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Glueballs

Determination of Spin-Parity Quantum Numbers of X(2370) as 0~ * from J /yy — yKKy/

M. Ablikim er al.
(BESIII Collaboration)

® (Received 8 December 2023; revised 5 March 2024; accepted 28 March 2024; published 2 May 2024)

Based on (100
of the decgy

; J’fw events collected with the BESIII detector, a partial wave analysis
>rformed. The mass and width of the X(2370) are measured to be
2395 + 11(stat) 57 (sysU) 'vlc\f;‘c- and 1887 F(stat)’ '1 (syst) MeV, respectively. The corresponding
product branching fraction is B[J/y — yX(2370)] x B[X(2370) — f,(980)y'] x B[f,(980) = KUK} =
{131 4+ {},22[s.lu[_l_',‘;_:f{x}'sl}J x 1072, The statistical significance of the X(2370) is greater than 11.7¢ and
the spin parity is determined to be 0™ for the first time. The measured mass and spin parity of the X (2370)
are consistent with the predictions of the lightest pseudoscalar glueball.

DOIL: 10.1103/PhysRevLent.132.181901
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The J/w system can decay to a photon

and two gluons, where the two gluons [ w
can then combine to temporarily AACOBOOAOANOTL f (980)
create an X(2370) exotic particle. 0
Although its nature is still not 100% g

certain, the interpretation of the

Ol

X(2370) as a glueball remains
compelling, and if so, it would be the

X(2370) Kﬂ 4
S

first glueball particle ever revealed by

experiment.

Credit: Physical Review Letters/Twitter
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Fig. 1. Schematic drawing of the BESIII detector.

BESIII ~ 41 detector

* Trackscharged particles with Drift Chamber
(MDC)

* Momentumvia B-Field =1 T Solenoid

* PID (Particle Identification)via CSI EM calorimeter
& TOF (Time-Of-Flight) detectors

* (sl calorimeter also give total energy deposition

» RPC (Resistive Plate Chambers) measure muons
that penetrate B-field coil

BEPCII Collider

* e-/e+ colliderat 2.4 GeV C of M

* “Charm Factory” since charm meson
= charm-anticharm meson with
gq_charm mass = 1.3 GeV
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1 9. Quantum Chromodynamics

9. Quantum Chromodynamics

Revised August 2023 by .J. Huston (Michigan State U.), K. R.lhh{]l/ (KIT) and G. Z.ultltng]li

(MPI Munich). gwk SUM rﬂ‘tm /L

9.1 Basics

Quantum Chromodynamics (QCD). the gaugg field theory that describes the
of colored quarks and gluons, is the SU(3) component of the SU(3)xSU(2)x
of Particle Physics. The Lagrangian of QCD iy given by

rong interactions
(1) Standard Model

E - Z "..q.ut En.'ﬂ “;1 6«-‘1 — _‘Jx‘."uf.(.r,A:, = '"q"iufi)*-'q.h r }' P o {0] ]

wn'e s

where repeated indices are summed over. The 4" are the Dirdc y-matfices. The ¢, are quark-field
spinors for a quark of flavor ¢ and mass my, with a color-index a that runs from a = 1 to N, = 3,
i.e. quarks come in three “colors.” Quarks are said to be in the fundamental representation of the
SU(3) color group.

The A" correspond to the gluon fields, with C' running from 1 to \'2 —1 =8, i.e, there are eight
kinds of g the adjoint representation of the SU(3) color group. The
f’_, u:n(--puntl to eight 3 x 3 matrices and are the generators of the SU(3) group (¢f. the section
on “SU(3) isoscalar factors and representation matrices™ in this Review, with t$, = AS,/2). They
encode the fact that a gluon's interaction with a quark rotates the quark’s color in SU(3) space.

ons transtorm ane)

The quantity g, (or a, = ffl:-] is the QCD coupling constant. Besides quark masses, which have
electroweak origin. it is the only fundamental parameter of QCD. Finally, the field tensor F,,,,
given by

6{um & /f— }\n‘{@mdﬁm
1

Fil = 0,A) — 0,A2 — g, fapcALAS, e
[t4,t8] = ifapctC, 92)

where the fype are the structure constants of the SU(3) group.
Neither quarks nor gluons are observed as free particles. Hadrons are color-singlet (i.e. color-
neutral) combinations of quarks, anti-quarks. and gluons.
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Why Lattice Gauge Theory?

