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Outline

Q Introduction: spectroscopy, exotics, QCD and EFTs



Spectroscopy (conventional and exotic). The recent LHCb T/ “tetraquark”

n p - D°
® Constituent quark models have succesfully
@@ @@ @ @ described most of (but not all!) the hadrons
@ @ @ @ discovered so far.
® Only possibilities? No, the only requirement is to be

) color singlets. There can be tetraquarks (q,9,4,9,),
* Conventional hadrons: pentaquarks (g,9,9,4,), hybrids (g,g,9), glueballs

> Mesons: qq": mt = ud, D° = ci, ... (gg), hadronic molecules (MM’, MB, BB'),...
» Baryons: q,G,95: p = uud, n = udd, ...
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Spectroscopy (conventional and exotic). The recent LHCb T/ “tetraquark”

n p m D°
® Constituent quark models have succesfully
@@ @@ @ @ described most of (but not all!) the hadrons
@ @ @ @ discovered so far.
Only possibilities? No, the only requirement is to be

color singlets. There can be tetraquarks (q,9,459,),
pentaquarks (g,q,9,4,), hybrids (g,q,9), glueballs

> Mesons: q@": it = ud, D° = ci, ... (gg), hadronic molecules (MM’, MB, BB'),...
» Baryons: q,G,95: p = uud, n = udd, ..

® Conventional hadrons:

[Nature Phys., 18, 751('22); Nature Com., 13, 3351('22)] ® |n 2021, the LHCb collaboration discovers T, with

cc’

t quark content cciid, and very close to D**D°
'D - * = 2 threshold

ov ® Even if something is explicitly exotic, you still have
to understand how are quarks distributed inside the

hadron.
70 T
60| > D D° threshotd
T S0 —> DD threshold @ @
= | ©
n
o
=
k‘” ® [MA, PL,B829,137052('21); MA, Nieves, EP),C82,724('22)]
® Our analysis favours the molecular picture.
3.87 3.88 3.89 3.90 ® Also, relevant to understand QCD confinement, and
Mpopor+ [GeV] color combinations.
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Spectroscopy: precision and exotics

® The case of T/ (3875) is only a recent example...

® 2nd November Revolution started 2003 with the discovery of:

> X<3872) ( h I d d en Ch a rm) Observation of a narrow charmonium-like state in exclusive B= — K= "7 J /¢ decays
Belle, Phys. Rev. Lett., 91, 262001 (2003) Belle Calaboration - SK.Choi (Gycongsang Nat. U) et a. (Sep, 2009)

Published n: Phys Rev et 91 (2003) 262001 - e Print: hepex/0309032 [hep-ex]

Bpdt @liks @ DOl [Ecite [@ reference search D 2.415citations
» D;,(2317)" (charm and strange) Observation of a nartow meson decayingto D 7 at a mass of 2.32-GeV/c?
BaBar, Phys. Rev. Lett, 90, 242001 (2003) Pkt oo 500 <t A b

Qpl @lks @00 [ cie B reference search 9 990 ctatons

® \We have entered the era of precision and exotic spectroscopy

e The LHC (mainly LHCb) is largely contributing on the experimental side, but also many other
experiments: BES, Belle, GlueX...

1
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® Theoreticians have a lot of work to do...
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Effective Field Theories

® QCD lagrangian built in terms of (degrees of freedom) quarks and gluons:
£[9,q,9]
® Quarks are confined into colorless hadrons, which are ultimately the
objects detected in experiments.

® EFTs: build QFT with hadrons (m, K, ..., D, B, ...) as degrees of freedom

Example 1: Chiral Perturbation Theory

Light quarks are... light: m ~m,=~m_ ~0
8 Goldstone bosons SUQ): ¢; — m, K, n

[Weinberg, PRL17,616('66); Phys. A96,327 ('79)]]
[Gasser, Leutwyler, AP158,142('84); NP,B250,465('85)]

LO lagrangians:

f

2=

8
Up] = exp (izda[/\,,)
i=1

X = 2B,diag (m,, my, m,)

i
< (D,UTD#U) + 7 (xtu +xuT)

o di 2 2 502 2
~ diag (m2, m2,2mg — m?)

—

Symimetry 2022, 14, 1884. htps:/ /doi.org/10.3390/sym14091884

Article

Weinberg’s Compositeness

Ubirajara van Kolck 2

! Université Paris-Saclay, CNRS/IN2P3, I}CLab, 91405 Orsay, France; vankolck@ijclab in2p3.fr
2 Department of Physics, University of Arizona, Tucson, AZ 85721, USA
Dedicated to the memory of Steven Weinberg, who always chose the right degrees of freedom.
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Effective Field Theories

® QCD lagrangian built in terms of (degrees of freedom) quarks and gluons:

£[q,9, 9]
® Quarks are confined into colorless hadrons, which are ultimately the
objects detected in experiments.
® EFTs: build QFT with hadrons (m, K, ..., D, B, ...) as degrees of freedom

Example 2: HQSS + SU(3) flavour

® Heavy quarks are... heavy: m_,m, — oo

1+ ¥
O ! 14 (PuLO)Yu—PSJO)Ys)
® HQSS and SU(3) light flavour symmetry:

Hs? ~ (Qu,Qd, 5) ~ (D@0, e, D?‘)*)
[Grinstein et al., NP,B380('92); Alfiky et al., PL,B640('06),

]
HH — HH LO lagrangian:

Heavy Quark
Physics

1+ [m@ay@ ) <
Ly = 7 TRy, ]Tr [H(Q)CHE, y“] (F,608¢ +FARE . 3¢)

4H a-c

1 - (@@ 2@ P
2 T [A@H v Tr [H(°>CHd y“y5] (Fy 6268 + Fy AL -39),

4
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Outline

@ Open charm: spectroscopy and femtoscopy



Quark model in the open-charm sector

® Quark model cn is still our baseline:
«In this paper we present the results of a study of light and heavy mesons in soft QCD. We
have found that all mesons-from the pion to the upsilon—-can be described in a unified
framework.» [Godfrey, Isgur, PR,D32,189('85)]

28 I - charm, strange . 2.8 } - charm, non-strange E
— ] 26— 4
2.6 B - — [ . —
I T 1 5l — == =
Sobfp - e [ i
= N i = r i
[ | 2.2 |~ 4
2.2 B N -
I T Pre 2003 | 7
2 [—— Gl(es) | 1

0~ 1= ot 1+ ot
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Quark model in the open-charm sector

® Quark model cn is still our baseline:
«In this paper we present the results of a study of light and heavy mesons in soft QCD. We
have found that all mesons-from the pion to the upsilon—-can be described in a unified
framework.» [Godfrey, Isgur, PR,D32,189('85)]

2.8 g - charm, strange | 281 - charm, non-strange |
= o y 26— B
2.6 . — i ]
. 3 24 — =
& i 8 24 [ [)-‘\'7430'\ -
= - = I = i
i 1 Tef w0 1
b —_ Post2003 A I 1
I Pre 2003 B 20 SR 4
2| G(es) = ]
1.8
Ch C o+ s 2t 0 = o+ Py o+

* The discovery of D%(2317) in 2003 (and D, (2460) later on) is “equivalent” to the discovery of
X(3872) in charmonium-like system.

[BABAR, PRL,90,242001('03)]
[CLEO, PR,D68,032002('03)]
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Theoretical interpretations
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Meanwhile, in the lattice...

® Masses larger than the physical ones if using cs interpolators only.

Bali, Phys. Rev., D68, 071501 (2003)
UKQCD Collab., Phys. Lett., B569, 41 (2003)

® Masses consistent with D;(2300) and D7,(2317) obtained when “meson-meson” interpolators
are employed.

Mohler, Prelovsek, Woloshyn, Phys. Rev., D87, 034501 (2013)
Mobhler et al,, Phys. Rev. Lett,, 111, 222001 (2013)

® Close to the physical point: RQCD Collab., Phys. Rev., D96, 074501 (2017)

® More complete studies from the HadSpec collaboration:

» Dm, Dn and DSR coupled-channel scattering. A bound state with large coupling to Dm is
identified with D;(2300).

HadSpec Collab., JHEP 1610, 011 (2016)
> D7,(2317): A bound state is found in the DK channel, with:

> AE =25(3) MeV (m,, =391 MeV)
> AE = 57(3) MeV (m_ = 239 MeV)

» Compare with experimental, AE =~ 45 MeV (the dependence on m, does not need to be
monotonic!

[HadSpec Collab., JHEP 02 (2021) 100; JHEP 07 (2021) 123]
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Lightest 0™ open-charm situation and puzzles

® D%,(2317) (S,1) = (1,0)  Mp: 5y = 2317.8 £ 0.5 MeV (PDG)
® D3(2300) (S,1) = (0,1/2) Not so well stablished:

Collab. M (MeV) T/2(MeV) Ref.
'® Belle 2308436 13833 Phys Rev,D69, 112002 (2004)
S| BaBar 2297 +22 137 +25 Phys.Rev,D79, 112004 (2009)
2 FOCUS [?] 2407 + 41 120 + 40 Phys. Lett. B586, 11 (2004)
LHCb 2360434 128 429 Phys. Rev, D92, 032012 (2015) (8% — DOk *Tr)
LHCb 23494 7 1094 9 Phys Rev, D92, 012012 (2015) (89 — B0t n)
En LHCb 2354413 128 413 Phys.Rev, D92, 012012 (2015) (8% — DOntn~)
5 FOCUS [?] 2403 +38 142421 Phys. Lett. B586, 11 (2004)

\ PDG 2343 +10 115+8 Neutral and charged |

Three puzzles

1. Mass problem: Why are D},(2317) and D, (2460) masses much lower than the CQM ex-

pectations?
2. Splittings: Why My 60y = Moz zs17) = Mp. — M (within a few MeV)?

3. Hierarchy: Why Mog(zmo) > MD§0(2317)' i.e., why cu, cd heavier than ¢s?
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Dm, Dn, DSR scattering amplitudes

* Coupled channel T-matrix: D, Dn, DK scattering [)* = 0%, (S,1) = (0, 1)].

® Unitarity: T'(s) = V='(s) — G(s)
Chiral symmetry used to compute the @(p?) potential:

2/ IS — ij Guo et al., Phys. Lett. B 666, 251 (2008)
fv (5 t,u) = Cio Ly Zh G5 ,u) Liu et al, Phys. Rev. D 87, 014508 (2013)

® h, (LECs), subtraction constants‘ free parameters previously fixed.
® Fitted to reproduce scattering lengths obtained in a LQCD simulation:

0.00 12 0.00
~005 10 ~0.05
E -010 E 08 E -010
5 015 { s_ 06 &. -015

alx =1 B \—i_iqi_r
0 70.204%——4{’ TP 04 3¢ 020
-0.25 02 ~0.25
00 -0.30

0100 200 300 400 500 600

30 .
0 100 200 300 400 500 600 0 100 200 300 400 500 600

M [MeV] M, [MeV] M; [MeV]

—

0 100 200 300 400 500 600
M, [MeV]

—-0.30

0 100 200 300 400 500 600
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Dm, Dn, DK and D*(2300): Comparison with LQCD

Dy
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MA, P.Fernandez-Soler, F-K.Guo, J. Nieves, Phys. Lett. B 767, 465 (2017)
E, (L) are provided for Dm, Dn, DSR in a recent LQCD
simulation. [G. Moir et al,, JHEP 1610, 011 (2016)]

Red Bands: Our amplitude in a finite volume.
[MA et al, Phys. Lett. B 767, 465 (2017)]

No fit is performed (LECs previously determined)
Level below threshold, associated with a bound state.

