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Bottom-up approach

.. h
Less predictive power ¥
Some physical interpretation *
. . . J
. lemmaIIy biased y
o115 @ 3) You extract physics

2) You choose a set of generic amplitudes

1) You start with data
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S-Matrix principles

A(s,t) -
\Nl t
S
M
—
s-channel M-decay channel t,(s) = limt;(s + i€)
€—0
Crossing Analyticity
| These are constraints the amplitudes have to
s-plane satisfy, but do not fix the dynamics
_ They can be imposed with an increasing amount
T==__ of rigor, to extract robust physics information
® Unitarity
The «background» phenomena can be
+ Lorentz, discrete & global symmetries effectively parameterized in a controlled way

A. Pilloni — Meson Spectroscopy 4



Meson Spectroscopy
The hybrid m,

H\V

Hybrid Vehicle

o

A. Rodas, AP et al.
PRL122, 042002
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Hybrid hunting s oo ]
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Amplitudes for n("Vrx

We build the partial wave amplitudes according to the N /D method

Jackura, Mikhasenko, AP et al. (JPAC & COMPASS), PLB
Rodas, AP et al. PRL

o n(s) - ; " . \?7
D (S) Im = Z D(S)

I P m TP m

The D(s) contains all the Final State Interactions
constrained by unitarity = universal
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Amplitudes for n("Vrx

We build the partial wave amplitudes according to the N /D method

Jackura, Mikhasenko, AP et al. (JPAC & COMPASS), PLB
Rodas, AP et al. PRL

n (S) T T n !

1
el
L]

D(S) Im — Z D(S)

™

n(;)

The n(s) = background physics, process-dependent, smooth
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Pole hunting
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Final results

0.0
0.1 f— - d5(1320)
== a,'(1700)
s E i
G 03 —  otiof 1
% 0.4—
o —  o.11sf
= 05—
0.65— 0.120F
— 7305 7370
0.7 —
12 3 i B — g s
Mass (GeV)
Poles Mass (MeV) Width (MeV) Agreement with Lattice is restored
a2(1320) 1306.0 0.8 +1.3 1144+1.6 0.0
ah(1700) 1722415467 247+ 17+63 That’s the most rigorous extraction
T 1564 =+ 24 x 86 492 + 54 x 102 of an exotic meson available so far!
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An isoscalar n,?

There is a recent claim by BESlllin J /Y > ynn’
of resonant activity in P-wave

© 40 BESTH Not enough information

© to perform a similar analysis but...

= {Yﬂ}

2 1 stay tuned!

E _

% : * BW parameters:

s | Gl M = 1855 + 91% MeV,
By -S— =188 + 1813 MeV
M(m')(GeV/c?)
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Meson Spectroscopy
The scalar glueball

H\V

Hybrid Vehicle

A. Rodas, AP et al.
EPJC82, 1, 80
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Glueballs

The clearest sign of confinement in pure Yang-Mills
The worst state to search in real life
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-Morningstar and Peardon _
- PRD60, 034509

+ +
PC

Jre Mass MeV

Unquenched Quenched

This work M&P Ky Meyer
[ 2590(40)(130) | 2560(35)(120) | 2250(60)(100)
2—+ 3460(320) | 3100(30)(150) | 3040(40)(150) | 2780(50)(130)
0 4490(590) | 3640(60)(180) 3370(150)(150)
2-+ 3480(140)(160)

5=+ 3942(160)(180)
~ (exotic) | 5166(1000)

- 3850(50)(190) | 3830(40)(190) | 3240(330)(150)
27~ 4590(740) | 3930(40)(190) | 4010(45)(200) | 3660(130)(170)
2-- 3.7—1[](20{))“70)
3 4130(90)(200) | 4200(45)(200) | 4330(260)(200)
1t 3270(340) | 2940(30)(140) | 2980(30)(140) | 2670(65)(120)
31 3850(350) | 3550(40)(170) | 3600(40)(170) | 3270(90)(150)
3+ 3630(140)(160)

27 (exotic) 4140(50)(200) | 4230(50)(200)

