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M easurem ent o f th e  Shadow ing o f H igh-E nergy C osm ic  
R ays by th e  M oon: A Search for TeV -E nergy  

A ntiprotons

The L3 Collaboration

A bstract

T he shadow ing of h igh-energy  cosm ic rays by th e  M oon has been  observed  w ith  a 
significance of 9.4 s ta n d a rd  dev ia tions w ith  th e  L 3 + C  m uon  sp ec tro m ete r a t  C E R N . 
A significant effect of th e  E a r th  m agnetic  field is observed. Since no event deficit on 
th e  east side of th e  M oon has been  observed, an  u p p e r lim it a t 90 % confidence level 
on  th e  a n tip ro to n  to  p ro to n  ra tio  of 0 .1 1  is o b ta in e d  for p rim ary  energies a ro u n d
1 TeV.

S u b m itte d  to  Astropart ic le  Physics
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1 In troduction

P h ysics m otivation  T he effect of th e  M oon, o r th e  Sun, on  cosm ic rays was first n o ted  by 
C lark  in  1957 [1]. As these  bod ies pass overhead  th ey  block th e  p artic les, so th e ir  shadow s in 
th e  cosm ic ray  flux m ust be visible by de tec to rs  on E a r th .
However th e  first observa tion  of such a  shadow ing h a d  to  w ait for th e  resu lts  of th e  CY G N U S 
co llab o ra tio n  in  1991 [2]. T here  are tw o reasons for th is  long delay. F irs t, th e  pa rtic les  m ust be 
insensitive o r w eakly sensitive to  th e  E a r th  m agnetic  field. O bvious can d id a tes  are  7 -rays or 
energetic  cosm ic ray  partic les. T he  form er are  very  ra re  an d  th e  observation  of th e  la t te r  above 
th e  nearly -iso trop ic  large backg round  of low -energy cosm ic rays, was only possib le w ith  th e  
adven t of large E x tended-A ir-S how er (EAS) de tec to rs , able to  collect h igh  s ta tis tic s . Second, a 
crucial p a ra m e te r  is th e  an g u la r reso lu tion  of th e  detec to rs . T he  signal over backg round  ra tio  
is inversely p ro p o rtio n a l to  th e  square  of th is  an g u la r reso lu tion  an d  events are sp read  o u t from  
th e  expected  p o sitio n  due to  th e  fin ite an g u la r reso lu tion . T he  perfo rm ance  of th e  d e tec to r has 
to  cope w ith  th e  an g u la r rad iu s  of th e  M oon (or th e  Sun), each hav ing  app rox im ate ly  a  0.27° 
rad iu s, an d  only a t th e  beg inn ing  of th e  90 ’s, th e  an g u la r reso lu tions of cosm ic ray  de tec to rs  
reached  th e  one-degree level.
Since th en , several o th e r  experim en ts, b o th  EA S arrays an d  large u n d e rg ro u n d  de tec to rs  have 
been  able to  see th e  M oon-shadow  effect [3-7]. T he  observation  is used  for a  check of th e  
an g u la r reso lu tion  of th e  a p p a ra tu s  and , by com paring  th e  observed p o sitio n  of th e  deficit to  
th e  expected  M oon position , to  eva lua te  sy stem atic  po in tin g  errors. T he  u n d e rs ta n d in g  of th e  
a lignm en t an d  of th e  an g u la r reso lu tion  is a  key issue for any po in t-sou rce  search.

In  1990, a  m ore challenging use of th e  M oon shadow  effect has been  p roposed  [8 ]. T he  use 
of th e  M oon collim ation , to g e th e r  w ith  th e  E a r th  m agnetic  field, allows a  charge de te rm in a tio n . 
N egatively  charged  p rim aries are  deflected tow ards th e  west a n d  positively  charged  p rim aries 
tow ards th e  east. If an tip ro to n s  are  p resen t in  th e  cosm ic ray  flux, th ey  will genera te  a  shadow  
on  th e  opposite  side of th e  M oon re la tive  to  th e  shadow  from  cosmic rays induced  from  m a tte r . 
T h is a rtic le  discusses a  search for cosm ic ray  a n tip ro to n s  using  th e  L 3 + C  m uon sp ec tro m ete r 
of th e  L3 d e tec to r a t  th e  C E R N  L E P  accelera to r. P ub lished  d irect m easu rem en ts of th e  p /p  
ra tio  exist only below  40 G eV  an d  th is  m e th o d  is sensitive a t  TeV  energies. O nly  n o n -s ta n d a rd  
sources w ould be  th e  orig in  of such h igh-energy  an tip ro to n s . No such s tu d y  has yet been  
pub lished  using  th e  E a rth -M o o n  system  as a  spectrom eter: EA S arrays (w ith  th e  excep tion  
of th e  T ib e t a rray ) an d  u n d erg ro u n d  d e tec to rs  have a  to o -h igh  d e tec tio n  th resho ld , so th a t  
th e  effect of th e  E a r th  m agnetic  field is ju s t  a  sm all p e rtu rb a tio n . T h is is no longer th e  case 
in  th e  L 3 + C  experim en t. D ue to  only 30 m  of overburden , m u ltip le  sc a tte r in g  rem ains sm all 
even for low energies an d  th e  accum ula tion  ra te  is m uch larger th a n  in  o th e r  u n d erg ro u n d  
de tec to rs . M oreover, th e  m easu rem en t of th e  m uon  m o m en tu m  allows for an  off-line tu n in g  
of th e  th resh o ld , lead ing  to  a  possib le o p tim isa tio n  of th e  shadow  effect. T he  p resen t s tu d y  
exp lo its  these  possib ilities a n d  looks a t th e  cond itions to  set a  lim it to  th e  p con ten t in  th e  TeV 
region.

T his section  describes th e  s ta tu s  of cosm ic ray  a n tip ro to n  d a ta  an d  sum m arizes o th e r  exper
im en ta l observations of th e  M oon shadow  by cosm ic rays. T he  ex perim en ta l se tu p  is p resen ted  
in  Section  2. Section 3 con ta ins a  review  of th e  m ain  p a ra m ete rs  involved in  a  M oon-shadow  
experim en t an d  describes th e  role of th e  different M onte C arlo  sim ulations. In  p a rticu la r, th e  
sim u la tion  of th e  ex perim en ta l an gu la r-reso lu tion  is checked w ith  th e  help  of tw o-track  events. 
D a ta  an d  backgrounds are  p resen ted  in  Section 4. T he  observation  an d  in te rp re ta tio n  of th e  
deficit of events in  th e  M oon d irec tion  are  described  in  Section 5. R esu lts  concern ing  th e  ex
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p erim en ta l angu la r-reso lu tion  a n d  a  possib le shadow ing effect due to  a n tip ro to n s  are  discussed. 
C onclusions are  p resen ted  in  Section 6 .

C osm ic-ray antiprotons T he ex perim en ta l p / p  ra tio  below  50 G eV  is com patib le  w ith  a 
secondary  orig in  of th e  cosm ic ray  a n tip ro to n s  [9]. D a ta  are  o b ta in e d  by balloon -bo rne  ex
p erim en ts  and , recently , sa te llite  experim ents. T he  C A P R IC E  [10] an d  H E A T  [11] co llabora
tions o b ta in ed  ra tio s  m easu red  betw een  4 an d  50 G eV  w ith  a  series of ba lloon  flights. T he 
C A P R IC E  d a ta  do n o t show any f la tten in g  of th e  ra tio  w ith  increasing  energy  (ra tio  ~  10- 3  

a ro u n d  40 GeV ) as expected  from  th e  secondary  p ro d u c tio n  m odel, in  c o n tra s t w ith  th e  last 
H E A T  d a ta  p o in t, w hich sets a  lim it of ~  2 • 10- 4  above 20 GeV. T h is  underlines th e  lim ited  
s ta tis tic s  available up  to  now in th is  k ind  of experim ents.

T he  u n ce rta in tie s  of th eo re tica l m odels are  large below  th e  well defined flux m ax im um  of
2 G eV  due to  th e  com plexity  of p ro d u c tio n  an d  p ro p ag a tio n  a t low energy. O n  th e  con trary , 
th e  secondary  h igh-energy  flux is p red ic ted  w ith  good  confidence, all e s tim a tes  be ing  consisten t 
w ith  each o ther. A bove a  few ten s  of GeV, th e  a n tip ro to n  p ro d u c tio n  becom es qu ite  negligible, 
th e  flux falling by 3 o rders of m ag n itu d e  below  th e  m ax im um  for a n tip ro to n  energies a ro u n d  
40 GeV. A ny ex perim en ta l h in t of a n tip ro to n s  in  these  h igh  energy  regions w ould therefo re  be 
of p rim e im portance .

F irs t u p p e r  lim its [12] on  th e  p / p  ra tio  a ro u n d  1 TeV  were p resen ted  by th e  L 3 + C  an d  th e  
T IB E T -A S y - co llabo ra tions [13] a t different conferences. T he  T ib e t a rray  has a  worse ang u la r 
reso lu tion  com pared  to  th e  L 3 + C  experim en t a n d  observes a  sm aller d ev ia tion  of th e  M oon 
shadow  due to  its  sensitiv ity  to  h igher p rim ary  energies.

In  reference [14] an  u p p e r lim it on  th e  p / p  ra tio  a ro u n d  1 TeV  is ca lcu la ted  from  different 
m easu red  ^ + / ^ ~  - ra tio s  a t g round  level w ith  large uncerta in tie s . T h is ind irec t d e te rm in a tio n  
of a  lim it is based  on cascade ca lcu la tions w hich depend  on  th e  assum ed  p rim ary  com position  
a n d  th e  had ron ic  in te rac tio n  cross-sections a t  h igh  energies [15]. T he  m e th o d  has therefo re  
large sy stem atic  u n certa in tie s . L 3 + C  has recen tly  m easu red  precisely th e  m uon  m om en tum  
sp ec tru m , as well as th e  charge ra tio  an d  th e  an g u la r dependence [16]. B ased  on  to -d a y ’s 
know ledge of th e  p a ra m e te rs  en te ring  th e  ca lcu la tion , an  e s tim a te  of an  u p p e r lim it on th e  
c o n trib u tio n  of a n tip ro to n s  to  th e  p rim ary  flux could  n o t com pete  w ith  th e  one p resen ted  in 
th is  paper.