—A"

Kronfeld - 2012

the total
quark masses vanish (1,2);

“vacuum angle” # = 0; chiral symmetries emerge when two or more
and heavy-quark symmetries are revealed as one or

more qu.uk masses go to mllml\ ( 3. IJ More remark:

ol Q(‘]),' NMuch of what is knu\\'u F
has long been based on belief. Evidence from high-energy scattering fostered
the opinion that QCD explains the strong interactions and, therefore, the belief
that QCD exhibits certain properties; otherwise, it would not be consistent with

lower-energy observations. (i

The primary aim of this review is to survey how
lattice QCD has enabled us to replace beliefs with knowledge.
cover results that are interesting in their own right, influential in a wider arena,
qualitatively noteworthy, and/or quantitatively impressive.

The rest of this article is organized as follows. Section 2 introduces the QCD

To do so. we

85—

gzp%

t

Ao 2

0= j5OMV
D

E>>N gen
Fm‘['uﬂ \oafi" NE

v = AQCD

DA, M}@T e

i
L 5uibds for 3 Fl&

beb
Z={DA....

-

6:5 Cw:v‘&oﬁ Cé)

to ne2edize 5>



s//b/é)

= Sue lidean S-pa,c,(;’T% b stad

e A=l X ETl
. | C:canw&»\fo(n M C

infegniin

~ AM e mp&ﬂd(‘fm Via

1%/@:/747»:% i
Ge) - Jabll "

ke,ww%' LIAC’UX 6 ?Co> [
_ a E S 60/1—-2-"\‘,“ ﬁcf

| | B .tf—?{:? )
(L _Haw o codlo | {
| DDiscretize Spm—fm AX; = 0,05 fin, & wanidle

“)/3

ﬁ‘é é‘{ K/%@ T~ A= AX

)(,

> 7 Aafw;wg, inp. o sv%i/%e
Mon-T dep. obstpucbles M% yMy, HAs,

@ D;g,rd("?e /4}{7m ’> ﬁgic{)(__ 2_' ;fl;wet

@Dﬁ /%m; (erle Tofagpatiog F
YDA S - a—

@ Ft ménaa(ew>"w@1/»sefs(wéa
o ‘6>/V\¢,‘P




5] 1] 24
@
.% %a&f"c]&( {/e,xwaézﬁﬁ

s B = Coifoom [om T

&% M ——
f ‘é é#‘—f\{\

| m(% ndfran C//\dro(:a( o regoives
| > F &wnc,heﬁ. Cm/g Valince waﬂQ need ’T%WS
| . /Ol‘2 ‘Hod.?\"q POIVUILS 6,95 -

Unam,,.c(@g Ca;@, Cl\nc o&s S@.zm‘%) mﬂ Eoca_f/f/os

/0 F/a/)s
= ch L bl B, & il e
- %m (;aa«fg wﬁ A ﬁ’a«g’;%'

Aa‘(ﬁm
CD Celuon Aehon Sé'
;swv‘(w?é %.;e —fme 4D ‘ijlxzéuL‘Q

AT i AD G YTV 2edes @ veiles
g 3(‘9””‘5“[.11‘@ Zvat_S ‘

P gagge-mi, gl prepegatint ave

&ﬁ«% 01

= I
“BED ‘rfé‘g‘“ <




—,— e e e —— e — —

T
(L, Cw) = /+zaA (x)

'14 T'«'ue, a/zouwQ ‘Plaﬁwfé/ gives. A:Aém Vi
— WgE Triowon) uu,\uaﬂ
@ gt.m‘ _Z:.( g-?(g Wt_’b + @Ca")

" tch ak gof fink ikl

| > g0 &55
: A‘([ t @K 2 lavﬁ €2 o S
i:m LGT 5@63

"?0

@ wvuk M?ﬂ
“ st = gd" [z?LXo\ /‘:L+m"z“/:(
Er- LGT ’h\j o
4L et
H‘eoJWL) Au wfv me&:z M cf Lfie

