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OUTLINE

From QCD to the structure of exotic hadrons

1 The XYZ challenge 2 Born—Oppenheimer EFT
A new spectroscopy and the question of structure Scale separation and symmetry lead to coupled Schrodinger
equations
3 Lattice QCD inputs 4 The structure of XYZ states
A few universal, flavor-independent correlators xc1(3872), Tcc, Zb, threshold effects, states above threshold,

pentaquarks, hybrids

5 Production probes structure Lessons

Hadroproduction of xc1(3872), Xb and pentaquarks with no free Molecule or tetraquark? Structure depends on the scale you probe
parameter
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, REVOLUTION: Discovery in the Sector With Two Heavy Quarks
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.x , REVOLUTION: A New Spectroscopy Is Born!
y 4

Some surprisingly narrow states even if Produced also in heavy ions collisions
above/at strong decay thresholds Observed in e+e-, B decays, hadroproduction
. Nature Phys. 18 (2022) 7, 751-754 Production/radiative decays point to a compact component
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New perspectives for XYZ studies!
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XYZs not merely composite particles, have unique properties

Novel strongly correlated exotics systems



» On the Other Hand We Should Understand All the States in a Given QQbar/QQ Sector...
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®» On the Other Hand W n a Given QQbar/QQ Sector...
KEY QUESTIONS
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1-THE XYZ CHALLENGE

What are they made of? Models assume the answer

cc

diquark-diquark

compact tetraquark

radroquarkonium |
heavy meson molecule

Each model picks degrees of freedom and an interaction

Direct lattice calculations progress fast, but face many open channels and do
not reach production or in-medium dynamics

Is compositeness 1 - Z even the right question?



1-THE XYZ CHALLENGE

What are they made of? Models assume the answer

- ( > % @ most of these states close to -
adjoint tetraquark

3. | | _ p—— two-particle thresholds It

diquark-diquark @
: : @ @ compact tetraquark

1adroquarkonium

------

Hadron Molecule

B —

heavy meson molecule

Compact Diquark-Antidiquark

Each model picks degrees of freedom and an interaction

Direct lattice calculations progress fast, but face many open channels and do Molecule (large radius, natural near thresholds) versus compact
not reach production or in-medium dynamics diquark—antidiquark (small radius): a debate that has lasted two
decades.

Is compositeness 1 - Z even the right question?



1-THE XYZ CHALLENGE

What are they made of? Models assume the answer

#2% | Hadron Molecule

- (%) EeRd— e most of these states close to -
adjoint tetraquark 1 Y q :
diquark-diquark @ Dt — two-particle thresholds It

compact tetraquark

radroquarkonium
heavy meson molecule

Compact Diquark-Antidiquark

Each model picks degrees of freedom and an interaction

Direct lattice calculations progress fast, but face many open channels and do Molecule (large radius, natural near thresholds) versus compact
not reach production or in-medium dynamics diquark—antidiquark (small radius): a debate that has lasted two
decades.

Is compositeness 1 - Z even the right question?

BOEFT is a flexible approach rooted in QCD in which structure is computed not assumed
can address all properties of XYZ, spectra, transitions, production (propagation in medium).
It is based on scales separation and requires few universal lattice QCD input.



2 - BORN-OPPENHEIMER EFT . .
Hadron structure is not a scale-independent cartoon

The question is not simply whether an exotic The physical question is which QCD degrees of
hadron is a molecule or a compact tetraquark. freedom describe the state at a given resolution

scale, and how QCD connects those descriptions.

short distance intermediate large distance
octet / adjoint mixing meson pairs
compact core avoided crossing molecular tail

BOEFT makes scale-dependent structure calculable: static energies + mixing potentials - wave functions and poles.

A QCD eigenstate can be molecule-like at long distance and compact at short distance.




2 - BORN-OPPENHEIMER EFT

Heavy quarks give a hierarchy of scales

1
mg > pN;Nva > ENva2 mg > Aqcp > E

Nonrelativistic hard, soft and ultrasoft scales; for XYZ and excited quarkonia the radius is r ~ AQCD™

QCD NRQCD BOEFT Schrodinger
‘ Integrate out m_Q: ‘ Integrate out 1/r ~ A_QCD: slow , ,
- - Coupled t th
Quarks and gluons nonrelativistic heavy heavy quarks in the field of fast ‘ oupied equations wi

tentials defined in QCD
quarks light degrees of freedom potentials defined in Q

For the quarkonium ground state this is pPNRQCD with perturbative potentials; for XYZ the matching at r ~ A_QCD™" is nonperturbative and the
potentials are QCD static energies.

Brambilla, Pineda, Soto, Vairo, Rev. Mod. Phys. 77 (2005) 1423 - Berwein, Brambilla, Castella, Vairo, PRD 92 (2015) 114019 - Berwein, Brambilla, Mohapatra, Vairo, PRD 110
(2024) 094040



2 - BORN-OPPENHEIMER EFT

The Born-Oppenheimer picture, now in QCD

A C D,

CII7 quarkonium spectrum

[ 222 1 E ~mgv?
> .
r T
Molecules (QED) Hadrons with two heavy quarks (QCD)
Fast electrons, slow nuclei: AE ~ ma? » vibrational levels Fast gluons and light quarks, slow heavy quarks: A_QCD » m_Q v?

The heavy quarks move adiabatically; the light degrees of freedom are encoded in potentials V(r) that are the QCD static energies. The ground
potential gives quarkonium, excited ones give exotics.

