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@ Introduction
e ¢ (1020) meson in p+p collisions
e Production of mesons in 7~ + C collisions

o Spectator-induced EM effects

e Summary
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NA61/SHINE experiment

SHINE = SPS Heavy lon and Neutrino Experiment
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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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NAG61/SHINE detector
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NA61/SHINE in virtual reality: http://shine3d.web.cern.ch/shine3d
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large acceptance:

full forward hemisphere,
downto pr =0

directly — only charged
particles

identification via dE/dx in
Time Projection Chambers
and via ToF

centrality via forward energy
in Projectile Spectator
Detector

momentum resolution
a(p)/p* ~ 1074 GeV 1
track reconstruction
efficiency > 95 %

MESON 2018, June 11 4/17


http://shine3d.web.cern.ch/shine3d

¢ (1020) meson in p+p

tag-and-probe method — ATLAS, LHCb

Tag: y[[0.02.2), p,(]0.0,1.6) GeV Probe: y[0.0,2.2), p,[10.0,1.6) GeV [ Entries = 11681
. £ = 2 400 6= 0.70 £0.12 MeV
8 = ) €
° £= 0,899 £ 0.031
i 1o 1500 ® Ny= 2952 2 183
300 Nygp = 9746 + 154
Ny, = 123748 + 504
15 12 1000 m,= 1019566 + 0.08:
200 q= 150
X2 /ndf = 2.0
¥ T
L3 10 500 ok @ P i
Y Tag: Brobe:
k. at least one K pass PID both K pass PID
1 - 0 2 1 0 1 1 1 1 1 0 1 1 1 1 1
1000 1020 1040 1060, 1080 1000 1020 1040 1060, 1080
log (p/GeV) m, (K" K) [MeV] m, (K" K) [MeV]

@ Goal: to remove bias of IV, due to PID cut efficiency e
@ Simultaneous fit of 2 spectra:
e tag — Ny = Nye(2 —¢)
o probe — N, = Nyée?
@ Imperfect description of the background with event mixing — 5 % correction and
5% systematic uncertainty contribution from Monte Carlo study
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Double differential spectra: p+p @ 158 GeV/c
- - VENN = 17.3GeV
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Double differential spectra: p+p @ 158 GeV/c

\/SNN = 17.3GeV
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@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail J

Antoni Marcinek (IFJ PAN) Mesons in NA61/SHINE MESON 2018, June 11 6/17



Double & single differential spectra: 80 GeV/c & 40 GeV/c
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@ Pythia describes spectra shapes best, UrQMD slightly too long tail,
EPQOS clearly too short tail J
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Rapidity

dn/dy

p+p @ 80GeV/c

p+p @ 40 GeV/c

p+p @ 158 GeV/c
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@ NAG61/SHINE consistent with NA49 s. aanasiev et al., Phys. Lett. B 491, 59 (2000)

Antoni Marcinek (IFJ PAN)

Mesons in NA61/SHINE

MESON 2018, June 11 8/17



Rapidity

dn/dy

p+p @ 158 GeV/c p+p @ 80GeV/c p+p @ 40 GeV/c
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@ NAG61/SHINE consistent with NA49 s. aanasiev et al., Phys. Lett. B 491, 59 (2000)
@ EPOS and UrQMD shape comparable to data, Pythia slightly narrower
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Rapidity

dn/dy

p+p @ 158 GeV/c p+p @ 80GeV/c p+p @ 40 GeV/c
~x10° o x10° . x10°
......... EPOS 1.99 S s EPOS 1.99 g H Aayme
 pyia S " pythin S MC normalization:
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@ NAG61/SHINE consistent with NA49 s. aanasiev et al., Phys. Lett. B 491, 59 (2000)
@ EPOS and UrQMD shape comparable to data, Pythia slightly narrower
o Fit Gaussian e‘y2/2"§ = @y, ‘;—;(y = 0), extrapolation to y = oo,
— tails: 3 % for 158 GeV, 7 % for 80 GeV, 5 % for 40 GeV
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oy = width of dn/dy

