Performance

of the Electromagnetic CALorimeter
of the AMS—-02 experiment

on the INnternational Space Station
and Measurement

of the positron fraction

inthe 1.5 = 350 GeV energy range

Laurent Basara



Overview

* Performances of the AMS-02 detector
* Lepton / proton discrimination

* Positron fraction



What is the Universe made of?

26.8% Dark
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thermal freeze-out (early Univ.)
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Cosmic Ray Spectra of Various Experiments
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- (1 particle/m’-se: ) ‘Yakustk - ground array

Haverah Park - ground array
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Akeno - ground array

AGASA - ground array

i
Fly's Eye - air fluorescence

HiRes1 mono - air flucrescence
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HiRes2 mono - air flucrescence

HiRes Stereo - air fluorescence
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Auger - hybrid
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Gamma shower Hadronic shower

Standard matter

Stars, planets, us...

Probed with astroparticles
10° up to 10*° eV

Interact with the
atmosphere

— Go above for direct
detection

— Reduced energy range:
0.1 to 1000 GeV
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Composition of cosmic rays

* Spectrum composition

* pAMS01 98 - 87 % protons
He AMSO1
g - 11 % helium

& AMSO e+
® HEAT e+ TOA

— 1 % higher nuclei

- 1 % electron
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- 0.1 % positrons

0  BESS 98

. e - 0.01 % antiprotons
O '{'E'_E:If,ﬁ; * Expected types of particles
T - Primary : matter (protons, electrons, ...)
: Do # - Secondary : antimatter (positrons, ...)
Eﬁmw% M o i + lr‘ﬁ | et / (e+ +e°): expected to decrease
; uj_i%, ) — Fermi, PAMELA, ... : increases above 10 GeV
— Primary source of antiparticles ? Propagation ?
o e - From now on: increase the precision of the
Energy (GeV)

measurement



Part |
The AMS-02 detector



The AMS-02 experiment

* Magnetic spectrometer

The Alpha Magnetic Spectrometer (AMS-02) InSta I’l'ed on the l nternatlona"
N — .- » Space Station since May 2011
Transition radiation v : Path of particle
detector - N '
Time-of-flight 3-:unter+_'_%— Star tracker ° GeV to TeV (a nt|) pa rticlesl
silicon trackers } ! Permanent magnet nuclel up to Z=26
.l Anti-coincidence
Time-of fight counter ———=~ S countes e 17/. 109 Pa rticles / year
- + ——— Ring-imaging
— Cerenkov detector . .
calormetar ‘ * Objectives:

Source: CERN

— Dark matter studies
— Primordial antimatter

— Production / propagation models



Permanent magnet

* Field B = 0.15 T curves
with radius r particles of
e+ momentum p and charge

Z

* Gives rigidity
R=p/Z = Br
and the sign of the charge

N\ |




Tracker

Reconstructs the
trajectory of particles

9 layers

10pm in the curvature
plane, 30pm in the other
direction

MDR: 2 TeV

Incoming direction,

absolute charge up to
/=26 10



25 e — TOF

L g D S | : posrtivét: parflcles: E 1
... First level trigger
* Direction of particles

(10° rejection)

* Separate

leptons/protons up
to 2 GeV.

Fe

Mn
£a Jiver jw
,':-1 1

* Absolute charge of
Ll g the incident particle.

ToF Charge v



Proton Rejection

Transition Radiation Detector
(TRD)

s g * |dentify particles through

i § detection of the X-rays
BYRYan Y W VanvinYoavenvany emitted by electrons and
= et protons

* Emitted energy increases
with Lorentz factor:
electrons radiate more than
hadrons (above 300 GeV)

* Discrimination in 1-100 GeV
range, rejection 100 to 1000
for a 90 % efficiency 12




Ring Imaging Cherenkov (RICH)

* ldentify elements until

the iron (Z = 26) with
\ | an energy per nucleon
| | up to the TeV

rrrrrrrrrr

* Measure the velocity, B

@ . @ * Separate electrons and
protons up to 15 GeV

13



Electromagnetic CALorimeter
(ECAL)

Light readout:
4 pixel fine
mesh PMTs
(Hamamatsu)

~35 fibers/pixel S i

3D imaging
electromagnetic
calorimeter, sandwich of 9
superlayers of 72 cells

Measure the energy

Leptons / hadrons
discrimination at high
energy

Performances important
for our goal "