Braaten, PRL 111 (2013) 162003 - Braaten, Langmack, Smith, PRD 90 (2014) 014044 - Juge, Kuti, Morningstar, PRL 90 (2003) 161601



2 - BORN-OPPENHEIMER EFT

The Born-Oppenheimer picture, now in QCD

A C D,

CII7 quarkonium spectrum

[ 222 1 E ~mgv?
> .
r T
Molecules (QED) Hadrons with two heavy quarks (QCD)
Fast electrons, slow nuclei: AE ~ ma? » vibrational levels Fast gluons and light quarks, slow heavy quarks: A_QCD » m_Q v?

The heavy quarks move adiabatically; the light degrees of freedom are encoded in potentials V(r) that are the QCD static energies. The ground
potential gives quarkonium, excited ones give exotics.

systematically realised in a quantum effective field theory: BOEFT

Braaten, PRL 111 (2013) 162003 - Braaten, Langmack, Smith, PRD 90 (2014) 014044 - Juge, Kuti, Morningstar, PRL 90 (2003) 161601



2 BORN-OPPENHEIMEREFT Static energies carry Born-Oppenheimer quantum numbers

A=t-K K*=k(k+1 i
( T ) Light d.o.f. labeled by k = {k*PC, f}. With the QQ axis the symmetry is Deoh:

7 K| =X,ILA... static energies are labeled by Aon (A= |F-K| =2, N,A..;n=CP=g/u; 0=
reflection).
kAPC BO quantum numbers
A O++ Zg+
0+~ 2u?
CP o .
ﬁ
1" {>u”, Nu}
| Y
QO 1 {2g", Ng}
Ol 4= 2-- (2", Ng, Og)
=
g ~ As r = 0 the symmetry becomes O(3) x C and several A multiplets merge into one
Qo k”APC.
-
@)
D /

Nonperturbative light degrees of freedom:
any combination of glue and light quarks
to obtain a color singlet, same for QQ (only C)

Static energies on the lattice: Juge, Kuti, Morningstar (2003); Bali, Pineda (2004); Capitani et al. (2019); Schlosser, Wagner (2022)
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2 - BORN-OPPENHEIMER EFT

One EFT for every hadron with two heavy quarks

QOX : 33=168 ST

,o")
Tl S A
R =
' Stat S O, =N,
Light d.o.f. X ate B . & B 0y
\o 4®) D C
: : 1 p) AN )
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: P s R MW,
gluon Hybrid Q,\ R \Q{
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s R R L =R
> ) T ¢ o K‘)&\Lf"
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2099
Y

r = 0: adjoint hadrons (gluelump, adjoint meson, adjoint
baryon)

Total angular momentum
of QQX or QQX :

Berwein, Brambilla, Mohapatra, Vairo, “One Born—Oppenheimer EFT to rule them all”, PRD 110 (2024) 094040 [2408.04719]



2 - BORN-OPPENHEIMER EFT

One EFT for every hadron with two heavy quarks

QX : 33=1®8 e Q00X : 303=3D6

,,.’t,pffg‘,\-g bq:’;\
o 7 2 Light d.o.f. X State
Light d.o.f. X State E & B Ty
\o /"‘J k? C
nothing (singlet) Quarkonium 2 i _‘3 9 Doubly heavy baryon
gluon Hybrid Q P 3,} """ = Q (a4)s / (ad)s Tetraquark (Tcc)
W0 & S s i -
(ad)s Tetraquark {3 w“’*l‘;*\n’{?f(\,\ﬂ RS (9ad)s / (aqa)e Pentaquark
S | ,rQ(I‘)'J‘ '\»gxsz.“-';:‘zkwqu
(qaa)s Pentaquark Q*QQU* J"fy ,(LLD
=7 r = 0: triplet and sextet hadrons, i.e. good and bad
r = 0: adjoint hadrons (gluelump, adjoint meson, adjoint diquarks
baryon)

Total angular momentum
of QQX or QQX :

Berwein, Brambilla, Mohapatra, Vairo, “One Born—Oppenheimer EFT to rule them all”, PRD 110 (2024) 094040 [2408.04719]



2 - BORN-OPPENHEIMER EFT

One EFT for every hadron with two heavy quarks

Q00X : 323=1@8 Q00X : 303=3D6

nothing (singlet) Quarkonium q Doubly heavy baryon
gluon Hybrid (ad)s / (ad)s Tetraquark (Tcc)
(ad)s Tetraquark (9ad)s / (qad)s Pentaquark

(gqq)s Pentaquark

r = 0: triplet and sextet hadrons, i.e. good and bad

r = 0: adjoint hadrons (gluelump, adjoint meson, adjoint diquarks

baryon)
Total angular momentum

of QQX or QQX :

The same equations, the same symmetries and the same type of lattice inputs describe quarkonium, hybrids, tetraquarks, pentaquarks and

doubly heavy baryons.

Berwein, Brambilla, Mohapatra, Vairo, “One Born—Oppenheimer EFT to rule them all”, PRD 110 (2024) 094040 [2408.04719]



2 - BORN-OPPENHEIMER EFT

At leading order: coupled Schrodinger equations

1)
L o) (N) (0) Vo ()
r _ _ KA
O + Vian (r) |V =En Y 7, Vi (r) = E,_ 3 (1) Ox |
_ mQ _ mQ
Nonadiabatic terms Mixing Spinat1l/m_Q
The kinetic operator couples the A projections Same K at short distance and same BO For exotics spin-dependent potentials start at
of K: beyond the naive BO approximation guantum numbers at large distance (avoided O(1/m_Q), not O(1/m_Q?) as in quarkonium

crossing) give coupled channels

Solving them gives spin-degenerate multiplets of hybrids, tetraquarks (xc1(3872), Tcc, Zb), pentaquarks and doubly heavy baryons; spin corrections

then split them.

