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History of AMS

The Alpha Magnetic Spectrometer
(AMS-02) is a state-of-the-art
cosmic-ray detector designed to
operate as an external module on
the International Space Station
(ISS). Do e
Installed on the ISS in May of %5 AN pmmr—
2011, its main objective is the Sy anl

search for antimatter and dark
matter.

AMS has collected more than :
135,000,000,000 events up to this™ -'7/
day, at a rate of about 45 million¥
events per day.

It will continue in space for the
duration of ISS’ lifetime.
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AMS: A detector in space
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Anatomy of a detector

Tracker
Layer 1

Permanent Magnet
6000 Ne-Fe-B
magnets
Magnitude: 0.15 T

Sillicon Tracker

- 9 layers of double-sided
silicon sensors

- Spatial accuracy in bending
direction: ~10um

- Measurement of rigidity
(p/q) up to 2 TV for protons
- Measurement of charge-sign

Electromagnetic Calorimeter

- 9 super-layers of lead and
scintillating fiber (17 X))

- Measurements of et and y
energy (AE/E72% - 100GeV)
p/e rejection >10%

Inner

Tracker

Transition Radiation Detector
(TRD)

- 20 layers of proportional chambers
filled with a Xe/CO, gas mixture

- p/e rejection ~10%-10%

Time-of-Flight (ToF)

- 4 layers of scintillation
counters

- AMS main trigger
- Measurement of f=v/c
with 1% uncertainty

Anti-Coincidence Counters
(ACC)

- Veto for particles
traversing from the side

&= Time-of-Flight (ToF)

Ring Imaging Cherenkov

&~ (RICH)

- Aerogel and NaF radiators

Layer 9 - Precise measurement of

B=v/c with 70.1%
uncertainty
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Proton flux estimation

Npart (P)

P) —
o(P) At etyigg(P) Acco €sel (P) AP Lp/e“

B, Q

To estimate the proton flux

some key ingredients are _

necessary: P, Q —

« Selection of Events —

« Exposure Time 5, Q

« Trigger Efficiency 5, Q n
Detector Acceptance and Lo E

Efficiency



Proton flux estimation

The determination of the proton flux requires the study of the
interaction of the cosmic-rays with the AMS detector as well as with
earth’s magnetic field.

The essential ingredients Frele ProtonTimeDepAna Selection
. Trees Histograms

can be aggregated into the

following quantities:

*  Selection of Events LxFluxEstimator
«  Exposure Time
 Trigger Efficiency E“fnficincigs on
. . onte-Gario Trigger Exposure Selected
*  Detector Acceptance REUCEEEE (for Protons) Efficlency Time Protons

on Data

and Efficiency

Data-MC
Corrections

Measured Flux

Monte-Carlo

Acceptance Unfolding
Procedure




Geomagnetic cutoff and livetime

Npart (P)

— x S ( P) Accoe ( P) AP Geomagnetic Cutoff (GV)

‘ Rigidity Dependent!

Npart (P)

Latitude (rad)

P) =
At(P) 5trigg(P>ACCO<€sel(P)AP

P(GV)

~

50 C0 0 0 50 100 150
Longitude (rad)
PCutoff(goa 9)
P (GV)



Geomagnetic cutoff and livetime

e Nin o
At origg (P) Accocsal(P)AP Vet "n‘-‘\

‘ Rigidity Dependent!
Nyart (P
5(P) = pert ) |
At(P) 5trigg(P>ACCO<€sel(P)AP

Pcutot(0nr, Onr)

AMS-02

Pcutot (¢, 0)

i S,

P (GV)




Unfolding a flux

N(P) — ¢Q(PQ) At(PO) ACC(PO) K(P’PO) dPO
N— e — —
’ Physics Detector

(... some calculations later ...)
AN; ~ Z (At;) P(j|i) Acc®™ AP; (Ago);
AN; ~ A" {¢g); Ideal unfolding problem!

AN, ~ A (o) (do)s True afnd problematic
unfolding problem!



