )
MACRO depth. This is a crucial point, since these eventof a visual scan, suggest that the main track sample rejected
could contaminate the decoherence curve in the low separgY cut C4 is made of large cluster tracks. After the overall
tion region and are not present in the simulated data becaud®Pplication of these cuts, the number of surviving unambigu-
of the excessive CPU time required to follow individual sec-0Usly associated muon pair tracks is 355795. In Fig. 3 the
ondary particles. A similar effect could be produced byperc_en_tgge_of the reconstrugted events asafunc_:tlon of muon
single muon tracks with large clusters, which may be reconMultiplicity is shown(open circleg In the same figure, the
structed as a di-muon event by the tracking algorithm. percentage of the unambiguously associated muon pairs as a

In order to reduce these effects, a further selection wafnction of the multiplicity is also reportetblack circles.
applied. We computed, for each muon track in the wire view,
the ratioR between the number of streamer tube planes hity, 192
by the muon to the number of planes expected to be hitg F °
considering the track direction. Only tracks wike=0.75 i
were accepted. The application of this ¢hereafter cut C !
in the wire view alone is a good compromise between the °
rejection capability of the algorithm and the loss of events 10 F .
due to the unavoidable inefficiency of the streamer tube sys i ° .
tem. We found that in the wire projective view the probabil- I .
ity to reject a muon track due to contiguous, inefficient I .
planes is 2.0%. 1| o .

To show the effects produced by cut C4, we present in i
Fig. 2 the fractional differences between the experimental [
decoherence curve before and after its application. As ex: ] .
pected, the new cut affects only the first bins of the distribu- -1 o
tion. i

To test the ability of cut C4 to reject hadronic tracks, we [ o
usedFLUKA [17] to simulate 3028 h of live time in which I o
muons were accompanied by hadronic products of photo- 2 ¢
nuclear interactions in the 10 m of rock surrounding the de- 10 F ?
tector. We found that the parallelism cut alone provides a F
rejection efficiency of about 54.6% of the pair sample, while 2 4 6 8 e il
the addition of cut C4 enhances the rejection to 95.9%. The Hon TUTpTeTy
effect of hadron contamination, furthermore, is very small, FIG. 3. Percentage of reconstructed real evémsite point3
contributing less than 1% in the overall muon pair sampleand unambiguously associated muon péitack point$ as a func-
This estimate, together with the plot of Fig. 2 and the resultsion of event multiplicity.

Percent
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Due to detector effects, the number of associated g5

in an event of multiplicityN , is generally smaller than the
maximum number of independent paif,,;=N,(N,
—1)/2. This reduction becomes greater for high multiplici- I
ties, for obvious reasons of track shadowing. In any case, weg \

1 & ® DATA

... O HEMAS (MACRO fit)

) IN/dD (A.U.)
o

T
o®

still find that the weight of high multiplicity events remains 2f
dominant in the decoherence distribution. In order to reduce 10 E \
this effect and to reduce the possible dependence on primary i
composition, we have assigned a Weigmli’,'la/Ir to each entry 10 E s
of the separation distribution. This prescription, followed
also for simulated data, has been already applied in most of  4f bo,
the previous analyses performed by MACRO. Moreover, we 10 3 ’$¢
emphasize that the focus of this analysis is centered on the _5f $+
shape of the distribution; the absolute rate of pairs as a func- 10 | ﬁ#
tion of their separation is neglected. § %
6
10 [ -T-

The Monte Carlo chain of programs used in the simula- 10 0_ — 2'0 — 4'0 — 6'0
tion consists of an event generator, capable of following the )
development of the hadronic shower in the atmosphere and Separation (m)
the muon transport code in the rock overburden, and a de- G. 4. Experimental(black point3 and simulated(white

- . . . Fl
tector simulation package. We have used, as in all prewouaoimg decoherence function, normalized to the peak oftthéd D

relevant analyses of _muon _events in MACR®,10], t_he distribution. The second to last points of the two distributions co-
HEMAS code[3] as an interaction model and shower simula-j,qige.

