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Update on resonance measurements
in the MPD at NICA

Victor Riabov for the MPD



» Resonancesin heavy-ion collisions at LHC-RHIC-SPS-NICA
= Reconstruction of resonances in the MPD detector

= Prospects for the first years of running (Run-I)
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Hadronic resonances

= A huge variety of resonances in the PDG with well-defined properties
(M, I', decay channels & BRs)

" Most of resonances are experimentally measured in the dominant hadronic decay
channels, accessible in pp/p-A/A-A collisions even at top multiplicities:

p(770) K*(892)° K*(892)* $(1020) X(1385) A(1520) =(1530)

"uj;d ds us S5 332 uds uss
Particle Mass (MeVicd) | Width (MeV/c3) Decay BR (%o)
p? 0 150 T 100
K™ 292 503 — 333
K* 296 473 TE* 667
Iy 1019 427 KK 439
i 1383 36 T A 87
e 1387 35 4 yy 27
A(1520) 1520 15.7 Kp 225
=0 1532 51 e 667

= Resonances differ by lifetimes, mass and quark contents = probe reaction
dynamics, properties of the hadronic phase, particle production mechanisms,
spin-orbital interaction, etc.
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Resonance yields and properties can be estimated from different event generators

Event generators decay the short-lived particles in the dominant hadronic decay channels
Resonance final-state yields are estimated from the invariant mass distributions, BR corrected

Example for AuAu@7: predlctlons for resonances differ qulte substantially
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= Shortlifetimes: -> chiral symmetry restoration: mass/width modifications
—> hadronic phase: lifetime, density

= Reconstructed resonance yields in heavy ion collisions are defined by:

v’ resonance yields at chemical freeze-out

v" hadronic processes between chemical and kinetic freeze-outs:
rescattering: daughter particles undergo elastic scattering or pseudo-elastic scattering
through a different resonance —> parent particle is not reconstructed —> loss of signal

regeneration: pseudo-elastic scattering of decay products (1K — K*, KK— ¢ etc.) 2>
increased yields

Kinetic
freeze-out

~ Chemical
freeze-out

Resonance Regeneration Re-scattering
decay
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* ALICE, Phys.Lett.B 802 (2020) 135225, Phys.Rev.C 99 (2019) 024905

Particle Yield Ratios
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ALICE Preliminary
O ppla=7Tev

o pPb |5, - 5.02 TeV

O Pb-Pb ﬁ = 5,02 TeV

dh Xe-Xe |5, = 5.44 TeV
ALICE

® op V5=276TeV

# po (5=7TeV

®x p-Pb |5, = 5.02 TeV

W Pb-Pb |5, = 276 TeV
STAR

% pp 15 = 200 GeV

¥ Au-Au |5, = 200 Ge\

—EPOS3
- = EPOS3 (UrGMD OFF)

RHIC & LHC observed multiplicity dependent suppression of p/n, K*/K, A*/A ratios, resonances with
ct <20 fm/c. Ratios of longer lived resonances are not affected

Results support the existence of a hadronic phase that lives long enough to cause a significant
reduction of the reconstructed yields of short lived resonances

~ 6** - RHIC/LHC report modifications at such multiplicities



INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSIOS

CERN

%

¢

VoLume 57 NUMBER 6 JuLY/Aucust 2017

DIAMONDS

The story so farand the
adventure ahead p34

CERN Courlar  July/August 2017

News

ALICE zooms in on evolution of the quark—gluon plasma

The precise particle-identification
and momenfum-measurement
capabilities of the AL ICE
experiment allow researchers
ALICE toxlr}:construct avariety of
short-lived particles or resonances in
heavy-ion collisions. These serve as a probe
for in-medium effects during the last stages of
evolution of the quark—gluon plasma (QGP).
Recently, the ALICE collaboration has made
a precise measurement of the yields (mumber
of particles per event) of two such resonances:
K'(892)" and ¢(1020). Both have similar
masses and the same spin, and both are neutral
strange mesons, vet their lifetimes differ by
afactorof 10 (4.16+0 05 fm/e for K, and
46320 4 fm/c for ).