Unfolding a flux P,

AN; =Y (At;) P(j]i) Acc®™ AP; (A

1

>

Pg
10° T i
0" € o, —— oY (sr'sTm2) ?
10 m"-u._“ —— Rate (s™) =
1 S, M%'».A .
E v o E
= " e, =
1072 _5 "‘M" :‘.‘M‘w -
o = et =
- s
10 &= B =
1075 _E -
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Unfolding a flux — An iterative process

Proton R
Selected Events Monte-Garlo roton Rate
Ra,te — Guess Flux
Exposure Time
MC Folded Proton Flux - 0
gb% £ — Rate Acceptance - 0
H 0 MC
ACCFO]d ( Guess) ReWeight
Monte-Carlo
¢%Jnf — 1Rate 0 MC Folded
ACCFO] d (¢Unf) Acceptance - 1 ——
¢2 Rate
ACCFold (¢Unf ) MC Folded M':‘;‘ge g:r':o

Acceptance - 2

Proton Flux - 2




Proton Flux

_ Npart (P7 t)
At(P, t)etrige (P, t) Acenc (P)CRE2 (P t) AP
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MS Proton Parallel Selection

WorkerPool
rank 1

DataManager
rank O

Low Performance SN S S N SN S —
Low Frequency High performance ;
Large dead time Short dead time

—e— Parallel Algorithm

—e— Classic Parallel

Xeon - Octa-core
(Benchmarking)

6000

i
|
|

¢
1

%

t %
19

|
1

4000
e

P e
7\{3\ " y : 2000
A PP N SRR AT SR I B

~Work in

' : S Ready Manage Workers
oo oF p rO gr eS S L ] WorkerPool 2/4 ‘Workers (Low Frequency)

S I AR IR SN A

LI L L L L I B L B R R

N St DataManager 1/4

File Send files to Workers
Staging (Low Frequency)

i Processin, Saving ) Saving  Processing Saving
Worker 3/4 | e g Processing of events g g 3
/4 of events Result 8 Result = of events  Result

Saving = Processing  Saving Processing Saving
Result of events  Result of events Result

Worker 4/4 | Processing of events




AMS Proton Parallel Selection

Initialize

MPI

Finalize
MPI

LxAMSdata

get files

Send AN
files to W

Warn WP
to quit

Initialize
MPI

Finalize

MPI

Handshake
with WP

Update
status
to WP

‘Wait for
handshake
from WP

Initialize
LxDSTprotonflux

Receive
files from
DM

Process
files and
save them

Finalize
MPI

Order
all W to
shutdown

Move
W from
”idle” to
”busy”
queue

»Busy”
queue

Move
W from
”busy”
to ”idle”
queue

Check up
on DM

Setup
next DM
checkup

Send W
to DM




SOLAR MODULATION
OF COSMIC RAYS

INTERPRETATION OF TIME WRTABILITY
UNDER TRANSPORT THEORY
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Solar Modulation

| (a) electrons
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Solar modulation is:
v Time dependent 501
Correlated to the 11-year solar activity
cycle and to short-term events.

E- O, (GeVZm2Zsr's™)
I
o

~3

16} (b) positrons

v'  Space dependent
Modulation parameters vary as the spiral

~3
E" @, (GeVZ m2sr's)

magnetic field spreads throughout the ‘oz positronslele;tr;)l;s | I
solar system. 015 |
v'  Energy dependent :iz\—/’//
Effect decreases with CR increasing 006, |
energy until it vanishes at the 20-50 GeV A
scale.

v'  Particle dependent

Depends on charge of the particle.
Particles and antiparticles showcase this o
charge-sign effect.
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al. (AMS Collaboration)
Phys. Rev. Lett. 121, 051101 — Published 31 July 2018

Proton and Helium Fluxes with the Alpha Magnetic

Observation of Fine Time Structures in the Cosmic
Spectrometer on the International Space Station
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Proton and Helium Fluxes with the Alpha Magnetic

