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_The richness of hadron spectrum

I T dog.é ® The structures populating hadron reactions
are extremely rich

* Ultimate goal is to understand them
in term of QCD degrees of freedom

* To do so, the spectrum of resonances
must be correctly reconstructed
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Bottom-up approach

L. h
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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S-Matrix principles

A(s 1) L4
\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
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Joint Physics Analysis Center PAC

Full Members
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ExoTiC HADRONS TOPICAL COLLABORATION

Funded in 2023 by DoE as a Topical
Collaboration in Nuclear Physics

Aims at exploring all aspects of
exotics (= hybrids at GlueX)

°* Amplitude analysis
* Lattice QCD
°* Phenomenology




Semantic areas

Production mechanisms = |
®* Finite-volume

First Observati Exotic Reggeon A. Rodas et al
Alexee PASS#JPAC), arXiv:2607.17850

High-energy.dp

e production and the nature of exotic waves
G. Montifia, et al. Phys. Lett. B 872 (2026), 140101 Formallsm

all.energies

A

descrlptlon of hadron scatteri
: "D 110 (2024), 11402
Revisiting gauge invariance and Reggeization o
G. Montaia et al. Phys. Rev. D 110 (2024), 12
* Mechanisms of high energy polarized photoproduction of TA

V. Shastry, et al. arXiv:2604.22719, arXiv:2606.07917
- See V. Mathieu’s talk later R€SONANce physics

* S-matrix informed neural networks analysis
W. Smith et al., arXiv:2608. 23750, g 8
* Production Effects and Fmal-state Intera onsin ), — 31
D. Winney et al. arXiv:2607.1430120}

Feward

ange

7305 7370
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S-Matrix informed Neural Networks

* g scattering is one of the most relevant processes

* It appears as final state for many production processes and hadronic decays
* |,J=0is very interesting: Coupling to QCD vacuum, nonordinary resonances, glueball

* Directly tied to chiral symmetry-breaking phenomena

Problems

Light meson-scattering experiments are “modeled”

* Old experiments in the 70s and 80s

°* Modern data only at very low energies

Modeling is unavoidable

°* No known solutions to QCD

° Every model carries a bias (all are misspecified)

®* The community has “given up” on addressing this issue
Fundamental principles are mandatory for accuracy

° Unitarity, analyticity, crossing symmetry constrain partial waves
* Analytic extrapolations are required to extract unstable particles
Systematics are propagated to other reactions

° FSl are fixed inputs to production

®* Production analyses with common FSI are not analyzed together

Virtual, not real! 7 ; 7
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738

Solution: SINN
Light meson-scattering experiments are “modeled”
We will use NNs, together with data subset selection, to prune the database
Quantitative, not perfect, but sensible and statistics based
Modeling is unavoidable
NNs are incredibly flexible
Parameter space is broad enough to cover large model space
Uncertainties extracted from resamplings
Fundamental principles are mandatory for accuracy
Impose unitarity by construction + analyticity and crossing through dispersion relations
Use dispersion relations for robust analytic continuation
Systematics are propagated to other reactions
If successful for FSI, can be extended to production
Enough flexibility to describe “global” hadronic data
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738
Unitarity will be given by construction

s . Witk
s = 0 (@ HD 1) 0<nj(s) <1
ke 21 —

NN outputs

Crossing symmetry relates amplitudes in different channels and isospins
1 5 1 1 5
FO(s,t) = EFKO)(S, t)+ FW(s,t) + %F[Z}(s,t). Fl(s,t) = §F<0)(s,t) + §F[”(s,t) - —G)F(Z)(s, t), F2(s,t) = éF(O)(s, ) — %F(”(s;t) + éF(E}(s.t)
Mandelstam hyphotesis (all related to a singular analytic amplitude)

F'=(s,t,u) = 3F(s,t,u) + F(t,s,u) + F(u,t,5), FI=Y(s,t,u) = F(t,s,u) — F(u,t, s), FI=%(s,t,u) = F(t,s,u) + F(u,t,s)

Dispersion relations offer a framework, by construction, to impose crossing symmetry

s ]
Re f/(s) = STy(s) + DT;(s) + > _P.V. / ds' K}y, (s.8') Im f1 (')
or 4m3
The PW we want All the relevant PWs contribute
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738