Second level has large shifts w. . t. thresholds,
non-interacting energy levels.

For lattice masses, we find a bound state and a resonance.
For physical masses, both evolve into resonances.

M(MeV) r/2(MeV)
6 0
Low pole 2105%5 102739
i 36
High pole  245175¢ 13475

We also study DK, D,n, (S, 1) = (1,0), D;(2317) bound
state: M = 2315132 MeV.

The D5(2300) structure actually consists of two

different states (with complicated interferences with
the thresolds)

Previously reported in:

Kolomeitsev, Lutz, Phys. Lett. B 582, 39 (2004)
Guo et al., Phys. Lett. B 641, 278 (2006

Guo et al., Eur. Phys. J. A 40, 171 (2009

)
)
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SU(3) light-flavor limit

MA, P.Fernandez-Soler, F-K.Guo, J. Nieves, Phys. Lett. B 767, 465 (2017)

® SU(3) flavor limit: m; — m = 0.49 GeV, M; — M = 1.95 GeV.

® Irrep decomposition: 3@ 8 =( 15@®6@®3 ). Tand V can be diagonalized:

V,(s) = D'V(s)D = diag (Vig(s) , V,(s) , V5(s)) = (A(s) diag (1, -1, 73)) ,

* 15 is repulsive. 6 and 3 are attractive. “Curiously”, 3 admits a cg interpretation.
S =

2
[c3]
o= /\ In the SU(3) limit:
S— 0 (A ® low Dy and D;;(2317) connect
[cu] [cdl  with a bound state in 3
S=-1 ® high Dj connects with a virtual
_ _ state in 6
State Channels  (S,1) 5 6 3 ® See also [Gregory et al,, 210615391]
om.Dn, DK (0,1) v v/ v
D:,(2317) DK, D_n (1,0) X/

® A recent LQCD calculation by the HadSpec Collaboration finds a similar picture.
[HadSpec Collab., JHEP 02 (2021) 100; JHEP 07 (2021) 123]
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Dm, Dn, DK and D*(2300): Comparison with LHCb data

M-L.Du, MA, P.Fernandez-Soler, F-K. Guo, C. Hanhart, U-G. MeiRner, ). Nieves, D-L.Yao, PR,D98,094018('18)

® B~ — DT M [LHCb Collab,, PR,D9%4,072001('16)]

x108 x106 x10°
0.7
ng = 015
d 06| 3
= 0'5 E 0.10
z z 8
S 10 0.4 =
z = g 005
S S 03 S."\‘
Sos 02 3 000
>0l A
0.0 %% < —0.05}
il - w <
20 21 22 23 24 25 20 21 22 23 24 25 20 21 22 23 24 25
Mp 5 [GeV] Mpr e [GeV] Mpr 5 [GeV]
® BY — DOKmrt [LHCb Collab, PR,D90,072003('14)]
x10° x10° %106
) % 004
3 0.
0.61 o1y 3
% 04 Z 8 002 -
= = 0.10 = - 1
© 0.4 5 2 0.00——
=03 = &
= = 0.05] =3
S 02 < = -0.02
|
0.1 0.00] s < 004
0.0 =
2.3 2.4 25 2.6 2.7 23 24 25 2.6 2.7 2.3 24 2.5 2.6 2.7
Mz . [GeV] My . [GeV] M - [GeV]

* Rapid movement in (P,,) [no D,(2460)] at 2.4-2.5 GeV [Dn and D K].
® Recall: these are the amplitudes with two states in the D;(2300) region, and no fit of the
T-matrix parameters is done (production parameters are fitted).
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(Very basic introduction to) femtoscopy

D(k)
2 p
(k)
same(k)
k
Coxp(R) = §(R) =~ N R
Con(R) =D (20 + 1)/drSR(r) lw,(r, R
=0
nr i(Rr—m£/2)
W 1) = (k) + fyth) E——
0.6 T T T
2
Sg(r) = % exp [W}
0.4 1= R=1fm |
—— R=2fm
0.2 —
0 | |
0 2 4 6 8

r(fm)

o~ 3.5¢ T T T T
g F ALICE pp Vs = 13 TeV
ab High-mult. (0-0.17% INEL>0) 1
[ ‘ O p-p®pp
o F Coulomb + Argonne v (fit)
E ] 1.05F 0' q
2 :} Sk V(J’A'ﬂﬂ.‘-nmw 3

151 a 700 200 300
r ".,8 k* (MeV/c)
1F " o0000000a0e0sesoen0a0002000000000003
1 1 1 1
0 50 100 150 200

[ALICE PL,B805,135419('20)]

e 095 9

k* (MeV/c)

® Known the source S(r), explore interactions
(encoded in the wave function)

® A new method to explore hadron interactions

® |ot of attraction.

In HADRON 2023:

vVvyVvVvyywyw

M. Janik [Mon.11:00]

V. Mantovani [Mon.14:30]

D. Mihaylov [Mon.17:40]

M. Albaladejo [Tue.15:10]

L. Graczykowski [wed. 14:00]

>

vYyYVvey

W. Rzesa [Wed. 14:24]

L. Serksnyte [Wed.15:12]
E. Oset [Thu.14:30]

M. Lesch [Thu.1512]

R. Lea [Thu.15:42]

[Fabbietti, Mantovani, Vazquez-Doce, ARNPS,71,377('21)]
Check those talks for more references!
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Open charm femtoscopy
MA, Nieves, Ruiz-Arriola, PRD,108,014020('23)

Channels (S-wave only):
* D% (s=0,/=1/2): DT, D.K, Dn.
® DY (S=1,1=0,1): DIn® D°K*, DK®, D n.
® C(R) in terms of on-shell T-matrix:

Ci(s) =1 + drS [ |L[J, (s,r | —jo(pl.r)z] > Feijoo, Vidafia, MA, Nieves, Oset,
PLB,846,138201('23)

® Coupled channels based on:

j . ~ » Lednicky, Lyuboshitz(x2), PAN,61,2950('98)
Wi (s,r) :)O(Pif)(sij + Gl»(S, r)Tj[(S) » Haidenbauer, NPA981,1('19)
T'(s) = V='(s) — G(s) (previous slides) ¢ Cut-off A:

» Only used in G(s, r), not in G(s)
o » Very soft effect, because G would be
1 /d p/( ) MQ A=pi(s') convergent (extra 1/p from j;)

o
b 8m/s S— +ie > Take A € [0.6,0.9] GeV

Goal of our paper [MaA, Nieves, Ruiz-Arriola, PRD,108,014020('23)]

To use our previously fixed T-matrices in the open-charm
sector to predict correlation functions to be measured
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Open charm femtoscopy: results S =0, | = 1/2 [Dm, Dn, DSR]

MA, Nieves, Ruiz-Arriola, PRD;108,014020('23)

® Lower pole, peak at 2135 MeV would correspond to k= 215 MeV. However, we find a minimum at Cp, (R).

6,\\\\HH\H\HHH\\HH\H, 1-5\\\\‘\\\\\\\\\\\\\\\\\\\\\\
E & -——- bn— D - _ i
51 = 1.4 P R=1fm -
S 0 2 N R N - R=2fm |
E 4 E /// \\\ 77777 DK — DK E = 1.3 B \\\ 77777 R=5fm N
o 3F / = E1280 N |
@ = j . _ B S F\ \ Dmt CF B
= 2F y "\ — 10\ \ —
= - // Sy \\ - NN \ |
g/ NN 1.0 |- =
0 :zaf—/FrfTTTTTTTTTTT’\¢Jﬂ’\ I 0.9 Lol \\\.\_\—\ ol
2000 2200 2400 2600 7o 100 200 300 400 500
Vs [MeV] k [MeV]
® Take the LL approximation to C(k), and f(R) in terms of 6(k):
, 1.2 CT3r R T T T T T T T T T 17T
2sin” &(k 2XF, (x Foy N X-= 0.6
C(R) =1+ 5 i (e*xz+ il )coté(k)) FoY N =16
X Vi = 11 \ \\ﬂ 77777 Xp — 00
z L XD

® Forasimple BW: C, (k) =1, ([ (Rg) <O

Conclusion: the minimum at R, = 215 MeV o J S
is a clear signature of the lowest pole. 1

~
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Open charm femtoscopy: results S =0, | = 1/2 [Dm, Dn, DSR]

MA, Nieves, Ruiz-Arriola, PRD;108,014020('23)

R e e 1.3 T T T T T T
1.4E\ ————— R=1fm - - R=1fm 1
EDN === R=2fm 8 L R=2fm |
_13F N @@ - R=5fm 14 . s R=5fm
o - \ - o 7\\\ -
TET2RC N - = AN
IS [ERN \ B S 11 o |
© \, \ © ~
111\ \ — ~ N\
NN\ A] R N N 1
L R ~—— 1.0 P ——— P
0.97\\\\‘\\\\‘\\\-\—\‘\\\\‘\\\\‘\\7 T Y
0 100 200 300 400 500 0 50 100 150 200 250 300
k [MeV] k [MeV]
L2 o e LG e e
55 ————— D — D
— - Vo Dn—Dn A
e 4 W O\ —— DK = DK |
; 3 / \\\ E
n . i N\ .
\':: 2 / \\\ /I’\‘\ =
o 1; /// ,\/)\\\\ ;
0 A N A A O:gc’:prrr?TTTFTFTFTTLM‘#?;:‘F
0 50 100 150 200 250 2000 2200 2400 2600
k [MeV] Vs [MeV]

* Two different minima at /s =~ 2135 MeV (D CF) and 2475 MeV (D_K CF), produced by the two
different D7 states, can be observed
® Their observation would constitute a strong additional support of the two-state pattern.
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Open charm femtoscopy: results S =0, | = 1/2 [Dm, Dn, DSR]

R e e
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* Two different minima at /s =~ 2135 MeV (D CF) and 2475 MeV (D_K CF), produced by the two

different D7 states, can be observed

® Their observation would constitute a strong additional support of the two-state pattern.
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Open charm femtoscopy: results S =1, =0, 1[DIn°, D°k*, D*K°, Dfn]
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D%,(2317) is a (mostly) DK I = 0 bound
state, with B = 45MeV, p, = 190/ MeV

Why use physical channels?

> EN o — Ebes = 9MeV [Ryo,s = 83 MeV]
B 4 X
2

> Also, Cpogr = Cpipo =

Clear depletion at threshold, related to

the presence of D,(2317)

Similar trends in recent works, only small

differences in the values:

» [Liu, Lu, Geng, PR,D107,074019('23)]
| 4

[Ikeno, Toledo, Oset, 2305.16431]
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Open charm femtoscopy: results S =1, =0, 1[DIn°, D°k*, D*K°, Dfn]

MA, Nieves, Ruiz-Arriola, PRD;108,014020('23)

D%,(2317) is a (mostly) DK I = 0 bound
state, with B = 45MeV, p, = 190/ MeV

® Why use physical channels? wkE
> B o — Elber = OMeV [Ryo,; =~ 83 MeV] 09l .
= I |
> Also. C c Cof 4+ ¥ 08 S
SO, Cpogr = Cppo = —5— = .
DOK DHK! 2 207 N
NG - R=5fm N
® Clear depletion at threshold, related to s i
* 0.5 | | | | |
the presence of D;,(2317) 0 50 100 150 200 250 300

o . k [MeV]
® Similar trends in recent works, only small
differences in the values:

» [Liu, Lu, Geng, PR,D107,074019('23)]
» [lkeno, Toledo, Oset, 2305.16431]
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Outline

Q Double charm: spectroscopy and femtoscopy



T..(3875)* and previous predictions

® T.(3875)" is a tetraquark with constituent cctid
® Models give broad range of predictions.

