Hadronic resonance production

HELCE with ALICE at the LHC

Sergey Kiselev (NRC "Kurchatov institute”, Moscow)

Motivation

ALICE detector

ALICE papers

Recent results:

pp @ 13 TeV f, (1285), Q(2012)~, K*(892)*, f, (980)
Pb—Pb @ 13.6 TeV ¢, K*0

pp @ 13.6 TeV f, (1710)

e Summary

15-20 Sep 2025 XXVI Baldin ISHEPP, Dubna, 1
S.Kiselev



Motivation

* pp and p—PDb collisions:

v’ baseline for heavy-ion collisions

v’ system size dependence

v’ role of cold nuclear matter

v’ study of collectivity in small
collision systems

* A—A collisions:
v" in-medium energy loss
— nuclear modification factor for
resonances
v’ restoration of chiral symmetry
- modification of width, mass and
branching ratio

v regeneration and rescattering effects
—> modification of measurable yield
and ratios to longer-lived hadrons
—> timescale between chemical and
Kinetic freeze-out
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Daughter momentum changed:
impossible to reconstruct inv.mass

no interaction
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13 T pp/Pb—Pb @ 2.76
1.4 KL KL pp@ 13.6
4.2 Kn pp/p—Pb/Pb—Pb/Xe—Xe @ all energies
4.2 KL n pp @ 5.02/8/13 Ph—Pb @ 5.02
=5 nm pp @ 5.02/13 p-Pb @ 5.02
5-55 An pp @ 7/13 p—Pb/Pb—Pb @ 5.02
8.7 KKz pp@ 13
12.6 p K pp @ 7 p—Pb @ 5.02 Pb—Pb@ 5.02
21.7 =27 pp @ 7/13 p—Pb@ 5.02
32 E K% pp @ 13
46.4 K K pp/p—Pb/Pb—Pb/Xe—Xe @ all energies
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ALICE detector in Runl, 2 configuration

VO: ITS: tracking and TPC: tracking and PID
—> triggering minimum bias collisions vertexing through dE/dx
—> centrality/multiplicity estimator
E d \t 3He ALICE performance
= \ Pb-Pb /s, = 5.02 TeV
THE ALICE DETECTOR il a. ITS SPD (Pixel) f:',
. b. ITS SDD (Drift) ]
( | c. ITS SSD (Strip) g ¥
i Sl
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ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet

TOF: PID through particle
time of flight

LCoNoOOl~ONE

16, PMD ; =3
17. AD s = ]
18.ZDC Performance
19. ACORDE B Pb-Pb | s, =5.02 TeV
7 P (G42V/c)
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ALICE papers

recent papers
1. PLB866(2025)139562
Measurement of f,(1285) production in pp collisions at Vs= 13 TeV
2. arXiv:2502.18063 (- PRD)
Observation of the ©(2012) baryon at the LHC
3. arXiv:2507.19332 (- PLB)
Multiplicity dependence of K*(892)* production in pp collisions at Vs = 13 TeV
4. arXiv:2507.19347 (- JHEP)
Multiplicity dependence of f,(980) production in pp collisions at Vs =13 TeV

K*(892)°, $(1020)  previous papers

EPJC72(2012)2183
PRC91(2015)024609 + o= 0 770)°
EPJC76(2016)245 £(1385)% E(1530) p(770)
PRC95(2017)064606 PRC99(2019)064901
PRC99(2019)024906 EPJC75(2015)1
PLB802(2020)135225 EPJC77(2017)389 K*(892)*
PLB807(2020)135501 EPJC83(2023)351
PRC102(2020)024912 JHEP5(2024)317 PLB828(2022)137013
EPJC81(2021)256 PRC109(2024)044902
EPJC81(2021)584 A(1520) £ (980
PRC106(2022)034907 0(980)
PRC107(2023)055201 PRC99(2019)024905

PLB846(2023)137644
EPJC83(2023)540 EPJC80(2020)160 PL8853§20243138665
PRC109(2024)014911
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f,(1285) In pp at 13 TeV

