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Outline PH--ENIX
PHENIX established a comprehensive physics program to study ¢-meson and light charged
hadron production in { ), and Large (CuAu, AuAu, UU) systems:

¢ meson production in p + Al, p + Au, d + Au, and ’He + Au [ Measurement of ¢-meson production in Cu + Au collisions at
collisions at /syn = 200 GeV V8NN = 200 GeV and U + U collisions at \/syy = 193 GeV

/
4

=t al. ([PHENIX ¢

|dentified charged-hadron production in p + Al, SHe + Au, and
Cu + Au collisions at /syy = 200 GeV and in U + U collisions
at \/syy = 193 GeV

(PHENIX
910 — Puk

1. ldentified light charged hadrons production in and large systems:

>  Freeze-out temperature, ratios, and nuclear modification factors

2. ¢-Meson production in and large systems:

» nuclear modification factors, comparison to symmetric systems, and elliptic flow

3. Summary
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squared mass of the tracks is determined by:

107

+» Charged hadrons are detected in the TOF and the DC. The

® p: momentum (DC)

® L: particle flight path length
(vertex to TOF Det.)

® t:time of flight measured in
the TOF Det.

SQM 2024

PHENIX Detector

~PC3 Central
. Magnet

BBC

TEC,

PC3

Beam View

YoT =we’L




Invariant Transverse Momentum Spectra vs Centrality Classes pm|x

i p+Al x10°, 0-72%
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*He+Au x10°, 0-88%
*He+Au x10', 0-20% 1
*He+Au x107, 20-40%]
*He+Au x10° 40-60%]
°*He+Au x10*, 60-88%
p+Al x10°, 0-72%
p+Al x10%, 0-20%
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exhibit different shapes.
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PH-~ENIX

Transverse Mass Spectra

T, K, and p spectra have different shapes

and in order to quantify these differences, we look at the transverse-mass spectra.
PRC 109, 054910 (2024)
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The inverse slope parameter exhibits a
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dependence on the hadron mass!
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Freeze-out Temperature and Average Collective Velocity of all Particle Species F=]1TEIS o \[)'¢

p) ‘ Average collective velocity

— TU : m|< M; > for all particle species

PRC 109, 054910 (2024)

Can be interpreted as T
the freeze-out temperature

PRC 109, 054910 (2024)
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Q <0.35, s, =200 GeV PHENIX = _
2 ol i S | 06-  Inl<0.35, {s.,, =200GeV  PHENIX _
- _
" 200 [E‘
150 3 N
100 _ ]
Positively charged hadrons Negatively charged hadrons 0.2 positively charged hadrons ~ Negatively charged hadrons
501 o p+Al 0 He+Au e p+Al = "He+Au | O p+Al 1 *HexAu ® p+Al = *HesAu
 Cu+Au v U+U Gu+Au v U+U .\ CusAu 7 UsU CusAu ¥ Usl
g Auhy o SARAu e _ OAuAu Apsp G AWAU Apip
2
1 10 N 1 10 10
part N

part

The freeze-out temperature is approximately
independent of centralities and collision
system size within uncertainties!

Collective effects are more pronounced
in collisions characterized by large N,

Rachid Nouicer SQM 2024 6



p/rt - Ratio in PH- ENIX

Enhancement of baryon production in nucleus-nucleus collisions is considered

to be one of the signatures of QGP formation
9 2

oo evau) e

PRC 109, 054910 (2024)
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« In small collision systems (p+Al, 3He+Au), the values of p/r ratios in all centrality classes are
similar to those measured in p+p collisions within uncertainties.

Rachid Nouicer SQM 2024 7



N
p/mr - Ratio in Large Collision Systems PH--ENIX

ey )

an_(a)(;;tA:,llrg;?fs, \'Syn = 200 GeV 1 (b) g/:tlf, IT;I,:ioé?l,\lSI,)(\,’s—w=193 GeV
Enhancement of baryon T 5050 I (4% -
— o5T 4 20-40% . o T vaoeow t
production in nucleus-nucleus sl & 0800, et ] @% | 4eos0% ons
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0.2} o [ Etﬁ (o]
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Nuclear Modification Factor in Pmlx

Comparisons of identified charged-hadron R,g values as a function of p;in central and peripheral
PRC 109, 054910 (2024)
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* Proton R,z values in p+Al collisions at the intermediate p; range (1.0 GeV/c < pT < 2.5 GeV/c) are equal to unity, while in
d/*He+Au collisions proton R,z is above unity - this difference btw p+Al and d/*He+Au might be caused by the size of the p+Al
system being insufficient to observe an increase in proton production.