T here  are  a t least 3 m odels of exotic  sources able to  p roduce  h igh  energy  an tip ro to n s: 
p rim ord ia l b lack  hole (PB H ) ev ap o ra tio n  [17], d a rk -m a tte r  n e u tra lin o  an n ih ila tio n  [18,19] and  
h igh-energy  a n tip ro to n s  from  ex trag a lac tic  sources [14,20]. In  som e scenarios, th e  las t tw o m od
els can  provide a  p / p  ra tio  increase up  to  th e  1 0  % level in  th e  energy  range  u n d er investigation . 
T h is shows th e  im p o rtan ce  of m easu ring  th e  a n tip ro to n  flux a t h igh  energy. T he  a n tip ro to n  
energy -spec trum  is of course expected  to  be  different for each ty p e  of sources. P u tt in g  a  lim it 
to  th e  num ber of a n tip ro to n s  will, in  any case, co n s tra in  som e of th e  p a ra m e te rs  of th e  m odels.

M oon shadow  exp erim en ts EAS array s  were th e  first d e tec to rs  to  look for a  M oon-shadow  
effect an d  th e  first observation  was re p o rte d  by th e  C Y G N U S co llabo ra tion  [2 ], w ith  a  4.9 
s ta n d a rd  dev ia tions (s.d.)  significance. T he  CA SA  group  [3], w ith  a  larger array , o b ta in ed  
a b o u t th e  sam e resu lt. In  absence of any d o m in an t po in t-source, th e  M oon-shadow  experim en t 
provides a  un ique  possib ility  to  m ake a  d irec t m easu rem en t of th e  a n g u la r reso lu tion  of th e  
d e tec to rs  an d  to  verify th e  p o in tin g  accuracy.
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Large u n d e rg ro u n d  de tec to rs  also have th e  p o te n tia l to  observe th e  M oon-shadow . B ack
track in g  m uons to  th e  surface depends on  th e  correct e s tim a tio n  of m ultip le  C oulom b sca tte rin g  
in  th e  large rock  overburden , a  process know n to  be  essentia lly  non-G aussian . R esu lts  have 
been  p resen ted  by th e  M A C R O  [5,6] an d  SO U D A N  [7] co llabora tions. T hese d e tec to rs  have 
m uon  energy-th resho lds of several TeV. As a  consequence, s ta tis tic s  are  low even if th e  d a ta  
were accu m u la ted  for nearly  10 years. T he  effect of th e  geom agnetic  field is h a rd ly  visible 
be ing  less im p o rta n t th a n  th e  observed shift from  th e  orig in  due to  po in tin g  u n certa in tie s . To 
m ake th e  influence of th e  deflection due to  th e  m agnetic  field significant, th e  only possib ility  
is to  lower th e  d e tec tio n  th re sh o ld  of th e  p rim ary  partic les. L oca ting  EA S arrays a t  very h igh 
a ltitu d e s  is a  solu tion . T he  T IB E T  air-show er experim en t [4] has been  o p e ra te d  since 1990 a t 
4300 m  above sea level (a.s.l.) a n d  has prov ided  th e  first unam biguous effect of th e  geom agnetic  
field on  th e  M oon shadow .

Im aging-C herenkov de tec to rs  have also been  p roposed  for th e  observa tion  of th e  M oon 
shadow  [8 ]. T he  search of y  sources w ith  th is  techn ique was a  success, in  p a rtic u la r  w ith  th e  
observa tion  of th e  C rab  n eb u la  an d  a  han d fu l of o th e r  po in t sources. T he  ap p lica tio n  to  th e  
M oon-shadow  m easurem en t is m ore difficult as m oonligh t p ro h ib its  th e  use of visible pho tons 
a n d  no M oon shadow  was observed  w ith  th is  techn ique [21].

A n o th e r p rom ising  techn ique uses a  large volum e of w a te r as th e  d e tec tio n  m edium . P h o to 
m u ltip lie r tu b es  de tec t th e  C herenkov rad ia tio n  p ro d u ced  in  th e  w a te r by re la tiv is tic  charged  
p artic les  or ph o to n s p ro d u ced  in  th e  p rim ary  shower. T he  M IL A G R O  co llab o ra tio n  [22,23] 
b u ilt a  first p ro to ty p e , M IL A G R IT O , ru n n in g  from  F eb ru ary  1997 to  M ay 1998, th e n  a  full 
d e tec to r, M IL A G R O , s ta r tin g  its  o p e ra tio n  in  F eb ru ary  1999. T he  goal is to  be  sensitive to  
p rim ary  cosm ic rays dow n to  1 TeV  or less, as im aging-C herenkov de tec to rs , while m ain ta in in g  
an  all-sky accep tance  an d  a  h ig h -d u ty  cycle like EA S arrays. P re lim in ary  resu lts  have shown 
th a t  th e  M oon shadow  effect is observed  w ith  a  significance above 20 s.d. [24]. No resu lt of an  
a n tip ro to n  search is yet available.

2 T he L 3+ C  detector
T he L 3 + C  d e tec to r is p a r t  of th e  L3 a p p a ra tu s  [25], one of th e  four p a rtic le  de tec to rs  in sta lled  
on  th e  L E P  Collider. It is lo ca ted  u n d e rn e a th  th e  French-Sw iss b o rd er  a t C E R N , a t  450 m  a.s.l. 
u n d er 30 m  of sed im en tary  rocks called  m olasse (density  ~  7.2 x 103 g /c m 2). It m ain ly  m akes 
use of th e  m uon  cham ber system  w hich was designed to  m ake a  very precise m easu rem en t of 
m uons p ro d u ced  in  e+ e-  collisions. T he  m uon  sp ec tro m e te r consists of tw o octagonally  shaped  
rings, each w ith  eight “o c ta n ts ” , in sta lled  in  a  12  m  d iam ete r solenoidal m agne t w hich provides 
a  un ifo rm  field of 0.5 Tesla along th e  e+ e-  b eam  direction . E ach  o c ta n t con ta ins precision  d rift 
cham bers o rgan ised  in  th ree  layers to  m easure  th e  p ro jec tio n  of th e  m uon  tra je c to ry  on to  th e  
p lane  o rth o g o n a l to  th e  m agnetic  field, an d  layers of d rift cells to  m easure  th e  p ro jec tio n  along 
th e  m agnetic  field d irection . O th e r p a r ts  of th e  L3 d e tec to r are  n o t used  by L 3 + C . To fulfil th e  
specific fea tu res  of th e  cosm ic ray  experim en t a n d  to  m ake th e  ru n n in g  of b o th  L3 an d  L 3 + C  
com pletely  in dependen t from  each o th er, several system s are  specifically add ed  to  th e  L3 setup:

•  O n to p  of th e  m ag n e t, 202 m 2 of p las tic  sc in tilla to rs  are  in sta lled  to  de te rm ine  th e  m uon 
arrival tim e.

•  A new  trig g er a n d  d a ta -acq u is itio n  system  is b u ilt to  decouple th e  L3 an d  L 3 + C  o pera tion .
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•  A precise tim in g  system  is devised. I t is based  on  an  ex te rn a l G PS m odu le  an d  it includes 
also 1Hz an d  10 M Hz clocks.

•  A n air-show er sc in tilla to r a rray  is in sta lled  on  th e  roo f of th e  surface bu ild ing  to  es tim a te  
th e  shower size assoc ia ted  to  a  d e tec ted  m uon. I ts  d a ta  are  n o t used  in  th e  p resen t 
analysis.

T he  geom etrical accep tance  of th e  d e tec to r am oun ts  to  a b o u t 200 m 2sr an d  th e  m uon  m om en
tu m  th re sh o ld  set by th e  overburden  is 15 GeV. T he  d e tec to r was o p e ra tio n a l in  M ay 1999 and  
a  to ta l  of 1.2 x  1010 m uon  triggers  were collected up  to  N ovem ber 2000, correspond ing  to  an  
effective live-tim e of 312 days. B o th  m o m en tu m  reso lu tion  an d  d e tec tio n  efficiency are  checked 
using  m uons from  Z decays th a t  L 3 + C  could  also d e tec t w hen th e  acce lera to r was ru n n in g  a t 
a  centre-of-m ass energy  equal to  th e  Z -boson m ass. S tudies are  ex ten d ed  using  m uons going 
th ro u g h  tw o se p ara te  o c ta n ts , b o th  g iving a  nearly  in dependen t m easu rem en t of th e  p a rtic le  
m om entum . T he  m o m en tu m  reso lu tion  is found  to  be  4.6 % a t  45 G eV  an d  7.4 % a t  100 GeV. 
T he  m uon  m o m en tu m  th re sh o ld  can  be  a d ju s te d  off-line to  op tim ise  th e  resu lts . A d e ta iled  
descrip tion  of th e  L 3 + C  d e tec to r an d  its  perfo rm ances is given in  References [16,26].

3 E xperim ental considerations and M onte Carlo sim ula
tions

A specific descrip tion  [27] of th e  E a rth -M o o n  sp ec tro m e te r system  an d  of th e  cosm ic ray  sh ad 
ow ing effect is im p lem en ted  in  th e  L 3 + C  sim ulation  w ith  tw o aims:

•  to  tak e  in to  account as accu ra te ly  as possib le th e  different d e tec to r com ponents, th e  
E a r th  m agnetic  field, th e  cosm ic ray  show ering in  th e  a tm osphere , th e  m ultip le  sca tte rin g  
of m uons in  th e  m olasse, a n d  th e  reconstruc tion ,

•  to  u n d e rs ta n d  th e  re la tive  im p o rtan ce  of th e  various p a ra m e te rs  co n trib u tin g  to  th e  m ea
su rem en t of th e  p / p  ra tio .