Observation of Fine Time Structures in the Cosmic
Spectrometer on the International Space Station

(AMS Collaboration)
Phys. Rev. Lett. 121, 051101 — Published 31 July 2018

M. Aguilar et al
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Proton Flux

__ Maximum of solar
activity

\




Heliosphere

Interstellar magnetic field =
Termination shock

Heliopause

Helioshealth

\'\(’,\'\0\1"‘“5‘e

Heliosphere




Side

Magnetic Field

Top View

Hellosphere
B=B:R+ B, ¢
V= Vi R

Source surface
B=BgR
\7 = VR ‘R

\

\
\
Super radlal expan5|on \-

B= &R+&e+m¢
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Parker’s Equation

0 0
o = V0K V)~ (Ve va) -+ (V- V) 55 4 @0 P
dlff;rsion convectio;lrand drift g source/LIS

adiabatic energy loss



Parker’s Equation

of 1 of

YV (K- V)= (V4 (var)) - “(V-V Q@ P,1

5 =YKV = (Vo (va) Vi 5 (V- V) s 4 Q0 Pt
diffusion convection and drift adiabaticélergy loss source /LIS

Local Interstellar spectra ; |
v' Low energy: Strong constraints from Voyager-1 ] L B
v' High energy constraints from AMS-02 ’ ©

Protons

Protons and electrons :
v Voyager-1 (Cummings et al. 2016) ]
v’ AMS-02 (Aguilar et al. 2014 & 2015) .

Antiprotons and positrons

v' from calculations of secondary CR production in : |
the interstellar medium (NTomassetti PRD 2015) | lCumm/ngs et al- ApJ 12016

L lllllll Ll Illllll Ll lllllll L L Ll
107! 10° 10' 10°
Enerqgy (MeV)

L LR




Parker’s Equation

of _ of

1
K. VA (var) - VFH 2 (V-V Pt
5 = V(K VNV 4 va) VS 4 5 (V- V) 5205 Qe P
diffusion convection and drift . . source/LIS

adiabatic energy loss

Convection and energy losses
v Radially outflowing from the sun
v' V=400km/s
v Changes to subsonic speed beyond
termination shock (R=85AU)
v Vanishing at the Heliopause boundary
(R=122A0U)

29



Parker’s Equation

of 1 of

—_ T . KS . — V r . - ° V P t

5 1Y K VH LVt va) - V4 5 (T V) i Q0 Prt)
diffusion convection and drift adiabatic el nergy loss source/LIS

Diffusion K| = 002K||

v' Parametrized through an adimensional A
normalization factor KH :335 (P/1GV)

v" Time-dependent due to correlation to
solar activity

2 a0 B : : : : : : : :
Ry — N S SSN = SSN(#)
5 200 ;—cycle 20; ul 22 23 i 24
150 E- : : :
Sg E .L"‘ -“».._N “‘*«A." \“‘,-‘“,,, / \A'@_
= E _ Parametrization of
g = = . .
6000 diffusion parameter
g 5500
Z. 1975 1980 1984 1989 1995 2000 2004 2009 2014 ..




Parker’s Equation

O V(K- VF)— (V4 var) - V4 2 (v v) 2L +QUr P)

ot B V)=V Hve 3 Jn P
diffusion convedtion arnd drift adlabatic;ergy loss source/LIS
Drift motion along B-field (Vgr) = B(P/1GV) V X Ez
v' Charge-sign effects 3 B
B = B(r,0,¢,a(t))

v Definition of heliospheric current sheet

100

Nb Sunspots

. (Kappl, 2015) |

v v v v v v v v . 0 50 100
1975 1980 1984 1989 1995 2000 2004 2009 2014 X[AU]




P arl ke I ,S E q U at | on Heliospheric current

sheet

Drift motion along B-field
v Charge-sign effect
v Different trajectories for particles and
antiparticles
v" Role reversal with magnetic reversal
v Tilt angle defines heliospheric current sheet