Rachid Nouicer SQM 2024 9



Nuclear Modification Factor in Large Collision Systems pmm

Comparisons of identified charged-hadron R,g values as a function of p;in central and peripheral
PRC 109, 054910 (2024)
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* The R,g values are found to be in agreement in collisions with different geometries, but with the same < N> values,
indicating that identified charged-hadron production depends only on system size and not geometry.

Rachid Nouicer SQM 2024 10
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Production in Small and Large Collision Systems F-YTREIN)%

PRC 107, 014907 (2023)

610/ ¢—K'K", 20% -60% Cu+Au (a)
PH--ENIX

[counts/(MeV/c?)]

¢-meson production is an excellent probe for studying
QGP - sensitive to several aspects of the collision,
Including modifications of strangeness production in
bulk matter.

B
X
—
o
'

nv

dN/dM.

4x10° - =

one Kaon PID

* In small systems (p+Al, p+Au, d+Au, 3He+Au):
¢-meson production is a good probe to study
cold nuclear matter effects in order to disentangle hot
nuclear (QGP related) and cold nuclear matter
(modification of the production cross section in a = 2107 50¢p, [GeVic] <30, wi2<Aplradl<nB (o) |
nuclear target) effects exiting in A+B collisions. -

[counts/(MeV/c?)]

2x10°

nv

dN/dM.

% I + + two Kaon PID
¢ = K*K- with a branching ratio of 48.9 0.5 % R ]
2 :
2 T | L lH o leﬁHlu.ﬁl \
WERUARK ‘ DTt R TT e AT
1.00 1.02 104 1.06 1.08
M [GeV/c?]

inv
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Invariant Transverse Momentum Spectra pm|x

Small systems .

pal P@ 3He+Q)

PRC 106 014908 (2022)

L 1 | 1 I 1 1 I I 1 ] I I I 1 1 I i B I 1 1 I I 1 1 I 1 I ] I 1 I 1 L 1
102F @, p+Al, Y5,,=200 GeV, n[<0.35 1 ¢, p+Au, 5,,=200 GeV, m|<0.35 | o, 3He+Au, ‘[s 2200 GeV., [n[<0.35 -
S - o 0% -20% x10° F o 0% -20% x10° T e 0%-20% x10° 1
o - = 20% -40%x 10" F ¥ . 20%-40% x 107 Tt e A X 10,
% 107k v . A 40% —72% x10° F M v s 40% —84% x10° T . ++ : 60‘7: —88‘72 %1072
S - v v 0%-100%x10% ¥ 7., v 0%-100%x10* T °o 4, ¢ 0%-100% x 10* -
> 4_ ® ° M v - £ [ . ° M v v £ ++ —0—_._ ++ r
©-107*F .- e ¥ . v, T a " _°. -+ r
Zl B n ] L - - ¥ 1 A - .- o _
|2 " A “a vy r - *
8,' [ & " T A = - ° I —V—_v_*—A— _'__.. - .
N 107"F - T i . T v +++ - .- -
: L . 1 -, 1 . -
u E i ‘L i e * ]
z [ PHENIX (a) . (b) - (c)
10 'F T T -~ E
| 1 1 I 1 1 1 I 1 1 1 I 1 1 1 L 1T 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | il 1 1 I 1 1 1 I 1 1 1 I 1 1 1 |-
2 8 4 8 2 8
p_(GeV/c) p_(GeV/c) p_(GeV/c)

Rachid Nouicer SQM 2024 12



Nuclear Modification Factor in

Small systems

p+Al collision system: R,;of
protons and all mesons are in
agreement within uncertainties,

which shows zero enhancement in

proton to ¢-meson production.

3He+Au collision system:
proton R, values are enhanced
over all meson R, values.

