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Abstract

If dark matter consists of W eakly In teracting Massiv e P articles (WIMPs), suc h as the

sup ersymmetric neutralino, v arious theories predict that their co-annihilation in the

galaxy can giv e rise to anomalous features in the otherwise smo oth sp ectra of c harged

cosmic ra ys. Up to no w searc hes for these sp ectral anomalies ha v e fo cused largely

on an tiparticles ( � p , e

+

) due to their lo w er astroph ysical bac kgrounds. In this thesis

w e presen t results of a searc h for dark matter co-annihilation in the c harge Z = � 1

sp ectrum of AMS-01 (essen tially electrons and an tiprotons). T o a v oid mo del dep enden t

complications w e assume that the primary co-annihilation c hannel is through W

+

W

�

pro duction. W e use the galactic propagation soft w are GALPR OP to determine the

dark matter sp ectra at Earth from a smo oth isothermal source. Fits to the data did not

rev eal an y con tribution from dark matter and limits w ere placed on the rate of W

+

W

�

pro duction in the galaxy and on the corresp onding cross-section for WIMP annihilation

through the W

+

W

�

c hannel (giv en a smo oth isothermal distribution).
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Title: Professor
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Chapter 1

In tro duction

The existence of dark matter presen ts a great m ystery in our understanding of the uni-

v erse [1 ]. Evidence for dark matter from gra vitational e�ects on astroph ysical b o dies has

b een around for o v er 70 y ears [2 ] and strong argumen ts based on Big Bang n ucleosyn the-

sis, structure formation and recen t precise cosmological measuremen ts [3 ] essen tially rule

out all kno wn particles. New particles, based on theoretical extensions to the standard

mo del, could p ossibly accoun t for this missing matter [1].

P erhaps the most widely studied of these p oten tial dark matter candidates is the class

of W eakly In teracting Massiv e P articles (WIMPs) whic h ha v e the general prop erties of

b eing stable, hea vy (of order 10 GeV to sev eral T eV) and in teract with standard mo del

particles at roughly the w eak scale. A n um b er of theoretical candidates �t this pro�le

including the sup ersymmetric neutralino [4 ], Kaluza-Klein particles [5] and hea vy 4th

generation neutrinos [6 ].

A feature of WIMPs in most mo dels is their abilit y to co-annihilate, in whic h t w o

WIMP particles in teract and annihilate in to a v ariet y of stable particles, suc h as neutri-

nos, photons, p ositrons, etc. Studies of structure formation in the galaxy require WIMPs

to b e mo ving non-relativistically (or else they w ould smo oth out densit y 
uctuations to o

quic kly) whic h means their co-annihilation pro ducts will ha v e energies directly related

to their rest mass. Searc hes for signatures of these annihilation pro ducts are comple-

men tary to the large n um b er of direct detection searc hes curren tly underw a y , whic h lo ok

for rare WIMP-n uclei scattering.

One of the fa v ored c hannels to lo ok for evidence of WIMP annihilation has b een in

the sp ectrum of cosmic ra y p ositrons. Curren tly there are no kno wn primary sources of

an tiparticles, suc h as p ositrons, so the bac kgrounds should consist en tirely of secondary

p ositrons created from spallation pro ducts, suc h as the deca y of pions and k aons gen-

erated from protons in teracting with in terstellar gas [4], or from pair pro duction from

sync hrotron radiation [7 ]. In a series of ballo on exp erimen ts the HEA T collab oration [8 ]

measured the p ositron sp ectrum up to 50 GeV. A t appro ximately 10 GeV their sp ectrum

b egan to deviate from the exp ected kno wn sources in a manner that could b e consisten t

with some mo dels of dark matter annihilation. The lo w statistics and lo w energy of the

measuremen ts ruled out an y de�nitiv e conclusions as to its sp ectral shap e, though.

In June 1998 the AMS-01 exp erimen t launc hed on the Space Sh uttle Disco v ery for a
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10 da y mission in whic h it collected o v er 100 million cosmic ra ys, far more ev en ts then the

three HEA T detection runs com bined. Unlik e the HEA T exp erimen ts AMS-01 did not

ha v e a w a y of discriminating p ositrons from the large bac kground of protons at energies

greater then 3 GeV. It could, ho w ev er, easily discriminate the large n um b er of c harge

Z = � 1 ev en ts collected (primarily electrons) from Z = +1 ev en ts (mostly protons) due

to their opp osite c harge signs. As a result w e decided to mak e precision measuremen ts

of the Z = � 1 sp ectrum to searc h for signatures of WIMP annihilation. The clearest

signal w ould o ccur if WIMPs co-annihilated directly to e

+

e

�

pairs. Unfortunately most

leading candidates are Ma jorana particles in whic h this c hannel is highly suppressed [4 ].

Alternativ ely , if the WIMP mass is large enough, it can co-annihilate in to a W

+

W

�

pair

whic h then deca ys to electrons, p ositrons, an tiprotons, etc [9 ]. W e will assume this is the

ma jor WIMP annihilation c hannel and use the PYTHIA sim ulation [10 ] to determine

the primary Z = � 1 sp ectra (electrons and an tiprotons) for di�eren t WIMP masses. W e

will then use the galactic propagation soft w are GALPR OP [11] to determine the v arious

distortions to this primary signal from di�usion through the galaxy . In the end w e will

mak e a statemen t as to the rate of W

+

W

�

pro duction in the galaxy whic h will allo w

us to infer p ossible WIMP annihilation cross-sections whic h ma y then b e �t to di�eren t

WIMP mo dels (including the neutralino).

Chapter 2 describ es the evidence for dark matter, p ossible distributions and candi-

date particles, and the curren t state of the searc h for their direct and indirect detection.

Chapter 3 then co v ers the astroph ysical pro duction and acceleration of cosmic ra ys, the

primary bac kground for our searc h, b efore describing the co-annihilation signal from

dark matter and the propagation of these cosmic ra ys to earth. Chapter 4 describ es the

AMS-01 exp erimen t and sh uttle 
igh t. Chapter 5 la ys out the sp eci�c analysis tec h-

niques used to searc h for an anomalous dark matter feature in the AMS-01 Z = � 1

sp ectrum. Chapter 6 presen ts the result of this searc h and Chapter 7 discusses the

conclusions of this study and p ossible future w ork.
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Chapter 2

W eakly In teracting Dark Matter

2.1 Evidence for Dark Matter

Dark matter, b y its de�nition, in teracts v ery w eakly , if at all, with stable standard

mo del particles suc h as photons, leptons, and bary ons and has only b een inferred to exist

through its gra vitational e�ects [4 ]. Evidence for it �rst app eared in the 1930s when F ritz

Zwic ky sho w ed that v elo cit y disp ersions of galaxies in galactic clusters w ere to o high for

them to b e gra vitationally b ound b y the clusters' luminous matter [2 ]. A large amoun t

of additional unseen gra vitating matter w as required to con tain the mem b er galaxies.

Since then evidence for dark matter has steadily b een accum ulating on scales from dw arf

galaxies (kiloparsecs) [4] to the size of the observ able univ erse (Gigaparsecs) [3].

A common example of evidence for dark matter comes from the rotation curv es of

spiral galaxies. 21-cm line surv eys of neutral h ydrogen cloud v elo cities ha v e b een mea-

sured in man y galaxies as a function of radius from the galactic core. The most common

results ha v e a 
at v elo cit y curv e as a function of radius r (after a steep rise in v elo cit y

near the galactic cen ter) suc h as in Figure 2-1 [12 ]. If there is only luminous matter

in the galaxy the v elo cit y of material orbiting the dense galactic core should decrease

as r

�

1

2

. This implies that most galaxies are em b edded in a large dark matter \halo"

whic h extends far b ey ond the visible part of the galaxy and has a dark matter densit y

whic h decreases as r

� 2

. Measuremen ts using dw arf galaxies orbiting spiral galaxies yield

similar results [13].

A t larger scales clusters of galaxies pro vide evidence for dark matter from gra vita-

tional lensing [14 ], X-ra y gas temp eratures [15] and from the motion of mem b er galax-

ies [2], all of whic h require large amoun ts of gra vitating dark matter in order to matc h

the observ ations. Measuremen ts of galactic 
o ws, suc h as the observ ation that the lo cal

group of galaxies is mo ving at 627 � 22 km/sec with resp ect to the cosmic micro w a v e

bac kground (CMB), also requires the presence of large amoun ts of unseen mas s[4]. Re-

cen t observ ations ha v e also lo cated a galaxy that app ears to b e made almost en tirely

out of dark matter. Man y suc h \dark galaxies" are predicted b y v arious mo dels of dark

matter [16].

Finally , global �ts of cosmological parameters from measuremen ts of the CMB with

WMAP [3 ] and surv eys of the distribution of galaxies yield the most accurate results
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Figure 2-1: Rotation curv e of galaxy NGC 6503 (from [12 ]). The solid line is a three

parameter dark halo �t to the measured rotation curv e p oin ts. The three comp onen ts

of the rotation curv e are con tributions from the luminous matter in the galactic disk,

gas clouds and a presumed isothermal dark matter halo.

for the o v erall con tribution of dark matter to the energy densit y of the univ erse. The

curren t estimate of all gra vitating matter (dark and ordinary) is giv en b y 


matter total

h

2

=

0 : 134 � 0 : 006, where h = : 72 is the Hubble constan t in units of 100 km/sec/Mp c and 
 is

energy densit y of univ erse as a fraction of the critical densit y . The successful predictions

of the ratios of deuterium,

3

He,

4

He and

7

Li from Big Bang n ucleosyn thesis, along with

the WMAP results, ha v e determined 


bar y ons

h

2

= 0 : 024 � 0 : 001 requiring the ma jorit y

of the dark matter (


D M

h

2

= 0 : 111 � 0 : 006) to b e non-bary onic [17].

2.2 Dark Matter Candidates

Non-bary onic dark matter mo dels usually ha v e a few generic c haracteristics. First,

since these particles w ould b e relics from the Big Bang, they should b e stable particles

whose calculated relic densities matc h observ ation [4]. Second, constrain ts from n umer-

ical sim ulations of structure formation in the early univ erse disfa v or particles mo ving

at relativistic v elo cities (\hot dark matter") b ecause they smear out the densit y 
uc-

tuations required to form galaxies to o quic kly . F or these reasons the ma jorit y of dark

matter is though t to b e \cold" (mo ving at galactic v elo cities on the order of h undreds

of kilometers p er second). This rules out the ligh t standard mo del neutrinos as the

dominan t source of dark matter and recen t com bined cosmological �ts ha v e constrained

their con tribution to 


�

h

2

� 0 : 0072 (95% CL ) [3].
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A v ariet y of non-bary onic dark matter candidates curren tly matc h these require-

men ts including W eakly In teracting Massiv e P articles (WIMPs) suc h as the neutralino

(the ligh test sup ersymmetric particle) [4 ], Kaluza-Klein particles [5 ], whic h arise from

theories of extra-dimensions, and hea vy 4th generation neutrinos [6]. A general feature

of man y of these WIMP candidates is that they can, with v arying degree, co-annihilate

to standard mo del particles and w ould ha v e cross-sections to do so at appro ximately

the w eak-scale ( � � 1 picobarn). This w eak-scale coupling is the result of these WIMPs

con taining no electrical c harge, no dip ole momen t and no strong-force color c harge so

that they can only in teract via the w eak-force and gra vit y (the latter of whic h w as the

original source of dark matter detection). Muc h of the later discussion on detecting

neutralino co-annihilation pro ducts can b e applied to other WIMP candidates as w ell.

Another w ell motiv ated candidate is the axion, whic h is predicted from QCD symmetry

breaking. These are extremely ligh t particles (10

� 6

� 10

� 3

eV) whic h could b e detected

b y resonan tly con v erting them to photons in a strong magnetic �eld [18]. The AMS

exp erimen t is not sensitiv e to axions and they will not b e discussed an y further. Other

candidates include primordial blac k holes from the Big Bang whic h w ould ha v e formed

b efore Big Bang n ucleosyn thesis to ok place (or b e coun ted as bary onic dark matter).

These ha v e not b een studied in as m uc h detail as WIMPs and will not b e discussed

here [4 ].

The presen t a v erage WIMP densit y in the univ erse can b e calculated if they w ere in

thermal and c hemical equilibrium with standard mo del particles directly after in
ation.

While in equilibrium the WIMPs w ould co-annihilate in to standard mo del particles and

vice-v ersa at equal rates, main taining the balance b et w een their relativ e densities. The

WIMPs w ould then drop out of thermal equilibrium once the rate of reactions b ecame

less then the Hubble expansion rate H(t) at time t

f

. This o ccurred when N h � v i � H ( t

f

),

where N is the n um b er densit y of WIMPs, � is the cross-section to co-annihilate to

standard mo del (SM) particles, and v is the a v erage WIMP v elo cit y [19 ]. F reeze out

o ccurs at temp erature T

F

' m

�

= 20 (where m

�

is the WIMP mass) so WIMPs are

already non-relativistic (or \cold") when they decouple from the thermal plasma of SM

particles [17].

The sup ersymmetric neutralino is probably the most widely studied WIMP candi-

date. It is the ligh test sup ersymmetric particle (LSP) in man y mo dels and consists of

a sup erp osition of the higgsino, bino and photino (sup er-partners of the higgs, U (1)

Y

gauge b oson and the photon resp ectiv ely) [4 ]. Its mass has b een estimated to b e 30 GeV

� M

�

� sev eral T eV, where the lo w er limit is from exp erimen ts at the LEP collider

and the upp er limit is set from theoretical concerns of the hierarc h y problem whic h

motiv ated SUSY in the �rst place. Sup ersymmetric theories also pro vide a new discrete

symmetry called R-parit y , de�ned as R = ( � 1)

3( B � L )+2 S

where B is bary on n um b er, L

is lepton n um b er, and S is spin. This giv es R = 1 for SM particles and R = � 1 for their

sup erpartners. Conserv ation of R-part y requires that the ligh test SUSY particle (LSP)

b e stable and allo ws for relic neutralinos with the correct range of energy densities to

matc h observ ations [4]. There are also a n um b er of R-parit y violating SUSY theories

whic h could also pro vide useful WIMP candidates.
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2.3 Dark Matter Distributions

Curren t direct and indirect searc hes for dark matter in teractions with SM particles can

only b e made in the Milky W a y . The rates of p ossible signals are correlated to the densit y

distribution within the galaxy and a go o d mo del of this distribution w ould help to tailor

the searc h. Unfortunately the rotation curv e of the Milky W a y is p o orly constrained (due

to our p osition inside the disk) whic h leads to large uncertain ties on the total amoun t

and distribution of lo cal dark matter. Curren t rotation curv e measuremen ts constrain

the lo cal dark matter densit y , �

0

� 0 : 3

GeV

cm

3

, to a factor of 2. The v elo cit y disp ersion of

lo cal dark matter particles is b eliev ed to b e of the order of the lo cal v elo cit y of the Sun

orbiting within the galaxy �v = h v

2

i

1 = 2

� 220

k m

sec

[4]. Both factors are directly correlated

to the exp ected rates for b oth direct and indirect searc hes.

The simplest mo del of a realistic dark matter distribution is the isothermal spherical

halo mo del [4 ]. This giv es a densit y pro�le of:

� ( r ) = �

0

r

2

C

+ r

2

E

r

2

C

+ r

2

; (2.1)

where r

C

is the radius of a constan t densit y core, r

E

= 8 : 5 kp c is the distance from

the galactic cen ter to the Earth, �

0

is the mass densit y at Earth, and the corresp onding

v elo cit y distribution, based on a Maxw ellian, is giv en b y:

f ( v ) d

3

v =

e

� v

2

=v

2

0

�

3 = 2

v

3

0

d

3

v : (2.2)

In the v elo cit y distribution v

0

is the orbital v elo cit y in the 
at part of the galactic

rotation curv e ( v

0

= 220 km/sec for the Milky W a y). This is a bit of a simpli�ca-

tion since the phase-space distribution m ust ob ey Jean's equation, whic h strictly relates

the v elo cit y and acceleration comp onen ts of a collisionless 
uid to its gra vit y and pres-

sure [20 ]. This implies that the v elo cit y and densit y distributions can not actually b e

c hosen indep enden tly . One can obtain exact solutions for the densit y distribution using

n umerical sim ulations whic h do not di�er to o m uc h from Equation 2.1 [4]. It should b e

noted that one of the attractiv e features of this mo del, as opp osed to one without a

constan t densit y core, is the lac k of a singularit y at the cen ter of the galaxy .

In addition to the o v erall distribution of dark matter in the galaxy there are a n um b er

of theories whic h suggest structure on smaller scales. Mo dels of cold dark matter halos

ha v e predicted large cen tral cusps in whic h the densit y rises as r

� 


to w ard the cen ter of

the galaxy . This could lead to enhanced co-annihilation pro ducts suc h as gamma-ra ys,

though the lac k of sync hrotron radio emission from electrons due to neutralino co-

annihilation around the presumed cen tral blac k hole has lead some to claim that either

the cen tral cusp do esn't exist or that the dark matter is not neutralinos [21 ]. In addition

to the cen tral cusp man y n umerical mo dels suggest smaller scale clumps of dark matter

spread throughout the galaxy [22 ]. There are also recen t n umerical sim ulations whic h

ha v e suggested that Earth-mass dark-matter halos w ere some of the �rst structures to

dev elop in the early univ erse [23 ]. Since the rate of WIMP co-annihilation go es as �

2

an y

v ariations in the densit y could signi�can tly enhance the indirect signal. Direct searc hes,
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whic h detect n uclei recoiling from in teracting with a dark matter particle, only scale

linearly with lo cal densit y . Their rates could still b e a�ected b y passing through a large

dark matter clump, though, so lo cal densities are still a factor.

F or simplicit y this analysis uses a smo oth, cored-isothermal spherical halo mo del

with a core radius of r

c

= 2 : 8 kp c [4 ]. It should b e noted that the relativ ely short path-

length of electrons, � 3 kp c, (as discussed in x 3.3) means that most smo oth distributions

(NFW, spherical Ev ans mo del, etc) lo ok v ery similar in the range of electrons around

the solar system. An y lo cal v ariations ( < 3 kp c) suc h as clumpiness w ould b o ost the

signal and will b e discussed more in the conclusions section.

2.4 WIMP Detection Metho ds and Limits

The three main a v en ues in the searc h for WIMP dark matter consist of lo oking for evi-

dence of new particles in accelerator exp erimen ts, searc hes for rare direct in teractions of

relic WIMPs with standard mo del particles and searc hes for the co-annihilation pro ducts

of relic WIMPs in the galaxy .

Since sup ersymmetry w as �rst prop osed as a theory searc hes for signs of its e�ects

ha v e b een going on at accelerator exp erimen ts. These include direct searc hes for sup er-

partner particles as w ell as for subtler e�ects on standard mo del predictions suc h as the

anomalous magnetic momen t of the m uon, rare deca ys suc h as b ! s
 and precise elec-

tro w eak measuremen ts [4 ]. It has b een somewhat di�cult to put stringen t lo w er b ounds

on the mass of the neutralino from accelerator exp erimen ts due to the fact that one is

lo oking for missing energy and momen tum from the collision. SUSY also has a large

n um b er of new parameters leading to a v ery large parameter space in whic h the correct

mo del migh t lie. The minimal sup ersymmetric standard mo del (MSSM) con tains as few

as p ossible additional v ariables while still pro viding a viable theory . One example of a

limit for the ligh test neutralinos (with a sp eci�c range of MSSM parameters) is giv en

b y the ALEPH collab oration at the LEP-I I collider of � 37 GeV [24]. Of course, with

the large set of p ossible parameters this measuremen t only really con�nes a certain set

of mo dels.

Since WIMPs are tra v eling in the halo at non-relativistic v elo cities they generally

in teract with regular n uclei via elastic scattering. As a result the in teraction rate can

b e giv en b y:

R =

�

M

�

h � v i ; (2.3)

where � is the WIMP mass densit y near Earth, M

�

is the WIMP mass, v is the WIMP

v elo cit y and � is the cross-section for elastic scattering. The lo cal mass densit y and

v elo cit y of the WIMPs are generally b eliev ed to b e around 0.3 GeV/cm

3

and 220 km/sec

(from galactic rotation curv es) lea ving their mass and cross-section as free parameters.