07~ (exotic) | 5450(830) | 4740(70)(230) | 4780(60)(230)
5+ 4110(170)(190)
o+t 1795(60) 1730(50)(80) | 1710(50)(80) 147 (30)(65)
2+ 2620(50) 2400(25)(120) | 2390(30)(120) | 2150(30)(100)
0tt 3760(240) | 2670(180)(130) 2733 (30)(120)
3t 3690(40)(180) | 3670(50)(180) | 3385(90)(150)
o+t 3370(100)(150)
o+t 3990(210)(18
2+ Gregory et G/. 2880%100)?11 )
4+ 3640(90)(160)
«~+ JHEP1210, 170 4360(260)(200)
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How to identify a glueball

You don’t. Since it mixes with light isoscalars, there is no model-independent way

of saying which state is (mostly) the glueball. Only suggestions:
* There is one too many wrt QM. Indeed, f,;,(1370), f;,(1500), f,(1710)

* Aglueball couples to photons only throughout mixing, so radiative widths

should be small

* Their production is enhanced in gluon-rich processes, as J /Y radiative decays

* It couples equally to mesons of all flavors (?) S~ Y
5 5
However, an argument based on chiral symmetry NP '
i i i | o 0" glueball |
claims the coupling proportional to quark mass J 4 * o Soia) extapolated I
T 1
3| 7 -
u, d, s = % {l
“ol I -
_ 1 1
0T+ ~ Mqgqq 1 71 |
- 7 — 0 l J | |
u.d., s 0.0 0.2 0.4 0.6 0.8
o (mps/m,)?
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00 0770
]/ -y n°n° and - y KOK¢
We consider the S and D wave by BESIII to use the information about their relative phase.

Fit quality and local description improve when a third pp channel is added
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Pole extraction
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Looking at the residues

Z::_ Despite the large systematics,
S the f,(1710) couples to kaons
£ omf more than the f;,(1500)
:i Z:: O Also, the f,(1710) couples to
* ook the initial gluon-rich state

000k more than the f,(1500)

p_[ fo(1500) / f(1710) ]

Both these fact suggest a sizeable glueball component for the f,(1710)
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Meson Spectroscopy

H\V

Hybrid Vehicle

XYZ photoprod.
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M. Albaladejo et al., PRD102, 114010
D. Winney, AP et al., to appear
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Exotic landscape at c¢

Esposito, AP, Polosa, Phys.Rept. 668
JPAC, arXiv:2112.13436

MeV
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3500+ o - —
3250| A host of unexpected resonances have appeared
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Exclusive (quasi-real) photoproduction

XYZ have so far not been seen in photoproduction: independent confirmation

Not affected by 3-body dynamics: determination of resonant nature

Experiments with high luminosity in the appropriate energy range are promising
We study near-threshold (LE) and high energies (HE)

Couplings extracted from data as much as possible, not relying on the nature of XYZ

4 Q

M. Albaladejo et al. [JPAC], PRD

E . = ay-Qj 31"'ﬁj
el < AgAnIT|AyAy >= D Ay=2y49" @1ajBrBjy 2t
p ' ’
/ % \ VMD is used to couple the incoming photon
to a vector quarkonium V
N N’
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Exclusive (quasi-real) photoproduction

XYZ have so far not been seen in photoproduction: independent confirmation

Not affected by 3-body dynamics: determination of resonant nature

Experiments with high luminosity in the appropriate energy range are promising
We study near-threshold (LE) and high energies (HE)

Couplings extracted from data as much as possible, not relying on the nature of XYZ

M. Albaladejo et al. [JPAC], PRD

er BB
: ; = B D J
p P
/ B \ Top vertex from measured Q — VE decay width
N N’
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Exclusive (quasi-real) photoproduction

XYZ have so far not been seen in photoproduction: independent confirmation

Not affected by 3-body dynamics: determination of resonant nature

Experiments with high luminosity in the appropriate energy range are promising
We study near-threshold (LE) and high energies (HE)

Couplings extracted from data as much as possible, not relying on the nature of XYZ

’YMQ

£

M. Albaladejo et al. [JPAC], PRD

=~

/ i er ala]
. <A ITWy Ay >= 3 2T 0 ) Peyappy i

-—

exponential form factors to further suppress large t

/
' H p Bottom vertex from standard photoproduction pheno,
N N’
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Z photoproduction