Berwein, Brambilla, Mohapatra, Vairo, PRD 110 (2024) 094040 - spin: Brambilla, Lai, Segovia, Castella, Vairo, PRD 99 (2019) 014017; Soto, Valls, PRD 108 (2023) 014025




Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

LDF-quantum #: k = {K*°, f}

QOX:

Short-distance (r — 0)

| 4033 g
i Vi(r) = 2 Vo(r) = @i
i 200 Oési
Vr(r) = ———, Ve(r) = o5

Ap =

[im ;<Vac\Hg(T/2, R) ¢ (T/2,-T/2) H*'(~T/2, R)|vac)

T — o0

Field theory definition of gluelumps (QQbar g), adjoint mesons (QQbarqgqgbar) , triplet mesons..

(QQqgbar bar) masses



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

LDF-quantum #: k = {K*°, f}

QOX:

Short-distance (r — 0)

QQ:  Ey)(r) = V(r) +bygyr® -

| 4033 g
i Vi(r) = 2 Vo(r) = @i
i 200 afsi
Vr(r) = ———, Vz(r) = 27

Ap =

[im ;<Vac\Hg(T/2, R) ¢ (T/2,-T/2) H*'(~T/2, R)|vac)

T — o0

Field theory definition of gluelumps (QQbar g), adjoint mesons (QQbarqgqgbar) , triplet mesons..

(QQqgbar bar) masses

Triplet and sextet mesons operators give a gauge invariant field theory definition

of (good and bad) diguarks—> EMERGENCE of DIQUARKS



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

BO quantum number conserved

LDF
» Control of the large distance region - 0 2
Asr — o
2- meson state

Consider QQqqg system:

BO-quantum # A7 for adjoint meson: BO-quantum # A7 for meson-antimeson
) 2 Blue: may support bound states

&9

a  Green: may support both bound and resonance states

Adjoint meson ‘ o Red: neither bound nor resonance states

meson-(anti)meson

Compact:
Digquark-antidiqua
ﬁ. .? 77 rk
&
- r

to be calculated on
the lattice

The potentials should go to the heavy light
static threshold —>consequences:

* Only a finite number of states possible

* Exotic features: e.g. the very large radius of the X(3872)
comes from a ‘fine tuned’ value of the adjoint meson mass



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region

- Same framework for quarkonium and exotics



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region

- Same framework for quarkonium and exotics

We fix the adjoint meson mass value on the X(3872) and with the same coupled equations we can obtain
all states in the I=0 QQbar sector below and above threshold

We calculate the open flavor threshold effects on quarkonium spectrum below threshold and the percentage
of quarkonium and tetraguark in each state—> this has phenomenological consequences

We can e.g, establish that 2p state at 4010 MeV above threshold is 90% quarkonium while the X(3872) is 90%
tetragquark



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region
- Same framework for quarkonium and exotics

* The low energy nonperturbative correlator are universal and flavor independent



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region
- Same framework for quarkonium and exotics

* The low energy nonperturbative correlator are universal and flavor independent

We fix the adjoint meson mass on the X(3872) and we can predict everything in the bottom sector



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region

- Same framework for quarkonium and exotics

* The low energy nonperturbative correlator are universal and flavor independent

» We predict the avoided level crossing phenomenon but we need lattice input to know the strength of it
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Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region

» Control of the large distance region

- Same framework for quarkonium and exotics

* The low energy nonperturbative correlator are universal and flavor independent

» We predict the avoided level crossing phenomenon but we need lattice input to know the strength of it

Bulava, Hoerz, Knechtli, Koch, Moir, Morningstar, Peardon, Phys. Lett. B. 793 (2019)

Bulava, Knechtli, Koch, Morningstar, Peardon, Phys. Lett. B. 854 (2024)

avoided level crossing

In adiabatic representation




2 - BORN-OPPENHEIMER EFT

String breaking is an avoided level crossing

0.4 1 I ) 1 I ! 1 A I

0.2 | - | Isospin=0
\ (Adiabatic)

Ground state + Pions - | ——

wave+ P-wave

S-wave+ S-wave

-
-
P
-
-
-
-
-
-
-
-
-
.
-

.......

(Va(r) — 2EQI)\/t_O

Lattice QCD (Nf = 2+1): quarkonium level and meson—antimeson level mix near  BOEFT, isospin O: quarkonium 2g* and tetraquark 2g*’, Mg channels coupled
r=1.2fm near the S+S threshold

The avoided crossing is the clean lattice signature of quarkonium-tetraquark mixing.

Diabatic potentials + a mixing potential g(r) fixed by the lattice: the xc1(3872) arises from coupled channels

between quarkonium and the two lowest tetraquark potentials.