The curren t range for the WIMP mass of 30 GeV to sev eral T eV giv es t ypical n uclear

recoil energies of 1-100 k eV. The cross-sections dep end on the t yp e of coupling whic h,

for neutralino WIMPs, can b e either scalar in teractions (whic h couple to the n ucleons'

mass) or axial-v ector in teractions (whic h couple to the n ucleons' spin). As a result
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there are searc hes using targets with high mass n ucleons suc h as Ge or Xe or with large

n uclear spin n ucleons suc h as

19

F and

127

I [17 ]. All of these exp erimen ts require large

target masses with v ery lo w bac kgrounds or large bac kground discrimination or b oth.

One p ossible signal arises if the solar system itself is mo ving relativ e to the stationary

halo of WIMPs as it orbits the cen ter of the galaxy . A signal w ould then b e an ann ular

mo dulation of a few p ercen t in n uclear recoil rates as the Earth w en t around the Sun

in to and out of a galactic \wind" of WIMPs (relativ e to the solar system). The curren t

b est limits for neutralinos with scalar in teractions come from the CDMS exp erimen t (see

Figure 2-2) [25 ]. There has b een a rep orted detection of an ann ular mo dulation signal

in the D AMA exp erimen t, whic h uses NaI as a target [26 ], but this result is in con
ict

with the CDMS and EDEL WEISS [27 ] exp erimen ts at the 99.8% CL [25].

Figure 2-2: Limits on WIMP-n ucleon scalar cross-sections from the CDMS I I exp eri-

men t [25]. V alues in y ello w (ligh t gra y) and red (dark gra y) are v arious sets of SUSY

mo dels. The solid blue line is the CDMS I I limit with no candidate, excluding all mo dels

in the region ab o v e it at the 90% CL. The dashed curv e is the limit from a separate

non-blind analysis of CDMS I I with 1 candidate ev en t. The bro wn curv e (x-marks) is

the EDEL WEISS limit. The D AMA 3- � signal is sho wn in the green closed area. The

dotted line is the limit from CDMS run at the Stanford Underground F acilit y .

In addition to b eing able to scatter o� n ucleons, sup ersymmetric WIMPs can co-

annihilate with eac h other in to standard mo del particles. If WIMPs can b e captured

o v er time via elastic scattering in the gra vit y w ells of the Earth, Sun or galactic cen ter,
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they can co-annihilate in to high energy neutrinos and b e detected b y neutrino telescop es

suc h as Sup erK or AMAND A (whic h lo ok for m uons that ha v e b een con v erted from

neutrinos as they come up through the Earth). Curren tly the b est upp er limit of '

3000 m uons/km

2

/y ear has b een set b y the MA CR O exp erimen t [28].

WIMP co-annihilation to gamma-ra ys in the halo of the galaxy can giv e b oth con tin-

uum and mono-energetic signals (from the 
 
 and Z 
 c hannels). These can b e observ ed

b y satellite detectors and ground based air-Cerenk o v telescop es (A TCs). The curren t

b est limits for dark matter pro duced gamma-ra ys b elo w 10 GeV come from the EGRET

telescop e (part of the Compton Gamma Ra y Observ atory) and for gamma-ra ys ab o v e

100 GeV from the WHIPPLE telescop e [29 ].

Recen t results from the WHIPPLE, HESS and CANGAR OO-I I collab orations ha v e

implied an excess of T eV gamma-ra ys from the galactic core whic h could b e due to hea vy

( > T eV) dark matter [30 ].

WIMP co-annihilation in the halo can also release c harged particles suc h as protons,

an tiprotons, electrons and p ositrons, whic h could propagate to Earth (see Figure 2-3).

Most searc hes ha v e lo ok ed for an excess in the an tiparticle signals due to the lo w er

Figure 2-3: P ossible neutralino co-annihilation c hannels to W

+

W

�

b osons, whic h in turn

will deca y to stable particles (protons, electrons, p ositrons, neutrinos, etc). The left-

hand diagram is mediated b y a sup ersymmetric c hargino ( �

+

n

), the upp er righ t-hand

diagram is mediated b y a Z b oson and the lo w er righ t-hand diagram is mediated b y

Higgs b osons ( h; H ). Figure from [4 ].

in trinsic bac kgrounds. The BESS exp erimen t has noted a small excess in the lo w energy

an tiproton sp ectrum but astroph ysical uncertain ties preclude an y de�nite statemen ts as

to the source [31 ].

The High Energy An timatter (HEA T) series of ballo on exp erimen ts ha v e sen t three

di�eren t detectors in to the upp er atmosphere to measure the cosmic ra y p ositron 
ux

up to 50 GeV. A t appro ximately 10 GeV and ab o v e these exp erimen ts ha v e detected an

excess in the p ositron fraction (p ositrons o v er p ositrons plus electrons) whic h is incon-

sisten t with the assumption that that almost all p ositrons are pro duced from pions and

k aons generated from cosmic-ra y collisions on in terstellar gas (see Figure 2-4) [8 ]. There
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has b een sp eculation that this anomalous feature could b e due to WIMP co-annihilation

in the galactic halo though a signi�can t increase in the co-annihilation rate w ould b e

required in order to �t the data. Clump ed dark matter could signi�can tly enhance

the rate of dark matter co-annihilation but it is not clear from n umerical sim ulations

whether this w ould accoun t for the large rise in p ositrons seen b y HEA T. Others ha v e

suggested p ossible astroph ysical sources of this p ositron excess, suc h as sync hrotron pro-

duced e

�

pairs from pulsars in the galaxy [7]. This analysis will fo cus on the WIMP

co-annihilation h yp othesis. If one lo oks closely at Figure 2-4 one can see that the AMS-

01 p ositron fraction measuremen t only extends to 3 GeV whic h is wh y the electron

sp ectrum is used here instead. Since there are man y primary and secondary sources of

cosmic ra y electrons their generation and propagation through the galaxy need to b e

mo deled v ery carefully . This is co v ered in the next c hapter.

Figure 2-4: The p ositron fraction measured b y HEA T and other exp erimen ts (from

[8]). The do wn w ard slop e on pure secondary bac kground is due to the asymmetry in

the deca y of fully p olarized m uons created from pions and k aons whic h w ere in turn

generated b y proton/proton collisions in the in terstellar medium.
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Chapter 3

Cosmic Ra ys

The 
ux of c harged cosmic radiation raining do wn on the Earth's atmosphere consists

of 98% protons and n uclei, 2% electrons and less than a p ercen t of an tiparticles suc h

as p ositrons and an tiprotons [32]. They consist of primary particles generated from

astroph ysical sources as w ell as secondary particles that result from inelastic scattering

of primaries (spallation) on in terstellar material. The 
ux of cosmic ra ys from a few

GeV to b ey ond 100 T eV is generally describ ed b y a p o w er-la w of the form N ( E ) / E




where 
 is the sp ectral index. The measured 
ux from cosmic n uclei is giv en b y:

�

N

( E ) � 1 : 8 � 10

4

E

� 2 : 7

n ucleons

m

2

sec str GeV

; (3.1)

of whic h ab out 79% are free protons, 15% are helium n uclei and the remaining 6% are

b ound in hea vier elemen ts [33]. Cosmic electrons ha v e a steep er sp ectrum giv en b y:

�

e

( E ) � 200 E

� 3 : 0

electrons

m

2

sec str GeV

; (3.2)

as measured in [34 ]. These sp ectra are illustrated in Figures 3-1 and 3-2 [33 , 35].

3.1 Standard Astroph ysical Pro duction/Acceleration

Primary cosmic ra ys ha v e a v ariet y of astroph ysical sources. F or energies b elo w 10

19

eV they are b eliev ed to b e generated primarily within the galaxy and sources include

sup erno v ae, pulsars, stellar winds, etc. Lo cal sources are required b ecause, due to

in v erse-Compton scattering o� CMB photons, high energy electrons ha v e to b e pro duced

within 300 kp c in order to main tain the observ ed p o w er-la w distribution [41 ]. A t ypical

T yp e I I sup erno v a will eject ab out 10 M

�

(where M

�

= 2 : 0 � 10

31

k g ) of material

with v elo cities around 10% of the sp eed of ligh t. With a galactic sup erno v a o ccurring

appro ximately once a cen tury the a v erage p o w er output p er galaxy of ab out 10

42

J/yr.

The total p o w er required to accelerate cosmic ra ys to an a v erage energy densit y of �

E

� 1

eV/cm

3

is giv en b y:

W

C R

= �

E

� R

2

D

�

= 2 � 10

41

J =y r ; (3.3)
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where R � 15 kp c and D � 0 : 2 kp c are the galactic radius and disk thic kness, resp ec-

tiv ely , and � � 3 � 10

6

y ears is the a v erage age of cosmic ra ys in the galaxy (due to

di�usion out of the galaxy and energy loss) [42 ]. As a result sup erno v a remnan ts only

need e�ciencies of a few p ercen t to accoun t for the total energy in cosmic ra ys.

Exactly ho w sup erno v ae accelerate particles to suc h large energies is not en tirely

understo o d. The general consensus is that the pro cess is go v erned b y F ermi accelera-

tion, in whic h c harged particles are up-scattered o� mo ving magnetized clouds. F ermi's

original idea [43 ] assumed that the particles randomly encoun tered these mo ving mag-

netic clouds as they propagated through the galaxy . This random up-scattering leads to

a general acceleration rate prop ortional to the square of the scattering clouds v elo cit y

(second-order F ermi acceleration) [44 ]. Unfortunately , this pro cess w as quic kly recog-

nized to b e to o ine�cien t to accoun t for the observ ed sp ectra [45 ]. In 1977, ho w ev er, it

w as sho wn [46 ] that w ell de�ned sho c ks, suc h as those generated b y magnetized sup er-

no v a remnan ts expanding in to the in terstellar medium, could accelerate particles at a

rate directly prop ortional to the v elo cit y of the sho c k (�rst-order F ermi acceleration).

Eac h time the particle up-scatters o� the sup erno v a sho c k it gains energy � E = � E ,

crosses the sho c k b oundary , is re
ected in the in terstellar medium (with no energy lost)

and then recrosses the sho c k b oundary to rep eat the cycle. After n cycles the total

energy b ecomes E = E

0

(1 + � )

n

. If P is the probabilit y that the particle sta ys at eac h

cycle, the n um b er of particles remaining after n cycles is N = N

0

P

n

, where N

0

is the

initial n um b er of particles. If one substitutes for n in the energy equation and tak es the

deriv ativ e with resp ect to energy one can obtain the observ ed p o w er-la w dep endence:

dN ( E )

dE

/ (

1

E

(1+ S )

) ; (3.4)

where S =

� l n ( P )

l n (1+ � )

� 1 : 1 for standard sho c k w a v e acceleration giving a sp ectral index

of E

� 2 : 1

[42 ]. The observ ed v alue of the cosmic ra y sp ectral index ( 
 � -2.7) can b e

obtained b y accoun ting for the energy dep endence of the probabilit y of a cosmic ra y to

escap e the pro cess.

Observ ations of secondary n uclei, suc h as b eryllium and b oron, whic h are generated

from inelastic scattering of primary n uclei, suc h as carb on or nitrogen, o� in terstellar

material, sho w that the ratio of secondary o v er primary particles decreases for increasing

energy . This implies that the primary particles tra v el through less material and ha v e

a shorter circulation time as their energies increase. It also implies that the main

acceleration p oin ts are separate from the propagation mec hanics and, for the most part,

one can treat them separately [41]. If the acceleration and propagation o ccurred together

one w ould exp ect the ratio of secondary to primary n uclei to remain 
at or ev en to

increase with energy for pro cesses that tak e a longer time to accelerate particles to high

energies [47 ].
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3.2 Co-annihilation of Neutralinos

Neutralino dark matter in the galactic halo is another p ossible source of primary elec-

trons, p ositrons and other c harged cosmic ra ys. F or example, energetic electrons and

p ositrons can b e pro duced b y the deca y c hain from � + � ! ZZ, W

+

W

�

, etc (see

Figure 2-3). It is these co-annihilation pro ducts, on top of the standard astroph ysical

bac kgrounds, that w e will b e searc hing for using AMS-01 data. Sp eci�cally w e will b e

fo cusing on the W

+

W

�

con tributions to the electron and an tiproton sp ectra.

The rate of neutralino co-annihilation can b e calculated using:

R

co � annihil ation

=

�

2

M

2

�

h �

a

v i ; (3.5)

where � is the mass densit y of WIMP particles, M

�

is the mass of one WIMP particle,

�

a

is the cross-section for co-annihilation and v is the a v erage WIMP galactic v elo cities

(assumed to b e v = 220 km/sec) [4 ].

A broad con tin uum of electrons and p ositrons o ccurs through the fragmen tation and

deca y of hea vier co-annihilation pro ducts whic h w ould b e di�cult to distinguish from

the exp ected astroph ysical bac kgrounds. WIMPs can co-annihilate directly to electrons

and p ositrons leading to a primary sp ectrum consisting of a p eak at the energy of the

WIMP mass. Ev en though propagation e�ects w ould spread out suc h a p eak it w ould

b e m uc h easier to detect then the con tin uum emission.

Unfortunately , most leading WIMP candidates (suc h as the neutralino) are Ma jorana

particles, implying they are their o wn an tiparticles. In this case t w o neutralinos in a

relativ e s-w a v e m ust ha v e opp osite spin b y F ermi statistics (spin-

1

2

fermions) and an y

co-annihilation to a standard mo del fermion pair requires them to ha v e spins in opp osite

directions. As a result the �nal state fermions will ha v e their spins in opp osite directions

whic h forces the amplitude for the pro cess to carry an extra factor of the fermions mass

( m

f

). As a result the cross-section for this pro cess is suppressed b y a factor of m

2

f

=m

2

�

,

where m

�

is the WIMP mass [4]. Alternativ ely , if the WIMPs are hea vier then the

W

�

or Z b osons they can co-annihilate in to mono energetic W

+

W

�

or ZZ pairs, whic h

could then directly deca y in to electrons/p ositrons with energies p eak ed around half the

WIMP mass [9 ]. Since the W

+

W

�

or ZZ co-annihilation c hannels are not suppressed

this analysis will concen trate on searc hing for their deca y signatures in the AMS-01

electron data, sp eci�cally fo cusing on the W

+

W

�

states.

3.3 Galactic Propagation

Once energetic cosmic ra ys are created (b y astroph ysical pro cesses or b y dark mat-

ter co-annihilation) they propagate through the galaxy , spiraling around the turbulen t

magnetic �elds, 
ying through clouds of gas and dust and scattering o� photons from

starligh t and the CMB. In addition, cosmic ra ys are con tin ually escaping the galaxy

with rates that increase with particle energy . The galactic magnetic �elds are of order a

few � Gauss whic h giv es a Larmor radius of appro ximately 1 � 100 A U for cosmic ra ys of

energies 1-100 GeV [48]. Cosmic ra ys will spiral tigh tly around magnetic �eld lines un til
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the lines b ecome tangled or kink ed in whic h case the particle ma y jump to a di�eren t

�eld line. As a result this pro cess can b est b e mo deled b y di�usion.

F rom the ratio of spallation pro ducts, suc h as Be and B, to primary stellar n uclei,

suc h as C and N, one can infer that cosmic ra y n uclei m ust tra v erse an a v erage of 5-10

grams/cm

2

of in terstellar material. In tegrating along the line of sigh t in the galaxy

results in appro ximately 10

� 3

grams/cm

2

of material implying a long propagation time

in whic h the particles are di�using out from their primary sources [41 ]. One can also

compare the ratios of radioactiv e secondaries, suc h as

10

Be, to their stable coun terparts

(in this case

9

Be) in order to infer the a v erage lifetime of cosmic ra y n uclei. Measure-

men ts of these ratios suggest that t ypical escap e times for high energy cosmic ra y n uclei

are ab out (1 � 3) � 10

7

y ears [49 ] in the energy range of in terest.

Energy losses for cosmic ra y n uclei are primarily from ionization and Coulom b in-

teractions while electrons/p ositrons ha v e additional bremsstrahlung, in v erse-Compton

scattering and sync hrotron losses. The latter t w o dominate for electrons/p ositrons with

energies greater then a few GeV leading to steep er p o w er-la w sp ectra compared to n uclei

(sp ectral index of 


e

� � 3 : 0 as opp osed to 


n

� � 2 : 7 for n uclei) [32 ].

This analysis uses a di�usion mo del of the galaxy with a set of b oundaries. It

assumes that particles di�use through the main disk of the galaxy but escap e once they

reac h an edge (in radius or distance from the plane of the disk) where it is b eliev ed

that the con�ning magnetic �elds of the galaxy b ecome negligible. One can mo del the

propagation within the galactic disk using the follo wing equation:

@  

@ t

= q ( ~ r ; p ) +

~

r � ( D

xx

~

r  �

~

V  ) +

@

@ p

p

2

D

pp

@

@ p

1

p

2

 

�

@

@ p

[ _p �

p

3

(

~

r �

~

V )  ] �

1

�

f

 �

1

�

r

 ; (3.6)

where  =  ( ~ r ; p; t ) is the densit y p er unit of total particle momen tum. The �rst term

on the righ t-hand side, q ( ~ r ; p ), is the source term whic h describ es the cosmic ra y injection

sp ectrum throughout the galaxy . The second term describ es spatial motion and includes

di�usion, where D

xx

is the spatial di�usion co e�cien t, and con v ection, where

~

V is the

v elo cit y of bulk c harged particle motion. The spatial di�usion o ccurs mostly along

the magnetic �eld lines and the di�usion co e�cien t is de�ned as D

xx

= � D

0

( �=�

0

)

�

where � = v =c , � is the particles rigidit y (momen tum o v er c harge), and D

0

, �

0

, and

� are all constan ts c hosen to matc h cosmic ra y Boron/Carb on ratios (see Sec. 2 of

[50] for more details). The third term describ es di�usiv e re-acceleration. Using the

three-dimensional phase-space densit y f ( ~p ), the di�usiv e re-acceleration is giv en b y the

follo wing equation [50]:

@ f ( ~p )

@ t

=

~

r

p

� [ D

pp

~

r

p

f ( ~p )] =

1

p

2

@

@ p

[ p

2

D

pp

@ f ( p )

@ p

] ; (3.7)

where, b y assuming an isotropic distribution, f ( ~p ) = f ( p ) (p = j ~p j ). This equation can

b e re-written in terms of the densit y p er unit of total particle momen tum,  ( p ), b y

using its relation to the phase-space densit y ,  ( p ) = 4 � p

2

f ( p ), resulting in the follo wing
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equation [50]:

@  

@ t

=

@

@ p

( p

2

D

pp

@

@ p

 

p

2

) : (3.8)

D

pp

is the momen tum space di�usion co e�cien t to giv e re-acceleration and is related

to the spatial di�usion co e�cien t, D

pp

/ p

2

=D

xx

, where p is momen tum (see equation

1 of [50] and App endix D for more details). Momen tum loss from ionization, Coulom b

in teractions, bremsstrahlung, in v erse-Compton scattering and sync hrotron radiation is

co v ered b y _p > 0. The �nal t w o terms of Equation 3.6 are �

f

, the fragmen tation time

scale, and �

r

, the radioactiv e deca y time scale. The propagation equation lends itself to

n umerical sim ulations suc h as GALPR OP [11 ], the results of whic h will b e discussed in

x 5.3.5.

3.4 Solar Mo dulation and Geomagnetic E�ects

Once the particles propagate through the galaxy and reac h the vicinit y of the solar

system they m ust di�use through the out
o wing solar wind b efore they can reac h Earth.

The solar wind consists of a large 
ux of lo w energy protons tra v eling at around 350

km/sec a w a y from the sun. This highly conductiv e plasma carries the Sun's magnetic

�eld along with it and mo dulates the in terstellar cosmic ra y sp ectra b elo w � 10 GeV [32].

The solar wind strength v aries with the 11-y ear solar cycle whic h giv es an additional

time dep endence for cosmic ra y 
uxes with energy E � 10 GeV. This analysis fo cuses

on the cosmic ra y sp ectra ab o v e 10 GeV where solar e�ects are negligible.

