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Short introduction:
Bound states in QCD
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Bound states in QCD

e Long time a playground of the Quark Model (QM):

< mesons (gq) and baryons (gqq)

e Exotics w.r.t. the QM (already mentioned by Gell-Mann in 1964): enysett s (1964) 214

— tetraquarks, pentaquarks, hybrids,..., glueballs (truely exotic)

e Even more structures:

— dynamically generated states, hadronic molecules, ..., nuclei - nexsice

e Revival of hadron spectroscopy started around 2003:
— D*,(2316), D_, (2460), X (3872), ...

= The hadron spectrum is arguably the least understood part of the Standard Model

= Discuss one new feature here, the two-pole structures
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Dynmaically generated states

e Hadron-hadron (or three-hadron) interactions can dynamically generate resonances
e Molecules are a subclass of these (shallow binding, close to the real axis)

e Prime example: The light scalar mesons f(500), K;(700), fo(980)

o K
_ +16
Mf0(500) = 441_8 MeV o —
_ +18 | e
I fo(500) — 544_25 MeV g‘&z&%ﬁ;&“j‘.mﬂ
Caprini, Colangelo, Leutwyler (2005) S o E %jéij‘}ié:?;a‘“‘”
S e pErm g
E 200 # Peliez-Rodas 1-sub CFD
Mf0(700) — 648 += 7 MeV g ol +
Tf,(700) = 280 + 16 MeV wf | T J\
Pelaez, Rodas (2020) 7350-_ i
00 6;0 | T(I)O ' '.%0 ' S(IJ() ‘ sgo o0
M (MeV)
Mf0(980) = 990 :I: 20 |\/|eV . 0 =0
in between the K™K~ and K° K" thresholds
Ff0(980) =10 — 100 MeV

< |t is a molecule!
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The story of the A(1405)
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Basics of the A(1405)

N | =

e Quark model: uds excitation with J¥ =
a few hundred MeV above the A(1116)
m = 1405.1712 MeV, I' = 50.5 + 2.0 MeV [PDG 2021]

e Prediction as early as 1959 by Dalitz and Tuan:
Resonance between the coupled w3 and K N channels

o onr KN

— -

A(1405)

=

040
T X vyt _
n2n+2

=

Kp xon

Dalitz, Tuan, Phys. Rev. Lett. 2 (1959) 425; J.K. Kim, PRL 14 (1965) 29

e Clearly seenin K—p — X3x reactions at 4.2 GeV at CERN
Hemingway, Nucl.Phys. B 253 (1985) 742

Events(2+ -

ﬁﬁﬂmﬂﬂ ,ﬂﬁr

e An enigma: Too low in mass for the quark model,

but well described in models (hadron exchanges, cloudy bags, ..

e Problems:

)

many authors

* models are uncontrolled (theory like experiment must have errors!)

* connections to QCD?
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Enters chiral dynamics

e Great idea:
Combine (leading-order) chiral SU(3) Lagrangian with coupled-channel dynamics
Kaiser, Siegel, Weise, Nucl. Phys. A 594 (1995) 325

D= vt VH G Y VR 6 A6 Y

— Dominance of the Weinberg-Tomozawa term, excellent description of K~ p data
and =X mass distribution, also inclusion of NLO terms with constrained fits

— The A(1405) appears as a dynamically generated state (MB molecule)

— Highly cited follow-ups from TUM group plus other groups, esp. “Spanish Mafia”
Oset, Ramos, Nucl. Phys. A 635 (1998) 99, ...

e But: unpleasant regulator dependence (Yukawa-type, momentum cut-off)

gauge invariance in photo-reactions?