Bulava et al., PLB 793 (2019); PLB 854 (2024) - Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 [2411.14306]



3 - LATTICE QCD INPUTS

What the lattice must provide, and only that

Correlator Content Enters

Static energies Generalized Wilson loops BO potentials at intermediate r
Gluelump masses (QQ)s + gluon Hybrid potentials at short r

Adjoint meson masses (QQ)s + (qd)s Tetraquarks: xc1(3872), Zb, Zc
Adjoint baryon masses (QQ)s + (qaq)s Pentaquarks

Triplet / sextet masses QQ + light d.o.f. Tcc, doubly heavy baryons: diquarks
Mixing potentials Off-diagonal correlators String breaking, threshold effects

Ay = lim %log(vaq H(T/2) ¢™(T /2, —T/2) H"'(—T/2) |vac) Universal, gauge invariant and flavor

" T'— o0

iIndependent: charm and bottom share them.

Berwein, Brambilla, Mohapatra, Vairo, PRD 110 (2024) 094040



3 - LATTICE QCD INPUTS BOEFT gives the lattice a tetraquark interpolator

Opo = Q0) I U(0,5) T q(5)I'2T%q(5) U(5,7r) Q(r) to be used in place of the heavy-light operators
N—— ———— used on the lattice in these problems

adjoint meson



3 - LATTICE QCD INPUTS BOEFT gives the lattice a tetraquark interpolator

Opo = Q0) I U(0,5) T q(5)I'2T%q(5) U(5,7r) Q(r) to be used in place of the heavy-light operators
N— — used on the lattice in these problems
adjoint meson
Overlaps at 7/a = 2 In the I=1 Z2 channel, a BOEFT operator
s e with definite light-cloud quantum
R T Jm=ses numbers has dominant overlap with
03] . . //:, - the tetraquark level and little overlap
2 0.6} n=>3 . =l L 7 ] Yr(0 i i
3 R A S B E;T'f-f- with singlet-type levels.
N ool ) - B ______T____-———--“":; w:].fzfl
0.2r 1 — Ymr(3)
OR300y V() BB Ools, P) Onols) ooty : T——
Operator label r/a

e Zero overlap with quarkonium and quarkonium + pion states at short distance (Tr T = 0)
Ent/2 _ . .
b Zni(t) = nilt) = c _Cyi(H)u™ () e Standard Yrtand BB* operators only return non-interacting Yrt levels at r = 0.5 fm
I B AN

[(u™(t), C(t)un(t))]2
» n =1 and n = 2 are singlet states. v/

» n = 3 has some overlap with i = 3 (BB*). Singlet state?
» n = 4 has max overlap with both Opn and BB*. Tetraquark state

» (po-type operators do not have overlap with singlet eigenenergies. v

CLS ensemble, Nf = 2+1, a = 0.086 fm, mmt = 290 MeV. Preliminary.

S. Sharma, J. A. Urrea-Nino, N. Brambilla, F. Knechtli, M. Peardon, S. Prelovsek, F. Zierler, arXiv:2603.29581 and in preparation



QQqq_ Spin degenerate multiplets

Berwein, N.B., Mohapatra, Brambilla 2408.04719

QQ Light spin Static JPC
Multiplets
color state | KAPG energies (50,55 =1}

0=~ {Z7) (1,012 317 7§
(2t1.a723)) | 1

Octet Al |
{277, Iy} ([} ez Tl
{£g7} {0=F,1- T

1 !
{1g} {1—+![{},1,E]_\(} | T:
{£57, I} i 2,3]——}‘ 7!

Isospin-0 channel:
X(3872)

Isospin-1 channel:
v Ze (3900),Z,.(4200),Z,(10610),
Z,(10610)states:

Degenerate 0-+ and 1— KAPC
in BOEFT allows to understand the
decay pattern of Zb and Zb’



4 - STRUCTURE OF XYZ - XC1(3872)

xc1(3872): three coupled channels, one parameter

1.00—

0.75

0.50¢

0.25F

0.00

V (GeV)

—0.25

—0.50

-0.75

~1.0900 025 050 075 1.00 1.25 150 1.75 2.00

s

F— 23

13}

1l
12;, Ens. D200, Bulava & al.
22;, Ens. D200, Bulava & al.

Lattice inputs _

Bulava et al Phys. Lett. B. 854 (2024

o< AL

A7 =1029MeV

r(fm)

/t

1 NAESY 0 0
0,00, + 0 (l+1)4+2 —2y/1(+1)
QT mer 0 —2\/l(l+1)  I(l+1)
EZ; (r) qg(r) 0 1/ vs Uy,
9 Bgo() 0 | |[vn ] =¢{us
B 0 0 En,(r)/ 1 \¥n Y
. =1 /
o0 Mixing potential g(r) fitted to lattice string
002, breaking (Bulava et al.)
0.01 Mixing potential g(r)

~

The only free parameter, the 17~ adjoint meson mass, is fixed by the
shallow xc1(3872) multiplet at the D(*)D(*) threshold.

Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 - Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - Bulava et al., PLB 854 (2024)




4 - STRUCTURE OF XYZ - XC1(3872)

xc1(3872): three coupled channels, one parameter

1.00—

SFEE TAEN EER FEd SR TREFTHAE BRI EAIRERZEER 2R K 1 1 l (l + 1) O O \
1% I 9+ —— 0 i+ +2 2T+ D)
(.75 = 2%, ] _ mqr maqr 0 WY 10+ 1)
f 1M, ] B )
: 1 s r) g(r) 0 Yy Uy,
0.50 L { 1%, Ens. D200, Bulava & al. ! N ( o) Euo(r) 0 ) (wzl B
-} 23}, Ens. D200, Bulava & al. : g
025 ’ e =1 0 0 En,(r)) ] \¥n wn}
o DD:
O  0.00p\——=====sgpameessmma=a = -
S . : X 1 . 0.05;-
> = 25:— X A s Lattice inputs E
Bulava et al Phys. Lett. B. 854 (2024 g 00 Mixing potential g(r) fitted to lattice string
—0.50F L y S o breaking (Bulava et al.)
i Aa = 1029M eV ) 001, Mixing potential g(r)
-0.75F : :

~1.0800 025 050 075 1.00 125 1.50 1.75 2.00 e ,_
r (fm) The only free parameter, the 17~ adjoint meson mass, is fixed by the
shallow xc1(3872) multiplet at the D(*)D(*) threshold.

