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Introduction

p==5
@ Mass m = (1019.461 £+ 0.019) MeV
@ Width I' = (4.266 + 0.031) MeV
o BR(¢ — K+K~) = (48.9 £ 0.5) %

v

Goal of the analysis

e Differential ¢ multiplicities in p+p collisions measured in NA61/SHINE

— from invariant mass spectra fits in ¢ — KK~ decay channel
— as function of rapidity y and transverse momentum pr

v

@ To constrain hadron production models
— ¢ interesting due to its hidden strangeness (ss)

@ Reference data for Pb+Pb at the same energies

A\
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HINE experiment

General info

@ Fixed target experiment in the North (experimental) Area of CERN SPS

@ Successor of NA49
@ Beams

e hadrons (secondary)
@ ions (secondary and primary)

@ ~150 physicists — IFJ PAN group (6 people) since June 2016
@ Physics active since 2009
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Physics programme

SHINE = SPS Heavy lon and Neutrino Experiment

high stat. with new vertex detector

Pb+Pb 2018119
20 40 158

€ detailed scan with existing detector I3 p+A E GeV/c
g Po+Pb BRI 20 oS B
» xera| [ OJOCOL] 2017 & K+C = 2012
£ as| INEEEN - £ e LR
3 Betde HEBENENEN 2023 5 proln [ | 200710

p+po| [ HE B 2012114115 ec | [l O 2007/09/12

o | HIHEEBE 2009110111
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beam momentum (A GeV/c) beam momentum (GeV/c)

Heavy ion physics

Cosmic rays and neutrinos

@ spectra, correlations, fluctuations @ precision measurements of
@ critical point spectra
@ onset of deconfinement @ cosmic rays: Pierre Auger

Observatory, KASCADE

@ neutrinos: T2K, Minerva,
MINOS, NOvA, LBNE

* EM interactions with spectators
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Physics programme

SHINE = SPS Heavy lon and Neutrino Experiment

high stat. with new vertex detector
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bear PP @ 158 GeV — \/syn = 17.3GeV. (GeVie)

Heavy ion physics Cosmic rays and neutrinos

@ spectra, correlations, fluctuations @ precision measurements of
@ critical point spectra
@ onset of deconfinement @ cosmic rays: Pierre Auger

Observatory, KASCADE

@ neutrinos: T2K, Minerva,
MINOS, NOvA, LBNE

* EM interactions with spectators
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NA61/SHINE detector

directly — only charged particles!

TPC — particle tracks in 3D

@ curvature — charge and
momentum

@ energy loss (dE/dx) — mass

Performance
@ total acceptance ~ 80 %

@ momentum resolution
a(p)/p? ~ 1074 GevV~!
@ track reconstruction efficiency > 95 %
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Data selection

TPC tracks

@ inelastic @ from main vertex
@ in the target @ well reconstructed
@ with well measured main vertex @ number of points in TPCs —

accurate dE/dx and momentum

@ with dE/dx corresponding to
kaons (PID cut)

Probe: y(10.0,2.1), pTE[O.O,l.B) GeV

)
£ 10 */f—»ﬁ—————md
< E
@ F
[ —no PID cut
103;
E —with PID cut
10°F
10
1

P S I S A SO B
1000 1020 1040 1060 1080
My, (K'.K) [MeV]
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Kaon candidate selection — PID cut

x x
kS s 1
| |
o 10° = r 10°
1.5
10 L 10
10 [ 10
1
1 0 1 1 1 0 1 1

2 2
Iogw(p/GeV) Iogm(p/GeV)

@ Selection done with dE/dx

@ Accept tracks in +5 % band around kaon Bethe-Bloch curve
(area between black curves in right picture)

@ Losses due to efficiency of this selection corrected with tag-and-probe method

Antoni Marcinek (IFJ PAN) ¢ production in p+p in NA61/SHINE Biataséwka, 28 April 2017 8/21



Signal extraction

phase space binning, invariant mass spectrum

Probe: y[10.0,2.1), pTE[O.O,l.G) GeV [ Entries = 11681
3 ” T= 427 Mev
2 £ 400 0= 0,991+ 0.098 MeV
o H F Ny, = 9187 £79
C N, = 2494 £ 53
300~ m, = 1019.623 £ 0.071 MeV
L q= 150
L XElndi=16
200—
100
Ed
0 P L L

P Y T
1060 . 1080
Mo (K K) MeV]

P R B
1000 1020 1040
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Signal extraction

phase space binning, invariant mass spectrum

Probe:

8 400

Convolution of: 200
@ relativistic Breit-Wigner

200

Jreisw (Miny; Mg, I') resonance shape

@ g-Gaussian fqa(minv; 0, ¢) broadening 100
due to detector resolution

y0.0,2.1), p [10.0,1.6) GeV [ enties = 11681

r= 427 VeV

o= 0.991+ 0.098 MeV

Ny, = 9187 £79

N, = 2494 + 53

m, = 1019.623 + 0.071 MeV
q= 150

¥ indi=16

15 8

TEE T T T T T T T T T T

T T [ S I S S B
1000 1020 1040 1060 1080
M, (KK [MeV]

Background

Obtained with the event mixing method:

@ Kaon candidate taken from the current event is combined with candidates from
previous 500 events to create ¢ candidates in the mixed events spectrum

| A

Fitting function

f(minv) = Np : (freIBW & qu)(minw me, r

, 0, q) + kag : B(minv)
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Signal extraction

tag-and-probe method — ATLAS, LHCb

Tag: y[10.0,2.1), p,[0.0,1.6) GeV Probe: y([0.0,2.1), p,[[0.0.1.6) GeV [Entries = 11681