® Not observed until now (only =/ [LHCb])

[PRL119112001('17)]

® |QCD: not conclusive in the charm sector; more

agreement in the bottom sector.
[Leskovec et al.,PR,D100,014503("19)]
[Bicudo et al.,PR,D103,114506('21)]
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T..(3875)* and previous predictions

® T.(3875)" is a tetraquark with constituent ccud
® Models give broad range of predictions.
Not observed until now (only =/ [LHCb])

[PRL;119,112001('17)]

LQCD: not conclusive in the charm sector; more
agreement in the bottom sector.

[Leskovec et al.,PR,D100,014503('19)]

[Bicudo et al,,PR,D103,114506('21)]

Then comes LHCb...

[2109.01038;2109.01056]

gmg L}-;Cl»

= oo 9! |

%50; } i

Emi— ‘ : + f
o el
TZ: H + J;:::::::::}:: + H H +:
O;ﬁ_,ﬁfﬂm i HJ,W iy i
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Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

MpOpIx+

[(;pv/l»’l]

J. Carlson et al.

C. Semay and B
M. A. Moinester
S. Pepin et al.

J. Vijande et al.
D. and M. Rosina

t———e———— | F. Navarra et al.

J. Vijande et al.
D. Ebert et al.

S. H. Lee and S. Yasui
Y. Yang et al.

N. Li et al.

G.-Q. Feng et al.
$.-Q. Luo et al.

M. rliner and J. Rosner
. E. J. Eichten and C. Quigg
7. G. Wang
—_— W. Park et al.

P, Junnarkar et al.
C. Deng et al.
M.-Z. Liu et al.

L. Maiani et al.
G. Yang et al.

Y. al.

. Q-F. Lii et al

= E. Braaten et al.

D. Gao et al.

J.-B. Cheng et al.
S. Noh et al.

R. N. Faustov et al.

100200 300
[MCV (:2]

B. Silvestre-Brac and C. Semay
restre-Brac

B. A. Gelman and S. Nussinov

1987
1993
1994
1995
1996
2003
2003
2004
2007
2007
2007
2009
2009
2012
2013
2017
2017
2017
2017
2018
2018
2018
2019
2019
2019
2020
2020
2020
2020
2020
2021
2021

17/25



Production Model
MA, Phys. Lett., B829, 137052 (2021)

LHCh
9"

® LHCb spectrum is essentially T/_signal and a D*D phase

space background
® Reasonable to assume that all DD events are produced

through D*D
e Small range (~ 30 MeV) DDm invariant mass: assume D*D in

S-wave

D° DO

Ny (@) =N ( )/ /SOZ ; (@ s )l

K(Q?) RO RO K (Q?) R p(u)
M,(@,s,t,u) :gD*an;eg(/\) L f . <_guv+ % + Uiz —g,, H uv .

— Mpy, WSS My S

po

K@) = a (14 6,(Q)T4(Q") Cpri_pon: +BG,(Q)Tp(Q) Cpui o -
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D*D scattering amplitude
MA, Phys. Lett., B829, 137052 (2021)

* Coupled T-matrix for the D**D° D*°D* channels:

TYE) =V (E) - 5(E)
® |, = 0: the isospin decomposition reads:

[D**0% = ——= (ID*D,1 = 1) +|D*D,1 = 0)) ,

2

|D*°D*) = —— (|D*D, I = 1) — [D*D, | = 0)) ,

SESE

2
V(E): interaction kernels written in terms of G(E): loop functions of the D*+D° D**D*
C_q,; (constants): channels:

B, @

(ere o:e) 6= [ I
_ , —

o CotG (2”)3E_E£h_§

® Width of the D*: the loop functions are analytically continued to complex values of the D*

mass, mp, — mp. —ir,./2.
® Two values for the cutoff, A = 0.5 GeV and A = 1.0 GeV.
® The V-matrix elements depend now on the cutoff, C,(A).
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Results: Fit

MA, Phys. Lett., B829, 137052 (2021)
® Exp. resolution taken from LHCb (6 =~ 400 keV):

N, (E) = / dE' Ry, (B E') N (E')

3
2
- 1
= 9 411 * [ Parameter  A=1.0GeV  A=0.5GeV |
= :; H‘}t}m “‘}4 *#* {?H*& Co(M[fm?]  —0.7008(22)  —1.5417(121)
70 Cy(N) [fm?] —0.440(79) —0.71(27)
5 i 1 B/a 0.228(108) 0.093(79)
60 |- i % F x°/dof 0.95 0.92
.- % 5 oof * Good agreement (x*/dof = {0.92,0.95})
= F ; % 8 ® Check: pull of the data seems randomly
S wf S distributed.
3 " B 1 3.874 3876 | © Statistical uncertainties obtained by MC
I\a : Mpopor+ (GeV) | bootstrap of the data
Z 20| ;
10 f
o
3.87 3.88 3.89 3.90

Mpyop0,+ (GeV)
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Spectroscopy

MA, Phys. Lett, B829, 137052 (2021)

® Bound state pole in T-matrix, det (1 —VG) = 0:

0.05 —_—
T (E) g,‘é/ i : ‘ : —— Redet |
ij\=) = ] 2 = ; j ——— Imdet 1
B — My —iTp2/2) ;T ol !
i i
o Width: my, —iFp./2 = My — il /2 = i DS
e Pole position (wrt D**D° threshold): © 005 ! !
[ 1 1 S=
A(GeV) M. (keV) T (keV) ok N ]
1.0 —357(29) 77(1) ol T ]
0.5 —356(29) 78(1) s ol - ]
> [ i
® Good agreement with LHCb determination: = ol i i ]
5 I 1 1 1
6MT& (keV) I'T& (keV) % 30 - : : 1
[2109.01038]  —273(61) 410(165) = Wl i i ]
[2109.01056] ~ —360(40) 48(2) 10 |- ! ! 8
® Qur width is somewhat larger than the ~ 50 keV Qem 3.876 3.880
obtained by LHCb and [Feijoo et al, 2108.02730], [Ling et Myopons (GEV)

al,, 2108.00947].
[bu et al, 211013765]: [+ depending on the model

® Results similar to [LHcb, 2109.0156] (top) and
used.

[Feijoo et al., 2108.02730; Du et al., 211013765]
(bottom).
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Molecular state?

MA, Phys. Lett., B829, 137052 (2021)

2=
® Weinberg compositeness [Weinberg, PR137,8672('65)]: P =1—2Z7 =~ v =—g°G/(Ep)

® We get P,y po = 0.78(5)(2), Ppuop+ = 0.22(5)(2) — P_, = 1 purely molecular state (model built-in!)

® Single channel & isospin limit:

® Relation to ERE parameters a, r

[ A(GeY) 0.5 1.0 |
E, (keV) 833(67) 856(53)
a_,(fm)  —557(25)  —5.18(16)
r_o (fm) 0.63 1.26

©® Average values: a,,

= —5.38(30) fm, Ioh = 0.95(32) fm, prh = 40.4(1.7) MeV.

0.0 0

102

0.3
z

0.4

27\\\\\\\\\\\\\\\7
_ 0o, =
£ S i
= °~. 1
L0 h ]

[ mememe 0@ S
- ~
_47\\\\\\\\\\\\\\\7
0.0 0.1 0.2 0.3
z

0.4

6r(fm)

[Weinberg,PR137,8672('65)]

o

0.1 02 03 0
4

[ The values obtained clearly support a molecular picture for T/ ]
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Molecular state?
MA, Phys. Lett., B829, 137052 (2021)
HZQZ

® Weinberg compositeness [Weinberg, PR137,8672('65)]: P =1—2Z7 =~ i —g°G'(Ep)

Vg
® We get P,y po = 0.78(5)(2), Ppuop+ = 0.22(5)(2) — P_, = 1 purely molecular state (model built-in!)
® Single channel & isospin limit: ® Relation to ERE parameters a, r
[Weinberg,PR137,8672('65)] + [MA, J. Nieves, EP},C82,8(22)]
[ A(GeV) 0.5 1.0 |
E.(keV)  833(67) _ 856(53) g _21-2 .5, (1 *Z)z do
a_,(fm)  —55/(25) —5.18(16) Vg2 -2 2-z
r,_, (fm) 0.63 1.26 N
Yg1—2
® Average values: App = —5.38(30) fm, Ioh = 0.95(32) fm, prh = 40.4(1.7) MeV. Minimum at &r ~ Ioh = 1fm
*2\\\\\\\\\\\\\\\ 2\\\\\\\\\\\\\\\ 4.0 N 3
i anLo(Z 6r) I b
_ [ a0 i ol 1 30 EINE
£ E [ S 1 €20 .
© Ll P N] ® i
i p— no@ 1.0 El B
B oz 6N i
I T A . I T T 0.0 u 0
0.0 01 02 03 04 0.0 0.1 02 03 0.4 0.0 0.1 0.2 03 04
z z z

[ The values obtained clearly support a molecular picture for T/ ]
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HQSS partner

MA, Phys. Lett., B829, 137052 (2021)

® Heavy-Quark Spin Symmetry (HQSS) predicts that heavy-meson interactions are
independent of the heavy-quark spin in the limit m, — oco.

® Relation between D*D* — D*D* and D*D — D*D amplitudes.

The interaction kernels of the I(J?) D*D* systems are related to those of the D*D ones as:

(D*D*, 0(1%) [V] D*D*, 0(1%)) = (D*D, 0(1%) |V| D*D, 0(1)) =V,
(D*D*, 1(2%) |V| D*D*, 12*)) = (D*D, 1(1*) |V| D*D, 11+)>—v

* We predict the existence of T;}, a D*D* molecular state, HQSS partner of T, with a binding
energy (wrt the different D*D* thresholds) of 1.1-1.5 MeV.
&M, (keV)
Isoscalar solution Isovector solution
AN=10GeV A=05GeV | A=1.0GeV A=0.5GeV

DD —1580(71)  —1156(79)

DD | —1561(71)  —1148(79) | —1561(71)  —1148(79)

D*D*Y —1543(71) —1140(79)

Similar predictions are obtained in a later work [pai et al, PR,D105,016029(22)]
Previous works predicting D*D* states: [Molina et al,, PR,D82,014010(10); Liu et al, PR,D99,094018('19)].
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Femtoscopic correlation functions for T_(3875)*
Feijoo, Vidana, MA, Nieves, Oset, PLB,846,138201('23)

e D°D** channel: C(k) positive and very large (=~ 30) for R = 1fm at the threshold.
* D*D*0 channel: Also positive and larger than 1 (but substantially smaller than for D°D**)

® These predictions could be compared with future measurements by ALICE

L0 o e 6\\\\\\HH\HH\HH\HH\\HL
9 | H —— Rg=1fm N —— Rp=1fm
8 — Ro=3fm I, — Rp=3fm |
7E —— Ro=5fm | LB N —— Ry =5fm 7
S 6 { 4 2°F - ]
ar - G - =) = . m
L5 E H — a3 S, —
5: e —— Model A E E - S —— ModelA
) " 8 \ —.=: Model B E (S } \\_\ —.—. Model B E
N \ E . el ]
2 \ = Bl S Trmeel. ]
= N~ E T
0:\\\\\:\\\\\\\\\\\\\\: o T N A
0 50 100 150 200 0 25 50 75 100 125 150
R [MeV/c] k[MeV/c]
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1) Introduction: spectroscopy, exotics, QCD and EFTs
2 ) Open charm: spectroscopy and femtoscopy
3 ) Double charm: spectroscopy and femtoscopy

o Conclusions



Conclusions

Constituent quark models are able to reproduce many of the discovered hadrons, but there's
room for many more species of them.