tor. Nuclear projectiles are handled by interfacingmas

with the “semi-superposition” model of the NUCLIB li- curves are normalized to the peak of t&l/dD distribu-
brary[20]. The final relevant piece of simulation is the three-tjon, The remarkable consistency of the two curves demon-
dimensional description of muon transport in the rock. Astrates theiEmAs code capability to reproduce the observed
comparison of the performance of different transport codesgatg up to a maximum distance of 70 m. The bump in the
reported in Ref[21], showed that the original package con- experimental distribution around 40 m is due to the detector
tained in theHemas code was too simplified, leading, for acceptance and is visible also in the simulated data, thus
instance, to an underestimated muon survival probability agonfirming the accuracy of our detector simulation. We also
TeV energies. In order to verify possible systematics affectnotice that, despite the application of cut C4, there is a non-
ing the decoherence distribution, we repeated the Mont@egiigible discrepancy between the experimental and simu-
Carlo production, interfacing the more refineBoPmucode  |5ted data in the first two bins of the distribution of (34
[19] to HEMAS. We have verified that, at least to first approxi- +2)% and (16:1)%, respectively. Such a discrepancy is
mation, no changes in the shape of the decoherence functigyt predicted by any model, since at short distances, apart
are noticeable between the two different simulation samplesrom detector effects, the shape of decoherence distribution
For this reason, the sum of the two different Monte Carlojg gictated by the solid angle scalingN/dD?| .o~ const,
productions will be used in the following. _ while the relevant properties of the interactions under inves-
The map of Gran Sasso overburden as a function of diggation manifest themselves in the shape at large distances.
rection and the description of its chemical composition arerhe origin of this discrepancy will be discussed in detail in
reported in Ref[22]. The detector simulation is based on the yhe |ast section of this paper, where other sources of contami-

CERN packageseaNnT [18]. The folding of simulated events paion in the real data sample will be taken into account.
with the detector simulation is performed according to a vari-

ance reduction methd@3] to minimize statistical losses and
reducing possible systematic errors.

We generated 3%610° primary interactions in the total The agreement of the Monte Carlo calculation and data
energy range 3—£0TeV, assuming the “MACRO-fit” pri-  shown in Fig. 4 proves that the simulation is consistent with
mary mass composition modgd,10], in which five mass observation and that the detector structure is well repro-
groups(p, He, CNO, Mg and Feare considered. Simulated duced. A detector-independent analysis is required in order
data are produced with the same format as real data and af@ subtract the geometric effects peculiar to MACRO, and
processed using the same analysis tools. After the applicaticsilows a more direct comparison with other analyses and/or
of the same cuts as for real data, a sample of about 7.Badronic interaction models. This is accomplished by a cor-
X 10° muon pairs survived, corresponding to about 645 daysection method, built with the help of the Monte Carlo simu-
of MACRO live time. lation, to unfold the “true” decoherence function from the

In Fig. 4 the comparison between the experimental andneasured one in which geometrical containment and track
simulated decoherence curve inside the detector is showneconstruction efficiencies are considered.

[lI. MONTE CARLO SIMULATION

IV. UNFOLDING PROCEDURE
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FIG. 5. Comparison of the unfolding efficiencies as a function Separation (m)

of pair separation for different composition models. The curves are

normalized to the peak value. For comparison, we include the effi- FIG. 6. Unfolded experimental decoherence distribution com-

ciency evaluated with the method used in previous anal@bie  pared with the infinite-detector Monte Carlo expectation, computed

points. with the HEMAS interaction code and the MACRO-fit primary com-
position model. Black squares represent data above 4ftegral

In the previous decoherence stud[&s8], the unfolding  form unfolding.

procedure was based on the evaluation of the detection effi-

ciency for di-muon events generated by the Monte Carlgpeak value. In the same plot we present the unfolding effi-

with a given angle and separation. Although this method isiency calculated with the method used in R¢#%8]. Con-

composition independent and allowed us to determine theidering the effect of the normalization, we observe that this

detector acceptance with high statistical accuracy, it intromethod tends to overestimate the efficiencies in the low dis-

duces systematic effects that have so far been neglected. fance range, a consequence of the shadowing effect as ex-

particular, in a multi-muon event it may happen that in aplained in Sec. Il.

given projective view and in a particular geometrical con- The unfolded decoherence is given by

figuration one muon track is “shadowed” by another. To

avoid this effect, we adopt the following new unfolding dN NE*(D, 6, ¢)

method: the efficiency evaluation is perfqrmed _consid_er.in.g dD unf:(0‘¢) e(D—9¢)

the whole sample of events generated with their multiplici-

ties. For a given bin of @, 6,¢), whereD is the muon pair \hare N*¥(D,6,4) is the number of muon pairs detected
separation andd, ¢) is the arrival direction of the event, we | iy 4 separatiorD. In practice, we used 50 windows in