» X?/ndf=1.9 U, = 427 MeV
2 -2 400 6= 070 +0.12 MeV
S & €= 0.899 + 0.031

1500) N,= 2952 & 183

Nygp= 9746 £ 154

Ny = 123748 £ 504

m,= 1019.566 + 0.083

q= 150

¥2/ndf = 2.0
T

300

1000
200

500

Hobe:
at least one K pass PID both K pass PID

1 1 1 1 1 1 1 1 1 1
1000 1020 1040 1060, 1080 01000 1020 1040 1060, 1080
M, (K"K [MeV] m;,,(K',K) [MeV]

Tag:

@ Goal: to remove bias of Ny due to PID cut efficiency €
@ Simultaneous fit of 2 spectra:
o tag — at least one track in the pair passes PID cut
Ny = Nge(2 —¢)
@ probe — both tracks pass PID cut
N, = Nye*

Antoni Marcinek (IFJ PAN) ¢ production in p+p in NA61/SHINE Biataséwka, 28 April 2017 10/21



Normalization and corrections

d2n o N¢ Coo * Cpkg * CMC
dprdy  New Apr Ay BR((;S — KtK™)

@ ¢ ~ 1.06 — extrapolation of the resonance curve

@ cpkg = 1.05 — unaccounted-for effects in the
background description by event mixing

y(10.0,0.3) y(10.3,0.6)

correction

2.5F F

Monte Carlo correction

e total
NE e 1 ’ e
1.5]
CMC = Ngen / Nsel /

I

y10.6,0.9) y[10.9,1.5) yO1.5,2.1)

@ registration efficiency asf b b
@ ftrigger bias oF a b
@ losses due to vertex cuts 15 s b

@ reconstruction efficiency
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Uncertainties
p+p @ 158 GeV
q N y[10.0.9%3) y[10.3,0.6)
MINUIT/HESSE (symmetric) \N/ o sisical

Systematic bin-independent
.~ % T > —a—— \,‘

Source value [%] : S
BR(¢p — KTK™)
fitting constraints

resonance theory
background

uncertainty [%]

= tag-and-probe

/
N

y(0.6,0.9) y([0.9,1.5) yO[15,2.1)

&

ﬁ
|

8
3

Total (quadratic)

@ Total systematic uncertainty = /> of
@ For p+p @ 40 GeV additional bin-independent 3 % due to cyc averaging
@ Statistical uncertainty dominates
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Double differential spectra: p+p @ 158 GeV

E a3 vy10.0,0.3) [ y[0.3,0.6) /snN = 17.3GeV
gt TN --- EPOS 1.99 N
2 b= e Pythia 6 MC normalization:
© -~ - "+ UrQuD 3.4 [ model = [ data
10F
3 y10.6,0.9) | y10.9,15) | y[1.52.1)

10"

5
10 0

@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail

@ Fit ppe~™7/T — extrapolation to pr = oo — tail < 1%
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Double differential spectra: p+p @ 158 GeV

%1"'2’ y0.0,0.3) f yio308) | /sy =17.3GeV
g’ s MC normalization:
5 S N N - -1+ UrQMD 3.4 f model = fdata J
10°F 3
@ First 2D (y vs pr) ¢ production measurements for p+p @ 158 GeV
10°

@ +1 bininy, +1 bin in pr compared to 2x1D NA49

IOA{ [ ----- \E
107! I L L I L L
0 05

I
1 15 0.5 1 15 0.5

T 15
p, [GeV]

@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail

@ Fit ppe~™7/T — extrapolation to pr = oo — tail < 1%

Antoni Marcinek (IFJ PAN)

@ production in p+p in NA61/SHINE

Biataséwka, 28 April 2017



Double differential spectra: p+p @ 80 GeV

S Y0003 | g yI0308) |\ /5y = 12.3GeV

o --- EPOS 1.99 . o

S . O SRR & Pythia 6 MC normalization:
® 100 17 UQMD 3.4 J model = [ data

y[10.6,0.9) y[10.9,1.5)

L L L
0 0.5 1 0.5 1
P, [GeV]

@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail

@ Fit ppe~™7/T — extrapolation to pr = oo — tail < 4%
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Double differential spectra: p+p @ 80 GeV

S Y0003 | g yI0308) |\ /5y = 12.3GeV

o --- EPOS 1.99 . o

S . O SRR & Pythia 6 MC normalization:
® 17 UQMD 3.4 J model = [ data

o

! ! I
0.5 1 0.5

1
p, [GeV]

@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail

@ Fit ppe~™7/T — extrapolation to pr = oo — tail < 4%
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Rapidity

V/SNN = 17.3GeV

p+p @ 158 GeV p+p @ 80 GeV
x10° x10°
>
el
rrrrrrrr EPOS199 | & - EPOS 1.99
kel
Pythia 6 Pythia 6
AR -~ UrQMD 3.4 -~ UrQMD 3.4
o
b A NA49 b i,
& NABL/SHINE
P S S I B Rt L L T L L
% 05 1 15 % 05 1 15
y

VSyn =123 GeV

MC normalization:
J model = [ data

J

@ EPOS and UrQMD shape comparable to data, Pythia slightly narrower

o Fit Gaussian e Y /2°% — extrapolation to y = co —
tails: 3 % for 158 GeV, 7 % for 80 GeV

@ NAG61/SHINE consistent with NA49
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Transverse mass spectra at midrapidity

p+p @ 158 GeV p+p @ 80 GeV

Ng y[0.0,0.3) Ng y[0.0,0.3)