— UIf-G. MeiBner, Two-pole structures in QCD — B3 workshop, Guangzhou, online , Feb. 16, 2022 —



Chiral SU(3) dynamics — a new twist

e Re-analysis of coupled-channel K~ p scattering and the A(1405)
Oller, UGM Phys. Lett. B 500 (2001) 263

e Technical improvements: — rexside
— Subtracted meson-baryon loop with dim reg — standard method
— Coupled-channel approach to the w3 mass distribution

— Matching formulas to any order in chiral perturbation theory established

“Note that the A(1405) resonance is described by
two poles on sheets Il and Il with rather different
imaginary parts indicating a clear departure from
the Breit-Wigner situation...”

e Most significant finding:

[pole 1: (1379.2 -i 27.6) MeV, pole 2: (1433.7 -i 11.0) MeV on RS II]

e Scrutinized through further calculations & group theory arguments 2 years later
Jido, Oller, Oset, Ramos, UGM, Nucl. Phys. A 725 (2003) 181
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Some formalism 10

e Coupled channels with S = —1:
K p— K p, Kn, 720, n+3X—, =3+, n0A, nA, nX°, KT=2—, K°=°

e Lippmann-Schwinger eqg. in matrix space:

W) = Z+V)-g@ vy (]
§)i = a; lo Lt ¢ lo i VI

e Matching to chiral perturbation theory, say to orders O(p), O(p?), O(p*):

T = V1, T +1> =V + V2
h+To4+T5=V1+V2+Vs—V;:9g- V1
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SU(3) symmetry considerations :

Jido, Oller, Oset, Ramos, UGM, Nucl. Phys. A 725 (2003) 181

e Group theory: 8®8_1@8 b 8, @10@10@27

blndlng at LO

e Follow the pole movement from the SU(3) limit to the physical masses:

=10 g 1580 \

= from the SU(3) limitatx = 0 /250_

to the physical worldw/ & = 1 (I=1)
200
m;(x) = mo + x(m; — myg) S
0]
Mf(w) = Mg + CB(Mzz — Mg) 2, 1507 -0(-1_di18)appear s
a;(x) = ag + x(a; — ag) E‘E 100
- 1390| x=10 x=0.
mo = 1151 MeV g0 (=0 —— 1426 —EI(—I1(§‘>)80
M, = 368 MeV osems
0- 2=0. 05
— | I
ap = —2.148 1300 1400 o 1500 1600 1700

\ Emgle m Re z, [MeV]J
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12

Including kaonic atom data

e Improved calculation with all NLO terms and constraints from kaonic hydrogen

using precise theory for kaonic atoms based on NREFT
lkeda, Hyodo, Weise, Nucl. Phys. A 881 (2012) 98
UGM, Raha, Rusetsky, Eur. Phys. J. C 35 (2004) 349

— Precise proton amplitudes oo o
E EN
_ s 5

— Predictions for neutron amps. & < s
;* 0 |l: 1

: &/% : L

. . ~ o~ —|
+ M. Bazzi et al. [SIDDHARTA Collaboration], 2 05 g 05

Phys. Lett. B 704 (2011) 113 _ | . /
Vs [MeV] Vs [MeV]

e Similar developments by the Bonn & Murcia groups
Mai, UGM, Nucl. Phys. A 900 (2013) 51
Oller, Guo, Phys. Rev. C 87 (2013) 035202

— Confirms two-pole structure
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Yet another twist

e Looking even more closely, yet another surprise:

13

= at least 8 solutions of similar quality w/ different pairs of poles for the A(1405)
Mai and UGM, EPJ A 51 (2015) 30

e Scattering data e Kaonic
hydrogen

—200]

—250

—I/2[eV]

—300

SIDDHARTA

—350

200 250 300 350
AE [eV]

SIDDHARTA: M. Bazzi et al., Phys. Lett. B 704, 113 (2011)
Scatt. data: Ciborowski et al., J. Phys. G 8, 13 (1982), Humphrey, Ross, Phys. Rev. 127, 1305 (1962)
Sakitt et al., Phys. Rev. B 139, 719 (1965), Watson et al., Phys.Rev. 131, 2248 (1963)
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e Threshold

ratios

Y

230 2.35 2.40 245 2.50
| —

RC

0.650 0.655 0.660 0.665 0.670 0.675 0.680
| —

R,

016 017 018 019 020 021 022



Photoproduction to the rescue y
Mai and UGM, EPJ A 51 (2015) 30

e Simple model for yp — K+Xm — CLAS data
CLAS, Phys. Rev. C 87, 035206 (2013)
Roca, Oset, Phys. Rev. C 87, 055201 (2013)