PLB866(2025)139562

quark structure of f,(1285) is still unknown
possible configurations: u and d; u, d and s; tetraquark;

hadronic molecules

10° minimume-bias pp events at 13 TeV
f (1285)—Ko%K*n* (BR=2.25%)
1= 8.7 fm/c = regeneration and rescattering effects

1.29

Iyl <0.5

— ALICE

0 O Measured
- 11(1285) > KKm  worid-average value
- pp Vs=13TeV

it

Uncertainties: stat.(bars)
sys.(boxes)
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1(1285) Inpp at 13 TeV

PLB866(2025)139562
1 7 : :
- . ALICE j
L ALICE 7 L pp Vs =13 TeV a
1.5F ppVs=13TeV — E lv1<05 3
- <05 -~ - Y,CSM [¢] Data ]
Q i i -% L IS|=0 |S|=2 _
g | : o0 =
9] o] = 3
~ 1.0 — o - 3
|_ ~_ — -
S K .- - > [ ’
- : e ol
i . @ Mesons ] 1072 = E
0.5 _E:tj f{ Baryons _| - T .
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 l_
0 0.5 1 1.5 o/ m flm

Mass (GeV/c?)

v.-CSM (PRC100(2019)054906,

aligns with the linear trend with mass

no rescattering effects):
- ¢/mt agrees with |S|=2
- f,/m agrees with |S|=0
—> f, is a conventional meson,
disfavors the tetraquark hypothesis
and aligns with LHCb findings

(PRL112(2014)091802)
XXVI Baldin ISHEPP, Dubna, 6
S.Kiselev

observed for other mesons
—> f, may have an ordinary
meson structure
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Q2012) mpp at 13 TeV

arXiv:2502.18063

Belle : first observation of Q(2012)” — E°K~and =K% (PRL121(2018)052003)
Tt =32 fm/c = regeneration and rescattering effects ?

ALICE: 10° HM-triggered pp events at 13 TeV, dN_/dn(y=0) =31.5 (0-0.01% of c.s.)
~7200 Q(2012) — 2K

& _(c ] - (a) ALICE, HM pp, (s = 13 TeV |
0 7000 (©) | 2 A [@@012) — =K2]+c.c.
% (qDJ 104 ¢ ly| < 0.8?
2 _ JI'; | .:—_;—: ]
— 6500 o 1 i =
S TR g
(V)] | AR - Y A, + il = 10*5 P o
= + Il .+ F T TS IO Tt = ]
> i r. Ll + +++ + ﬁ' 5 - o Data
8 6000+ | 'Iﬁ . < - — Parameterized
- by l"l + + > Spectrum
- . @ 10°- _ Alternate Functi _
. g —+ Same-Event Pairs | 5 10 Fuﬁg;: .,,;‘:;r;?”s C—
5500871 —Fft:SlgnaI+Bkg. il 1_4:(-b)*"-'“~*'--' e
; ---Fit: Background o 4
1 I | 1 1 I 1 | 1 1 1 I ‘ 1 I I 1 | ] &u 08¢
1.95 2 2.05 2.1 o % 6 & 10
GeV/
M., (GeV/c?) pr (GeVIE)
first measurement of the p; spectrum
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Q2012) mpp at 13 TeV

arXiv:2502.18063

(@) (b)

Belle, PRL 121 (2018) 052003 Belle, PRL 121 (2018) 052003

Belle, PLB 860 (2025) 139224

——— 1

I | = %
ALICE ALICE
| | 1 1 | | | | | | | | I | ] | | 11 1 1 1 1 11 1 11 1 | | | 1
5071 5012 5013 5014 377458 % 8910
M 0012 (MeV/c?) aeo12) (MeV/c?)

