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Is the Pyramid of the Sun at Teotihuacan a mausoleum, or just a ceremonial monument? A similar question inspired Luis Alvarez over
30 years ago to carry out his famous muon detection experiment at the Chephren Pyramid, in Giza. A fortunate similarity between this
monument and the Pyramid of the Sun is a tunnel, runfingbelow the base and ending close to the symmetry axis, which allows us to
emulate Alvarez in a search for possible hidden chambers in one of the largest pyramids in Latin America. Here we elaborate on what is
known about this monument, on a description of the proposed detector design, and its expected performance based on simulations.
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¢Es la piamide del Sol de Teotihuacan un mausoleo, o es solamente un monumento ceremonial? Una pregunta sirailarLinispir
Alvarez hace ras de 30 fos a llevar a cabo su famoso experimento de ddirode muones en la gimide de Kefen, en Giza. Una
similitud afortunada entréste monumento y la @mide del Sol es la existencia de dmel que corre 8 m por debajo de la base y termina
cerca del eje de simé#, que nos permitiremular a Alvarez en lalisqueda de posiblesumaras ocultas en la que es una de laanpides
mas grandes de Latinodrica. Enéste trabajo se discute lo que se sabégla piamide, se hace una descripeidel diséo propuesto para
nuestro detector y se muestran resultados de su deferapéase a simulaciones.

Descriptores: Rayos ©smicos; detecon de muones; arqueomiety Teotihuacan.

PACS: 29.90.+r, 96.46.Tv

1. Introduction We concentrate in the relevant experimental parameters:
sensitivity, resolution and efficiency, on the basis of what is
Once again high-energy physics makes an attempt to solMénown about the local muon spectrum, the pyramid’s external
the mystery of ancient pyramids by applying the Alvarez [1]geometry and internal structure, keeping in mind the Egyp-
muon detection technique to the Mexican Pyramid of the Sumiian experiment. The first part deals with aspects which are
at Teotihuacan. In spite of its fame, little is known aboutdifficult to take into account in a simulation, such as the un-
this, one of the largest pyramids in America, or even aboutertainties introduced by an irregular geometrical shape and
the people who built it 20 centuries ago. Early excavationghe somewhat heterogeneous nature of its matter composi-
showed no identifiable internal structures of the kind recentltion. Then we focus on the physics processes related to
uncovered in the nearby Pyramid of the Moon, which are alsghe passage of muons through matter, and on important as-

a relatively common feature in other prehispanic monumentgects of the detector design, all of it through simulation using
in Mesoamerica. Then, what was the purpose of buildingGeant4 [4]

such a large structure? was it just a ceremonial monument?

or could it be a mausoleum housing the remains of an impor2  Method

tant person? A revealing discovery made in the early 1970's

(shortly after Alvarez experiment) was the existence of atunAs a first guess, the experimental setup we consider (see
nel running 8 meters under the Pyramid of the Sun, endindrig. 1) is similar to the one used by Alvarez al. [1], as
beneath its symmetry axis. Besides the archeological impliit satisfies the basic requirements of being simple, and low
cations of such a remarkable find, it represents the uniqueost. Our design consists on a three-plane multiwire-chamber
advantage of providing a site to install an atmospheric-muotracker and two scintillator counters for triggering purposes.
detector to search for possible (1m?) cavities in the body To determine the important parameters of this design, one
of the pyramid. From now on we shall refer to this tunnel (in has to take into account the differences between the present
particular to its end point) as the “observation tunnel”. Oursituation and Egypt's experiment, for example a smaller and
purpose here is to describe the current status of such a projetgéss dense pyramid as well as the different muon energy do-
Although the basic ideas behind this experiment are not famain. These conditions affect the muon flux behavior and,
from those of Luis Alvarez and his team [1, 2], there are im-consequently, the sensitivity. Thus estimations of sensitivity
portant differences between the monuments at Teotihuacaand expected resolution are very helpful for understanding
and Giza, concerning the monument shape, size, and buildhe technique and optimizing it.

ing materials. Thus new estimates and simulation work have The Alvarezet al. [1] method consists of two important
been undertaken to determine the detector design changes eespects: simulation and experiment. The first part requires
quired to carry out this experiment in Teotihuacan. the best possible knowledge of the pyramid’s external dimen-
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———— e — through the underground muon coukit The “sensitivity”