Electronic readout:
Retrieving the numeric signal

* PMTs converts number oh
Wi T pbhotons to electric charge
oo i  HG and LG channels convert
1500 - =
wr to (usable) ADC
snu;“fﬁ” ;
o caunty * Pedestals recomputed (and
: substracted) every 45 mn ;
0w i stable.
faw T * Gain ratio between HG and
N T - LG stable through time and
Ry SVUTTUNTTONNTOTOTINUNUOUTIUNT ] temperature.
45 10 5 0 5 10 15 20 25 15

Temperature (celsius)



Energy reconstruction in the ECAL

ADC
B
Attenuation
' T
Equalization
\T t .
emperatures S DepOSIted
energy/cell
(MeV)
Energy/
Impact shower
Reconstructed | | incidence Fezakr correction| | (Mev)
Energy “| angle |

(GeV)
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Interaction of particles in the ECAL

[ Cell 35, Plane 0 |
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[_Ecal High Gain (run:5 event:2000) |
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Entries

Mean

RMS

%2 I ndf 0
Largeur 4+0.0
MPV 11.27 £ 0.22
Aire 1.507e+04 + 207
Sigma 5.558 + 0.290

ADC max : 13.470613

MIP distribution, not attenuated, not equalized Fit Parameters

number of MIPs
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30

20

10

Entries 1296
12/ ndf 85.91 /57
Constant 58.04 + 2.21
Mean 15.47 + 0.10
Sigma 3.33+ 0.08

Sigma/moy : 21.52 %

I 20 S 25 30
MIP maxima (ADC counts)

* Shower development :

— Leptons almost contained.

- Protons :

* Rear leakage

* 50 % minimum ionization
particles (MIPs)

* MIP Distribution

— Landau (th) x Gaussian (inst.
Resol.), fitted

— Distribution of maxima :
gaussian

— Objectives: reduce Gaussian
spread (sigma/mean) 17



Attenuation

\ ElectronX10GeV 6Cell35

2600 ] Inside cells : fibers
2400:_"1‘--1% 1+ Energy attenuated along
S | length of fibers
2200 -
i \\ 7 * Scanned in BT, assumed
20001 Pyl -
' gy : homogeneous for all cells
i i fIT ]
1800 e ] . .
— 1 e Direct collection (fast) +
16005 b b b Lo L reflexion on other end (slow):
mim

AttCor(x) = N {k exp (— A;“) + (1 — k) exp (— A;'E’Wﬂ



MIPs max distribution, Even SL

140[—
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100[—
8o
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40

20f

o

parameters
Entries 720
Mean 15.63
RMS 1.678
22/ ndf 84.66 /29
Constant 133 £ 7.7
Mean 15.26 £+ 0.04
Sigma 0.9333 = 0.0381

20 22 24
Max of MIPs (ADC Counts)

120
100
80
80
a0F
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parameters
Entries 576
Mean 16.25
RMS 1.334
72 ndf 44.05/ 22
Constant 120.7 £ 7.6
Mean 16.07 £0.04
Sigma 0.8395 +0.0379

1 e —— 1

20 22 24
Max of MIPs (ADC Counts)

XandY fit

* Homogeneity probed
against the direction
of the cells.

* Sigma/mean of 5.2 %
in X, 6.1 %inY.

* Do certain
directions / layers /
cells behave
differently ?

19



Cell binning

| Distribution of MIP (ADC) for Plane_0 with ¢ segments |
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For each cell,
iInterpolation to
estimate hit
position

Binning along the
fiber

Summed according
to direction and fit
for each bin

Difference for the
two directions
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Equalization

- - * Finally done for each superlayer — differences
t * New intercell equalization
R e ™ * After the equalization new spread of 2.7 % (8 %
= befor e)
* Could the differences found be due to aging
L effects ?
R * Monitor MIP evolution through time
%:: MIP distribution, layer by layer attenuation, new equalization
TS 52203—
e B 200 Entries 1288
3 = 180 f— 22/ ndf 1438 /46
;: 160~ Consant  170.5+ 8.0
13 = Mean 1464+ 0.01
o Lt = Sigma  0.4015+0.0145
p— 120;—
100 &
40
==
Dt P ol 0

10 18 20

MIP maxima (ADC counts)



Temperature decorrelation

12 13

* 30 temperature sensors

- 6 / face (angles + middle)

— 6 for the electronic boards

* Evolution due to orbit, beta
angle, umbra.