® The Zs are charged charmoniumlike 17~ states close to open flavor thresholds
® Focuson Z.(3900)* - J/y n*, Z,(10610)", Z,(10650)* - Y(nS) ™
® The pion is exchanged in the t-channel
® Sizeable cross sections especially at low energy
102 - | T T T T T T T T T T T :ll | T T T T T T T T T T T T T T T T | T T T T 1
: JPAC - . PAC |
- — Z.(3900)" | E
10 — Z,(10610)" —
=) = . . = 107! s -
= o Z,'(10650)" | 2 = E
= I 1 = -
N " =] N L N
[ — P2 =
_, - . a - 3
> f - > f i
S . - S - i
i | 103 | — Z.e%0y =
107" — E —— Z,(10610)" .
5 . L — Z,(10650)" ]
. I | 1 1 1 ‘ 1 1 1 | I 1 _l 10—4 | 1 1 ‘ | | | | I 1 1 1 1 | 1 1 1 1 I 1 1 | | ‘
5 10 15 20 20 30 40 50 60 70
W, [GeV] W, [GeV]
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Semi-inclusive photoproduction

® Semi-inclusive cross sections are typically larger
® The bottom vertex depends on the (known) pion-proton total cross section

® The pion is exchanged in the t-channel

\®)
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Joint Physics Analysis Center

Bottom-up approaches are important!

* Joint effort between theorists and experimentalists in support of experimental
data from JLab12 and other accelerator laboratories

* Cooperation between JPAC and experiments: co-authoring papers

http://www.jpac-physics.org

Ii ||||§

{
! 5 Jc,. A
1" r”

I

Thank you!
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Conclusions & prospects

The study of exotic hadrons is a challenging task
Experiments are very prolific! Constant feedback on predictions

e Study of spectra and decay patterns will improve our understanding,
new data expected by BESIII, LHCb, GlueX

* A more refined study of amplitudes provides a complimentary tool to give
insights on the nature of some of the states

* Facilities to study photoproduction at low energies are very welcome
to pursue this program

Thank you
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Hybrid hunting

decaying into <

Excited gluon,
]PC = 1+—

mass ~ 1.0—1.5 GeV

Look for a 14 state with JP¢ = 1~7

(17 mandn'm

p T — 31
bym — 5m

m / MeV

3000

J. Dudek 0f— 2t~
2750 O
25001 (-
D c
oo50F
2000} B2 4

1750
1so0f 177 0" F 17t 27
1250}

4+nnnlL

excitation of a quasiparticle?
- degenerate JF¢ = (0,1,2)"%,17~

Entries / 20 I\/Ie‘u’/arz2

o
c o
o o

400
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200
100F

=
b s O
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Small signal in data
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Two hybrid states???

71 (1400) 1°UgPSH =11
3000

2500

See also the mini-review under non- 4 g candidates in PDG 2006 , Journal of Physics G33 1 (2006).

x1(1400) MASS 1354 = 25 MeV (S = 1.8)
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g
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Q

=
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| I; na seen

1000f
500 |.|'*
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< 5000F i e
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L:ﬂ 000 E_ ” Ii l:rl'thhe“ U(3) ||m|t Friir:on (T; /T) Conf. Level
L% 0 E.L‘a.‘f‘.‘.‘.‘:‘.u‘.‘n.m.|st.::l:!..l“h.*“ni.tihl.u ; H|_‘[]| - n:aneen

1.2 1.6 2 2.4 2.8 Tetraquark (10 © 10)? Requires doubly charged
m(n'nm7) [GeV/ 02] ; _i-?,._l]\;:; o
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Data in "
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Coupled channel: the model

A. Rodas, AP et al. (JPAC) PRL122, 042002

Two channels, i,k = nm,n'nm Two waves, ] = P, D 37 fit parameters

o0 o e
: s pN;.(s')
Dhs) = [ -2 [ ar L)
oow s'(s' — s — ie)
(R) (R) 4 )
K7 = 9 Y; 11 | Kematris oole for the P
ki(s) == 5 — Ci; —— ki S -matrix pole for the P-wave
= mgp— S 2 K-matrix poles for the D-wave
\_ J

Jri/a {0 2
A (s ,mn(,),mw) . 3 -
] = E al* T,

Left-hand scale (Blatt-Weisskopf radius) s = sq = 1 GeV?