® \We have entered into the exotic and precision spectroscopy era.

Femtoscopy can give new experimental insights into these challenges.

Effective Field Theories are an ideal tool to study reactions and spectroscopy
» Their combination with LQCD simulations can be very powerful

e For single charm studies, the combination of ChPT, SU(3) and HQSS produces an economic
description of scattering amplitudes.

» Two states are predicted instead of a single D;(2300)

» This picture is compatible with different LQCD simulations and experimental (LHCb) data
» We have also predicted CFs that can be measured in femtoscopy studies at ALICE

® \We are having a first glimpse into the double charm sector.
» The study of the spectra points to a molecular nature of the T_(3875)"
> A HQSS partner [T/ (4016)] is predicted. Its finding would constitute a strong support of this picture.
» Femtoscopic correlation functions are also predicted for T_(3875)*.
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(Some) attempts to explain D%,(2317) as a 5 state

[Ortega et al., PR,D94,074037("16) (and references therein)]

® Problem: original Quark Model prediction mass is ~ 150 MeV above experimental one.
* 1-loop correction to OGE potential ((9(0@)) reduces the mass to 2383 MeV, much closer to the
experimental one.
[Lakhina, Swanson, PL,B650,159('07)]
° 3P0 mechanism to couple cs states to DK meson-pairs, Py, ~ 30%.
Much better situation, but:

» Still above DK threshold
» This mechanism only affects the 0" sector, still problems with 1*
» Coupling to DK is included, but no DK “dynamics”
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Open questions for the community

® Need of more collaboration between (and simultaneous use of!) different
“subcommunities”: LQCD, molecular/tetraquarks/QM models...
® Spectroscopy, mixing:
Specific example of D} (2317), take for granted the presence of a CQM cs state. Theoretical
possibilities:
» Genuine cs, (very) renormalized by DK threshold. Or renormalized by DK interactions themselves?
» Or, thereisa S =1, 1= 0 state coming from DK interactions in addition to the cs state. If so, where
are those two poles? Which is which?
[Cincioglu et al., EP),C76,576('16); MA et al., EP),C78,722('19)]
® Nature/size:
» Can we address the question of 4q, gg, molecule based on the size of the object?

i m o
F(q®)
» For mm scattering, 0 meson: MA, Oller, PR,D86,034003('12)

> <r2>2 ~ 0.44 fm vs <r2)§r ~0.81fm
» Perhaps only theoretical? Future lattice QCD calculations?
Bricefio et al, PR,D103,114512('21) [and refs. therein]
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Connecting SU(3) and physical limits Riemann sheets

Riemann sheets: SU(3) limit:
(s h h
Gi(S) = Gi(s) + ,’f’(\[) £, m; = m,p y +Xx(m— m,vp y) , (m = 0.49 GeV) ,
/s
M =M™ L xm— "™y, (M =195 GeV) .

* Physical case (x = 0): RS specified by (§,&,&;), § =0or 1.
e SU(3) symmetric case (x = 1): all channels have the same threshold, so there are only two RS

(000) and (111).
® To connect the lower pole with the T, virtual state,

& =x (1,1,0) — (1,1,%)

® To connect the lower pole with the T3 bound state,

§=1-—x (1,0,0) — (1—x,0,0)
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Connecting SU(3) and physical limits Riemann sheets (I1)
Connecting physical (x = 0) and flavor SU(3) (x = 1) limits:

phy

m, = mf™ 4y x(m—m™), (m=o0.49Gev), ® The high Df connects with a 6 virtual state

(unph. RS, below threshold).

phy phy =
M=M= +x(M=M7"),  (M=195GeV). o The low D connects with a 3 bound state (ph. RS,
below threshold). _
2500 9 #=00giyel O 5= 15U ® The DZ,(2317) also connects with the 3 bound state.
@,.
2o | D30(2317)*
S 2300 | e
2 2 -
= D;(2105)0 &———% Dg(2105
& 2200 e e
High pole ----
Low pole —
2100 | D% (2317) -----
Thresholds
2000

0 50 100 150 0 025 05 0.75 1
T'/2 (MeV) x

® The low D and the DZ,(2317) are SU(3) flavor partners.
° This solves the “puzzle” of Df,(2317) being lighter than D (2300): it is not, the lower Dy pole

(M = 2105 MeV) is lighter.
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Form factors in semileptonic D — n?ve
D-L. Yao, P. Fernandez-Soler, MA, F-K. Guo, J. Nieves, Eur. Phys. J. C 78, 310 (2018)
® General definitions:

dr(b £/
dOo T _ 5o iy P (= 0:1,(0) = £,(0)]

dqg? 24713
~ m2 —m? m2 — m?
(e QlDp) = £,@0) |2 — T + ) e
® “Isospin” form factors, related to Dm, Dn, DSI? scattering:
_\/g O“%n’(s)
FOID(s) = 2 7s) . ImF(s) = TH(5)3(s)F (s)
Df—K°
—fo  (5)

* Write form factors as Omnés matrix times polynomials
F(s)=Q(s) - P(s)
® Polynomials fixed so as to reproduce the NLO chiral lagrangian:
Lo=1p (mPZ 7aup) uty”,
Ly =BPu(3,UNI +B,(3,0,P) u(0"UN
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Form factors in semileptonic D — mév, (I1)

14 HPQCD m
ETM e

12
0.8
0.6

0 0.5 1 15 2 2.5 3
e A e Points mostly from LQCD

N g [ ibdop / ® Also LCSR for g> — 0

HOCH - et ® Good agreement in general
L 0L e 15 1 CKM matrix can also be calculated
o A ' A e Definitive results may differ..
04 ’} | 7
[ r 1

0.2 L L I I e L L L I I

0 5 10 15 20 25 0 5 10 15 20 25

6oV 2 (Gov?
I [ This work ] Exp. ]
3 4.49(24) Tincl]
10Vl | 430) | 3772(19) [Excl]
Vgl | 0.264(22) 0.220(5)
Veo | 0.945(41) 0.995(16)
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T-matrix and analytical continuations

° Normalization: —ip,(s)T;(s) = 41y/s (;(s)e¥%) —

« Riemann sheets (RS) denoted as (§,&,5,):

Imv/s

; pi(s)
41Tv/S

‘9”»’(5) - ‘gli(s)+ f1

1).

® G.(s) = G(s,m;,M,), regularized with a subtraction constant a(y) (u=1GeV).

Dm

Dn

DK
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Why is D7(2300) interesting?

® Lightest systems to test ChPT with heavy mesons, besides D* — Dm.
* Dminteractions (where it shows up) are relevant, since Dt appears as a final state in many
reactions that are being considered now (i.e., Z.(3900) and D*Dm)
® D;(2300) is important in weak interactions and CKM parameters:
Flynn, Nieves, Phys. Rev. D 76, 031302 (2007)
D-L. Yao, P. Fernandez-Soler, MA, F-K. Guo, J. Nieves, Eur. Phys. J. C 78, 310 (2018)
» It determines the shape of the scalar form factorfo(qz) in semileptonic D — m decays.
> Relation to |V 4|: f, (0) =f,(0) and dF o |V f, (¢*) .
» Even more interesting: the bottom analogue |V, |.
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Dm, Dn, DSR energy levels in a finite volume

® Periodic boundary conditions infinite volume finite volume
imposes = : —— -
momentum quantization geRr g= T”’ nez
® |ischer formalism: g Z
Commun. Math. Phys. 105, 153 (1986) / B
e (2m) B

Nucl. Phys. B 354, 531 (1991)

* |n practice, changes in the T-matrix: T(s) — 7(s, L):
Doring et al., Eur. Phys. J. A 47,139 (2011)

_~ . R N Zd .
5:(9) = §(s,1) = G,(5) + fim (LL >o1d) - /O T /,»<q>) :
V(s) = ¥(s,L) = V(s),
T(s) = T'(s,L) = V'(s) — G(s, L),

® Free energy levels: Eg)free( L) = w,(2mn/L)?) + w,((2mn/L)?)
® Interacting energy levels E_(L): T "(E2(L), L) = 0 (poles of the T-matrix).
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Chiral dynamics and two-state structure(s)

® Other famous two-poles structures rooted in chiral dynamics:

A(1405) [Em, NK] K,(1270)

Oller, MeiBner, Phys. Lett. B 500, 263 (2001
Jido et al., Nucl. Phys. A 725, 181 (2003
Garcia-Recio et al, Phys. Lett. B 582, 49 (2004
Magas et al., Phys. Rev. Lett. 95, 052301 (2005

Roca et al., Phys. Rev. D 72, 014002 (2005)
Geng et al., Phys. Rev. D 75, 014017 (2007)

)
)
) Garcia-Recio et al., Phys. Rev. D 83, 016007 (2011)
)

® Recently, clymton, kim, 230514812 claim a two-pole structure for b, (1235).

e Chiral dynamics:

> Incorporates the SU(3) light-flavor structure,

» Determines the strength of the interaction,

» Ensures lightness of Goldstone bosons, which in turn separates generating channels from higher
hadronic channels.

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy 10/0



Summary and conclusions

® \We have employed unitarized NLO chiral amplitudes to study the open-charm sector.
® The LECs are fixed through LQCD calculations of m_-dependent scattering lengths.

The D;(2300) structure is actually produced by two different states (poles), together with
complicated interferences with thresholds.

This two-state structure receives strong support. Without any fit, the amplitudes are
compatible with:

» available LQCD simulations,

» and experimental data

This picture, with the lowest D pole and D*(2317) being flavour partners nicely solves
simultaneously all the puzzles.

® We have used these amplitudes to predict femtoscopy correlation functions in the
open-charm sector.