1) Quarkonium percentage:|ys|? =~ 8 — 13 %
2) Tetraquark percentage: |Ys|? = 38 %, |ygl? = 54 %
3) Radius ~10 fm E=90 KeV

Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 - Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - Bulava et al., PLB 854 (2024)



4 - STRUCTURE OF XYZ - XC1(3872)

What the xc1(3872) is made of

-10% ~90%  ~10fm  |ESEE

rms radius
Quarkonium, cC P-wave Tetraquark/open flavor, mostly sets where in the range: the
S-wave state is near-critical
Eb ~ 100 keV
Radiative decays Compositeness Prediction: Xb
I(xe1(3872) — v1(25)) BESIII: Z = 0.18 (+0.20, -0.23); EMPPR: 0.052 < Same equations, b quarks: bound below
Ry = T(xe1(3872) — vJ /) Z < 0.14. Consistent with our range; Z from ao, B(*)B(*) by 0.2—-15 MeV, 1-2% bottomonium.
With 8-13% & 2.99 + 2.36 vs LHCb 1.67 + ro is only qualitative (backup) Not yet seen at Belle Il
0.25, in agreement within errors
short distance
compact component controls radiative decays and The molecular tail and compact core dominate different distances and different observables.

production

Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 - Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - LHCb, arXiv:2406.17006 - BESIII, PRL 132 (2024)
151903 - Esposito et al., PRD 105 (2022) L031503



4 - STRUCTURE OF XYZ - XC1(3872)

The xc1(3872) has spin partners

, , - JAPC BOEFT mass Candidates
Spin avg. Spin splitting
1+ input xc1(3872)
PC
J 0** 3.846(11) GeV xc0(3915) or xc0(3960)
D*D* 2+ 4.004(14) GeV xc2(3930) or R,(4014)
/AL 1*- 3.957(11) GeV not yet seen
DD s
I Spin splittings from the physical D, D* thresholds, at order 1/m_c. The scalar
{l+—. 0,1, 2)++} iy and tensor partners share candidates with the 2P charmonium: assighment
Xe1(3872) = open.
()++
xc1(3872) and xc1(2P) are two distinct 1** states;
N LHCb has now seen xc1(4010).

Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 - LHCb, PRL 133 (2024) 131902



BOEFT: QQqq multiplets

00

Defines the Born-Oppenheimer

, - : + static potentials X7, {Z7, 1}
{aq’}, 1 [aq’], 0%
“Bad diquark” “Good diquark”
(819, Light spin Static | Isospin Jre
I |
color state Kr ENErgies { So=0] 5o =1
B3ad diquark — Good diquark ' '
~ 200 MeV o — |l 1) |J forTa
~ © 0 {5 0 | -
anti-triplet 1 1~ S
3 . { \ 0| 0° —
1 L 1
7 1| 1= |12)"




One 2g* channel, | = 0. At short distance: antitriplet QQ + good diquark-like
4 - STRUCTURE OF XYZ - QQQQ triplet hadron, A(0*) = 664 MeV,; at long distance: the DD* threshold; in

Tcc*(3875) and its bottom partners

between: lattice.

0.1 v v ' ' | T T T T T T T T T T r T T r I . . .
- ' Qe - H
} DD Schrodinger Equation:
0.0 f--rrrrrerre o
-0.1F
S
m —
L —0.2r , —— Our parametrization .
> Ky } latt. datat=21, Lyu &al.
-03F * | latt. datat=22, Lyu &al. -
i :f | latt. datat=23, Lyu &al. ;
_0als? {  Ens. A5,Bicudo & al. ;
: ** ¢ Ens. G8,Bicudo & al. :
[ ¢ Ens. N6, Bicudo & al. : _
_ S N I U B T S T B T R S -
0-3.0 0.5 1.0 1.5 2.0 2.5 320 kev 8 fIIl

r (fm) Tcc below threshold Tcc radius

116 MeV 25 MeV

sood diquark : /l{?+ ~ 664 MeV (pole mass scheme) Tbb binding: deep, compact

Tbc below DB threshold

Tbb and Tbhc agree with direct lattice determinations.