— : J
a = 2, 3rd order polynomial for n;, (s)
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Pole hunting
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Correlations

Denominator parameters uncorrelated with Denominator parameters uncorrelated
the numerator ones v between P- and D-wave v

Production (numerator) parameters K-matrix «bkg» parameters
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Statistical Bootstrap

0.0

o D-wave poles

Width (GeV)
o
()]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

10|||||||||||||||||||||||||||||||||||
) 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Mass (GeV)

For each fit, we search poles: two clusters in D-wave: a,(1320) and a5(1700)
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Statistical Bootstrap

0.0

o P-wave poles

0.2
0.3
0.4
0.5

Width (GeV)

= 06
0.7
0.8
0.9

10|||||||||||||||||||||||||||||||||||
) 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Mass (GeV)

Only one stable cluster in P-wave: a single ;
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Systematic studies

0.0

- P-wave poles — Refersnce
- —— 8,=0.8 GeV
01— — 5,=18GeV’
C =1
- —Qa=1
02— — Q,0=15
C Q,a=2
< - Polynomial
3 03[ t=-05GeV
S t
£ 04—
° B
= r
05—
0.6 —
0.7
— 1 | 1 1 | 1 1 | 1 I 1 1 | 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 L | 1 1 1 1
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mass (GeV)

0.00

0.05

D-wave poles

a,(1320)

i

0.108F
0.110F
0.112f
0.114F
0.116F
0.118f
0.120F
0.122

1302 1.304 1,306 1.308 1.310

PO[TTTT

1.3 1.4 15 1.6 1.7 1.8 1.9 2.0
Mass (GeV)

For each class, the maximum deviation of mass and width is taken as a systematic error
Deviation smaller than the statistical error are neglected
Systematic of different classes are summed in quadrature

A. Pilloni — Meson Spectroscopy

39



Bootstrap for s = 1.8 GeV?

Width (GeV)

0.0 0.0 -
. - P-wave poles o - D-wave poles
= = a,(1320)
0.2 — 0.2 —
0.3 0.3
04 D 04
= S E
0.5 - 1 c 05
06 * 2 0.6
TE ="F
0.7 F 0.7
0.8 0.8 &
0.9 F = 00 E
1 o :I I 1 1 1 I 1 1 1 ] 1 1 1 I 1 1 1 [ l" | 1 I 1 1 1 | 1 1 1 I 1 1 0 5 .l.‘. = | 1 | 1 I 1 1 1 I | 1 1 | 1 | 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1
708 10 12 14 16 18 20 22 24 ~ 08 10 12 14 16 18 20 22 24
Mass (GeV) Mass (GeV)

Our skepticism about a second pole in the relevant region is confirmed:
It is unstable and not trustable
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Same model as before

A. Rodas, AP et al. (JPAC) EPJC82, 1, 80 (2022)
Two/three channels, i,k = nm, KK, pp Two waves,] = S,D 40-56 parameters

PN (s")

s'(s' — s — ie)

Dj;i(s) = [K‘I(S)_l] - _ /SOO ds’

T Jsy

(R) (R) 4 )
K7 ( ) . 9: Y; J J .
Lef— — Ci; —— dk% S 3 K-matrix pole for the S-wave
mgp— S 3 K-matrix poles for the D-wave
\_ J

)\J—|—1/2 (Sfij m2)

3
J gl on T Tk S
pN;(s') = O 5J 1t () = Z 2 (8 + 80>

(s' + sg)
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Very open charm: the T,

~J
=

O nen 13  Asupernarrow state is seen
% 60K ! b2l o
= 0F Com 2 at the D*T DY threshold
Eae f
— - | 10f :
£ 40F | g BW parameters give
C |+ dat 0
30F T e movorss (G2
oF }[ g;? " E omgy = —273 + 61 keV
: i | H } [y = 410 + 65 keV
10— —
. M #ﬁ#ﬂ% HM Hﬂ .
F It cannot mix with ordinary
3.87 3. 88 3 89 3.9 3
MpOp0,+ [Go\/ ] charmonia :
It does not have lighter open
channels
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Bound and virtual states

