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Discovery by Belle

In 2018, Belle discovered the ©(2012)
baryon, an excited Q (sss) state.

— Seen in decays of Y mesons produced in e-e*
collisions at the KEKB collider.

— Observed two-body decays: Z°K~ & E7K2
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Discovery by Belle

In 2018, Belle discovered the ©(2012)
baryon, an excited Q (sss) state.

Seen in decays of Y mesons produced in e7e*
collisions at the KEKB collider.

Observed two-body decays: 2°K~ & E~K2
Significance of 7.20

Mass: 2012.4 + 0.7 (stat.) + 0.6 (sys.) MeV/c?
Width: 6.4” 53 (stat.) 1.6 (sys.) MeV/c?
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Discovery by Belle

In 2018, Belle discovered the Q(2012)
baryon, an excited Q (sss) state.

Seen in decays of Y mesons produced in e7e*
collisions at the KEKB collider.

Observed two-body decays: 2°K~ & E~K2
Significance of 7.20

Mass: 2012.4 + 0.7 (stat.) + 0.6 (sys.) MeV/c?
Width: 6.4" 55 (stat.) 1.6 (sys.) MeV/c2

Width is fairly narrow for a strongly
decaying resonance.

If Q(2012) has negative parity, the narrow
width suggests that ©(2012) should be spin 2
(d-wave decay, not s).
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Subsequent Measurements by Belle

In a later measurement, Belle 0(2012) - E K™

discovered three-body decays: T @ %5223%2025)
0(2012) - £(1530)K - EnK.
— Significance of 5.2¢
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Subsequent Measurements by Belle
Q(2012) » E~ttK™

In a later measurement, Belle
discovered three-body decays:
0(2012) - £(1530)K - EnK.

— Significance of 5.2¢

Similar mass measurement:
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Subsequent Measurements by Belle
Q(2012) » E~ttK™

In a later measurement, Belle
discovered three-body decays:
0(2012) - £(1530)K - EnK.

— Significance of 5.2¢
Measured the effective couplings to
Z(1530)K and =K.
Ratio of branching fractions:

EnK _ B[Q(2012)-EnK]
EK T B[Q(2012)-EK]

= 0.99 + 0.26 (stat.) £+ 0.06 (sys.)

— Similar branching fractions for the two- and
three-body decays.

Similar mass measurement:
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(2012) Structure

 Extensive theoretical work on
understanding the structure of 2(2012).

« Some studies conclude that it is a regular
3-valence-quark baryon.
— Possibly a p-wave excitation.




(2012) Structure

Extensive theoretical work on
understanding the structure of 2(2012).

Some studies conclude that it is a regular
3-valence-quark baryon.
— Possibly a p-wave excitation.

Other studies explore the possibility that it
is a hadron molecule.

— The ©Q(2012) mass is just below the summed
masses of £(1530) and K: is (2012) a
Z(1530)K bound state?

— Some studies explored mixing of Z(1530)K with
=K, Qn, and/or 3-quark components.




(2012) Structure

Extensive theoretical work on
understanding the structure of 2(2012).

Some studies conclude that it is a regular
3-valence-quark baryon.
— Possibly a p-wave excitation.

Other studies explore the possibility that it
is a hadron molecule.

— The ©Q(2012) mass is just below the summed
masses of £(1530) and K: is €2(2012) a
Z(1530)K bound state?

— Some studies explored mixing of Z(1530)K with
=K, Qn, and/or 3-quark components.

Hadron molecule interpretation is consistent with
Belle’s observation of the three-body decays.




ALICE Detector

ALICE at the LHC has
observed the 2(2012).

Main tracking: ITS & TPC,
TRD

Particle ID: ITS, TPC,
TOF, TRD, HMPID

Outer: Calorimeters,
Cherenkov detectors

Muon system at forward
rapidities
VO detector: triggering &
multiplicity measurements

ZDC: forward energy
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15 Data Set

* ALICE measurement uses large sample of
10° pp collisions at /s = 13 TeV
— Recorded in LHC Run 2: 2016-2018




16 Data Set

* ALICE measurement uses large sample of
10° pp collisions at /s = 13 TeV
— Recorded in LHC Run 2: 2016-2018

« Uses High-Multiplicity (HM) Trigger:

— Selects events with the 0-0.1% highest charged-
particle multiplicities in the VO detectors (forward-
rapidity scintillators).

