Hadron spectroscopy within HadSpec

' - ..... - (l.’-’
‘ OLD DOMINION

UNIVERSITY

Jej_ﬁe-r:son Lab

OThomas Jefferson National Accelerator Facility

1)

> g
\ - .
A S

f

5

) \‘\

. O e B

% X Mt 02 = P2 L . > e
7 > . gl A A N RN S N

» q K " 1 : » 2 !
"~ . R W \ | ¢ . .
r 0 T B v o » : ‘ ot o . ;
. B o v Y : . 3 = A ol A
” Bl b, <
| .

& S :

e YU T A

Arkaitz Rodas Bilbao

ad/spec



Spectroscopy in lattice QCD

“hadron spectroscopy explores the

ossible bound combinations of quarks
How do quark and gluons combine inside unstable hadrons? P and gluons .

We need a combination of lattice QCD and experiment to answer that allowed by the interactions of QCD"”
guestion

Guide experimental searches (7,1;)

Confirm existence (tetraquarks, pentaquarks, glueballs)
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Spectroscopy in lattice QCD

Extracting resonances from 2-body data 101

Assume we have scattering data for well-defined angular momentum

Assume the resonance is narrow and isolated
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Extracting resonances from 2-body data 101

Assume we have scattering data for well-defined angular momentum
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More general form for the amplitude
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Spectroscopy in lattice QCD

Extracting resonances from 2-body data 101

Assume we have scattering data for well-defined angular momentum

Assume the resonance is narrow and isolated

Lo NG
) = ) By — 5 — ot

Pole at \/_p ~ (mgy —11'/2)

More general form for the amplitude
t,(s) = , = — "¢ (8) gin §1(s)
e p(s) 1 —ip(s)K(s)  p(s) :

Elastic case

In lattice QCD, our basic equation is the Lagrangian Lqcp = Z Vi (1D —my) g > Tr G, GM

Quark masses are a parameter for us — m_1is a “choice” f

Our basic observables are correlation functions

(01(101(0)) = ;- | Dl@le~**I"0,[8[0][®



Spectroscopy in lattice QCD

Extracting resonances from 2-body data 101

Assume we have scattering data for well-defined angular momentum

Assume the resonance is narrow and isolated

Lo T
) = ) By — 5 — ot

Pole at \/_p ~ (mgy —11'/2)

More general form for the amplitude
t,(s) = , = — "¢ (8) gin §1(s)
e p(s) 1 —ip(s)K(s)  p(s) :

Elastic case

In lattice QCD, our basic equation is the Lagrangian Lqcp = Z vﬁf (2D —my) Yy

Quark masses are a parameter for us — m_1is a “choice” f

Our basic observables are correlation functions

(01(101(0)) = ;- | Dl@le~**I"0,[8[0][®

How do we go from here to there??



Spectroscopy in lattice QCD

We start by formulating our theory in a discretized box / D[¢] — H / A, ‘

Imagine our quark living on the sites

We perform a timerotation o —¢t 15 — Sg

/ D[gle~ 510 H / dep . QRS Probabilvy-like function

Numerical, Montecarlo sampling of our gluon fields

= lim — O\U
< N—oo IV Z
f N is the number of samples

(05(1)0;(0))

Our observables come with a central value and error associated to the number of samples ("measurements”)



Spectroscopy in lattice QCD

Quantum mechanical time evolution B Q

(05(£)01(0)) ~ 3 e Bt (0]0¢(0)|n) (O] (0)|0) ~ ——

n .. . , Extract E, ¢
Time 1s imaginary

We determine the strength of the reaction from the difference between non-interacting and interacting energies

Attraction reduces energies, repulsion increases it Liischer, Nucl. Phys. B 354 (1991)
/ Short-distance dynamics Full scattering amplitude Re\/g
..- ........ . ™ T /N £ —
1 K (s)

General det [F_l (En, L) + K(sn)] — () té(s) —

Elastic

( §(kn) = — tan™ (kan?)m)

27TZ()()

