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Mesons:
Definitions and Experimental Data

Mesons: hadrons with integer spin
Quantum numbers: JFC

— 1\

Total Spin Parity Charge Conjugation

Scalar mesons: JP¢ = 0*+ [0 or f,(500), a,(980),
ay(1450)...]

Pseudoscalar mesons: J°F¢=0-+[m, K, n, n"...]
Vector mesons: JP¢ = 1-- [p, K*, w, ¢(1020)...]

Axial-Vector mesons: JFC = 1++ [a,(1260),
£.(1285), K,(1270), K,(1400)...]
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The Need for Excited States
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Quantum Chromodynamics

QCD Lagrangian: 1
£ = q¢(iy"D,|— m)q; — =(G%|GY”
AV Pu|= My )y = 4|9 a

2 k
D, =0, —igAjt® ||Gp, = 8,45 — 3, A5 +(gf***A A5

Strong Coupling is
Energy-Dependent
Large coupling and confinement lead to the

emergence of hadrons
Baryons Mesons
(Half-Integer Spin) ’mﬂ’ Integer Spin m§

But: perturbative expansion does not work
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Two approaches to
Low-Energy QCD

Quarks/gluons as Hadrons as degrees of
degrees of freedom: freedom:
Lattice Chiral Perturbation Theory
[Wilson; Alexandrou, Bicudo, Cardoiso, Durr, Fodor, . )
Gregory, Irving, Katz, Lang, Prelovsek, Silva, Linear Slg ma Model

Suganuma...]

Light-front wave functions
[Brodsky, Pauli, Pinsky, Teramond, ...]

Bethe-Salpeter Equations

[Eichmann, Fischer, Nicmorus, Roberts, Williams,
Windisch,...]
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Can a Model Ever Describe QCD?

Symmetries of the QCD Lagrangian: Poincare; Local
SU(3). Colour; Global Chiral U(NgJx U(Np); Dilatational;

CPT; Z,(1n=0,..,N.-1)
can all be implemented

Degrees of freedom: quantum numbers |, J, P, C are
contained — as observed by experiment and calculated
In first-principles approaches

Suitable for dynamics — can test structure of observed
particles

Historical success: a simple chiral model predicted the
sigma meson a decade before first experimental hints
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Connection to QCD Degrees of
Freedom
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The diagram contains typical DSE solutions
for the quark mass function from realistic truncations.

[G. Eichmann, H. Sanchis-Alepuz, R. Williams, R. Alkofer and C. S. Fischer,

Prog. Part. Nucl. Phys. 91, 1 (2016); arXiv:1606.09602 [hep-ph]]
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Mesons
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Linear Sigma Model

®=S+iP L,=V,+A, R,=V -A
L = Tr[(D"®)'(D*®)] - m?2 Tr (®'®) — A,[Tr (®'®)]? — A,Tr (®'D)’

@H(@ + DI (det @+ det @) — 4det(® B)] O
_ %Tr (L,,+ R, )+ Tr{(";f +@(Li + Rf,)}

=2ig,(Tr {L, [, LTI+ Tr{R, [R*, R"T})
+ %Tr (®'®)Tr (L, + R)) + h, Tr [(L,®)* + (PR,)’]

+2h, Tr (DR, ®'L*) Explicit Symmetry
: Breaking
Dﬂq) = aﬂ(I)+ Igl(q)Rﬂ - Lﬂq)) Chiral Anomaly
Lﬂ Y - a# LV - aV L’u ExcitedDSecrz];\ilsa:D :;%aggﬁug\gggglzul\;;sons inG ro u n d S t at eS !

Rﬂ =6ﬂR —6 Rﬂ eLSM



The Point of Our Study

Consider two hypotheses:

1) 1,(1790) and a,(1950) are excited
scalar quarkonia

1) pseudoscalars above 1 GeV are
excited scalar quarkonia

The study Is performed by adding a
scalar and a pseudoscalar nonet of
excited states to the ground-state
model
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Content of Excited States

f,(1790)  n(1295) a,(1950)

1 1

V2

(ox+ag®)+i(ng +7°F) afE 4 intE K2 4 iK+F
B OFE . E 0OF
(I)E — E aaE + ,éﬂ.—E (UNja-o )j/%(’-’?rj—’“ ) Kg{]E + ?:KOE
K P ik F KOF 4+ iKOF ot +ink
n(1440)
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The Model for the Excited States

2 . . ) _ ) G 2 .
Le =Tr[(Du®r)! (Dup)] + a Tr((D,u®5) (Du®) + (Du®) (D ®r)] — (m5)? (G_{,) Tr(@} 0 )
eh% _ _

— K1 TI‘I{@'TE@ + '@'T‘I'E} Tl{@r'@'}l — FEE[TI'II@'TE{I' -+ "I?i'EI'E}]E — K3 Tl{‘I'TE"i" + ‘I'}L'i"E] TI-{.:I..TE@E} . FE.][TI'{'I’TE'@'E}]E
— 6 Tr(®L30 @ + D0 ddT) — & Tr(®LOBLE + dTOpb dp) — & Tr(DT Rl bp + POLOLBL) — & Tr(PLDE)?
+ Te(@LPEE: + PpPLE1) + ci[(det @ — det @])” + (det @' — det @5)°] + ¢{p(det g — det @)’

=

h})E Te(®],®5) Te(L2 + R2)

+ ’;—1 Tr(®L® + @' ®p) Tr(L], + R;) +
+ b3 Te(®LL,L4® + 'L, [*®p + R, ®LOR" + R, ®R") + h3p Tr[|L,®x|> + |®ER,|?]
+ 2h3 Tr(L,®pR*®" + L, ®R*®L) + 2h3, Tr(L, PR ®L) .