e CLAS data prefer solution 4

Ww=20GeV

ra
n

8

dofdM [ph/GeV]
7

=

=]
A

9 TR = T a2 N s
136 138 140 142 144 146 148 150 136 138 140 142 144 146 148 150
Minv [Ge Minv [Ge
e also good description of 17~ distribution Events(S+m—)

from K—p — Staw—nTx~ (not fitted)

e solution 2 also acceptable

1.34 1.36 1.38 1.40 1.42 1.44
Minv [GeV]
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Status of the two-pole scenario s

e Two poles from scattering plus CLAS data:

A L

EN

—50

Im W [MeV]
|

—-150

L]
T
+ @ Borasoy, MeiBner, NiBBler
——
B Tkeda, Hyodo, Weise
4+ Mai, MeiBner
. - A Guo, Oller I

¥ Guo, Oller I
& Roca, Oset

—200¢. L L L L
1250 1300 1350 1400 1450

1500

Re W [MeV]

— PDG 2016: http://pdg.Ibl.gov/2015/reviews/rpp2015-rev-lam-1405-pole-struct.pdf

Writte

POLE STRUCTURE OF THE A(1405) REGION
n November 2015 by Ulf-G. Meil3ner and Tetsuo Hyodo

— constantly updated —

— return to the RPP in the summary!
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Open ends

e The story is not yet told to the end: 130
Consider various NLO approaches <100 ’
= [ 7 e
x precise location of the lighter pole E gl - .
* subthreshold amp’s not yet well determined :
0 P T S SR A T S T T NN P I T T T
Cieply, Mai, UGM, Smejkal, Nucl. Phys. A 954 (2016) 17 1900 1850 ey 10 1°00
ReFy -, IMFg—, ReFy—,, ImFy— .,
2- s 1.05 = [ \
E N el S ST S R oo
£ o: f\ _ st “"O'OI """"""""""""""" _ L A i
o — """""""""""""" \\“ Catiatintie E [ ',&‘?:-% n:o.sz- ____________________ go.o. e -
1400 o2 (M‘::IS)O 1500 0 1400 o2 (M:;II?O 1500 1400 o2 (M‘:\I/.’;O 1500 1400 o (M::,?O 1500
Kyoto-Munich Bonn2 Bonn4 Murcia1 Murcia2 — - — Prague

Prague: Cieply, Smejkal, Nucl. Phys. A 881 (2012) 115
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Including P-waves

e First UCHPT calc. with S- and P-waves - . M l M T
J i RIS —{'—HI If — Tli%“x 1‘1 ; I —
& flttlng tO dlfferentlal XS data sST”I{ pm | } 2 ‘}“‘ ,,(:—.TIJ o 3 K gy
jz‘s’ Il T I MH{ {I{ I
. . 31840 1 I }
. Varlous teStS Of the Scatterlng amp: ggww“mm‘MQMQMV,EI {ipq;n,,(zsw,j[Mdga”mw,
— X inv. mass. distribution 4/ . L HLTJH ml lﬂ el L,
— CLAS photoproduction data 1/ ) H
. . . i I —— T . L ot N
— multiple fits w/ constraints on the LECs BRI WS s DO
e Two-pole scenario again validated
pole I:  (1430(5) — i15(4)) MeV ®.
pole Il:  (1360(13) — i43(14)) MeV R
Sadavasian, Mai, Doring, Phys. Lett. B789 (2019) 329 é
e Update of the two-pole plot available |
Mai, Eur.Phys.J.ST 230 (2021) 1593 [arXiv:2010.00056]
1.30 e \;V.(ige\/] 1.40 1.45 1.50
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Updated two-pole plot

Mai, Eur.Phys.J.ST 230 (2021) 1593 [arXiv:2010.00056]

e All calculations in this century summarized:

Im Weys [MeV)