Known kinematic functions
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Elastic analysis ,
150 |
Every energy corresponds to one “data” point
120 (ﬂ-ﬂ-) =1
- my. ~ 239 MeV
e 90 |
0.14 - det [F~' (Ep, L) + K(s2)] =0 gl
LF B
0.12} LN a0l
6(kp) = —tan™! < g Z )
0.10} "0
O I I I I I
0.0 0.10 0.12 0.14 0.16
008k ... ... @t Eem
24 32 40



- - 180 c - - - - & il
Elastic analysis
A }
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: . 180 - - =« — &
Elastic analysis had/spec
150 Phys.Rev.D 92 (2015) Tl
This amplitude can be easily fitted (ﬂ-ﬂ-) 1
120
té(s) = : 5 Vsl . o My ~ 239 MeV
p(s) miw — s — 14/ = %o}
Pole at\/_p ~ (mgy — 11'/2) ol
We can fit other parameterizations 20l

O I s
l a; M 0.0 .
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00121 The p is an ordinary ¢g, narrow, isolated resonance

K*(892)  K*(892)

0.14

0013}
0014} _i_
0015} ;%E[% \) P

—ail B VA p(770) @ p(770)
-0.016+ $(1020) w(782)
0017}
0018}

K*(892) K*(892)
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Form factors

had/spec

. L Tk 100l
Our partial-wave amplitude is \g | My ~ 391 MeV
defined by =, | | . | |
: : 2.0 2.1 2.2 23 24 25 EB* Im,
(mm|T |7y e=1 X t 1 (s) 6.0} 0% = 0
Q* = 0.803 GeV?
Photoproduction process given by —
c 40
(S
87 T <
: P k
7-‘-/ T = 201 -
Phys.Rev.D 93 (2016)
2 1
(T [ Iy | 7) f geq o< f(Q78) t1(s) 0 . . . . .
— 2.0 2.1 2.2 2.3 24 2.5 o /m
Smooth function e
When continuing to the pole location, we recover o B —E,
the transition form factor of the resonance 016!
&3
: : s [
f(@ 9 Sp) X fR(Q ) 0.08} L My a2 700 MeV.
l . m. ~ 400 MeV
0 0 OI.2 OI.4 016 O.I8
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Form factors

Our partial-wave amplitude is
defined by

oo
K
<7TK|T‘7TK[ 1/2,4= 1O(t1 ()

Photoproduction process given by
Y
@ . K*(
K/ K
1/2
(KT TR 1y g gy o< f(Q28) /2 (s)

Smooth function

T

When continuing to the pole location, we recover
the transition form factor of the resonance

f(Qza Sp) X fR(QQ)
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Coupled channels D

D
For heavier n_, the v, and y., can be

studied as a 2-body coupled channel
scattering process

det [F~ (En, L) + K(s,)] =0

N X N matrix (N=number of decay channels)

For given angular momenta

As usual with XYZ resonances, both
theory and experimental results are
not so clear

X0 Not seen in some expected final states by LHCb

HadSpec finds both resonances
coupling to open-charm channels

HadSpec does not find S-wave states
bound or near the DD threshold

Ye my, ~ 391 MeV
pipltl2 D JPC — ot pip;ltis]? JPC — ot my ~ 391 MeV
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Exotic mesons: The hybrid

Lattice QCD (and models) predicts a lightest JPC = 1=, isolated hybrid

m / MeV
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Phys Rev.D 88 (2013)
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-
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had/spec
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Exotic mesons: The hybrid

Lattice QCD (and models) predicts a lightest

Not well known from experiment !!