First, losses are defined on a dynamic curriculum of weights (next slide), to speed up convergence and
increase the success rate

O’.
a i=1 il

Na 2
Tai
Data is “fitted” with the following loss =—> Laata = Nt . Z Z [ (1—w ) Ta,i T Wy ( ) ]

NN real output partial waves are forced to respect dispersive results

Re fl(s) = ST (s) + DTI(s) + ZP V. / ds’ Ki’g{’(s,s") Im f} (s)

l I 4m?2
Ac(-—q) — R-e fc(b) — Re ff(q) — ACRoy — Z (lAC’(S)

Dispersive NN ce{So,P1,S2}

)s

Scattering lengths are crucial fit and dispersive contributions
We create “free” SL parameters to constrain

Then use NN SLs as input in the last epochs

0,NN QNN‘

— ACSL—‘QO_ ‘+|0—a
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738

Curriculum of weights updated based on epoch (optimization steeps)

Liotal = Ldata + ARoyLRoy + ASLLSL

Epochs Adata ARoy AsL  wy
0-400 1 0 0 025

Example optimization

400-800 1 0.01 0.01 0.5 >
800-1000 1 0.5 0.1 0.75
1000-1200 1 1 1 1
1200-1500 1 1 10 1
1500-2000 1 2 Input 1 . . . | . ! .
250 500 750 1000 1250 1500 1750 2000
Epoch

Propagation schema

[Penalr}-’ function]
g N

\ [Parameter update]
I4\2
(¢)

g T .
— (x
n other Optimization
penalties algorithm

—

Regge physics| =——> | [, (s) |—>| + AI
4
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S-Matrix informed Neural Networks

Smith et al., arXiv:2608.23750, arXiv:2608.23738
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Smith et al., arXiv:2608.23750, arXiv:2608.23738
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Results

® This work B Hoferichter et al. (2024) # Moussallam (2011) ® Colangelo et al. (2001)
@ Garcia-Martin et al. (2011) df Peldez et al. (2026) A Caprini et al. (2006)
o/ fo(500) p(T70) fo(980)
n = 10000 n = 10000 n = 10000 800
300 ~ 700
%
= 280 — 600
-~ - 500
~ 260
- 400
240 T T T T T T T 10 T T — 300
420 440 460 750 755 760 765 980 1000
M (MeV) M (MeV) M (MeV) 200
%4‘ by T % 37 7 100
) | s ¢ ]
53_—} _ 7 o I— S 6.0-| =g = + 0 2+ - o~
5 5.5 s
Reference Ve / fo(500) lgomn| V3 p(770) lg9pmm| VS o (980) |9'f0'rr7r|
This work 43777 —i2867%  3.331)-0¢ 75715 — i 7173 6.00750% 98173 — 2073  1.8770 1%
Garcfa-Martin et al. [32] 445 +25 — i 278722 34405 76175 —i71.775 5 5951002 100375, —i217 25702

Colangelo et al. [57]
Hoferichter et al. [80]
Peldez et al. [33]
Moussallam [81]
Caprini et al. [39]

452 £ 19 — i 268

458 £14 — 279 +10 3.61+0.13 7625+1.7—i73.2+1.1

44273 — 27478
+16 . +9
441736 —i2721],

76244+18—-:726+1.4
+22 3.36 £0.36 TH8 £ 4 —i724+6

3.37

+0.35
3.3170-%

6.01 + 0.08
6.025+£0.275 995+12 —¢26+9

+4 Ca 11
09671, — 2472

1002 +9 —:23+8 2.33+0.18

1.9+£0.6
1.98

Guerrieri et al. [67] 413 +£3 — 0289

+3 765.6 £0.7—274.3 £ 0.3

991 +6 —i36+ 3
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m, — 3m with freed-isobars at COMPASS

Winney et al. arXiv:2607.1430
Using the huge 3t COMPASS data set, extract line-shape of it subsystems in the prt P-wave