-100

—-150

P
: ® Y
® A - » A .T
¥ Naﬂowp
..
.. © v s
o
A T
&}«0 A
-------- h) ftéJ’lbq L0/
ez v
— .
2, ©
(&)
QQ:O
O/e <&
o
L L L L L L L L L L L L L L L L L L
1340 1360 1380 1400 1420 1440

Re Weys [MeV]

«aERSP>PO <OoOoP>P® DPDRCOL>D ~o6«r> B

Mai:2014xna(2)
Mai:2014xna(4)
Ikeda:2011pi
Sadasivan:2018jig
Guo:2012vv
Feijoo:2018den

Borasoy:2005ie
Oller:2000fj
Jido:2003chb
Morimatsu:2019wvk(B)
Morimatsu:2019wvk(C)
Oset:2001cn
Roca:2013av(1)
Roca:2013av(2)

Anisovich:2020lec(1)
Anisovich:2020lec(2)
Fernandez-Ramirez:2015tfa
Zhang:2013sva
Haidenbauer:2010ch

Cieply:2011nq
Revai:2019ipq
Hassanvand:2012dn
Shevchenko:2011ce
Shevchenko:2011ce

e filled symbols - including SIDDHARTA data — preferred

e open symbols - excluding SIDDHARTA data
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Two-pole structures
In the meson sector




Coupled channel scattering on the lattice 20
Moir, Peardon, Ryan, Thomas, Wilson, JHEP 1610 (2016) 011

e Dr, Dn, D, K scattering with T = 1/2:

e 3 volumes, one ag, one a:, M, ~ 390 MeV, various K-matrix type extrapolations

v N

6/° /

a0 my = 391 MeV Rev/'s / MeV \

2000 2100 2200 2300 2400 2500

5l 0 = : ‘ 0%, ;;>, S ;/'}

. .Y

4 = D K e
042 - ?747 D3k
B \\ //
e S-wave pole at (2275.9 £ 0.9) MeV

e close to the D= threshold

e consistent w/ D} (2300) of PDG

e BUT: chiral symmetry ignored... :-(
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Coupled channel dynamics 7

Kaiser, Weise, Siegel (1995), Oset, Ramos (1998), Oller, UGM (2001), Kolomeitsev, Lutz (2002),Jido et al. (2003), Guo et al. (2006), . . .

e D¢ bound states: Poles of the T-matrix (potential from CHPT and unitarization)

- I o T T N Ve L
D= v VA G Ve R e Y

e Unitarized CHPT as a non-perturbative tool:

T-1(s) =V1(s) — G(s)

e V(s): derived from the SU(3) chiral Lagrangian, 6 LECs up to NLO  — nexsie
e GG(s): 2-point scalar loop function, regularized w/ a subtraction constant a(u)

e T,V, GG: all these are matrices, channel indices suppressed
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Coupled channel dynamics cont'd &
Barnes et al. (2003), van Beveren, Rupp (2003), Kolomeitsev, Lutz (2004), Guo et al. (2006), . ..

e NLO effective chiral Lagrangian for coupled channel dynamics
Guo, Hanhart, Krewald, UGM, Phys. Lett. B 666 (2008) 251

Log =LY 4+ £2)

V) =D, DD*D' — MEDD', D= (D° D*t,D})

L£32) = D[—ho{x+) — hix+ + h2{uyut) — hgu,u”] D
+D,D [hy{utu”) — hs{u",u”}| D, D

with Uy ~ qu, X—I—NMquarka

e LECs:
— hg absorbed in masses
— hy = 0.42 from the D,-D splitting

< ha.3.4,5 from afit to lattice data (Dw — Dn, DK — DK, ...)
Liu, Orginos, Guo, Hanhart, UGM, Phys. Rev. D 87 (2013) 014508
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Fit to lattice data %