A single pole was mistaken by 2 states

Coupled-channel analyses were
required to resolve this issue

Most analyses are based on simple
mesonic decays

®— mo "

HadSpec extracted it using 8 different
decay channels (at m_ ~ 700 MeV)

JPC — 1—+

m / MeV

3000 t

2500 t

2000

1500

1000 +

500 r

, Isolated hybrid

PaPb ‘tab |2

0.5
0.4
0.3
0.2
0.1

had/spec

my = 392 MeV

243 x 128
{s
isoscalar

1sovector

Phys.Rev.D 103 (2021)

(Wsns{gpl}‘wsns{Spl})
7.‘. 1 (Rn® {°S | hin* {*S1})

18 8 351 f 8 351
(nlns{lpl}’nlns{lpl}) (f n { Hf 77{ }>

| | |
0.44 0.45 0.46 0.47 048 a;FEcm
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Exotic mesons: The hybrid

Out of 8 possible decay modes, Lattice QCD predicts a dominant one

T; / MeV bMpeC

600

400

200

We know most productive decay chain

Octet partner found by BESIII !!

Not-so-expected discovery (there should be two!!!)

Zi L

blﬂ'

Opportunity to capitalize on previously used lattices for extraction!

m. ~ (00 MeV

0

. Je,ff.;gon Lab

thr./MeV | |c?™*|/MeV| T;/MeV
nm 688 0 — 43 0—1
pr| 910 0203 | 0— 20
! 0— 12

f1(1285) 7
pw{'P1}
pw{°P1}
pw{°P1}

f1(1420)

0—>173 |
799 — 1559

0—2

T OrExploring the Nature of Matter

TN
o

Weight sum/(10 MeV/c?)

N
o
T T

o
| I

: |
Iu" "!' (Y
y i BESII
A, IR L R ¢ T ;
l#ﬂf . +++* SRS o
1.5 2 2.5 >
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Exotic mesons: /.

Exotic resonance, first observed at LHCDb

Considered as a doubly-charmed tetraquark

Narrow resonance in DD*

D* decays, so it is actually a 3-body process

g
-
T

> r LHCb =35

% 60 o1 % %0 +
o — E

S S

= 50 + -

~ 5

= :

40

(N
-
T

[\
-
NN

10—

We can study it as a true 2-body process for heavier pion masses

D* stable for m ~ 391 MeV

All amplitudes produce a virtual bound state pole

A second partner, 7. is also found near the D*D* threshold

ijrl?(?

Papbltigar bl
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https://arxiv.org/abs/2405.15741

Multi-body decays

When lowering m_ — more phase space— massive particles start decaying to lighter ones

/‘"
e —®

Going beyond two-body effects is crucial to understanding exotic candidates of matter

T

71 (1600) thr./MeV | [c™**| /MeV| T:/MeV

- bum| 1375 | 799 — 1559|139 — 529
| K'K| 1386 | 058 | 052 |

| f1(1285)7| 1425 | 05363 | 024 |
| pw{*P1}| 1552 <19 <0.03 §
ow{3P1}| 1552 < 32 <009 |
pw{?P1}| 1552 <19 <0.03 |

\

: f1(1420)7r 1560 0 — 245 0 — 2 Ji
- I'=3..T; = 139 — 590




Three body decays had/spec

When decreasing m_, — multi-body thresholds open

Stable for m_ ~ 700 MeV Decays for m_ < 500 MeV

T
m p
P .o 2 — 2 amplitudes inside
P i
T @ Much more cumbersome
T

Plethora of formalism works on how to extract three-body amplitudes from the spectrum (not discussed here)
7y T

@ [ (B D) Ky =0 — 7
' T T

-
7.5 Phys.Rev.Lett. 126———

S 7.01 7 x 10°
HadSpec has also been leading numerical calculations 65
Full 3-body amplitude for non-resonant 3 pions system ~ ke 6.0 5 x 10°
Future projects include three-body states including intermediate resonances B 3 108
5.0 7
4.5
1 x 10%
4.0

10 45 50 55 60 65 7.0 7.5

20



Lowering m1_: Pushing amplitude analyses

180
When lowering m_ — more phase space— decay widths 150
become larger
120
Resonance extraction becomes more challenging = 90 ¢
60 -
We need a better infinite volume formalism than “simple” amplitude fitting 30
67 () I 008
1 Y S : .
té(s) — c S 52 (S) y Unitarity
p(s)
Implement a full dispersive approach 0
©.@)
tr(s) =71/ (s) + Z/ ds'K;; (s',s)Imt, (s) —200
10 7 Amy