In particular, we have highlighted the imprints that the two-state structure leaves on C

Dmr’
CDn, and CDSR-

® The measurements of these CFs can shed further light on the (very interesting!) open-charm
sector.
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Scheme of unitary EFTs relations to LQCD and experiments

EMeV)

1.4

©12

229/0§[M9V] 2400

ReE (Mev)

' Femtoscopic CFs '

[y

Spectroscopy

SU(3) limit
(two Dp, one Dsg)

origin of poles

Predictions for
other channels

- -

HL Amplitudes:
: G Hass

Comparison with

Comparison LHCb (& BaBar)

with LQCD levels

exp. data

ng free
parameters

((Py)=14(P5)19) /(20 MeV)

18 20 2 2% 20 21 22 23 24 25
Lo My - [GeV]



Comparison with experimental data: B~ — DT m—

Du, MA, Fernandez-Soler, Guo, Hanhart, Meifner, Nieves, Yao, PR,D98,094018("18)
® A(s,2) = Ay(S) + V3A(S)P,(2) + V5A,(S)P,(2) + ...
® P-,D-wave as in LHCb paper: D*, D*(2680) in P-wave, D5(2460) in D-wave
® S-wave parameterization:

s T . bt
5=~ ot B 2
Ay(s) = A + A,8) DDs 0
N S=e= N
ST mn,K ST

Ay(s) = A{En [2+6,5) (%le/z(S) + %TW(S))]

+ JEGOTA ) + \@Ems)ﬂ?(s)} + BE,G,(5)T21 (5)
* Angular moments: (P,)(s) = [ dz|.A(s,2)* P,(2)
2 2 2
(Pg) o ‘“40|z + |"l1‘2 + ‘Az‘z , (Py) o 5 ‘“41‘2 + 7 |"qz|2 + \75 |"40‘ |A2‘ COS(60 - 62) ’

(Pr) = (P) = ' (Py) o = | 4o] |4 cos(8,—5) -

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy 12/0



Comparison with experimental data: B~ — D m—

Du, MA, Fernandez-Soler, Guo, Hanhart, MeiRner, Nieves, Yao, PR,D98,094018("18)
Data: LHCb Collab., PR,D94,072001("16)

x106 x106 x108
0.7 0.15
15 0.6 z
! Z 010
= 0.5 s O
o ) =
S 1.0 s 04 3 0.05
5 g 03 z;
£ 05 Q02 ¥ 000
~ 0.1 A \
0.0f—= & =B
0.0
20 21 22 23 24 25 20 21 22 23 24 25 2.0
Mp: 7 [GeV] Mp - [GeV]

* Parameters: B/A=—3.6+0.1,a, = 1.0+ 0.1, x*/d.of =17

e — This work. - - - LHCb. Bands: fit uncertainty

® Good agreement with data & with LHCb fit

* Rapid movement in (P,,) [no D,(2460)] between 2.4 and 2.5 GeV. Related to Dn and D K
openings.

Recall: these are the amplitudes with two states in the D;(2300) region, and no fit of the
T-matrix parameters is done.
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Comparison with experimental data: B — D°K~mr*

Du, MA, Fernandez-Soler, Guo, Hanhart, Meifner, Nieves, Yao, PR,D98,094018("18)
Data: LHCb Collab., PR,D90,072003("14)

x10° x10° x106
0.7 =
o . 3 om
205 2 g om
Z 04 =00 2 0.00 = :
"0 ) ~ o L
€03 2 g
o2 g ilr” -0.02
0.1 0.00 < -0.04
0.0 ~
23 24 28 2.6 2.7 253 2.4 28 2.6 2.7 28 2.4 25 2.6 2.7
M . [GeV] My . [GeV] Mg . [GeV]
* Exactly the same formalism applied to B — DK,
CHA- C—A 1 /3
Ay(s) = EK[C+ =E6,(5)T () + T@(smw(s)] - = (38-0)E,G,6T2(9)

* Take same value of B/A, a,, as before: C/A = 4.8"37, x?/d.of = 1.6
e — This work. - - - LHCb. Bands: fit uncertainty

® Good agreement with data & with LHCb fit

® See also bu et al, PRL;126;192001('21)
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Old analysis of LHCb data

MA, Nieves, Oset, Jido, EPJ,C76,300('16)
Data: LHCb Collab,, PR,D90,072003("14)
BaBar Collab., PR,091,052002('15)

® The LHCb (and BaBar) data had already been analyzed with a similar amplitude

T —— — N — S —
- Fit — Fit —
T 140 |- Babar et - 1o - Babar ot
L 1s0f RS - W 1200
z ~ Z 100 Z 100
3 +OK- 3 3 -
z By — n* DK Z B = D DK Z B — DODOK
2w ] § W - 0§ W
g 4 3 Z
1k i e a i w
@ @ @
50 . 40 40
2 - 2
il I ol O OV NN SN
2350 2400 2450 2500 2550 2600 2650 2700 2750 2340 2460 2580 2700 2820 2940 3060 3180 3300 3420 2340 2460 2580 2700 2520 2940 3060 3180 3300 3420
Vi (MeV) Vs (MeV) Vs (MeV)
200 T T T T 160 T T T T T T T T 160 T T T T T T T T T
Background o Background = hackground =
9 140 D},(2700) = 140 - D;,(2700) =
(DK)1—o (DK)1-o
., 150 oW 120F D,(2573) = oW 120F D,(2573)
= = Full — = Full —
B Z 100 4 Z 100 N 4
2 = B — D DK+ z Bt — DDk
2 100 ER - ER -
& 2 H
50 =40 B = 40 B
20 B 20 B
o TLLLATTL L) 0 NR® mRnnn R 0 NS N AR RRR R R
2350 2400 2450 2500 2550 2600 2650 2700 2750 2340 2460 2580 2700 2520 2940 3060 3180 3300 3420 2340 2460 2580 2700 2820 2940 3060 3180 3300 3420
V5 (MeV) V5 (MeV) V5 (MeV)
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Predictions for other sectors: charm

(R) 210518 10279 | (R) 2240™2 9377

—12 =9

1 * 95 pMi
(0.3) 0m, 00, DEK| /7 | R) dusre3e 1347
(1,00 DK DS’y v/ X /|(B) 2315438 (B) 2436118
(=1,0) D¥K X/ OX|(V)2342¢8 -
@, 0m, DK S/ X - -

® HQSS relates 0" (D(S)P) and 17 (DIS)P) sectors: similar resonance pattern.
® Two pole structure: higher D, pole probably affected by p channels.
e DK[0T, (—1,0)]: this virtual state (from 6) has a large impact on the scattering length,

afﬁ’o) ~ 0.8 fm. (Rest of scattering lengths are |a| ~ 0.1 fm.)
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Predictions for other sectors: bottom

0" T

(S,1) Channels 15 6 3 M r/2 M r/2

R) 55372 11611 | (R) 5581*2 115112
0.1) 5o 50 BOR| v v v | M| RS 1
(0.3) 8¢, Bn, Bk (R) 5840712 25+
(1,0) BWK B 'n v X /|(B)5724+7 (B) 5768+
(—1,0) B¥K X v X (V-B) thr. (V-B) thr.
(1,1 BYm BYK S /X = =

Heavy flavour symmetry relates charm (D) and bottom (B) sectors.
(0, %): Bg, two-pole pattern also observed.

(=1,0): [B®KI: very close to threshold. Relevant prediction.
Can be either bound or virtual (6) within our errors.

(1,1): [B,m, BK, 071, X(5568) channel. No state is found: 15 and 6. If it exists, it is not
generated with these B.T, BK interactions.

M. A. et al., Phys. Lett. B 757, 515 (2016); Guo et al., Commun. Theor. Phys. 65, 593 (2016)

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

(1,0): Our results for By, and B, agree with other results from LQCD:

. Lang et al, Phys. Lett. B 750, 17 (2015); M. A. et al. Eur. Phys. J. C77, 170 (2017)
Comparison of 0T, 17 beauty states by colangelo et al, Phys. Rev. D 86 054024 (2012): agreement in (1,0)

[b3], but not in (0,1/2) [bg].
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Accesing isospin-definite C(R) from physical channels
MA, Nieves, Ruiz-Arriola, PRD,108,014020('23)

* We are considering I, = +% channels: D*n®/D%n*, D*n, D;?OA

* We avoid Coulomb interaction, which shows up in I, = —,
through D¥rr~ (not in D°n°) and DI K™

® Q: Does it make sense to use isospin channels, when physical ones are measured?
» Physical channels will have combination of | = 3 and | = 2.
» Potentially, you can also have Coulomb interaction.
A: Let us see...

® |nserting isospin decompositions in the amplitudes, we get interesting relations:

1 (1/2) 3Chon+ — Cpop—
> /:E; Cpr zchoﬁ_cDﬁO:%
3 (3/2)
> 1=2 Cor” = 2Cprq0 — Cotr = Cony-
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Isospin I = 0 or I =1, and fit degeneracy

Q: Can | know the T} isospin from this analysis?
There's a degeneracy in the solutions: the model is “invariant” under a simultaneous

exchange: C, «» C, and B« —f8

Physically, this is due to the fact that D°D°rr* has I, =0, so you cannot know whether T/ is

|I,) =[10) or [00).

We will keep both solutions | = 0 or | =1 for T/ and discuss their differences (whenever

they exist!)

A: No

LHCb [2109.01056] has shown an additional spectrum, D* D% (I, =1), in which no sign of a T:*

is observed, but with much less statistics:

Yield/(3 MeV/c?)
D
3

.+_

T T

LHCb 1

data .
D+D*t 9 fb71 1
D+DOnt M+
total L <|>

1
3.95
Mp+Dport
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Other distributions

T T T T T T T T T T 7

| 1 B 1
50 } T — D%t E 20 j. i Final states: N
— B -— 2x0%*® ] . 80 -— ptptr® a
E 40 |- =:= 103 x DDt E 70 jE == U 8
5| | Sl -
<; - n = 50| 1 Fit solutions: —
. - | B | —— Isoscalarsol. |
= - o 0 ! — - Isovector sol. |
B ] 30! =
[ . 1 .
B . 20| *
i - 0 -
S ; e

3.90 g.87 3.88 3.89 3.90
Mppr (GEV)
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Other distributions

T T T T T T T T T T T 7

- ! N . : N
50 | [ — DOpOrt — 90 ji ' Final states: i

B i - 1 f
= [ -= 2x0%*n® | . 80 -— ptptr®
> B i > Hy { |
2 40| --= 0% x DDt < 70 - - DOptrt |
- s - I i |
1 - 8 3 60 ht — 0l N
S 5l I ]
~ - . 50 [+ i Fit solutions: .
3 . i ! : B

|k - | 40 W ol —— Isoscalar sol.

N nh H I
I , ,:,! u —— lIsovector sol. |
- | 1l i .
B § = H ik i
o N 20 | § 0" 8
- | -5 Iy 4

B ) 'y

I B ¥ E B
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Other distributions

T T T T T T T T T T T 7

= : - |
50 |- i — DDt - 90 ji Final states: B
- | —= 2x0%t® _ 80fhi -— ptptn®
B a > Hy i |
E 40 |- == 10 x DDt ] & 70 ﬁ: -- ot
P £ N \q>, 60 1T” == 0%0%n¢ —
< 30f . I R A 1
=3 n m 50 i Fit solutions: -
|Z® - i 40 J:f:: :I — Isoscalarsol. |
B — i |i “I' ——- lsovector sol. |
B 8 | i R
: e 30 . i
o o 20§ it 8
: - ] B |
I B ¥ £ - T e e e =
[/ 0 : P = B ﬁl ﬁ T i) - I —

3.90 g 87 3.88 3.89 3.90

Mppr (GEV)
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Other parameterizations

e Other paramterizations could lead to different line shapes and/or properties: pole position,
scattering length, molecular probability,...

No large variations are observed when the most inmediate generalizations are employed

® |n particular, always large molecular probability

Vo(S) = Co(N)  — Vy(S) = Cy(A) + (MR, (2a)
Vi(s)=C,(\) — V,(s)= M (2b)
oo O T E—My(N)
Vi(s) =GN —  V(s)=CN)+ b1(/\)fe2 . (2c)
_ r 40
= B ° [ LtHco |
5 i —c EGa) F g f
% i —-- Eq.(b) o [
S L R
f s
% o
] . b ] 0 la.s M
3.870 3.880 3.890 3.900 3.874
Mpopon+ (GeV) Mpopon+ (GeV)
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Quark model in the charmonium sector

[ Ll 7
= — -
a2 = _ . @
MR i a2
e = , . @
R - Xefk2R) .
S L6 == )(25) .
= - nc(25) —- ]
3.4 - . @
I Xg)(1P) n
32 J/w(1S) - @
I 1e(15) — m Godfrey-Isgur [PR,D32,189('85)] |
*E - s 3

- -

F o & QXX & {x & Appropriate tool: Weinberg's compositeness
R AR ANCA AN [Weinberg PR}137,8672(65)]
[MA, Nieves, EPJ,C82,724('22)]

® X (1P) well established, “very COM model” state.
® X(3872) discovered by Belle [PRL,91,262001(03)] (also 2003!)

e JPC—1*+ and I ~ 1MeV established by LHCb (e.g. [JHEP,08(2020);123])
® x_(2P) Not established. Influence of open thresholds? X(3872) a molecular state, 4q,..?
o

e 7|7 states have | =1or1/2, clearly “tetraquarks” (ccud, ..)