The shorter lifetime of the K™ means thatit
decays within the medmm  enabling its decay
products (m and K) to re-scatter with other
hadrons. This would be expected to inhabit
the reconstruction of the parent K**, but the =
and K 1n the medium may also scatter into a
K*'resonance state_ and the interplay of these
two competing re-scattering and regeneration
processes becomes relevant for determining
the K yield. The processes depend on the
fime interval between chemical freeze-out
(vanishing inelastic collisions) and kinetic
freeze-out (vanishing elastic collisions), iIn
addition to the source size and the interaction
cross-sections of the daughter hadrons. In

+ *pp 76T ALCE
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© 0 Ph-Pb 2.76 Te (PRC 91, 024609)
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Ratio of K'° and ¢ vields to charged-kaon
vields at midrapidity for Pb—Pb and pp
collisions as a function of charged-particle
pseudorapidity density at midrapidity (dN_/
dnl®, whichis related to the final-state
freeze-out geometry of the system. Also
shown are corresponding results from models
with and without re-scaifering.

contrast, due to the longer lifetime of the ¢
meson, both the re-scattering and regeneration
effects are expected to be negligible.

Using lead-lead collision data recorded
atan energy of 2 76 TeV, ALICE observed
that the ratio K*/K- decreases as a function
of system size (see figure). In small

impact-parameter collisions, the ratio is
significantly less than in proton-proton
collisions and models without re-scattering
effects. In contrast, no such suppression
was observed in the ¢ /K ratio. This
measurement thus suggests the existence of
re-scattering effects on resonances in the
last stages of heavy-ion collisions at LHC
energles. Furthermore, the suppression of
K" vields can be used to obtain the time
difference between the chemical and the
kinetic freeze-out of the system.

On the other hand, at higher momenta
(p,>8 GeVic), these resonances were
suppressed with respect to proton—proton
collisions by similar amounts. The
magnitude of this suppression for K' and
§ mesons was also found to be similar to the
suppression for pions, kaons, protons and
D mesons. The striking independence of this
suppression on particle mass, baryon number
and the guark-flavour content of the hadron
puts a stringent constraint on models dealing
with particle-production mechanisms,
fragmentation processes and parton energy
loss in the QGP medium.

In future, 1t will be important to perform
such measurements for high-multiphicity
events in pp collisions at the LTHC.

o Further reading
ALICE Collaboration 2017 Phys. Rev. C. 95 064606.
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p/m and K*/w ratios in Au+Au collisions at \/sNN = 4-11GeV

¢ Models with hadronic cascades (UrQMD, PHSD, AMPT) - properties of hadronic phase

% Ratios are shown normalized to most peripheral collisions = start at unity in peripheral collisions
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models predict suppression of p/m and K*/K ratios in Au+Au@4-11, resonances with small ct
suppression depends on the final state multiplicity rather than on collision energy
modifications occur at low momentum as expected for the hadronic phase effects, ratios
converge to unity at high momentum



¢/K and A*/A ratios in Au+Au collisions at \/sNN =4-11GeV

¢ Models with hadronic cascades (UrQMD, PHSD, AMPT) - properties of hadronic phase

% Ratios are shown normalized to most peripheral collisions => start at unity in peripheral collisions
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¢ Models predict yield modifications qualitatively similar to those obtained at SPS/RHIC/LHC:
v'  lifetime and density of the hadronic phase are high enough
v" modification of particle properties in the hadronic phase should be taken into account when
model predictions for different observables are compared to data
v" study of short-lived resonances is a unique tool to tune the hadronic phase simulations 9
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» Baryon puzzle - increased B/M (p/m, A/K ., {f
A/D etc.) ratios at RHIC and the LHC S

* Driving force of the enhancementis not yet
fully understood:

v’ particle mass (hydro)?