4.2

calculate the ratio (cost,¢) space(5 and 10 equal intervals for cosand ¢,
N"(D. 8 respectivelly_'. .
«(D.0,) = (D,6,9) @.1) The ability to evaluate the integral 4.2 for separate and
Y N°YY(D, 6, ) independent windows constitutes a powerful check of the

_ systematics related to the decoherence dependence on the
between the number of pairs surviving the selection blits  variables (co8,¢). Unfortunately this is not possible far
and the number of pairs inserted in the detector simulatolarger than 45 m, due to insufficient statistics. In that case the
N°Ut In principle, this choice o€ could be dependent on the observabledN'™,N° and N®* are integrated over (césp).
primary mass composition model, since for a fixed distanc&Ve verified that the systematic error introduced by that
D the efficiency(4.1) is dependent on the muon density andchoice is smaller than the present statistical error in that dis-
hence on its multiplicity, which in turn is correlated with the tance range.
average atomic mas®#\) of the primary. To check the sys- Finally, unfolded experimental data obtained with the
tematic uncertainty related to this possibility, we evaluatedMACRO-fit model are directly compared with the Monte
the decoherence distributions obtained by unfolding the ex€arlo simulation(Fig. 6). The two curves are in good agree-
perimental data assuming the “heavy” and “light” compo- ment although the disparity in the first bin of the distribution
sition models. Figure 5 shows the relative comparison of theemains unresolveésee Sec. \Jl The experimental values
shape of the unfolding efficiencies as a function of pair sepaef the dN/dD distributions, normalized to the peak value,
ration, integrated in (co&¢) after the normalization to the are reported in Table I.
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TABLE |. Tabulation of the unfolded decoherence distribution cosmic ray physics could yield unrealistic results. This re-
as measured by MACRO. The data points are normalized to thenains a central problem of cosmic ray physics. For this rea-
point of maximum. son in the last few years general interest has grown in
“physically inspired” simulations. These are based upon

dN theoretical and phenomenological models like QCD and the
D (cm) dD Error dual parton modell24], capable of properly constraining the
80 0.4254 0.1034 10~ 1 predictions where data do not exist, Without the introdgction
240 0.8855 0.1594 101 of a _Iarge number of free parameters. It is wo_rthwhlle to
400 1.0000 01738101 mention the attempt to merge tDEMJETmod_eI[ZS] into the
560 0.9591 0171910 shower simulation oHEMAS [26], _and the interface of the
720 0.8148 0155410 CORSIKA shovye_r co_de[27] Wlth different models, such as
880 0.6730 0.1419101 HDPM (the original interaction model OCORSIKA),.VENUS
1040 0.5595 0.135010" 1 [28], QGSJET[29], SIBYLL [30], and the afore mepnonemv-
1200 0.4341 0.121610" 1 MJET. A review of general result_s obtained usio@RSIKA
1360 0.3410 0111810 . with those models has been provided by the Karlsruhe group
1520 0.2939 0.114410-1 [31]. A common feature of all these m.odels is the more or
1680 0.2198 0.495010~2 less direct refere_nce to the Regge-Gribov theofRH for
1840 0.1828 0.4626102 the soft contrlbut!or(low P). It must_ be stressed th.at such
2000 0.1578 0.4476102 a phgn_omenologmal fra_me\_/vork, by |ts.nature, pr_owdes pnly
2160 0.1283 0.4134102 predictions for the Iongltudlna! properties of th_e interaction.
2320 0.1047 0.3906102 'I_'he transverse structure leading to the specE?lecdlstnbu_-
2480 0.9348% 10" 1 0.3881¢ 102 tion is not constrained by the th.eory, except for thg hlgher
4 _, P, phenomena, where perturbative QCD can be (#gd is
2640 0.743& 10 0.3599< 10 . . .
2800 0.584% 10~ 0.8211¢ 10-2 of small relevance in the primary energy region addressed by
2960 0.516& 10-1 0.3238¢ 10-2 the MACRO data Once again, the mod(_el bunde_rs h_av_e to
3120 0.4173 10-1 0'29%( 10-2 be gL_uded mostly by exp.erlmer_ltal de_lt.a, mtrodut_:mgrlon
' . ' , functional forms along with their additional required param-
3280 0.411x10 0.3125¢10 ) eters. Some of the quoted models introduce proper recipes
3440 0.258x10"* 0.2585<10 for the continuity between the soft and perturbative QCD
3600 0.2315:10 * 0.2444<10° regimes, and also specific nuclear phenomena like the Cronin
3760 0.2266¢10"* 0.2522<10°2 effect mentioned abovésee for instancg25)). In practice,
3920 0.200% 10 0.2501x 10" the only possibility to evaluate a systematic uncertainty as-
4080 0.128% 10 * 0.2023< 102 sociated with the simulation modglt least those concerning
4240 0.141%10* 0.2319<10 2 the transverse structure of the showessto compare the
4400 0.910% 102 0.1775<10 2 predictions from all these modelsemAs included. For this
4560 0.677610 2 0.1597x 102 purpose, since the Karlsruhe repft] did not address this
4720 0.308x 10?2 0.1035< 102 point, we have performed test runs with some of the models
4880 0.299% 102 0.1121x 102 interfaced tocORSIKA, to which PROPMU[19] has also been
4640 0.112% 101 0.3340x 102 interfaced by us for muon transport in the rock overburden.
4960 0.869% 102 0.4549< 10" 2 A full simulation with all the other codes was outside our
5280 0.710% 102 0.4098< 102 present capability, so we limited ourselves to comparisons at
5600 0.368% 102 0.1534< 10~ 2 a few fixed primary energies, and at fixed primary angles of
5920 0.4196¢ 102 0.2742%¢ 10~2 30° in zenith and 190° in azimuth. These correspond to an
6240 0.299K 10~2 0.2703< 102 average rock ove_rburden 6f3200 hg/cr. Irj Table Il we
6560 0.753% 103 0.9004x 103 show this co.mparlson_for a few representative average quan-
tities for 3 different primary proton energies. We have con-
sidered the average depth of the first interactiofP, ) for
V. UNCERTAINTIES OF THE HADRONIC pions coming from the first interaction, the average produc-
INTERACTION MODEL tion slant heightH,, of muons surviving undergrountthe