¢ of this method may be defined as the ratio,
AN

20 cm 6 = (2N)1/2 (2)

Scintillators

I whereAN = N; — Ny, using N1, N, to denote the muon

count in the cases where there is and there is not a cavity, re-

spectively. TheV value to be used in the denominator may

v approximated by the average number of coyds+ N5)/2

so that(2V)'/2 represents the uncertainty &fN. For the

—— muon flux F' we use the distribution proposed by Bedewi [2]
100 cm at sea level:

20 cm

A
v

FIGURE 1. Experimental setup. F(E,B) =kE"cos™(0) 3

sions, its detailed geometrical shape, and a guess of its iwwhere E is the muon energy in Ge\ is the polar angle
ternal materials (elemental composition and density distribureferred to the vertical directiom, andm are slowly vary-
tion), all of this assuming that the pyramid is solid (cavity- ing functions the muon energy [2]. The proportionality con-
free). Then, the simulated muon distribution reproducedstantx in Eq. (3) is mostly a function of the location altitude
by a hypothetical detector, having the same structure as trend affects the observation tin%& which is not important
real one, is subtracted from the experimental observations tr our considerations here. For comparison with the Egyp-
search for possible differences. Significant deviations in dian case, where Eq. (3) has been experimentally tested [2],
given direction indicate an appreciable matter density differwe keep this somewhat restricted muon flux parameteriza-
ence in the corresponding subtended volume. tion, even when more extended [3] ones are available. Thus,

Compared to the Egyptian pyramids, the Mexican one isas a first approximation, in the regidii > 10 GeV, we as-
more difficult to simulate as it lacks a simple geometricalsume that Eq. (3) also reproduces the shape of the muon flux
shape. Moreover, from what is known, its fill is not as ho-in Mexico City. Since less energetic muons are stopped by
mogeneous as the one in Giza. Still, with the hypothesis thahe pyramid mass, the low energy part of the muon spectrum,
the ancient Teotihuacan architects didn't intend to play a trickwhich is the most sensitive to the geomagnetic position and
on future generations, we assume that the mean compositi@ititude, is also irrelevant. In fact, inside the detection tunnel
and density distribution are similar to those found in earlythe important muon energy regionli® — 35 GeV, where the
excavations by Noguera, and Gamio, who excavat@tha n-value rages from-1.5to —1.7 [2]. The equivalent interval
high, 1m wide tunnel running in a near straight line acrossfor the Egyptian experiment was= —2.0 to —2.1. To com-
the > 200m pyramid base, and m above the observation pare the sensitivity of the method for the two experiments we
tunnel. The Noguera-Gamio tunnel is also very valuable, akave made the following calculation gffor n = —1.5 to
it represents a well located cavity to be used for calibratiorsimulate the Mexico (using the sub indey situation, and
purposes. Another important problem is that the densitf n = —2.0 to simulate the Egyptian (using the subindgx
mass inside the Mexican monument is more heterogeneowituation. Thus, we obtain:
than in the Egyptian case, and its mean value is apprecia- ) 1/2
bly smaller than the density of rock. Hence, if the hidden Em n Bm (Lepe) (Ne > (4)
chamber has rocky walls, this could compensate the effect of §e Ke (Lmpm)3/? \ N, '
a.gas—filled .cavity om\ M, the difference of_ matter with O WhereL; andp; (i = m, ¢) are the mean muon penetration
without cavity along.the muon path on which the method iSand pyramid density in each case, aNgis integral num-
based [1]. To quantify this, let us define the detected cavity,er of particles passing through the pyramid layer. Since the
sizeL, as, Egyptian pyramid is twice as tall as the Mexican one, our

Pw — Pp experiment is expected to be one order of magnitude more
La =Ly = LWT @ sensitive for the same cavity siZé.