consistent with the previous measurements by Belle

15-20 Sep 2025 XXVI Baldin ISHEPP, Dubna,
S.Kiselev



- 103 1 T T — 1
* + S 1 herene Auce
K*(892)* inpp at 13 TeV £ whmee
arXiv:2507.19332 S EEEEEEeTee -
- - - == R — -
1.3 10° minimum-bias pp events at 13 TeV f} --..;;...ﬁ*ﬂ__*—:.__'
"'.5."' —g— ————— — —N§
K*(892)* — K  (BR=0.33) S [ e |
S _ _ =10 e e
1= 4.2 fm/c = regeneration and rescattering L - e |
Q>) = — , i
o effects Z10] e — ———
A 60 : ALICE. ' ‘ ‘ ' E — | VOM Multiplicity Event Classes |
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S Y0 & kx5 Kl+ : 16:2) (x2) <29 ]
Z O 1.6 < p_ <2.0GeVie : 10781 Mx2)o evii(x2Y) 0O =mX(x2" B
S 30F © e Same-cvent pairs T , K*® data: PLB 807(2020)135501 |
8 F2 o Mixed—t?ver‘lt background o i ‘ ' ' ‘ "]
20k []Normalization range i 8 _
[ . VOM class: VI ] = 10 3 mﬁ—_’; ] E
10 i G L )
~ L PR e e —— E
§ 6f : E B +--___+"" ]
8 55 ® Mixed-event subtracted 1 o i *% ]
5‘ E_ _ l];:e::td—u\i}lgB:e% + Res. Bkg _E 10 ? == = é
S 4k «+++ Non-Rel. Breit-Wigner i o 1
3 g [ Uncertainties: stat. (bar), sys. (box)
£ : 10 A N —
Q [ ] 0 2 4 6 8 10
© 2F . . Py (GeV/c)
e E In p; < 4 GeV/c spectra become harder
gl {,"';. R 1 | from low to high multiplicity collisions,
' | ' | M, (GeVIc?) as for other hadron species.
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K*(892)* o
inpp at 13 TeV = % e 3Tev. <03

o
(o)
[

arxiv:2507.19332 0'5;_ : 112*0 PLB 807(2020)135501 _

for K*(892)* and K*(892)° osk ;
both dN/dy and « p; > are in agreement '
within uncertainties 0.3 ‘_
0.2F .

dN/dy: i ]
- an approximately linear increase 0.1 .

- well described by EPOS-LHC

i " . Il Il " . . N 1 N " " " Il " " " " 1 " " " P

PYTHIA and DIPSY tend to overestimate & | — K*EPOS-LHC
% 16l — K*EPOS-LHC ;
O K** PYTHIAG Perugia 2011
<CPro- ~ A K** PYTHIA8 Monash 2013
- : : 1.4F . ]
- increase with saturation S - —— K* DIPSY
- EPOS-LHC underestimates 12F g T e ;
PYTHIA largely underpredicts b e
DIPSY more pronounced increase I e ]
0.8F Uncertainties: ]
EPOS-LHC PRC92(2016)034906 i / stat. (bar), total sys. (open box)
PYTHIA6 PRD82(2010)074018 0.6k - . UncCOIT. 8ys. (shadled box) . -
PYTHIA8 EPJC74(2014)3024 -0 S 10 15 20 25 30
DISPY  JHEP8(2011)103 (AN A, s
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dN/dy ratio

K*(892)* In pp at 13 TeV

arXiv:2507.19332

048 N T T T T T T UL T T ‘:’M"’ ]-U: T T
0,461 ALICE o K¥/K T 14p ;
. N e C ]
Epp V5= 13 TeV, ] < 0.5 K*'/K{ PLB 807(2020)135501 12F :
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- () 0 - - 3
04k — K*:’K% EPOS-LHC - 0.8F ’Z/T’% y E
— K*/K, PYTHIA®6 Perugia 2011 0.6E Y £~ o MOB B _(L""" = 3
04 N e K*/K? PYTHIAS Monash 2013 - oab e ” : 2 ]
[ R 72 = 7a. 7 SE _'_. K*ing -
0.38F K¥/K, DIPSY 025 auicE: & Mg L0
- : pp Vs =13TeV, <05 2 mposincr ]
0.361 0 3 Uncertainties: — EPOS-LHC X E
034F e —-0.2F stat. (bar), uncorr. sys. (box) 777 g;:ﬂ;gg& —
D I S 1 B« ety Zl= 2F — FPOSLHC ' ' ' ' ' ' E
0.32F =B 1.5F 3 £
: 5z, 1k s
0.3 13 0.5f E
- Uncertainties: 8F
0.28 - stat. (bar), total sys. (open box) © 2 i
().26:—unlcorr.sys.(lshadedlbox)I o : | 20 1 - —
0 1 1 L .
0 1 2 3 4 5 6 7 8 9 10
2 3 4 5 6 78910 20 30 p. (GeV/c)
(chh/dn >m|<05 !