When the cosmic ra ys �nally reac h Earth they m ust p enetrate its dip ole magnetic

�eld b efore they can reac h the AMS-01 detector in lo w Earth orbit (see Figure 3-3 for

example tra jectories with the Sup er-K detector). This �eld pro vides a directionally-

dep enden t cuto� for primary particles giv en b y the equation:

p

j z j

=

59 : 6[ GeV =c

2

] cos

4

�

(1 + (1 � Q sin � cos

3

� )

1 = 2

)

2

; (3.9)

where p is momen tum, z is c harge, Q is c harge sign, � is the geomagnetic latitude and

� is the angle whic h giv es the particles incoming direction with resp ect to the horizon

( � = 90

�

are particles inciden t from the east and � = � 90

�

are particles inciden t from the

w est) [51 ]. P articles ab o v e this cuto� momen tum can b e easily traced bac k in to in ter-

stellar space where as particles b elo w this cuto� require complicated n umerical routines

to determine if they originated from in terstellar space or from the earth's atmosphere.

These latter lo w energy secondary particles (not to b e confused with \secondaries" from

inelastic collisions) no longer represen t the primary sp ectra of cosmic-ra ys and need to

b e remo v ed from the AMS-01 data sample. This pro cess will b e outlined in greater

detail in x 5.2.4. T o giv e an example a proton tra v eling along the magnetic equator ( �

= 0) from the east needs to ha v e a momen tum greater than 59.6 GeV or its origin

could b e the earth's atmosphere. It it w as coming from the w est it w ould only require

a momen tum of 10.2 GeV (see Figure 3-3).
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Figure 3-1: Primary cosmic ra y n uclei sp ectrum. 79% of total n uclei come in the form of

protons, 15% are b ound in helium n uclei and the remaining 6% exist in hea vier elemen ts.

Figure from [33 ].
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Figure 3-2: Sp ectrum of electrons + p ositrons m ultiplied b y E

3

. The data is from

a n um b er of sources including Nishim ura 80 [36 ], Golden 84 [37 ], T ang 84 [38], Golden

94 [39], and HEA T [35 ]. The dotted line is a parametrization from Mosk alenk o and

Strong 98 [40 ]. Figure from [35 ].

Figure 3-3: Allo w ed tra jectory of a primary cosmic ra y from in terstellar space and

a corresp onding forbidden tra jectory . P articles whic h follo w the latter are kno wn as

secondary particles and could come from in teractions in the Earth's atmosphere. Figure

from Sup er-K [52].
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Chapter 4

The AMS-01 Detector and Mission

The AMS-01 exp erimen t 
ew on the Space Sh uttle 
igh t STS-91 from June 2-12, 1998

and gathered o v er 100 million cosmic ra y ev en ts (mostly protons). This c hapter sum-

marizes the AMS-01 hardw are, 
igh t details and ev en t reconstruction as describ ed in a

v ariet y of references, suc h as [53, 54 , 48 ].

4.1 The AMS-01 Detector

The AMS-01 detector w as designed to mak e precision measuremen ts of c harged cosmic

ra ys from sev eral h undred MeV to almost 300 GeV and required a large n um b er of com-

plemen tary detector elemen ts. This section will fo cus on describing the detector la y out

whic h consisted of a p ermanen t dip ole magnet, silicon trac k er, time-of-
igh t coun ters

(TOF), threshold Cerenk o v coun ters (A TC), and an ti-coincidence coun ters (A CC). The

assem bled detector can b e view ed in Figure 4-1 and the initial results are published in

Ph ysics Rep orts [53].

4.1.1 The Magnet

The AMS-01 magnet w as designed to optimize the comp eting requiremen ts of a large,

p o w erful, uniform dip ole magnetic �eld in a 
igh t-quali�ed, relativ ely ligh t w eigh t system.

The external �eld also needed to b e minimized to reduce torques on the space sh uttle

and in terference with electronics. The magnet w as made of 6400 2" � 2" � 1" blo c ks

of high grade Nd-F e-B. The blo c ks w ere arranged in a cylinder of length 800 mm, inner

diameter 1115 mm and outer diameter 1299 mm. The blo c ks w ere arranged in to 64

segmen ts with v arying �eld directions to pro duce a uniform 0.15 T �eld inside the

magnet with a negligible external �eld (see Figure 4-2 [53 ]). After construction the �eld

w as mapp ed and found to agree with the design v alue to 1%. The �nal magnet w eighed

2.2 tons including supp ort structure and had a maxim um b ending p o w er of BL

2

= 0 : 15

Tm

2

. Details of the magnet design can b e found in [55 ].
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Figure 4-1: AMS-01 In tegrated Detector la y out [53].

4.1.2 The Silicon T rac k er

The silicon trac k er w as lo cated in the magnet cylinder to precisely measure the c harged

particle's curv ed trac k in the B-�eld and thereb y determine its rigidit y (de�ned as the

magnitude of the particles momen tum o v er its c harge R = j ~ p j = Z). Measuremen ts of the

particle's energy dep osition in the silicon from ionization allo w ed one to determine the

c harge of the particle whic h, when com bined with the particle rigidit y , determined the

momen tum. Additional c harge measuremen ts w ere also made b y the TOF. The AMS-01

silicon trac k er w as comp osed of 6 la y ers of double-sided microstrip sensors. The trac k er

pro vided a p osition resolution of 10 � m in the b ending plane (S-side) and 30 � m in

the non-b ending plane (K-side) whic h translated to a momen tum resolution of 7% for

protons in the 1-10 GeV range. This p osition resolution, com bined with the 0.15 T esla

magnetic �eld, ga v e the exp erimen t a maxim um detectable rigidit y of appro ximately

360 GV.

The sensors consisted of b et w een 7 and 15 silicon c hips c hained together to form

ladders whic h ran in the AMS-01 x-direction, parallel to the B-�eld (see Figure 4-3 [53 ]).

The sensors w ere read-out with metalized k apton foils of whic h the K-side had a c hained

sc heme whic h created an x-p osition am biguit y (the solution of whic h is explained in

x 4.3.2). A t readout a \seed strip" w as c hosen where the signal w as > 3 �

ped

, with �

ped

de�ned as the strips p edestal width [53]. Signals from individual trac k er strips w ere

group ed in to clusters b y taking up to 2 additional strips on either side of this primary

\seed strip" [56 ]. This w as p erformed separately for the S-side and K-side. Additional

details can b e found in x 4.3.2. Eac h of the c hip's 3D p osition w as determined b y laser-

metrology and b eam-tests to within 10 �m . The a v erage material thic kness of eac h
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Figure 4-2: AMS-01 Magnet �eld orien tation and dimensions [53 ]. The v arying direction

of the magnetic �eld in the material allo w ed the 
ux to b e returned primarily within

the material allo wing for a negligible external �eld.

trac k er plane, including supp ort ladders, w as 0 : 65% of a radiation length at normal

incidence [53 ]. F or AMS-01 only 38% of the trac k er w as instrumen ted whic h led to an

acceptance of 0.31 m

2

-str for ev en ts that passed through at least 4 of the 6 planes.

Additional details of the AMS trac k er construction and p erformance are giv en in [57 ].

4.1.3 The Time-of-Fligh t (TOF)

The time of 
igh t system had a n um b er of uses including c harge measuremen t, v elo cit y

measuremen t and trigger for the data acquisition. It consisted of 4 la y ers of 14 scin tillator

paddles of v arious lengths with 2 la y ers ab o v e the trac k er and 2 b elo w the trac k er as

illustrated in Figure 4-4 [53 ]. The paddles w ere 10 mm thic k and 110 mm wide and

ranged from 720-1360 mm in length. Adjacen t paddles had a 5 mm o v erlap in order

to a v oid missing ev en ts close to the edges. La y ers 1 and 4 w ere p ositioned with the

paddles along the x-direction while la y ers 2 and 3 w ere p ositioned in the y-direction.

Eac h paddle had 3 photom ultiplier tub es (PMTs) attac hed at eac h end with a 50 mm

long ligh t guide. The signals from the 3 PMTs are summed to giv e one signal from the

ano de and one from the 2nd to last dyno de [53 ]. The outputs at eac h end included the

follo wing signals:

� A trigger signal (ab o v e a 150 mV threshold) whic h w as sen t to the general trigger

system;

� A high precision time measuremen t of the dela y b et w een the input ano de signal
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Figure 4-3: A single T rac k er ladder [53].

(ab o v e 30 mV) and the trigger signal from the general trigger;

� The in tegrated ano de signal;

� The in tegrated dyno de signal;

� A time o v er threshold signal to giv e an estimate of the signal time. This is used

to tag o�-time particles up to 10 � sec b efore and 6.5 � sec after the ev en t.

F rom test b eam measuremen ts at either end of the TOF the time and p osition

resolution w as determined to b e 115-125 ps and 14.5-18.5 mm, resp ectiv ely , dep ending

on the coun ter length. Charge measuremen t using the time o v er threshold allo w ed for

go o d separation of Z = j 1 j and Z = j 2 j particles (to the lev el of � 5 � 10

� 3

) but had

p o or c harge resolution for j Z j > 1 [58 ]. TOF clusters, de�ned as signals from 1 or 2

adjacen t TOF paddles, w ere also used to trigger the detector [54 ]. The saturation limit

of the readout electronics w as 20 kHz [53 ]. In addition, due to the high time resolution

the probabilit y of mistaking a particle's up w ard or do wn w ard direction, and hence its

c harge sign, is a negligible 10

� 11

. F urther details on the TOF can b e found in [58 ].

4.1.4 The Aerogel Threshold Cerenk o v Coun ter (A TC)

The A TC w as built of blo c ks of aerogel with attac hed ligh tguides and PMTs to pic k

up Cerenk o v ligh t of high v elo cit y c harged particles and allo w for particle iden ti�cation

b ey ond the TOF range. The detector consisted of 168 of these blo c ks (see Figure 4-

5 [59]) arranged in 2 la y ers, 8 � 10 in the upp er la y er and 8 � 11 in the lo w er la y er. Eac h

cell had eigh t 11 mm thic k aerogel blo c ks with index of refraction n = 1 : 035 � 0 : 001
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Figure 4-4: The t w o upp er TOF planes [53].

surrounded b y 3 re
ectiv e te
on la y ers. A w a v elength shifter w as lo cated b et w een the

4th and 5th aerogel la y er and lo w ered Cerenk o v photon loss up to 40% b y absorbing

the Cerenk o v ligh t ( � = 300 nm) and re-emitting it with w a v elength 420 nm [59 ]. This

lo w ered scattering losses and shifted the w a v elength to the range in whic h the PMTs

ha v e maxim um e�ciency . The primary goal of this sub detector w as the separation of

�p=e

�

and p=e

+

up to appro ximately 3.5 GeV. A t higher energies it loses m uc h of its

utilit y and subsequen tly w as not used in this analysis.

4.1.5 The An ti-Coincidence Coun ter (A CC)

The A CC w as made of 16 scin tillation paddles, eac h 1 cm thic k, arranged in a cylinder

b et w een the magnet b ore and the supp ort shell for the trac k er. They w ere the primary

v eto for ev en ts whic h either passed through the sides of the detector, had large scattering

angles or generated a large n um b er of secondaries. If an ev en t had a signal in an y part

of the A CC ab o v e a threshold of 0.15 MeV it w as rejected b y the Lev el 1 trigger [56 ].

4.2 The Fligh t

The AMS-01 
igh t on the Space Sh uttle Disc overy to ok place from June 2 to June 12,

1998. Figure 4-6 [54 ] illustrates the lo cation of AMS-01 in the aft of the Sh uttle ba y

whic h remained �xed for the duration of the mission. The Sh uttle, ho w ev er, p oin ted in

v arious directions with resp ect to zenith (de�ned as the line p oin ting from the cen ter

of the Earth through the sh uttle in to space) throughout the 
igh t. This angle b et w een

the AMS-01 z-axis and the lo cal zenith direction will hereafter b e referred to as the

zenith angle . This w as the last mission to the MIR space station and, as a result, the
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Figure 4-5: The A TC mo dule [59 ].

sh uttle w as attac hed to the station for appro ximately 4 da ys. During this time the

sh uttle orien tation with resp ect to zenith v aried b et w een 40 degrees and 140 degrees. In

addition, while attac hed to MIR , part of the �eld of view of the detector w as obscured

b y the station itself leading to a signi�can t increase in spallation pro ducts impinging on

the detector. As a result the time in whic h the sh uttle w as do c k ed with the station will

not b e used in the analysis.

AMS-01 data w as originally going to b e do wnlink ed con tin uously during the mission

but a malfunction with the Ku-band an tenna required that the data b e stored on disks

(whic h w ere reco v ered after landing) while a small subset of data w as sen t do wn a slo w er

do wnlink to monitor the detector.

4.2.1 Fligh t P arameters

The orbital inclination of the 
igh t w as 51.7 degrees with an altitude that v aried b et w een

320-390 km and had an orbital p erio d of roughly 93 min utes. Data taking b egan on

June 3rd and w as collected in 4 distinct p erio ds (see Figure 4-7):

1. During the 25 hours b efore do c king with MIR the sh uttle w as orien ted with a

zenith angle of 45 degrees.

2. The four da ys in whic h sh uttle w as do c k ed with MIR resulted in large v ariations

in zenith angle. Data during this time w as excluded due to the increase in �

�

and

�

�

generated from in teractions of the cosmic ra ys with the MIR material in the

�eld of view of the detector [54].

3. After separating from MIR the sh uttle w as p ositioned with zenith angle p oin ted

0 degrees, 20 degrees, 45 degrees for 19, 25, and 20 hours resp ectiv ely .
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Figure 4-6: AMS orien tation in Sh uttle Ba y (from [54 ]).

4. Before descending the sh uttle w as 
ipp ed o v er with AMS p oin ting to w ard Earth

(zenith angle = 180 degrees) for 9 hours to study the e�ects of particles in teracting

with the sh uttle b ottom. Data for this p erio d w as not included in our analysis.

4.2.2 T rigger and Liv etime

F or an AMS-01 ev en t to b e recorded it needed to pass 3 di�eren t trigger lev els: F ast,

Lev el 1, and Lev el 3. There w as no Lev el 2 trigger.

1. F ast T rigger: This w as the initial hardw are trigger for the rest of the electronics.

It w as initiated when eac h of the 4 TOF planes had at least one end of a mem b er

paddle's PMTs rise ab o v e a sp eci�c v oltage threshold. All 4 TOF planes w ere

required to coincide within 200 � s of eac h other for the trigger to b e issued.

2. Lev el-1 T rigger (Matrix): This soft w are trigger w as implemen ted b ecause the

TOF acceptance w as m uc h larger then the partially instrumen ted T rac k er. A

correlation matrix b et w een the outer 2 TOF paddles w as used to reject triggers

whic h did not pass through at least 4 trac k er planes.
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Figure 4-7: AMS-01 zenith angle as a function of time with the v arious time p erio ds

indicated. The data from the time in whic h Disc overy w as do c k ed with the MIR space

station (p erio d 2) and when AMS-01 faced Earth (p erio d 4) w as not used in this analysis.

3. Lev el-1 T rigger (V eto): In addition all ev en ts whic h left an y signal in the A CC

w ere rejected. This cut inelastic scattering ev en ts, large scattered ev en ts, or ev en ts

in whic h a particle w as also passing through the sides of AMS.

4. Lev el-3 T rigger (TOF): Initially signals at b oth ends of a TOF cluster w ere

required for planes 1 and 4 but, after it w as disco v ered that plane 4 w as deliv ering

less information, this requiremen t w as only applied to plane 1 [54].

5. Lev el-3 T rigger (T rac k er): A �ducial road 6.2 cm wide w as generated in the

trac k er b ending plane from the clusters registered in the TOF. T rac k clusters

(groups of up to 5 adjacen t trac k er strips) w ere then selected if at least one strip

had a signal to noise ratio > 4. The trigger then required at least 3 clusters in 3

di�eren t trac k er planes within this �ducial road.

It should b e noted that an additional Lev el-3 trigger requiremen t using the residuals

to a straigh t line �t of the trac k er hits w as used prior to the do c king with MIR . Due

to lo w er than an ticipated trigger rates this requiremen t w as disabled when Disc overy

do c k ed with MIR [54].

T o study the trigger e�ciencies ab out 0.1% of the total triggered ev en ts w as recorded

with only the F ast trigger requiremen t [60]. These \prescaled" ev en ts w ere used to
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determine corrections to the detector acceptance to b e discussed in x 5.3.2.

The o v erall geometric acceptance after these trigger requiremen ts w as 0.42 m

2

-str.

The trigger rate usually v aried b et w een 100 and 1600 Hz as a function of p osition relativ e

to the magnetic p oles, though it sometimes spik ed to almost 20 kHz within the South

A tlan tic Anomaly

1

[53]. The readout time w as appro ximately 85 �s whic h resulted in up

to 13% losses at the highest trigger rates (near the p oles). This deadtime w as accoun ted

for in the calculation of the detector liv etime, de�ned as the p ercen t of time in whic h

the detector w as ready to capture an ev en t. This liv etime w as calculated directly from

the Data Acquisition System (D A Q) ev ery few seconds. There w ere some time (less

than 10%) in whic h the transmission w as lost or no liv etime w as calculated and some

of these gaps w ere �lled in b y in terp olating the liv etime o�ine [61]. Accoun ting for

this liv etime will b e discussed further in Chapter 5. As trigger rates saturated when

the detector w as in the South A tlan tic Anomaly data from this area w as excluded [53 ].

Ev en ts whic h pass all trigger requiremen ts are subsequen tly recorded for future analysis.

F urther information on the AMS-01 trigger can b e found in [62 ].

4.3 Ev en t Reconstruction

This analysis will use the TOF and trac k er to fully c haracterize eac h ev en t. The v elo cit y ,

� , and direction of the particles are measured using the TOF. The c harge is determined

from the energy loss in b oth the trac k er silicon and the TOF scin tillators. The particle's

rigidit y , R, is determined from the curv ature in the magnetic �eld as determined b y the

trac k er. These individual measuremen ts com bine to yield the mass, c harge sign, c harge

magnitude and inciden t momen tum v ector of the particle.

4.3.1 V elo cit y Measuremen ts

The v elo cit y w as determined b y �tting time measuremen ts of the TOF clusters near to

the reconstructed trac k. A mean time ( t

m

) is calculated for eac h TOF cluster from the

time measuremen ts at eac h end of the paddles ( t

1

and t

2

) relativ e to the AMS-01 general

trigger:

t

m

=

t

1

+ t

2

2

: (4.1)

Additionally a di�eren tial time ( t

d

) allo w ed for the p osition along eac h paddle to b e

determined using the kno wn e�ectiv e sp eed of ligh t in the scin tillator:

t

d

=

t

1

� t

2

2

: (4.2)

The time measuremen ts w ere corrected for time-w alk or \slewing" whic h resulted from

the fact that large signals reac h the signal threshold faster than smaller signals. This

1

The South A tlan tic Anomaly is a region just southeast of Brazil in whic h the inner V an Allen

radiation Belt comes closest to the Earth's surface. It is due to the Earth's dip ole b eing o�set from the

cen ter of the Earth [60 ].
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causes an additional asymmetric term in the time resolution whic h can b e partially

corrected for in the follo wing equation:

t

cor r

= t �

k

p

a

; (4.3)

where a is the in tegrated ano de signal and k � 7.5 ns

p

pC for all coun ters [63 ].

T o determine the v elo cit y , � , a linear �

2

�t w as p erformed where:

�

2

T O F

=

X

i

( t

1

m

� �

� 1

d

i

c

� K )

2

(� t

i

m

)

2

v

: (4.4)

The v arious terms for eac h la y er (i=1-4) include the mean time, t

i

m

, trac k length at

the crossing p oin t of the paddle, d

i

, sp eed of ligh t, c , un used o�set, K , estimated error

in the mean time, � t

i

m

and factor of v = 1 or v = 2 if 3 or 4 TOF la y ers are used,

resp ectiv ely [54 ].

A corrected �

C

w as also calculated to accoun t for the fact that particles are b ounded

b y the sp eed of ligh t [56 ].

4.3.2 T rac k Reconstruction

The reconstruction of a trac k from the silicon trac k er started with the selection of clusters

(as de�ned in x 4.1.2). The actual p osition of eac h cluster w as calculated b y �tting a

gaussian to the signal amplitudes of the clusters individual strips. K (non-b ending) side

clusters required a S/N of 2.75 in the seed strip (as opp osed to a S/N of 3.5 in the

S-sides [56 ]) and only the adjacen t strips to create a cluster. The K-side's 6 to 8 fold

degeneracy (resulting from the common readout strips) could b e somewhat resolv ed b y

comparing clusters in the inner and outer trac k er la y ers whic h w ere sligh tly o�set, and

b y using the rough trac k de�ned b y the TOF clusters [56 ].