The situation is more complicated when
more channels are open

/ 1A% Virtual state |

Bound state ........................ " Resonance

.,
ay

K 1 B |
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The flowchart(s)
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The flowchart(s)

~
Less predictive power ¥

Some physical interpretation *
_Minimally biased v

J
o115} @ 3) You extract physics

0.120F

2) You choose a set of generic amplitudes

1) You start with data
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0 8 1. 2 1 6 2 2.4 2.8
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Bound and virtual states

DPleensals f gotinepmet chidtidhskysngtn (dineutron),
Hequoietetcadrirt Hblredialds 1st sheet (deuteron)

froof N

Re E

ImE
r
—
uteron
i o« &
Diewetemom
3S pole

\_ . N
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Bound and virtual states

r
A
Wigner bound
<-0 molecule ™ O-<--

bound state

compact state o---

Matuschek et al. EPJA57 (2021) 3, 101

virtual state

resonance

>--0

The amplitude close to threshold
can be expanded as

1
A(E) =

L4 Zrok? — ik + 0(k*)

a is the scattering length
1ois the effective range

The sign of a controls whether we
have a bound or virtual state
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N
The hneshape of the X(3872)

><103

)
o0
8
3

- Breit— ngner
— Flatté

Incl resolution and background LHCb, PRD 102, 092005

E - Breit—Wigner E
S000E. — Flatte (S5

Events/(1.6 MeV

Blue line is D°D*0,
1 D'D*"is§ =8.2MeV
3 heavier

R B T et P T T N
3.868 3.87 3.872 3.87« 0 3.84 3.86 3.88 3.9
m']/ww+ﬂ-— [GGV] m,]/¢ﬁ+w— [GGV]

Because of experimental resolution, different lineshapes are
indistinguishable

Unitary parametrizations tend to be narrower,
[ew = 1.39 + 0.24 + 0,10 MeV, I'5; = 0.22702210-22 MeV
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The lineshape of the X(3872)

Esposito, Maiani, AP, Polosa, Riquer,
PRD 105 (2022) 3, L031503
LHCb data is fitted with the Flatte’ parametrization

Two optibasDd))$ethfeshdla) | expranDd dDthrebhedtold

\ 1

I -
f_l(E) x E — m)0< + EgLHCb (w 21LE + \/2;{-+(E — O))

The J /Y p, w, and other unknown channels

This considers coupled channel, but Weinberg’s criterion applies to
single channel bound states only
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The lineshape of the X(3872)

Esposito, Maiani, AP, Polosa, Riquer,
PRD 105 (2022) 3, L031503

Option b) —5.34 fm < rp < —1.56 fm

Option a) —3.78 fm < (1) 50 <0 fm

According to Weinberg’s, the first result points to a sizeable
short-range structure of the X(3872)

Still disagreement on how to perform the extraction though
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Weinberg's criterion and lineshapes

Let us imagine to have a theory with a bound state with a binding
momentum much smaller than the inverse of the range of the potential

The potential is just a delta function,
we calculate the 2 — 2 scattering amplitude

A D@ e R T

A(E) =

2B

: el . g 2B
1/a—l /Z,UE This has a pole at Ep = 2Mazandre5|dueg 7
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Weinberg's criterion and lineshapes

Now let us consider the propagation of a bare intermediate state

HWW

A(E) = gs 5
Eo £ 190\/2.‘15' = 190\/2u — g5+ 2UER
This has a pole at Eg and residue g2 = % (1 — Z) where Z is the w.f. renormalization,

-1
Z = (1 + g3 /%) = overlap between the bare state and the continuum
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Weinberg's criterion and lineshapes