v" quark count (baryons vs. mesons)?
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% . P, (GeVic)
= ¢ and K0 are well suited for tests as mesons . Phys.Rev. C88 (2013) 2, 024906
with masses very close to that of a proton: 3 pn: e qf_-znumv -
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righter
light on matter
|

SPIN2014
IN CHINA

COMPASS

Precise new result

VIEWPOINT

Lucio Rossi on

aligns with QCD the finest kind N
benchmark of light From spin physics
5 p54 1o spintronics p33

p/d(pr) and p/K*(pr) evolve with
centrality and flatten in most central
Pb-Pb collisions:
-> similar spectral shapes of p, K" and ¢
—> spectral shapes are determined by

particle masses, consistent with
hydrodynamic evolution

in the CERN Courier

CERN Comrier March 2015

News
ALICE sheds light on particle
ductioninh ' llisi .
proauction in neavy-ion couisions . B
= 1.0 o '
Mew rezults from the ALICE the final-state particles a commen radial g "' ',.#"‘“ Ve
collaboration are providing velocity independent of their mass, but = o .
additional data to test ideas about  a different momenmm (hydrodymamic =054 mﬂﬂ].'@' ] El .
how particles are produced outof  fow). The resuldng blue shift in the p, =z ‘-' K P 1 El
ALICE e quark—zon plasma ((HGF) spectrum therefore scales with particle '.".‘
created in heavy-ion collisions at the THC. mass, and is observed as a rise in the p/x ___":f
Experiments at Brookhaven's Relativisde  and AVES rados atlow p, (see fizure). In A o '1 :', i I =)
Heavy Ion Collider (FHIC) chserved an such a bydrodynamic description, particles 2 L'Ge'n'-'-:] 4 5

enhancement in p~dependent baryon/meson
ratios — specifically the p'x and AVED
raties — for ceniral nucleus—mclens (A A)
collizions in comparison with protom—proton
(pp) collisions, whers particle producton
1= assumed to be dominated by parton
fragmentation. In addition, constituent-quark
scaling was observed in the elliptic-fow
parameter, v,, measured in AA collisions.
To interpret these observations, the
coalescence of quarks was suggested as an
additional partcle-producaon mechanizm.
The coalescence (or recombination) model
postulares thar three quarks mmst come
tozether to form a baryon, while 3 quark and
an antiquark mest coalesce to form a mesom.
The p, and the v, of the particle created
15 the sum of the respectve values of the
comstituent quarks. Therefore, coalescence
models generally predict differences
between the p, spectra of baryroms and
mesons, predominanily in the range
2<p, < 3GeVr, where the enhancement in
the baryon/meson ratie has been measured.
While a similar enhancement in
the pim and ASES ratios is chserved at
the LHC, the mass scaling of v, isnot,
calling into question the importance
of the coalescence mechanizm. The
observed-particle p, spectra reflect the
dymamics of the ezpanding QGP created
in local thermal equilibrium, conferring to

with the same mass have p, spectra with
similar shapes, indspendent of their quark
content. The paracular shape of the baryon/
meson ratio chzerved in 4 A collisions
therefore refiects the relative importance of
hydrodynamic fiow, parton frasmentation
and quark coalescence . However, for

the p/m and ASKS radios, the particles in

the numerator and denominator differ

in both mass and (antijquark content, 5o
coalescence and hydrodymamic effects
canmot be dizentangled. To test the role

of coalescence further, it is instructive to
conguet thiz study using a baryon and a
meson that have similar mass.

Fortumately, nature provides two such
partcles: the proten, 2 baryvon with mass
938 MeVYe?, and the ¢ meson, which has
amass of 1019 MeVie®. If protons and
¢ mesons are produced predominantly
through coalescence, their p, spectra will
have different shapes. Hydrodymamic models
alone would predict p, specira with similar
shapes gwing to the small mazs-difference
(less than 95%), implying a p/g ratio that is
constant withp,.