IS 19

= 10 = 102

£ £ f

£ £

0o 0z 04 06 W o
m, -m, [GeV] m. -m, [GeV]
,/SNN=17.3GGV ,/SNN=12.3GGV

Thermal fit results
Pbeam [GeV] Ty [MeV] T [MeV]
158 150 £ 14 + 8 159.3+1.3£2.6
80 148 £30+17 1599+ 1.54+4.1
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Single differential spectra: p+p @ 40 GeV

dn/ (dp_dy) [GeVY

@ Pythia agrees best, UrQMD similar, EPOS spectrum too short tail

i

@ UrQMD agrees with data, EPOS bit too narrow, Pythia even narrower

10°

o 4xl0
z Y
""""" yHo.0,15) | = ¢ - EPOS 1.99
kel
Pythia 6
""""" - UrQMD 3.4
L A
L L\
0 05 1
p. [GeV]

@ extrapolation tail < 1%

V3NN = 8.8GeV

MC normalization:
J model = [ data J

@ extrapolation tail 5 %
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Single differential spectra: p+p @ 40 GeV

& > 4310 VSNN = 8.8 GeV
E """"" ygools | = L . EPOS 1.99

- Pythia 6 N
3 = L UMD 34 MC normalization:
g .o/ 0B J model = [ data
5

@ First ¢ production measurements for p+p @ 40 GeV

@ Pythia agrees best, UrQMD similar, EPOS spectrum too short tail

@ extrapolation tail < 1%

i

@ UrQMD agrees with data, EPOS bit too narrow, Pythia even narrower

@ extrapolation tail 5 %
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Reference data for Pb+Pb: oy = width of dn/dy

°© © 4L s EPOS199 ¢
. v Pythia 6
«- UrQMD 3.4
12F

L K'K coalescence

collision energy y

) beam

Comparison of particles / reactions

@ All but ¢ in Pb+Pb:
oy proportional to yneam With the same rate of increase

@ two new ¢ points in p+p emphasize peculiarity of ¢ in Pb+Pb

Coalescence
@ For p+p only 40 GeV compatible with production through K+ K~ coalescence
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Reference data for Pb+Pb: total yield

5,

1000 [V

=
® pip 6 &
O Pb+Pb =
e}
o
+
e}
e
o =
% g
()
Ks)
3
® kel
e
I P - L
10 15 20
s [GeV]

@ ¢/ ratio increases with collision energy

® U 0
A KOO
v KO Gd %

@ Production enhancement in Pb+Pb about 3, independent of energy
@ Enhancement systematically larger than for kaons, comparable to K+

— for K~ consistent with strangeness enhancement in parton phase
(square of K~ enhancement)
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Comparison with world data and models

g_ 0.04 s
r O world data ;003; O world data T
® NABL/SHINE : ® NAG61/SHINE
0.03- S
c
o

s EPOS 1.99 0.01- s EPOS 1.99
v Pythia 6 r v Pythia 6
-~ UrQMD 3.4 [ o8 % UrQMD 3.4
—e— HRG :,!gx
L L L 0 b1 L L
30 40 50 10 10 10° 10*
sy [GeV] s [GeV]

p+p world data
@ Results consistent with world data, much more accurate

@ EPOS close to data, Pythia underestimates experimental data,
UrQMD underestimates ~ 2x, HRG (thermal) overestimates ~ 2x

@ EPOS rises too fast with /sy N
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Summary

o Differential multiplicities of ¢ mesons in p+p:

158 GeV first 2D (y and pr), more accurate than 2x1D (y or pr) NA49
80 GeV 2D, first at this energy
40 GeV 2x1D, first at this energy

4

Comparison with experimental data

@ Results consistent with p+p world data, but much more accurate!
@ Emphasize peculiarity of longitudinal expansion (o) in Pb+Pb

@ Confirm enhancement in Pb+Pb, independent of energy in considered range,
similar to kaons )

Comparison with models

@ Each describes well either p or y shape, but not both
@ None is able to describe total yields
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BACKUP
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Vertex z cut choice

x10°

[ 200
2000 F f}MM

L T
-820 -600 -580 -560 -540 »820 -600 -580 -560 -540
z [cm] z [cm]

entries
entries

1000—

loose vertex z cut
@ Accepts windows of LHT.

@ Small eyc — no in-target events removed due to vertex z resolution.
@ Requires EMPTY target subtraction to remove background from windows.

tight vertex z cut
@ Removes interactions in windows of LHT.

@ Large cyc — in-target events removed due to vertex z resolution.
@ Negligible EMPTY target contribution (no windows) — no EMPTY subtraction.

o
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Empty target statistics — 158 GeV

Tag: y[0.0,2.1), p [10.0,1.6) GeV [Entries = 5334 Probe: y(10.0,2.1), p [0.0,1.6) GeV | Entries = 478
. X2/ndf = 0.8 . . I = 4.27 MeV
£ 100 2t 0= 0.85+0.39 MeV
c c
b5 & o £= 0.95+0.14
201 N,= 119 * 36
[ Noigp = 380 % 30
15[ Nyyge = 5110 + 103
r m,= 1019.43 £ 0.44
50 N q= 150
10~ *2/ndf = 0.7
5 Mﬂ.m..
iifiiiigh
|
O.I...I...I...I...I. 0 |
1000 1020 1040 1060 1080 1000 1020 1040 1060 1080

(K*,K) [MeV] (K".K') [MeV]

Myl

My

@ EMPTY target subtraction requires division of these stats in the same bins as
for FULL target analysis — clearly not feasible.
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Example 1D y binning fit to constrain