Brambilla, Mohapatra, Scirpa, Vairo, PRL 135 (2025) 131902 - Lyu et al., PRL 131 (2023) 161901 - Bicudo, Marinkovic, Mueller, Wagner, arXiv:2409.10786



4 - STRUCTURE OF XYZ - ISOSPIN 1

Zb, Zb': why Zb' does not decay to BB*

Z!(10650)

B*B* Threshold

--------*

Suppressedag

(Theoretical Puzzle)#*
0

7,(10610)

‘:‘-------

BB* Threshold

Berwein, Brambilla, Mohapatra, Vairo, PRD 110 (2024) 094040 - Voloshin, PRD 93 (2016) 074011 - Sharma, Urrea-Nino et al., arXiv:2603.29581



4 - STRUCTURE OF XYZ - ISOSPIN 1

Zb, Zb': why Zb' does not decay to BB*

Z;(10650)
Allowe
: B Thieshoid T '
9]0, qq spin BO quantum # ] e E
color state kPC AT | {§=0,8=1} :
p— Suppressedeg
0 {O‘H' l 1+ } I (Theoretical Puzzle)x
0+ - 1| {17,(0,1,2)"%}
et =7 11, 1 0. 1.2 Z,,(10610)
8 .Z"' ' 0 D+ 1 ——__Allowed TS ——fy, Y -
{—- . d07, 177} BB* Threshold
[, 1 {l“*\, (0,/1,2)" "}
v,
\

Isospin-1 channel: Z,. (3900),Z,. (4200),Z,(10610), Z,(10650)

The suppression of Zb’ -» B B* is
explained if the 0—+ and 1—— adjoint
light-cloud configurations are nearly
degenerate.

Zo) = 5(121) +122)),  |Z) = 5 (171) — | 22))
Z1) = |Syp=0) [E"“=177),  |Za) = |S=1) [k"“=0"T)

(Z]|BB*) o« (177 [17)=(0"7|07") = 0 <= A~ =Ajg-+

Berwein, Brambilla, Mohapatra, Vairo, PRD 110 (2024) 094040 - Voloshin, PRD 93 (2016) 074011 - Sharma, Urrea-Nino et al., arXiv:2603.29581



4 - STRUCTURE OF XYZ - ISOSPIN 1

Zb, Zb': why Zb' does not decay to BB*

00 qq spin BO quantum # ] Jre
color state kFC AT | {§=0,5=1} :
=) meorene oK
0 {() | } eoretical Puzzle :
0+ - 1| {17,(0,1,2)"%}
OCtet Z;,, l—lg | (O, ll, 2)++} Auoil;(106lo) .j" ].OO I L @ O+_ 1++
8 - zy 0 YO 17} BB Theeshold o 05§ 1+ o+ & o+t
ng I {l \’\(09!,192) } 090_ © @
| ] S
i\ 0.85 2
Isospin-1 channel: Z,. (3900),Z,. (4200),Z,(10610), Z,(10650) = : f'_J 4 <
=0.80- o 8 g D
: = . . R " 8dgq [ 1
The suppression of Zb’ - B B* is 0.75° "e_ " PEAgrIes |
explained if the 0—+ and 1—-— adjoint 0.70° T ¥gg. bl
light-cloud configurations are nearly 065 TERY T L
degenerate. o T
1 | 1 , R T I A
‘Zb> — 7§ (‘Zl> _|_ ‘ZQ>)7 ‘Zb> — ﬁ (‘Zl> o |ZQ>) Sipaz Sharma,tégan Andres Urrea-Niho, et. al., [a

Z1) = |Sy=0) [E"“=177),  |Z2) =|Sp=1) [k"“=0"")

Lattice (preliminary): 17~ and 0™* adjoint mesons are
degenerate.

(Z]|BB*) o« (177 [17)=(0"7|07") = 0 <= A~ =Ajg-+

Light-quark spin symmetry

A qualitative decay puzzle becomes a quantitative light-cloud spectroscopy problem. (Voloshin) now follows from QCD.

Berwein, Brambilla, Mohapatra, Vairo, PRD 110 (2024) 094040 - Voloshin, PRD 93 (2016) 074011 - Sharma, Urrea-Nino et al., arXiv:2603.29581



What the X teaches for the whole spectrum Near threshold, small energy changes produce large structural changes.

Short-distance observables do not measure the same component as the binding energy.

Once matched, the Hamiltonian can be continued from bound states to resonances.

The X is the proof of concept; the next question is whether one Hamiltonian organizes the spectrum.

30



What the X teaches for the whole spectrum Near threshold, small energy changes produce large structural changes.

Short-distance observables do not measure the same component as the binding energy.

Once matched, the Hamiltonian can be continued from bound states to resonances.

The X is the proof of concept; the next question is whether one Hamiltonian organizes the spectrum.

- With the same set of coupled equations and the same parameters we can calculate states with QQbar and =0
below threshold and above between the first SS threshold and the SP threshold.

* The potentials are fixed by the lattice calculation of the static energies and the BOEFT symmetry, the only parameter that we fix to the
spectrum as before is the adjoint meson mass

» Above threshold we have resonances and energies become complex: we use three methods (T-matrix,
complex scaling method and K-Matrix) to calculate : energies, width and pole couplings and
quarkonium and tetraquarks/open flavor components/normalised composition measures

30



What the X teaches for the whole spectrum Near threshold, small energy changes produce large structural changes.

Short-distance observables do not measure the same component as the binding energy.

Once matched, the Hamiltonian can be continued from bound states to resonances.

The X is the proof of concept; the next question is whether one Hamiltonian organizes the spectrum.

» With the same set of coupled equations and the same parameters we can calculate states with QQbar and =0
below threshold and above between the first SS threshold and the SP threshold.