decay height of their parent mesdnshe average distance
of the muons from shower axiRR) and the average under-
ground decoherend@). Before discussing the results, it is
important to remark that as far single interactions are con-
cerned, all the models considered give adistribution fol-

The present work, as are others from MACRO, is exten
sively based on theiEMAS code. This was explicitly de-
signed to provide a fast tool for production of high energy
muons €,>500 GeV). However, as mentioned before, the
interaction model oHEMAS is based on parametrizations of
existing accelerator data and therefore is subject to the same
risks of all this class of simulation codes. In particular, im-
portant correlations might be lost, or wrong, or the necessary 'corsika does not allow direct access to the production height of
extrapolations required by the specific kinematic regions oparent mesons, which would be more interesting for our purposes.
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TABLE Il. Comparison of a few relevant quantities concerning 4 E « UNFOLDED DATA 1 E « UNFOLDED DATA
the lateral distribution of underground muons at the depth of _Pes  ~ © HEMAS (MACRO fit [ %8, © HEMAS (MACRO fit)
3200 hg/cr, from proton primaries at 20, 200 and 2000 TeV, 30° 10 og 10 | o,
. .. 039 3 ®,
zenith angle. The statistical errors are smaller than the last reporter -2 2 *%0s
digit. 10 F 3"-&:,.__& 10 ¢ Ty
3 :$:$ 3 E
: 10" F 107} f‘:?
p-Air, 20 TeV 4 A
N 10 10
Code <Xfirst> <PL> ot <H#> (R) (D} s 0.5<:ose<20.6 . , 570.6<;os9<20.7 . ,
(g/cmz) (GeV/c) (km) (m) (m) 10 -5 3750 hg/cm” <h <4150 hg/cm 10 -5[3750 hg/cm” <h <4150 hg/cm
0 2So i 40" 0 2S°e i 40
HEMAS 51.4 040 241 7.9 127 eparation (m) paration (m)
1E ¢ UNFOLDED DATA 1 E ¢ UNFOLDED DATA
CORSIKA/DPMJET 44.4 0.42 256 101 13.9 Be, O HEMAS (MACRO fi Pe, O HEMAS(MACRO fi
CORSIKA/QGSJET 457 0.39 24.3 7.3 10.0 10'17 o, 10 L ey
CORSIKAVENUS 48.3 0.35 245 74 83 2 *%e o .030
CORSIKA/SIBYLL 50.9 0.37 235 72 115 10 F "o_._:& 10 ’o,
-3 -3
p-Air, 200 TeV 10 ¢ :8:*.*-* 10 #?:%
o+ -4 -4f
Code Xiirs Py 7™ (Hy)  (Ry (D) 10 F97<cos6<08 10 Fo9<coss<10 ‘)i
(glem?®)  (GeVic) (km) (m) (m) -5[3750 hg/icm® < h < 4150 hg/cm® -5/ 3750 hgicm® < h < 4150 hg/
104 20 200 o
HEMAS 56.1 0.44 20.6 5.3 8.0 Separation (m) Separatlon (m)
CORSIKA/DPMJET 53.9 0.43 21.7 6.2 8.8 . .
corsrionsEr 28 041 714 53 7B (IS, Lokl S fcons e e
CORSIKA/VENUS 60.2 0.36 20.9 5.3 75 . . ) '
in arbitrary units.
CORSIKA/SIBYLL 55.2 0.41 20.2 5.2 7.3
p-Air, 2000 TeV ?Sr\]AAS exhibits a somewhat smaller height of meson produc-
ion.
Code Xiiisy (P) 7" (H,) (R (D) Similar features in the comparison of models are also ob-
(glen?)  (GeVic) (km) (m) (m) tained for nuclear projectiles. It is therefore conceivable that,
for the same primary spectrum and composition, not all the
HEMAS 63.0 0.50 163 41 6.0 models considered could reproduce the MACRO decoher-
CORSIKADPMIET 60.0 0.42 18.5 49 6.4 gnce curve. Thus the best fit for spectrum and composition as
CORSIKNQGSJET ~ 63.1 0.44 17742 56  derived from the analysis of muon multiplicity distribution in