T G Slmula.ted Protons for
varying tilt angle

100 F

o =0.000000

o =8.888889

o =17.777778
= 26.666

o = 44.44444:

=53.33333:
o =62.222222

FEEETETTTL
2

z [ALU)
(=]

sunj

ol S (Kappl, 2015)

1 z 1 1
100 50 0 50 100
X [AU]

107! 1 10 102 10° 3710*



Cosmic ray drifts
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sun|

Protons
2 GeV
qA>0

(Jokipiiand Thomas, 1981)
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Estimation of a delay

220
200
180 |
160 E
140 f
120 |

100

200 400 600 800 1000 1200
,, MeV)

log(SSN(t))

1977 - 2018

No delay

1 15 2 25 3 35
1/¢M(t) (MeV)

log(SSN(t-A t))

Force-Field
1

K~ ——
dsM

8 month delay

1 15 2 25 3 35
1/¢M(t) (MeV)



Estimation of a delay

1977 - 2018

No delay

log(SSN(t))

200 400 600 800 1000 1200 1 15 2 25 3 35
,, MeV) 14 () (MeV)

log(SSN(t-A t))

Force-Field
1

K~ ——
dsM

8 month delay

1 15 2 25 3 35
1/¢M(t) (MeV)



Estimation of a delay

r = log(SSN(t — AT))
y =1/¢sm(t)

{Birn
AR
4ol
o 4
3 .

y=ax + b o

y—0b
a —=
xr

0 500 1000 1500 2000 2500 3000 3500 4000
a

300

250

200

1977 - 2018

350

~T7 months

_||| """" |||1|||||||||1|||||||| """" f|||||_

-10 -5 0 5 10 15 20
AT (Months)

NM Oulu gy,



Estimation of a delay NM Oulu ¢gy,
1977 - 2018

r = log(SSN(t — AT))
y =1/¢sm(t)

y=ax + b o
y—>b 450 |

= 20
g 350
= 15

10; 300

5t

F 250

O_

k2 SA7\1 )| S S DS DU DUDUS DUNUE IO
e i . R 10 -5 0 5 10 15 20

0 500 1000 1500 2000 2500 3000 3500 40
AT (Months)

a



Estimation of a delay AMS ¢gy
2011 - 2016

r = log(SSN(t — AT))
y =1/¢sm(t)

AT (Months)
ey
wn
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-10

-1000 -500 0 500 1000 1500 20(
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200
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:_ ...................................... ~6 month ............................................ _:
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Evidence of a delay




Evidence of a delay

Static sun
The solar properties
propagate through the
solar system evenly,

k(t) = cte

carried by the plasma.



Evidence of a delay

Evolving sun
The solar properties
propagate through the
solar system but every
layer of plasma contains

the solar parameters from
a previous period. k (t) # cte




Evidence of a delay

Evolving sun
The solar properties
propagate through the
solar system but every
layer of plasma contains

the solar parameters from
a previous period. k (t) # cte




Cosmic Ray Data

Proton data collected during negative polarity between 2000 and 2012
PAMELA: E=0.08-50 GeV, 2006-2010 (3.5 y, At=1m)

EPHIN /SOHO: E=0.5-2 GeV, 2000-2013 (At=1y)

BESS-Polar I-II: E=0.1-50 GeV, 15 day flights in 2004 and 2008

Solar data
(Wilcox Solar Observatory)

Data coverage 10

102§ S P

BESS PAMELA

SSN

10

ENERGY

Monthly SSN

1 E Smoothed SSN

EPHIN / SOHO

| I o

| 2000 2012

TIME aof- \{L /M

Tilt Angle (deg)

20 |

Ok
2000 2001 2004 2005 2008 2009 2012 2013 2016
Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01




The propagation model

0 of

=V- (K- V)= (V+ (var)) - Vf+ (v V)al—P +Q, Pt)
diff?lgion convectio?lrand drift . source/LIS

adiabatic energy loss
Quasi-stationary conditions

af e .
N — ( (Stochastic differential integration method)
Model Parameters Three free parameters
a(t), SSN(¢) Direct observation 2 2
ko(t) = a log;o(SSN(t)) + b X =X (CL, b, At)