NA49: PLB 491 (2000), PRC 66 (2002), PRL 93 (2004), PRC 77 (2008), PRC 78 (2008)

1_4; mOT open — Pb+Pb
AAK" full - p+p
YVK

1.2]

o8~ &7
o.e:

1 1

2 25 3
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
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o, = width of dn/dy
NA49: PLB 491 (2000), PRC 66 (2002), PRL 93 (2004), PRC 77 (2008), PRC 78 (2008)
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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
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o, = width of dn/dy
NA49: PLB 491 (2000), PRC 66 (2002), PRL 93 (2004), PRC 77 (2008), PRC 78 (2008)
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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
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oy = width of dn/dy

NA49: PLB 491 (2000), PRC 66 (2002), PRL 93 (2004), PRC 77 (2008), PRC 78 (2008)
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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

@ Not compatible with production through K= K~ coalescence, but p+p closer
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Strangeness enhancement

NA49: PRC 66 (2002), PRC 77 (2008),

PRC 78 (2008)
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@ ¢/ ratio increases with collision energy

@ Production enhancement in Pb+Pb about 3, independent of energy

@ Enhancement systematically larger than for

kaons, comparable to KT

— for K~ consistent with strangeness enhancement in parton phase

(square of K~ enhancement)
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Comparison with world data and models

STAR: PRC 79 (2009), ALICE: EPJC 71 (2011), EPJC 72 (2012)

g_ 0.04 s
[ pep - X > [ pep g T
[ 0.03— .
[ ® NA61/SHINE preliminary .~ ) L ® NA61/SHINE preliminary A
r >
0.03- O world data ks [ O world data o
V. Blobel et al, PLB 59 (1975) L 0.021-
ACCMOR, NPB 186 (1981) 0.021 L
D. Drijard et al., ZPC 9 (1981) r L g
LEBC-EHS, ZPC 50 (1991) [ L
NA49, PLB 491 (2000) L 0.01-
0.01— L g
HRG: PRC 93 (2016) r L '.
[ [ &
0 1 1 1 1 1 0 1 1 1
10 20 30 40 50 10 102 10° 10*

IS [GEV] IS [GEV]

p+p world data

@ NA61/SHINE results consistent with world data, much more accurate
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Comparison with world data and models

STAR: PRC 79 (2009), ALICE: EPJC 71 (2011), EPJC 72 (2012)
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p+p world data
@ NA61/SHINE 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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Meson resonances in 7 +C

cocktail fit method

NA61/SHINE Eur. Phys. J. C 77 (2017) 626 [arXiv:1705.08206]
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@ Models fail to describe p° and K*° production
@ Important input for modelling of cosmic ray air showers
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Charged mesons in 7 +C

dE/dx spectra fits
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@ Fairly well described by EPOS
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Charged mesons in 7 +C

dE/dx spectra fits
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@ Again models fail
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Spectator-induced EM effects in 7= production

A. Rybicki, Acta Phys. Polon. B42, 867 (2011)
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plot by I. Sputowska
@ Peripheral Pb+Pb (Qspectator ~ 70 €.U.)
— large EM effect, 7 /7~ ~ 0

@ Intermediate Ar+Sc (Qspectator = 8 €.U.)
— visible EM effect, breaks isospin symmetry

@ Central Ar+Sc (Qspectator ~ 3 €.U.)
— still visible shadow of EM effect
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Spectator-induced EM effects in 7= production

A. Rybicki, Acta Phys. Polon. B42, 867 (2011)
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o @ Spectator-induced EM effects as a function of centrality - insight into
the space-time evolution and energy transfers in the participant and
spectator systems - see Andrzej’s talk :F
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@ Peripheral Pb+Pb (Qspectator ~ 70 €.U.)
— large EM effect, 7 /7~ ~ 0

@ Intermediate Ar+Sc (Qspectator = 8 €.U.)
— visible EM effect, breaks isospin symmetry

@ Central Ar+Sc (Qspectator ~ 3 €.U.)
— still visible shadow of EM effect
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Summary and outlook

@ NA61/SHINE allows measurement of meson production in various reactions.