T he d e te c to r  p ro p ertie s  are  described  w ith  a  M onte  C arlo  based  on  th e  G E A N T  p ro g ram  [28] 
w hich takes in to  account th e  effect of energy loss, m u ltip le  C oulom b sc a tte r in g  an d  show ering 
in  th e  de tec to r. T he  basic version of th e  m odel is iden tica l to  th e  L3 sim u la tion  package, b u t 
specific fea tu res  requ ired  by th e  L 3 + C  se tup , are tak en  in to  accoun t, such as th e  ad d itio n a l 
sc in tilla to rs  on to p  of th e  m ag n e t, or th e  m agnetic  field in  th e  coil an d  yoke of th e  m agnet. For 
th e  m easu rem en t of cosm ic rays o rig in a tin g  from  th e  a tm osphere , th e  overburden  above th e  
d e tec to r m ust also be included . T he  energy  loss of m uons an d  th e  sm earing  of th e ir  ang u la r 
d irec tion  is an  im p o rta n t issue. T he  whole su rro u n d in g  of th e  L3 d e tec to r, consisting  m ain ly  of 
m olasse, is in tro d u ced , includ ing  th e  access shafts  to  th e  experim en ta l cavern  a n d  th e  shielding 
s tru c tu re s . All m ain  physics processes re la te d  to  th e  m uon p ro p ag a tio n  th ro u g h  m a tte r , such 
as m ultip le  sca tte rin g , secondary -partic le  p ro d u c tio n  includ ing  i-ra y s , p a ir  p ro d u c tio n , energy 
loss an d  decay are  fully sim ulated .

Special a tte n tio n  is p u t on  th e  s im ulation  of th e  m uon cham bers, by includ ing  all inefficien
cies due to  less efficient an d  dead  cells in  th e  m uon  d e tec to r. T he s im u la ted  M onte C arlo  events 
are  reco n stru c ted  an d  back tracked  to  th e  g round  level in  th e  sam e way as th e  d a ta  events.

T he  sim u la tion  of th e  d e tec to r is based  on  th e  gen era tio n  of m uons. In stead  of perfo rm ing  
a  full s im u lation  of th e  air-show er cascade g en era ted  by th e  p rim ary  cosm ic rad ia tio n  in  th e
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atm osphere , single an d  double m uons are  g en era ted  above th e  d e tec to r, accord ing  to  th e  know n 
an g u la r an d  energy  d is tr ib u tio n s  o b ta in ed  by a  full a ir  shower sim u la tion  using  th e  C O R SIK A  
package [29]. T he  in te rac tions , decays, an n ih ila tions  an d  secondary -partic le  p ro d u c tio n  in 
th e  a ir are  fully sim ulated , accord ing  to  th e  cu rren t ex perim en ta l know ledge an d  to  various 
th eo re tica l m odels.

3.1 A ngular resolution

O ne of th e  key issues of th e  M oon-shadow  m easurem en t is th e  experim en ta l an g u la r reso lu tion . 
T he  M oon su b ten d s a  rad iu s  of 0.27° a n d  th e  an g u la r reso lu tion  has to  m atc h  th is  constra in t. 
T he  following fac to rs are  tak en  in to  consideration :

•  th e  m uon  d irec tion  w ith  respec t to  th e  p rim ary  nucleon d irection ,

•  th e  m ultip le  sca tte r in g  in  th e  m olasse above th e  d e tec to r,

•  th e  in trin sic  an g u la r reso lu tion  due to  th e  m uon  cham ber reso lu tion , th e  a lignm en t and  
th e  reco n stru c tio n  precision.

As a  resu lt, th e  an g u la r reso lu tion  is a  com plica ted  function , depend ing  n o t only on th e  
m uon  m om en tum  an d  on  th e  am o u n t of m a tte r  on th e  p a rtic le  tra jec to ry , b u t also on th e  
variab les used  in  th e  event selection. A good  o p p o rtu n ity  to  charac te rise  th e  an g u la r precision 
a n d  check th e  s im ulation  is given by th e  s tu d y  of th e  space-angle d is tr ib u tio n  of tw o-track  events 
in  th e  d e tec to r, called  “d i-m uon even ts” in  th e  following. M uons com ing from  th e  decays of 
m esons o rig in a tin g  from  th e  early  stages of th e  shower developm ent are p ro d u ced  very h igh 
in  th e  a tm osphere  a n d  m ove along nearly  para lle l p a th s . T he  an g u la r sep ara tio n  of th e  two 
m uons is therefo re  a  good m easure  of th e  sm earing  in tro d u ced  in  th e ir  d irec tion  by all th e  
effects m en tioned  above. T he  resu lts  of th e  L 3 + C  sim ulation  is com pared  w ith  th e  o b ta in ed  
d i-m uon  d a ta .

3.1.1 D i-m uon analysis

D i-m uon events are selected  w ith  cu ts requ iring  a  m in im um  q ua lity  of th e  tw o tracks. T he  m ain  
goal of th e  selection is to  rem ove fake di-m uon events i.e. events w ith  single m uon sp lit in to  two 
different track s  because of reco n stru c tio n  problem s. For th is  pu rpose , a  m in im um  sep ara tio n  
betw een  b o th  track s  is requ ired . E vents are  fu rth e r  classified in to  “doub le-doub le” “double
single” a n d  “single-single” accord ing  to  th e  nu m b er of sub tracks for each of th e  reco n stru c ted  
track , a  su b track  being  defined for each o c ta n t crossed. A m uon m om en tum  th resho ld , defined 
a t  th e  g round  surface level, is also im posed  on  b o th  m uons. E xcep t for h igh  m uon m om enta , 
large s ta tis tic s  are  available an d  resu lts  a re  m ain ly  d o m in a ted  by sy stem atic  uncerta in tie s . 
E ven ts s im u la ted  w ith  th e  sam e sets of cu ts  are  com pared  w ith  ex perim en ta l resu lts . F igu re  1 
is an  exam ple of such a  com parison  for all events w ith  m uon  m o m en ta  betw een  50 a n d  60 GeV.

In th e  following, we define th e  d i-m uon  an g u la r reso lu tion  as a 2jU =  H W H M /1 .1 7  w ith  
H W H M  being  th e  ha lf-w id th  a t  ha lf-m ax im um  of th e  d is tr ib u tio n  peak . T he  observed and  
expected  values of a 2jU are show n in  F igu re  2 as a  function  of th e  m uon energy for th e  whole 
d i-m uon  sam ple.

A n o th er check of th e  d e tec to r s im ulation  follows from  th e  s tu d y  of th e  an g u la r reso lu tion  
versus th e  am o u n t of m a tte r  crossed by th e  m uons before reach ing  th e  de tec to r. T he  m ultip le
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sca tte r in g  is th e  m ain  fac to r in  th e  co n trib u tio n s  to  th e  an g u la r reso lu tion  from  different com 
ponen ts . A large range  of m a tte r  th ickness is available by selecting events from  th e  access-shaft 
d irec tion  (m inim um  energy loss) o r from  large zen ith  angles (m axim um  energy loss).

E x p e rim en ta l resu lts  a re  com pared  w ith  th e  d e tec to r sim u la tion  resu lts  in  F igu re  3. In  all 
cases, except a t  large angles, th e  d a ta  is in  a  ra th e r  good agreem ent w ith  th e  resu lts  from  th e  
sim ulation .

3.1.2 A ngular resolution  in th e  M oon shadow  analysis

T he p resen t analysis uses single-m uon events w hose an g u la r reso lu tion  can n o t be deduced  from  
di-m uon  d a ta . In  ad d itio n , as th e  d is tr ib u tio n  of b o th  ty p e  of events inside th e  a ir shower are 
qu ite  different, th ey  do n o t have th e  sam e accep tance . T he  good  agreem ent observed  betw een 
d a ta  an d  M onte C arlo  in  th e  d i-m uon analysis gives confidence in  th e  use of th e  s im ulation  to  
e x tra c t th e  an g u la r reso lu tion  in  tw o ways:

•  T he  an g u la r reso lu tion  can  be d irec tly  e x tra c te d  from  th e  event deficit in  th e  M oon 
d irection . As a lready  m en tioned  th is  is a  un ique  o p p o rtu n ity  for an  an g u la r reso lu tion  
m easu rem en t an d  th e  resu lts  will be  com pared  w ith  th e  sim ulation .

•  A lternatively , th e  an g u la r reso lu tion  can  be  fully constra ined  w ith  th e  help  of th e  sim 
u la tio n  of single m uon events. T he  p o in t-sp read  function  for each m om en tum  b in  is 
de te rm ined  using  th e  sam e tra c k  selection an d  th e  sam e accep tance  as for th e  selected 
M oon events. T he  correspond ing  an g u la r d is tr ib u tio n s  can  th e n  be  used  in  th e  shadow  
sim u la tion  as sm earing  sources for th e  an g u la r reso lu tion . S ystem atic  u n certa in tie s  are 
a t  th e  level of 5 % o r less, b e tte r  th a n  th e  an g u la r reso lu tion  w hich can  be  e x tra c te d  from  
th e  d i-m uon d a ta . T hese sy stem atic  u n certa in tie s  are  e s tim a ted  from  th e  com parison  of 
d a ta  an d  sim u la tion  in  th e  d i-m uon resu lts  an d  from  th e  stud ies of different p ro d u c tio n  
m odels in  th e  s im ulation  of a ir showers w ith  th e  C O R S IK A  program .