* The potentials are fixed by the lattice calculation of the static energies and the BOEFT symmetry, the only parameter that we fix to the
spectrum as before is the adjoint meson mass

» Above threshold we have resonances and energies become complex: we use three methods (T-matrix,
complex scaling method and K-Matrix) to calculate : energies, width and pole couplings and
quarkonium and tetraquarks/open flavor components/normalised composition measures

—> in this way we can identify if a state is dominantly Quarkonium or dominantly Tetraquark

—> we predict BOEFT multiplets (in the static limit)

—> corrections are order v/A2 for quarkonia dominated states and order of the spin
splitting of the thresholds for tetra dominated states

—> we can start to organise the experimental spectrum
30



4 - STRUCTURE OF XYZ - BELOW THRESHOLD

Open-flavor thresholds etfects on quarkonium

nl (ce) || M™(MP) (MeV)|% S5 |% S5 | % 11, AE_(%,? (MeV)|AES-b (MeV)
15 3127.6 (3068.7) | 99.9 | 0.1 —818.4 —0.4
25 3706.3 (3674.0) | 99.0 | 1.0 —239.7 —3.8
1P 3536.9 (3525.3) | 99.7| 0.2 | 0.1 —409.1 ~1.6
Xel (3872) 3945.9 8.6 | 37.4 | 54.0 —0.1
2P 3989.0 —
1D 3819.0 98.6 | 1.2 | 0.2 —127.0 4.1

Charmonium below DD

Shifts of a few MeV: much smaller than 3Py and

coupled-channel models, O(10-100) MeV
Conventional quarkonium states far below

threshold have marginal tetraquark

components (few %)

10593.6

nl (bb) || Mth-(Me=P) (MeV)|% T} |% SF | % Iy | EBB (MeV) | AESP (MeV)
1S || 9444.9 (9445.0) | 100 | - ~1182.1 —0.1
25 || 9987.7 (10017.3) | 99.9 | 0.01 —639.2 ~1.0
35 10327.7 99.1 | 0.9 —299.3 ~3.5

1P || 9882.9(9899.7) |99.9 | 0.1 | - 7441 —0.5
2P || 10235.0 (10260.2) | 99.5 | 0.5 | - ~320.0 ~2.3
3P 10516.2 958 | 4.1 | 0.1 | —110.8 —7.6
X, 10613.4 1.5 | 44.9 | 53.6 | —13.5

1D 10124.4 99.8 | 0.2 | - ~502.6 ~1.2
2D 10419.0 98.7 | 1.3 | - —208.0 —4.2

Bottomonium below BB

Y(4S): = 21% tetraquark, -16 MeV, deep states

keep only a few % admixture

Brambilla, Mohapatra, Scirpa, Vairo, PRD 114 (2026) 054049 [2604.12603] - Eichten et al., PRD 17 (1978) 3090 - Barnes, Swanson, PRC 77 (2008) 055206




4 - STRUCTURE OF XYZ - BELOW THRESHOLD

Open-flavor thresholds etfects on quarkonium

nl (ce) || M™(MP) (MeV)|% S5 |% S5 | % 11, AEgg (MeV)|AES-b (MeV)
15 3127.6 (3068.7) | 99.9 | 0.1 —818.4 —0.4
25 3706.3 (3674.0) | 99.0 | 1.0 —239.7 —3.8
1P 3536.9 (3525.3) | 99.7| 0.2 | 0.1 —409.1 ~1.6
Xel (3872) 3945.9 8.6 | 37.4 | 54.0 —0.1
2P 3989.0 —
1D 3819.0 98.6 | 1.2 | 0.2 —127.0 —4.1

Charmonium below DD

Shifts of a few MeV: much smaller than 3Py and

coupled-channel models, O(10-100) MeV
Conventional quarkonium states far below

threshold have marginal tetraquark

components (few %)

10593.6

nl (bb) || Mth-(Me=P) (MeV)|% T} |% SF | % Iy | EBB (MeV) | AESP (MeV)
1S 9444.9 (9445.0) | 100 | - —1182.1 —0.1
25 || 9987.7 (10017.3) | 99.9 | 0.01 —~639.2 ~1.0
38 10327.7 99.1 | 0.9 —299.3 —3.5

1P || 9882.9(9899.7) |99.9 | 0.1 | - —744.1 —0.5
2P || 10235.0 (10260.2) | 99.5 | 0.5 | - ~320.0 ~2.3
3P 10516.2 958 | 4.1 | 0.1 | —110.8 —7.6
X, 10613.4 1.5 | 44.9 | 53.6 | —13.5

1D 10124.4 99.8 | 0.2 | - ~502.6 ~1.2
2D 10419.0 98.7 | 1.3 | - —208.0 —4.2

Bottomonium below BB

Y(4S): = 21% tetraquark, -16 MeV, deep states

keep only a few % admixture

Could have a role in the anomalous decay?

Belle: B(4S - nhs(1P))=20xB(4S - ntlS)

Field-theory meaning of the P constant y;

physical threshold splittings included

Brambilla, Mohapatra, Scirpa, Vairo, PRD 114 (2026) 054049 [2604.12603] - Eichten et al., PRD 17 (1978) 3090 - Barnes, Swanson, PRC 77 (2008) 055206




4 - STRUCTURE OF XYZ - ABOVE THRESHOLD

Mapping the isoscalar spectrum up to the S+P thresholds

4400
1 w@se) ‘ : g : . poles : i and
DB, 4P X(4350) Same equations and parameter as for xc1(3872); poles from T-matrix, K-matrix an
4300~ h.(4300) Xa1(d274) } complex scaling, variation in composition depend on variation in the adjoint meson
- mass (only parameter)
4200+ W(4230) Y(4160) _
38 Xc1(4140) X(4160) -
> 4100 -Ds”'Ds" '
) i 1
: W(4040)
§ RS
5 : ho(4000)3 Xa(4010P R2®
- 4000+ -
: §
XE40) = . .
3900 -D®D® Xc0(3915) Xc2(3930) :
3842
Xo(3860)Xe1(3872) w(3823) L2
3800 - w(3770) 1D ]
JPC 0 1-- 1+~ o+ 1++ o++ -+ 1-- == i ??+
S-wave P-wave D-wave