Rachid Nouicer

PH- ENIX
Central Peripheral  pRc 109, 054910 (2024)
o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
e | (a) p+Al, [n|<0.35, s, =200 GeV | (b) p+Al, [n|<0.35, \s, = 200 GeV
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1 i
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SQM 2024 13



——v__

Invariant Transverse Momentum Spectra PH-ZENIX

g )
PRC 107, 014907 (2023)
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Nuclear Modification Factor in Large Systems

D‘:< ol

1.8}

Observations: 1.6}

1) in central collisions: proton R, values ::

are enhanced over all meson R, values. - 4

=1019 MeV/c? is similar to m =938 w 0.8l

MeV/c?, therefore the enhancement of 0.6}

proton R, values over ¢-meson R, values 0.4¢

suggests differences in baryon versus 0.2

meson production instead of a simple mass o= )

dependence. 1.8}

1.6}

1.4}

2) in peripheral collisions: 1.2}
R, (proton) and R, (¢-meson) are

in good agreement within uncertainties. 22

0.4}

0.2}

Rachid Nouicer
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Central Peripheral PRC 109, 054910 (2024)
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Comparison with the Symmetric Systems PH-“ENIX

« In order to better understand the features of ¢-meson production, the integrated nuclear
modification factors <R,g> for ¢-mesons as a function of <N_,> for different collision systems:

Cu+Au, Cu+Cu, Au+Au, and U+U collisions. | | __ PRC107,014907 (2023)
;¢—>K+K_, m|<0.35 ]

1 5 PHENIX I

o DAL B g 3

o i i

N NEEE R :

* The <R,g> values for ¢-mesons vs. <Npart> 050 L=
obtained in the large collision systems are Py p_ [GeV/c] < 5.0 '

)

consistent within uncertainties ———— ] —
- = Cu+Au v Au+Au + Cu+Cu |S,=200 GeV

+ The obtained (R,g) results suggest the scaling of 1.5+ U+U |syy=193 GeV (Glauber 1) :
¢-meson production with the average nuclear “w L :
| 9 O 3
overlap size, regardless of the collision geometry ~ ot M\* * \H\L H :
0.5F By -
ElplT[GeV/cl]>5.I0 o .l ;

10 10°

N,/
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Elliptic Flow v, of PHENIX

Large Systems: Cu+Au, U+U, and Au+Au

PRC 107, 014907 (2023)

L 0oKK \'/_Ls' =200 GeV, n|<0.35 - |« 0%-20% Cu+Au PHENIX
0 NN i - |« 20%-60% Cu+Au PHENIX
: - |« 0%-50% U+U GLAUBER 1 PHENIX
0.2f - i v 4 0.2Fe 20%-60% Au+Au PHENIX .
- ¥ 1 & % 0%30%Au+Au STAR -
- L 128 1+ 30%-80% Au+Au STAR -
o + prd
> # ] ” [ -% [# c ]
- I I % 1
0.1F * ﬁl - 0.1 » I -
I - - i]l * 1 B[
ﬁ ﬁ 1 s
| | | (a) | | *txl | | | (b) |
0 2 3 4 0 1 2 3 4
o [GeV/c] P, [GeV/c]

The comparison of elliptic flow for ¢-mesons in symmetric and asymmetric collision systems

N 1/3

suggests that the v, values follow common empirical scaling with € -

Rachid Nouicer SQM 2024 17




Summary

~——
PH “ENIX

Few bullets to remember from these measurements:

» The freeze-out temperature (T,) is approximately independent of centralities and collision system size
> p/m ratios in all centrality classes are similar to those measured in p+p

» In large systems (Cu+Au, U+U), p/r ratios reach = 2 times larger than (p/p) in p+p

> (-meson meson production R,g Of protons and all mesons are in agreement

within uncertainties, which shows zero enhancement in proton to ¢-meson production.

Rachid Nouicer SQM 2024
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K/t Ratio in Small and Large Collision Systems [aEis=\[>¢

4
'Y
3He‘+&) PRC 109, 054910 (2024)
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PHENIX Collected and Enjoying Every Bit of RHIC Data

¢ Analyzing and publishing
all these very interesting
scientific data takes time,
manpower, and
resources. PHENIX
Collaboration is on the
right path to achieve
these goals, and seek for
a new discovery (ies)
about the properties of
QCD Matter at RHIC.

+ To maintain this
momentum, Data and
Analysis Preservation
(DAP) is critical.

Rachid Nouicer
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