— HM data sample has a mean charged-particle
multiplicity about 6 times larger than minimum-bias
pp sample at this energy.
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* ALICE measurement uses large sample of

10° pp collisions at /s = 13 TeV
— Recorded in LHC Run 2: 2016-2018
« Uses High-Multiplicity (HM) Trigger:

— Selects events with the 0-0.1% highest charged-
particle multiplicities in the VO detectors (forward-
rapidity scintillators).

— HM data sample has a mean charged-particle

multiplicity about 6 times larger than minimum-bias
pp sample at this energy.

— Takes advantage of strangeness enhancement
effect: strange particle production is enhanced in
more active collisions (nucleus-nucleus, HM pp) in
comparison to minimum-bias pp.




18 Data Set

* ALICE measurement uses large sample of

10° pp collisions at /s = 13 TeV
— Recorded in LHC Run 2: 2016-2018
« Uses High-Multiplicity (HM) Trigger:

— Selects events with the 0-0.1% highest charged-
particle multiplicities in the VO detectors (forward-
rapidity scintillators).

— HM data sample has a mean charged-particle

multiplicity about 6 times larger than minimum-bias
pp sample at this energy.

— Takes advantage of strangeness enhancement
effect: strange particle production is enhanced in
more active collisions (nucleus-nucleus, HM pp) in
comparison to minimum-bias pp.

Luminosity equivalent to approximately
36.6 £ 2.0 pb-1



 ALICE measures Q(2012) —» £7K¢ decays.

 ALICE reconstructs tracks with combination
of ITS and TPC.




Decay Reconstruction

ALICE measures Q(2012) - £-K2 decays.

ALICE reconstructs tracks with combination
of ITS and TPC.

Pion and proton tracks are identified through
their specific energy loss dE/dx in the TPC.




ALICE measures Q(2012) - £-K2 decays.

ALICE reconstructs tracks with combination
of ITS and TPC.

Pion and proton tracks are identified through
their specific energy loss dE/dx in the TPC.

V0 and cascade candidates are
reconstructed through invariant-mass
analysis plus topological cuts

— Selections on decay radius, DCA between
daughters, DCA to primary vertex, pointing angle




22 Data Analysis

* An Q(2012) peak is clearly visible atop B 7000L [2(2012) = =K ] + c.c. ®
a combinatorial background. S () M
— Signal-to-background ratio = 0.033. % eOONE
— Peak significance = 150. 5000
S 40000 & ALICE, HM pp, Vs = 13 TeV |
8 30000 ¢ -+ Same-Event Pairs 1
- § -+ Mixed-Event Bkg. :
20000 [ |y]<08 :
1000k ] p_>25GeVic .
ob RD 112092002 (2025)
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23 Data Analysis

« An Q(2(_)12) peak is clearly visible atop B 7000- [2(2012) — =K ]+ cc. ®
a combinatorial background. > 1@ ‘

— Signal-to-background ratio = 0.033. = GOOOf

— Peak significance = 150. 5000
« Two ways to deal with background: S 40000 # AlIGE. HM pp, Vs = 13 TeV |
— Event mixing is used to estimate the Q i § + Same-Event Pairs ]
. : O 3000 # .
combinatorial background — subtract from -/ 4+ Mixed-Event Bkg. .
same-event distribution — parameterize 2000 f ly|<0.8 .
residual background with polynomial. 10005_ p.>2.5GeV/c ]

— Parameterize entire background with function. - PRD 112 092002 (2025)

O_llllll\II|IIII|II\I‘III L]

1.8 1.8 19 195 2 205 21 215
M, (GeV/c?)



Data Analysis

. .. & - (b) -+ Bkg.-Subtracted Data ]
« An Q(2012) peak is clearly visible atop 3" @) FSoral RosialBhg.
a combinatorial background. Z o00pALce |
— Signal-to-background ratio = 0.033. g% Jil
— Peak significance = 150 3 ZZZ i I it “!' uﬂ,l o
« Two ways to deal with background: | ki MH Bk "fn"" tw
— Event mixing is used to estimate the 200l ,W. W:
combinatorial background — subtract from 199 2 205 2

M., (GeV/c?)

same-event distribution — parameterize
residual background with polynomial.