Far peripheral lead-lead collisions,
where the small vohime of the quark—gom
plasma reduces the influence of collectve
bydredymamic metion on the p,- spectra,
the p/p ratio has a strong dependence onp,,
similar to that cheerved for pp collizsions.

The flar depemndence onp, of the pigratio
measured by ALICE for cenmral lead—iead
collisions, compared with the p/m and A/
ranes, indicares kydrodynamics as the
leading contribufion to the p specira.

In comizrast, as the fzure shows, incenmal
lead-lead collisions — where the volume
of the (P produced is largest — the pig
ratic has a very different p. dependence,
and 15 constant within its uncertainties
forp, < 4GeVie. The data therefore
imdicare that bydrodymamics is the leading
comiribtion to particle p; spectra in ceniral
lead-lead collisions at LHC energies,

and it does mot seem necessary o invoke
coalescence madels.

Inthe coming vear, the ATICE
collaboration will measure a larger number
of collisions at ahizher enargy. This will
allow a more precise study of both the
P specira and elliptic-Aow parameters
of the proton and § meson, and will allow
tighter comstraints to be placed on theoretical
madels of partcle producton in beary-ion

# Further reading

B Abelov of 2l ALICE Collaboration 2014
arkiv:1404.0495 [nucl-a], accepted for publication
in s, Rew. C.
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B/M ratios in Au+Au collisions at \/sNN =4-11GeV

< UrQMD, PHSD, AMPT, EPOS ...

¢ Baryon/meson ratios evolve with centrality/multiplicity
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» strong model and collision energy dependence of B/M ratios
» predictions are qualitatively similar to experimental observations at RHIC and the LHC
» origin of the evolution of B/M ratios is not understood (radial flow, quark recombination, ...)
» measurements of p/¢(1020) and p/K*(892) ratios will help to disentangle the mechanisms

that shape the particle py spectra at low and intermediate momenta
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PRL 125 (2020) 012301

EDITORS' SUGGESTION

Evidence of Spin-Orbital Angular Momentum
Interactions in Relativistic Heavy-lon

Collisions
=] | T T | |
I < 0.6 Pb-Pb, Is\w=2.76 TeV  ALICE -
2 : P mpact parameter
g direction Eve:z;i plane ly| < 0.5
i i 0.5 6 K", 10-50 % 5 i
. 1KY, 20-40 % Poo =
beam direction 0.4 n @ n
: ---@% -------- Ef-
dN () | |
Teosl No [1—poo+ cos0 (3po,0 — 1)] U3 = O
cos - pp, s=13TeV
' Production plane
rpo: probability for vector meson to be in spin state = 0 0.1 oK® A
r | | | | |
* Large angular momentum L in non-central collisions = 0 1 2 3 4 5
rotating QGP (~ 102! revolutions per second) p, (GeVic)
* spin-orbit interactions expected to polarize quarks STAR Preliminary, 10-60%, 1.2< p_< 5.0 GeVie
& AutAl
® If quarks recombine to prOdUCE vector mesons (Sp|n=l), e ,_, s e e e e e o e e e e e e it e
spin alignment could appear 03 |~ |~ B %
« | Measurement using K*° = Knt decays shows a 3c effect :‘F + + + +
at low momentum (Run 1 data) X .
. . 02— .
*  STAR & ALICE measurements in a wide range of - ALIGE, 10-50%, 0.8<p <12 GeVic
Vsny are consistent within rather large uncertainties | . F:‘“F'“ .