Tag: y[[0.9,1.5), p,[0.0,1.6) GeV Probe: y([0.9,1.5), p,[0.0,1.6) GeV [Entries = 3362
@ @ I = 427 Mev
2 2 7 0= 0.99 MeV
$ 400 & r €= 0.973 £ 0.056
100 Ny= 768 + 82
3 Nygp = 2804 £ 80
300) 3 Ny = 29550 + 247
m,= 1019.62 MeV
200 50
100§
0! 1 1 1 1 1 C 1 1 1 1 1
1000 1020 1040 1060 1080 1000 1020 1040 1060 ~ 1080
M, (K"K [MeV] m;,,(K'.K) [MeV]
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Example 2D binning fits

Tag: y[[0.9,1.5), p, [0.2,0.4) GeV Probe: y([0.9,1.5), p,[]0.2,0.4) GeV [Entries = 786
= 427 MevV

o= 0.99 MeV

€= 0.980 + 0.048
N,= 185+ 23
Nygp= 610 + 37
Nyge = 7570 + 116
m,= 1019.62 MeV
q= 150
Ny/O(N) = 7 9

entries
entries

30

20

10

1 1 1 1 1 Il 1 1 1
1000 1020 1040 1060, 1080 1000 1020 1040 1060, 1080
M, (K,K) [MeV] m;,,(K',K) [MeV]

Tag: y[[0.9,1.5), p [[1.2,1.6) GeV Probe: y[10.9,15), p,[[1.2.1.6) GeV [Entries= 146

= 427 MeV

o= 0.99 MeV

€= 0.974 +0.055
Ny = 23271
Nygp= 133 %17
Ny = 908 + 40
m,= 1019.62 MeV
q= 150

mLcthii
L:muh‘n'%li%&lﬁn A

1 1 1 1 1
1000 1020 1040 1060 1080 0 1000 1020 1040 1060 1080
m_ (K" K) [Me!

10

entries
entries
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Integral value vs integration cut-off

g-GausORelBW g-GausORelBW

pamenre T

| 4
i

e
600 0 700% 2000

[}
er

N-N, [%N ]

Y
.
.
.
o

N-N [6N ]

800 80 3000
lower integration limit [MeV] upper integration limit [MeV]

@ N — integral using given limit, N,— integral using edges of mj,, histogram as
limits.
@ Fits with yo, — a/|z — my|® to obtain y..— value of relative difference when

limit is infinite. This allows to calculate correction / bias of the integral for each
value of limit.

Niet + Nr _ Yo _ NL + Niet
= +1 o=——
Niet 100 % Nief

CR —

@ Reference lower limit for rel. Breit-Wigner already gives at least %. accuracy.
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Bias / correction due to integration cut-off

g-GausORelBW

°

q-GausORelBW

bias [%]

bias [%]
.

o

oss,

‘M

*eeeees
600 800

1000 1000 2000 3000
lower integration limit [MeV] upper integration limit [MeV]

oo Nref Nref
_ N+ Nref + Ng + Nref — Nref
Nref
=c +cg—1.

Noo  NL+ Neet + Nr

Antoni Marcinek (IFJ PAN)
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Introduction to systematic studies

@ Biases in this analysis may arise as consequence of
@ wrong choice of analytical parametrizations for resonance shape and detector
resolution effect
choice of integration range of signal parametrization curve to obtain the yield
unaccounted effects in background description
constraints used in fitting
wrong assumptions associated with kaon selection efficiency
@ improper MC corrections of detector effects

0000

@ First 2 points — methods used up to now are changed (changes central
values): Voigtian + integration in broad range — g-Gaussian & relativistic
Breit-Wigner + correction to integral

@ Other points — systematic uncertainties are estimated using improved methods
for signal extraction.
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Signal parametrization choice

Gaus®@BW q-Gaus®@BW

Probe: y[0.0.2.1), p,([0.0,16) GeV Probe: y10.0,2.1), p, [[0.0,1.6) GeV

8 s 8 woof
s 5
. W osss
a0 | - s019717 0071 ey a0l - w0712 007t ey
U] aaso
FrE

i

L L L L L L
1000 1020 1040 msu 1000 1020 1040 1060

(K K)[MeV] (K K)[Ms\ﬂ
Gaus®RelBW g-Gaus®RelBW
Probe: y([0.0,2.1), p,[0.0.1.6) GeV [Ervies 11eer | Probe: y[10.0,2.1), p_(0.0,1.6) GeV ies = 11681
” " Al = a27Mev
£ aoof £ aoop o= 09912 0,098 Mev
£ : o
Ih
a00f- a0l - 10105290071 el
P
U
200

Rk

| , 1 & 1 1 |
000 1020 1040 msu o0 0% T 1060 108
(K1) V] (KK o]

@ Initially used Voigtian = Gaus®BW due to technical convenience

@ Using MC decided to change Gaussian — g-Gaussian (explained later)

@ For ¢ relativistic Breit-Wigner (used in NA49) better than non-relativistic, which
yields couple % sub-threshold production.