. Pk - 5 2 ot _
152 Dalitz p|0t5 25 3 %10 17" 1*p(770)n P x10° 1.30< m;,;,< 1.34GeV/c (| [JT?T.]l -mP
fun{:‘l‘ion Of . and m 0.326 < I’ < 1.000(GeV/c)> L + Freed-isobar PWA = Fixed parametrization
g 3w 4 Freed-isobar PWA ' L 0141 < ¢ < 0.194(GeV/c)?
—_ {coherent sum) ' ol
T ‘:_b__“ 0 Conventional PWA | I
0 > f
P E 1 ¢¢
— 5 1% t a__
i 7T+ % ; ¢ 4 | = }ﬂ
e ' *+ b I~ r
T % :°¢ o ! Ir
U ° [
:} =] (=]
P 88 ¥ o,
. Do;;&;l
acun mma..a .......... =T
p P 05 1o 15 2025 OTHETTTIRT 15 20
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COMPASS [Phys.Rev.D 105 (2022) 1, 012005]
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1y — 31 and Deck

Production via intermediate particle exchange can generate
logarithmic singularities which can mimic resonances

Deck [Phys.Rev.Lett. 13 (1964) 169-173]

1 dcosf 1 ¢+1) 1
y (822) - e

2 ) p?—71(cosh) ~ 2k o5

400
300
200

100

(Lb/GeV)

0
Ascoli et al. [Phys.Rev.D9(1974)1963-1979]
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Winney et al. arXiv:2607.1430
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Khuri-Treiman

Imposing two-body unitarity yields system of
coupled, inhomogeneous integral equations which
need to be solved numerically

F(o) +_/ f}U”DlS(F o')

a —a

Disc F(o) = sind(o) e*(®) [F( )+ /da K(o,0') F(o")

VAN

Winney et al. arXiv:2607.1430

" ' / la, 1 !
F({T) = B(g) + 2 do’ Disc F (g )

/ T (O—f)ra. o —o

The Born term parameterizes any effects not constrained
by unitarity (i.e. production left-hand cuts!)

Bpeek(t, 'n"sgﬁ; o) = ;'\-"d(mgﬂ) Ve Alt, -‘rng,ﬁ; o)

PrpP

Alt,m3,;0) = (1= ¢%) Qo(¢) + (]

gk

Deck mechanism
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Khuri-Treiman
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FIG. 8. Dalitz plot intensity using the CD isobar at ma> = 1.4
GeV and t = to = —0.12 GeV?2,
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Khuri-Treiman
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Winney et al. arXiv:2607.1430
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Spectroscopy from peripheral production

(Exotic) resonance

Need to establish PONEN _ Reape
Regge factorization

Spectrometer

Single Regge pole
dominate

)0 em _‘j“.
...... — exchanged
particle
"Force”

“fast”

target
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A Regge theory primer

a c

Reggeon with mass v/t

Particle with 4 and spin a(t)

mass m and spin J

b d b d  Pry.= ¢ 1+ me_me® (i)“‘” :
=" sin(wa(t)) 2 S0 I'(1+ «at))
z,/ Y \ N
V.Mathieu et al., Phys.Rev.D 98, 214841 (20818) _pDIES for Signature asvmptotic caI_.ICEI non-
. integer a(t) factor behavior physical poles
$(®)

Resonances appear simultaneously as poles in energy and spin!

* Regge trajectories: families with same quantum numbers
but different spin

* Almost straight lines (Chew-Frautschi plot)

n,(r‘}:ﬂ.?{a‘—mi) }
a,(t) =09(t — mi] + 1

* In standard Regge theory parameterized by «(t) = o't + «y

0 1 2 3 4 3 6 7
M? (GeV?)

G. Montana
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Single Regge and double Regge
(m(r]rt)< 3 (GeV/c2)? e — _/&, p ( m(n) € [5-6] (GeV/cb

‘ ; fudn T 8=
PWA 1 “ ng‘ R G Mk st ~r[ , _ a2
1.5 2. 2.5 335 4 45 5 P e L
: m(nm) [GeV/c?]
PWA in the low -
energy region Analytically Regge exchanges

Resonance el

at high energy
\extraction ) connected \ j
.
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n")1 photoproduction in the double Regge region

* Double Regge model based on double vector-meson exchanges with no free parameters

* Comparison to CLAS data (not a fit):

[Phys. Rev. C 102, 032201 (2020)]

~lyy = 0.2 — 0.4 GeV?