CORSIKAVENUS 66.7 0.36 168 41 53 MACRO will also probably differ according to the model.
CORSIKA/SIBYLL 60.3 0.44 170 44 56 At least in part, the decoherence analysis can disentangle

different ranges of longitudinal components of the interac-
tion from the transverse ones, if this is performed in different
lowing, with good approximation, the typical power law sug- zenith angle and rock depth windows. In fact, larger zenith
gested by accelerator data. This«i4/(P, +Pg)¢, although  angles corresponfon averaggto larger muon production
with somewhat different parameters for different models.slant heights. This is a geometrical effect due to the greater
Older models, like those predicting a simple exponential disdistance from the primary interaction point to the detector for
tribution for P, , cannot reproduce the muon lateral distribu-large zenith angle and consequently to the greater spreading
tion observed in MACRO datf7]. of the muon bundle before reaching the apparatus. Larger
In the energy range of 100—1000 TeV, to which most ofrock depths select higher energy muons and consequently
MACRO data belong, the resulting differences in the averagdigher average energy of their parent mesons. The average
muon separation do not exceed 20%. These discrepanciesparation decreases with the rock depth since, qualitatively,
seem to reduce at higher energy, while they appear mucthe longitudinal momenturgP) increases linearly with en-
larger at few tens of Te\bPMJIETIs probably the only model ergy while(P, ) increases only logarithmically. The overall
predicting a higher average separation tRamas. A precise  result of increasing rock depth is the production of final
analysis of the reasons leading to the differences amongtates in a narrower forward cone, decreasing the muon pair
models is complicated. However, we note thawAs gives  average separation observed at the detector level.
in general higher values of average than the other mod- In Figs. 7 and 8 the unfolded decoherence function is
els. The only exception is indeamPMJET, which, as men- compared to theiEmAS prediction for different zenith and
tioned before, pays particular attention to the reproduction ofock depth intervals. In Table Ill, the average separatdi
nuclear effects affecting the transverse momentum, as me#s reported as a function of césand rock depth for fixed
sured in heavy ion experimenit83]. On the other hand, the rock depth and zenith, respectively. In the same table we
effect of this largeP, on the lateral distribution of muons is report the average values of slant height of first interaction
moderated inHEMAS by a deeper shower penetratigiie  (X), muon production slant heighH ,), energy(E,) and
inelastic cross section is based on REF4]); in general transverse momenturP, ) of the parent mesons, as ob-
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fidence in the capability oiIEMAS to reproduce the signifi-
cant features of shower development. This also allows us to
exclude the existence of significant systematic errors related
to this analysis.