@ Change in x2 / ndf due to effects in background (explained later)
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Quantitative comparison of signal parametrizations

% oF y10.0,0+3) E oF y(10.3,0.6)
& &
=1 d ./'\.—_-\'/.
3 2
2 2
2 2
Q Q
s o s 4 © g-GausBW
£ 3 = GausTRelBW
:'g ’} = GauslIBW
s 2 \—-\/\‘
< <
-10F 10F
0.‘5 i lf5 O.‘S 15
p, [Gev] p, [GeV]
E oF y10.6,0.9) E oF y[10.9,1.5) 5 o yO11.5,2.1)
& & & —. T
[=} /+'—'\. =) O
2 3 2
2 2 2
2 2 2
$ & 8
& & &
g 51 s 5? H s
3 3 S
z’ z z”
3 3 3 '/\/_—\
10 -10F 10k
L \ L L ! L L \ L
05 T 15 05 1 15 05 T 15
p, [GeV] P, [GeV] p, [GeV]

@ Yields are corrected integrals in (—oo, +00) (explained later)
@ Old parametrization yielded up to 10% underestimated results.
@ About 2% due to detector resolution model

@ About 5% due to resonance model
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Background distortions

Tag: y Probe: y[0.0,2.1), p,[10.0,1.6) GeV [ Entries = 11681
o X2 /ndf=1.9 o r = 4.27 MeV
2 3 £ 400 6= 070 +0.12 MeV
= ¥ = - N
©1500 ° o= oz 109
300 Ny = 9746 * 154
Ny = 123748 + 504
1000 m,= 1019566 + 0.089
200 q= 150
X2/ndf=2.0
T
500 100)
Tag: Bobe:
at least one K pass PID both K pass PID
0™1000 1020 1040 1060 1080 0™1000 020 1040 1060 1080
M, (K".K) [MeV] M, (K".K) [MeV]

@ Underestimation of background for high mj,, in Tag — K*°

@ Underestimation for low mny, overestimation of background for high mjpy in
Probe — electrons

@ Using MC (next slides) — up to 10% systematic effect
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MC vs data

Tag yE[n.g,z 1), p,10.0,1.6) Gev Probe: y!‘[D}.O‘Z.l)‘ P [10.0.1.6) GeV | Entries = 352111
” x10 Xelndi=157 , 20 = 4.27MeV
2 £ 0= 0593 £0.024 Me
2 S 1o- ¢ = 09122 + 00058
30F N,= 76501+ 865
200 m,= 1019.433 £ 0.01¢
q= 150
Xeindi=12.1
10§
ol e L ] oL L L L
1000 1020 1040 1060 1080 1000 1020 1040 1060, 1080
m,, (K" .K) [MeV] My, (K'.K) [MeV]

Tag: y10.02.1), p,[10.0.1.6) GeV Probe; y[0.0.2.1), p,[[0.01.6) GeV [ Entries = 11681
2 £ 400r 0= 0702012 MeV
S. S £= 0899 +0.031
1500 N,= 2052 + 183
300 Nygp = 9746 £ 154
1000| m,= 1010.566 + 0.08:
200 q= 150
X2/ndf =2.0
T
500 100)
Tag:
at least one K pass PID
0 ol——L L L
1000 1020 1040 1060 1080 1000 1020 1040 1060, 1080
M (KK MeV] M (K"K [MeV]

@ Mock PID cuts tuned in MC (top) to have similar shapes as in data (bottom).
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MC dirty vs clean

Tag: y[0.02.1). p [10.0,1.6) GeV Probe: y[10,0,2.1), p,[0.0.1.6) GeV  [Entries = 352111
, 20 XeIndf = 15.7 o 2O T = 427 Mev
B £ 0= 0,593 * 0,024 Me
s S 1o- €= 09122 £ 00058
30r N, = 76501+ 865
20 m,= 1019.433 + 0.01
q= 150
Xeindi=12.1
10§
ot ot L L L
1000 1020 1040 1060 1080 1000 1020 1040 1060, 1080
m,(K"K) [MeV] M (K'K) [MeV]
Tag: y[0.02.1), p [10.0,1.6) GeV Probe: y[0,0,2.1), p,[0.0,1.6) GeV [ Entries = 250372
, 20 XeIndf=13 PR T = 427 Mev
2 30f £ 10~ 0= 0,696 £ 0.022 Me\
S S €= 08893 + 0.0051
N, = 81894 +830
20 <
m,= 1010.472 £ 0.01:
5 q= 150
X2/ndi=13
10|
P Y R P B ot L L L 1.
1000 1020 1040 1060 1080 1000 1020 1040 1060, 1080
M (KK MeV] M (K"K [MeV]

@ In cleaned sample (no electrons, nothing from K *°) no background problems
observed.
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Source of low m,,, effectin MC — electrons

Probe: y[1-20.0,20.0), pTE[O.O.a.O) GeV Probe: y[1-20.0,20.0), pTE[0.0,3.O) GeV
45000 )
Q Q
g — same events ?000 — same events
— mixed events — mixed events
4000
4000(+
20001~ 2000l
L L L L L L L L
880 1000 1020 1040 1060 1080 0(. 20 40 60 80 100
My, (KK [MeV] m,,(e".€) [MeV]

@ Picture compatible with correlation due to Coulomb interaction (studied e.g. as
background effect in HBT correlations for kaons and pions)

@ Effect stronger for electrons as compared to hadrons due to lower mass of
electrons?
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Systematics

= data-like

4 data-like wio e*
+ datalike wio K

ANG.) [% clean]

°

n L

§ ‘ 10.0,03) § [ Jn 10.3.06)
s o - s o T
) / 2
z° z” A
g LA g i
sf 17 . s
-10p L I -10p L L I
05 15 05 1 15
P, [GeV] p_[GeV]
3 ys09) | § [ 1] vmosd
§d | BT
3 3
z" 2"
< <
oS o4
’t:/
-op L I -1op L L I
05 1 15 05 1 15
p, [GeV] P, [Gev]

15
P, [Gev]

@ Up to 10% systematic effect coming mostly from K*0 — assign 10% systematic

uncertainty bin independent

@ Although in most bins effect about 5%, assigning bigger uncertainty possibly
takes into account mismatches between MC and data
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Resolution model

@ MC with ' = 0 (20M pp@158 events) provides insight into the effect of detector
resolution on mjpy.