suppression at a ~ 7c level passing from
low to high multiplicity pp collisions
(taking into account the multiplicity-

a low p; dominant process
for pr < 2 GeV/c, the double ratio
deviates from unity by more than 3¢

uncorrelated uncertainties), ~ 2¢ level for K*9

- suggest the presence of a finite lifetime hadronic phase
- but EPOS-LHC without a hadronic phase reproduces the decreasing trend
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U
f,(980) In pp at 13 TeV %
arXiv:2507.19347 S 10
quark structure of f, is still unknown T
possible configurations: qgbar, (qqg)(gbar gbar), B 102
hadronic molecules, .. 2 3
2 10° minimum-bias pp events at 13 TeV ij 10
T~ 5 fm/c = regeneration and rescattering <
effects z 10°
U x|103:"|'f'|'f""w" -6
L 3 i 10
= 2000 ALICE ~Data
2 . pp, INEL>0, Vs=13TeV 1 10
. -+ f,(980) - wm,|y|<05 —Totalfit ] .
2 50} 10< p <1.5GeVic --1,(980) | Z
3 -p%(770) 1 @
O : -~ 1,(1270) 1 .2 10
(4]
1000~ ---Res.bkg—]
so0- t TN -
T N R I R I
M_. (GeV/c?)
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ALICE

pp, Vs=13TeV

ly| < 0.5, f (980)->n'n-

-
H

Hl:
.

)

—o-0-5% (x2°) = 5-10% (x2%) °
10-20% (x2°) —+ 20-50% (x2%)

—+- 50-100% (x2") —e— INEL>0 (x27)
—— ey

HIIII[ IIIIIIII} 1II|II|'|] IIHIIHl TTTTH

-_IIJIIII{ |1 IIIIJ JIIIIll|_LIJII\I| IJIHIJIl IIIIIILll lIJIIIlI.l I\II_

T IIIII\l

LLLi 11l Il\l

IIIII

q0 12
[ (GeV/c)

in p; < 4 GeV/c spectra become harder
from low to high multiplicity collisions,
as for other hadron species.
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dN/dy

f,(980) In pp at 13 TeV

arXiv:2507.19347

=

3 E g 1.4F E
02 ALICE H 18 - ALICE H .
018> 1,(980) — wm E 3 H E
010 05< y<05 4 ERCARE:S H =
0.14F E - .
0128 g E Hf_ % f,(980) — w _5
0.15- ¢ E 1= H -05< y<05
0.08F —a— p-Pb, |s,, =5.02TeV - - H -
0.06: ¢ ——pp, Vs=5.02TeV = 0-9F . p—Pb;r Vs = 5.02 TeV
C 7 u e = 5. -
8:8;;_ o —e—pp, Vs=13TeV 3 08 + b Eg: éz ?;?ij E
T I A IR ISP SR AR I I 0.7r o s L b b b e
%5 "0 15 20 25 30 35 40 0 5 10 15 20 25 0 (dRIS . 4>0
(chh/dn)| <05 e W05
as for other hadron species,
yields : independent of collision system
appear to be driven by event multiplicity
mean p; : pp vs p—Pb - steeper increase with multiplicity
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f,(980) In pp at 13 TeV
arXiv:2507.1934

[T U AL R BN ELELAL LRI IR BLRLEL R S L A B B B B B UL B
1.6/~ — o1 _
- ALICE,pp Vs=13TeV i z L * ALICE, pp Vs=13 TeV 4
i ~05< y<05 1 X [ ~05< y<05 i
1.4 po 2f,(980)/(m++10) 7 o 14 —e— £,(980)/K (892)" .
. 7.CSM, f(IS|=0) i s 7.CSM, (IS|=0) i
12- e Y.CSM, (1SI=2) o T P Y.CSM, (IS|=2) -
1:_ T ————— * ________________ .B ----------------------- _: 1i_ ............ * .................................................... _i
i . g | - ' ]
0654~ "5 70 12 14 16 18 20 22 06 68 10 12 14 16 18 20 22
(AN fd) UL

fo/m: decreases with increasing multiplicity f,/K™: decreases with increasing multiplicity