3.2 Earth m agnetic-field and calculations o f the deflection

Tw o m odels are  in vestiga ted  to  describe th e  geom agnetic  field, a  sim ple dipole m odel a n d  th e  
In te rn a tio n a l G eom agnetic  R eference F ield  m odel (IG R F ) [30]. In  th e  la t te r , th e  geom agnetic  
field is com m only expressed  as th e  g rad ien t of a  scalar p o ten tia l w hich can  be expanded  in 
te rm s of spherical harm onics. T he  IG R F  consists of a  series of values of th e  coefficients in 
th e  expansion  based  on d irec t m easu rem en ts of th e  geom agnetic  field. In  fac t, th e  first te rm s 
of th e  expansion  can  be  identified  w ith  th e  field p ro d u ced  by a  dipole lo ca ted  a t th e  centre 
of th e  E a r th . T he  co n trib u tio n s  of th e  o th e r  te rm s can  be considered as p e rtu rb a tio n s  of th e  
m ain  dipole field. Q u a n tita tiv e  differences betw een  resu lts  of b o th  m odels have been  stud ied . 
T he  m ain  difference is a  shift of th e  so u th e rn  m agnetic  pole. As a  consequence, differences a t 
th e  10%  level are observed a t  th e  L 3 + C  lo ca tio n  concern ing  th e  field in tensity . D ifferences on 
th e  m agnetic  field d irec tion  can  reach  5° in  th e  p a r t  of th e  sky w here th e  M oon is visible by 
th e  d e tec to r. As a  resu lt, ca lcu la ted  deflections can  differ a t th e  sam e level. T he  am o u n t of 
deflection is o verestim ated  by th e  dipole m odel in  th e  largest p a r t  of th e  sky a n d  reaches 10  % 
for a  1 TeV p ro to n . C onsequen tly  only th e  IG R F  m odel is used  in  th e  following.

Tw o co o rd in a te  system s are  used. T he  first is based  on  th e  local horizon. T he  zen ith  angle 
9Z a n d  th e  az im u th  angle a Z a re  d e te rm in ed  from  th e  precise position  of th e  de tec to r. T he 
second is an  eq u a to ria l system  using  th e  E a r th  ro ta tio n  axis as basis for th e  tw o coord inates: 
declination , 8 , a n d  rig h t ascension, R A .
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T he deflections of th e  p a rtic le  tra jec to rie s  in  th e  m agnetic  field is described  in  an  ad d itio n a l 
co o rd in a te  system . D uring  its  way from  th e  M oon to  th e  E a r th , a  p a rtic le  of charge Z  an d  
m o m en tu m  p  is sub jec t to  th e  Lorenz force in  th e  field B  an d  th e  deflection A 0  is linked to  
th e  p a rtic le  p a th  l, as:

Z
A 0 (m rad ) =  0.3

p (TeV)
B  (Tesla) x  d  I (m) ( 1 )

D epend ing  on th e ir  inciden t d irec tion  a t  th e  to p  of th e  a tm osphere , charged  pa rtic les  traverse  
different field regions. T hus, for a  given p artic le , th e  an g u la r deflection is a  function  of th e  
inciden t d irec tion , th e  charge an d  th e  m om en tum  of th e  partic le . T h is  can  be used  to  estab lish  
a  deflection m ap  th a t  gives, for a  given m om entum , th e  am o u n t of deflection an d  its  d irection . 
F igu re  4 shows a  M oon tra n s it  above th e  sky as seen by th e  L 3 + C  d e tec to r. E ach  po in t 
corresponds to  one d irec tion  in  th e  sky as com pu ted  from  th e  zen ith  an d  az im u th  angles. 
D uring  a  M oon tra n s it  in  th e  sky, th e  d irec tion  of deflection strong ly  depends on  th e  M oon 
p o sitio n  b u t th e  dependence on  th e  m o m en tu m  is ra th e r  sm all. T h is  leads to  th e  defin ition  
of a  co o rd in a te  system  defined for each M oon position  in  th e  sky, w ith  coord ina tes 0H an d  
9V respectively  para lle l a n d  o rthogonal to  th e  d irec tion  co m pu ted  for a  p a rtic le  w ith  a  given 
p rim ary  m o m en tu m  (here a  1 TeV  p ro to n ). T he  indexes H an d  V  s ta n d  here  respectively  
for ‘h o riz o n ta l’ (paralle l deflection) an d  ‘v e rtica l’ (p erp en d icu la r to  deflection). In  th is  way, 
m agnetic  dev ia tions will shift th e  M oon shadow  im age along th e  para lle l d irec tion  an d  th e  
shape  in  th e  o th e r  d irec tion  will m ain ly  d epend  on th e  an g u la r reso lu tion .

3.3 Prim ary cosm ic-ray com position

E nergy  sp e c tra  for various elem ents, up  to  a  few hund reds TeV  for p ro to n s  an d  a  few tens  
TeV  p e r nucleon (T eV /N ) for heavy elem ents, have been  m easu red  w ith  th e  use of ba lloon  and  
sa te llite  experim ents. T he  p ro to n  sp e c tra  o b ta in ed  by different experim en ts  are  in  reasonab le  
ag reem ent. R esu lts  are considerab ly  sc a tte re d  for o th e r  elem ents, a  consequence of lim ited  
s ta tis tic s  an d  u n ce rta in tie s  in  th e  energy  ca lib ra tion .

A com pila tion  of available d a ta  [31] p roposes th e  following fit for th e  flux of particles:

$  =  $ 0 E -YA (2)

w ith  E  th e  energy  p e r  nucleus in  TeV. T he  pow er index  for He4 is sm aller th a n  th e  one for 
p ro to n s, an d  therefo re  th e  c o n trib u tio n  of a  p a rtic les  increases a t h igh  energy. However, recent 
resu lts  from  th e  R U N JO B  [32], AM S [33] an d  BESS [34] co llabo ra tions seem  to  invalida te  such 
behav iour, w ith  a  com m on pow er index  ~  2 .8  for p ro to n  an d  helium  spectra .

T he com position  of p rim ary  cosm ic rays p lays an  im p o rta n t role for th e  M oon shadow . It 
ac ts  rem arkab ly  differently  for experim en ts  using  EAS arrays, C herenkov or ^  d e tec to rs . For 
th e  first tw o m ethods, th e  m easu red  signal is p ro p o rtio n a l to  th e  to ta l  energy  E  of th e  prim ary . 
T he  th ird  m eth o d , charac te rised  by th e  ^  m o m en tu m  th resho ld , is sensitive to  th e  p rim ary  
energy  p e r  nucleon E N =  E / A .

M uons w ith  energy  E ^ are  p ro d u ced  by nucleons of a  m in im um  energy  E 0 w ith  E 0 ~  E^ 
a n d  th u s  by nuclei w ith  energy  E  >  A E 0. In  a  nucleus, all A nucleons m ay  c o n trib u te  to  th e  
in te rac tio n . Let us call a ( E ^ , E N) th e  cross section  for th e  p ro d u c tio n  of a  m uon  w ith  energy 
E m by a  nucleon w ith  energy E N. If th e  sp ec tru m  has an  index  y a  a n d  th e  correspond ing  flux

8



is 0 A a t  1 TeV, th e n  th e  num ber of m uons w ith  energy  E M p ro d u ced  by these  nuclei is:

N a ( E m) =  A /  o ( E ^ , E n ) ^ a E -Ya d E .  (3)
J  A Eo

If th e  energy  sp ec tru m  of all p a rtic les  follows a  pow er law  w ith  th e  sam e index  7  an d  th e  
p ro b ab ility  to  yield a  m uon  w ith  energy  E ^ does n o t depend  on  th e  energy p e r nucleon above 
th resh o ld , th e  c o n trib u tio n  of a  nucleus w ith  A nucleons re la tive  to  th e  p ro to n  c o n trib u tio n  is :

N i (E „)
«  t a A - 7 + , (4)

w here va =  ^  is th e  re la tive  ab u n d an ce  of a  nucleus com pared  to  th e  p ro to n  ab u n d an ce  a t 
1 TeV. U sing d a ta  from  R eference [31], it is found  th a t  m uons o rig in a te  a t  75.8 % from  p ro tons, 
17.3%  from  helium  nuclei an d  6 .9%  from  heavier nuclei.

A ccord ing  to  eq u a tio n  (1), for a  m ean  p rim ary  energy  E mean, th e  m ean  deflection angle is 
p ro p o rtio n a l to  th e  ra tio  • For experim en ts  sensitive to  th e  to ta l  energy, like EA S arrays,Emean
th e  m ean  p rim ary  energy  does n o t depend  on  A. T hus

(A $ )eas  X  Z  (5)

T he p o sitio n  of th e  M oon shadow  depends only on  Z , therefo re  E A S -array  experim en ts  
expect se p ara te  shadow s for p ro to n s, helium  an d  heavier nuclei.

For a  m uon  experim en t, th e  m ean  p rim ary  energy is p ro p o rtio n a l to  AEo. T hus th e  m ean  
deflection angle is:

W i i  oc ^  (6 )

M uon experim en ts  are  sensitive to  th e  ra tio  w hich is equal to  1 for p ro to n s, a n d  from  0.5 
to  0.4 for heavier nuclei. All shadow s from  helium  a n d  heavier nuclei a re  a lm ost a t  th e  sam e 
place. T herefore, in  th e  following, th e  p rim ary  flux for th e  observed m uons will be considered 
to  be  75 % p ro to n s  an d  25 % helium  nuclei.