@ It turns out that the default choice of Gaussian model is not optimal — tested
also Lorentz and g-Gaussian:

y10.0,0.3), p [10.6,0.8) GeV [Entries = 2204 ¥10.0,0.3), p.[10.6.0.8) GeV [ Entries = 2204 ¥10.0,0.3), p.[10.6,0.8) GeV | Entries = 2204
@ 0=08318+0008Y 0=1049£0022M o 0= 0584%0016M
2 . m,= 1019475 0.00 2 . m,= 1019484+ 0.0 2 . m, = 1019.475 = 0.0
£ 'y =] g ' = R v
S 400 Gaussian + X2/ndf =52 S Breit-Wigner X2Indf = 8.2 § 400 g-Gaussian q= 1.390 * 0.030
400 X2Indf=0.7

300f 300

200 200 200

100 100

L L L L
1016 1018 1020 1022 16 1018 1020 1022 1816 1018 1020 1022
m;,, (KK’ [MeV] m;,, (K*.K') [MeV] m;,, (K"K) [MeV]

@ Black dots are the same in all 3 pictures.
@ Each model has a location parameter my and width parameter o.
@ g-Gaussian has additional shape parameter ¢:

@ ¢ = 2 & shape = Lorentz

o g — 1 shape — Gaussian
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Choice of model

5 5
£ y10.0,0.3) £ y10.3,0.6)
< <
10 10
1 I
, , L . , L
05 1 15 05 1 15
b, [GeV] b, [GeV]
5 5 5
£ y10.6,0.9) £ yI10.9,1.5) £ yO15.2.1)
= < <
10 10F
1 1
, , . , \ L , , .
05 1 15 05 1 15 05 1 15
P, [Gev] P, [Gev] P, [Gev]

@ g-Gaussian clearly favoured.
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Parameters stability: o

E 2r y(10.0,0.3)
°

2r y(]0.3,0.6)

o Mev]

15F 180
« Gaussian
e © Breit-Wigner
1"\'—‘\./'/ T

PR ° g-Gaussian
050 o " - } o5k —s———%
. , L . , L
05 1 15 05 1 15
P, [GeV] p, [GeV]
= = >
@ y[10.6,0.9) @ T y10.9,1.5) ° yO1.5,.2¢1)
° ° °
15F 1.5 151
S 4 —t et
05 D o5 o5
, , L , , N | , L
05 1 15 05 1 15 05 15
P, [Gev] P, [Gev] P, [Gev]

@ Weighted sample standard deviation 7-9% o fitted in full phase space,
depending on model, with smallest for Gaussian.

@ These values used to estimate systematic uncertainties (~ 1%) associated with
assumption of invariant ¢ in phase space bins.
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Parameters stability: q (only for g-Gaussian)

= = =
y([0.0,0.3) Y(10.3,0.6) Y10.6,0.9)
25| 25F 25
2F 2 2
1.5—;\\-\/'/1 st~ .+ 1 5—m
. , L . \ L . , L
o 05 1 15 ® 0.5 1 15 o 05 1 15
b, [GeV] b, [GeV] b, [GeV]
= o
y[10.9,1.5) y[15.2.1)
25F 250
2F 2
1.5—//——4\i 15
b 05 T 15 o5 T 15
p, [GeV] P, [Gev]

@ Weighted sample standard deviation 6% ¢ fitted in full phase space.

@ These value used to estimate systematic uncertainties (< 2%) associated with
assumption of invariant ¢ in phase space bins.

@ ¢ needs to be fixed to MC average value of 1.5 in fits to data due to background
distortions (g-Gaussian can adapt its shape via q to fit background as signal)
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ameters stability: m,

S
&
¥
S
Y
T

o
S
T
S
b
T

> =

S oaf y0[0.0,0.3) S o4 y([03,0.6)
H H

& oaf Sogf

I R s g £

;

© Gaussian
 BreitWigner
* qGaussian

b, [GeV] b, [GeV]
= = >
2 o4f y[0.6,0.9) 2 odr y[0.9,1.5) 2 o4 y15.2.1)
8 8 8
E& 0.2 E& 0.2 E& 0.2F
3 - A P
o U'\’#‘ﬂﬁ 5 D'M £ ~3
-02F 0.2- 02F
0.4f 0.4 0.4
. , L . \ L \ \ L
05 T 15 05 1 i5 05 T 5
P, [Gev] P, [Gev] P, [GeV]

@ Weighted sample standard deviation ~ 0.5% I, 0.002% m fitted in full phase

space, for all models.

@ Translates into < 0.5% systematic uncertainty.
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Systematics due to constraints on parameters

g ¥10.0,0.3) g A
8 2F - o
g 3 H A 00,0
2 g e A o+oy(©)
3 5 o my
J J ¢
2 o z 0*@—4—@ oo
K 3 ST My~ Oar(M)
: — & g,
Z o
oF ) E o q
. \ L A \ s L+ q, others refitted
05 1 15 05 B L5 & q',others refitted
p, [GeV] b, [GeV] :
B H mosis) | 8
g g Y0915 £
5 ] s 5
H e s
g g W g
£ g A, . % * £
3, S So
z ) g
3 3 ra 3
2f 2+ -
, , , . , ,
05 1 15 05 1 15
P, [GeV] b, [GeV]

@ .+ ,-“ superscripts — fits redone with listed fixed parameters
increased/decreased by factors obtained from MC study from previous slides

@ Also shown refits with fixed parameters shifted by their statistical errors from fits
in full phase space

@ Systematic uncertainty: 2%, bin independent or should sum up, or bin by bin?
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Tag-and-probe systematics