R_
e Iy e  —

— B
‘ /5/ swlapd-m Z si(pPad 4 m*

Ao ?O(Q @ ’Pl’lys'i'vQ vacle yoass. ?“"ZE
l?, )00 DE=
L ‘k_‘ Q,)( \(bL -g&LmlMS wlw\
@, 7,@3 - (g nj7 Iy



stle a4

@
> GI0S Foumpn. Doobling Roblim
>&M %ﬁﬁj Aan'fJV‘awsLn ao A-70

Ko Uil vk His il Joamn”

by a,&b\ng teum S0 Hat- VYI&,*'T‘M*’&{
é;,. M oublens —> 20 %0
s

) , bv‘("(’emflvvvl@ OLN\NE 5:7 mm@ly,

TS Domamm Wl o s divtusin’ o 520 L)
T ey feme e Ml ,
L el -

N e e LoD

PR Sym. OK

S ikl TR
i 4 A ;

Bt

9 cee PICS —




Results from LGT:

“Real” Confinement! 1}

L Mice fan a acee-(Més

M. CARDOSO. N. CARDOSO. AND P. BICUDO PHYSICAL REVIEW D 81. 034504 (2010)
1.99e-02 310003 8.40e-03 1.150-02

2.50003 250003 2.50003 250003

21903 21903 21903 21903

I 1.88¢-03 188003 1.88¢-03 1.880-03

1.560-03 156003 1.560-02 1.560-03

I 1.2503 125003 1.25% 03 1.250-03

l 9.37e-04 937004 937004 937004

6.25¢-04 625004 625004 5.250-04

311304 313004 313604 313000

0.00e+00 0 00e+00 0.00e+00 0.000+00

43 2101234 4 324901234 4 3240 1234 4321401234
» = X -
(a) (E?) (b) — (B?) (c) Encergy Density (d) Lagrangian Density

FIG. S (color online).  Results for the static quark-antiquark system. To make the comparison between the values of ditterent fields
casier we have chosen a common scale for values between 0 and 2.5¢ — 3. but in each tigure the deepest red represents the maximum
value of the represented tield. Because ot this choice the flux tube. responsible for the string tension. that should appear in the energy
density plot (¢) 15 less visible. The axes and results are in lattice spacing units.
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Results from LGT
6 Standard Model Parameters
The Standard Model (with nonzero neutrino masses and mixing angles) has 28
free parameters:
e Gange muplingscnqm aw = (Mw /v)? /7 c KM

e Quark sector @ ?@no n@ MGy M 6] |. |@|@

e Lepton sector: my,,, My,, My, Me, My, My 012, O23, 613, dpnmNs, a21, 315

e Standard electroweak symmetry breakiug: v =246 GeV, A = (My/v)?/2.
Lattice QCD is essential or important in determining the values of eleven pa-
rameters (the first under gange couplings and all but m; under quark sector).

{e

Table 2: Quark masses from lattice QCD converted to the MS scheme and run {Q-:cj_-—""-/

to the scale indicated. Entries are in MeV. -
Flavor (scale) | Ref. (28)  Ref. (53) Ref. (54) Ref. (55)  Ref. (56) M‘

mu(2 GeV) [ 1.9+0.2 2.01+£0.14 2.244+0.35 2.15+0.11 Me V / L{OMQ,\/
ma(2 GeV) | 4.6+03 4.79+0.16 4.65+0.35 4.79+0.14 o\
ms(2 GeV) | 88+5  924+15 97.7+6.2 955+1.9 —— 06 v

) 9610 ¢ 3.1 6e

)

me(3 GeV \{
3617 + 25 9,5 e

mh(l() GeV
T 4 g > Avg
D:HM«F\-LGT éa_QcS .




the errors on almost all determinations are dominated by the perturbative truncation error. Instead,
the error on the pre-range for (g from the hll‘]lv.‘\['illi]lj_" method is taken, since |u-]'IIlI‘|mIi\'l' truncation
errors are sub-dominant in this method. The final FLAG 2021 average (rounded to four digits) is

P
a.(m%) = 0.1184 £ 0.0008 (FLAG 2021 average) . L é ] (9.23)

which is fully compatible with the FLAG 2019 result of u,(mf(l = 0.1182 4+ 0.0008.

We believe that this result expresses to a large extent the consensus of the lattice community
and that the imposed criteria and the ri
direct inclusion of this FLAG average here.
rage with its uncertainty as our value of a, for the lattice cx

rous assessient of systematic uncertainties qualify for a
in the previous review, we therefore adopt the FLAG

avel v. Morcover, this lattice result

will not be ciil‘u'tl\' combined with & 1y other sub-field average, but with our non-lattice

give our final world average value for a,.

average to

9.4.8 Determination of the world average value of n,‘(m'}) :
Obtaining a world average value for a,(m%) is a non-trivial exercise. A certain arbitrariness and

subjective component is inevitable because of the choice of measurements to be included in the
sian) systematic uncert:
well as the treatment of correlations among the various inputs, of theoretical as well as experimental

average, the treatment of (non-Gaus nties of mostly theoretical nature, as

origin.