3.4 Prim ary cosm ic-ray energy spectrum

T here  is an  energy  w indow  for th e  observa tion  of a  m agnetic-field  effect on  th e  M oon shadow. 
H igh p rim ary  energies (>  10 TeV) allow g round  level observations w ith  large de tec to rs  an d  
re la tive ly  good  s ta tis tic s . However th e  m agnetic  deflection will be  sm all com pared  to  th e  
an g u la r reso lu tion , m ak ing  th e  effect negligible or, a t  m ost, a p p earin g  ju s t  as a  sm all correction. 
Low p rim ary  energies ( ~  100 GeV ) are  difficult to  observe from  th e  g round  an d  large deflections 
due to  th e  E a r th  m agnetic  field will d ilu te  th e  shadow  im age an d  severely lim it th e  sensitivity. 
L 3 + C  has a  good  sensitiv ity  to  m uons from  low energy  p rim aries. M oreover, th e  m uon energies 
are  m easu red  w ith  good  precision. T he  shadow  effect can  be observed using  different ranges of 
m uon  energies, th u s  selecting sam ples of different p rim ary  energy  spectra . For each observed 
m uon  energy  E ^ , a  correspond ing  p rim ary  energy  E  w ith  E  >  E ^ is o b ta in e d  using  th e  shower 
gen era tio n  w ith  C O R S IK A  an d  th e  track in g  of m uons w ith  th e  d e tec to r sim ulation . F igure  
5 shows th e  expected  p ro to n  an d  helium  sp e c tra  assoc ia ted  w ith  a  d e tec ted  m uon w ith  E M =  
100 GeV. T he  m ax im um  of th e  p rim ary  energy  d is tr ib u tio n  is a ro u n d  1 TeV  for p ro to n s  and  
4 TeV for helium  nuclei.
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3.5 M oon-shadow  sim ulation
T he sim u la tion  p ro g ram  tries  to  rep roduce  as closely as possib le th e  cond itions an d  th e  p a ra m 
e te rs  w hich significantly  influence th e  observation  of th e  M oon shadow . However to  m ake th e  
sim u la tion  m ore efficient, th e  p artic les  are  assum ed to  be com ing from  th e  M oon surface: a 
positive  signal is sim u la ted  in ste a d  of a  deficit. Also, for th e  sam e reason , partic les  are  followed 
backw ard  in ste a d  of forw ard. T hey  are  o rig in a tin g  from  th e  d e tec to r an d  track ed  th ro u g h  th e  
E a r th  m agnetic  field up  to  th e  M oon. T he  m om en tum  an d  id en tity  of th e  p rim ary  p a rtic le  are 
e x tra c te d  from  th e  d is tr ib u tio n s  described  above. For th e  an g u la r sm earing  tw o m eth o d s are 
applied: e ith e r an  a rb itra ry  effective an g u la r reso lu tion  is used, or th e  m o m en tu m  dependen t 
an g u la r in fo rm atio n  com ing from  th e  experim en ta l d e tec to r sim ulation . E vents are  g en era ted  
d u rin g  a  tim e  span  rep roducing  th e  experim en t ru n n in g  tim e  a n d  th e  d e tec to r accep tance. 
Som e exam ples of sim u la tion  resu lts  are show n in F igu re  6 .

T he  shape of 0H becom es m ore sym m etrica l as th e  an g u la r reso lu tion  is w orsening. In  th e  
o rth o g o n a l d irection , th e  sm earing  c o n trib u tio n  is m ain ly  com ing from  th e  an g u la r reso lu tion  
only. T he  expected  signals for p rim ary  p ro to n s  an d  helium  nuclei a re  largely  overlapp ing  and  
no ex tra c tio n  of th e  helium  c o n trib u tio n  can  be  expected  from  th e  d a ta . In stead  of th e  p /p  
ra tio  ij-p/p) m en tioned  before, th e  analysis will t ry  to  get th e  “p  c o n ten t” as seen by L 3 + C , 
r  =  (pp/(pmatter, w ith  0 matter th e  flux responsib le  of th e  observed deficit a n d  assum ing  no a n ti
H elium  co n trib u tio n . T he  p / p  ra tio  itse lf can  th e n  be  deduced  from  th is  resu lt an d  th e  e s tim a ted  
p ro p o rtio n  (75 %) of th e  deficit due to  th e  p ro to n  flux re la tive  to  th e  th e  to ta l  m a tte r  flux, as 
discussed in  section  3.3.

F igu re  7 shows th e  sim u la ted  M oon shadow  as it ap p ears  for E M >  100 G eV  in  th e  th ree  
co o rd in a te  system s: local, eq u a to ria l an d  deflection. B o th  th e  offset an d  th e  e longa tion  due 
to  th e  m agnetic  field are m ore visible in  th e  deflection system . T he  search for a  possible 
“an ti-shadow ” due to  a n tip ro to n s  is therefo re  perfo rm ed  in  th is  las t system .

T here  are  tw o ways to  use th e  sim u la tion  resu lts  in  th is  analysis, e ith e r directly , o r th ro u g h  
a  p a ra m e tr isa tio n . In  th e  first case, sim u la ted  d istr ib u tio n s  rep resen t th e  ex p e c ta tio n  values to  
be com pared  to  th e  ex perim en ta l d a ta . In  th e  second case, th e  a d ju s tm e n t of th e  p a ra m e tr ic  
function  to  th e  d a ta  allows th e  e x tra c tio n  of th e  p a ram ete rs . T h is is used  to  give a  resu lt on 
th e  observed  effective an g u la r reso lu tion . T he  sim u la ted  shadow  is p a ra m etr ise d  as th e  p ro d u c t 
of tw o functions, one for each direction:

ƒ ( x ,y ) =  f H(x) x  f v (y ), (7)

f v  can  be described  as th e  p ro jec tio n  on  th e  vertica l axis of th e  tw o d im ensional convolu tion  of 
a  d isk  (the  M oon) w ith  a  G aussian  d is tr ib u tio n , co rresponding  to  an  effective an g u la r reso lu tion  
for th e  m uon m o m en tu m  range  considered:

f+^Moon O
M y )  =  - 5 2 ------ y RMoon~ u 2  = e du.  (8)

J — RMoon n R Moon W 2n

For f H, no ana ly tica l descrip tion  exists. However, it  is found  th a t  a  sum  of tw o L an d au  
d is tr ib u tio n s  app rox im ates  reasonab ly  well th e  shape  in  th e  d irec tion  para lle l to  th e  deflection:

fH (x) =  (1 -  c) ■ L i ( x ,  a i , bi) +  c ■ L 2 (x,  , 62), (9)

w ith  th e  p a ra m ete rs  a an d  b ac tin g  respectively  on  th e  w id th  a n d  th e  p o sitio n  of th e  m ax im um  
of th e  d is tr ib u tio n . For each selected  value of th e  an g u la r reso lu tion , a  num ber of events corre
spond ing  to  1 0 0  tim es th e  num ber of expected  deficit events in  th e  experim en t is sim ulated . A 
good  agreem ent betw een  th e  sim u la ted  shape of th e  deficit a n d  th e  p a ra m e tr isa tio n  is observed.
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4 T he M oon data-sam ples

To define th e  m uon d irec tion  in  th e  sky, b o th  local a n d  te rre s tr ia l  based  co o rd in a te  system s 
are  used. T he  M oon p o sitio n  is com pu ted  using  th e  “SLA LIB ” lib ra ry  su b rou tines  [35]. T he 
e rro r on  th e  p o sitio n  ca lcu la tion  is e s tim a ted  to  be sm aller th a n  0 .0 1 °, m uch sm aller th a n  th e  
an g u la r reso lu tion  or th e  M oon rad ius. T he  M oon is th e  nea rest an d  th e  only astronom ical 
o b jec t for w hich th e  p o sitio n  is significantly  dep en d en t on  th e  observa tion  loca tion  on E a r th . 
T h is p a ra lla x  effect is tak en  in to  account. It am oun ts  to  a  few te n th s  of a  degree.

A n o th e r effect is th e  change of th e  a p p a re n t size of th e  M oon as seen from  th e  E a r th  due to  
th e  v a ria tio n  of th e  cen tre-to -cen tre  d istance  from  th e  E a r th  to  th e  M oon betw een  perigee and  
apogee. C alcu la tions show th a t  th e  M oon an g u la r rad iu s, as seen from  th e  E a r th , fluc tuates  
betw een  0.25° a n d  0.28° d u rin g  th e  whole d a ta  tak in g  period .

T he  M oon dec lination  is continuously  chang ing  inside a  range  of a ro u n d  ± 20°. In  th e  local 
sky, th e  M oon follows a  tra je c to ry  reach ing  a  m in im um  zen ith  angle of 25° for th e  experim en ta l 
ru n n in g  period .

As th e  d e te c to r  can n o t be triggered  above a  ce rta in  zen ith  angle value, th e  M oon is only 
available for c e rta in  periods of tim e, each called a  “cycle” in  th e  following. F igu re  8  shows th e  
M oon accep tance  for th e  selected  events for th e  tw o ru n n in g  years. D a ta  were accum ula ted  
for five cycles in  1999 (73 tra n s its )  an d  nine cycles in  2000 (142 tra n s its ) . T he  M oon was 
available for a  to ta l  of 1557.5 hours. T he  correspond ing  d a ta -acq u is itio n  live-tim e is 1188.7 
hours (76.3% ).

D a ta  selection  and m onitoring A first selection iso lates events com ing from  th e  d irec tion  
of th e  M oon. For each event, th e  M oon position  is com pu ted  in  local coo rd ina tes an d  th e  space 
angle 9 w ith  th e  m uon tra c k  d irec tion  is deduced. T he  tra c k -reco n stru c tio n  p ro g ram  requests 
a t  least one “tr ip le t” (h its  from  3 cham bers in  one of th e  o c tan ts)  an d  one sc in tilla to r h it. Two 
h its  in  one o c ta n t (called a  “d o u b le t” ) are  also allowed if a  m om en tum  m esurem en t is possible, 
b u t  tw o doub lets  are re jected . T his co n stra in t leads to  th e  reco n stru c tio n  of only one th ird  of 
th e  to ta l  num ber of events collected. T he  following cu ts are  app lied  a t th is  level:

•  O nly  one m uon  is reco n stru c ted  in  each event.

•  T he  angle w ith  th e  M oon d irec tion  is less th a n  5°.

•  T he  m uon  m om en tum  is m ore th a n  50 GeV. T h is  cu t is m o tiv a ted  by th e  fac t th a t  low 
energy  m uons have little  co rre la tion  w ith  th e  d irec tion  of th e  p rim ary  cosm ic ray.

•  T he  M oon zen ith -ang le  is less th a n  60°. A bove th is  value reco n stru c tio n  becom es m ore 
difficult a n d  th e  trig g er efficiency is low.