Liu, Orginos, Guo, Hanhart, UGM, PRD 87 (2013) 014508

e Fit to lattice data in 5 “simple” channels: no disconnected diagrams

000 - 1.2 0.00 oo
~0.05} 1.0 ~0.05}
E -010} | E o8f E -0.10}
5 -0.15 + 1 & 06f a_ —015} §
 Ix : i——;  Ix ; T P
L —0.20¢ i P 04f g -0.20¢ e §
~0.25} ¢ : 0.2} ~0.25} :
SO0 0.0 S0.305
0100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
M, [MeV] M, [MeV] M, [MeV]
000K z 0.04} ¢
~0.05} :
E _0.105 % E 0.02'\—%—\
— ] . 000 ] :
§ 015 a5 [M, = 600 MeV not fitted]
°g8 -0.20 | ® _0.02} ]
-0. 25; A —0.04}
=030 100 200 300 400 500 600 0 100 200 300 400 500 600
M, [MeV] M, [MeV]

e Prediction: Pole in the (S, I) = (1,0) channel: 231575 MeV

Experiment: Mp+_ (2317) = (2317.8 £ 0.5) MeV PDG2021
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Finite volume formalism 24

e Goal: postdict the finite volume (FV) energy levels for I = 1/2 and compare with
the recent LQCD results from Moir et al. using the already fixed LECs
— parameter-free insights into the D{(2300)

—

2T
e In a FV, momenta are quantized: ¢ = -7 i € 75

1 D, D
= Loop function G ets modified: | d®q —» — E > Hs
P () 0 / a L3 G(s)= /_\

—

\ 4
S U’
== TcsnsK

g1 <A A 2
G(s, L) = G(s) = Allm 73 I(q) —/O 2 I(q)

Doring, UGM, Rusetsky, Oset, Eur. Phys. J. A47 (2011) 139

e FV energy levels from the poles of T'(s, L):

T 1(s,L) = V~1(s) — G(s, L)
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What about the D;(2300)? 2

e Results for I = 1/2 D¢ scattering
Albaladejo, Fernandez-Soler, Guo, Nieves, Phys. Lett. B 767 (2017) 465

Efree Efee - 4Eg§?_" LQCD re-
Ny | ' '

2800 |- T e— :

2700 | e e :
2600 F
= 2500 ¢

9 2400 F—% - -

2300 F -

" & - S

2200 p—tm—— | I

16 18 20 29 24
L/ag

e this is NOT a fit!

e all LECs taken from the earlier study of Liu et al. (discussed before)
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What about the D;(2300)? — contd

Albaladejo, Fernandez-Soler, Guo, Nieves (2017)

e reveals a two-pole scenario! [cf. A(1405)]

e understood from group theory ” ﬁf;j; Eiﬁ PLh;tﬂiﬁ“a* N .PD(T”.«. |
308 = 3 i5 150 L = HEE
3X 8 36 D15 %1505 [g ! MISE

attractive \%100 o + ' ]
K i P
= 2 2| 2|
e this was seen earlier in various calc’s = S0 e 2oLl
Kolomeitsev, Lutz (2004), F. Guo, Shen, Chiang, Ping, Zou (2006), 0 :iﬂQI A R BN S R ﬁlﬂQ . LﬂQ t
F. Guo, Hanhart, UGM (2009), Z. Guo, UGM, Yao (2009) 2000 9100 9900 ( 2300) 92400 9500
. . . Re F (MeV
e Again: important role of chiral symmetry
2500 ———————T———— T :
. [ G ]

e Easy lattice QCD test: 2100 | 1.
sextet pole becomes a bound state g 200 1} P T ’6
for M, > 575 MeV in the SU(3) limit

2100 b Dsz(Vzgf;(; S
Du et al., Phys.Rev. D 98 (2018) 094018 2000 5. . . . E . ‘Thresholds
. 0 50 100 150 O 0.25 0.5 0.75 1
o Va“dated' Gregory et al., 2106.15391 [hep-ph] /2 (MeV) z

— UIf-G. MeiBner, Two-pole structures in QCD — B3 workshop, Guangzhou, online , Feb. 16, 2022 —



27

Two-pole scenario in the heavy-light sector

e Two states in various I = 1/2 states in the heavy meson sector (M, T"/2)

Lower [MeV] Higher [MeV] PDG2021 [MeV]