@ First differential multiplicities of ¢ mesons in p+p at SPS energies show superior
accuracy, allowing to put constraints on hadron production models.

@ Non-trivial system size dependence of width of rapidity distribution (o) of
¢ mesons, contrasting with that of other hadrons
— calls for study in Be+Be, Ar+Sc, Xe+La

@ First measurements of 7~ + C collisions at SPS energies contribute to
understanding of cosmic-ray air showers.

@ Spectator-induced EM effects in charged pion production give insight to
space-time properties of the system created in heavy ion collisions.

Outlook

@ New Vertex Detector broadens the catalogue of accessible mesons
— open charm mesons for QGP studies
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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
@ Physics active since 2009

y
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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) %

Goal of the analysis

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

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

Motivation

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

@ Reference data for Pb+Pb at the same energies
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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
10° E
E —with PID cut
10°F
10
1

ol b e b e b 1
1000 1020 1040 1060 1080
My, (K'.K) [MeV]
MESON 2018, June 11 5/12
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Kaon candidate selection — PID cut

10

dE/dx
dE/dx

1.5
10

10

2
Iogm(p/GeV)

2
Iogw(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
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Analysis methodology overview

Event selection TPC track selection

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

. . accurate dE/dx and momentum
Signal extraction N
@ PID cut: dE/dx ~ K

@ invariant mass spectra in y, pr bins !

@ tag-and-probe fits with background + loss of ¢ due to cut efficiency
templates from event mixing

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

3 3 3 Ly
[ i . fw P
° ° 10 @ B
1wk —no PID cut
E —with PID cut
10°
10°E
10 [
10¢
& " L 1 N 1 17 L L L L I
E 0 1 2 1 0 1 2 1000 1020 1040 1060 1080
log (p/GeV) log (p/GeV) m,(K",K) [MeV]
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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
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Signal extraction

phase space binning, invariant mass spectrum

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

entries

Convolution of:

@ relativistic Breit-Wigner
Jreisw (Miny; Mg, I') resonance shape
@ g-Gaussian fqa(minv; 0, ¢) broadening
due to detector resolution

0

Entries = 11681

T= 4.27 MeV

0= 0.991+0.098 MeV/

Ny = 9187 £ 79

N, = 2494 £53

m,= 1019.623 + 0.071 MeV/|
q= 150
X2/ndf = 1.6

15 8

TEE T T T T T T T T T T

T I
1060 1080
M, (KK [MeV]

A S RS S Y
1000 1020 1040

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, I o, 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*

vy
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Transverse mass spectra at midrapidity

p+p @ 158 GeV/c p+p @ 80GeV/c
N% y£]0.0,0.3) Ng y£]0.0,0.3)
o 9o
= 10? = 10°F
£ £
NAG61/SHINE preliminary NAB1/SHINE preliminal
0o 0z 04 06 W o
m, -m, [GeV] m. -m, [GeV]
,/SNN=17.3GGV ,/SNN=12.3GGV
Thermal fit results
Poeam [GeV] Ty [MeV] 1%~ [MeV]
158 150 £ 14 + 8 159.3+1.3£2.6
80 148+30+17 159.9+1.5+4.1
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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
gen r r . [ge‘om
N Nsel o non-geom
1.5]
e = Ngen / Nge

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

Antoni Marcinek (IFJ PAN) Mesons in NA61/SHINE MESON 2018, June 11 11/12



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

uncertainty [%]

40| O total systematic
= tag-and-probe
4 eventcuts

Systematic bin-independent \f«/ \\//
Source value [%] S e —

% T T — gt =
i L i S 1 .

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

/
N

BR(¢p — KTK™)
fitting constraints
resonance theory
background

|

a
|

8
3
X

Total (quadratic)

4

o Total systematic uncertainty = /> o2

@ For p+p @ 40 GeV/c additional bin-independent 3 % due to cyc
averaging

@ Statistical uncertainty dominates
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