= ¢+ CLAS
2 06F | — B =5GV ]
e by vy =0 lae
&
=
=04t
~b
3
~
&
=~ 2
T 0.2 s
S Tl
= R

0.0

5N
2 00}
<

1.00 1.25 1.50 175 2.00
m,, (GeV)

Shaded band:
0.95 GeV? < 55 < 1.05 GeV?

* Predictions for GlueX energy

0.0

d*o/d cos O ds,, (ub/G
0.5 1.

1.0

0.5

b

implies odd (exotic) waves

Montana et al., PLB872, 140101

% Forward-backward asymmetry

1.0

_____________________________________________________
----------

Large asymmetries not necessarily motivated by Pomeron (gluonic) exchanges
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n"m at COMPASS
COMPASS+JPAC, arXiv:2607.17850

COMPASS has high-statistics n(’)n samples extending to m,,; = 6 GeV

Above about 2 GeV, events concentrate in forward/backward regions

These regions correspond to one produced meson carrying most of the beam momentum
This is where double-Regge exchange is expected to dominate

Events/((0.03 GeV/c?) x 0.01)
0 5 10 50 100 200 400

[ S R
COMPASSm— COMP_ASS,D,’_E S

0.75 1 il

0.5+ II.
0.25 1 |“|

cosBg
o

-0.25 T
< il
051 i

075+ -l

Mpyn [GeV/c?] My [GeV/c?]

A. Pilloni — JPAC analyses of hadron spectroscopy 26



nm at COMPASS

COMPASS+JPAC, arXiv:2607.17850

Backward / fast

* top exchange connects: m™ — m~

* leading exchanges: R, = P, f,

* (Odd spin exchanges are forbidden by Bose

symmetry .

Forward / fast n(") Pheam ===} - - -8 - - N--- D1
* top exchange connects: 1~ — (") e D Sz =T
* allowed natural-parity isovector ’ - TTeen P2 332 .
P — 2p

exchanges: R; = a,, a;, m; where
®* a,:leading ordinary positive-signature R
* a,:subleading ordinary positive
signature exchange
® 714: exotic negative-signature

Precoil

=S
+
o
-
e
@
(=
-
~

Signature & = (—)/ controls the momentum transfer dependence
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n"m at COMPASS

Variations in the Regge trajectories are considered

Fits performed independently for nm™ and n'm”

COMPASS+JPAC, arXiv:2607.17850
Event-by-event extended negative log-likelihood fit (24k nt™ events and 21k n'nt” events)

Acceptance handled using COMPASS Monte Carlo propagated through TGEANT
Parameters include real amplitude strengths and exponential t-slope form factors

The unbinned analysis preserves angular and momentum-transfer correlations that would
be washed out in a simpler binned projection

1
—COMPASS
| ® Fitted intensity

0.5]

- 3 - 4 5
m, .- [GeV/c?]

Weighted events / (0.1 GeV/c?)

800

200

na”

g

g

—COMPASS
* Fitted Intensity
"alP

Larf;

4 5
My (F) [GeV/c?]

Weighted events / (0.1 GeV/c?)

o

n'z_

0.5

—COMPASS
* Fitted Intensity
" a,lP
Larfy
LP
hh
=PIP

A]sz‘

3

4 5
- [GeV/c?]

The base model

does not describe the
distributions in the
forward peak

Missing physics in the
top exchange
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An exotic Reggeon is required

Hypotheses compared H, significance
H, H T "

Something else
Base-+m1
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Backward peak

COMPASS+JPAC, arXiv:2607.17850

* High statistics allow to disentangle the bottom vertex
* Bottom Pomeron dominates in both nrt™ and n'nt” channels

* However, bottom f, exchange is not negligible, especially at the smallest proton momentum
transfer

* This matters for future diffractive analyses: assuming pure Pomeron exchange may be
insufficient at COMPASS kinematics
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Conclusions

Bottom-up approaches are important!

® They allow us to get the most out of high statistics data!
® Al gives new opportunities for model-independent analyses

® JPAC and ExoHad will continue providing tools and results
to understand the exciting spectrum of QCD

H bod \] “ ;:,\
EXOTIC HADRONS TOPICAL COLLABORATION

Thank you!
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Options on the market

Quark-level calculations:

* Quark models, DSE, pNRQCD, Hybrids, ...

