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Introduction

1. ϕ meson
● resonant particle (width = 4.266 MeV/c2, τ ≈ 50 fm/c)
● main decay channel ϕ → K+K− (BR ≈ 50%)
● the lightest particle (m = 1020 MeV/c2) with hidden strangeness (ss)

2. Data from NA61/SHINE Ar+Sc collisions at three beam momenta
● 150A GeV/c (

√
sNN = 16.8 GeV)

● 75A GeV/c (
√
sNN = 11.9 GeV)

● 40A GeV/c (
√
sNN = 8.8 GeV)

3. Motivation
● comparison with Pb+Pb and p+p data
● constrain models (ϕ meson is interesting due to hidden strangeness)
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NA61/SHINE detector
● fixed-target, multipurpose experiment (topics: ions, neutrinos,

cosmic rays)

● direct measurement only for charged hadrons

● TPCs → particle tracks in 3D

● energy loss (dE/dx) → particle identification (PID)
Eur. Phys. J. C (2021) 81 :397 Page 3 of 25 397

Fig. 1 The schematic layout of the NA61/SHINE experiment at the
CERN SPS [1] showing the components used for the Ar+Sc energy
scan (horizontal cut, not to scale). The trigger detector configuration
upstream of the target is shown in the inset. Alignment of the chosen
coordinate system is shown on the plot; its origin lies in the middle of

VTPC-2, on the beam axis. The nominal beam direction is along the
z-axis. The magnetic field bends charged particle trajectories in the x–z
(horizontal) plane. The drift direction in the TPCs is along the (vertical)
y-axis

tex TPCs (VTPC), are located downstream of the target inside
superconducting magnets with maximum combined bend-
ing power of 9 Tm. The magnetic field was scaled down in
proportion to the beam momentum in order to obtain simi-
lar phase space acceptance at all energies. The main TPCs
(MTPC) and two walls of pixel Time-of-Flight (ToF-L/R)
detectors are placed symmetrically on either side of the beam-
line downstream of the magnets. The TPCs are filled with
Ar:CO2 gas mixtures in proportions 90:10 for the VTPCs
and 95:5 for the MTPCs. The Projectile Spectator Detec-
tor (PSD) is positioned 20.5 m (16.7 m) downstream of the
MTPCs at beam momenta of 75A and 150AGeV/c (13A,
19A, 30A, 40AGeV/c), centered in the transverse plane on
the deflected position of the beam. Moreover a brass cylinder
of 10 cm (30A–150AGeV/c) or 5 cm (19AGeV/c) length and
5 cm diameter (degrader) was placed in front of the center of
the PSD in order to reduce electronic saturation effects and
shower leakage from the downstream side.

Primary beams of fully ionized 40Ar nuclei were extracted
from the SPS accelerator at beam momenta of 13A, 19A,
30A, 40A, 75A and 150AGeV/c. Two scintillation counters,
S1 and S2, provide beam definition, together with a veto
counter V1 with a 1 cm diameter hole, which defines the
beam before the target. The S1 counter provides also the
timing reference (start time for all counters). Beam particles
are selected by the trigger system requiring the coincidence

T1 = S1 ∧ S2 ∧ V1. Individual beam particle trajectories
are precisely measured by the three beam position detectors
(BPDs) placed upstream of the target [1]. Collimators in the
beam line were adjusted to obtain beam rates of ≈ 104/s
during the ≈ 10 s spill and a cycle time of 32.4 s.

The target was a stack of 2.5 × 2.5 cm2 area and 1 mm
thick 45Sc plates of 6 mm total thickness placed ≈ 80 cm
upstream of VTPC-1. Impurities due to other isotopes and
elements were measured to be 0.3 %. Their influence on
the pion multiplicity was estimated to be an increase by less
than 0.2 % caused by the admixture of heavier elements [16].
No correction was applied for this negligible contamination.
Data were taken with target inserted (denoted I) and target
removed (denoted R).