® Many theoretical and lattice and experimental works: can't cite them properly here!
(many references in [PR,D106,094002(22)])
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HQSS and flavour SU(3) LO lagrangian

1+y
. y@ _
°* HQsSS: H@ = —
(with v P:@ = 0)
[Grinstein et al., NP,B380('92); Alfiky et al., PL,B640('06),
N
® SU(3) light flavour symmetry:
H@ ~ (Qu,Qd, @s) ~ (D°, DT, D})

a

*(Q Q) cavy Quar
([:'OEJ )YU _ P(a )YS) Heavy Quark

Physics

® HH — HH LO lagrangian (S-wave contact interactions):

£4H = a-c

Te [y, ] 7o [HOH ) (5,28 + £LA2 - 72)

+ B ~a~c

1
4
1 o(Qa Q) (@ Ib 3

2 Tr[A9eHs "y 5] o [H(Q)CHd y“yB] (F, 6068 + FAAP-39),

® Only 4 constants, any linear combination can be used

10F) 2.

Coq = FA'*'?? C)m:FA_gFA’
10F) 2

B A

Cop = Fgt 3 €1b=FB_§FB'
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DfD_ interaction and B* — DfD_K* decay
Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

[LHCb: 221015153, 2211.05034]

e Scattering amplitude: T-'(F) = V=" — G(E) [LHC Seminar (July 51, 2022)]

C T T T T T T
> G(E): loop functions, once-subtracted DR, g_g; B
G(Et >: G/\(Eth) *4\:\ O O }:
® Simple production model: ] | o] LHcb data 1
T,(E) =P+ PGE)T(E) = P——— el N
s(6) = P+ PGET(E) = Pr—yes AfH |
k 2 40— |
* - s er 2 ]
4mg §30, |
2 20 N
10 #Q { g

0
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DfD_ interaction and B* — DfD_K* decay

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

Scattering amplitude: T-(E) = V="' — G(E)

[LHCb: 221015153, 2211.05034]
[LHC Seminar (July 5%, 2022)]

COu + Cm

= 2
> V=4m}

> G(E): loop functions, once-subtracted DR,
G(Ey,) = Gp(Eyy) —

Pull
Fgrt

9%&; d

- o | LHCb data
Fit (binned) |

Simple production model:
TB(E) =P+ PGE)T(E)="P
g _ 1 kp | |
dE = (2 4 e

Fit: two solutlons (virtual or bound), in both:

My 5050, = 3928(3) MeV

2Mp, — My 350, = 8(3) MeV

LHCb: M = 3956(5)(11) MeV, I = 43(13)(7) MeV

[Prelovsek et al,, JHEP 06,035(20)): Bound state B = 6.22- MeV
(cf also [Bayar, Feijoo, Oset, 2207.08490])

1

P S— 50—
T—VG(E) =

A =0.5GeV A =1.0GeV A =0.5GeV A =1.0GeV
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400 420 440
Mpsps [GeV]

4.60  4.80
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DfD_ interaction and B* — DfD_K* decay
Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

[LHCb: 221015153, 2211.05034]
[LHC Seminar (July 5%, 2022)]

o

- o] LHe data
el — Fit

e Scattering amplitude: T-'(F) = V=" — G(E)
COu +Cm

> V=14m?
> G(E): loop functions, once-subtracted DR,
G(Eth) = G/\(Eth) —
Simple production model:
TB(E) =P+ PGE)T(E)="P
SO 1 kD
d9E ~ @ a2 18
Fit: two solutlons (virtual or bound), in both:
My 5050, = 3928(3) MeV
2Mp, — My 350, = 8(3) MeV
 LHCD: M = 3956(5)(11) MeV, I = 43(13)(7) MeV
® [Prelovsek et al, JHEP 06,035(20)1: Bound state B = 6.22-C MeV 0
(cf also [Bayar, Feijoo, Oset, 2207.08490])

Pull
N O N B

1
T—VG(E)

4.00 420 440  4.60  4.80
Mpytp= [GeV]
S Us

A =0.5GeV A =1.0GeV A =0.5GeV A =1.0GeV
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Fixing constants

® Lagrangian £ with HQSS and light-flavour SU(3) symmetry has 4 constants (COU, Coin G €& )
® Some relations can be independently useful. Some examples:
Q@ X(3872) and X,
[MA, Guo, Hidalgo-Duque, Nieves, Pavon, EPJ,C75,547("15)]

(DD*; o(1+4)|T) DD*; 0(17) e S
(D*D*; 0(2*4)|T) D*D*; 0(2t+) [ — 00 T op wl
Q7.,72,2,7,
R [Du, MA, Guo, Nieves, PR,D105,074018('22); see below]
+— *, “+— T T ‘ TT 17T ‘ TT1 \ T ‘ T \ TT1 ‘ TT 17T ‘ Ty 7T ‘ TT11]
(DD* 51 |7 DD 1(1 ) aalf } B
(D, *-51+)T DD*; 1(1%) . = | 5‘ wz* Zs ]
<D 101 1+ )i—i D*D* 1<1+ ) ~ Ya 1b é 40 [ 0# ? »—yﬁ{ B
A . N r §
(D: D 2a0[T) b 1) < b ? e B
I o ]
O T T O Y A A A |
3900 4000 4100 4200
M (MeV)
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Fixing all constants
Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

® X(3960): fixes C, 5 = (C,, + C,,) /2 (as previously seen)
* 7.(3900): fixes C,, = C,, — C,,
> Assume virtual state M = 381328 MeV (12201.08253; 1512.03638] from a fit to BESIII data)
Cox = (Coq + Cyp) /2
® X(3872): fixes { o L 03
Cx = (Cm +Cp) /2
» Experimental information:
[LHCb, 2204.12597] R;(Xéjgm = 0.29(4)
eXx €ex|
[LHCb, PR D102,092005(20)]  Byi3s72 = [—150, 0] keV «— Mx(sm) = 3871.697 339095 MeV
» Theoretically: [09114407; 1210.5431; 1504.00861]
V:1< C0X+C1X C0X7C1X )7 T=(|]—VG)71V.
2 ox — G CoxtCix
Yo — Y & _ 1—@myymy.) G, (Cox + C1x) _ (2myomye0) G, (Cox — wa)
Yo+W 7 Y. (2Mp M=) G, (Cox — C) 1= (@mpompu0) G, (Cox + Co)
* SU(3) and HQSS breaking corrections (30%) are taken into account for the LECs

RX(3872) =

BS00 T T T T TITTTTH 100FTTTTTTI T T 800 FTTTTITTTTTTH 800 FrTTTTTTTTTTT
1000 | 1000 |- | 600 = 600 —
400 — 400 —
500 — 500 [~ — 200 | 200 |
0 0 0 0
—10 0 0 10 0 1 0 1 2

Coq (fM?) Cop (fm?) Cyq (fM?) Cyp (fm?)
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Predictions (complete multiplet): X(3960) as virtual

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

With the four LECs (C Canr Gy Cm) fixed, poles can be looked for in every sector.

Oa’

43 T ]
F o == Bound states |
4ol YsYs == Virtual states |
e D*D* i
41 pp S —
N Dy~ B
= Ep=====================-=- o
i S S 0,0'/0D |
= 391 i ox@soy E
2 - X(3872) E
I 7.(3900) §
r pb —~--------—--——-—-—————-€r=~ ]
371 .
36 B ! ! ! ! ! ! ! ! .

><>< XX ></ XX ><>< ></ X \X

Q N N Q Q N\ N Q

g & & ¢ & & O
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Predictions (complete multiplet): X(3960) as virtual

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

With the four LECs (C Canr Gy Cm) fixed, poles can be looked for in every sector.

0a’

43 T n
F o = Bound states |
4o YsYs T T T T == Virtual states |
- e~ —_D*D* |
41 pp S —
N Dy~ - . B
— [ D*D* —=——ma— T = = ———— ——— —mr — — — - _ _
3 s SN RN B D.0*/D:D ]
= 39 g ox@soy m
28 o X(3872) E
I 7.(3900) §
r pb ~—m--------—-—-————--"€=°=* ]
36 B ! ! ! ! ! ! ! ! .

X X o X & o x X

Q S 8 Y Q S N )

g & & ¢ & & O
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Predictions (complete multiplet): X(3960) as bound

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

With the four LECs (C Canr Gy Cm) fixed, poles can be looked for in every sector.

Oa’

43 T ]
F o == Bound states |
4ol YsYs == Virtual states |
e D*D* i
41 pp S —
N Dy~ B
= Ep=====================-=- o
e S S 0,0'/0D |
= 391 i ox@soy E
2 - X(3872) E
I 7.(3900) §
r pb —~--------—--——-—-—————-€r=~ ]
371 .
36 B ! ! ! ! ! ! ! ! .

><>< XX ></ XX ><>< ></ X \X

Q N N Q Q N\ N Q

g & & ¢ & & O
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Predictions (complete multiplet): X(3960) as bound

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

With the four LECs (C Canr Gy Cm) fixed, poles can be looked for in every sector.

Oa’

43 T ]
F o == Bound states |
4o F BsYs T—" """~ " m == Virtual states |
- DD i
41 pp S —
N Dy~ e —0 =5 |TT " " B
= E i ome=ad oo — e A
5 “F.. B~ 1 "B = 0,0'/0D |
= 391 i oXx@esoy E
2 - X(3872) E
I 7.(3900) §
[ DD ~==— - - - - - - - - ————— - z7=" ]
371 .
36 B ! ! ! ! ! ! ! ! .