Once a set of S and K-side clusters w ere de�ned they w ere com bined to mak e 3-D

\hits". A trac k �nding pro cedure then �t a straigh t line to all the hit com binations in

separate planes (with at least 4 hits used). If the �

2

w as lo w enough a helix �t w as

p erformed, assuming a constan t B-�eld. If the results for the helix �t w ere go o d enough

more sophisticated �ts w ere p erformed including:

� F ast Fit: Algorithm based on a 5 � 5 matrix in v ersion [64];

� GEANE Fit: Fit based on Kalman �lter using the GEANE CERN library [65 ].

These �tting pro cedures returned a particle rigidit y , rigidit y error and a �

2

. The �t

with the b est o v erall qualit y (lo w �

2

, large n um b er of hits, etc) w as set as the correct

trac k for the candidate particle [48 ].

4.3.3 Charge Measuremen ts

The amoun t of energy loss of a particle passing through a material is prop ortional to the

square of the particle's c harge (Z

2

) and, for the energy regimes relev an t for this analysis,
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the natural log of the v elo cit y m ultiplied b y the relativistic 
 ( l n ( � 
 )) [66]. The c harge

of eac h particle w as determined using a lik eliho o d metho d based on prede�ned samples

of energy dep osition for the TOF and the trac k er (after v elo cit y and angle corrections).

F or c harges up to j Z j = 3 the TOF and trac k er information w ere com bined while for

j Z j > 3 just the trac k er w as used [56 ], ho w ev er trac ks with j Z j > 1 w ere not used in this

analysis. The probabilit y for a helium atom to b e reconstructed with c harge j Z j =1 is

estimated to b e less than 10

� 7

[53].
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Chapter 5

Data Analysis

5.1 In tro duction

This section outlines the pro cedures to determine a precise primary Z = � 1 sp ectrum

from 10 GeV to 200 GeV and ho w a searc h of this sp ectrum for signatures of dark

matter w as conducted. The analysis used the AMS-01 data to determine a detected

coun t rate p er energy bin. A sim ulation of the AMS-01 detector, dev elop ed b y the AMS

collab oration using the GEANT 3 Mon te-Carlo pac k age [67], w as used to c haracterize

the acceptance and momen tum resolution of protons and electrons en tering AMS-01

with momen tum 1-1000 GeV. This analysis can b e follo w ed sc hematically using Figure

A-1 in app endix A. A n um b er of cuts w ere used to obtain clean samples of Z = +1

and Z = � 1 particles. The Z = +1 data set w as mostly protons and, along with data

from the AMS-01 sim ulation, allo w ed an estimation of the mis-measured protons in

the Z = � 1 data sample. The Z = � 1 data set consisted of electrons, mis-measured

protons, an tiprotons and secondary pions generated in the upp er part of the detector.

This analysis required a n um b er of data qualit y cuts to obtain a clean Z = � 1 sample

of electrons and an tiprotons while still retaining enough high energy ev en ts to mak e a


ux measuremen t out to 200 GeV. Throughout this Chapter histograms of sp ectra will

b e plotted as a function of the logarithm of the measured momen tum in GeV from 0.1

GeV to 1000 GeV in 40 bins. All 
ux are giv en in coun ts p er logarithmic bin.

5.2 Data Selection

The AMS-01 dataset consists of appro ximately 100 million ev en ts, the v ast ma jorit y of

whic h are protons. The AMS-01 Mon te-Carlo w as used to generate appro ximately 36

million protons and 15 million electrons to c haracterize the e�ciency , resolution, and

acceptance of the detector. These w ere generated with a logarithmically 
at momen tum

distribution from 1-1000 GeV (to simplify acceptance estimation) and an example set

of Mon te-Carlo parameters can b e seen in app endix B.

The �rst step in the data analysis w as to imp ose a n um b er of qualit y cuts for eac h

ev en t to determine a clean sample of Z = +1 and Z = � 1 ev en ts. These cuts w ere

applied in three steps: pr esele ct, sele ct and analysis whic h allo w ed for progressiv ely
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PRESELECT

Cuts Data (% cut) MC protons (% cut) MC electrons (% cut)

No Reconstructed P article 35.0 88.8 88.2

No Reconstructed T rac k 8.01 0.00 0.00

TOF hits < 3 0.04 5 � 10

� 5

0.00

A CC hit 0.90 12.3 10.6

T able 5.1: Preselection Cuts. V alue sho wn is the p ercen t of ev en ts cut whic h passed all

the cuts ab o v e it in the table. It should b e noted that a large n um b er the sim ulated

ev en ts simply missed most of the detector and did not yield a reconstructed particle.

more complicated cuts on eac h ev en t. The ma jorit y of these cuts w ere dev elop ed from

studies in previous w orks (see [54, 48, 68, 69]). The e�ciencies of the cuts are listed in

T ables 5.1, 5.2 and 5.3.

5.2.1 Preselection Cuts

After the AMS-01 
igh t the ra w data, whic h consisted of v arious ADC and TDC v al-

ues, trac k er strips, temp erature measuremen ts, etc, w ere compiled in to P A W n tuples

using the AMS-01 ev en t reconstruction program [70 ] (see app endix C for description).

Reconstruction w as p erformed as describ ed in Chapter 4 yielding the mass, c harge sign,

c harge magnitude, momen tum, v elo cit y and direction for eac h ev en t. The initial set of

preselection cuts required that eac h ev en t pass a minim um set of requiremen ts, suc h as

ha ving at least one reconstructed trac k and one reconstructed particle. Additionally all

ev en ts w ere required to ha v e hits in at least 3 TOF planes and no hits in the A CC, whic h

w ould indicate either an ev en t with n uclear scattering or a coincidence with a particle

passing through the side of the detector. A list of these cuts can b e seen in T able 5.1.

5.2.2 Selection Cuts

Once a subset of reconstructed ev en ts w as determined v arious v elo cit y , c harge, and

rigidit y cuts w ere applied to the data and Mon te-Carlo electron and proton ev en ts (see

T able 5.2).

T rac k Qualit y Cuts

T rac k qualit y cuts w ere implemen ted in order to mak e sure the rigidit y and c harge sign

of the particle w ere accurately measured. The rigidit y of eac h ev en t w as determined b y

b oth a F ast �t and a GEANE �t (see section x 4.3.2). The latter w as required to b e

> 0 : 2 GV (see Figure 5-1). Generally the GEANE �t w as considered more accurate at
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SELECT Data MC protons MC electrons

T rac k Cuts (% cut) (% cut) (% cut)

T rac k er Halv es = 0 0.02 3 � 10

� 5

0.00

T rac k er Halv es don't matc h 3.20 33.8 28.1

HRidgidit y

1 ; 2

/gridgidit y to o di�eren t 39.2 69.3 64.4

span < 4 12.5 13.2 12.5

gaps in trac k 42.3 47.0 46.1

gridgidit y < 0.2 GV 0.56 0.18 0.26

j T of hit-Extrap olated T rac k er hit j > 5.5 cm 25.0 10.4 9.97

F alseTOF hits for 4 hit ev en t 15.4 11.4 11.7

0.4 < GEANE �t trac k/F ast �t trac k < 2.5 35.1 7.38 2.41

F ast Fit �

2

w/o m ultiple scattering 13.3 3.41 4.43

�

2

F astF it

to o di�eren t from either �

2

H Rig idity (1 ; 2)

0.95 1.74 2.06

T rac k er Clustercut 10.0 4.31 5.92

V elo cit y Cuts (% cut) (% cut) (% cut)

Num b er of TOF hits to build � < 3 0.05 4 � 10

� 3

3 � 10

� 3

�

2

�

(time �t) > 3 3.20 2.11 1.94

�

2

�

(space �t) > 5 0.18 0.00 0.00

�

C

< 0 8 � 10

� 4

0.00 0.00

Charge Cuts (% cut) (% cut) (% cut)

Charge from T rac k er or Charge from TOF 6= 1 17.2 8 � 10

� 3

0.13

T able 5.2: Selection Cuts. V alue sho wn is the p ercen t of ev en ts cut whic h passed

all the cuts ab o v e it in the table. It should b e noted that a n um b er of these cuts

are momen tum dep enden t making direct comparison b et w een data (assumed to follo w

a p o w er-la w distribution) and sim ulation (generated with a uniform log distribution)

di�cult.
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lo w rigidit y while the F ast �t w ork ed b etter at higher rigidit y [71 ]. The t w o �ts w ere

required to b e consisten t b y applying the follo wing cut:

0 : 4 <

R

F ast

R

GEANE

< 2 : 5 : (5.1)

In addition to the rigidit y measured on the full trac k (at least 4 hits) the F ast �t also

measured the rigidit y of the �rst 3 hits and the last 3 hits of the trac k. These \half "

�ts w ere required to yield non-zero rigidit y with the same curv ature sign for eac h half.

If the signs did not matc h it w ould indicate the curv ature from the upp er 3 hits w as

di�eren t from the lo w er 3 hits p ossibly due to large scattering. The �

2

for eac h half �t

w as also compared to the �

2

for the total F ast �t and the ev en t w as cut if the di�erence

w as to o large (see Equation 5.2):

j �

2

F ast

� �

2

Upp er or Lo w er Half

j < 30 : (5.2)

Additionally the upp er and lo w er half �ts w ere required to b e close to the �t generated

b y GEANE (see Equation 5.3):

j

R

U pper H al f

R

GE AN E

�

R

Low er H al f

R

GE AN E

j < 0 : 45 : (5.3)

A F ast �t w as also generated without including an y uncertain ties from m ultiple scat-

tering. Since this �t w as p erformed without all the errors it is more appropriate to call

the �

2

N o � M S

a \trac k qualit y estimator" [54 ]. A corresp ondingly high �

2

N o � M S

for suc h

a �t could p ossibly indicate a large amoun t of scattering [54] and ev en ts w ere remo v ed

if �

2

N o � M S

> 200.

T rac ks w ere also required to b e made of hits whic h spanned at least 4 trac k er planes.

Ev en ts w ere cut if gaps existed in whic h a trac k er plane registered no hits ev en though

hits w ere detected in the planes ab o v e and b elo w it. Suc h gaps could mask large scat-

tering ev en ts whic h could lead to a lo w er measured rigidit y (see Figure 5-2).
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Figure 5-1: Num b er of ev en ts as a

function of rigidit y measured with the

GEANE �t.
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Figure 5-2: Distribution of gaps.
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Generally trac ks w ere generated b y �nding the most p opulated com bination of trac k er

hits whic h �t a straigh t line (with a minim um of 4 hits and a �

2

< 5) [56]. Sometimes

this w as not p ossible b ecause there w ere not enough K-side (x-direction, non-b ending

plane) clusters with a high enough signal-to-noise. In these cases 3-hit com binations

w ere tried and false K-side clusters w ere added to the missing hits (according to the

3-hit trac k). A new attempt w as then made to reconstruct the trac k. If ev en the 3-hit

metho d didn't w ork sometimes the straigh t line �t to the TOF clusters w as used to

generate K-clusters (referred to as F alseTOF K-side clusters). F ollo wing the recommen-

dations of reference [54] trac ks w ere cut if they only had 4 hits and F alseTOF K-side

clusters.

The p osition of the ev en ts on the TOF planes could b e measured in t w o di�eren t

w a ys. First the upp er t w o and lo w er t w o planes w ere arranged in orthogonal directions

allo wing for the p osition to b e measured. Additionally the di�erence in timing from

the PMTs on eac h scin tillator paddle end allo w ed the hit lo cation to b e determined to

1.8 cm [63]. Finally the ev en t could b e extrap olated bac k to the TOF using the trac k er

information. The ev en t w as k ept if the extrap olated TOF hits matc hed the measured

TOF hits to within 5.5 cm.

P ossible bac kgrounds could arise from ev en ts whic h generate secondaries in the upp er

part of the detector. These ev en ts w ere remo v ed b y placing a cut on the amoun t of energy

dep osited near eac h trac k (see \T rac k er Clustercut" in T able 5.2).

V elo cit y Cuts

Accurate measuremen ts of a particle's v elo cit y and o v erall direction are imp ortan t to

determine its mass and c harge sign. T o establish con�dence in the v elo cit y measuremen t

a n um b er of cuts w ere applied to data from the TOF for eac h ev en t. V elo cit y measure-

men ts w ere required to b e constructed of clusters from at least 3 TOF la y ers. Fits to

v elo cit y using the timing information w ere required to ha v e a �

2

�

(time ) < 5 and �ts

to the spatial separation of the TOF clusters w ere required to ha v e �

2

�

(space ) < 3 [54]

(see Figures 5-3 and 5-4). This allo w ed the remo v al of ev en ts with p ossible particle

in teractions or more than one particle [54 ].

The v elo cit y of an y cosmic ra y en tering the detector is b ounded b y the sp eed of

ligh t. Due to the �nite resolution of the TOF it w as p ossible to mis-reconstruct ev en ts

with a v elo cit y greater then the sp eed of ligh t. As a result a \corrected" v elo cit y , �

c

,

w as calculated whic h to ok this resolution in to accoun t and alw a ys returned a v alue

�

c

< 1 [56]. Equation 5.4 illustrates ho w �

c

w as determined from the reconstructed

v elo cit y , � , and its error �

�

.

�

c

=

R

1

� 1

x e

� ( x � � )

2

= (2 �

2

�

)

dx

R

1

� 1

e

� ( x � � )

2

= (2 �

2

�

)

dx

: (5.4)

A cut for ev en ts with �

c

< 0 w as added whic h remo v ed an y ev en ts passing up from the

b ottom of the detector.
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Charge Magnitude Cuts

The c harge magnitude of eac h ev en t can b e measured up to 10 times in AMS-01 from

the energy dep osition in the 4 TOF planes and 6 trac k er planes. A maxim um lik eliho o d

�t w as used to determine the in teger c harge from b oth the trac k er and the TOF [56]

and these w ere required to agree and ha v e an absolute c harge v alue of Q= j 1 j . The large

n um b er cut from the data, relativ e to sim ulation, matc hes that exp ected from helium

ions and other n uclei.

5.2.3 Analysis Cuts

Finally there w ere a few global cuts whic h w ere applied to reduce bac kgrounds (see T able

5.3). This included remo ving ev en ts with inciden t angles greater than 40 degrees from

the AMS-01 z-axis (see Figure 4-6) whic h greatly simpli�ed acceptance calculations

and only cut ab out 2% of ev en ts. During the time Disc overy w as do c k ed with MIR

part of the space station la y in the AMS-01 �eld of view and generated secondary

�

�

and �

�

particles from proton in teractions with the station [54 ]. Since these could

corrupt the Z = � 1 sp ectrum all ev en ts collected during the MIR do c king w ere remo v ed.

Additionally data w as cut when the sh uttle passed o v er the South A tlan tic Anomaly

where the trigger rate saturated and the detector liv etime calculations could not b e

reliably calculated [48 ]. A general cut w as also applied to an y ev en ts recorded when

the detector liv etime w as b elo w 35%, whic h also remo v ed some of the data collected

when AMS-01 w as at high latitude. These latter cuts did not e�ect the Mon te-Carlo

generated protons and electrons b ecause neither the magnetic �eld of the Earth nor the

liv etime w as sim ulated and the sim ulated detector w as alw a ys p oin ting at zenith. After

all of these cuts the initial data set consisted of 2 : 4 � 10

6

Z = +1 particles (primarily

protons) and 4 : 1 � 10

4

Z = � 1 particles (primarily electrons).
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ANAL YSIS Data MC protons MC electrons

Additional Cuts (% cut) (% cut) (% cut)

Time do c k ed with MIR 41.4 0.00 0.00

South A tlan tic Anomaly Region 2.24 0.00 0.00

Liv etime fraction < 0.35 0.53 0.00 0.00

Incidence Angle > 40 degrees 1.97 2.51 2.37

T able 5.3: Analysis Cuts: V alue sho wn is the p ercen t of ev en ts cut whic h passed all the

cuts ab o v e it in the table.

5.2.4 Applying the Geomagnetic Cuto�

A �nal set of cuts w ere required to remo v e particles trapp ed in the Earth's magnetic

�eld whic h could distort our primary cosmic ra y signals. As men tioned in section x 3.4

the Earth's geomagnetic �eld pro vides a natural momen tum cuto� for primary cosmic

ra ys whic h v aries as a function of latitude, direction and c harge. Ev en ts b elo w the cuto�

w ere generally due to particles whic h w ere trapp ed in the magnetic �eld, either from lo w

energy cosmic ra ys or from particles pro duced in the upp er atmosphere from collisions,

whic h could distort the primary signal. This v arying cuto� m ust b e tak en in to accoun t

when correcting for the AMS-01 exp osure time. The exp osure time for eac h energy bin is

the time in whic h the total AMS-01 acceptance w as a v ailable to accept primary particles

ab o v e that energy . F or example the exp osure time for primary particles with energy less

then 1 GeV w as extremely short b ecause the only time the detector w as exp osed to

them w as close to the magnetic p oles. 100 GeV primary particles had a large exp osure

time b ecause, ev en at the equator, the cuto� for most detector p ositions w as w ell b elo w

100 GeV. The exp osure time should not b e confused with liv etime, whic h is the amoun t

of time in whic h the detector is ready to read an ev en t.

Electrons (or an tiprotons) and protons, ha ving opp osite c harges, ha v e di�eren t cuto�

rigidities when calculated at the same p osition and inciden t angle, there b y requiring

t w o separate cuto� calculations. If AMS-01 w as p oin ted to w ard east primary protons

w ere required to ha v e a relativ ely high momen tum while primary electrons/an tiprotons

could b e accepted with a relativ ely lo w momen tum, and vice-v ersa when AMS-01 faced

w est. When lo w momen tum primary electrons/an tiprotons w ere accepted b oth high

momen tum mis-measured primary protons and lo w momen tum mis-measured secondary

protons w ere also accepted, con tributing to the Z = � 1 bac kground. This migh t ha v e

caused the mis-measured proton bac kground (a com bination to primary and secondary

protons) to deviate from a p o w er-la w at lo w energies. By comparing plots of protons

with the Z = +1 cuto� and Z = � 1 cuto� the e�ect w as estimated to b e negligible and

w as ignored in this analysis.

F ollo wing a pro cedure describ ed in reference [48] only ev en ts whic h had momen tum

~p > 1 : 3 ~p

cuto�

+ 2 : 5 � ( ~p ) w ere accepted, where ~p

cuto�

is the calculated cuto� momen tum

and � ( ~p ) is the resolution of the measured momen tum. Placing the cut w ell ab o v e the

calculated v alue assured that only primary particles w ere coun ted. The cuto� momen-

tum w as calculated for the most extreme edge of the detector (40 degrees from the
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AMS-01 z-axis) where the cuto� momen tum w ould b e the highest. This allo w ed the en-

tire ap erture to accept ab o v e cuto� particles, simplifying the calculation of acceptance

and exp osure time. This cuto� w as calculated at eac h sh uttle p osition and w as dep en-

den t on the magnetic latitude and orien tation of AMS-01 with resp ect to geomagnetic

east. The dataset used in this analysis w as originally restricted to data tak en when

AMS-01 p oin ted within 50 degrees of zenith and later further restricted to data when

AMS-01 p oin ted within 2 degrees of zenith.

In order to extend the exp osure so as to collect more primary ev en ts the acceptance

w as divided in to t w o regions [48 ]; an \inciden t" region for particles whic h en tered the

detector within 20 degrees of the z-axis and an \oblique" region for particles whic h

en tered within 20-40 degrees of the z-axis (see Figure 5-5). The maxim um cuto� rigidit y

Figure 5-5: Inciden t (0-20 degree) and oblique (20-40 degree) acceptance regions and

the corresp onding calculated momen tum cuto�s for an electron at their extreme edges.