The amplitude can be rewritten as

A(E) =
B
a+§r0k — ik
Thus identifyinga = —2 ;_i Z;E ,To = _1ZZ\/2;11—E
25 B - B

So a negative ry points to a short range component in the wave function

This is true up to corrections of the order of the range of the potential,

which btw are positive under general assumptions
Esposito, Maiani, Pilloni, Polosa, Riquer, 105 (2022) 3, L031503
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A little theorem (Landau-Smorodinski)

» Consider the Schroedinger's equation for the radial wave function of the molecular constituents

u, (r) + [k2 - U(r)] u(r) =
with U(r) = 2uV(r), V(r) < 0 is the potential, assumed to be attractive everywhere.
o We consider the wave function for two values of the momentum: v | = u, ,
With simple manipulations we ﬁnd the identity

< Uyl — Uyl . (k2 ki)‘ dru,u;  (A) >

i]
R >> g, the range of the potential ( =~ 1/m,).
e Consider now the free equation, y; (r) + kzwk(r) 0, from which we also obtain

2 2
: _
<l yoyr —yhyn | = (kF =k )[ dryy, (B) >

e Normalizing to unity at r=0, the gcnﬁ:ral expression fnr W, 18

~si(kr + oK) .,
il W) = — o= and: y(0) = kcot k). >

e The radial wave function u;, vanishes at r=0, and we normalize so that it tends exactly to the
corresponding y, for large enough radii.
e Now, subtract (A) from (B) and let R — oo (the integral now is convergent) to find

< kyeotdlky) — kycot 8(ky) = (k3 — kD) rdr (oyn — uy) >

L. Maiani
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@) — k cot8(k,) = (k2 — k?) [ dr (yoy, — uza@

v

We compare (C) with the parameters of the scattering amplitude.

First we set k; = 0. Since lim &, cotd(k;) = — k,

k;—0 .

kycot8(k,) = — Ky + kgj dr (yoyry — Uyt
0
For small momenta:  k,cotd(k,) = — ky + ;rﬁkzz + ... so that

Iy = 2[ dr(w§ — unz
0

We know that uy(0) = 0, y(0) = 1. Defining A(r) = yy(r) — uy(r) we have

AO)=+1, A(c0) =0

The equations of motion imply A”(r) = — U(r)u,(r). In presence of a single bound state,
where u(r) has no nodes, we get N

A"(r) > 0 = yy(r) > uy(r) that 1s 1 \
ry > 0 » 0

¢ reassuringly: ro(deuteron) = + 1.75 fm,

e conversely a negative value of v, > O implies Z > 0
Y & 0 P L. Maiani
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Triangle singularity

Logarithmic branch points can simulate
a resonant behavior, only in very special

kinematical conditions
Coleman and Norton, Nuovo Cim. 38, 438

Y (4260)

J/

However, this effects cancels in Dalitz projections, no peaks
Schmid, Phys.Rev. 154, 1363

fo.i(s) = bo.i(s) tij /OO ds' p;(s)bo ;(s")

T Js, s’ —s
_ . Szczepaniak, PLB747, 410-416
...but the cancellation can be spread in Szczepaniak, PLB757, 61-64

different channels, you might still see peaks in Guo, Meissner, Wang, Yang PRD92, 071502
other channels only! : ’ ’ )
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Fit summary
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Naive loglikelihood ratio test give a ~ 40 significance of the scenario lll+tr. over [V+tr,,
looking at plots it looks too much — better using some more solid test
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Testing scenarios

* We approximate all the particles to be scalar — this affects the value of couplings, which
are not normalized anyway — but not the position of singularities.
This also limits the number of free parameters

_ _ () () ) s (7, pi(s)boj(s")
fis t,u) = 167 ao,l.(t)+a0,£.(u)+ZtU(S)[CJ,+}T f A=E )
Jj 8]

The scattering matrix is parametrized as (t™);; = K;; — i p; 6;;

Four different scenarios considered:

9gigj

M?2—s
the rescattering integral is set to zero

e «lll+tr.»: same, but with the correct value of the rescattering integral

» «lV+tr.»: the K matrix is constant, this generates a virtual state pole in the IV sheet

 «tr.»: same, but the pole is pushed far away by adding a penalty in the y?

e «lll»:the K matrix is , this generates a pole in the closest unphysical sheet

A. Pilloni — Meson Spectroscopy 58