><>< XX ></ XX ><>< ></ X \X

Q N N Q Q N\ N Q

g & & ¢ & & O
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A closer look into Z(3900) and Z_.(3985)

Du, MA, Guo, Nieves, PR,D105,074018('22)

(DD*; 1(1+7)[T|pD*; 1(1+7)) = (D,D*; 1(1H)|T|p,D*; 1(11)) = €,y — €y = C

Constant V and single channel: only virtual or bound states (pole condition V=" = G)
Extension of the previous approach in two directions [M, Guo, Hidalgo-Duque, Nieves, PL,B755,337(16)]:

= 2 Ipp* — p*n
@ Coupled channels { =1 \? [DD_ D D_]1 Jjw rr)
7 [D D" — D] J/wK)

@ Energy dependence Cuaner

(also necessary for ete™ — J/wnm data)

1
2

Production mechanism (includes triangle singularity!) for Y — D° D*~ mr+

D*— /D*O :

b1 ‘\ 00/p~
« ot oot
2 2
4, (5, 02 :‘ +IST(5)| a4s)+ 3 |E (s)— [ L +I(S)T22(s)} +B[1+ 6,(5)T5(5)]
t— mD1 t— mD1
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A closer look into Z(3900) and Z_.(3985)

Du, MA, Guo, Nieves, PR,D105,074018('22)

(DD*; 1(1+7)[T|pD*; 1(1+7)) = (D,D*; 1(1H)|T|p,D*; 1(11)) = €,y — €y = C

Constant V and single channel: only virtual or bound states (pole condition V=" = G)
Extension of the previous approach in two directions [M, Guo, Hidalgo-Duque, Nieves, PL,B755,337(16)]:

= 2 Ipp* — p*n
@ Coupled channels { =1 \? [DD_ D D_]1 Jjw rr)
7 [D D" — D] J/wK)

@ Energy dependence Cu%sz*b

(also necessary for ete™ — J/wnm data)

1
2

2E,,
Production mechanism (includes tr|angle singularity!) forY — J/unmtm

p0/pt 00/p~

fvvvvvw—//w < ;o*ﬂa*o g;n* /D*0
D1/D1 DW/DW

S Vo
x5, O = [7(5)Pas(s) + ML) + Z28=1 frs)m(v) + 7(5)°1(0]a2 (9)93(0
+ 2{FOPES) +IP OPE® + [P (5T (O + 7 (6T 0" En(E(D }
7(s) = V2I(S)Tp(s) + o T'(S) = V2U($)Ty,(s) x (hg/hp)
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Fit to data

Du, MA, Guo, Nieves, PR,D105,074018('22)

® Fitted data:

> J/wrn distribution in ete™ — J/wm*m [BESIII, PRL119('17)]

» DOD* distribution in ete~ — DOD*~mr* [BESIII,PR, D92('15)]

> etem — (D*°D; + D°D:~) K [BESIII, PRLA26(21)]
e Some production/background/normalization constants are also fitted (not shown here)
® Four schemes:

> AorB:b=0orfree
> lorll:hg =0 or not (D- or S- and D-waves)

0.005(1)| —0.226(10)
0.005(1)| —0.177(6)

0.007(4)| —0.222(6) | —0.447(44)
0.008(1)| —0.177(4) | —0.255(30)
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Fit to data (scheme A)

Du, MA, Guo, Nieves, PR,D105,074018('22)

— A ——— IA —-—- |ABckg. —--— |IIABckg e I BESIII Data
S N R R P10 o e Y R R R RERRRRRARAR]

- ete” = J/yntn - = ete™ —jjpntn— & ete— — DD*rr

Az.oof [W = 4.23GeV] 1200 [W = 4.26GeV] E [W = 4.26 GeV]
> B 1 3 = .
= 300[ 12 fF ]
ok 1 o 1o E
Ezoo; | \5 B E
£ 200 1 81001 =
g 12 F |
= 100} - = sof- =
o q . i

3.40 3.60 3.80 4.00 3 90 3 95 5.00 4. 05

M) jyn— [GeV] Mpop«— [GeV]

ete” — (D*°D; +0°DF")
T T 1T T 1T T
‘ w= 4.‘66‘\ GeV] ‘

w
=1

N I B N N
[W = 4.698 GeV]

Events/(5MeV)
o
TTT T TTIT [T IT I IT I [T ITI[TITTT

0 \\\\F\”'\\\{\\V ] CTE 0 S L wi[wE
3.98 4.00 4.02 3.98 4.00 4.02 398 4.00 4.02 3.98 4.00 4.02
RM(KT) [GeV] RM(KT) [GeV] RM(KT) [GeV] RM(KT) [GeV]
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Fit to data (scheme B)

Du, MA, Guo, Nieves, PR,D105,074018('22)

—— IB --- B —-— IBBckg —--- IIBBckg e I BESIII Data
[N T ] P10 o e Y R R R RERRRRRARAR]
- efe o J/yntn— | . efe™ o) /yrtn= - ete— > ob*n
AAOO? [W = 4.23GeV] 1 _200F [W = 4.26 GeV] B 5 W=426Gev] |
= o 1 > = 1 =30 —
= 300[ 42 . F 1 2 [ 1
i 1 & 1s0p 4 = ]
= 1< 1 20 -
% [ — n - 1 o 1
2200 % 1 £ 100 4 £ i
2B 1< 1 2 B
D j00]- f Sy T R o 4«10 3
fo Al | AR 0 % 0 L1l L0
3.40 3.60 3.80 4.00 3.40 3.60 3.80 4.00 3.90 3.95 4.00 4.05 4.1
myyn— [GeV] M)y (GeV] Mpop«— [GeV]
ete” — (D*°D; +0°DF")

S0 o o e e et I I Y

[W = 4.628 GeV] [W = 4.641GeV)] [W = 4.661GeV] [W = 4.698 GeV]
2!

f

L wi[wE
398 400 4.0
RM(KT) [GeV]

wi\ [ A
34138 4.50 4.52
RM(K™) [GeV]

3.98 4.00 4.02
RM(KT) [GeV]
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Not possible to distinguish different scenarios in J/wm spectrum
Du, MA, Guo, Nieves, PR,D105,074018('22)

ete” — J/yrntn
[W = 4.23GeV]

400\\\\\\\\\\\\\\\\\\\

Events/(15MeV)

1B
. I BESIII Data

L 111 | R

| | D
380 38 390 395 4.00
M) jyn— [GeV]

e The effect/peak produced by a virtual pole is always at threshold
® The peak of a resonance can be shifted from Re\/§pme

® And, in this case, the effect is very close to threshold
® \We had observed this already [MA et al, Phys. Lett., B755, 337 (2016)]
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ch andZ poles

Du, MA, Guo, Nieves, PR,D105,074018('22)

5 | 3813F 3920 3962717 vir. | 4069717 vir.
n 3812+%§ 3924+%‘9 3967*'%8 vir. 4078’:19 vir.

T T T T[Ty I Ty T T T T T
AP A Y cFl oz oz iz dz ]
SR L S O
o S oo T T
® [Yang et al, PR D103(21)] (ZCS g distribution) :\ :\ [ A | \:\ T T I \:
® [ikeno, Molina, Oset, PL,B814(21)] (Z,, threshold 0 3900 4000 4100 4200
effect) M (MeV)

® [JPAC, PL,B772('17)] Several possibilities for Z, ol ( &5
® Both schemes (IB and IIB

® Including SU(3) breaking effects
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Z_and Z_ form a J/“ = 1%~ octet

z 7,(3985)"
[ceds) [ccus)
7,(3900)° .
Z.(3900)~ Z,(3900)
“lecd fccud]
Z.5(3985)" 2
[cesu] (ccsd]

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

Ji, Dong, MA, Du, Guo, Nieves, PR,D106,094002('22)

*3®3=8d1
* AZ% has also been found by BESIII
[PRL129,112003('22)]

® |n the case of | = 0 one cannot make
direct identification (mixing vs. coupled
channels)
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Photoproduction of Z states would be beneficial...
JPAC, PR,D106,094009('22)

® A new method to confirm or discard these

%‘\V(Q)// new XYZ states

I ® n principle, photoproduction is free of

0 (k) triangle-singularities that can give rise to
Y resonance-like effects
p(p) —>—c§ }Q e Different background, easier to pin down the
scattering amplitude part
'IOZJHH\\H\\\\H 'IOZJ\\H\HH\\H\
— B PAC | — 200" F ——  7,(3900)"
2t JEE — ze0t £ | — Zy(10610)~
= o' E — 2,(10650) " io 10! E — 25(10650)
N I N F -2z att
T B ==y i B - Sz mtp
S 00k 2 100
© = ° =
T I I N [ —1
i 10 15 20 -

Wyp (Gev)
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X.0(3915) and x,(3930)?

Reaction Collab. Ref.
o : H—e— B9 — J/wwKk+®  BaBar BaBar:2007vxr
ot i H—o—+ B0 — J/wwk™*®  BaBar BaBar:2010wfc
o L —e— Yy — J/pw Belle  Belle:2009and
2<%t = o Yy — J/ww BaBar BaBar:2012nxg
o1 1 - efe” =y pw BESIII BESII:2019qvy
—o—t —e—i ete™ = yl/ypw BESIII  BESIII:2019qvy
o 1 o B* — D*DK* LHCb  LHCb:2020pxc
roi ! e B — DTD K" LHCb  LHCb:2020pxc
—e—i| —e—i yy — DD Belle  Belle:2005rte
rer ! —e—i yy — DD BaBar BaBar:2010jfn
. 0 ™ pp — DD + anything LHCb  LHCb:2019Inr
T T TN AN T I VI |
3900 3920 3940 0 20 40 60 80
M(MeV) I (MeV)
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Weinberg's compositeness [Weinberg, PR/137,8672(65)]

* Identity resolution: ° H=H,+V
® Eigenstates of Ffo:
1= zﬂ: InXn| + /da |aXal > continuum |a), A, |a) = E(a)|a)

> bare elementary |n), Ffo [n) = E, n)
* Eigenstates of A:

> |d) (“deuteron”) A |d) = E, |d)
¢ Normalized:

(alp) =6(B—a)  (aln)=0
(mln) =6 (dld) =1

mn
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Weinberg's compositeness

® |dentity resolution:

1= 3 |yl + /dor la)al

® “Sandwich” (d|1|d) =1

2
1=z faa M

Ey)’

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

[Weinberg, PR;137,8672('65)]

H=H,+V
Eigenstates of Ffo:

> continuum |a), A, |a) = E(a)|a)
> bare elementary |n), Ffo [n) = E, n)

Eigenstates of A:
> |d) (“deuteron”) A |d) = E, |d)

Normalized:
(alp) =6(B—a)  (aln)=0
(mln) = %mn <d‘d> =1

Fundamental quantity Z = |{n|d)[?

PR/137,8672]

n
«(..) Z is the probability of finding the deuteron
in a bare elementary-particle state.» [Weinberg,
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Weinberg's compositeness [Weinberg, PR137,8672('65)]

* Identity resolution: ° H=H,+V
® Eigenstates of Ffoz
1= zﬂ: InXn| + /da |aXal > continuum |a), A, |a) = E(a)|a)
> bare elementary |n), Ffo [n) = E, n)
* Eigenstates of A:
> |d) (“deuteron”) A |d) = E, |d)
¢ Normalized:
(alp) =6(B—a)  (aln)=0
(mln) = (d|d) =1

mn

* “Sandwich” (d|1|d) =1 Fundamental quantity Z = 3 [{n|d)|?

n
da O{|V|d \2 «(..) Z is the probability of finding the deuteron
1=2+ in a bare elementary-particle state.» [Weinberg,
) PR/137,8672]

e 15t crucial approximation: {(a|V|d) ~ g/(2m)*/2

L * Measure: da = d°k = 41y R(W)dW
=z / dW ————
2172 W E ) - 2my,
(
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Weinberg's compositeness (1) [Weinberg, PR;137,8672('65)]

H'g’
® 1—Zwritten interms of g% 1—-Z= v
B

Next step, move to low energy n-p scattering, and relate g’toa,r
e Start from a version of the Low equation:

' +/ d°k VR

(2m)® E—E, — R2/(2u)

2

[T(ERY)]

B

® A solution proposed by Weinberg reads
[2"? crucial assumption]:

E—E 2
g2 2y,

pk(E)
21

T-Y(E) = (E+Eg—2E,)+ i

® This solution for the amplitude exactly satisfies
the Effective Range Expansion (ERE):

20 r(g) = keot 6 — ik = % + %ff?z-‘r"'— ik
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Weinberg's compositeness (1) [Weinberg, PR;137,8672('65)]

H'g’
® 1—Zwritten interms of g% 1—-Z= v
B

Next step, move to low energy n-p scattering, and relate g’toa,r
e Start from a version of the Low equation:

' +/ d°k VR

(2m)® E—E, — R2/(2u)

2

[T(ERY)]

B

® A solution proposed by Weinberg reads

d 8 i .
[2" crucial assumption]: e Relation of g> and y, to a and r:

E—Eg 2
T = - K (e, op,) 4 MO 2y, \
¢ o ay =2 (1 T 2)
® This solution for the amplitude exactly satisfies gﬂg
the Effective Range Expansion (ERE): . = (1 _ ﬁ)
B IJZgZ

20 r(g) = keot 6 — ik = % + %ff?z-‘r"'— ik
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Weinberg's compositeness (1) [Weinberg, PR;137,8672('65)]

Next step, move to low energy n-p scattering, and relate g’toa,r
e Start from a version of the Low equation:

' +/ d°k VR

(2m)® E—E, — R2/(2u)

2

[T(ERY)]

B

® A solution proposed by Weinberg reads

[2"? crucial assumption]: N
E—E, 2 R(E
T = - K (e, op,) 4 MO
g 2y, 2n ay, =—2 (1 aF

® This solution for the amplitude exactly satisfies

the Effective Range Expansion (ERE): / - (1 _
B
2 E) — keotb— ik = L 4 Ll 4 — iR
u a 2

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy
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Weinberg's compositeness (I1) [Weinberg, PR137,8672('65)]
v’g’
21y,

Next step, move to low energy n-p scattering, and relate g to a, r
e Start from a version of the Low equation:

__9g  [Fk___VR R
s e J oy E—E, —R/(2u) [T

e 1—Zwritten interms of g% 1—Z=

2

® A solution proposed by Weinberg reads

d A Ak .
[2" crucial assumption]: ¢ Relation of g* and y, to a and r:

E—E 2 HR(E)
T1(E) = E+E,—2F — 2myg\ '
(€)= 2 = gy, w+ i i == (1 ﬁ)

+
202
® This solution for the amplitude exactly satisfies Y

the Effective Range Expansion (ERE): / . — <1 _ %)
B 202
Heg
“r(E) = Reots— ik = L 4+ 1k 4 — ik
u a2

1—Z 1 Z
r

2
T Yg2-2 oy, 1-2Z
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Extension of Weinberg's compositeness

[MA, ). Nieves, EPJ,C82,8('22)]

n—1
@ r, aare expansions in é (%) , with B~" an interaction range [in np, B ~ m]

No(@)~0(y:)
1 V4 1
r=———£_ 4028
e SUAC
21-2 4
=—21=c.4
5O
Ye2 <
a,5(2)~0(v: )
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Extension of Weinberg's compositeness

[MA, ). Nieves, EPJ,C82,8('22)]

n—1
@ r, aare expansions in é (%) , with B~" an interaction range [in np, B ~ m]

No(D~0(%5) Iyio(Z,6r)
e NLo\4y
1 7 4 e — 2
r=————+40(/ B = r=ro(@) +6r+0(v./B)
Vg 1=4
21-7 —1 2
= — ——=+40(,87") = a=a,(2)+6a+0(y,/B%)
Yg2—2 =
0,6(2)~0O(vs )

ay0(Z,6a)
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Extension of Weinberg's compositeness [MA, ). Nieves, EP),C82,8(22)]

n—1
@ r, aare expansions in é (%) , with B~" an interaction range [in np, B ~ m]

,—f—rLO(Z‘I)NO(Z ) Iio(Z;61)
r=———%-10(/87 = r="r,(2) +6r+0(y,/8
Vg 1=4
= _21=2 o8 = a=a,(2)+6a+0(y,/B)
Yg2—2 =
— ay0(Z,6a)
a,5(2)~0(v: )
® From ERE one gets a relation that works very well: y, = f% + %ryg
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Extension of Weinberg's compositeness

[MA, ). Nieves, EPJ,C82,8('22)]

n—1 .
@ r, aare expansions in é (%) , with B~" an interaction range [in np, B ~ m]

No(D~0(%5) Iyio(Z,6r)
—1 Z_ —_—
r=———%-10(/87 = r="r,(2) +6r+0(y,/8
Vg 1=4
= _21=2 o8 = a=a,(2)+6a+0(y,/B)
Yg2—2 =
—_— ay0(Z,6a)
a,5(2)~0(v: )
® From ERE one gets a relation that works very well: y, = 7% + %ryg

® The trick is to combine A & B to correlate 6r and 6a:

@ Introduce ay,, and r,, above,

@ Expand in powers of y,,
@ Solve 6a in terms of 6r such that the difference is O(y3/B?).
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Extension of Weinberg's compositeness

[MA, J. Nieves, EP),C82,8(22)]
n—1
@ r, aare expansions in é (%) , with B~" an interaction range [in np, B ~ m]

No(D~0(%5) Iyio(Z,6r)
e NLo\4y
1 7 ¢ —_— 2
r= -yt 00T = r=ro(@) +6r+0(v./B)
=
21-7 —1 2
= — ——=+40(,87") = a=a,(2)+6a+0(y,/B%)
Yg2—2 =
0,6(2)~0O(vs )

ay0(Z,6a)
® From ERE one gets a relation that works very well: y, = . + =Yg

® The trick is to combine A & B to correlate 6r and 6a:

@ Introduce ay,, and r,, above,

@ Expand in powers of y,,

@ Solve 6a in terms of 6r such that the difference is O(y3/B

e Final equations, main result of (M, J. Nieves, EP),C82,8('22)]:

——l—+5r+0(y5//32)

Vg1
__l’I—Z_ Z o
=7y, 2-2 2or(3= z) +00e/8)
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Canonical example: the deuteron

a = —5.42(1) fm

exp
® Exp. data: rexp = +1.75(1)fm
yBexp = 45.7 MeV

If Z is naively evaluated from these
data, one gets P=1—7=1.68
[which makes no sense!]

T T 2:4.-\-\_4._4_\_4__.1
-2 — B i
[S== ap(2) 0 Fomee =
= B Gexp P, B 5 ’~-~,\ .
£ i T 1 E 2F ~e ]
s ~Hpe- 1< °F S~
B N B Texp S
L] —4 |-==  no@ =
—6 | o - 1
. Ll L _g L Ll L
0.0 0.2 0.4 0.0 0.2 0.4
z
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Canonical example: the deuteron

A, = —5.42(1)fm If Z is naively evaluated from these
® Exp. data: lep = +1.75(1) fm data, one gets P =1—Z7 = 1.68
Vg = 45.7 MeV [which makes no sense!]
exp

® Additional tool, likelihood estimator £(Z, 6r):

2 2 exp 2
1 aexp — Ay rexp —'nwo Yo — V’;LO
£L(Z,6r) = = 4F Tl 7
3 Aaexp Arexp AYb

* Aay,, (et al.): relative error taken as (vs/m_)? =~ 0.1 because exp. error is smaller

r T ] B e e T T 3
L | B | i h
= a0(2) N 0 e B 0 l i
I a | Fo~ 1 2
= exp T . B S 1 = I B
E L T 1 E 2F ~e 4 £} -
—4 = .- - = [ ~. - =
= F-- 1< - - \\: o 2.0 1 1
F,,,,,,,,,,% —4 == 0@ B B |
—6 [ = B i - B
L P R NI ool v 1 0
0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4
z z
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Canonical example: the deuteron

® Exp. data: {

a,

exp

r

exp

VBexp

= +1.75(1) fm

= 45.7 MeV

= —5.42(1) fm }

If Z is naively evaluated from these

data, one gets P=1—7=1.68
[which makes no sense!]

® Additional tool, likelihood estimator £(Z, 6r):

£(2,67)

Al
3

[§

exp

Aa,,

® Aa_. (et al.): relative error taken as

exp

® The NLO expressions improve the agreement with data for Z ~ 0 (molecular case), as

expected

2
Ayio rexp -
i A
p Tex

p

ex
b

p 2
_ Vg Lo )
exp
Ayp

NLO)Z (Y
+

(vs/m_)? =~ 0.1 because exp. error is smaller

® The minimum is found for 6r ~ Tep = 1.75M (~m_", as expected)

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

T T T T oo ==
:— anyo(Z, 6r) : B 8
r 1 Of~.c 1
[ é = \\.\ 3
= <
= r Texp \\:
—4 |-==  no@ N
F— rNLo(Z; 6r) B
_g L R

0.0 0.2 0.4

&r(fm)

4.0 |-

2.0
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D%,(2317): a and r can be extracted from data...

® DK (I = 0) interaction taken from Heavy Meson ChPT

[MA, D. Jido, ). Nieves, E.

Oset, EPJ,C76,6('16)]

e — 1% s
S e
LGl ot ] o b Butar 1
: o B z ml - 1
2 { By — n" DK 2 2 Bt — DDOKt
2 4 2 ERE ]
[ f ] & 1] S 1
1 » ]
2350 2400 2450 2500 2550 2000 2650 2700 2750 2340 2460 25% 2700 2820 240 3060 3180 3300 3420 2340 2460 2580 2700 2820 40 3060 3180 300 3420
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...but we take it from LQCD (apologies) [MA, ). Nieves, EP),C82,8(22)]

£(2,67)

0.0 03 05 08 1.0
z

{55)

® gandr: [Martinez-Torres et al., JHEP,05,153('15)]
[Mohler et al., PRL111,222001('13); PR,D90,034510('14)]

a=—13(5fm
r=-0.1(3)fm
[Values compatible with those in the previous

slide]
® E, = —45(4) MeV [from PDG compilation]

® Molecular probabilities P=1—-27% 0.5
® We are not as specific as in other cases:

> Larger uncertainties on the input (a, r, E,)
> Formalism pushed to (or beyond?) the limits: y,/B ~ 0.6 [(v/B)* = 36%

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy 41/0



A curiosity...

LECTURES ON
QUANTUM
MECHANIGS

SECOND EDITION

STEVEN WEINBER!

Thus, expanding in bare two-particle states, Eq. (8.8.17) gives

L [ p(E)AE
H=lE /i (E+B)

1 [2B
g =—.—. (8.8.19)
T\

Using this in the solution (8.8.16) of the Low equation, we have
1 =il
1(E)= ———|VB+ivVE| . 8.8.20
(B) = [ VB +iVE] (8.820)

14 More generally, if in addition to the continuum the eigenstates of Hp include an elementary particle
state with the same quantum numbers as the bound state, |g| is less than the value given in Eq. (8.8.19)

and so'*

by a factor 1 — Z, where Z is the probability that an examination of the bound state will find it in
the elementary particle state rather than the two-particle state. The case Z # 0 is studied in detail by
S. Weinberg, Phys. Rev. B137, 672 (1965).

Miguel Albaladejo (IFIC-CSIC) Exotic spectroscopy and femtoscopy

42/0



«Mostly composite»

PHYSICAL REVIEW VOLUME 137, NUMBER 3B 8 FEBRUARY 1965

Evidence That the Deuteron Is Not an Elementary Particle*
SrEvEN WeNpERGH

Department of Physics and Laurence Radiation Laboratory, Unisersity of California, Berkeley, California
(Received 30 September 1964)

a=+541F; r,=+175F. ©)

In contrast, if the deuteron had an appreciable proba-
bility Z of being found in an elementary bare-particle
state then a, would be less than R, and more striking,
rowould be large and negative. This is clearly contradicted
by the experimental values (5), so we may conclude
that Z is small (say <0.2), and therefore the deuteron
is at least mostly composite.?
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