•  T he  b ack track ing  of th e  m easu red  m uon  tra c k  in  th e  d e tec to r up  to  th e  surface is suc
cessful.

•  E vents w ith  tim in g  u n certa in tie s , am o u n tin g  to  0.2 % of th e  to ta l, are  re jec ted  as correct 
tim e  in fo rm atio n  is needed  to  com pute  precisely th e  M oon position .

W hen  these  cu ts are  applied , a  to ta l  of 6.71 x 105 events are  selected, o u t of w hich 2.11 x 105 

in  1999 a n d  4.60 x 105 in  2000.
To m o n ito r th e  d a ta , som e variab les are  carefully  te s te d  as a  fu nction  of tim e. A m ong th em  

are  th e  num ber of selected  events, th e  num ber of h igh  energy events, th e  ^ + / ^ — charge ra tio ,
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th e  p ro p o rtio n  of m uons includ ing  2  sub tracks an d  th e  p ro p o rtio n  of h igh  q ua lity  sub tracks 
in  events. D i-m uon events are  also used. T hey  are  tak en  from  d irec tions along th e  M oon 
tra je c to ry  using  th e  sam e runs as in  th e  M oon d a ta . A to ta l  of m ore th a n  50000 events are 
collected in  th is  way. T he  event selection requires th a t  a t least one of th e  m uons has 2 sub tracks 
a n d  th a t  th e  m in im um  m uon m o m en tu m  is 50 GeV. T he  d i-m uon  space angle d is tr ib u tio n  is 
m on ito red .

S tab ility  w ith  tim e  is an  in d ica tio n  th a t  no m a jo r  p rob lem  p e r tu rb e d  th e  collection of d a ta  
d u rin g  all th e  ru n n in g  of th e  experim en t. No m a jo r  in s tab ility  is observed for th e  whole ru n n in g  
period .

B ackground d eterm ination  Searching for a  po in t source (or shadow ) en ta ils  th e  coun ting  
of th e  nu m b er of events in  an  an g u la r b in  con ta in ing  th e  possib le signal (signal b in) and  
com paring  it to  th e  nu m b er of backg round  events expected  in  th is  bin. T he  b ackg round  is a 
function  B (9 z , a z , t )  of th e  zen ith  angle 9z, th e  az im u th  angle a z , an d  th e  tim e  t.

A p a rt from  th e  9z dependence due to  th e  changing  th ickness of th e  a tm osphere , th e re  is 
a  s tro n g  sp a tia l dependence of th e  reco n stru c tio n  efficiency due to  th e  a rran g em en t of th e  
m uon  cham bers in  o c ta n ts  a n d  to  th e  co n stra in ts  im posed  on th e  tra c k  reconstruc tion . T he 
backg round  is therefo re  ev a lu a ted  by coun ting  events in  regions th a t  were exposed  for th e  sam e 
am oun ts  of tim e  to  th e  sam e d irections of th e  sky as th e  signal bin.

T he global r a te  is changing  w ith  tim e, due to  m odifications in  th e  d e tec to r h ardw are  or 
in  th e  d e tec to r env ironm ent (noise dependence, local a tm ospheric  te m p e ra tu re  a n d  p ressure  
dependence). A co rrec tion  has therefo re  to  be applied . In  general tim e  an d  sp a tia l ang u la r 
dependence are ind ep en d en t an d  th e  sp a tia l accep tance  is nearly  co n stan t. If n o t, one has to  
consider sufficiently sm all tim e  slices so th a t  th is  is valid.

T he backg round  is d e te rm in ed  by m easu ring  th e  num ber of events due to  “fake M oons” . 
T hese are  b ins w hich cross a  given region in  th e  sky e ith e r earlie r o r la te r  th a n  th e  signal 
b in  in  different runs. A veraging backg round  sam ples on b o th  sides of th e  signal b in  rem oves 
effects of changes in  th e  event ra te  w hich are linear in  tim e. F our “fake M oons” are used, one 
h o u r a n d  tw o hours before a n d  a fte r  th e  real M oon position . W hen  considering  b o th  ru n n in g  
years, te n  sam ples are  available for th e  backg round  eva lua tion  (the  tw o signal sam ples an d  eight 
backg round  sam ples).

T he  p ro jec tions  on th e  az im u th  an d  on th e  zen ith  axes are show n in F igu re  9a an d  F igure  
9b. In  these  exam ples, th e  m erged  d a ta  from  all sam ples are  used. T he  d is tr ib u tio n s  are  f itted  
by a  s tra ig h t line. T he  f itte d  slope p a ra m ete rs  from  th e  ind iv idual sam ples are  show n in  F igures 
9c a n d  9d for th e  az im u th  an d  zen ith  d irections respectively. T here  is only a  slight positive  
v a ria tio n  of th e  r a te  as function  of th e  az im u th  angle a n d  all th e  sam ples give s ta tis tica lly  
com patib le  resu lts . T he  v a ria tio n  w ith  th e  zen ith  angle is m ore im p o rta n t. T he  ra te  is de
creasing  for large zen ith  angles, a  consequence of th e  accep tance. M oreover sam ple-to -sam ple  
flu c tu atio n s  are  larger.

E ach  sam ple is f itted  by a  p lane  in  th e  az im u th -zen ith  coo rd in a te  system . T he  expected  
backg round  density  a t th e  orig in  (real o r “fake M oon” position) is com puted , expressed  by th e  
num ber of events in  th e  M oon solid angle, HMoon, for th e  given live-tim e of th e  whole experim ent. 
F lu c tu a tio n s  betw een  sam ples are  a t th e  level of a  few percen t, m uch g rea te r  th a n  th e  s ta tis tic a l 
u n certa in tie s . T herefore  sy stem atic  u n certa in tie s  due to  live-tim e e rro rs  an d  accep tance  o r ra te  
changes w ith  tim e  dom ina te . Follow ing th e  hypo thesis  m en tioned  above th a t  tim e  a n d  sp a tia l 
an g u la r dependence  are ind ep en d en t, a  fu rth e r  n o rm alisa tio n  co rrec tion -fac to r based  on  th e  
overall nu m b er of events for each sam ple can  be  applied . T h is  is o b ta in e d  from  th e  to ta l
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num ber of events inside an  annu lus a ro u n d  th e  nom inal M oon position  (3° <  9 <  5°). A fter 
th is  n o rm alisa tion , differences are a t th e  0 .1%  level. W h en  app ly ing  th e  above p rocedure , 
th e re  is no significant difference in  th e  eva lua tion  of th e  backg round  using  different sam ples. 
T he  sy stem atic  u n ce rta in tie s  in  th e  know ledge of th e  backg round  ra te  a t th e  M oon position  
are  negligible com pared  to  th e  s ta tis tic a l un ce rta in tie s  on th e  signal. T he  resu lt averaged 
for th e  tw o years is 542 ±  0.6 e v e n ts /^ Moon ~  2366 ±  3 ev e n ts /d eg 2 for E M >  100 G eV  and  
677 ±  1.0 e v e n ts /n Moon ~  2956 ±  4 e v e n ts /d e g 2 for 65 G eV  <  E M <  100 GeV.

5 E vent-deficit analysis
In  th e  local coo rd in a te  system , evidence for a  cosm ic ray  deficit in tro d u ced  by th e  M oon is 
observed  using  a  single an g u la r variab le. T he  num ber of events shows a  linear increase w ith  
increasing  solid angle. T herefore  th e  density  of events is generally  considered. In  absence of 
any signal, p lo ts  m ust show a  fla t d is tr ib u tio n . T he  p lo ts  of F igu re  10 show th e  resu lts  for 
E M >  100 G eV  w ith  a  “fake M oon” sh ifted  1 h o u r b eh in d  its  rea l p o sitio n  along its  tra je c to ry  
(F igure  10a) an d  w ith  th e  M oon a t its  nom inal position  (F igure  10b). In  th is  las t p lo t, a  clear 
deficit of events in  th e  first few b ins is observed. T h is is a t t r ib u te d  to  th e  shadow ing effect of 
th e  M oon.

U ncerta in ties  in  po in tin g  a n d  th e  influence of th e  geom agnetic  field are  also co n trib u tin g  
to  th e  shape  of th e  deficit. T he  e x tra c tio n  of th e  ex perim en ta l an g u la r reso lu tion  an d  th e  
m easu rem en t of th e  p con ten t in  p rim ary  cosm ic rays are  n o t possib le on th is  one d im ensional 
d is tr ib u tio n . In  th e  following, a  m ax im um  likelihood m e th o d  is used  to  d isen tang le  th e  various 
facto rs. A n in te res tin g  p ro p e rty  of th e  “deflection co o rd in a te  sy stem ” , w hich is based  on  th e  
deflection induced  by th e  E a r th  m agnetic  field, is to  co n cen tra te  th e  M oon shadow  deficit along 
one axis, th u s  op tim ising  th e  signal density. T herefore  th e  analysis will be  perfo rm ed  in  th is  
co o rd in a te  system  w ith  th e  tw o p ro jec tio n  angles 9H an d  9V. S tudies to  investiga te  th e  effect 
of th e  m uon  m o m en tu m  th re sh o ld  on  th e  deficit lead  to  th e  defin ition  of tw o sam ples, a  “h igh 
energy  (H E )” sam ple for E M >  100 G eV  a n d  a  “low energy  (L E )” sam ple for 65 G eV  <  E M <  
100 GeV.

F igure  11 shows “shadow ” p lo ts  concern ing  th e  d a ta  for b o th  sam ples. S m ooth ing  techniques 
are  used. T he  way th e  backg round  is co m pu ted  is described  la te r. For th e  analysis, “raw ” 
sp e c tra  are  used. A b inn ing  of 0 .1 ° is chosen in  each d irection .