¢(Et) = ¢M(E; Ko(t), alt))
Delayed input
Global Fitting procedure / parameters

2 Et: ZE: [qbsim (E,t — At) — ¢pd2(E, t)]

o(FE,t)




The propagation model

0 0
= V(K V)~ (V4 (o) - VI + 5 (v V)al—fp +QUr P)
diff?lgion convectio?lrand drift . source/LIS

adiabatic energy loss
Quasi-stationary conditions

or
ot

Model Parameters

— () (Stochastic differential integration method)

Three free parameters
( ) SSN(t) Direct observation 9

2
:@oglo SSN(t @ X =X (a’7 b? At)
chlm(E,t) = ¢"™(E; ko( );a(t))

Delayed input
Global Fitting procedure parameters

CeYY [qssim (B,t —(At) — ¢t (E, t>]

o(FE,t)




Parker’s Equatlon Fit to Proton Data
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A time delay in the protons

300 T : : : : ' '

Z
2. 250
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1/9,’25—// 1980 1984 1989 1995 //2000 2004 2009 2014 II |
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2000 — —8— EPHIN/SOHO O PAMELA AT = 8.1 months ] ,l
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2 1500— —1 1
P = —
o N 11
£ 1000 ,'
% N — I
O — -
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— 500 |
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A time delay in the protons

|
2000 — —&— EPHIN/SOHO O PAMELA AT = 8.1 months ]
" = A BESS-Polar I/l = AMS-02 ~ == - AT=0 n
2 1500 — —
» = |
o N —
E o00—
> N _
(b) N |
Q) = _
) = —
= At ~ 8.1 months -
= [1-1.5 GeV ] A<0 A>0 =
O I} 1 L I L L L I L L L I L L L I L L L I L L L I L 1 1 l L L L I L L L
2000 2001 2004 2005 2008 2009 2012 2013 2016 2017
Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31

¢ (t) ~ ¢ (alt — At), Ko(t — At))

Directly observable solar
parameters are delayed, only
affecting the cosmic ray flux 8.1
months later.

Observation of a time lag in solar modulation of
cosmic rays in the heliosphere
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A time delay in the protons

< — T - 1 T T 1 T 1 " " T T T T i T T T
2000 — —&— EPHIN/SOHO O PAMELA AT = 8.1 months ]
TG E A BESS-Polar I/l — AMS-02 — - — - AT=0 New AMS & E
W PAMELA data -
£ 1000~ S T / 7"
> N =k DN . . f\= _
() AN , N \ \ & _
Q) RN H " A ! N Y . N = = “‘w-'__( ™ -, ‘/ —
= 500: ¥ AV ﬁ ~ = - —
:___ [1-1.5 GV At ~ 8.1 months A<O ASO E
PN N SR [ R T T (T TR SR S A SN T SR I S SR RN S SR SR S T T SURNT SN R S ST R SR I S SR
2800 2001 2004 2005 2008 2009 2012 2013 2016 2017
Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31 Jan,01 Dec,31
o AMS-02
Good agreement between prediction Aguilar et al. PRL 121, 051101, 2018
and new AMS & PAMELA data. Monthly resolved, 2011-2017
EPHIN / SOHO PAMELA
Kuhl et al. Solar Phys. 291, 965, 2016 Martucci et al. ApJ 854, L1, 2018