Sum over waves and isospins

2 Im+/s (MeV)
HL
o
S

|
o
-
S

d Analyticity MC rossing symmetry

Once these dispersive constrains are imposed, the
systematic error is drastically reduced

—300

‘i

0.09 0.10 0.11 0.12 0.13 0.14 0.15
atbem
Re+/s (MeV)

450 500 550 600 650 700 750 00

Phys.Rev.Lett. 118 (2017)
Phys.Rev.D 108 (2023)
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Lowering m1_: Pushing amplitude analyses

180 r
When lowering m_ — more phase space— decay widths 150
become larger
120
. ] OO 90 |
Resonance extraction becomes more challenging S |
60 - =
We need a better infinite volume formalism than “simple™ amplitude fitting 30 | = .-
O I I I I I I |
67 (8) iy S1 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15
té (5) — € S 52 (S) d Unitarity ay Eern
/O(S) Re /s (MeV)
450 n50 550 600 650 700 750  &00
Implement a full dispersive approach 0 —O— ' ' | ) ) )
o
v R | 1 -II (0 . 900 b
ty(s) =T, (S)—I—Z/ ds'K,; (s',s)Imty (s) > —200
1,0 7 4ms =)
@—400 -
Sum over waves and isospins :
~ —600
d Analyticity yCmssing symmetry
200 | Phys.Rev.D 109 (2024)

Once these dispersive constrains are imposed, the
systematic error is drastically reduced
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Summary had/spec

M Studying reactions beyond scattering processes — resonance form factors

First photo production, then current insertions on resonances

T

4 Significant progress made for different exotic searches
Both in the light and charm sector

Capitalizing on heavier m_ lattices

¥t Working on 3-body decays from theoretical and phenomenological side to perform first 3-body resonance extraction

Crucial to identify exotic states for lower m_

¥ Pushing the amplitude analysis boundaries when lowering m1_

Dispersive approaches required for light hadron spectroscopy

23
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Simple quark model interpretation
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i — [ | .
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Simple quark model interpretation

Assume they are qq (meson) bound states

Many more states exist!!

m / MeV

3000 +

2500 +

2000

1500

1000

L T]
500 r

A

Tetraquarks Molecules<

b Glueballs Hybrids

GeV
2 40} 1’G4(2.37) '64(2.33) 13G4(2.34) ﬁgé;(/a/éé)
2°0,(2.15) 2'D5(2.13)'2°02(215) 2302 13) ’
s1(2.00 PF,(2.05) / 'Fy(2.03) 1°F3(2.05) P, (2.0)
e, rprprrre
2.00 3is1.88) s /
e \ s 2°p|(1.82) 2°p,(1.82)
2' P, (1.78) 27py(1.78) —~ s
| .60} )
2 S|(l.45):
% I'P.(1.22) 13py(1 .24)’-;;"#;-3,:},
1.20 13Po(1.09)
080F  pmem Many predicted states!!
Godfrey and Isgur (1985)
040
»'2‘(0.|5)
| | L | ! I | | | ] | I ! ! |
ot I Y o I*t 2™ 27t 277 3T 3T 3" g™ 4 47 5°
n
4= 4= =
I i - -
27T~
- 3++ 47T g4
-
27 2T
' Exotics
1+* 2++ T
1++
My 92 MeV
2 128
14
1S lar
1S( o)
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Lattice QCD

.
Regulator
<90f —iH (te— /DSO o~ 1S ()] ¢ 2 | | \

Discretization

Sum over all paths
[ Do) =11 | dv.
’ 1

Ly = (v.D, —|—m)¢—|—4FﬁyFﬁy
Eucligean action ¢ — —it /

—iS = —j / d>rdif — / dPxdtLy = — Sk

0 <
<90f e (e —t) Sﬁi> = /Dsﬁ(x)e_is[¢(x)] — /Dw(x)

<1

Probability like



Lattice QCD

Regulator
> ¢

T e —— — S — —

Discretized, euclidean spacetime / Dy

/ d%dwE —

—iS = —j / d>rdif —

o

- Numerical, Montecarlo
| sampling of our gluon fields

:]&E%ONZO

022+

0.20 -

Desired energies 0.18

* 4 . E. 0.16}
states Time evolution [¢:(t)) = e~ /[1:(0)) 0141
aleés me evoiucdion / .
s (O4(H)01(0)) ~ > e (0]0¢(0)| n) (n|Of (0)[0)
T — — — 008k ... ...... ,.