T he shape of th e  shadow  is m ore e longa ted  in  th e  case of th e  LE  sam ple an d  its  p o sitio n  is 
sh ifted  fu rth e r. T he  p o sitio n  an d  th e  shape  of th e  M oon-re la ted  deficit m ain ly  d epend  on  th e  
m agnetic  deflection undergone by th e  p rim ary  p a rtic le  assoc ia ted  w ith  each m uon of th e  sam ple 
a n d  on  th e  effective an g u la r reso lu tion  a . B o th  effects are  tak en  in to  account in  th e  sim ulation . 
T he  effective an g u la r reso lu tion  includes th e  m uon p ro d uction -ang le  inside th e  a ir shower, th e  
m ultip le  sc a tte r in g  in  th e  m olasse above th e  d e tec to r an d  th e  in trin sic  an gu la r-reso lu tion  due 
to  m uon-cham ber reso lu tion , a lignm ent a n d  reconstruc tion . T he sm earing  due to  th e  m ultip le  
sca tte r in g  is th e  m ain  com ponent of a . A p a ra m e tr isa tio n  of th e  sim u la tion  o u tp u t for each 
value of a  a n d  for each sam ple was described  in  3.5. It is used  in  th e  m ax im um  likelihood fit 
to  allow th e  e x tra c tio n  of a  as a  free p a ram ete r.

A nalysis procedure T he p ro b ab ility  to  have events in  b in  ( i , j ) of th e  9V — 9H d is tr i
b u tio n , w hen g (x j ,y - ) events are  expected  is d iscribed  by Poisson s ta tis tic s . T he  lo g arith m  of
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th e  likelihood function  can  be  w r itte n  as:
N  N

ln  L  ln (p i,j) =  S [n i j ln (g(X i,y j) ) - g (x i , y j ) - l n ( n * j!)]. ( 10) 
i , j= 1  i , j= 1

For p rac tic a l reasons, th e  likelihood fu nction  is no rm alised  an d  a  m in im um  A ln  L m is searched 
as a  function  of th e  p a ra m e te r  values. T he  tw o-dim ensional d is tr ib u tio n s  are  th e  resu lt of th e  
com bina tion  of 3 different com ponents:

•  a  sm oo th  background , w hich can  be fitte d  w ith  a  plane,

•  th e  p ro to n  an d  helium  deficit in tro d u ced  by th e  M oon shadow ,

•  th e  a n tip ro to n  deficit if any.

T he sim u la tion  provides a  descrip tion  of th e  p ro to n  deficit. A sim ilar descrip tion  is used  
for th e  a n tip ro to n  deficit. However, in  th e  deflection co o rd in a te  system , th e  shadow  p o sitio n  is 
inverted  w ith  respec t to  th e  M oon centre. Also th e  shape  of th e  a n tip ro to n  shadow  will differ 
from  th a t  of th e  p ro to n s, due to  a  possib le different pow er index  7  of th e  energy  spectrum . 
T hus th e  m ost general descrip tion  of th e  d a ta  is:

g ( x , y )  =  uxx +  uyy +  uz - ^ ^ - [ 0 . 7 5  f 1( x - X o , y - y o , a ) + 0 . 2 5 f 2 ( x - X o , y - y o , a )  +
' --------------------------v--------------------------'  1 + f  ' ------------------------------------v-----------------------------------'  "-----------------------------------V-----------------------------------'

background p deficit He deficit
+  r f 3(x0, p - x , y 0,p - y , ( J p ) } ,  (11)

'------------ — v---------------- '
p deficit

w here / i ,  / 2 a n d  / 3 a re  th e  shadow  functions defined by eq u a tio n  (7), respectively  for p ro tons, 
helium  nuclei an d  an tip ro to n s . T he  p a ram ete rs  th a t  can  vary  for th e  m ax im um  likelihood fit 
a re  th e  an g u la r reso lu tions a , th e  positions of th e  deficits (x0, y0), th e  num ber of m issing events 
iVmiSS an d  r , th e  p  con ten t. T he  p a ram ete rs  u x , u y , u z describe th e  background .

T he  influence of different pow er indexes 7  ( - 1 .7  to  - 3 .7 )  of th e  a n tip ro to n  energy sp ec tru m  
on  th e  final lim it of th e  a n tip ro to n  to  p ro to n  ra tio  p resen ted  in  th is  p a p e r  is stud ied , as well 
as a  re-analysis of th e  d a ta  assum ing  also different values of 7 . V aria tions of less th a n  20 % 
w ith  respec t to  a  sim plified m odel, w here th e  pow er index  is assum ed  iden tica l for p ro to n s  and  
a n tip ro to n s  are  o b ta ined . T he  in te rp re ta tio n  of th is  conclusion m ay be  exp la ined  by th e  fact 
th a t  for a  steep  a n tip ro to n  sp ec tru m  th e  deflection of m ost a n tip ro to n s  is re la tive ly  large, b u t 
th e  m uon s ta tis tic s  sm all, due to  th e  lower average p rim ary  energy. In  th e  case of a  f la tte r  
sp ec tru m  th e  d ev ia tion  is sm all, b u t  th e  m uon  s ta tis tic s  larger. T he  tw o effects cancel each 
o th er, p rov id ing  a  negligible influence on th e  lim it of th e  p / p  ra tio . For sim plicity  we p resen t 
only th e  resu lt of th e  analysis w ith  th e  assu m p tio n  of equal pow er indexes, reducing  th u s  th e  
num ber of free fit p a ra m e te rs  to  8  =  / i ,  xo,p =  — xo, yo,p, =  — J/o,<7p =  &)■

In ste a d  of try in g  to  e x tra c t d irec tly  th e  8  p a ram ete rs  w ith  th e  sim plfied eq u a tio n  (11), th e  
analysis proceeds in  several steps.

B ackground estim ation  A first d e te rm in a tio n  of th e  backg round  p a ra m e te rs  is perfo rm ed  
using  th e  r in g -d a ta  defined as 3° <  9 <  5°, w here 9 is th e  angle betw een  th e  m uon  a n d  th e  
nom inal position  of th e  M oon. T he  cu t excludes th e  cells in  th e  p ro to n  an d  a n tip ro to n  deficit 
regions. T he  event density  a t th e  nom inal M oon position  is know n a t th e  0 .3%  level. T h is 
u n c e rta in ty  corresponds to  th e  s ta tis tic s  used  for its  d e te rm in a tio n .

No significant changes in  th e  p a ra m e te r  values are  found  w hen eq u a tio n  (11) is app lied  to  
th e  whole an g u la r range  an d  all th e  p a ra m e te rs  are  considered free.

14



Table 1: Results obtained in the fit of the m atter deficit.

param eter
HE

measured
HE

expected
LE

measured
LE

expected

x 0 0.33 ±  0.08 0.26 0.53 ±  0.13 0.48

Vo 0.05 ±  0.05 0 .0 -  0 .1 0  ±  0.08 0 .0

FW HM i-07±8;8l 1.03 1.80 ±  0.15 1.87

'^Uliss 575 tVr 546 ±  5 5 3 6 l i323 683 ±  6

Significance 8.3 s.d. 8 .0  s.d. 5.5 s.d. 5.8 s.d.

T he M oon shadow  analysis In  th is  s tep  no a n tip ro to n s  are  supposed  in  th e  p rim ary  flux. 
T he  effective a n g u la r reso lu tion  of th e  d e tec to r, to g e th e r  w ith  th e  p o in tin g  u n certa in tie s , are 
o b ta in ed  from  th e  observa tion  of th e  m a tte r  deficit only. R esu lts  of th e  m ax im um  likelihood 
fit for th e  tw o sam ples are  given in  Table 1. As an  exam ple, tw o-dim ensional 6 8 % an d  90%  
confidence level co n to u r curves for th e  p a ram ete rs  N miss a n d  a  are  show n in  F igu re  12a for th e  
case of th e  H E  sam ple.

P o in ting  erro rs are  given by ho rizon ta l o r vertica l offsets betw een  d a ta  an d  sim u la tion  in 
th e  d e te rm in a tio n  of th e  deficit position  x 0 an d  y0. B o th  values are  sm all (<  0.1°).

V alues re la te d  to  th e  abso lu te  position , x 0, a n d  to  th e  ex tension  of th e  deficit (FW H M , full 
w id th  a t  h a lf  m axim um ) in  th e  ho rizon ta l d irec tion  6 H show clearly  a  m om en tum  dependence. 
In  th e  d irec tion , no shift is observed an d  th e  w id th  is m ain ly  th e  resu lt of th e  effect of a .

V alues of N miss are  e x tra c te d  from  th e  fit. However N miss can  be  also d irec tly  deduced  from  
$ ,  th e  flux m easu rem en t a ro u n d  th e  M oon d irec tion , N miss =  $  x Tjive x HMoon w here Tiive is th e  
live-tim e co rrespond ing  to  th e  M oon observation . T he  m ain  c o n trib u tio n  to  th e  u n c e rta in ty  
is re la te d  to  th e  M oon solid angle. A t any tim e  th e  precision of th e  ca lcu la tions of th e  M oon 
rad iu s  R M, from  th e  SLA LIB sub rou tines [35], is e s tim a ted  to  be 0.4 % an d  th e  tim e  d is tr ib u tio n  
of th e  M oon events is very well know n. T he  u n c e rta in ty  on  th e  solid angle, p ro p o rtio n a l to  
RM is th u s  0.8 %. T he  flux is know n a t th e  level of 0.3 % an d  th e  u n c e rta in ty  on th e  live-tim e 
is still sm aller. In  to ta l, th e  precision on  th e  m ost p ro b ab le  value of N miss is e s tim a ted  to  be 
a ro u n d  1 %. T he  expected  values of N miss are  show n in  Table 1. T h is  know ledge of N miss is 
in tro d u ced  in  th e  likelihood function  a n d  allows an  im provem ent in  th e  d e te rm in a tio n  of th e  
rem ain ing  p a ra m e te r  a . N miss is co n stra in ed  to  its  m ost p robab le  value, w ith  a  1 % uncerta in ty . 
T he  resu lts  a re  illu s tra te d  in  F igu re  12b for th e  L E  sam ple w ith  th e  p lo t of A ln  L  versus a . 
T he  ex perim en ta l resu lts  are  a  =  (0.22 ±  0.04)° for th e  H E  sam ple a n d  a  =  (0.28 +0.c!l)° for th e  
L E  sam ple. T hese num bers refer to  an  effective an g u la r reso lu tion  valid  for th e  set of selected 
events, in te g ra te d  over th e  m om en tum  d is tr ib u tio n  of th e  d a ta  a n d  th e  d irec tiona l range  of th e  
M oon events. For th e  H E  sam ple, F igu re  13 shows a  com parison  of a  p ro je c te d  b a n d  of d a ta  
a ro u n d  th e  nom inal position  of th e  M oon w ith  th e  f itte d  resu lts  co rrespond ing  to  Table 1.