For our casenf = —1.5), the numerical integration of
Eq. (3), and using Eqg. (2), we find that the statistics neces-
sary to obtain a given sensitivity may be estimated using:

whereL, represents the real cavity sizk,, is the total wall
thicknessp,, andp,, are the wall and pyramid mean densi-
ties. Then, total wall-cavity compensation for a rocky wall

(pw = 2.65 glent) results wherl.,./ L, =(pw—pp)/ pp=0.4. L

2
N ~0.9 (5X> (5)

In the worst casei.e., when the maximum muon path-
The amount of matted traversed by a muon along its tra- lengthisL =~ 80 m, the statistics necessary to detedf a= 1
jectory of lengthL inside the pyramid, may be estimated m cave with a sensitivity = 3 would be~ 5 x 10* counts.

2.1. Sensitivity
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The above estimations ignore multiple scattering, a pro-
cess which will be discussed in a later section. Also, our argu-
ments are based on a constant energy loss hypothesis, whic
is only valid for minimum ionizing particles. Higher energy
muons & > 100 GeV) loose energy through more complex
mechanisms due to radiative processes, but their correspond
ing flux is sufficiently small to make their contribution in-
significant.

2.2. Resolution

Another important aspect of the experiment is space reso-
lution, which depends on the detector ability to reconstruct
particle tracks. The resolution is quantified as the uncertainty
associated to the reconstructed “entry point” of muons on the
external boundary of the pyramid. Multiple scattering and de-
tector reconstruction limitations transform this point into a fi-
nite size radiali(e., perpendicular td.) distribution known as
the “point spread function”. Roughly speaking, this function
resembles a gaussian having a standard deviatiowhich
can be taken as an estimate of the resolution.

FIGURE 2. Pyramid internal (top) and external (bottom) model
structure.

taining a= 750, 000-point description of the pyramid sur-
face. However, such amount of information is difficult to ex-
As shown in the previous section, low energy muons argyoit in a GEANT simulation, so the results presented in the
most sensitive for pyramid cavity detection. However, slowemext section were obtained using a simplified geometrical de-
particles are also the most affected by multiple scattering. Sascription (see Fig. 2). ThAM determination is also affected
an improved resolution suggests the need to eliminate low enyy geometrical definition uncertainties. In particular, the lo-
ergy particle contributions. Thus, apparently Luis Alvarez fa-cation of detection tunnel is only known to withird m, and
vored resolution over SenSitiVity by intrOdUCinggm thick the external topo|ogy of the pyram|d is known within an ac-
iron absorberf{ﬁtons), and an extra triggering SCintillator, curacy of~ 0.5 m. Since the typ|ca| path |ength is4 50
at the bottom of his setup. One advantage of the Egypt exm, thenAL/L ~ 1%.
perimenF was the rt_aasonable_ass_umption that the internal part The simulation also requires a knowledge of the density
of the Giza Pyramids are bl,“lt with the same homogeneouand chemical composition of the materials contained in the
rock blocks found outside, in the Belzoni Chamber (Wher€,y - miq At this time, these can only be guessed from arche-
Alvarez placed his detector), and in the tunnel leading to 'tological documents, since the Noguera-Gamio tunnel was
The regular external shape of those monuments also Simpl%alled up 30 years ago to prevent collapse. While an elemen-
fied Alvarez simulation work. In Teotihuacan the situation istal analysis based on soil samples taken inside those tunnels

EOt as slim_plel. -Lhe external palitl of the Pyran;idhgf;he SUfs underway, the following results are based on a standard [5]
as arelatively thin{ 0.5 m) rock layer, most of which was soil content. Our estimated mean material density originates

placed there acen'tur)./ ago for weather protection, and an exy 5 description given by Millon [6] fromi5 photographs
ternal topology which is more complicated than the Egyptian,en jn some regions along the Noguera-Gamio tunnel sys-

case. Futher_mor(_e, the_Noguera-Gamio tunnel revealed Fh?ém before being walled up. From those photographs, each
the pyramid’s interior is likely to be an heterogeneous adm'x'showing% 3m? tunnel sections, Millon published drawings

ture ,Of loam ar)d sand, with scattered twff fragments. In th,'S(Nith a code describing the space distribution of the most im-
section we estimate how those features affect the reso'““%‘ortant filing materials such as sand, loam of various col-

of the experiment. ors, adobe, volcanic tuff, scattered stones, etc. Thus, from a