— Parameterize entire background with function.

« Peak is described with a Voigt function:

— Convolution of Breit-Wigner distribution and a |
GaUSSian (detector effects) ~+ Same-Event Pairs
) —Fit: Signal + Bkg.

O(O-GCL’U,S) ~ O(FBW) L ""-2Fit: Elaa‘ckz-r::ncl,‘ 2f1:

PRD 112 092002 (2025) M., (GeV/c)
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25 Mass and Width

« ALICE ©Q(2012) mass value is « ALICE ©Q(2012) width value is
consistent with Belle values, but consistent with Belle value.
with smaller uncertainties.

— Confirmation of the narrow width for
this resonance — support for the
JF =2 hypothesis.
M =2013.35 + 0.57 (stat.) + 0.27 (sys.) MeV/c? [ =6.2 +2.1 (stat.) + 2.0 (sys.) MeV/c?
(a)

D ®
S Belle, PRL 121(2018) 052003

Belle, PRL 121 (2018) 052003

Belle, PLB 860 (2025) 139224
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26 Yields

. Analysis procedure repeated in fourp; & [@ ALI[SZI(EZ’O}-:I\ZA)PZ E;J]Tcel’ j
intervals covering 2.2 < p; <10 GeV/c. 3 . .| |Sy| <0.8_
— Very low acceptance x efficiency for 2 :
pr < 2.2 GeV/c - no visible signal. > ALICE
— First measurement of (2012) yield and pr %'_
spectrum. S 10°) i
3 © Data
= - — Parameterized
> Spectrum
o 10¢- | Alternate Functions ‘ J
2 - ---Function Integral c—
[ . . | | | N |
1.4F
o 1.2§(b) E .
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27 Yields

. Analysis procedure repeated in fourp; & [@ A“[Z(Eéo'j'\z")_pi 5201]3;:;’ j
intervals covering 2.2 < p; <10 GeV/c. 3 .| |Sy| <0.8_
— Very low acceptance x efficiency for 2 :
pr < 2.2 GeV/c - no visible signal. > ALICE |
— First measurement of (2012) yield and pr %'_
spectrum. S 10°) i
3 © Data
= - — Parameterized
> Spectrum
o 10¢- | Alternate Functions J
2 - ---Function Integral c—
[ . . | | | N, |
1.4F
o 1.2§(b) E .
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28 Yields

- (a) ALICE, HM pp, Vs = 13 TeV -
[Q2012) - =K ] +cc.
|y|<0.8_

* Analysis procedure repeated in four p; 5
intervals covering 2.2 <p;<10GeV/c. 3
— Very low acceptance x efficiency for g.

pr < 2.2 GeV/c - no visible signal. - ALICE
— First measurement of (2012) yield and pr %'_
spectrum. S 10°) i
« Lévy-Tsallis distribution used to T | S Da
extrapolate yield down to pr = 0. = | —Parameterized
— Shape of this distribution is set by mt scaling é 0oL iﬁgf;g:;nizuncﬁons i
from the ground-state Q pr spectrum. 0 - Function Integral &1
[ . . | | | N .|
BRxg—’; = [4.2 £ 0.3 (stat.) ¥32 (sys.)|x107* o e _‘
= ) S— - e ETE IR I E
(pr) = 2.15 + 0.08 (stat.) 1012 (sys.) GeV/c & osf " T He '
0.6E . , . , =
0 2 4 6 8 10

PRD 112 092002 (2025) Py (GeV/c)



29 Branching Fractions
« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

ZXB(—) E_Kg)XQ(Z()lZ)ALICE » QSTM
QaLICE 0(2012)gtMm

B(- 2K°) = = 0.2825,57




30 Branching Fractions

« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

1.) Measure ©(2012)
yield in HM pp collisions.

Not corrected for
branching fraction.

2xB(—~ E7KS)XQ(2012) p 1 cE {sT™m

B(- 27K?) = X = 0.28+0-12
S ) QALICE 0(2012)gtMm —007




Branching Fractions
« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

1.) Measure ©(2012)
yield in HM pp collisions.