As a  cross check, th e  effective an g u la r reso lu tion  is also o b ta in ed  by a  fit to  th e  one-
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dim ensional deficit d is tr ib u tio n . T he  values discussed above are  confirm ed, a lbe it w ith  m uch 
larger u ncerta in ties .

T he antiproton  search To set a  lim it on  a  possib le cosm ic ray  a n tip ro to n  com ponent, 
th e  num ber of m issing events N miss is supposed  to  be  shared  betw een  p ro to n s, helium  and  
an tip ro to n s . T he  to ta l  num ber of m issing events has been  co n stra in ed  to  th e  expected  value. 
T he  a n tip ro to n  deficit is described  like th e  p ro to n  deficit w ith  th e  correspond ing  p a ra m e tr isa tio n  
function  sym m etric  to  th e  p ro to n  one w ith  respec t to  th e  M oon position .

As m en tioned  in  section  3.1.2, th e  value of a  can  be  deduced  from  th e  sim ulation . C om 
p arison  w ith  d a ta  in  d i-m uon  events shows a  good  ag reem ent. C o n tra ry  to  th e  s itu a tio n  in  th e  
M oon-shadow  experim en t, h igh  s ta tis tic s  is available an d  d e ta iled  investiga tions are  possible. 
T he  o b ta in e d  resu lts  are a  =  (0.24 ±  0.01)° for th e  H E  sam ple an d  a  =  (0.38 ±  0.02)° for th e  
L E  sam ple. U ncerta in ties  are  b e tte r  th a n  those  o b ta in ed  above. T h is an g u la r in fo rm atio n  is 
used  a n d  a  m ax im um  likelihood fit is perfo rm ed  using  th e  p con ten t as a  free p a ram ete r.

T he  H E  an d  L E  resu lts  a re  com bined to  give th e  final m easu rem en t. T h is is done sim ply 
by add ing  th e  likelihood logarithm ic-func tions of each range. T he  to ta l  significance of th e  
deficit is 9.4 s.d. T he u n c e rta in ty  range  is o b ta in e d  by finding th e  po in ts  for w hich A ln  L  =  
A l n £ m +  0.5. T he  resu lt is show n in F igu re  14 an d  one finds r  =  (f)p/(f)matter =  —0.07 ±  0.09. 
T he  resu lt is below  a  physical b o u n d a ry  (the  p con ten t m ust be  positive). A n u p p e r lim it of
0.08 w ith  90%  confidence level is set using  th e  unified app ro ach  [36]. W ith  th e  assum ed  flux 
com position  a ro u n d  1 TeV  of 75 % p ro to n s  an d  25 % heavier nuclei responsib le  of th e  observed 
deficit, th is  corresponds to  a  p / p  ra tio  of rp/ p =  0.11. F igu re  15 shows th e  L 3 + C  resu lt to g e th e r 
w ith  o th e r  pub lished  values.

6 C onclusions
T he L3 d e tec to r has collected  m ore th a n  1010 triggers  of cosm ic ray  m uons du ring  th e  years 
1999 an d  2000 in  para lle l w ith  h igh  energy p a rtic le  physics stud ies a t  th e  L E P  acce lera to r a t 
C E R N . A b o u t 6.7 x  101 events, w ith  a  d irec tion  p o in tin g  to  a  5.0° cone a ro u n d  th e  M oon, are 
used  a n d  a  M oon-shadow  effect in  cosm ic rays is observed.

A tw o d im ensional analysis confirm s th a t  th e  a lignm en t of th e  d e tec to r is correct to  b e tte r  
th a n  0 .2 ° an d  th a t  th e  size an d  th e  shape  of th e  deficit a re  com patib le  w ith  th e  expecta tions. 
Tw o sets of d a ta  correspond ing  to  h igh  ( E  >  100 GeV ) an d  low energy  m uons (65 G eV  <  
E m <  100 GeV ) lead  to  values of th e  effective an g u la r reso lu tion  respectively  of (0 .2 2  ±  0.04)° 
a n d  (0.28 +0.01)°. T hese num bers include all effects due to  th e  show ering of th e  p rim ary  cosmic 
ray  in  th e  a tm osphere , th e  m ultip le  sc a tte r in g  in  th e  m olasse an d  th e  d e tec to r reso lu tion . T hey  
describe correc tly  th e  observed event deficit. T he  observed significance of th e  M oon shadow  
effect is 9.4 s.d . A significant effect due to  th e  E a r th  m agnetic  field is observed. T h is is b e tte r  
seen in  a  co o rd in a te  system  w ith  axis respectively  para lle l an d  o rthogonal to  th e  deflection 
defined for each d irec tion  in  th e  local sky. T he  offset an d  th e  ex tension  of th e  shadow  are  clearly 
d ependen t on  th e  m uon  m om en tum  range  considered. W ith  th e  hypo thesis  th a t  th e  presence 
of a n tip ro to n s  in  cosm ic rays w ould lead  to  a  sym m etric  shadow  to  th e  one due to  p ro to n s, a 
m easu rem en t of th e  p con ten t is e x tra c te d  from  th e  d a ta  an d  is found  to  be r  =  —0.07 ±  0.09. 
A 90 % confidence level of 0.08 is set on r , co rrespond ing  to  an  a n tip ro to n  over p ro to n  ra tio  of 
r-p/p =  0 .1 1 .
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F igure  1: Distribution of the square of the angle between muons, 0 ^ , for data and Monte carlo. The 
distributions are normalized to unit area.
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p ^  ( G e V / c )

F igu re  2: Di-muon angular resolution versus the muon momentum.
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F igure  3: Di-muon angular resolution versus matter thickness.
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F igure  4: The Moon passing through the L3+C acceptance. The acceptance is determined by the particular 
structure of the drift chamber and scintillator assembly. The contour lines correspond to an observed cosmic-ray 
flux of respectively 75%, 50% and 25% of the maximum of the flux. A Moon transit is indicated with dots. For 
each dot, the geomagnetic-deflection direction and amplitude for a 1 TeV proton is indicated by an arrow.
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F igure  5: Distributions of proton and helium primary energies for EM =  100 GeV. The normalisation between 
the distributions follows the chosen ratio: 75 % of protons and 25 % of helium. The vertical scale is in arbitrary 
units.
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F igure  6 : Examples of results of the simulation of the shape of the Moon shadow: a) 0H for > 100 GeV 
and for several hypothesis for the angular resolution, b) 9y for > 100 GeV and for several hypothesis for the 
angular resolution, c) 0H for three muon energy ranges, d) 0H for proton and helium primaries for > 100 GeV. 
All distributions are normalised to the same number of events.
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F igure  7: Contour map of the simulated Moon shadow for > 100 GeV: a) in the local coordinate system, 
b) in the celestial coordinate system, c) in the deflection system. For each system a total of 6 • 104 events have 
been simulated. The solid contour line defines the domain containing more than 700 events per sky unit cell 
(of size 0.1° x 0.1°), and the dashed and dotted lines lower minimal numbers. The deflection system obviously 
records the largest amount of cells containing at least 700 events each.
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F igure  8 : Moon acceptance for a) year 1999 and b) year 2 0 0 0 . The plot shows the event arrival-time in 
days and hours. The running period includes 5 lunar cycles in 1999 and 9 in 2000. White bands during cycles 
correspond to periods in which either the detector or the data acquisition were not operational.
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F igure  9: Number of events versus a) the azimuth and b) the zenith direction, using the merged data from 
the 10 samples. The origin is taken at the real or “fake Moon” position. c) Slope parameters extracted for the 
10 considered samples in the azimuth direction and d) in the zenith direction. The first 2 bins are from signal 
and the remaining from background.
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0 (degrees) 0 (degrees)

F igure  10: Angular distributions for events/Moon-solid-angle with > 100 GeV, (a) for a “fake Moon” 
shifted 1 hour behind its real position, (b) using the correct Moon position. Solid lines are the results of the 
simulation, including the angular resolution deduced from the study of di-muon events.
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F igure  11: Results obtained in the deflection system for: a) the High Energy sample, b) the Low Energy 
sample. In both cases, smoothing techniques have been applied. A circle indicates the true position of the 
Moon. The vertical grey scale shows the significance in standard deviation units; negative values correspond to 
an event deficit.
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F igure  12: a) Two-dimensional 6 8 % and 90% C.L. contour curves for the parameters Nm;ss and a for the 
HE sample, b) A ln L versus a for the LE sample. N miss has been constrained. The dashed line for A ln L =  0.5 
is used to determine the 68.3% central confidence interval.
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F igure  13: Comparison between data and fitted results for the HE sample in a projection on a) the horizontal 
axis, b) the vertical axis. Differences in the projected bandwidths (a: 0.8 degrees, b: 3.0 degrees) explain the 
differences of the observed number of events. The dotted lines represent the fitted average muon event number 
outside of the Moon region, and the dashed lines the fit to the data in the Moon region.

33



r
F igure  14: A In £  as a function of r (the p content) for the whole data. The dashed line A l n £  =  0.5 is used 
to determine the 68.3% central confidence interval.
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F igure  15: Measurements of the ratio of the antiproton and proton fluxes versus the primary energy, including 
the L3+C limit around 1 TeV. (The dashed lines show the range of the theoretical expectations [9].)
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