VI. THE CONTRIBUTION OF THE
WE+HN—=Pu=+N+pt+pu-
PROCESS AT SMALL DISTANCES

The capability of the MACRO detector to resolve very
closely spaced tracks permits the extension of the decoher-
ence analysis to a distance region hardly studied in the past.
The mismatch between experimental and simulated data in
this region D<160 cm) has been emphasized earlier in our
discussion. In Sec. Il a solution was attempted, permitting us
to discard, with high efficiency, those tracks originating from
secondary particle production. However, Fig. 4 and Fig. 6
show that other sources of contamination in the first bin of
the decoherence function are responsible for the discrepancy.

The process of muon pair production by muons in the
rock, u=+N—u*+N+u*+pu~, is a natural candidate.

FIG. 8. Unfolded decoherence functions compared with MonteAs pointed out in[16], at the typical muon energy involved
Carlo simulations for different rock depth windows.

tained from theHEMAS Monte Carlo program in the same negligible with respect to'se™

windows.
The agreement between the results and the Monte Carlgiven in[16,35. In order to test the hypothesis, such a cross
calculation in separate variable intervals reinforces our consection has been included in the muon transport code

in underground analyse€(~1 TeV) and for very large
energy transfer, the cross section for this process is non-
pair production. An analytic
expression for the muon pair production cross section is

TABLE lIl. Average separation between muon pa{8) (in m) as a function of co$ (a) and rock depth(b). In each table the
experimental data are compared to the expectations fronsgkies Monte Carlo program. For the same simulations, other averages of
relevant quantities are reported.

@

3750<h< 4150 (hg/crA)

0.5<c0s6<0.6 0.6<c0s6<0.7 0. c0s6<0.8 0.8<c0s6<0.9 0.9%<co0s6<1.0
Expt. (D) (m) 13.2+2.3 11.4-2.2 10.3+2.2 8.5-1.9 7.5-1.9
(D) (m) 12.8+1.4 12.0-1.3 10.1-1.2 8.8-1.2 7.8-1.1
(X) (km) 65.9+0.2 57.0:0.2 51.2£0.3 42.5-0.4 37.0:0.5
MC (HH) (km) 41.6+0.3 34.3-0.3 28.1+0.3 23.8£0.3 20.4-0.3
(Ep) (Tev) 4.1+0.2 4.0:0.2 4.0:02 3.9:0.1 3.9+0.2
(P,) (GeVic) 0.56x0.01 0.59-0.01 0.570.01 0.570.02 0.570.01
(b)
0.8<c0s6<0.9
3350<h< 3750 3756<h< 4150 4156<h< 4550 4556h< 4950
(hg/cn?) (hg/ent) (hg/ent) (hg/ent)
Expt. (D) (m) 9.4+2.1 8.5-1.9 7.3-1.6 6.2+1.6
(D) (m) 9.7+3.4 8.8:1.2 7711 7.1+1.1
(X) (km) 42.7+0.4 42.5+ .4 45.9+0.3 43.76:-0.3
MC (HH) (km) 23.7+0.3 23.8£0.3 24.650.3 25.1+0.5
(Ep) (Tev) 3.6x0.1 3.9-0.1 4.4-0.1 4.8+0.02
(P,) (GeVic) 0.56+0.02 0.570.02 0.58-0.02 0.58-0.02
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TABLE IV. Number of weighted muon pairs in the first few bins of the experimental and simulated
decoherence distributions. The discrepancy is the percentage difference between experimental and Monte
Carlo values, normalized to the distribution maximdast column.

0-80 cm 80-160 cm 160-240 cm 240-320 cm 320-400 cm

(max)

Expt. data 5528 12491 17569 20514 20816
MC data 5154 21417 33573 40367 42679
Discrepancy after (552)% (16+2)% (6x1)% (4=1)%

normalization
Expt. data+ C4 3612 11128 16535 19597 19977
MC data+ C4 4848 20346 31932 38425 40660
Discrepancy after (342)% (10:2)% (6x2)% (4+2)%

normalization
Expt. data+ C4 + 2193 9264 15462 19190 19842

M pair subtraction
MC data+ C4 4848 20346 31932 38425 40660
Discrepancy after (B7)% (7=3)% (0=2)% (2=2)%

normalization

PROPMU Assuming a muon flux with energy spectrdn®’  ~80 TeV. These muons would survive underground with a

and minimum muon energ§;"=1.2 TeV at the surface, residual energy much higher than that of standard muons,
and considering the actual mountain profile, we generated groducing local catastrophic interaction in the detector, mak-
sample of 10 muons corresponding to 3666 h of live time. ing difficult their identification as a pair. On the contrary, the
About ~3.0x10° muons survived to the MACRO level, explanation proposed here is based on a pure QED process
5360 of which were generated by muon pair production prothat does not require any additional physics.