Yearly resolved, 1996 - 2015 Monthly-resolved, 2006-2014
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Electrons & Positrons
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Charge Sign Effect
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v" CR proton-driven retuning using new AMS/PAMELA data
v" Requires a smooth transition across reversal
v' LIS, diffusion and drift parameters for GCR leptons.
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Parker’s Equation
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‘ = " - “""?"’?"'f‘ o _'_‘|. )
[g.4o-2.s71 G_v
| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I_ '
8.5 e AMS-02 — Calculations (a) - R b e el i
- . wE Pl || emesas |
oy ] : : :
75 —
o -F : £
5 E 3 E
= - - 17
© - ] L wf .
%_ 6.5— ' ' — S Lo ¥
: #T‘Agorrﬁli';l!vrl‘olIf'}'l:xf‘#ljl_lfxli‘; - L‘—Llll;l:llll}lx***“ll*“ lh : é 2:1?'-':‘;"'::'"':“"' "" "' —;:s
6 — wE ‘;"g_‘;‘s_g“;‘i_é;,
- . wf P [21 102280]GV iHei I fo
5.5 :_ TTHT n T .'.L‘ —: 3{.3 %W‘;u'-h’;,l!u}lmt uu“..,uw&,; "4- w,lwumr'"H“““"MT""“.ﬁz
5 :_ vk t t "t‘“ _: o ‘p ‘ ‘ X ‘ ‘[4‘:90‘45‘10]‘.(5\1‘.‘ ‘ : ‘ ‘He‘ =5
I T T TN NN T TN TN T N TN WO TN TN NN Y TN TN SO (NN SN SN TN TN NN SO TN TN MO N T A :: mﬂlnl 14"'1.,{””;4“111“"H;.mlmu wﬁumuflndlmlllh“nﬂ°“
2011 2012 2013 2014 2015 2016 2017 o |- o0
H “2-‘:\‘:\:‘ ‘i‘\iw‘\:'\‘i‘\:‘i E
time [yr] ::' tpo : [56106030]GV E iHei Joose
8 i B B R B B L oozzu iﬂ11“1”1+|11H4“*M“+L“0ﬂ ]MMITI]I ml'}ﬂﬂlll{'m]qulfmlhunjou
N ~—— Model K = B R o AMS-02 (c) A it S T A AL LR o
7.8 - ==~ Model K =< R —— M;y ‘lu‘ ‘lMlyl‘ N‘ ‘ M;y ‘ N‘ : Ma‘y ‘ u‘. ‘lmly ‘ u‘. ‘ Mly. ‘ N.‘ ‘ r;asm
k] - ]
B 76 =
[ - - Testing Diffusion of Cosmic Rays in the Heliosphere with Proton
EQ_ 74 ] and Helium Data from AMS
’ I~ N N. Tomassetti, F. Barao, B. Bertucci, E. Fiandrini, J. L. Figueiredo, J. B. Lousada, and M. Orcinha
: : Phys. Rev. Lett. 121, 251104 — Published 18 December 2018
72— —
7 & N T T N T Numerical modeling of cosmic-ray transport in the heliosphere and interpretation of the
2011 2012 2013 2014 2015 2016 2017 proton-to-helium ratio in Solar Cycle 24

i Nicola Tomassetti * &, Fernando Bardo ®, Bruna Bertucci ?, Emanuele Fiandrini % Miguel Orcinha ®
time [yr] g




QUESTIONS?

il

LABORATORIO DE INSTRUMENTACAO
E FISICA EXPERIMENTAL DE PARTICULAS

TECNICO LISBOA FCT?%%?E%;::




BACKUP
SLIDES

LABORATORIO DE INSTRUMENTACAO

il

E FISICA EXPERIMENTAL DE PARTICULAS

TECNICO LISBOA FCTE‘%}‘;‘Z%?E%;::




Exposu re TI me . Exposure Time (s)
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Geomagnetic cutoff and livetime
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It uses the International
Geomagnetic Reference Field

(IGRF).



Geomagnetic cutoff and livetime
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Geomagnetic cutoff and livetime
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MC Acceptance & Data-MC corrections




MC Acceptance & Data-MC corrections
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Unfolding a flux
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’ Physics Detector

(... some calculations later ...)
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AN; ~ A" {¢g); Ideal unfolding problem!

AN, ~ A (o) (do)s True afnd problematic
unfolding problem!



Unfolding a flux P,
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Unfolding a flux — An iterative process
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