10° 10°
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March/April 2020 cerncourier.com Reporting on international high-energy physics

LARGE HADRON COLLIDER
10 YEARS AT THE
ENERGY FRONTIER

MICE reports muon cooling
Protons target cardiacarrhythmia
Exploring the Einstein Telescope

in the CERN Courier

ALICE

Plasma pnlansed by spin-orbit effect
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% Stage-1: TPC, TOF, FFD, FHCAL u ECAL
¢ Startup in 2022

¢ Simulate AuAu@4-11 collisions using different event
generators

X/

¢ Propagate particles through the MPD, ‘mpdroot’:
v' Geant (v.3 or v.4) for particle transport
v' realistic simulation of subsystem response (raw signals)

v’ track/signal reconstruction and pattern recognition

+¢» Basic event and track selections:

v’ event selection: [Z,,,| < 50 cm

v’ track selection:
*  number of TPC hits > 24
« In<10
* |DCA to PV| < 3c for primary tracks
* VO topology cuts for weakly decaying secondaries
*  pr>50MeV/c
¢ TPC-TOF combined n/K/p PID

v combinatorial background:
«  event mixing (|Azyd <2cm, Ayl <20, N, =10)

Collaboration Meeting VI

TPC: [Ap| <2m,|n| £ 1.6

TOF, EMC: |A¢| < 27, In| < 1.4
FFD: |Ap| < 27,29 <[n| <3.3
FHCAL: Ap| <27, 2<n| <5

15



T RS SE S R R
wooE E woo£ E woE E
x 0.9 ® Au+Auy, s =11 GeV = x 0.9 ® Au+Au, \s =11 GeV 3 x 0.9 ® Au+Au, \s =11 GeV =
< pe- ® Au+Au, |s= 7.7 GeV E < o ® Au+Au, \S= 7.7 GeV E < os- ® AusAu, \s = 7.7 GeV E
0.7E @ Au+AU, |S= 4 GeV E 0.7E- @ Au+Au, |s,= 4 GeV E 070 ® AusAu, |s,= 4 GeV E
065 = 0.65 = 0.65 =
2 e == e o . . E & E
O et E 0o i, E 0ok E
04F ., ev T = 0.4 BT e, - 0.4 =
= e E E i e E E
0.3 — 0.3= e =S = 0.3 —
C | L, e * *i | = K J
0.2[- = 02ty f ot = 02f- =
e prr7o’ = o K(o2® = °b K892 -
Cl L s Coo b b b b b b B 1 L |
00 02 04 06 08 1 12 14 16 18 2 22 24 00 02 04 06 08 1 12 14 16 18 2 22 24 00 0.2 04 06 08 1 12 14 16 18 2 22 24
P, (GeV/c) p, (GeV/c) p, (GeV/c)

w e B L L N N U A A = U B L B B L B R R B I R

% 09;0 Au+Au, {sy,= 11 GeV é x 0.9 ® Au+Au, s =11 GeV =

< 0.8 ® Au+Au, ys\=7.7 GeV = < o8 ® Au+Au, 5= 7.7 GeV E

0.7 @ Au+Au, ys, =4 GeV é 0.70- ® Au+Au, sy, =4 GeV 3

0.65 = 06 =

050 = 0.5 =

E -4 3 E —— -

E - = = P

0.4F- +¢ﬂ1£‘£€é.¢.¢*$ E e +++*H35§¥£‘;4;‘;-f:

E = + g E . F =

0.3 ¥ E 0.3 e =

0.2 * = 02} o+ =

0.1= s = o1 e E

o L.f!ﬂl LivsLivaleryly ¢(1020) L : . ;—'|' \:.: . L A(1 520) E

0" 4204 06 08 1 12 74 76 16 2 23 24 O 02 04 08 08 1 12 T4 Te T8z 23 b4

P, (GeV/c) P, (GeV/c)

% Reasonable efficiencies in the wide prange, |y| < 1

¢ Modest multiplicity (and/or Vs dependence
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Entries / 2.5 MeV/c? Entries / 2.5 MeV/c?