* Spectrum generally calculated as bound states of some potential

* Decay rates as «overlap integrals» between two static configurations

Comprehensive picture v Little scattering dynamics %

Za B

Hadron level calculations:
* Microscopic models inspired to EFT + Unitarization
* Compact states vs. molecules, triangles...

* States as poles of scattering amplitudes

* Couplings as residues at the poles

Scattering dynamics v/ More case-by-case v' %




Potential problems

We can’t afford being misguided by simplistic resonance extraction!
(life is already hard enough without red herrings)

Amplitude analysis requires collaboration
of theorists and experimentalists

However, we don’t have a universal recipe to do things right
We have to proceed:

* (Case-by-case

* Keep in mind the limitations of each approach

* Qverstudy (the more approaches the better)

* No overstatement (do-no-harm)

A. Pilloni — JPAC analyses of hadron spectroscopy
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Real(istic) conversations
between theorists and experimentalists

YOURE TRYING TO PREDICT THE BEHAVIOR
OF ? JUST MODEL
ITAS A > AND THEN ADD
SOME. SECONDARY TERMS To ACCOUNT RR

\
EASY, RIGHT?
)
50, WHY DOES NEED
A WHOLE JOURNAL, ANYWAY?

LIBERAL-ARTS MATJORS MAY BE ANNOYING SOMETIMES,
BUT THERES NOTAHING MORE OBNOXIOUS THAN
A PHYSICIST FIRST ENCOUNTERING A NEW SUBJECT.

T: How could you not find the XXX quantum numbers?

E: Well, you know, 5D fit, O(100) parameters, local minima,
systematics...

T: You are not that good, are you?

T: You shouldn’t use Breit Wigners!

E: Gimme some better

T: | have an analytic unitary parametrization, but it works in
a given mass window and only knows about energy
dependence, you can’t add background terms to it...

E: Breit Wigners.

T: Stop using complex couplings!
E: HAHAHAHHAHAHAHAHAHHHAHAHAHA
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How theorists think of experiments

All the information about hadrons is collected

by the Particle Data Group

diamond
wafer

N

forward drift
chambers

central drift
chamber

electron

beam superconducting

magnet

electron tagger magnet

beam tagger to detector distance

is not to scale

What exeeristesdelists present...

Changing beam and target,
you can change the font

31(1260) i ]G(JPC) =11 + +)

Mass m = 1230 & 40 MeV Ul
Full width I = 250 to 600 MeV -

2;(1260) DECAY MODES Fraction (F;/T) p (MeV/c) N
3r sean 577
(PT)S—_waye: P — 7T seen 53 P
(PT)p_wave: P — TF seen 353
(p(1450)7) s _\ave, P — T seen t
(p(1450)T) p_paye:, P — TT seen it R
f(500)w, fy — wm seen -
f(980)T, fy — @ not seen e S
f(1370)7, fh —+ 77 seen t E
@(1270)1’?4 h— wm sean i
a0 seen 576 A
707070 not seen 577
KKm sean 250
K*(892)K seen P2
Ty seen 608
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Exotics

The quark model is still the simplest tool to organize the spectrum

JPAC, PPNP 127 (2022), 103981

MeV

(( EXOt I C h a d ro n S )) a re _F((GQOO) m cf céqg m  cigs m  ccGq m  cccé m  cfqqq
B d th St d d 4750+ Xeo(4700)
eyond the Standar
yo d aso0l xco(ason()Mls) siaes0)  paasn) -
w T — DT ¥ [0 ) : .;7777
(quark) Model _ =0 L
I S pasen) Xa@274) Regl4246) e P (431 2)
4250 =  Z.(4220) e
—"14230) X(4140) Z(4250) e
D'D ven Z(4050) ;ZS(ZJSE: Jlyp
- s A000 T g gDy PET T TR =+ S
oD Te X(3872) Ll z(3900) Zes
O rga n I Z I n g t h e m """"" N -1 S " A3823) oo e
3750K 20 e
teaches us some more s -
he X el
3500+ - -
about quark-gluon o
. . 3250 I
interactions o
3000¢r N

77 0-F 0°F 17— 1-F 17— 1°F 2= 2¢F 77 0= 1+- Zes F;c

1 I )
I=0 I=1 I=1/2
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In defense of VMD

The weak point of the whole approach is the use of VMD
While in the light sector it works reasonably, for heavy states is not justified