* Temperature interpolated for

each cell, compared to MIP

* High (negative) correlation

Evolution of MIP Max value and Temperature on Starboard

Y W
E Rl LTV o
57 \j J v/ M Em

I I I I I I I I [
16
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MIP Max (ADC hits)
=)

MIP evolution

* MIP correlated to EHV rather
than face sensors (electronic
effects)

Evolution of MIP for EHV 7

e Decorrelated, then evolution
through time

x2 / ndf 405.2 /116 .
1986009 s 280010 * No aging
e Performances ok for the lower
Jul2|011IOCI2|011\IJan2|012;\pr2|012lJul2|012bct2|012ll39[:2|012;\pr2|013|Jul2|013 energles (PrOton MlP ~ 6 MeV)

Date

* What happens for higher
energies ?

23



)

dE/dX (Mev/cm of lead

Bethe-Bloch formula

-y
=
=

10°

T T TTTTI:

107 1 10 102 10°
Rigidity (GV)

For ionization losses :

dE

Rigidity + Energy
known: single point (z2)
Tracker used to :

- Identify nuclei

- Compute rigidity

dE/dX from ECAL allow
to identify charge ?

24



| Bethe-Bloch curves projection | dE/dX (MeV/cm)

4000, . — . . .
Estimator building
3000§— % :c.-: ;0::;9!;2::;0
2500 E_ | | B:0.067/2.875
2000 % * Check linearity, formula in Z2
100 — logarithmical scale

'rr 1000;— A
soof- 7  Peaks of same width,
: 02 2.2 2.4 2.6 2.8 3. 34 llc?lé?d)({hifvfcmf equlreparted

* Simple estimator building :

— For each layer at MIP, compute

* dE (deposited energy)

* dX (geometrical length crossed)
— Multivariate event

— Estimate most probable charge of

a nuclei depositing that energy
25

8 = N |nun AupiBu sa xp/3p

- Log-likelihood estimator




Linearity for most abundant nuclel

* Nuclei up to Z=8 (O)
more abundant

* Excellent linearity up to
=7

* Drop for Z=8 ?

0I 1 1 I10I 1 1 I20I 1 1 I30I 1 1 I40I 11 Isol 1 1 Iaol 1 1 I70

26



Interpolated EQE

Nuclei of higher charge

EQE vs QTRK

EQE interpolation results

w wW
o a
\ll\\ll

n
)]
Tt

AR T T S A—

- | 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25
raw EQE

1

Drop, and the re-increase

Known effects (GLAST, ToF...)

- Quenching
— Antiquenching

Effect due to nuclei charge, not
lack of linearity.

Use of splines between Z=8
and Z=26

Implemented in the software

27



Conclusions on the performances
of the detector

* Global AMS-02 performances as expected
* For ECAL :

— Excellent electronic performances.
— Stable through time.
— Stable in energy up to GeV.

28



Part Il.
Leptonic / hadronic discrimination

29



Objectives

* e+ / et+e- ratio
— Only select leptons

- Protons 100 times more abundant than electrons,
1000 than positrons (and same charge sign)

— Carefully discriminate protons

* TRD up to ~ 100 GeV, above: ECAL

— Electromagnetic cal.: difference of behaviour
between EM and hadronic showers.

- Find a way to take advantage of those differences
30



Number of events

First example: E/P ratio

E/p outcome with a cutoff of 0.5

200¢s Outeome

A
180% —— False positive (L. | error)
1601 * False negative (t. Il error)

True positive

Cutoff = 0.5 RN True negative

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E/p ratio

 E/P discrimination

For 3 = 1: E=P, for Z=1: R=P
Electromagnetic showers: E=P(=R)
Hadronic showers: E<P(=R)

Compare R with E

* Discrimination quantification:

Number of particle correctly identified (or
not)

Efficiency = leptons seen as such (above
the cut) / number of leptons

Rejection = total number of hadrons /
hadrons falsely seen as leptons (above the
cut)

31



Multivariate analysis

Get pure samples of electrons and protons

Identify variables behaving differently for each
sample

Optimally combinate all variables to get a
relevant estimator

Assess the performance of the estimator

Estimate whether an event is a proton or lepton
given its variables.