@, R/ R/ R/
0’0 0’0 0’0 0’0

$(1020), reconstructed peaks, AuAu@4-11

UrQMD v.3.4: AuAu@11 (10M events), AuAu@7.7 (5M events), AuAu@4 (5M events)

Full chain simulation and reconstruction, pr=0.2-0.4 GeV/c, |y| < 1
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Mixed-event combinatorial background is scaled to foreground at high mass and subtracted

Distributions are fit to Voigtian function + polynomial

Signal can be reconstructed at pr > 0.2 GeV/c, high-py reach is limited by available statistics

S/B ratios deteriorates with increasing centrality and collision energy
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K*(892)), reconstructed peaks, AuAu@4-11

s UrQMD v.3.4: AuAu@11 (10M events), AuAu@7.7 (5M events), AuAu@4 (5M events)
% Full chain simulation and reconstruction, pr =0.2-0.4 GeV/c, |y| <1
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% Mixed-event combinatorial background is scaled to foreground at high mass and subtracted
¢ Distributions are fit to Voigtian function + polynomial
¢ Signal can be reconstructed at pr > 0.2 GeV/c, high-p; reach is limited by available statistics
% S/B ratios deteriorates with increasing centrality and collision energy

Collaboration Meeting VI

18



K*(892) and A(1520), reconstructed peaks, AuAu@7

% UrQMD v.3.4: AuAu@11 (10M events), AuAu@7.7 (5M events), AuAu@4 (5M events), |y| <1
A(1520):0.5-0.8 GeV/c

p(770)°: 0.2-0.4 GeV/c
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¢+ Signal can be reconstructed from zero momentum, high-pr reach is limited by statistics
% S/B ratios deteriorates with increasing centrality and collision energy
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MC closure tests: p,

K*O,i, ¢, A*

UrQMD v.3.4: AuAu@11 (10M events), AuAu@7.7 (5M events), AuAu@4 (5M events)
Full chain simulation and reconstruction, pr ranges are limited by the possibility to extract signals, |y| < 1
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Reconstructed spectra match the generated ones within uncertainties
% Measurements are possible starting from ~ zero momentum, sample py spectra in a wide range
Maximum raw yields (smallest stat. uncertainties) are extracted at ~ 300 MeV/c
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>(1385)* and E(1530)" in AuAu@11
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N z
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> (1385)* signals can be reconstructed starting from zero momentum, Monte Carlo closure test is passed
For Z(1530)° observe a hint of a signal at p; > 0.4 GeV/c, statistics-hungry measurement > larger data samples and

embedded simulations are required.
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v Measurement of resonances contribute to the MPD physical program

v Resonances are expected to be very sensitive to the properties of the
partonic/hadronic medium produced in heavy-ion collisions at NICA energies

v" First-look measurements for resonances with the MPD detector are possible in a
wide pT range from zero momentum up to ~ 3 GeV/c with ~107 sampled Au+Au
collisions at Vsyy =4-11 GeV > plausible for year-1 operation

v More detailed and multiplicity-dependent studies would require x10-50 larger
statistics, especially for multi-stage decays of K*(892)*, X(1385) * and Z(1520)°
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Nature Phys. 13 (2017) 535
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= Strangeness enhancement increases with strangeness content and charged particle multiplicity

=  Smooth evolution vs. multiplicity in pp, p-Pb, Xe-Xe, Pb-Pb collisions at \/SNN =2.76-13 TeV
—> hadrochemistry is driven by the multiplicity

= STAR measurements at \/SNN =200 GeV are in agreement

= Origin of the strangeness enhancement in small/large systems is still debated

= ¢/K is flat vs. multiplicity = behaves like a particle with open strangeness
—> inconsistent with canonical suppression models



Strangeness at NICA

% UrQMD, PHSD, AMPT, EPOS ...

¢ Models predict enhanced production of particles with strangeness
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» predictions of event generators are qualitatively similar
» enhancement is more pronounced for particles containing a larger number of s-quarks
» relative enhancement is stronger at lower collision energies
» $(1020) meson with hidden strangeness (a key observable) behaves like a hadron

with open strangeness



¢ Detector mass resolution (M,.qopsiructed — M
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¢ Acceptable mass resolution

% Modest multiplicity (and/or \syy) dependence
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