Calculation assumes AMS-01 is at the magnetic equator and p oin ting to w ard zenith and

the electrons are tra v eling in the plane of the equator.

w as calculated separately for eac h region and w as lo w er for the \inciden t" region allo wing

for more primary particles to b e accepted. Histograms of the data after accoun ting for

the liv etime correction and geomagnetic cuto� can b e seen in Figures 5-6 and 5-7. The

exp osure times w ere also calculated separately for eac h region (see Figure 5-8). The

t w o datasets w ere com bined b y �rst dividing eac h dataset b y its corresp onding exp osure
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Figure 5-6: Liv etime corrected coun ts

for particles detected b et w een 0-20 de-

grees of AMS-01 z-axis.
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Figure 5-7: Liv etime corrected coun ts

for particles detected b et w een 20-40 de-

grees of AMS-01 z-axis.

time (for eac h momen tum bin). This resulted in the n um b er of primary Z = +1 and

Z = � 1 particles detected b y AMS-01 p er second for 0-20 degrees and 20-40 degrees.

Adding these results ga v e the a v erage n um b er of primary particles accepted b y AMS-01

b et w een 0-40 degrees (see Figure 5-9). The errors for eac h momen tum bin w ere scaled

b y the exp osure rate for that bin with the assumption that the error on the exp osure

rate w as negligible. The errors w ere then com bined in quadrature to giv e the total error

on the com bined oblique and inciden t data. The application of this geomagnetic cuto�,

com bined with the remo v al of the data subset in whic h AMS-01 faced Earth, ga v e us a

�nal dataset of 9 : 8 � 10

5

Z = +1 particles (primarily protons) and 1 : 1 � 10

4

Z = � 1

particles (primarily electrons).

Tw o data sets w ere obtained in order to c hec k the calculations of the geomagnetic

cuto� as a function of time. The �rst data set calculates the cuto� separately for

Z = +1 and Z = � 1 particles as men tioned previously and includes the time in whic h

the detector v aried within 50 degrees of zenith. A subset of this data w as collected

when the detector w as p oin ted within 2 degrees of zenith. In this p osition the cuto�

rigidit y is the same for Z = +1 and Z = � 1 particles. It w as disco v ered that the full

dataset obtained p o w er-la w �ts that w ere 
atter then observ ed with the zenith only

data. The results for the zenith only subset app eared to b e more consisten t with other

published measuremen ts [33 ] so it w as decided to use this subset in the analysis with the

inconsistency of the t w o datasets to b e left to future in v estigations. The total primary

cosmic ra y coun t of the zenith only subset w as 2 : 9 � 10

5

Z = +1 particles and 3 : 0 � 10

3

Z = � 1 particles.
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coun ts from Figures 5-6 and 5-7 are then divided b y the corresp onding exp osure time

to get the coun t rate for particles b et w een 0-20 degrees and 20-40 degrees resp ectiv ely .

5.3 Analysis Metho d

5.3.1 Initial Dataset

F rom the data whic h passed all the previous cuts, histograms of the momen tum distri-

bution w ere made for reconstructed Z

rec

= � 1 particles and for reconstructed Z

rec

= +1

particles (see Figure 5-9). In generating the momen tum sp ectra from data the liv etime

of the detector w as accoun ted for b y simply dividing eac h particle b y the liv etime calcu-

lated at the time it w as collected. This ga v e the n um b er of particles one w ould exp ect if

the detector had 100% liv etime. The errors in eac h momen tum bin w ere main tained to

b e the square-ro ot of the n um b er of ev en ts detected (with negligible error from liv etime

estimates).

F rom the Mon te-Carlo, 2-D histograms w ere made of the n um b er of ev en ts with

initial MC momen tum v ersus reconstructed momen tum. These 2-D histograms giv e the

resolution function after all cuts and allo w for the estimation of detector ine�ciencies,

momen tum resolution and gathering area (see Figure 5-10).
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5.3.2 Acceptance, E�ciency and Resolution

Once the total rate of primary Z = � 1 particles w as determined the 
ux could b e

calculated using Mon te-Carlo estimates of the detector's geometric acceptance, detection

e�ciency and momen tum resolution. The latter t w o w ere com bined in to the probabilit y

for a particle en tering the detector acceptance ( A ) with momen tum p

j

to b e detected

with reconstructed momen tum p

i

( P ( p

i

j p

j

)). Equation 5.5 sho ws ho w these t w o functions

relate the detected sp ectra, �( p

i

) (with units 1/sec), to the primary 
ux in tegrated o v er

momen tum, �

0

( p

j

) (with units 1/m

2

-str-sec).

�( p

i

) =

40

X

j =1

P ( p

i

j p

j

) A �

0

( p

j

) : (5.5)

The AMS-01 Mon te-Carlo sim ulation w as used to generate ev en ts uniformly on a

surface 1 meter ab o v e the cen ter of the sim ulated detector. The surface area w as c hosen

to b e large enough so that it en tirely co v ered the ap erture but small enough so that

most of the sim ulated ev en ts en tered the detector. Using Figure 4-6 as a reference all

ev en ts w ere generated within 90 degrees of the detectors z-axis (to w ard the detector).

The ap erture, e�ciency and resolution matrix w ere com bined in to a total acceptance
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Figure 5-10: The resolution matrices whic h sho w the probabilit y for a particle with

generated momen tum (y-axis) to b e detected with a certain reconstructed momen tum

(x-axis). They are divided in to correctly and incorrectly measured c harge sign plots. In

the mis-reconstructed c harge plots the ev en ts in the upp er righ t are generally due to loss

of detector momen tum resolution while the ev en ts on the left are most lik ely a result of

m ultiple scattering.

matrix, A ( p

i

j p

j

), b y �rst determining the n um b er of ev en ts with generated momen tum

p

j

and reconstructed momen tum p

i

, whic h de�ned the resolution matrix, r ( p

i

j p

j

). Eac h

generated momen tum bin w as then m ultiplied b y the generating area times the sub-

tended solid angle [72 ] divided b y the n um b er of ev en ts sim ulated in that momen tum

bin. This ga v e the acceptance matrix, A ( p

i

j p

j

), with units of m

2

-str (see Equation 5.6):

A ( p

i

j p

j

) = r ( p

i

j p

j

)

Gener ating Ar ea � �

N umber Gener ated ( p

j

)

: (5.6)

This w as determined separately for ev en ts with correctly reconstructed c harge sign

and mis-reconstructed c harge sign as illustrated b y the lab eling of the v arious acceptance

matrices in T able 5.4.

The error on the acceptance matrix w as determined as a com bination of systematics

and �nite Mon te-Carlo statistics. F or bins with a large n um b er of ev en ts ( n > 5 ev en ts)

the errors w ere considered as

p

n and added in quadrature. Initially bins with a smaller

n um b er of ev en ts w ere required to sample from the P oisson distribution for eac h bin in
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Matrix Lab el Ev en ts with correctly measured c harge

A

e

�

( p

i

j p

j

) electrons with Q

r ec

= � 1

A

p

+

( p

i

j p

j

) protons with Q

r ec

= +1

Ev en ts with mis-measured c harge

A

e

+

( p

i

j p

j

) electrons with Q

r ec

= +1

A

p

�

( p

i

j p

j

) protons with Q

r ec

= � 1

T able 5.4: Lab eling of acceptance matrices to b e used later in the analysis.

order to correctly determine the errors but, when compared with the com bined errors

from using

p

n for all bins it w as determined that this di�erence w as small enough to

safely ignore.

Systematic corrections to the acceptance arose from trigger e�ciency v ariations and

di�erences in ev en t reconstruction. The Mon te-Carlo generally o v erestimated the e�-

ciency of the sub detectors and triggers. Most of these e�ects w ere studied using prescaled

ev en ts (see x 4.2.2) for Z = +1 particles in [73 , 53] and this analysis assumes similar ef-

fects for Z = � 1 particles. F or corrections to the e�ciency of the Mon te-Carlo F ast

trigger prescaled ev en ts could not b e used due to their requiremen t of a F ast trigger.

By comparing ev en ts that only triggered one end of a TOF paddle to ev en ts whic h trig-

gered b oth ends a correction of -3 � 1.5% could b e estimated for the F ast trigger [54 ].

Using prescaled ev en ts it w as determined that the Lev el 1 T rigger w as w ell sim ulated

and corrections to the e�ciency of the A CC w ere 0 � 1%. F or the Lev el 3 trigger the

e�ciency correction for a signal at b oth ends of a TOF cluster in plane 1 w as -4 � 2%.

The correction for the Lev el 3 trigger requiremen t of least 3 trac k clusters within the

TOF generated �ducial road w as -2 � 1% . Sim ulated particles w ere also reconstructed

sligh tly more e�cien tly then real particles (from comparison to b eam tests) requiring

corrections to the trac k and v elo cit y reconstruction of -2 � 1% and -3 � 1% resp ec-

tiv ely . Finally the in teractions of particles in the detector added a correction of +1

� 1.5% to the e�ciency . All of these corrections w ere found to b e w eakly momen tum

dep enden t [54 ] and could b e added as an o v erall correction to the detector acceptance

calculated from the Mon te-Carlo. A list of the acceptance corrections can b e found in

T able 5.5.

The systematic corrections w ere added to the acceptance matrices in T able 5.4 b y

subtracting 13% from eac h bin ( N = (1 � 0 : 13) � N

counts

) and adding the o v erall sys-

tematic error of �

sy s

= 0 : 035 � N

counts

to the statistical error of eac h bin in quadrature:

�

bin

=

q

�

2

sy s

+ �

2

stat

=

q

(0 : 035 � N

counts

)

2

+ N

counts

: (5.7)

5.3.3 Primary Sp ectra and Bac kground Estimation

Determining the Z = � 1 sp ectrum required accoun ting for the bac kground from protons

with mis-measured c harge ( Q

r ec

= � 1). The large 
ux of protons (10

2

times greater

then electrons at 10 GeV) mean t that ev en a small p ercen t of mis-reconstructed ev en ts
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Correction V alue and Error in %

F ast T rigger -3 � 1.5

A CC T rigger 0 � 1

Lev el3 TOF -4 � 2

Lev el3 T rac k er -2 � 1

T rac k Fit -2 � 1

� Fit -3 � 1

P article In teractions +1 � 1.5

T otal Correction -13 � 3.5

T able 5.5: Proton acceptance corrections and corresp onding systematic uncertain t y

w ould lead to a large bac kground, esp ecially at higher energies where the trac k er loses

momen tum resolution. The metho d used w as to estimate the proton sp ectrum ab o v e

AMS-01 and then use the mis-measured c harge acceptance matrix A

p

�

( p

j

j p

i

) to determine

the exp ected bac kground rate as a function of momen tum.

The proton sp ectrum w as estimated b y assuming a p o w er-la w with no large v ariations

o v er the range of 10-200 GeV. The p o w er-la w sp ectrum w as de�ned b y the follo wing

equation: �( p ) = N p




, where N is the normalization, p is momen tum and 
 is the

sp ectral-index. T o get the n um b er of particles for eac h momen tum bin (i) the p o w er-la w

w as in tegrated o v er eac h bin's momen tum range:

�

0

int

( p

i

) =

Z

p

i +0 : 5

p

i � 0 : 5

N p




dp : (5.8)

This in tegrated 
ux w as then con v olv ed with the proton acceptance matrix for correctly

measured c harge ( A

p

+

( p

j

j p

i

)) to obtain exp ected coun t rates in the detector:

�

simul ation

( p

i

) =

40

X

j =1

A

p

+

( p

i

; p

j

)�

0

int

( p

j

) : (5.9)

The errors on this exp ected coun t rate w ere determined b y scaling the errors from the

acceptance matrix (as determined in x 5.3.2) b y the in tegrated 
ux and adding them in

quadrature:

�

simul ation

( p

i

) =

v

u

u

t

40

X

j =1

( �

Acceptance

( p

i

; p

j

) � �

0

int

( p

j

))

2

: (5.10)

The exp ected coun ting rate w as then �t to the data (�

data

( p

i

)) using the program

Min uit [74] and the SIMPLEX minimization routine to minimize the �

2

with the nor-

malization ( N ) and sp ectral-index ( 
 ) as free parameters:

�

2

=

33

X

i =21

�

data

( p

i

) � �

simul ation

( p

i

)

�

2

data

( p

i

) + �

2

simul ation

( p

i

)

: (5.11)
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Proton Flux �

0

int

( p

j

) = Np

� 


j

Normalization (N) (9.1 � 0.6) � 10

3

Sp ectral Index ( 
 ) -2.68 � 0.02

�

2

21.25

NDOF 11

T able 5.6: Proton bac kground �t parameters. The errors w ere calculated using the

MINOS pac k age in Min uit.

The �t range w as set to 10-200 GeV (bins 21 to 33) to a v oid solar mo dulation e�ects at

lo w momen tum. The results for this �t of the proton bac kground are listed in T able 5.6

and can b e seen in Figure 5-11
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Figure 5-11: A �t of a p o w er-la w con v olv ed with the acceptance matrix with the mea-

sured sp ectrum for protons (left hand axis). The upp er plot sho ws what the pro jected

primary proton p o w er-la w sp ectrum w ould lo ok lik e (righ t hand axis).

The con tribution of mis-measured protons to the Z = � 1 sp ectrum w as determined

b y taking the estimated proton 
ux and con v olving it with the acceptance matrix for

protons with mis-measured c harge, Z

rec

= � 1 (see Equation 5.6 and T able 5.4):
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�

bk g d

( p

i

) =

40

X

j =1

A

p

�

( p

i

; p

j

)�

0

int

( p

j

) : (5.12)

The P oisson nature of the lo w statistics in the mis-measured proton acceptance

matrix (A

p

�

) needs to b e accoun ted for in estimating the proton bac kground to the

Z = � 1 sp ectrum. The v alue of eac h �

bk g d

( p

i

) w as estimated b y �rst generating a

P oisson distribution for eac h in teger v alue of the resolution matrix for r ( p

i

; p

j

). Eac h

distribution w as then sampled and m ultiplied b y the corresp onding generating area o v er

n um b er generated times source 
ux. The con tribution of all 40 p ossible v alues w ere

added up to giv e one en try in to the �

bk g d

( p

i

) histogram. This pro cedure w as rep eated

un til a relativ ely smo oth distribution w as obtained in whic h the most probable v alue

w as c hosen for �

bk g d

( p

i

) and the error on this v alue w as determined b y the range whic h

con tained 68.27% of the error and the highest probabilit y densit y . Comparing this to

the results for simple gaussian errors sho w ed only minor di�erences and, for simplicit y ,

the gaussian errors w ere used for the remainder of the analysis. Figure 5-12 sho ws the

uncorrected electron sp ectrum with the estimated mis-reconstructed proton bac kground.
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5.3.4 W

+

W

�

�nal state generation

By concen trating on searc hing for W

+

W

�

pairs pro duced in the lo cal area of the galaxy

v arious details of dark matter candidate deca ys and in teractions could b e ignored.

W

+

W

�

pairs deca y directly (or via quark fragmen tation) to stable particles suc h as

neutrinos, photons, protons and electrons as w ell as their an tiparticles. The Pythia

Mon te-Carlo co de [10 ] w as used to determine the electron and an tiproton sp ectra of a

W

+

W

�

pair deca y c hain with total cen ter of mass energies from 160 GeV-2000 GeV

(80-1000 GeV for eac h W b oson). This range w as determined b y the minim um energy

to create a W

+

W

�

pair from WIMP co-annihilation and the upp er-range of plausible

dark matter candidates of appro ximately a T eV.

Figures 5-13 and 5-14 w ere generated b y deca ying 10

6

W

+

W

�

pairs in PYTHIA,

collecting the output electrons and an tiprotons and normalizing b y 10

6

to get the a v erage

result for one W

+

W

�

pair. This essen tially ga v e the primary Z = � 1 sp ectrum at the

p oin t where the dark matter co-annihilated through W

+

W

�

pro duction. The errors on

this sp ectrum w ere determined to b e negligible compared to the errors from the data.

The next step w as to con v olv e this with the results from GALPR OP for electron and

an tiproton propagation in the galaxy in order to determine the actual 
ux from dark

matter sources exp ected at Earth.
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5.3.5 GALPR OP propagation

The GALPR OP co de w as written b y Igor Mosk alenk o and Andrew Strong in order to

sim ulate cosmic ra y propagation through the galaxy [11 ]. Using an input source distri-

bution and b oundary conditions, GALPR OP solv es the galactic transp ort equations for

all kno wn cosmic ra y sp ecies using the propagation Equation 3.6.

F or this analysis sources of electrons and an tiprotons w ere placed at di�eren t grid

p oin ts in the galaxy . A sp eci�c energy ( E

g

) and p osition dep enden t rate of emission

( R ( r )) w as set at eac h p oin t. The rate of emission w as related to the WIMP densit y

via Equation 3.5 and this analysis assumes the WIMP densit y follo ws an isothermal

distribution (Equation 2.1). The source rates w ere th us de�ned as:
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R ( r ) = R

0

(

r

2

C

+ r

2

E

r

2

C

+ r

2

)

2

; (5.13)

where r

C

= 2 : 8 kp c is the estimated galactic core radius, r

E

= 8 : 5 kp c is the distance of

the Earth from the galactic cen ter, r is the distance the grid p oin t is from the galactic

cen ter, and R

0

is the electron or an tiproton source densit y at Earth. This densit y w as

normalized so that R

0

= 1 electron (or an tiproton) p er cm

3

p er second, giving us a rate of

pro duction whic h could easily b e con v olv ed with the sp ectra of electrons and an tiprotons

from W

+

W

�

deca y . The propagation co de w as run for source energies ranging from 100

MeV to sev eral T eV with a 
ux at Earth obtained for eac h source energy . The parameter

settings for these propagation runs can b e seen in app endix D. Figures 5-15 and 5-16

illustrate the di�erences in propagation b et w een the ligh t electrons, whic h spread out

relativ ely quic kly in momen tum space, and the hea vier an tiprotons whic h don't lose

their initial energy nearly as quic kly .
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-s) to simplify future cal-

culations.

The 
ux at Earth, for eac h source electron or an tiproton energy , w as then con v olv ed

with the corresp onding sp ectrum for the v arious W

+

W

�

pairs in order to see what

their signal w ould b e at Earth, giv en an isothermal distribution. This corresp onded

to m ultiplying the v alue in eac h energy bin of the W

+

W

�

deca y with the sp ectra for

particles propagated at that initial energy and then adding eac h individual sp ectrum to

get the total for �

0

= 1 W

+

W

�

/(cm

3

sec) at a sp eci�c generated energy . Figure 5-17

illustrates the relativ e rise in the an tiproton signal with resp ect to the electrons from

Figures 5-13 and 5-14 as a result of the di�erence in energy loss rates from galactic

propagation.

F or this analysis a reasonable propagation mo del w as c hosen whose parameters are

de�ned in App endix D. The mo del used included di�usiv e re-acceleration and had a

grid spacing of 0.5 kp c in the x-y direction and 4 kp c in the z direction. The galaxy w as

de�ned as 20 kp c in radius and 8 kp c in disk thic kness. Studies of v arious GALPR OP
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ux at Earth in electrons and an tiprotons for 1 W

+

W

�

pair p er cm

3

p er second at 200 GeV and at 400 GeV total cen ter-of-mass energy b eing generated in

the lo cal region of the galaxy .

mo dels with di�eren t parameters and grid-spacings found appro ximately an order of

magnitude di�erence in the 
ux magnitudes [75 ]. This p oten tial error in the 
ux esti-

mates w as included in our �nal results (see Chapter 7).

5.3.6 Dark Matter Fitting Pro cedure

Once a p oten tial dark matter signal w as generated from the GALPR OP con v olv ed out-

put of W

+

W

�

particles generated in the galaxy �ts could b e made to the data to

determine what, if an y , con tribution dark matter could b e making to the Z = � 1 sp ec-

trum. In order to accoun t for all bac kgrounds a com bined �t w as done b y adding

the con tributions of a standard p o w er-la w electron sp ectrum, a mis-measured proton

sp ectrum and the dark matter con tribution. Eac h of these con tributions w ere passed

through the appropriate acceptance matrices b efore they could b e directly compared to

the data. The electron p o w er-la w comp onen t w as determined from Equation 5.14 where

the normalization ( N

e

) and sp ectral index ( 
 ) w ere allo w ed to v ary:

�

P L

( p

i

) =

40

X

j =1

A

�

e

( p

i

; p

j

)[

Z

p

j +0 : 5

p

j � 0 : 5

N

e

( p

j

)




] : (5.14)

The con tribution from the mis-measured protons is giv en in Equation 5.12 and Figure

5-12.
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The exp ected electron 
ux from 1 W

+

W

�

pair/cm

3

-sec (�

D M e f l ux

( E )) w as con-

v olv ed with the acceptance matrix for correctly measured electrons (see Equation 5.15)

while the corresp onding an tiproton con tribution (�

D M �p f l ux

( E )) w as con v olv ed with the

correctly measured proton acceptance matrix (see Equation 5.16).