@ Known sources of systematic error in tag-and-probe:
@ non-constant value of PID efficiency (¢) within phase space bins
@ constraints on ¢ in (y, pr) bins fits if £ non-constant between bins
@ Known and unknown effects studied by variation of window size around
Bethe-Bloch (range +/- 30% of default/reference window size = +5%
Bethe-Bloch value)
@ Done for 2 cases of fitting strategy:
o default — value of ¢ fitted in y bin in full pr range is used to soft-constrain fits in

(v, pr) bins
o free  in (y, pr) bins fits

to validate these strategies
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Fit results: ¢ in ,constrained” strategy

O v ocut+38%

D'S'% os— ~—" v cut+4.1%
A v cut+4.4%
o0al o v ocuta7%
4 cut:53%

4 cut+5.6%

oz o2 o cut5.9%
) ) N ) ) X 4 cut6.2%

0 05 1 15 0.5 1 15 4 cut6.5%

@ Apart from one case in the last y bin, € changes monotonically with window size
@ agrees with expectation
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Fit results: ¢ in ,free” strategy

w w o
y([0.0,0.3) h ) + reference
08 o8 v cut+35%
v cut+3.8%
0.6 o6F v cut41%
v cut+4.4%
v ocuta7%
04f o0.4f
4 cut:53%
4 cut+5.6%
o2r o 4 cut5.9%
) ) X ) ) X 4 cut6.2%
0 05 1 15 0.5 1 15 4 cut6.5%
b, [GeV] b, [GeV]
PR w w
0.6540%) 5) .5,2.1)
osf osf o8
o0.6f osf 06
0af 0.4f 0.4f
[ 02f 02f
. , L . \ L \ \ L
% 05 T 15 05 1 i5 e 05 T 5
P, [Gev] P, [Gev] P, [Gev]

@ Visible problems with monotonic dependence of € on window size
@ contrary to expectation — fit instabilities?
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Fit results: N, in ,constrained” strategy

v cut+35%
v cut+3.8%
v ocut+4.1%
v ocut+4.4%
v ocut+4.7%
4 cut#53%
4 cut#5.6%
4 cut#5.9%
4 cut#62%
4 cut#6.5%

a
g
7

A(Nc.) [% reference]
°
?

y10.6,0.9)

a
g
7
<
)
=4
©
P
)

A(Nc.) o reference]
°
%k

ANG.) [% reference]

a
g

o

@ Differences between N, values for the given and the reference cut as
percentage of results for reference cut

measure of systematic uncertainty
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Fit results: Ny in ,free” strategy

B B
H g ¥[10.3,0.6) P TEEYTS
2 g v cut+3.8%
i §‘ 50 v ocut £4.1%
-~ -~ v oocut £4.4%
Lo Lo v cuts47%
I I o 4 cut5.3%

4 cut5.6%

4 cut+5.9%

4 cut6.2%

-501 L L L 4 cut +6.5%
05 1 15
p, [GeV]
T T T
g y[10.6,0.9) g y[10.9,1.5) 2 y15.2.1)
2 2 3
© © ]
s s0F S 50- S 50-
o, S s
z Z g
< oL < T L
-50 L L L -501 L L L -501 L L L
05 1 15 05 1 15 05 1 15
p, [GeV] p, [GeV] P, [Gev]

o Differences between N values for the given and the reference cut as
percentage of results for reference cut

@ If no systematic error — all points should cluster at zero; standard deviation =
measure of systematic uncertainty

@ Clearly more spread than in ,constrained” case
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Tag-and-probe systematic uncertainties

g g
> 30F y[10.0,08) < aof y(10.3,0.6)
£ £
8 <]
5 £
g g
S 20 S 20f
E‘ ‘—'g * constrained £
= freee
10} 10+
°C L L o L L L
05 1 15 05 1 15
P, [GeV] p, [GeV]
g S S
> 30F y110.6,0.9) < sk y[10.9,1.5) S sl y[(1.5,2.1)
£ € €
£ = g
g ] £
3 g g
S 20 S 20 S 20
3 g 7
@ @ @
10 mfw 19]
° L L L °C L L L o n L L
05 1 15 05 1 15 05 1 15
P, [GeV] P, [GeV] b, [Gev]

@ ,constrained” strategy yields smaller systematic uncertainties than ,free”

@ Above, together with better behaviour of € and smaller statistical uncertainties
clearly favours ,constrained” strategy over the ,free” one.

Antoni Marcinek (IFJ PAN) @ production in p+p in NA61/SHINE Biataséwka, 28 April 2017 27/38



Main vertex Z position cut variations

cut width = 13.0 cm
y[0.3,0.6) = cutwidih = 135 cm
= cutwidth = 14.0 cm
= cutwidth = 14.5 cm

y(10.0,0:3)

= cutwidth = 15.0 cm
= cutwidth = 15.5 cm
= cutwidth = 16.0 cm
= cutwidth =165 cm
20 = cutwidth =17.0cm
= cutwidth = 17.5 cm
= cutwidth = 18.5 cm
05 1 15 05 1 15 = cutwidth = 19.0 cm

p, [GeV] P, [GeV] cut width = 19.5 cm.