(2105j§,102f}{) (2451i§2,134t§) (2343 & 10,115 =+ 8)
Dy (224773, 107755)  (2555757,2033) (2412 49,157 & 15)
B* (5535f‘{1, 113t}§’) (5852t}3, 36 & 5) —

49 +14 415 (045
55841° , 11971 (5912_18, 42_4) —

— but is there further experimental support for this?
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Amplitude Analysis of
B — Drr
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Datafor B — Dnw

29

e Recent high precision results for B — D= from LHCb

Aaji et al. [LHCb], Phys. Rev. D 94 (2016) 072001, ...

e Spectroscopic information in the angular moments (D= FSI):

0

[P.[7 (0.02 GeV)

2

[P.[7 (0.02 GeV)

x10°

3 35 4
m(D*77) [GeV]

LHCb
©

35 4
m(D*77) [GeV]

~35
m(D*77) [GeV]

LHCh 3
(@

35 4
m(D*77) [GeV]
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Chiral Lagrangian for B — D transitions 20
Savage, Wise, Phys. Rev. D39 (1989) 3346

e Consider B — D transition with the emission of two light pseudoscalars (pions)
— chiral symmetry puts constraints on one of the two pions

— the other pion moves fast and does not participate in the final-state interactions

e Chiral effective Lagrangian:
Leog = Bler (uptM + Mtuy,) + e (uyM + Mu,,)t
+cst (u, M + Mu,) + cq (u, (Mt) + M(u,t))
+cs5 t{Mu,) + ce{((Mu, + u,M)t)|8* DT
with
B=(B-,B°B%, D= (D° D%, D)
M is the matter field for the fast-moving pion

t = uHwu is a spurion field for Cabbibo-allowed decays H =

o = O
o O O
o O O

— only some combinations of the LECs ¢; appear
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Theory of B — Dnw o

Du, Albadajedo, Fernandez-Soler, Guo, Hanhart, UGM, Nieves, Phys. Rev. D98 (2018) 094018

e B~ — DTrm—m~ contains coupled-channel Dr FSI
e consider S, P, D waves: A(B~ — DTn—n~) = Ap(s) + A1(s) + Az(s)

— P-wave: D*, D*(2680); D-wave: D5(2460) as by LHCb

— S-wave: use coupled channel (Dr, Dn, D, K) amplitudes

with all parameters fixed before T, T,
’ ’ D
e b ’ D,D
— only two parameters in the S-wave &L + & \_'_i\
(one combination of the LECs ¢; and N K N

one subtraction constant in the &)

Ao(8) & Ex |2+ Gpa(s) (§Ta{"(s) + 3T57*(9)),

+1EyGry()T3{*(s) + \/2E& G p, i (5)Ta{ *(5)
+C EpGpy(s)Tyi*(s)
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Theory of B — Dnmw continued s
Du, Albadajedo, Fernandez-Soler, Guo, Hanhart, UGM, Nieves, Yao, Phys. Rev. D98 (2018) 094018

e More appropriate combinations of the angular moments:
(Po) o [Ao|* + |A1]* + | Az|?

2 2
(P2) o< g|A1]? + ;I«‘\zl2 + 7
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e The S-wave D~ can be very well described using pre-fixed amplitudes

e Fast variation in [2.4,2.5] GeV in (Py3): cusps at the Dn and D, K thresholds
— should be tested experimentally
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A closer look at the S—wave ®

e LHCDb provides anchor points, where the strength and the phase of the S-wave
were extracted from the data and connected by cubic spline
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e Higher mass pole at 2.46 GeV clearly amplifies the cusps predicted in our amplitude
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Theory of B? — D°K—=+

Du, Albadajedo, Fernandez-Soler, Guo, Hanhart, UGM, Nieves, Yao, Phys. Rev. D98 (2018) 094018

e LHCb has also data on B — D°K =, but less precise

e Same formalism as before, one different combination of the LECs ¢;

e same resonances in the P- and D-wave as LHCb < one parameter fit!
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= these data are also well described
= better data for (P;3) would be welcome
=> even more channels, see Du, Guo, UGM, Phys. Rev. D 99 (2019) 114002
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Where is the lowest charm-nonstrange meson? o5