cesses. The average separation of these muon pairs is (128
+1) cm, and their average residual energies are (657_

+14) GeV and (145 3) GeV, respectively, for the main ?:' i ®

muon and the_ secondary muon samples. We propagated tk; I Suwl. e DATA-HEMAS
muons surviving to the MACRO level through tleEANT 2 I s |

simulation and we applied the same cuts specified in Sec. 11T =, % w0 — '’ MC production

Finally, the number of events was normalized to the live timeS 1 as
of real data. .
In Table IV we report the number of weighted muon pairs
in the first bins of the experimental and simulated decoher-
ence distributiongin the formdN/dD). The effect of stan-
dard cuts, of cut C4, and of the subtraction of the muon pair 44" |
production process are shown in order. In each case, we in -
dicated in percentage the bin populations with respect to the
peak of the distribution and the discrepancy with respect to .
the Monte Carlo predictions. - o UNCORRECTED DATA -

In Fig. 9 we compare the simulated decoherence curve -2 #...+
with the data corrected for the muon pair production effect. 10 3 ¢ CORRECTED DATA -,
Despite the approximation introduced in our test, it seems L 0 HEMAS (MACRO fit)

that the proposed muon pair production process can accour [
for most of the observed discrepancy in the low distance N R
range. This is also shown in the inset of Fig. 9 where the o 5 10
distribution of relative distance for the muon pairs in excess
of the data(after subtr_acuon OHEMAS prediction is _com- FIG. 9. The low distance region of the experimental decoher-
pared to the expectation from simulated muon pair produCence function, before and after the subtraction of the secondary
tion. muon sample, and comparison with the Monte Carlo simulation.
An excess at small pair separation is also predicted ihe inset shows the distribution of relative distance for muon pairs
exotic processes, like multi-W production by AGNs, as  in excess of the data after the subtraction of tiEeias prediction,
suggested in36]. However, according to this reference, as compared to the expectation from simulated muon pair produc-
muons from W- u+ v decay have an average energy oftion in the rock.

15 20
Separation (m)
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VIl. DISCUSSION AND CONCLUSIONS possible excess at high muon separations suggested in the

. . . revious, preliminary, analys¢g,8] was due to an imperfect
We have obtained an improved experimental undergrounfio|ding ‘procedure, and is now excluded. These results

decoherence function using high energy muor, (  poth in the integrated distribution and in those from separate
>1.3 TeV) up to a maximum distance of about 70 m. It iSjntervals of zenith and rock depth, shows thamas gives a
hard to conceive in the near future a large area undergroungasonable account of the cascade development and that it is
experiment capable of improving the sensitivity reached imot necessary to introduce any anomal®ysproduction in
this decoherence study. the Monte Carlo to reproduce these data. However, the other
A new unfolding of the experimental distribution con- interaction models considered for comparison, while repro-
firms the results obtained with the analysis within the detecducing similar behavior, in general give different combina-
tor. tions of transverse momentum and production height. Dis-
The ability to resolve closely spaced muon tracks allowscrimination among the different models may be possible
an investigation of the decoherence function at small separanly after a complete simulation and analysis of MACRO
tions. Apart from the negligible contamination of hadro- data with each of the codes. Therefore the present work,
production by muongwhich will be the subject of a future representing a final data reduction and analysis, provides a
work), we found that a relevant contribution is made by thevaluable benchmark for future analysis dedicated to the in-
processu™+N—u=+N+u"+ u~. The inclusion of this vestigation of the properties of high energy interactions and
interaction in the simulation reproduces, in both a qualitativeto the evaluation of different shower models in the primary
and a quantitative way, the experimental data. energy region spanning from a few tens to a few thousands
The agreement of the overall distribution shape for ex-TeV/nucleon. The detector independent analysis described
perimental and simulated data frasgmAS is excellent. The  here will make this task easier.
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