—> rescattering is the dominant effect, 1 (f)~ 5 fm/c close to t(K*°) = 4.2 fm/c
exists at low p+ differs by decay products f,>nr, KO>Kn

if 6> oy, the rescattering effect for f,
may be stronger than for K™

7,-CSM (PRC100(2019)054906, no rescattering effects):
- not reproduces the ratios at low multiplicity
- predictions with zero hidden strangeness, |S|=0, are closer to the data
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Run 3

ITS =1TS2: improved pointing resolution (~35 um at 1 GeV/c)
TPC/MWPC - TPC/GEM: reduce the ion backflow

and resulting space charge in the drift volume

high rates up to 50 kHz in Pb-Pb with continuous readout
FTOA (3.5<n<4.9)and FTOC (-3.3<n<-2.1):

precise timing for continuous readout,

centrality estimation, event selection, and collision time.
continuous readout
a novel online-offline software framework (O2)

15-20 Sep 2025 XXVI Baldin ISHEPP, Dubna,
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: ——
0.15 — Melting AMPT, Pb+Pb @ 2.76 TeV (0-90%)

K*(892)O and (I) ﬂOW B JPG45(2018)025IlOZ

model predictions A LEEM LT
S 5 K®, 20 fm ¢ —<>7
% 01l &K 30fm jgi:zi¢__ﬂ__ |
PR - - 9 I U
hadronic interactions modify resonance flow Vool P
:N 0.05 ; %E—EF
T X

I R A e

4
: ¢ ( 1 020) SMASH-VHLLE-Hybrid (Frankfurt group) L | T
} 0 1 2 3
04 oL |Er— * afi i
] K (892) Schéfer et al. EPJA 58 (2022)) pT (GeV/c)
T 0.3 0.15 _‘Melltin‘g II\M‘PTI, Pl‘o+ll3b‘@|2.7ls TeV (d-gé%l) |
) ' | =e.0m
72021 A f oy
Sl Pb-Pb, 5.02 TeV, 30-40% & oL coam e i
14 . @ N 50— ‘
2 5 --- w/o rescattering S %ﬁ — T
0.0 —— w rescattering by vos [ = k
e |
’ T T T T T T T :@v):
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 i ]
: pr [GeV] e I
0 Egj L | | | H
0 1 2 3 4
P, (GeV/c)
- enhanced flow for K*° with rescattering systematically increasing flow with longer
- no changes for ¢ flow duration of hadronic phase only for K*0
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K*(892) and ¢ flow in Pb-Pb at 5.36 TeV

Enhanced statistics in Run 3 (~6.5 10° analyzed events)
- precise measurement of ¢
- first measurement of K*(892)°

107

Fr—rTrrTrrrrrTrT

[ ALICE Performance ® Data (stat. uncert.) ]
L Pb-Pb, {5y - 5.36 TeV
L FTOC, 30-40%

[ o= KK

03 } 1.8< P, < 2.1 GeVic, 1y1<0.5

0.4 — Voigtian peak fit ]

----- Residual background ]

Counts/(1 MeV/c?)

r e Data (stat. uncert.)

0.21- 1
L —— Fit function, vit(m ) = A(m, ) v3° + [1 - A(m, )] v&°

L L L L | L L L | L L | L L L
1 1.01 1.02 1.03 1.04
M, (GeV/c?)

for short-lived particles:
Invariant mass fit method
PRC70(2004)064905
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0.2

0.1

|

- ALICE Preliminary

both K*(892)° and ¢:

- mass ordering at low p;

. B BF i
Pb-Pb, |y <0.5 a ™8
B - -
” é ¥ ! ] '
. g i85 5 ]
- Ae ” ‘ Ve v ’ —_
= & . . .vv‘ |
_ byl
F # Run2(5,=502TeV Run3, (5,=536TeVv = |
. Y®  VOM, 30-40% FTOC, 30-40% 7
e . L v4SP, IAni>2.0} v{SP, IAn>1.3} =
b~ @ -
' il A
| G & A+A N
i3 ,,\L?! o Kt K‘; -
1 1 l 1 1 1 L L
2
P, (GeV/e)