Du, Guo, Hanhart, Kubis, UGM, Phys.Rev.Lett. 126 (2021) 192001 [2012.04599]

e Precise analysis of the LHCb data

x10°
on B~ — Dtxw—=w~ using UChPT N {»' A
and Khuri-Treiman eq’s (3-body unit.) — nexsiide 3 *{.{»* ¢
Aaji et al. [LHCb], Phys. Rev. D 94 (2016) 072001 i 041 9 ¢
> ¢
: : " . < 03r %/ BWith D§ (2300)
e Breit-Wigner description not appropriate S | é
for the S-wave but UChPT and the et
dispersive analysis are! Ol
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e First determination of the D= phase shift

e The lowest charm-nonstrange meson is located at: ;5!

(2105f§ — 102f}‘1’) MeV

0o [Degree]
=
o

a
o
T

e Recently confirmed by Lattice QCD!
Cheung et al. [HadSpec], JHEP 02 (2021) 100 [2008.06432]

o 4/ i
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Some formalism .

e Exact three-body unitarity via Khuri-Treiman equations: Khuri, Treiman (1960)

< writt Ay __ (B~ — DTwn—=w~) and Ago_ (B~ — D% —) as [reconstruction theorem]

Ay (s,t,u) = Fo 2 (s) + S22, F1/ % (s) + =87 (322 — 1)F3 2 (s) + (£ > )

k(s w(s)? Ky (uw
Ago— (s, t,u) = — L Fo/?(s) — 22, 71/ %(s) — =L (322 — 1) 7}/ % (s) + =2 2, Fl (w)
zs = cos O = S(t;?s))_A,zu =cosbu = oy, A= (Mj — MZ)(M} — M2)

Kk(s) = }\1/2(3’ M%, M,%)Al/z(s, M]23, M,,Z,), Ku(u) = Al/z(u, M1239 M%)\/l — 4M?2/u

F}: angular momentum £ < 2, isospin I < 3/2

e Solve via the Omnes ansatz:

s™ [° ds’ sindl(s))FI (s’
Fl(s) = Qfg(s){Qﬁ(s) + ?/S :m |Q;(if)|():/:£_( S))} ’

th

Q};(s) = polynom of degree zero (one subtraction suffices)
oo 5I /
Q] (s) = exp i/ ds’ e(s)
T Jsen s’(s’ — s)
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Summary & outlook -

e |t all started with the two-pole structure of the A(1405)
— well established fact!
— lighter pole still needs better determination
— be aware of models that can not cope with this
— lattice study around various SU(3) limits on-going Kamiya, Kim, Luu, UGM

e Clear candidates in the meson sector
—» some excited charm mesons are good candidates for molecules
< esp. D§(2300), D%, (2317), D,,(2460), ...
—» this solves various puzzles: masses, ordering, . ..
— testable predictions for various beauty mesons Bg, B,
< also K7 meson Roca et al., PRD 72 (2005) 014002, Geng et al., PRD 75 (2007) 014017

e All this is not properly reflected in the PDG tables
— summary tables e.g. only lists one pole for the A(1405)
— many states analyzed using BW parametrization :-(
— PDG needs a more serious approach to the hadron spectrum!
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Summary & outlook Il a8

e but there is some hope, two excited A states listed now (2020 edition):
P. A. Zyla et al. [Particle Data Group], PTEP 2020 (2020) 083CO01

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
Citation: PA. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 033C01 (2020)

A(1380) 1/2™ F=g Status: % * A(1405) 1/2~ I(JP) = 0(3) Status: * k%

In the 1998 Note on the A(1405) in PDG 98, R.H. Dalitz discussed
the S-shaped cusp behavior of the intensity at the N-K threshold ob-
served in THOMAS 73 and HEMINGWAY 85. He commented that
this behavior "is characteristic of S5-wave coupling; the other below
threshold hyperon, the X(1385), has no such threshold distortion
because its N-K coupling is P-wave. For A(1405) this asymmetry is

the sole direct evidence that JF = 1/27"

OMITTED FROM SUMMARY TABLE
See the related review on "Pole Structure of the A(1405) Region.”