Not corrected for
branching fraction.

2.) Estimate ground-state Q yield

in HM pp collisions.
Use ALICE measurements of Q yields in pp
& p—Pb collisions as functions of

multiplicity. .
Only half of K°/K°
decay as KJ.
_ 2xB(- E7K2)x0 (2012 Q
B(_) E_KO) — ( S) ( )ALICE X STM _ 0281-8(1)%
QALICE 0(2012)gtMm



32 Branching Fractions

« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

1.) Measure Q(2012)

yield in HM pp collisions.

Not corrected for
branching fraction.

2.) Estimate ground-state Q yield

in HM pp collisions.
Use ALICE measurements of Q yields in pp
& p—Pb collisions as functions of

multiplicity. .
Only half of K°/K°
decay as KJ.

B(- EK?) =

3.) Estimate ——— L yleld ratio using

statlstlcal-thermal model.
In absence of feed-down:

0(2012)sm  2/qz012) +1 9 Ms?z(zmz) 9 K2(Mqa2012)/T)

_ 2xB(— E7Kg)xQ(2012) orscE

Qsmy 2Jg+1 M3 K,(Mqo/T)

Chemical freeze-out temperature T is extracted
from thermal-model fits to other ALICE particle

yield measurements in this multiplicity region.
And assume /g 2012) =3 -

Qst™

QALICE

— 0.28+0'12
0(2012) 57y 007



Branching Fractions

« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

Ratio of two-body branching
7= fractions measured by Belle:

B(- E%K)
B(—» E-K?)
Estimated from ALICE
Q(2012) yield value:
" B(— E"K?) = 0.28%3:33

l

Estimates of other two-body
branching fractions:

B(— E°K™) = 0341315
B(- EK) = 0.621327

=12+03




Branching

Fractions

« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

Ratio of two-body branching
fractions measured by Belle:

B(- Z°K")
B(— E-K9)
Estimated from ALICE

Q(2012) yield value:
B 7R = 02874

l

Estimates of other two-body
branching fractions:

B(— E°K~) = 0.34%318
B(- EK) = 0.621327

=12+03

Ratio of two- & three-body branching

LLLLL

'EK B(—) ET[K)
K B(- EK)

l

If all 2(2012) decays are either ZnK or ZK,
the Belle RZE" value implies that

B(- EK) = 0.50+9:98

R

=0.99 £ 0.27

[1] [1]



35 Branching Fractions
« Use ALICE Q(2012) yield value to estimate the decay branching fractions:

Ratio of two-body branching Ratio of two- & three-body branching
fractions measured by Belle: fractions measured by Belle:
=0K- = B(- EnK
e IE )= 12+ 03 R;’K‘KE ( H_)=O.99iO.27
B(— E°K9) — - B(— EK)
Estimated from ALICE l
Q(2012) yield value: If all 2(2012) decays are either ZnK or ZK,
weE B(— E-K0) = 0.28+9:12 the Belle Rzx" value implies that
l I B(— EK) = 0.50+9:98
Estimates of other two-body
branching fractions: If we redo this calculation assuming that

Ja@o1z) = 3, We find that B(— EK) > 0.9,

B(— EOK™) = 0.34*315 e . .
( _) +g';§ which is inconsistent with Belle measurements.
B(— EK) = 0.621517 Even stronger support for the Jo(2012) = 2 hypothesis.



Summar

ALICE has observed the Q(2012)
baryon discovered by Belle.

Our measurements of the mass and

width are consistent with Belle’s values.
— ALICE mass value has smaller uncertainties.

First measurement of 2(2012) yields
and pt spectra.

First estimates of absolute branching
fractions for two-body 2(2012) decays.

Narrow width and branching fraction
measurements support the spin 2

hypothesis for 2(2012).

- (a) ALICE, HM pp, Vs = 13 TeV A
y [@2012) - K] +c.c. ]
¥ e |y|<0.8
© Data
- — Parameterized
Spectrum
—  Alternate Functions -
- ---Function Integral —
[ | | | N, | ]
(b)
_______________________________________ EETD L R —
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p. (GeV/c)