T
4

A(n/(dp_dy)) [% reference]
A(dn/(dp_dy)) [% reference]

yL15,2.1)

N
=]
7

A(dn/(dp,dy)) [% reference]

A(dni(dp,dy)) [% reference]
3 o
7
i
K
A(dn/(dp,dy)) [% reference]

o Differences between normalized and corrected yield values for the given and
the reference cut as percentage of results for reference cut = 18 cm

@ If no systematic error — all points should cluster at zero; standard deviation =
measure of systematic uncertainty
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Systematic uncertainty due to vertex Z position cut

g g g
3 0.0, = (10.3,0.6 < (10.6,0.9
z I ) z I ) z Y )
g 151 g 15+ g 15F
g 8 8
s s E
‘g 10+ ;g 10 ‘g 10+
: 5»\/\ 5»\/\//'
. , n . , L , , L
05 1 15 05 1 15 05 1 15
p, [GeV] p, [GeV] p_[Gev]
g g
§ yC[0.9,1.5) < y152.1)
§ 15F § 15F
g ]
2 g
H H
% 10F 4 10»\,\/—\'
g g
7 @
st st
, . L . , L
05 1 15 05 1

@ Magnitude similar to tag-and-probe systematics
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Number of TPCs points cuts variations

y[0.3,0.6) = o biby

= 0,225,010
= 0260, >11
. 0270012
= 0,280, >13
o 0290, 514
= nye31n,, 516
= 032, >17

>33, 0,7 >18

y(10.0,0:3)
A

As

5
A(dn/(dp_dy)) [% reference]

A@n/(dp_dy)) [% reference]

-201 > >
& + e n>34, 1, >19
p, [GeV]
10+ 10 10F
y10.6,0.9) yI10.9,1.5)

o- ﬁé}ﬁ\i

10k

10k

4
g
g

A(dPn/(dp_dy)) [% reference]
&
5
?

A(Pn/(dp_dy)) [% reference]
A(dn/(dp_dy) [% reference]

-20f n n L -20f n

-20 n n n
05 1

05 T 15 05 T 15
P, [Gev] P, [Gev]

15
P, [Gev]

o Differences between normalized and corrected yield values for the given and
the reference cut as percentage of results for reference cut =
Naqu > 30, nyrpc > 15

@ ngap_Tpc > 4 not varied; also shown result after removing Bx,By cut

@ If no systematic error — all points should cluster at zero; standard deviation =
measure of systematic uncertainty
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Systematic uncertainty due to track

g g g
= £10.0, < (10.3,0.6 = (10.6,0.9
z 1 YL ) z 1 P ) Egt P )
] <] 3
£ £ £
3 3 3
s s E
2 Z 3
@ 5F % o @ 5

op L L L o L L L o L L L

05 1 15 05 1 15 05 1 15
P, [GeV] p, [GeV] p, [GeV]

g g
< 0.9,1.5 = 15,2.1)
z 1 A ) Eg Nk )
£ £
8 H
2 g
5 5
3 g
[ 7 st

o L L L o L L L

05 1 15 05 1 15
P, [Gev] P, [Gev]

@ Magnitude smaller than for to tag-and-probe and vertex cut systematics
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Model dependence of MC correction

MC correction may depend on

@ ¢ model — shape of generated ¢ spectrum
@ event model — distributions of other particles and correlations between particles
@ detector model — geometry, materials, models of interactions with material

Removing ¢ model dependence

@ calculate correction is small bins; on application level use

@ weighting of entries with the correction
@ averaging of correction with fit of data spectrum (NA49)

@ reweight existing MC (Antoni’s pp h- paper)

vy

Reducing systematic uncertainty of correction

@ detector model dependence unavoidable; can only improve the model
@ event model — find better one, or

@ factorize correction into accurate large part that doesn’t depend on event model
and smaller that depends
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Breakdown of the MC correction

@ Single correction is calculated and applied to data, but one can look how
different effects contribute to this correction.

@ Breakdown realised by sequentially applying selection cuts. For ¢ it means that
both K need to pass the given track cut.

@ Conditions probably are not statistically independent, so change of cuts
sequence may change the breakdown.

@ Overall systematic uncertainty might be reduced if correction factorized into
dominant, accurate part and subdominant, less accurate part.
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Breakdown of MC correction

registration efficiency

Correction

-1
n
Cgeom — (ﬁ>
Ngen
where n..; — spectrum of generated (SimEvent) tracks that pass the cuts:

@ Number of GEANT points in all TPCs > 30
@ Number of GEANT points in VTPCs > 15 or GTPC > 4

@ Supposed to correct for particle registration efficiency (geometry, interactions
with detector, K decays)

@ Probably does not take into account correctly the K decay effect

@ No dependence on the model of event production — candidate to factorize out
and calculate from large statistics, well binned, flat phase space MC
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Breakdown of MC correction

trigger bias

—1
nT2
- (22)
Nreg
where no — spectrum of generated (SimEvent) tracks that pass the cut reg and
events with T2 trigger (no GEANT hits in S4).

@ Corrects for trigger bias due to S4 killing inelastic events

@ Expected to be bigger at high energies (many high momentum tracks) and
smaller at low energies

@ Depends on the model of event production
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Breakdown of MC correction

vertex cuts bias

-1
[ Mver
CVertex =
nT2

where n.., — spectrum of generated (SimEvent) tracks that pass the cut reg, T2
and events pass all vertex cuts

@ Corrects for bias due to vertex cuts — removal of low multiplicity events

@ Expected to be smaller at high energies (large track multiplicities) and bigger at
low energies

@ Depends on the model of event production
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Breakdown of MC correction

track cuts bias

—1
Tlsel
CTrack = | ——
Tver
@ Corrects for reconstruction efficiency and bin migration, since nge binned
according to the reconstructed momentum

@ Reconstruction efficiency

@ expected to be small for proton-proton due to low track multiplicities
o depends on the model of event production

@ Bin migration
o depends on momentum resolution
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Breakdown of MC correction

c c
S S
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S S
5} 3]
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