The X(3872) observed in purely hadronic and photonic modes gives us unique clue to

efficacy of VMD

Belle extracted the coupling X(3872) - yy~,
that can be compared with the VMD predictions
from X(3872) - J/Y p, w

0 % £ Goe X 10°
5 ™ 3.2
X (3872) P 5.38
I/ |
w 3.54

Other estimate lead to differences of a factor ~ 3

o(yp — Xp) [nb]

10
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Hadron Spectroscopy Hybrids ~ Tetraquark

Meson Baryon Glueball

D W Cly
® %%

o o ‘I/IIJ :
Hadroquarkonium

Molecule
[ Data H Amplltu_de ]_»[ Qch ]
analysis

f Interpretations on the spectrum leads to
understanding fundamental laws of nature

iuawuédxg

ddD 9911eT
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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
However, an argument based on chiral symmetry NP '
claims the coupling proportional to quark mass J a4 ¢ 0 gluebal T 4
o 07" glueball extrapolated ¢
3 -‘E l
u, d, s = } I
ol I -
— 1 1
0T+ ~ Mqgqq 1 *I |
- 7 — 0 l J | |
u.d., s 0.0 0.2 0.4 0.6 0.8
- (Mps/m,)?
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Options on the market

Quark-level calculations:

* Quark models, pNRQCD, Hybrids, ...

* Spectrum generally calculated as bound states of some potential

* Decay rates as «overlap integrals» between two static configurations

Comprehensive picture v Little scattering dynamics %

Za B

Hadron level calculations:
* Microscopic models inspired to EFT + Unitarization
* Compact states vs. molecules, triangles...

* States as poles of scattering amplitudes

* Couplings as residues at the poles

Scattering dynamics v/ More case-by-case v' %




Hybrid hunting s oo ]

2750 0O
25001 [ (-
Constituent gluon (quasiparticle excitation), o 2250 - =
PC = 1%~ mass ~ 1.0—1.5 GeV ﬁ 2000} 2 o
T wsoof 17007 10t 27t
Look for a ir; state with JP¢ = 177 S
O ( ? 1000
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Y decayinginto{ pm — 37 500 !
: bym — 51
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‘ ¢ 4000
m z

||H | 2 3000

~ 2000
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62 Al 0

0.8 1.2 1.6 2 2.4 2.8

m(nmw™ ) [GeV/cz]

A- PIlILIIII J1 I\ UIIUIYJ\.—J A4 | IIUUIUIIJ'\I\—ULIUJ\'UPY




Amplitudes for n("V

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 e /]P’ T

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

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

3000 6000
- P-wave n ®© channel - P-wave n' © channel
2500(— 5000 — % %
2000 — 4000[— %
z r z r
L 1500— % L23000(—
jo) — [5] I~
= u I u %
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500(— ; (‘l 1000 —
o~ ol
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L 04
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S
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E 06
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_1'%.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 . 2.0 = 2.5'
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Final results

0.0 —
0.13— - d5(1320)
02— a,(1700)
s E i
© 03— 1
O] — 0.110F
% 0.4—
= — 0.115F
= 05—
0.63— 0.120} : .
E 1.305 1.310
0'7:_ N T R SR SR S A S NS S R A
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Mass (GeV)
Poles Mass (MeV) Width (MeV) Agreement with Lattice is restored

A.

a2(1320) 1306.0£0.8+1.3 114.4+1.6+0.0
ay(1700) 1722+ 15+ 67 247 £ 17+ 63

That’s the most rigorous extraction
1 1564 4 24 4 86 492 + 54 £+ 102

of an exotic meson available so far!
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Glueballs

The clearest sign of confinement in pure Yang-Mills
The worst state to search in real life

12
10
8
e 6
4
2
0
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P 3" — - —

-Morningstar and Peardon _
- PRD60, 034509

0" I

2" w3 [

3 I

+ +
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 Gl. 2880%100)?11 )
4+ 3640(90)(160)
«~+ JHEP1210, 170 4360(260)(200)
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Events / 15 MeV/c? Events / 15 MeV/c?

0" - 2"E1 Phase Difference [rad]

]/ -y n°7° and - y KIK?

We consider the S and D wave by BESIII to use the information about their relative phase.

The D-wave is populated by two almost elastic resonances: the £,(1270) and f,'(1525)
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