Hadspec: The basics

MOptimal lattice setup for spectroscopy

Improved, stout-smeared lattices

High anisotropy & ~ 3.5

—_—

yEfficient energy level extraction
Full distillation (very large N, available)

‘ " .
| Time evolution

S e Ent (0]05(0)|n) (0[O} (0)[0) |

n

—— == g— —  — — — — —— —

Annihilation lines averaged over many time slices (full time extent) —
O,~ql,q,rr,KK, ... Arx, ...

Large number of interpolators

Full GEVP solution (many excited states)

MFinite volume formalism

L »

Mnfinite volume formalism

t

—pp det [F71(P,L) + K| =0 Pole at \ /5, ~ (M — iT'/2)

K

Fit-parameters . "
0.4

0.6
Re s Im+/s

(8) = 1 —ip(s)K N
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Width (GeV)

Hybrid exotic candidates

Lattice QCD (and models) predicts a lightest
had/spec

2500 t

2000

m / MeV

1000 + 4/

500 +

1500

Coam ]

1309.2608

JPC — 1—+

, Isolated hybrid

-
[
|
[ |
- - 27
[ ]
1—+

C\‘/-*‘
@— @

It decays to two pseudo-scalar mesons

71

7~ 107**sec

m, = 392 MeV
243 x 128

ls
isosca, lar I

1sovector

Extracted, recently, both from experiment (JPAC/COMPASS) and Lattice QCD (HadSpec)

0.0 —
01— o 8,(1320)
0.2 — a,'(1700)
—  o.108f -
— ] 1
03 = 0.110F
—  o.112F
= @ 1810.04171
—  oim4f
— 0.116 F
0.5 :— 0.1185— Pv4-C
— 0.120F
0.6 p— : IIIIIIIII
— 0122573027304 7.306 1.308 1.310
0.7 —
— 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

Mass (GeV)

043 0.44 Re(atV/s)
m,. ~ 700 MeV
z .
S -001F
E
R had/spec 2009.10034
-0.02
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Exotic mesons

Exotic (J© = 0™) found at m_ ~ 700 MeV in Dr/ DK scattering

Once again, it appears as a virtual-bound state

Fir this pion mass, we set m, = m,; = m,

Many channels coalesce to a smaller subset

This state seems virtual bound also at lower pion masses

2 2
Pt

0.200 A

0.175 1

0.150 A

0.125

0.100 A

0.075 1

0.050 -

0.025 A

0.000

—— Effective range (b)

—— Other reasonable fits 0.4 -

Eem/MeV
2600 2700 2800 2900 3000

—— Effective range (b)

s

HH R

K —matrix (d)
—— Otbher reasonable fits
2403.10498 =
m. ~ (00 MeV
0.I56 - 0.I58 - 0.I60 0.I62 - 0.I64
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Future projects

m Determine the spectrum of ordinary and non-ordinary hadrons

Ready to compute exotic reactions at higher m_
Pushing lower m_ calculations for meson-meson scattering processes

m Develop and implement multi-body decay formalisms to the extraction of resonances

Technology ready for 3r systems with intermediate resonances

Getting closer to 3b baryonic systems! ([ I3
r a1l T
7T 7T

@ Kick start our meson-baryon program
First explorations for A resonances are underway T 0
The Roper resonance will also be extracted, in the longer future ) A (
N N

m Continue our EM analyses g
Working on photo production processes for coupled-channels ) (

Working on elastic form factors of scattering processes
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