Although the external geometrical shape of the pyramidscan of those pictures, and standard geological information
and the position of the detection tunnel, define the muorwe arrive at the model density distribution per tunnel section
path lengthZ on every direction subtended by the detec-shown in Fig. 3. Here the mean value of density is plotted
tor, both aspects are known with some uncertainty. So fams a function of the longitudinal coordinate running along the
the pyramid’s external topology has been extracted from &Noguera-Gamio tunnel. From Fig. 3 we conclude that the
level diagram obtaineBl years ago using aero-photographic density distribution is expected to be fairly uniform, having
techniques. This provides information every — 30 cm  an overall mean value of ~ 1.9g/cm? and with standard
in the horizontal plain, and every00 cm in the vertical deviations, = 0.14g/cm? (dashed lines). The higher den-
axis. The topological diagram has been digitized ob-sity in the first few meters correspond to a platform attached
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3 L — T 3 3 muon energy distribution at sea level is known [7] and we as-
28 & Calculated see text dz8 sume that the shape of the muon spectrum beyend 18
- ] GeV (i.e, above the energy region where geomagnetic effects
261 526 are important) is reproduced by Eq. (3). Uncertainties in the
— 24, 24 altitude and geomagnetic location of Teotihuacan may result
E C . ] in © and L dependence in the subtraction from experimental
& 220* —22 data, but this should be easily identifiable during data analy-
2 :_ T . _f 2 sis, thus we expect this to have little contributions g
10 NGOG =5 1010 L e e
16 Jd18 as electronics discrimination of small signals, and multiple-
- ] hit events (several particles crossing the system simultane-
141 14 ously). The ratio between the number of reconstructed tracks
12F Jd12 and the actual number of muons crossing the detector de-
- 3 fines de detection efficiency. Our simulation indicates that
T 38 90% of the tracks can be unambiguously reconstructed using

Tunnei Length { m ) three X — Y MWPC layers, to be compared with the two-
layer spark-chamber aray used by Alvarez [1] yielding only
a60% efficiency. Thus, the setup proposed here, schemati-
cally represented in Fig. 1, while allowing a full rejection for
to the pyramid in a late period, although still in pre His- Multi-hit events, reduces collection time B§%, relative to

panic times. Removing the corresponding 4 points reduced two-layer MWPC system.

o, t0 0.08g/cm? (shaded region on Fig. 3). Based on this

model we find that, even the uncorrected standard deviatiod.3. Results of Monte Carlo Simulation

does not represent a major problem if it were distributed ran-

domly inside pyramid, because over a lofig the uncer- The sensitivity and error in this method depend on includ-
tainty in the mean value of the density dependsigrni.e., ing every process in the simulation. For this purpose we use
ol =0,/(L/S)"/?, whereS represents the sampling length. the powerful simulation package Geant4 [4] which allows us
In our caseS = 2m, andL is typically 50m, so we expect to closely reproduce the relevant physical processes, in order
that the contribution ta\M due too, would not be signifi-  t0 optimize the detector, and also represents a data analysis
cant, i.e_,glg/p = AM/M < 1%. Combining geometrical tool. All information of the muon flux was also included at
(AL/L) and the densityo(pL/p) uncertainties, we estimate the stage of data_analysis, whigh was done by the use of the
an overall uncertainty due to these two effects. The minimaROOT mathematical and graphical library [4]. Both in simu-
cavity size which we should be able to detect depends on lation and analysis we used HEP random generators [9]. The

FIGURE 3. Longitudinal density distribution model from the data
of Millon [6] of the Gamio-Noguera tunnel system.

according to the following empirical formula: simulations were carried out on tf2-CPU cluster of the
Physics Institute (IFUNAM) and the analysis of the corre-
X, & (AL2 n (O_L/p)QSL) 1/2 sponding simulated data on a Linux desktop computer.
P For the resolution calculations the spatial geometry was
~ (0.25 + 0.0035L)1/2. (6) build in such a way as to allow an easy change in the material