Interactions in the target are selected with the trigger sys-
tem by requiring an incoming 40Ar ion and a signal below
that of beam ions from S5, a small 2 cm diameter scintillation
counter placed on the beam trajectory behind the MTPCs.
This minimum bias trigger is based on the breakup of the
beam ion due to interactions in and downstream of the tar-
get. In addition, central collisions were selected by requiring
an energy signal below a set threshold from the 16 central
modules of the PSD which measure mainly the energy car-
ried by projectile spectators. The cut was set to retain only
the events with the ≈ 30% smallest energies in the PSD. The
event trigger condition thus was T2 = T1∧S5 ∧ PSD. The
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● detector at the time when
Ar+Sc data was taken (2015)

● major hardware update was
performed since then
(see NA61/SHINE, Springer Proc.Phys.
250 (2020) 473-477)
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Analysis methodology

Event selection:
● 10% of the most central collisions
● well measured main vertex
● in the target

TPC track selection
● from main vertex
● well reconstructed
● enough points in TPCs

(accurate dE/dx and momentum)

● PID cuts
● ±5% band around Bethe-Bloch K curve

● ±13% band around Bethe-Bloch K curve
(better signal to bkg ratio in tag sample)

Signal extraction
● invariant mass spectra in y, pT bins
● tag and probe method

ATLAS, Eur. Phys. J. C 74, 2895 (2014)
LHCb, Phys. Lett. B 703, 267 (2011)
SHINE, Eur. Phys. J. C 80, 199 (2020)
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Tag and probe method (ATLAS, LHCb)

● This method allows to extract ϕ yield without
knowledge of efficiency of kaon selection (ϵ)

● Spectra are fitted simultaneously to get Nϕ

⎧⎪⎪⎨⎪⎪⎩
Nt = Nϕϵ(2 − ϵ)
Np = Nϕϵ

2

Nt/p → expected signal yields
Nϕ → ϕ contributing to the spectra
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dn2/dydpT distributions, central Ar+Sc at
√
sNN = 16.8 GeV
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fit with function

ƒ(pT)∝ pT ⋅ exp (−mT
T
)

to obtain integral of the tail of
the pT distribution (needed for dn/dy)

tails from 1.2% to 4.8%
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dn2/dydpT distributions, central Ar+Sc at
√
sNN = 11.9 GeV
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fit with function

ƒ(pT)∝ pT ⋅ exp (−mT
T
)

to obtain integral of the tail of
the pT distribution (needed for dn/dy)

tails from 0.2% to 3.7%
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dn2/dydpT distributions, central Ar+Sc at
√
sNN = 8.8 GeV
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ƒ(pT)∝ pT ⋅ exp (−mT
T
)

to obtain integral of the tail of
the pT distribution (needed for dn/dy)

tails from 1.6% to 2.5%
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dn/dy distributions
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Ar+Sc 16.8 GeV Ar+Sc 11.9 GeV Ar+Sc 8.8 GeV

tails from
0.8% to 2.5%

√
sNN (GeV) 1000 ⟨ϕ⟩ RMS (double Gaussian fit)

16.8 1148 ± 17 ± 21 0.994 ± 0.020 ± 0.018
11.9 707 ± 11 ± 14 0.866 ± 0.013 ± 0.010

8.8 438 ± 12 ± 22 0.703 ± 0.016 ± 0.021
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dn/dy distributions

0 0.5 1 1.5 2
y

0

0.2

0.4

0.6

0.8

dy /
dn

UrQMD 3.4
UrQMD 3.4 + hydro
Angantyr

0 0.5 1 1.5 2
y

0

0.2

0.4

0.6

dy /
dn

UrQMD 3.4
UrQMD 3.4 + hydro
Angantyr

0 0.5 1 1.5
y

0

0.2

0.4

dy /
dn

UrQMD 3.4
UrQMD 3.4 + hydro
Angantyr

Ar+Sc 16.8 GeV Ar+Sc 11.9 GeV Ar+Sc 8.8 GeV

● Model calculations made by summer students Sena Veli (Technical
University of Munich) and Tomasz Janiec (The University of Manchester)

● None of the models matches the experimental data points
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Width of rapidity distributions
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NA61/SHINE, Eur.Phys.J.C 80 (2020) 3, 199

● Width of the rapidity distributions
(σy) as a function of the beam
rapidity (c.m.s.) for various particles
from Pb+Pb and p+p collisions

● Lines are fitted to guide the eye

● Width of the rapidity distributions of
ϕ meson from:

● Pb+Pb (NA49)
● p+p (NA61), p+p (NA49)
● Ar+Sc (NA61/SHINE preliminary)
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Width of rapidity distributions
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● Width of the rapidity distributions
(σy) as a function of the beam
rapidity (c.m.s.) for various particles
from Pb+Pb and p+p collisions

● Lines are fitted to guide the eye

● Width of the rapidity distributions of
ϕ meson from:
● Pb+Pb (NA49)
● p+p (NA61), p+p (NA49)

● Ar+Sc (NA61/SHINE preliminary)
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Width of rapidity distributions
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● Width of the rapidity distributions
(σy) as a function of the beam
rapidity (c.m.s.) for various particles
from Pb+Pb and p+p collisions