A recent measurement by the CLAS collaboration, MORIYA 14,
definitively established the long-assumed JP = 1/27 spin-parity

. a neW tWO—Star resonance at 1380 Mev assignment of the A(1405). The experiment produced the

A(1405) spin-polarized in the photoproduction process vp —
KT A(1405) and measured the decay of the A(1405)(polarized) —
Z+(polarized)7r7. The observed isotropic decay of A(1405) is

H H consistent with spin J = 1/2. The polarization transfer to the
‘ Stl” nOt In the Summary table Z+(polarized) direction revealed negative parity, and thus estab-
lished J© = 1/27.

See the related review(s):

® above/below the Ilne dUblOUS' Pole Structure of the A(1405) Region

= this general phenomenon must be accounted for!
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Summary & outlook lil

e The PDG group is like a heavy tanker, still there is motion:

/ D;(2300) I(F) = 3(07)
was D{(2400)

There is a strong evidence that recent data on B —+ Drw
(AALJ 15Y, AALJ 16AH) and B — Dw K (AALJ 14BH, AALJ 15V,
AAIlJ 15X) call for two poles in the scalar | = 1/2 w#D am-
plitude in this mass range. The data are consistent with a
lower pole at (2105fg) — i(102fi[1)) MeV and a higher pole at

(2451132)— i(1347]) MeV (DU 18A, DU 19, DU 21). For details
see review on "Heavy Non-gg Mesons."”

D}(2300) MASS

\ VALUE (MeV) EVTS DOCUMENT 1D TECN CHG COMMENT /
2343410 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below.
N~ ) ” R

= stay tuned!

— UIf-G. MeiBner, Two-pole structures in QCD — B3 workshop, Guangzhou, online , Feb. 16, 2022 —

39



SPARES
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Short Introduction
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LIMITS of QCD

e light quarks: Lqcp = 4L tDqr + qr tPDqr + (’)(mf/AQCD) |f = u,d, s]

— L and R quarks decouple = chiral symmetry
— spontaneous chiral symmetry breaking = pseudo-Goldstone bosons

— pertinent EFT = chiral perturbation theory (CHPT)
e heavy quarks: ACQCD = Qf w - D Qf + (’)(AQCD/mf) [_f = C, b]

— independent of quark spin and flavor
= SU(2) spin and SU(2) flavor symmetries (HQSS and HQFS)

— pertinent EFT = heavy quark effective field theory (HQEFT)

e heavy-light systems:
— heavy quarks act as matter fields coupled to light pions
— combine CHPT and HQEFT
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CHIRAL DYNAMICS — UPDATE “

e QCD with three light flavors: A theoretical paradise Leutwyler

u
EQCDZL%CD—CYMQ ,q=\|d]|, M= Mgy
S Mg

= Exhibits spontaneuous and explicit chiral symmetry breaking

= Can be analyzed systematically & precisely using EFT = chiral perturbation theory
Weinberg (1979) Gasser, Leutwyler (1984,1985)

= Many intriguing results, but:
— often convergence problems in the presence of strange quarks

— limited by the appearance of resonances and bound states

e Discuss here such cases & methods that overcome these limitations

w/ particular emphasis on | WW'’s contribution | [baryon spectrum & interactions]
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ENTERS CHIRAL DYNAMICS g

e Great idea:
Combine (leading-order) chiral SU(3) Lagrangian with coupled-channel dynamics
Kaiser, Siegel, Weise, Nucl. Phys. A 594 (1995) 325

D= A e ARG AL

— Dominance of the Weinberg-Tomozawa term, excellent description of K~ p data
and X mass distribution, also inclusion of NLO terms with constrained fits

— The A(1405) appears as a dynamically generated state (MB molecule)

— Highly cited follow-ups from TUM group plus other groups, esp. “Spanish Mafia”
Oset, Ramos, Nucl. Phys. A 635 (1998) 99, ...

e But: unpleasant regulator dependence (Yukawa-type, momentum cut-off)

gauge invariance in photo-reactions?
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