- baryon-meson grouping at higher p;
XXVI Baldin ISHEPP, Dubna,
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K*(892)° and ¢ flow in Pb-Pb at 5.36 TeV

higher K*(892)° flow than ¢ flow
- sizable difference at low p;
- consistent at intermediate p

1.5

0.5

- discrepancy more significant in 30-40%

than 40-50%

- model with hadronic phase describes

the trend

15-20 Sep 2025

XXVI

, —
[ ALICE Preliminary 1 SMASH-VHLLE-Hybrid (priv. comm.)
- PbPb, (5 = 5.36 TeV, |y 1 < 0.5 1 Eur.Phys.J.A 58 (2022)
0.3+ 30-40% FTOC centrality
ﬁ. L
A *un -
= " | . 4
-
2 ook e oy ... o= R A . e %
o L :.:_‘.
%) -
== - R
> - -9 - |
01 = -« { &ibaa
e . without hadronic phase
I .o 1 [ with hadronic phase
[ | i L0
0 2 4 2 4
P, (GeV/c) P, (GeV/c)
0.4 ————————

| ALIGE Preliminary
- Pb-Pb, {s,, =536 TeV,|y|<05
0.3 | 40 -50% FTOC centrality

T T T T T T T T T
1 SMASH-vHLLE-Hybrid (priv. comm.)
1 Eur.Phys.J.A 58 (2022)

1.5

K%

%)
2oL [m® |
2ol 2oy, _'..+.-..1t! . i 'Ll:+++ ..... ;&
ﬂ_- B :': +:.: :- + 1 x
2] L g B 1
> -
01 & W < " Dae
E ] without hadronic phase i
B @9 -j |:|with hadronic phase | 0.5
| | | L
0 2 4 2 4
P, (GeV/c) p, (GeV/c)
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Lattice QCD calculations predict the mass of the
lightest scalar glueball:1500 -1800 MeV, with JF¢ = 0**,
Candidates f,(980), f,(1370), f,(1500), and f,(1710) .

~ 5 10%% min-bias pp events at 13.6 TeV 2!

f,(1710) In pp at 13.6 GeV

f,(1710) > KOKOq

800 |

600 p

200

100

Counts / (20 MeV/¢?)

50

400 |

ol

x10°
L pp. (s=136TeV ALICE Performance
FTOM 0-100%, ly| < 0.5 * Data (stat. uncert.)
0.0 <p; <30.0 Gevie —— 4BW + Res. Bkg
f1270pad1s20) Res. Bkg
. v £,(1525) I Signal
* 1,(1710)
L 3
L x 10 Residual background subtraction
------ 1,(1270)
------ a,(1320)°
I S W 1,(1525)

=== §,(1710)
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ALICE Performance
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| PDG 2024

Uncertainties: stat.(bar), sys.(box)
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1 1
200 250
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Summary

pp @ 13 TeV
f, (1285) - < p; > aligns with the linear trend with mass observed for other mesons
—> f, may have an ordinary meson structure
Q(2012)~ - mass and width of are consistent with the previous measurements by Belle
- first measurement of a spectrum
K*(892)* - the first evidence of a K*/K suppression measured in pp collisions
- EPOS-LHC without any hadronic afterburner is able to reproduce
the measured suppression.
f, (980) - both the fy/m and f,/K*? ratios decrease with increasing multiplicity
- fo/m suppression could be explained by the dominance of the rescattering effect
- the rescattering effect for f, can be stronger than for K*? if 6__ > 6,
Pb—Pb @ 13.6 TeV
¢, K*0 - the elliptic flow for ¢ and K*9 follow mass ordering at low p;
and baryon-meson grouping at intermediate p
—> participate in the collective expansion of the medium and undergo
hadronization via quark coalescence in QGP
pp @ 13.6 TeV
f, (1710) - mass and width are close to the PDG values
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