● Lines are fitted to guide the eye

● Width of the rapidity distributions of
ϕ meson from:
● Pb+Pb (NA49)
● p+p (NA61), p+p (NA49)
● Ar+Sc (NA61/SHINE preliminary)
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ϕ(1020) enhancement
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NA61/SHINE, Eur.Phys.J.C 80 (2020) 3, 199

● ϕ/π ratio for Ar+Sc is slightly lower than for Pb+Pb, but much higher than
for p+p collisions

● ϕ enhancement over p+p collisions is slightly higher than for kaons in both
Ar+Sc and Pb+Pb, and independent of the collision energy in the
considered range
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Summary

1. We analyzed ϕ meson production using central Ar+Sc data at√
sNN = 16.8, 11.9 and 8.8 GeV from the NA61/SHINE experiment

2. We obtained double differential (y, pT) spectra of ϕ mesons from
invariant mass (ϕ → K+ K−) analysis (tag and probe procedure)

3. The widths of rapidity distributions from central Ar+Sc are similar to
those from p+p reactions

4. Enhanced production of ϕ meson in central Ar+Sc comparable to
p+p, but slightly lower than in Pb+Pb, independent of the collision
energy (from

√
sNN = 8.8 to 16.8 GeV)
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Tag and probe method

● Tag and probe method allows to extract ϕ yield without knowledge
of efficiency of kaon selection

● Tag sample → at least one track in the pair passes PID condition

● Probe sample → both tracks in the pair pass PID condition

● Expected signal yields (Nt/p) depend on efficiency of K selection (ε)
and number of ϕ contributing to the spectra (Nϕ)

⎧⎪⎪⎨⎪⎪⎩
Nt = Nϕε(2 − ε)
Np = Nϕε

2 (1)

Spectra are fitted simultaneously to get Nϕ



Tag and probe method

Single spectrum is fitted with a sum of
background event mixing + K∗ template

kaon candidate taken from the current event is combined with candidates from
previous 100 events to create ϕ candidates in the mixed events spectrum

signal convolution of relativistic Breit-Wigner and q-Gaussian
(detector resolution)

fitting function:

ƒt(mn) = Nt(Nϕ, ε) ⋅ V(mn;mϕ, σ) +Nbkg,t ⋅ Bt(mn; ƒK∗,t),
ƒp(mn) = Np(Nϕ, ε) ⋅ V(mn;mϕ, σ) +Nbkg,p ⋅ Bp(mn; ƒK∗,p),

(2)

where
V = ƒrelBW ∗ ƒq-Gaus



dn/dy distributions, Ar+Sc @ 150A,75A and 40A GeV/c
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● solid line → gaussian
● dotted line → double gaussian

● describes data points better
● will be used for evaluation of y width



Additions compared to p+p – PID cut shift
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● Ar+Sc 40 by -3%



Additions compared to p+p – outer PID cut
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● apply outer BB band ±13%
to reduce the background

● this affects only the tag sample



Tag and Probe Ar+Sc 150A GeV/c
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Transverse mass distributions

0 0.2 0.4 0.6

)2  (GeV/c0 - mTm

1−10

1

)
-2 )2

dy
) 

 (
(G

eV
/c

T
dm

T
(m /

n2 d

[0.0,0.3)∈y

NA61/SHINE preliminary
+Xφ →Ar+Sc 

0 0.2 0.4 0.6

)2  (GeV/c0 - mTm

1−10

1

)
-2 )2

dy
) 

 (
(G

eV
/c

T
dm

T
(m /

n2 d

[0.0,0.3)∈y

NA61/SHINE preliminary
+Xφ →Ar+Sc 

0 0.2 0.4 0.6

)2  (GeV/c0 - mTm

1−10

1

)
-2 )2

dy
) 

 (
(G

eV
/c

T
dm

T
(m /

n2 d

[0.0,0.3)∈y

NA61/SHINE preliminary
+Xφ →Ar+Sc 

Ar+Sc 16.8 GeV Ar+Sc 11.9 GeV Ar+Sc 8.8 GeV

√
sNN (GeV) T(ϕ) (MeV) T(K+) (MeV) T(K−) (MeV)

16.8 246 ± 12 ± 8 219.9 ± 0.7 ± 11.8 201.1 ± 0.8 ± 6.2
11.9 226 ± 12 ± 22 207.4 ± 0.8 ± 6.5 198.8 ± 0.8 ± 2.7

8.8 200 ± 13 ± 16 200.3 ± 1.4 ± 8.8 194.3 ± 1.4 ± 2.8
NA61/SHINE, Eur.Phys.J.C 84 (2024) 4, 416