�

D M e

( p

i

) =

40

X

j =1

A

�

e

( p

i

; p

j

)�

D M e f l ux

( p

j

) : (5.15)

�

D M �p

( p

i

) =

40

X

j =1

A

+

p

( p

i

; p

j

)�

D M �p f l ux

( p

j

) : (5.16)

These con tributions w ere then added together and m ultiplied b y an o v erall 
oating

normalization N

D M

to giv e a com bined Z = � 1 dark matter rate inside the AMS-01

detector. Figure 5-18 illustrates the e�ect that the AMS-01 acceptance has on a dark

matter candidate of 100 GeV. It should b e noted that, ev en though the edge in the

electron sp ectrum at 100 GeV gets smo othed out from p o or momen tum resolution in

this range, the an tiprotons con tribute enough to sho w a c hange in slop e at appro ximately

30 GeV.

�

D M

( p

i

) = N

D M

(�

D M �p

( p

i

) + �

D M e

( p

i

)) : (5.17)
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Figure 5-18: Sum of e

�

and �p from 100 GeV DM b efore and after AMS-01 Acceptance

(arbitrary 
ux normalization). The upp er plot is the initial 
ux (righ t hand axis) and

the lo w er plot is the corresp onding coun t rate in the detector (left hand axis).

All of these con tributions to the Z = � 1 sp ectrum w ere used to de�ne a �

2

(see

Equation 5.18) whic h w as then minimized using the program Min uit, lea ving the electron
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p o w er-la w normalization ( N

e

) and sp ectral index ( 
 ) and the dark matter normalization

( N

D M

) as free parameters:

�

2

=

H ig h Rang e

X

i = Low Rang e

(�

data

( p

i

) � �

P L

( p

i

) � �

eback

( p

i

) � �

D M

( p

i

))

2

�

2

data

+ �

2

P L

+ �

2

eback

+ �

2

D M

: (5.18)

The errors in the p o w er-la w and dark matter con tributions ( �

2

P L

and �

2

D M

) of Equation

5.18 w ere determined primarily from the errors in the acceptance matrices. Fits w ere

then run on this data for v arious dark matter candidate masses and the results are listed

in T able 6.3.
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Chapter 6

Results

The �nal data set consists of Z = � 1 particles with momen tum from 500 MeV to a T eV

(Figure 5-9). The AMS-01 Mon te-Carlo w as used to determine the 
ux normalization

once o v er-e�ciencies w ere tak en in to accoun t. F or this analysis �ts of the data w ere run

with and without dark-matter, in the form of W

+

W

�

emission, for masses in the range

of 80 GeV - 1000 GeV.

6.1 Fitting Pro cedures

The �tting pro cedure w as p erformed in the follo wing steps.

1. A p o w er-la w �t w as p erformed assuming no measurable dark matter comp onen t

and allo w ed the p o w er-la w normalization (N

P L

) and sp ectral index ( 
 ) to 
oat.

2. T o set a baseline conserv ativ e limit on dark matter co-annihilation it w as then

assumed that the en tire Z = � 1 sp ectrum w as due to W

+

W

�

co-annihilation.

This is highly unlik ely giv en the large n um b er of kno wn astroph ysical cosmic ra y

sources but it giv es a robust limit. Fits of v arious dark matter masses returned

the exp ected dark matter normalization (N

D M

), error, and �t �

2

.

3. Finally a �t w as p erformed with the dark matter and p o w er-la w comp onen ts si-

m ultaneously . The normalization of the dark matter (N

D M

) and the normalization

(N

P L

) and sp ectral index ( 
 ) of the p o w er-la w w ere allo w ed to 
oat. The results

from this �t w as then compared with the previous t w o �ts to determine the max-

im um p ossible exten t of the dark matter con tribution to the measured Z = � 1

sp ectrum.

6.2 P o w er-La w Fit

A �t w as p erformed from 10-200 GeV using only an in tegrated p o w er-la w to mo del a

standard cosmic ra y sp ectrum from astroph ysical sources. The dark matter con tribution

w as set to zero and the p o w er-la w w as con v olv ed with the acceptance matrix of correctly
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measured electrons. Secondary an tiprotons generated from primary cosmic ra y collisions

are estimated to con tribute only negligibly to this Z = � 1 sp ectrum. The results of the

�t can b e see in T able 6.1 and in Figure 6-1.
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 �
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T able 6.1: Fitting only electron p o w er-la w sp ectrum to data. Num b er of Degrees of

F reedom=11
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Figure 6-1: The �t of a p o w er-la w to the data including the con tribution from mis-

measured protons (no dark matter).

A residual plot (

data � f it

data

) w as also generated in order to determine the deviation of

the data from a p o w er-la w and can b e seen in Figure 6-2. F rom just a visual insp ection

there do es not seem to b e an y large deviation from the straigh t line though the three

p oin ts b et w een 10

1 : 7

- 10

2 : 0

GeV do seem to lie far enough o� the line to b e of in terest.

One p ossibilit y is that these could b e due to v ariations in the accuracy of the trac k

�nding algorithms GEANE and F ast �t (the latter of whic h is more accurate than the

former at around these energies) and could b e a target for further in v estigations [76 ].

6.3 Dark Matter Only Fits

The initial dark matter �ts ran a minimization of the �

2

, de�ned in Equation 5.18,

with the p o w er-la w con tribution set to zero and a 
oating dark matter normalization
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Figure 6-2: Residual plot of data with �tted p o w er-la w and proton bac kground sub-

tracted.

N

D M

. The �t range w as set from 10-200 GeV. The �ts for three dark matter masses are

illustrated in Figure 6-3, 6-5, 6-7.

Eac h �t resulted in an estimated dark matter normalization and error whic h w as

used to generate a limit to the rate of W

+

W

�

particles generated lo cally . The n umerical

results, including errors and �

2

from the �ts, are sp eci�ed in T able 6.2 and a plot of the

corresp onding 90% con�dence upp er limit to the pro duction rate is sho wn in Figure 6-9.

In general the errors calculated from MINOS w ere asymmetric (as seen in T able 6.2)

but the pro duction rate and cross-section upp er limits w ere generated using symmetric

parab olic errors, whic h w ere usually quite close the MINOS results.

6.4 Cross Section Limits

Once an upp er limit w as placed on the rate of W

+

W

�

pro duction (Figure 6-9) a cross-

section limit for dark matter co-annihilation could b e estimated b y transforming Equa-

tion 3.5 in to:

�

co � annihil ation

=

R

co � annihil ation

v (

�

2

M

2

�

)

: (6.1)

Accoun ting for the estimated errors in the o v erall dark matter mass densit y of � =

0 : 3 � 0 : 2 GeV/cm

3

[4] and in the v elo cit y distribution of ~ v = 220 � 100 km/sec and

including the previously determined R

co � annihil ation

� �

R

the error in the estimated cross-
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T able 6.2: Fitting only Dark Matter con tribution from WIMPs co-annihilating to

W
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W

�

pairs at a sp eci�c energy for eac h W b oson. Num b er of Degrees of F reedom=12.

section ( �

C S

) w as determined from error propagation to b e:
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: (6.2)

A 90% con�den t cross-section limit w as then placed on WIMPs co-annihilating in to

W

+

W

�

pairs, the results of whic h can b e seen in Figure 6-10.

6.5 Com bined P o w er-La w and Dark Matter Fit

Finally a full �t w as p erformed using con tributions from b oth a p o w er-la w and dark

matter. The �t allo w ed the dark matter normalization (N

D M

) and the p o w er-la w nor-

malization (N

P L

) and sp ectral index ( 
 ) to 
oat when running the SIMPLEX mini-

mization. When the MINOS error calculations w ere run the sp ectral index w as set to

the constan t obtained from the minimization. This w as required b ecause the non-linear

p o w er-la w led to failures with the MINOS routines. The results of this �t for v arious

dark matter masses can b e seen in T able 6.3 and examples of three �ts can b e seen in

Figures 6-4, 6-6 and 6-8.

A limit to the con tribution from dark matter to the o v erall sp ectrum could then b e

deduced using the same metho d men tioned in sections x 6.3 and x 6.4 (see Figures 6-9

and 6-10). By including the standard p o w er-la w bac kground, the limits are impro v ed

o v er the dark matter only limits.
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Figure 6-3: Dark matter Z = � 1 (mass

80 GeV) �t to data.
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Figure 6-4: P o w er-La w + dark matter

Z = � 1 (mass 80 GeV) �t to data.
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Figure 6-5: Dark matter Z = � 1 (mass

250 GeV) �t to data.
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Figure 6-6: P o w er-La w + dark matter

Z = � 1 (mass 250 GeV) �t to data.
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Figure 6-7: Dark matter Z = � 1 (mass

1000 GeV) �t to data.
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Figure 6-8: P o w er-La w + dark matter

Z = � 1 (mass 1000 GeV) �t to data.
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T able 6.3: Fitting dark matter con tribution from WIMPs co-annihilating to W

+

W

�

pairs at a sp eci�c energy for eac h W b oson plus an astroph ysical electron p o w er-la w

sp ectrum. Num b er of Degrees of F reedom=11 (p o w er-la w sp ectral index is set to con-

stan t).
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Figure 6-9: The upp er limit to W
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pro duction from lo cal dark matter co-annihilation

to 90% con�dence. The upp er curv e (blue) is a limit assuming only dark matter is

con tributing to Z = � 1 cosmic ra ys while the lo w er limit (red) is when a standard

astroph ysical p o w er-la w is added.
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a smo oth isothermal halo. The upp er curv e (blue) is a limit assuming only dark matter

is con tributing to Z = � 1 cosmic ra ys while the lo w er limit (red) is when a standard
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Chapter 7

Conclusions

7.1 Summary

A searc h for signatures of WIMPs co-annihilating to W

+

W

�

b osons in our galaxy w as

p erformed b y lo oking in the cosmic ra y Z = � 1 sp ectrum measured b y AMS-01. The

GALPR OP and PYTHIA sim ulations w ere used to generated the shap e and prop ortions

of electron and an tiprotons whic h w ould b e observ ed at earth giv en a smo oth isothermal

distribution of dark matter. The normalization of this sp ectrum w as then directly

correlated to the amoun t of W

+

W

�

pro duction lo cally in the galaxy . It w as disco v ered

that the electron sp ectrum from dark matter co-annihilation con v olv ed with the AMS-01

acceptance matrix lost an y pronounced features from p o or momen tum resolution of the

detector in the region of in terest (ab o v e 60 GeV).

As a baseline analysis, it w as p ossible to set a v ery conserv ativ e limit b y assuming

that all Z = � 1 particles w ere from dark matter (see x 6.3). The main error on this

can b e tak en from the uncertain ties in the GALPR OP mo dels of propagation (curren tly

tak en to b e an order of magnitude). These �ts generally had a m uc h higher �

2

than

the �t with a simple p o w er-la w (whic h is predicted from standard astroph ysics). A

com bined �t of a p o w er-la w and dark matter comp onen ts also yielded similar �

2

v alues

as obtained with just a p o w er-la w �t leading to the follo wing conclusions:

1. Exp ected electron p o w er-la w sp ectrum explains the measured sp ectrum.

2. Dark matter alone can not explain our measured Z = � 1 sp ectrum.

3. Added dark matter do es not impro v e the description.

4. The dark matter electron sp ectrum lo oks lik e a p o w er-la w with decreasing sp ectral

index as the WIMP mass increases.

5. The dark matter an tiproton con tribution dominates the electrons at higher energies

and has a p eak whic h mo v es to higher energies for hea vier WIMPs.

Though our searc h did not �nd an y strong signatures of WIMP co-annihilation w e

w ere able to place limits on the rate of W

+

W

�

b osons that could b e pro duced in the
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Figure 7-1: Upp er limit to W

+

W

�

pro duction from lo cal dark matter co-annihilation

at 90% con�dence lev el comparing the dark matter plus p o w er-la w limit along with an

estimate of the GALPR OP error.

lo cal region of the galaxy (see Figure 7-1) as w ell as limits on their cross-section to

co-annihilation (see Figure 7-2). The ma jor source of error on these limits come from

the uncertain ties in the galactic propagation soft w are GALPR OP whic h could a�ect the

normalization b y an order of magnitude, whic h is also plotted.

7.2 F uture W ork

7.2.1 Prosp ects for con tin ued analysis of AMS-01 data

This analysis of the AMS-01 Z = � 1 sp ectrum is not en tirely exhaustiv e. Other w ork

that could b e done includes the follo wing.

1. Mo del Z = � 1 rates from Z Z or b

�

b c hannels of WIMP co-annihilation.

2. Searc hes for mono energetic sources of WIMP co-annihilation.

3. Searc hes for signatures from sp eci�c SUSY mo dels.

4. Increased studies of GALPR OP systematics to tigh ten errors.

5. Include p ossible additional e�ects suc h as secondary an tiprotons from cosmic ra y

in teractions.
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Figure 7-2: Cross-section limits assuming that WIMPs co-annihilate en tirely through

the W

+

W

�

c hannel and that they are distributed throughout the galaxy in a smo oth

isothermal halo.

6. More studies of the AMS-01 Mon te-Carlo could allo w for tigh ter error estimates.

7.2.2 Prosp ects for AMS-02 searc h

AMS-02 is curren tly under construction and is planned to b e installed on the In terna-

tional Space Station in 2008. It is essen tially the same core design as AMS-01 with a

n um b er of ma jor impro v emen ts [53]:

� A sup erconducting magnet with a �eld 6 times more p o w erful then original magnet

allo wing for a m uc h higher maxim um design rigidit y ,

� A fully instrumen ted silicon trac k er,

� A T ransition Radiation Detector (TRD) for the separation of protons from elec-

trons and p ositrons with momen ta up to 300 GeV,

� A Ring Imaging Cerenk o v Coun ter (RICH) whic h will replace the threshold Cerenk o v

coun ter of AMS-01,

� An Electromagnetic Calorimeter (ECAL) whic h can also distinguish protons from

electrons and p ositrons,

� A 3 y ear exp osure time.
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The electron-p ositron/proton separation using the TRD and the ECAL will allo w

AMS-02 to mak e an extremely precise measuremen t up to 300 GeV allo wing us to mak e

a direct comparison to the HEA T results [77]. If the anomalous rise that the HEA T

detector sa w at 10 GeV exists in the AMS-02 data and it drops bac k to the exp ected

curv e for p ositrons from cosmic pion pro duction it w ould b e a v ery strong indication of

WIMP co-annihilation in the galaxy .
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App endix A

Analysis Chain
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Figure A-1: Analysis Chain
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App endix B

AMS-01 Mon te-Carlo Settings

The follo wing is an example of a job �le used to set the v ariables when running the

AMS-01 Mon te-Carlo.

#!/bin/bash

[ -z "\$UNAME" ] && UNAME=`(uname) 2>/dev/null`

[ -z "\$UNAME" -a -d /sys/node_data ] && UNAME="DomainOS"

[ -z "\$UNAME" ] && (echo could not determine hosttype ; exit)

if [ "\$UNAME" = "AIX" ] ; then

MACHINE="aix"

elif [ "\$UNAME" = "OSF1" ] ; then

MACHINE="osf1"

elif [ "\$UNAME" = "Linux" ] ; then

MACHINE="linux"

else

echo \$UNAME is not supported yet

fi

export AMSDataDir=/net /c sra id 1/h om e/r he nn ing /A MSD at aD ir

export CERN_ROOT=/lns/ ce rnl ib /pr o

/net/csraid1/home /rh en ni ng/ ex e/g ba tch .e xe > LOGS/1410033.log <<!

LIST

KINE 14

LOSS 1

HADR 1

MULS 1

CUTS 1=0.0005 2=0.0005 3=0.001 4=0.001 5=0.001

TRIG 20000

DEBUG -1 10 1000

C Nparticles

MCGEN 1=-125. 2=-45. 3=100. 4=125. 5=45. 6=101.

13=1. 14=1000. 15=1 16=0. 17=0. 19=1410033 20=5 21=0

IOPA 1=3 2='/net/csraid1 /ho me /fi sh erp /A MS /wo rk /pr ot on s'

43=101 45='TriggerLVL1 ' 126=30000

L3REC 11=0

RNDM 14 10033

AMSJOB 1=10000 2=0 3=20. 4=0 5=0 46='AMSSHUTTLE'

TERM=1234567890

END
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App endix C

AMS-01 P a w Ntuple Structure

The follo wing is a list of elemen ts for eac h reconstructed particle as written to a P A W

n tuple via the AMS-01 reconstruction program. This list is tak en from the AMS-01

in ternal analysis do cumen ts.

# \$Id: appc.tex,v 1.1 2005/12/13 16:41:15 gcarosi Exp $

This is AMS01 ntuple description (frozen)

NB : Record Length = 8000

# ! Annotations by bmonreal

*************** ** ** ** ** *** ** ** ** ** ** *** ** ** *

* Type * Range * Block * Name *

*************** ** ** ** ** *** ** ** ** ** ** *** ** ** *

* I*4 * * EVENTH * eventno // Event no ! The EVENTH block summarizes the contents

* I*4 * * EVENTH * run // run no ! of this event, and the shuttle/orbit parameters

* I*4 * * EVENTH * runtype //

* I*4 * * EVENTH * time(2) // Event time

// (1) Unix time (sec) ! time(1) = absolute time. T0 = 896849225

// (2) usec time ! time(2) resets when AMS-01 daq computer reboots

* I*4 * * EVENTH * rawwords // Event Lenght in bytes

// (20 low bits, program

// version (12 high bits)

* R*4 * * EVENTH * RadS // Shuttle Altitude (I2000 cm)

* R*4 * * EVENTH * ThetaS // Shuttle Lattitude (GTOD rad) ! GTOD = Greenwich true-of-date ref frame

* R*4 * * EVENTH * PhiS // Shuttle phi (GTOD rad)

* R*4 * * EVENTH * YawS // Shuttle yaw (LVLH rad) ! see footnote (LVLH = Local Vertical/Local Horizontal ref frame)

* R*4 * * EVENTH * PitchS // pitch ! for zenith angle eq.

* R*4 * * EVENTH * RollS // roll

* R*4 * * EVENTH * VelocityS // Shuttle speed (rad/sec)

* R*4 * * EVENTH * VelTheta // speed theta (GTOD rad)

* R*4 * * EVENTH * VelPhi // speed phi (GTOD rad)

* R*4 * * EVENTH * ThetaM // Magnetic Latitude ***)

* R*4 * * EVENTH * PhiM // Magnetic Longitude ***)

* I*4 * * EVENTH * Particles // No of Particles

* I*4 * * EVENTH * Tracks // No of Tracks

* I*4 * * EVENTH * Betas // No of Betas

* I*4 * * EVENTH * Charges // No of Charges

* I*4 * * EVENTH * TrRecHits // No of 3 dim trackerpoints

* I*4 * * EVENTH * TrClusters // No of Tr Clusters

* I*4 * * EVENTH * TrRawClusters // No of Tr Raw Clusters

* I*4 * * EVENTH * TrMCClusters // No of Tr MC hits

* I*4 * * EVENTH * TOFClusters // No of TOF Clusters

* I*4 * * EVENTH * TOFMCClusters // No of TOF MC Hits

* I*4 * * EVENTH * CTCClusters // No of Cerenkov clusters

* I*4 * * EVENTH * CTCMCClusters // No of Cerenkov MC hits

* I*4 * * EVENTH * AntiMCClusters // No of Anti MC Hits

* I*4 * * EVENTH * AntiClusters // No of Anti clusters

* I*4 * * EVENTH * EventStatus // EventStatus (see status.doc)

* I*4 * [0,10] * BETA * nbeta // betas number

* I*4 * * BETA * betastatus // 4 - ambig

* I*4 * * BETA * betapattern(nbe ta ) // beta pattern(beta.d oc )

* R*4 * * BETA * beta(nbeta) // velocity ! THIS is the velocity. Note, sometimes > 1

* R*4 * * BETA * betac(nbeta) // corrected velocity ! this is E.Choumilov's guess at the velocity such that it is always < 1.0

* R*4 * * BETA * betaerror(nbeta ) // est error 1/velocity

* R*4 * * BETA * betaerrorc(nbet a) // est error 1/corrected velocity

* R*4 * * BETA * betachi2(nbeta) // chi2 of beta fit(time)

* R*4 * * BETA * betachi2s(nbeta ) // chi2 of beta fit(space)

* I*4 * * BETA * betantof(nbeta) // number of tof planes
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* I*4 * * BETA * betaptof(4,nbet a) // pointers to tof planes

* I*4 * * BETA * betaptr(nbeta) // pointer to track

* I*4 * [0,10] * CHARGE * ncharge // charges number

* I*4 * * CHARGE * chargestatus // 1 - refitted

* R*4 * * CHARGE * chargebetap(nch ar ge) //pointer to velocity

* I*4 * * CHARGE * chargetof(nchar ge ) // TOF charge

* I*4 * * CHARGE * chargetracker(n ch arg e) // Tracker Charge

* R*4 * * CHARGE * probtof(4,nchar ge ) // TOF highest Probs

* I*4 * * CHARGE * chintof(4,nchar ge ) // charge indices for

// highest Probs (see

// charge.doc)

* R*4 * * CHARGE * probtracker(4,n ch arg e) // Tracker highest Probs

* I*4 * * CHARGE * chintracker(4,n ch arg e) // charge indices for

// highest Probs (see

// charge.doc)

* R*4 * * CHARGE * proballtracker( nc har ge )/ / Tracker highest Prob

// (all hits)

* R*4 * * CHARGE * truntof(ncharge ) // Trun (-1) mean (Anodes)

* R*4 * * CHARGE * truntofd(ncharg e) // Trun (-1) mean (Dynodes)

* R*4 * * CHARGE * truntracker(nch ar ge) // Trun (-1) mean

* I*4 * [0,10] * PARTICLE * npart // particles number ! The PARTICLE block amasses all of the data

! from other blocks and tries to guess what

! actual particles are present. In each array,

! the first entry (FORTRAN index 1, C++ ind 0)

! contains the "best" particle found in this event.