No mixing among excited states

No mixing of excited states with ground states

Discard large-N, suppressed terms

Then masses are determined by 4 parameters and more than
35 decays by 2 parameters
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Masses

m (MeV) Theory m (MeV) Experiment
2000 e . @ 2000
1800 @ 1800 -
1600 1600
|

1400 1400
1200 1200 .

P P
1000 00* 1/2 0* 10* 00~ 1/20~ 10~ W™ 1000 00* 1/2 0+ 10* 00~ 1/20- 10- B

Encircled blue;
iInput masses

Shaded areas:
unconfirmed states
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Results

Model state|1.J" [Mass (MeV) Decay Width (MeV) Note
oN =TT 270 + 45*
on = KK 70 = 407
15 - —_—
- _.:. = (uﬁ’mﬁ _Ar= 8 Assigned to fo(1790);
+ sk 51 1 M mass, 7w and KK
7N 0071 1790 335 N = 1) _T£ 1 | gecay widths fixed to BES II data [127].
IN ? f1(1285)n 10 Other decays not (vet) measured.
ay —+ KK 0
ON — ONTT 0
Total 405 £ 96
ay — 1w 94 + 16
ag — KK 94 £ 54 Candidate state: ao(1950)
- ay = n'm 48+ 8 recently measured by BABAR;
E . . ay — fi(1285)7 284+ 5 Ma-(1050y = (1931 £ 26) MeV and
@0 lU+ 1931 + 26* (J.{-fi‘: i(ﬁlﬁ) 9+ 5 Fﬂ‘:i{lgn(}}j: ((2?1 + 49) g\r'['EV [183]
ag — a1(1260)7 6+ 1
ar — ao(1450)mr 1+ 1 Requires confirmation [5].
Total 280 £ 90
N 007 | 1294 & 4* ny = nrr+ g rr + KK T+ 3 Assigned to 1(1295); PDG mass [5].
ns — K'K 1287 7og Assigned to 1(1440);
nE 00~ | 1432 + 10* _ ns =+ KK 28T mass from BES data [1?1, 192].
ns — nrmw and n'ww suppressed |Full width ~ 100 MeV at this mass [192].
Total 156722 I, (1440)—sn=~ suppressed [192].
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Results

ol 5 KK 924116 Candidate states: fo(2020);
o = T M, 2020) = (1992 £ 16) MeV and
o5 — T+1 I" o (2020) = (442 £+ 60) MeV
m‘i_} Kj' {.{ 4%4 and
oF 00+ | 2038 + 24 s — 17 120
_ o5 o 7w, pp and ww suppressed fo(2100);
o5 — a1(1260)w and f1(1285)y | suppressed M fy(2100) = (2101 £ 7) MeV and
o5 — 7w and N7 E_#upprl:ﬁhf.icd [ o210y = 224728 MeV.,
o SJ— suppressed
Total 52735 Both require confirmation [5].
K™ = 'K 724 12
Ki” — K 66 & 46
K3® = Kym 10 7 Candidate state: K3 (1950);
K3¥ — a1 (1260) K 6+ 4 My (1050) = (1945 £ 22) MeV and
K3E 307 | 2023 +27 Kot — K 67 Ik (1050) = (201 £ 90) MeV.
KiF — f1(1285)K 2% 1
KF = Kin 0 Requires confirmation [3].
K3% — K§(1430) 77 0
Total 162773
= 107 | 1294 + 4 - - Width badly defined
due to large errors of
the experimental input data.
K" 07| 1366 6 - - Width badly defined

due to large errors of
the experimental input data.
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Enforcing Excited Pseudoscalars as
Quarkonia

Model state|IJ"| Mass (MeV) Decay Width (MeV) Note
N 00~ 1294 + 4 ny =T+ T+ 7KK 55 + 5* Assigned to n(1295); PDG mass [3].
ns —+ K'K 2 + 3* Assigned to n(1440);
E 72 —T .-
E _ ) ng — KK 3+ 0 mass and K"K width
s 00 1432 + 10 nE = nrw and ' ww suppressed from Refs. [191, 192].
Total 2904+ 3 Our estimate for ﬂf,][l_l_m},_}ﬁ-. K -
xE S pw 368 + 37 .-—";ssig]}ed to m[l_S[][]};
. T YRR degenerate in mass with n(1295)
. _ _ 7F — 3% 204 £ 15 ; _
T 10 1294 + 4 - _— according to Eq. (32).
7 — KKw 2+ 0 ) .
Total FIET) Compares well with
ota A= I ~(1300) = (200 — 600) MeV [5].
K* - K*'xm 112 + 11
T Form ECTEa
I}.t__}}ﬁ ;;:I % Assigned to K (1460);
K®  |i07| 1366 %6 ;:E*- j’:fﬁ, —= M (1a60) ~ 1460 Me "
L = [k (1460) ~ 260 MeV |3].
K" = Knan 0
Total 174 £ 18
Calculated via Unobservable due to
All scalars | - Eqgs. (39), (41), (43), extremely large decavs

(45) and Eq. (53).

into vectors [O(1 GeV)).
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Conclusion

Excited scalar and pseudoscalar mesons have been
Investigated in the Extended Linear Sigma Model

The model also contains ground-state (pseudo)scalars
and (axial-)vectors

The main goal was to test whether f;(1790) and the
recently observed a,(1950) can be interpreted as
excited scalar mesons

The answer is positive but there appears to be tension
with the simultaneous interpretation of pseudoscalars
above 1 GeV as excited states

The study has predicted more than 35 decays — all of
them measurable by BABAR, BES, LHCb and PANDA
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