32



Get " “pure” electrons
and protons samples

* Beam tests

- True, identified data...

Signal & background samples

he
Enres  aberitl — ... but beams can be polluted

10° RMS  1.436e+05
Class

- Low statistics, only for some energies

* Monte-Carlo simulations

— Huge statistics

— Do the simulations reproduce the data ?

E 1 1 1 1 1 ‘
0 100

Il Il ‘
200

— ‘300‘ - ‘4(‘)0‘ - ‘5(‘)0‘ ‘ ‘16(‘)0‘ — ?énoe‘r - L80>(<)103 d ISS Data (SEl.eCtEd by TRD, E/P---)

— Contamination

- Low energy (we need high energy)

33



Which variables ?

Ed_pixl

1500

2000

2500
Parameter value

* Shape-related variables
- Longitudinal dispersion
— Number of layers at MIP
* Fit to the longitudinal profile
— Chi2
— Rear leakage
* Energy-deposited variables

— Energy / number of cells hit

34



First results

ESEv3 results with 300 GeV BT and MC

F 300 GeV particles

T Pl S W S W P AT 1
0.1 0.2 0.3 0.4 0.5
ESEv3

* MC/ Data: poor match

* Find a way to adjust
simulation to data

35



Smeal"ing e Differences MC/BT at the

variables level

* Compare, for each
common energy (100,
Normalized distributions for Ed_sqgnpixl at 300 GeV | &ectrons 300 Gev 120’ 180' 300 GeV),
098¢ the variables

0.07— "

..... Worto-Car distributions

0.061— R
- . LED L Reweighted Monte-Carlo

005 * Smear the variables :

0.04F- Zje:

5'5 — Shift the mean

0,03 .:: ._
0.02f- ’ 1% - Add a gaussian noise

0.01F oie ot

SiigTwe

— Interpolate between
energies

nal---"-"-"||.|1|.||.L-|-"“-.:| [
038000 19000 20000 21000

Variable value

36



Rejection factor

Results after smearing

Estimator results at 120 GeV

5 04 -03 02 -0 0o 01 02

120 GeV particles

%' BT Electrons

MC Electrons

0.3 0.4 0.5
Estimator value

Background rejection with 90 % efficiency cut

10° —

10* E f

!
TTI

Depo

3
sited energy (GE\}?

 Estimator distributions
almost the same

* Use half the statistics
(test sample) to
assess the rejection
power.

* For a 90 % efficiency,
Increases with energy,
>10" above 200 GeV

37



Conclusions on part Il

A Leptons / hadrons estimator was built

Only ECAL variables

Combined (E/P + MIPs + Estimator) rejection
of 10* obtained for a 90 % efficiency above
200 GeV

— Compute the positron fraction

38



Part lll.
The positron fraction

39



Definition of the positron fraction

R = (I)e+ N N o+
B P+ + P - Net+ T M-

* The positron fraction

- Does not (a priori) depend on the acceptance

— Direct ratio of the number of particles
(positive leptons / total leptons)

* Methodology

- Only keep leptons (E/P estimator)

- Estimate their charge along with possible confusion (tracker)
40



Leptons selection

65 energy bins from 1.5 to 350 GeV

|\||-
2

2
°

Events selection : primary events,
track quality, particle estimators...

10

3 estimators :

— TRD log-likelihood

o
vo

o
r = - = -
L = T m= - T
- _- Z =] — - -
! ||. -l\
-
°

— E/P rejection

14—

- o+ R>0 - ECAL Estimator

1/ o 10 * Use the first two to select pure
oof : samples
04: = * Determine the shape of the third on
oof I those samples

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1] 2 4 53 8 10 41



Lepton selection 2

[2]
= =
M 12000 T NOTROL presclecion
soo00~ e
8000 — = TRDL<05
6000
4000
2000 —
e ) . 0.2 03 0.4
Ecal estimator (ESE)
2]
T 1400
] = TRDL<0.7
1200 — TRDL<06
1000 — TROL<05
800
600
400
200
s o5 -0.4 03 02 o1 0 o1 0.2

0.3 04
Ecal estimator (ESE)

Effect of various TRD
cuts on ESE around 100
GeV

Discard hadrons while
keeping leptons.

Done for all energies.