We have chosen to determine pre-averages for sub-fields of measurements that are considered to
exhibit a maximmm degree of independence among each other, considering experimental as well as
theoretical issues. The seven pre-averages, illustrated also in Fig. 9.2, are listed in column two of
Table 9.1. We recall that these are exclusively obtained from extre
NNLO QCD predictions, and are published in peer
Review. To obtain our final world average, we first combine six pre-averages, exeluding the lattice

result, using a \? ave raging method. This gives |
X — AR 4. Expr

ag(m%) = 0.1175 £ 0.0010 (PDG 2023 without lattice) . (9.24)

‘tions that are based on (at least)
‘eviewed journals at the time of completing this

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
1‘“ av

and take as an uncertainty the average between these two uncertainties. This

If for the sub-field of hadron colliders we are more restrictive and instead only accept results from
a simultaneons fit of PDFs, we arrive at 0.1157 £0.0021 for this sub-field leading to 0.1172 £ 0.0010

1 unweighted average
gives our final world

a possible r-reduction, we combine these two numbers using «

average \‘il]"l‘

Ist December, 2023

QCD
coupling
constant

from LGT:

it

Now has equal footing to
experiment!
- took 45 yrs + ExaCPU



Hadron Masses:
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Figure 15.9: Hadron spectrum from lattice QCD. Comprehensive results for mesons and baryons
are from MILC [111,112], PACS-CS [113], BMW [114], QCDSF [115], and ETM [116]. Results for 5
and 1’ are from RBC & UKQCD [21], Hadron Spectrum [117] (also the only w mass), UKQCD [118],
and Michael, Ottnad, and Urbach [119]. Results for heavy-light hadrons from Fermilab-MILC [120],
HPQCD [121,122], and Mohler and Woloshyn [123]. Circles, squares, diamonds, and triangles stand
for staggered, Wilson, twisted-mass Wilson, and chiral sea quarks, respectively. Asterisks represent
anisotropic lattices. Open symbols denote the masses used to fix parameters. Filled symbols (and
asterisks) denote results. Red, orange, vellow, green, and blue stand for increasing numbers of
ensembles (i.e.. lattice spacing and sea quark mass) Black svmbols stand for results with 2+1+1
flavors of sea quarks. Horizontal bars (gray boxes) denote experimentally measured masses (widths).
b-Havored meson masses are offset by —4000 MeV.
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Figure 15.15: Lattice QCD predictions for glueball masses. The open and closed circles are the
larger and smaller lattice spacing data of the full QCD calculation of glueball masses of Ref. [140], at
pion masses of 280 and 360 MeV. Squares are the quenched data for glueball masses of Ref. [33]. The
bursts labeled by particle names are experimental states with the appropriate quantum munbers.



n - pe~v. DECAY PARAMETERS

See the above “Note on Baryon Decay Parameters.” For discussions of
recent results, see the references cited at the beginning of the section on
the neutron mean life. For discussions of the values of the weak cou-
pling constants g4 and g\, obtained using the neutron lifetime and asym-
metry parameter A, comparisons with other methods of obtaining these
constants, and implications for particle physics and for astrophysics. see
DUBBERS 91 and WOOLCOCK 91. For tests of the V—A theory of
neutron decay, see EROZOLIMSKII 918, MOSTOVOI 96, NICO 05, SEV-

ERIJINS 06, and ABELE 08.
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2. A percent-level determination of g, from QCD
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We have recently determined g4 with an unprecedented percent-level of uncertainty [5]

[
54

1271 10103)"(30)%( 15)"(04)" (55)"

(2.1)

The sources of uncertainty are statistical (s txlrupolulion to the physical pion mass (). continuum
extrapolation («). infinite volume extrapolation (V) and a model average uncertainty (M). Prior to
this result. it was estimated that a 2% uncertainty could be achieved with near-exascale computing
(such as Summit at OLCF) by 2020 [6]. There were several key features of our calculation that
enabled a determination with 1% uncertainty with the previous generation of supercomputers:
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. where a is the lattice spacing and Ny Ny. Agreement for several

N: thus indicates that discretization effects from the lattice are under
data are from Reference 126.
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