* I*4 * * PARTICLE * pbetap(npart) // pointer to beta

* I*4 * * PARTICLE * pchargep(npart) // pointer to charge

* I*4 * * PARTICLE * ptrackp(npart) // pointer to track,

// or -1 if particle doesn't

// contain a track

* I*4 * * PARTICLE * pid(npart) // Geant Particle Id ! Using the charge and mass, pid(i) is the best guess at the GEANT particle ID

* I*4 * * PARTICLE * pidvice(npart) // Geant vice-Particle Id ! " " second-best guess ""

* R*4 * * PARTICLE * probpid(2,npart ) // probabilities

* R*4 * * PARTICLE * fitmom(npart) // fitted mom for pid

* R*4 * * PARTICLE * pmass(npart) // particle mass ! calculated naively from beta (or betac?) and momentum.

* R*4 * * PARTICLE * perrmass(npart) // error in particle mass

* R*4 * * PARTICLE * pmom(npart) // particle momentum ! pmom(i) = ridgidity(ptra ckp (i )) *s ig n( be ta( pb et ap (i )) )*p ch ar ge (i ).

// (signed)

* R*4 * * PARTICLE * perrmom(npart) // error in momentum ! based on rigidity error

* R*4 * * PARTICLE * pcharge(npart) // charge ! = some combination of chargetracker and chargetof

* R*4 * * PARTICLE * ptheta(npart) // theta (1st(last) tracker plane) ! \ the particle direction

* R*4 * * PARTICLE * pphi(npart) // phi ----------- ! /

* R*4 * * PARTICLE * thetagl(npart) // theta global **) ! ???

* R*4 * * PARTICLE * phigl(npart) // phi global

* R*4 * * PARTICLE * pcoo(3,npart) // coo ----------- ! location of particle at 1st tracker pl.

* I*4 * * PARTICLE * atcnbcel(2,npar t) // nb of acrossed cells

* R*4 * * PARTICLE * atcnbphe(2,npar t) // nb of photoelectrons

* I*4 * * PARTICLE * atcidcel(2,npar t) // cells id ****)

* I*4 * * PARTICLE * atcdispm(2,npar t) // PM minimal distance ****)

* I*4 * * PARTICLE * atcdaero(2,npar t) // Aerogel path length ****)

* I*4 * * PARTICLE * atcstatu(2,npar t) // Bad ATC cells ****)

* R*4 * * PARTICLE * cutoff(npart) // geomag cutoff in GeV/c ! A crude calculation - recommend don't use

* R*4 * * PARTICLE * cooctc(3,2,npar t) // tracker extrapol in ctc

* R*4 * * PARTICLE * cootof(3,4,npar t) // tracker extrapol in tof

* R*4 * * PARTICLE * cooanti(3,2,npa rt )// tracker extrapol in anti

* R*4 * * PARTICLE * cootr(3,6,npart ) // tracker extrapol in tr *****) !use this for 3-D position of track

!(interesting to compare to trrh positions)

* I*4 * [0,20] * TOFCLUST * ntof // TOF clusters number !

* I*4 * * TOFCLUST * TOFStatus(ntof) // Status:

// bit 4 - ambig

// bit 128 -> problems with history

// bit 256 -> "1-sided" counter ! this bit flags TOF bars with only one end

// bit 512 -> bad t-measurement

// on one of the sides

// bit 2048 -> recovered from

// 1-sided (bit256 also set)

* I*4 * * TOFCLUST * plane(ntof) // Tof layer no ! with 4 layers and 14 bars per layer,

//1..4 up..down ! I assigned a TOF Bar ID as follows:

* I*4 * * TOFCLUST * bar(ntof) // TOF bar no ! mytofbarid(i) = bar(i) + 14*(plane(i)-1 )

* R*4 * * TOFCLUST * TOFEdep(ntof) // TOF energy loss (MeV)

// from Anode

* R*4 * * TOFCLUST * TOFEdepd(ntof) // TOF energy loss (MeV)

// from Dynode

* R*4 * * TOFCLUST * TOFTime(ntof) // TOF time (sec)

* R*4 * * TOFCLUST * TOFETime(ntof) // Error in TOF time

* R*4 * * TOFCLUST * TOFCoo(3,ntof) // TOF Coo (cm) ! position _along_ bar, I think.

* R*4 * * TOFCLUST * TOFErCoo(3,ntof ) //

* I*4 * * TOFCLUST * nmemb(ntof) // Number of bars in cluster

* I*4 * [0,200] * TOFMCCLU * ntofmc // TOF MC hits number

* I*4 * * TOFMCCLU * TOFMCIdsoft(nto fm c) // Idsoft

// Ask E. Choumilov

// if needed

//

* R*4 * * TOFMCCLU * TOFMCXcoo(3,nto fm c)/ / coo

* R*4 * * TOFMCCLU * TOFMCtof(ntofmc ) // time
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* R*4 * * TOFMCCLU * TOFMCedep(ntofm c) // energy(meV)

* I*4 * [0,50] * TRCLUSTE * ntrcl // Tracker clusters number

* I*4 * * TRCLUSTE * Idsoft(ntrcl) // Idsoft

// mod(id,10) layer

// mod(id/10,100) ladder

// i=mod(id/1000,1 0)

// i==0 x 1st half

// i==1 x 2nd half

// i==2 y 1st half

// i==3 y 2nd half

// id/10000 strip

* I*4 * * TRCLUSTE * Statust(ntrcl) // Status *)

* I*4 * * TRCLUSTE * NelemL(ntrcl) // -Number of strips left to max

* I*4 * * TRCLUSTE * NelemR(ntrcl) // Number of strips right to max

* R*4 * * TRCLUSTE * Sumt(ntrcl) // Amplitude total

* R*4 * * TRCLUSTE * Sigmat(ntrcl) // Sigma total

* R*4 * * TRCLUSTE * Meant(ntrcl) // CofG (local)

* R*4 * * TRCLUSTE * RMSt(ntrcl) // RMS cluster

* R*4 * * TRCLUSTE * ErrorMeant(ntrc l) // error in CofG

* R*4 * * TRCLUSTE * Amplitude(5,ntr cl ) // strips ampl

* I*4 * [0,200] * TRMCCLUS * ntrclmc // Tracker MC hits number

* I*4 * * TRMCCLUS * IdsoftMC(ntrclm c) // Idsoft

// mod(id,10) layer

// mod(id/10,100) ladder

// id/1000 sensor

* I*4 * * TRMCCLUS * Itra(ntrclmc) // Particle Id (or 555 if noise)

* I*4 * * TRMCCLUS * Left(2,ntrclmc) // left strip no

* I*4 * * TRMCCLUS * Center(2,ntrclm c) // center strip no

* I*4 * * TRMCCLUS * Right(2,ntrclmc ) // right stip no

* R*4 * * TRMCCLUS * ss(5,2,ntrclmc) // Strip amplitudes

* R*4 * * TRMCCLUS * xca(3,ntrclmc) // local input coo

* R*4 * * TRMCCLUS * xcb(3,ntrclmc) // local output coo

* R*4 * * TRMCCLUS * xgl(3,ntrclmc) // global coo

* R*4 * * TRMCCLUS * summc(ntrclmc) // total amplitude

* I*4 * [0,200] * TRRECHIT * ntrrh // tracker 3dim points number

* I*4 * * TRRECHIT * px(ntrrh) // pointer to x track clster

* I*4 * * TRRECHIT * py(ntrrh) // -------- y --------

* I*4 * * TRRECHIT * statusr(ntrrh) // Status *)

* I*4 * * TRRECHIT * Layer(ntrrh) // Layer no 1-6 up-down

* R*4 * * TRRECHIT * hitr(3,ntrrh) // gl 3dim coordinates

* R*4 * * TRRECHIT * ehitr(3,ntrrh) // error to above

* R*4 * * TRRECHIT * sumr(ntrrh) // Amplitude

* R*4 * * TRRECHIT * difosum(ntrrh) // (A_x-A_y)/(A_x+ A_ y)

* R*4 * * TRRECHIT * cofgx //local cfg x

* R*4 * * TRRECHIT * cofgy //local cfg y

* I*4 * [0,20] * TRTRACK * ntrtr // tracks number ! ptrackp(i) points entries in this bank

* I*4 * * TRTRACK * trstatus(ntrtr) // Status *) ! important thing in status: if k-side is not

! reconstructed (matched to TOF), then the chi2 values

! are gibberish/mean ing le ss , and the track direction is

! assigned to point through the CENTER of the tof bar

! in the non-bending direction.

* I*4 * * TRTRACK * pattern(ntrtr) // Pattern (datacards.doc ) see -> \$\$) at the bottom of the page

* I*4 * * TRTRACK * address(ntrtr) // address (trrec.C buildaddress)

* I*4 * * TRTRACK * nhits(ntrtr) // number of hits ! note: this is # of hits used, there may be more

! along or near the track.

* I*4 * * TRTRACK * phits(6,ntrtr) // pointers to trrechit

! check that these pointers are valid before

! following them; in a few events they point to

! numbers > ntrrh. The pointers are in order from

! top to bottom. If there are only 4 hits, for

! example, phits(5,i) and phits(6,i)=-1.

* R*4 * * TRTRACK * LocDbAver(ntrtr ) // rel mom from testbeam ! I don't trust this in TB data

* I*4 * * TRTRACK * GeaneFitDone(nt rt r) // != 0 if done

* I*4 * * TRTRACK * AdvancedFitDone (n trt r) --------------

* R*4 * * TRTRACK * Chi2StrLine(ntr tr ) // chi2 sz fit

* R*4 * * TRTRACK * Chi2Circle(ntrt r) // chi2 circular fit

* R*4 * * TRTRACK * CircleRidgidity (n trt r) // circular rigidity

* R*4 * * TRTRACK * Chi2FastFit(ntr tr ) // chi2 fast nonl fit

* R*4 * * TRTRACK * Ridgidity(ntrtr ) // fast nonl rigidity ! This is the best rigidity, most of the time

* R*4 * * TRTRACK * ErrRidgidity(nt rt r) // err to 1/above

* R*4 * * TRTRACK * Theta(ntrtr) // theta (from fast) ! theta, phi, and coords appear to be the same

* R*4 * * TRTRACK * phi(ntrtr) // phi --------- ! as ptheta, pphi, and pcoo in the particle bank

* R*4 * * TRTRACK * p0(3,ntrtr) // coords ---------- !

* R*4 * * TRTRACK * gchi2(ntrtr) // geane chi2

* R*4 * * TRTRACK * gridgidity(ntrt r) // ------ rigidity ! this is in principle better, but not always there

* R*4 * * TRTRACK * gerrridgidity(n tr tr) //error to 1/above

* R*4 * * TRTRACK * gtheta(ntrtr)// -------- theta

* R*4 * * TRTRACK * gphi(ntrtr) // -------- phi

* R*4 * * TRTRACK * gp0(3,ntrtr) // ------ coords

* R*4 * * TRTRACK * hchi2(2,ntrtr) // two halves chi2s

* R*4 * * TRTRACK * HRidgidity(2,nt rt r) //-------- rigities

* R*4 * * TRTRACK * HErrRidgidity(2 ,n trt r) // errors to 1/above

* R*4 * * TRTRACK * htheta(2,ntrtr) // ------- thetas
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* R*4 * * TRTRACK * hphi(2,ntrtr) // ------ phis

* R*4 * * TRTRACK * hp0(3,2,ntrtr) // ------- coords

* R*4 * * TRTRACK * fchi2ms(ntrtr) // fast chi2 mscat off

* R*4 * * TRTRACK * pirigerr(ntrtr) // PathInt err(1/rig)

// (<0 means fit wan not succesful)

* R*4 * * TRTRACK * ridgidityms(ntr tr ) // fast rigidity mscat off

* R*4 * * TRTRACK * pirigidity(ntrt r) // PathInt rigidity

* I*4 * [0,20] * MCEVENTG * nmcg // Number of input particles in MC gen ******) !=0 for flight data

* I*4 * * MCEVENTG * nskip //Pos no for test beam data or MC spec

* I*4 * * MCEVENTG * Particle(nmcg) // Geant particle id ! NOTE: if Particle is negative, that is a secondary

! created in collision/delta -r ay /sp al la ti on .

! Many secondary low-energy electrons are created for most

! events; inelastic scatterings are pretty obvious

! with multiple hadrons, etc.

Particle GEANT ID

Photon 1

Positron 2

Electron 3

Mu+ 5

Mu- 6

Pi0 7

Pi+ 8

Pi- 9

K0long 10

K+ 11

K- 12

Neutron 13

Proton 14

Antiproton 15

K0short 16

Eta 17

Lambda 18

Deuteron 45

Triton 46

Alpha 47

He3 49

* R*4 * * MCEVENTG * coo(3,nmcg) // geant particle coos ! 3-D point where particle was created.

! This is how you can tell if a particle was made

! inside the upper TOF/tracker (likely to affect

! tracking), lower TOF (maybe affect charge?), or below

! that (prob. no affect, unless it comes back to ACC)

* R*4 * * MCEVENTG * dir(3,nmcg) // ------- dir cos ! projections of particle direction on x,y,z axes.

* R*4 * * MCEVENTG * momentum(nmcg) // momentum

* R*4 * * MCEVENTG * mass(nmcg) // mass

* R*4 * * MCEVENTG * charge(nmcg) // charge

* I*4 * [0,20] * CTCCLUST * nctccl // cerenkov clusters number

* I*4 * * CTCCLUST * CTCStatus(nctcc l) // Status *)

* I*4 * * CTCCLUST * CTCLayer(nctccl ) // layer no

* R*4 * * CTCCLUST * ctccoo(3,nctccl ) // coords

* R*4 * * CTCCLUST * ctcercoo(3,nctc cl ) // errors to above

* R*4 * * CTCCLUST * ctcrawsignal(nc tc cl) // raw signals

* R*4 * * CTCCLUST * ctcsignal(nctcc l) // corrected ones

* R*4 * * CTCCLUST * ctcesignal(nctc cl ) // error to above

* I*4 * [0,200] * CTCMCCLU * nctcclmc // cerenkov mc hits number

* I*4 * * CTCMCCLU * CTCMCIdsoft(nct cc lmc ) // Idsoft

// Ask E. Choumilov

// if needed

//

* R*4 * * CTCMCCLU * CTCMCXcoo(3,nct cc lmc ) // coords

* R*4 * * CTCMCCLU * CTCMCXdir(3,nct cc lmc ) // dir cos

* R*4 * * CTCMCCLU * CTCstep(nctcclm c) // step size (cm)

* R*4 * * CTCMCCLU * ctccharge(nctcc lm c) // particle charge

* R*4 * * CTCMCCLU * ctcbeta(nctcclm c) // velocity

* R*4 * * CTCMCCLU * ctcedep(nctcclm c) // energy dep (MeV)

* I*4 * [0,16] * ANTICLUS * nanti // Anti clusters number ! if >0, event vetoed

* I*4 * * ANTICLUS * AntiStatus(nant i) // Status

* I*4 * * ANTICLUS * AntiSector(nant i) // Sector no(1-16)

* R*4 * * ANTICLUS * AntiEdep(nanti) // Energy dep (MeV)

* R*4 * * ANTICLUS * AntiCoo(3,nanti ) // Coo (cm)

* R*4 * * ANTICLUS * AntiErCoo(3,nan ti ) // Err to Coo

* I*4 * [0,200] * ANTIMCCL * nantimc // MC Anti hits number

* I*4 * * ANTIMCCL * AntiMCIdsoft(na nt imc ) // idsoft

* R*4 * * ANTIMCCL * AntiMCXcoo(3,na nt imc ) // coo

* R*4 * * ANTIMCCL * AntiMCtof(nanti mc ) // Tof

* R*4 * * ANTIMCCL * AntiMCedep(nant im c) // energy dep (GeV)
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* I*4 * [0,2] * LVL3 * nlvl3 // lvl3trigger number ! NLVL3 sometimes=2. If so, the i=1 version

! is that reported by the hardwarde, the i=2

! version is that reported by the software.

! I think. Also, keep in mind that MC has NO

! TRIGGERS APPLIED - run xtrig.f to learn how

! the event would trigger or not.

* I*4 * * LVL3 * LVL3TOFTr(nlvl3 ) // TOF Trigger

// -1 if rejected by matrix trigger,

// 0 if rejected by adj hits, 1 otherwise

* I*4 * * LVL3 * LVL3AntiTr(nlvl 3) // Anti Trigger not used now

* I*4 * * LVL3 * LVL3TrackerTr(n lv l3) // TrackerTrigger ! Tracker trigger turned on only before

// 0 - initial state ! MIR docking. To see when the trigger

// 1 - reject (p) ! was turned on, look for non-consecutive

// 2 - Too many hits ! "eventno".

// 3 - No comb found

// 4 - >=2 comb found

// 5 - Reserved

// 6 - Reserved

// 7 - Accept (ap)

//+8 - Heavy Ion

//+32 - Prescaled evts

* I*4 * * LVL3 * LVL3NTrHits(nlv l3 ) // Number Tr Hits

* I*4 * * LVL3 * LVL3NPat(nlvl3) // Number "Tracks" found

* I*4 * * LVL3 * LVL3Pattern(2,n lv l3) // Pattern no

* R*4 * * LVL3 * LVL3Residual(2, nl vl3 ) // Aver Residual (cm)

* R*4 * * LVL3 * LVL3Time(nlvl3) // Alg Time (sec)

* R*4 * * LVL3 * LVL3ELoss(nlvl3 ) // Aver energy loss

* I*4 * [0,1] * LVL1 * nlvl1 // lvl1trigger number ! See NLVL3 note: run xtrig.f to get the

* I*4 * * LVL1 * LVL1LifeTime(nl vl 1) // DAQLifeTime *1000 ! actual trigger flags.