Optimal selections

42



Events/£0.0222222 )
Q
3

8000

6000

4000

2000

Leptons templates

ae= 25+ 34 ':Q
meane = 0.017 + 0.020

ne= 3+24 y
widthe = 0.0623+ 0.0097 o

Oy

* Preselection

- R<O
- E/P>0.9
- TRDL<0.45

* Good fit through analytical

function

- Crystal Ball
- Gaussian core portion

- Power law low-end tail



Events/ (0.0275)
= = =

j=) B
Q
o

\ \ \ \ \ \ I

Protons templates

ARooPlot of "ESE"

ARooPlot of "ESE"

600[C
400[C

200[C

* Preselection :
- R>0
- E/P<0.4

- TRD > 0.9 for E<115GeV,
0.85 above.

* Crystal ball does not
reproduce well data

- Novosibirsk (analytical)

- Histograms (direct) fits

44



Events / (0.0275)

o] ©
o o
T

~
o
TTTTT

N
o

Application of the templates

A RooPlot of "ESE"

f nPosi = 421+ 21
| nPro=84+11

D
o
TTTTT

al
o
TTTTTT

N w
o o
TTTTTTTTTTT

=
o
TTTTT

o
TTT

* Apply to preselected “real”
data for each bin

* A histogram = a unique linear
combination of leptons and
protons template.

* Area = number of each species

* Done for all events (e+ + e-)
and ones with positive
rigidities (e*).
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Events / (0.0275)

Events / (0.0275)

90

80

70

60

50

40

30

20

10

Comparison between proton

A RooPlot of "ESE"

90—

nPosi = 421+ 21

| nPro=84+11

templates

Top: Novosibirsk,

bottom:
nistograms

i 9 1 !
-0.6 -0.4

nPosi = 420+ 21

nPro=85+11

-0.6 -0.4

Differ only by

one event

Seen for all bins
of high energies

Histograms taken
for all bins



Rigidity Resolution

1.4

1.2

Charge confusion

T i i r e rrrprrrg

il

3

10
Rigidity(GV)

Sign of charge:
only given through
magnet + tracker

Limited granularity

— Maximum detectable
rigidity 2TV

- Some charge signs are
wrong

Estimate the fraction
of charge misidentified
(charge confusion)

Monte-Carlo
simulations

47



Assessing the charge confusion

n
fcc:

Charge confusion

1
R= s
Ne— 1 — 2fcc T4 +n_

Charge confusion values in the AMS-02 binning
RR S AN T A TR ST 1]
RS - Chargec@ﬂ*umnvalues ________________ 1y’
_.' e Y Wlth :daia waghimg » Il
Nt Without data we;ghtmg 5 i l'

1[] B s a g ¥

10
Reconstructed energy (GeV)

o fcc)
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#trial

Uncertainty sources

#Hriads

E B 8 8 8 8 3 8 8
TTTT[TTIT [ TT T T [ TT T [ TI T T[TTT T[T I [ TTTT[TTTT[T

300—

200—

100—

Positron Ratio

Acceptance asymmetry
(neglected)

Bin-to-bin migration
(neglected)

Charge confusion (stat.)
Reference spectra (seen)

Effect of the number of

leptons selected by TRDL, E/P
on ratio

Added in squares to give the
squared total uncertainty

49



Positron ratio

&
o

=
—
o

0.14

0.12

0.1

0.08

0.06

0.04

Final positron ratio

Positron fraction comparison

4

Dataset

*

A,ME DE rEtErEnEE analysls ..-...---.?..-...f..-_--..-..-....l--...-......-- _-..- A
Thls HHHEEEIE..;..E ................ S .......................... k'

AL PRI EEETIAEE SaEEESdIEEEEAA

P EE A4 LEEEA ARSI EEE AN EE AR EE NI NS I A EEEE A ARSI NEERA LB ad

i|\

.................................................................

'-..-.j.-..i_..i-..i-..i.-.l.-...-.-...-..- R (OO PR

10

1
Reconstructed energy (GeV)
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Conclusions and prospectives

Results from the paper are reproduced, using different method and estimator

Crucial point: what happens after 350 GeV (plateau ? stiff drop?)

More statistics ( \/% )
Improve ESEv3

- New MC simulations

— More smeared variables

- More ISS Data
2D fits
Other spectra from AMS-02

Other experiments

- ISS-CREAM
- CALET

51
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