thickness. The results of coordinate resolution simulations

Based on the previous arguments, the simulations preare presented on Figs. 4-6. On Fig. 4 we present the sim-
sented below assume a mean density homogeneously diglated point spread function. Note that in the peak region
tributed inside the pyramid volume. This approximation,a gaussian distribution reproduces well the width. However,
which is not so important for detector design, has the probthe simulated distribution has longer tails which tend to in-
lem that cavities having rocky walls may not be differentiatedcrease the RMS value slightly. Still, the real resolution is
since the detection method is sensitive¥d/. On the other closer to the width of the fitted gaussian than the RMS.
hand, if the cavity walls were too massive, or if there is a  The expected dependencesgf on the MWPC wire spac-
large monolithic rock (like a sculpture) inside the pyramid, ing is shown in Fig. 5 for two pyramid thickness, represent-
thenA M would be positive, hence distinguishable as a neging the minimum and maximum expectédvalues. As can
ative peak when subtracting the simulated muon yield fronbe seengy is an increasing function of, and of the wire
the experimental observation. The lack of a longitudinal cospacing. The dependence of the meanon L for various
ordinate dependency of the density shown in Fig. 3 supportpossible detector configurations is shown in the top graph of
the hypothesis of an isotropic filling. Fig. 6. The empty circles correspond to a realistiom wire

Although the muon energy spectrum at Teotihuacan hastep, MWPC which represents our current choice, resulting
not been measured, it is important to keep in mind that muonfom a compromise between cost and resolution. For com-
having less thai8 GeV do not penetrate the pyramid. The parison, full circles illustrate what would be expected from
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sitivity estimates given in Sec. 2.1 do not include the effect of
multiple scattering. This becomes important when cavity size
is comparable to the resolution. For example, the Noguera-
Gamio tunnel has arati& /L ~ 3 x 10~2, so that in order to
observe it with & = 3, Eq. (5) requiresV = 10* counts. At
this tunnel's location£ 10 m) the expected resolution (top
plot in Fig. 6) of20 cm, is a factor ob less than the size of
the tunnel, so the sensitivity is estimated using Eq. (5). The
simulation shown in Fig. 7 agrees with this sensitivity es-
timate. In this figure, the muon yields from situations with
and without this tunnel, with similaN ~ 10* muon statis-
tics per @-degree) angular bin, are subtracted and the result
is plotted (solid histogram) as a function of the polar angle,
while fixing the azimuthal angle on a plane perpendicular to
the tunnel. The structure at 19 degrees illustrates the ex-
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FIGURE 5. Resolution vs. wire spacing for the two extreme pyra- dial shift (middle), and angle straggling (bottom).

mid depths.

an ideal (infinitely small wiring spacing) MWPC. The full tri-

angles represent a configuration combining an ideal MWPC 1000
with a2 GeV absorber (like that of Alvarez) at the bottom, on
what would represent a better configuration. Comparing the
two ideal MWPC detector we find that the ideal Alvarez con-
figuration only represents an 8% improvement in resolu-
tion, while comparing the ideal and the realistic MWPC (the «
full and empty circles), represents<a12% resolution-loss.

Also presented in Fig. 6 are the expected mean and RMS val-
ues for the radial shift (middle plot) and the angle-straggling
(bottom plot), both resulting from multiple scattering. From
this figure we see that the main resolution-loss factor is a ra- |
dial shift, since angle straggling is small and rapidly becomes & a0 =0
independent of. Finally, from Fig. 6 we estimate that the

dependencer on Lisor(L) ~ 0.02L

The existence of the Noguera-Gamio tunnel provides aunnel on polar coordinate with (dashed), and without (solid), low
natural calibration ground for the detection system. The senenergy absorber.
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FIGURE 7. Simulated detector sensitivity to the Gamio-Noguera
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pected3o deviation from the statistical errors. The mean an-pected to provide a coordinate reconstruction resolution of
gularinclination {9 degrees) reflects the fact that the detectorog (L) ~ 0.02L, and a minimum cavity size ok,,;, =~
location is not centered on the symmetry axis of the pyramid(0.25 + 0.0035L)'/? We showed that a cavity having the
This N ~ 10* statistics per angular bin, implies2amonth  cross sectional dimensions of the Noguera-Gamio tunnel can
observation time. The dashed histogram in this figure repbe easily located. The simulation has been used to illustrate
resents a detector configuration having &eV low energy  the meaning of the famous last Alvarez words [1] concerning
absorber. This result could explain the final comment in thehe muon absorber.

Alvarezet al.[1] paper, stating that the use of an absorber is,
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