// + 10000* (sum tof

// temperatutes (8 crates)

* I*4 * * LVL1 * LVL1Flag(nlvl1) // z from trigger +4/4?10:0

* I*4 * * LVL1 * LVL1TOFPatt(4,n lv l1) // tof pattern

// 0-13 bit or

// 16-29 and

// 31 plane not

// in trigger (MC)

* I*4 * * LVL1 * LVL1TOFPatt1(4, nl vl1 ) // Tof pattern z>1

// -------------

* I*4 * * LVL1 * LVL1AntiPatt(nl vl 1) // antipattern

// 16-23 bits

// as in daqevt.doc

* I*4 * [0,50] * CTCHIT * nctcht // CTC Hits number

* I*4 * * CTCHIT * CTChitStatus(nc tc ht) // ---- status

* I*4 * * CTCHIT * CTChitLayer(nct ch t) // layer

* I*4 * * CTCHIT * ctchitcolumn(nc tc ht) // column(x)

* I*4 * * CTCHIT * ctchitrow(nctch t) // row(y)

* R*4 * * CTCHIT * ctchitsignal(nc tc ht) // signal (pe)

* I*4 * [0,500] * TRRAWCL * ntrraw // trrawcl num

* I*4 * * TRRAWCL * rawaddress(ntrr aw ) // see TRCLUSTE Idsoft

* I*4 * * TRRAWCL * rawlength(ntrra w) // rawcl length

* R*4 * * TRRAWCL * s2n(ntrraw) // s/n for seed

* I*4 * [0,32] * ANTIRAWC * nantiraw // antirawcl num

* I*4 * * ANTIRAWC * antirawstatus(n an tir aw ) // status

* I*4 * * ANTIRAWC * antirawsector(n an tir aw ) //sector 1-16

* I*4 * * ANTIRAWC * antirawupdown(n an tir aw ) //0 - up 1 -down

* R*4 * * ANTIRAWC * antirawsignal(n an tir aw ) // (mev)

* I*4 * [0,20] * TOFRAWCL * ntofraw // tofrawclnum (used) !

* I*4 * * TOFRAWCL * tofrstatus(ntof ra w) // status

* I*4 * * TOFRAWCL * tofrplane(ntofr aw ) // tof plane1-4

* I*4 * * TOFRAWCL * tofrbar(ntofraw ) // tof bar 1-14

* R*4 * * TOFRAWCL * tofrtovta(2,nto fr aw) // anode time ! If you want to see individual TOF

//over_thresh (ns) ! ends, look here. toftrovta=0 if end d/n fire.

* R*4 * * TOFRAWCL * tofrtovtd(2,nto fr aw) // dinode time

//over_thresh (ns)

* R*4 * * TOFRAWCL * tofrsdtm(2,ntof ra w) // A-noncorrected

// side times

* R*4 * * TOFRAWCL * tofreda(ntofraw ) // Edep-A (mev)

* R*4 * * TOFRAWCL * tofredd(ntofraw ) // Edep-D (mev)

* R*4 * * TOFRAWCL * tofrtm(ntofraw) // Time (ns)

* R*4 * * TOFRAWCL * tofrcoo(ntofraw ) // Long.coord.(cm)

-------------- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -

*) Status bits (counting from 1 to 32)

1 - REFITTED object (status&1 !=0)
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2 - WIDE in shape (Tracker) (status&2 !=0)

3 - AMBIGously associated (status&4 !=0)

4 - RELEASED object (status&8 !=0)

5 - BAD (status&16 !=0)

6 - USED as a component of a larger object (status&32 !=0) # <-

7 - DELETED object (status&64 !=0)

8 - BADHIStory (TOF) (status&128 !=0)

9 - ONESIDE measurement (TOF) (status&256 !=0)

10 - BADTIME information (TOF) (status&512 !=0)

11 - NEAR, close to another object (Trck) (status&1024 !=0)

12 - WEAK, defined with looser criteria (Trck) (status&2046 !=0)

13 - AwayTOF, away from TOF predictions (Trck) (status&4096 !=0)

14 - FalseX, x-coordinate built but not measured (Trck) (status&8192 !=0) # <-Uses 3 hit track to generate false K-side clusters in other ladders

15 - FalseTOFX, x-coordinates from TOF (Trck) (status&16384 !=0) # <-Uses TOF straightline fit to generate K-side clusters

16 - 4th tof plane was recovered using tracker (status&32768 !=0)

17 - LocalDB was used to align track (status&65536 !=0)

18 - GlobalDB was used to align the track (status&(65536* 2) != 0) <-

19 - Cluster was used to get the charge (status&(65536* 4) != 0)

20 - TrRecHit was good enough to be used in track find (status&(65536* 8) != 0) #

21 - Track->Trladder interpol was done on plane level (status&(65536* 16 )! =0 )

22 - Track was created using TOF only (status&(65536* 32 )! =0 )

23 - Object Overflow (status&(65536* 64 )! =0 )

**) AMS global system definition :

GTOD

***) Shuttle coordinates in an eccentric dipole coordinate system where

GEOMz=-d, GEOMy=GEOMz x S (d: dipole direction, S: geographic South)

****) The ATC information can be decoded through the following scheme

for the plane k (k=1,2)

cells ID: mod(atcidcel(k) /1 0* *( 2* i- 2), 10 0) (i=1,nb cells)

aerogel path: mod(atcdaero(k) /1 0* *( 2* i- 2), 10 0) /1 0. (i=1,nb cells)

PM impact parameter: mod(atcdispm(k) /1 0* *( 2* i- 2), 10 0) /1 0. (i=1,nb cells)

bad cells:

plane 1 - mod(atcstatu(1 )/ 10* *( 2* i- 1) ,1 00 ) (i=1,mod(atcst at u( 1) ,10 ))

plane 2 - mod(atcstatu(2 )/ 10* *( 2* i- 1) ,1 00 )+8 0 (i=1,mod(atcst at u( 2) ,10 ))

Cells 166 and 168 are allways dead (dead channell)

Cell 175 means module L5

\$\$)Tracker Pattern:

pattern[ptrack p[ 0] -1 ]: Layers with hits used

0: 1 2 3 4 5 6

1: 1 2 3 4 6

2: 1 2 3 5 6

3: 1 2 4 5 6

4: 1 3 4 5 6

5: 1 2 3 4 5

6: 2 3 4 5 6

7: 1 2 3 4

8: 1 2 3 5

9: 1 2 3 6

10: 1 2 4 5

11: 1 2 4 6

12: 1 2 5 6

13:

14: 1 3 4 6

15: 1 3 5 6

16:

17: 2 3 4 5

18: 2 3 4 6

19: 2 3 5 6

20: 2 4 5 6

21: 3 4 5 6

Addendum (V.Choutko + F.Barao) : The code below should do the job

subroutine decatc(iflag,pa th ,pi mp ac t)

*

* Input from paw common

*

* Output

* iflag : 0 ok; 1,2,3 bad

* path : famous path

* pimpact : distance to pm

* Note: path & pimpact are calculated only if iflag==0

iflag=0

path=0

pimpact=10000

do i=1,2

do k=1,atcnbcel(i ,1 )

idc=mod(atcidcel (i ,1 )/ 10 ** (2* k- 2) ,1 00 )+ 80 *(i -1 )

if(idc.eq.166.or .i dc .e q. 16 8)t he n

iflag=3

return

endif
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path=path+ mod(atcdaero(i,1 )/ 10 ** (2 *k -2 ),1 00 )/ 10 .

pil=mod(atcdispm (i ,1 )/ 10 ** (2* k- 2) ,1 00 )/ 10 .

if(pimpact.gt.pi l) pi mp ac t= pil

ibad=mod(atcstat u( i, 1) ,1 0)

do l=1,ibad

if(mod(atcstat u( i, 1) /1 0* *(2 *l -1 ), 10 0) +8 0*( i- 1) .e q. 17 5)t he n

if (idc/16+1.eq.10 ) then

iflag=2

return

endif

endif

if(idc.eq.mod( at cs ta tu (i ,1) /1 0* *( 2* l- 1) ,10 0) +8 0* (i -1 ))t he n

iflag=1

return

endif

enddo

enddo

enddo

end

*****) Changed from build=101

cootr(3,1:nlay () ,n pa rt ) now contains the minimal distance to sensor edge

in sensor length units;

******) geant3 only particle=pid+2 56 means heavy ion nonelstic scattering occured

in for pid with dir & momentum at coo; particle=-pid means secondary

particle produced with dir&momentum at coo

*******) For geant4 this value is 0. For geant 3it has several meanings:

Cerenkov photon generated in radiator:

ricstatus = 100*(mother of Cerenkov if secondary?1:0) +1 0* (n um ber of

reflections in mirror) + (photon suffered rayleigh

scattering?1:0)

PMT noise:

ricstatus = -1

Cerenkov photon generated in PMT window:

ricstatus = -(2+100*(mother of Cerenkov if secondary?1:0) )

No Cerenkov photon:

ricstatus = -(3+100*(mother of Cerenkov if secondary?1:0) )

NOTE: The information of the mother is only available if RICCONT=1 in the datacards
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App endix D

GALPR OP Settings

The follo wing is an example of a galdef �le used to set the v ariables when running

GALPR OP . This examples runs a set of electrons with source strength of 10

6

and a

delta function of energy 112 MeV = 10

2 : 05

MeV, whic h is the cen ter of the energy bin

from 10

2 : 0

� 10

2 : 1

. The cen ter of eac h energy bin up to a T eV w as run in order to simplify

the con v olution with the results from PYTHIA.

12345678901234567 890 12

================= === == va lue

Title = Production version, electrons, run 800102, 112.

n_spatial_dimensi ons = 3 *

r_min =00.0 min r

r_max =30.0 max r

dr =10.0 delta r

z_min =-4.0 min z

z_max =+4.0 max z

dz = 4.0 delta z

x_min = 0.0 min x

x_max =+20.0 max x

dx = 0.5 delta x

y_min = 0.0 min y

y_max =+20.0 max y

dy = 0.5 delta y

p_min =100. min momentum (MV)

p_max =1000000. max momentum

p_factor =1.259 momentum factor

Ekin_min =1.0e2 min kinetic energy per nucleon (MeV)

Ekin_max =1.0e7 max kinetic energy per nucleon

Ekin_factor =1.259 kinetic energy per nucleon factor

p_Ekin_grid = Ekin p||Ekin alignment

E_gamma_min = 1.e0 min gamma-ray energy (MeV)

E_gamma_max = 1.e7 max gamma-ray energy (MeV)

E_gamma_factor = 1.259 gamma-ray energy factor

82



nu_synch_min = 1.0e6 min synchrotron frequency (Hz)

nu_synch_max = 1.0e10 max synchrotron frequency (Hz)

nu_synch_factor = 4.0 synchrotron frequency factor

long_min = 0.5 gamma-ray intensity skymap longitude minimum (deg)

long_max =359.5 gamma-ray intensity skymap longitude maximum (deg)

lat_min =-89.5 gamma-ray intensity skymap latitude minimum (deg)

lat_max =+89.5 gamma-ray intensity skymap latitude maximum (deg)

d_long = 1. gamma-ray intensity skymap longitude binsize (deg)

d_lat = 1. gamma-ray intensity skymap latitude binsize (deg)

D0_xx =3.30e28 diffusion coefficient at reference rigidity

D_rigid_br =3.0e3 reference rigidity for diffusion coefficient in MV

D_g_1 = 0.47 diffusion coefficient index below reference rigidity

D_g_2 = 0.47 diffusion coefficient index above reference rigidity

diff_reacc =1 1=include diffusive reacceleration

v_Alfven =23. Alfven speed in km s-1

convection =0 1=include convection

v0_conv =0. km s-1 v_conv=v0_conv+d vd z_c on v* dz

dvdz_conv =10. km s-1 kpc-1 v_conv=v0_conv+d vd z_c on v* dz

nuc_rigid_br =1.e3 reference rigidity for nucleus injection index in MV

nuc_g_1 =2.28 nucleus injection index below reference rigidity

nuc_g_2 =2.28 nucleus injection index index above reference rigidity

inj_spectrum_type = beta_rig rigidity||beta_ ri g|| Et ot nucleon injection spectrum type

electron_rigid_br =1.0e3 reference rigidity for electron injection index in MV

electron_g_1 =2.40 electron injection index below reference rigidity

electron_g_2 =2.40 electron injection index index above reference rigidity

He_H_ratio =0.11 He/H of ISM, by number

X_CO =1.9E20 conversion factor from CO integrated temperature

to H2 column density

fragmentation =1 1=include fragmentation

momentum_losses =1 1=include momentum losses

radioactive_decay =1 1=include radioactive decay

K_capture =0 1=include K-capture

start_timestep =1.0e7

end_timestep =1.0e1

timestep_factor =0.25

timestep_repeat =20 number of repeats per timestep in timetep_mode=1

timestep_repeat2 =0 number of timesteps in timetep_mode=2

timestep_print =1000 number of timesteps between printings

timestep_diagnost ics =10000 number of timesteps between diagnostics

control_diagnosti cs =0 control detail of diagnostics

network_iteration s =1 number of iterations of entire network

prop_r = 1 1=propagate in r (2D)
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prop_x = 1 1=propagate in x (2D,3D)

prop_y = 1 1=propagate in y (3D)

prop_z = 0 1=propagate in z (3D)

prop_p = 1 1=propagate in momentum

use_symmetry = 1 0=no symmetry, 1=optimized symmetry, 2=xyz symmetry by copying(3D)

vectorized = 0 0=unvectorized code, 1=vectorized code

source_specificat ion = 1 2D::1:r,z=0 2:z=0 3D::1:x,y,z=0 2:z=0 3:x=0 4:y=0 *

source_model = 1 0=zero 1=parameterized 2=Case&B 3=pulsars 4= 5=S&Mattox

6=S&Mattox with cutoff

source_parameters _1 = 0.5 model 1:alpha

source_parameters _2 = 1.0 model 1:beta

source_parameters _3 = 20.0 model 1:rmax

n_cr_sources = 0 number of pointlike cosmic-ray sources 3D only!

cr_source_x_01 = 10.0 x position of cosmic-ray source 1 (kpc)

cr_source_y_01 = 10.0 y position of cosmic-ray source 1

cr_source_z_01 = 0.1 z position of cosmic-ray source 1

cr_source_w_01 = 0.1 sigma width of cosmic-ray source 1

cr_source_L_01 = 10000.0 luminosity of cosmic-ray source 1

cr_source_x_02 = 3.0 x position of cosmic-ray source 2

cr_source_y_02 = 4.0 y position of cosmic-ray source 2

cr_source_z_02 = 0.2 z position of cosmic-ray source 2

cr_source_w_02 = 2.4 sigma width of cosmic-ray source 2

cr_source_L_02 = 2.0 luminosity of cosmic-ray source 2

SNR_events = 0 handle stochastic SNR events

SNR_interval = 1.0e4 time interval in years between SNR in 1 kpc^-3 volume

SNR_livetime = 1.0e4 CR-producing live-time in years of an SNR

SNR_electron_sdg = 0.00 delta electron source index Gaussian sigma

SNR_nuc_sdg = 0.00 delta nucleus source index Gaussian sigma

SNR_electron_dgpi vot = 5.0e3 delta electron source index pivot rigidity (MeV)

SNR_nuc_dgpivot = 5.0e3 delta nucleus source index pivot rigidity (MeV)

elect_delta_sourc e = 1000000.

elect_delta_energ y = 112.

elect_delta_x = 0.

elect_delta_y = 0.

elect_delta_z = 0.

elect_delta_mode = 0

posit_delta_sourc e = 0.

posit_delta_energ y = 0.

posit_delta_mode = 0.

B_field_model = 050100020 bbbrrrzzz bbb=10*B(0) rrr=10*rscale zzz=10*zscale

proton_norm_Ekin = 1.00e+5 proton kinetic energy for normalization (MeV)

proton_norm_flux = 4.95e-9 flux of protons at normalization energy
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(cm^-2 sr^-1 s^-1 MeV^-1)

electron_norm_Eki n = 3.45e4 electron kinetic energy for normalization (MeV)

electron_norm_flu x = 4.0e-10 flux of electrons at normalization energy

(cm^-2 sr^-1 s^-1 MeV^-1)

max_Z = 2 maximum number of nucleus Z listed

use_Z_1 = 1

use_Z_2 = 1

use_Z_3 = 1

use_Z_4 = 1

use_Z_5 = 1

use_Z_6 = 1

use_Z_7 = 1

use_Z_8 = 1

use_Z_9 = 1

use_Z_10 = 1

use_Z_11 = 0

use_Z_12 = 0

use_Z_13 = 0

use_Z_14 = 0

use_Z_15 = 0

use_Z_16 = 0

use_Z_17 = 0

use_Z_18 = 0

use_Z_19 = 0

use_Z_20 = 0

use_Z_21 = 0

use_Z_22 = 0

use_Z_23 = 0

use_Z_24 = 0

use_Z_25 = 0

use_Z_26 = 0

use_Z_27 = 0

use_Z_28 = 0

use_Z_29 = 0

use_Z_30 = 0

iso_abundance_01_ 001 = 1.054e6 H relative isotopic abund. within element as

iso_abundance_02_ 004 = 0.803e5 He in solar system Anders, E., & Grevesse, M.

iso_abundance_03_ 006 = 0. Li Geochim. Cosmochin. Acta 1989, 53, 197

iso_abundance_04_ 009 = 0. Be

iso_abundance_05_ 010 = 0. B

iso_abundance_06_ 012 = 2817.7 C

iso_abundance_06_ 013 = 34.2

iso_abundance_07_ 014 = 207.6 N

iso_abundance_07_ 015 = 0.8

iso_abundance_08_ 016 = 3651. O

iso_abundance_08_ 017 = 1.5

iso_abundance_08_ 018 = 8.4

iso_abundance_09_ 019 = 0.5 F

iso_abundance_10_ 020 = 382.1 Ne

iso_abundance_10_ 021 = 1.2
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iso_abundance_10_ 022 = 51.2

iso_abundance_11_ 023 = 24.6 Na

iso_abundance_12_ 024 = 570.5 Mg

iso_abundance_12_ 025 = 76.7

iso_abundance_12_ 026 = 87.8

iso_abundance_13_ 027 = 55.0 Al

iso_abundance_14_ 028 = 641.4 Si

iso_abundance_14_ 029 = 33.9

iso_abundance_14_ 030 = 23.

iso_abundance_15_ 031 = 7.17 P

iso_abundance_16_ 032 = 92.61 S

iso_abundance_16_ 033 = 0.76

iso_abundance_16_ 034 = 4.36

iso_abundance_16_ 036 = 0.01

iso_abundance_17_ 035 = 1.84 Cl

iso_abundance_17_ 037 = 0.63

iso_abundance_18_ 036 = 10.68 Ar

iso_abundance_18_ 038 = 2.12

iso_abundance_19_ 039 = 3.70 K

iso_abundance_20_ 040 = 38.7 Ca

iso_abundance_20_ 042 = 0.3

iso_abundance_20_ 044 = 0.9

iso_abundance_20_ 048 = 0.09

iso_abundance_21_ 045 = 0.068 Sc

iso_abundance_22_ 046 = 0.17 Ti

iso_abundance_22_ 047 = 0.16

iso_abundance_22_ 048 = 1.60

iso_abundance_22_ 049 = 0.12

iso_abundance_22_ 050 = 0.12

iso_abundance_23_ 051 = 0.0 V 0.7

iso_abundance_24_ 050 = 0.72 Cr

iso_abundance_24_ 052 = 14.49 12

iso_abundance_24_ 053 = 1.69

iso_abundance_24_ 054 = 0.43

iso_abundance_25_ 055 = 16.21 Mn

iso_abundance_26_ 054 = 37.95 Fe

iso_abundance_26_ 056 = 619.8

iso_abundance_26_ 057 = 15.06

iso_abundance_26_ 058 = 2.31

iso_abundance_27_ 059 = 1.25 Co

iso_abundance_28_ 058 = 26.19 Ni

iso_abundance_28_ 060 = 10.43

iso_abundance_28_ 061 = 0.48

iso_abundance_28_ 062 = 1.50

iso_abundance_28_ 064 = 0.46

total_cross_secti on = 0 total cross section option: 0=L83 1=WA96 2=BP01

cross_section_opt ion = 011 100*i+j i=1: use Heinbach-Simon C,O->B j=kopt j=11=Webber, 21=ST

t_half_limit = 1.0e4 year - lower limit on radioactive half-life for

explicit inclusion

primary_electrons = 1
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secondary_positro ns = 1

secondary_electro ns = 1

secondary_antipro ton = 1

tertiary_antiprot on = 1

secondary_protons = 1

gamma_rays = 0 1=compute gamma rays

IC_anisotropic = 0 1=compute anisotropic IC

synchrotron = 0 1=compute synchrotron

output_gcr_full = 0 output full galactic cosmic ray array

warm_start = 0 read in nuclei file and continue run

verbose = 0 verbosity: 0=min,10=max <0: selected debugs

test_suite = 0 run test suite instead of normal run
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