........ D®D® D»D™,D®D;™: spin-averaged thresholds

candidate compatible with a charmonium—dominated multiplet

candidate compatible with a charmonium tetraquark/open—flavor—dominated multiplet

candidate not naturally accommodated by the included multiplets
------ candidate compatible with a charmonium or charmonium tetraquark/open—flavor multiplet assignment
charmonium-dominated BOEFT multiplet

charmonium tetraquark/open—flavor—dominated BOEFT multiplet
Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - bottomonium-like multiplets and hybrid reference levels in backup



Brambilla, Bruschini, Mohapatra, Peng, TS, arXiv 2608.041045

4400
4P
- ST Xc1(4274)
43007 F72258) C
4200
: Xo1(4140)
> !
()]
2 L
\J; I hC(4OOO) X-Cl (-4-0-1-0) R2
® 4000} === ==-
3900 Xc0(3915) X02(393Oj
X_co(3?36(5) Xc1(3872)
3800
3700/
JPC kil 0+t 1+ e

P-wave

conventional quarkonium dominated FEp = 4364 -

- & MeV

BOEFT multiplet 4 P (quarkonium multiplet 3 P)

177 — h.(4300) :
0*" — no candidate;
17 > x1(4274) :

2Tt — no candidate.

M =4307.3%04+33 MeV,

_ £Q+28 +28 .
6.6 —4.1 "= 5877155 MeV;

-16 =25

M = 4290 + 6 MeV, I' =54 + 8 MeV;

conventional quarkonium dominated FEp = 3979 £+ 50 MeV

BOEFT multiplet 3P (quarkonium multiplet 2P)

— 71 +96 3
[ = 184371 +% MeV;

['=43 + 15 MeV.

2 7.0 +6.4 "
[ = 62.779 64 MeV;

[[=4+12.5 MeV.

M = 4000*17 *27 MeV,

—14 =22

M = 3956 £ 11 MeV,

s 36 +4.1
M = 4012.5+36 +41 MeV,

M = 4014.3 + 4.3 MeV,

177 — h.(4000) :

07" — y.0(3960) :
1% — y1(4010) :
277 = R,(4014) :

BOEFT multiplet 2P (x.;(3872) and its HQSS partners)

1"~ — no candidate;

07" = y.0(3915) :
17" = y.1(3872) :
277 > ¥2(3930) :

M = 3922.1 + 1.8 MeV,
M = 3871.64 = 0.06 MeV,
M = 39225 + 1.0 MeV,

['=20+4 MeV;
['=1.19 +£0.21 MeV;
['=235.2+2.2 MeV.

33




~

Mass (MeV

4400

1 w(4360)
DD,
4300
4200+ w(4230)
I 3
4100 - DS(*)DS(*)
' w(4040)
4000 -
X(3940)
3900 - D“D®
3800 -
3700 -
JPC 0t 1--

S-wave

conventional quarkonium dominated

0~ = X(3940) : M = 3942 + 9 MeV, [ =43"28 MeV:
17~ — Y(4040) : M = 4040 + 4 MeV, [ =84 + 12 MeV.

BOEFT multiplet 35 (quarkonium multiplet 3.5)

—18

n-(3945)

Ep — 4145+ 1 MeV

» X(3940): mass lies ~200 MeV below our prediction, while width
Is larger by about two orders of magnitude

spin splitting, nodal effects in the decay amplitude

» W(4040): mass lies ~100 MeV below our prediction, while width
Is larger by about two orders of magnitude

spin splitting, omitted thresholds (charm-strange sector), and possible hybrid mixing
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BOEFT Multiplet Predictions BBAR 1 000l Y(11020) 6P BB,
| 4D
Same 10900 - Y(10860)
coupled '
equations = 63
Q@
used for the PR
)]
0 - (=g (%)
X(3872), same g visares 5P BB,
parameters
Result obtained with adjoint meson 10700
mass fixed to y.1(3872) 3D
Yb
Strange meson-antimeson el
threshold not accounted 10 GDDj . V@S Xp Bf*ﬁéi*}
| JF’C 0 1 I—— 1 11-— O-I|-+ 1 1|-+ 2-I|-+ 2|—+ 1 I-- 2I—— 3I——
Boxes take into account
S-wave P-wave D-wave

undetermination from spin and
velocity corrections for quarkonium . _._...
(Order vA2 45 Mev) and heavy-spin

splitting for tetraquark (70 Mev)

N.B, A. Mohapatra, R. Bruschini, F.Z. Peng, T. Scirpa, ‘Quarkonium
like states above open flavor threshold’ arXiv 2608.04105

B®B® B,"B,* B®B;"): spin-averaged thresholds

candic

candic

ate compati

ate compati

candic

)

b

e Wit

N al

bottomonium—dominated multiplet

e Wit

1 d

pottomonium tetraquark/open—flavor-dominated mul

ate not naturally accommodated by the included multiplets

bottomonium-dominated BOEFT multiplet

bottomonium tetraquark/open—flavor-dominated BOEFT multiplet



4 - STRUCTURE OF XYZ - ABOVE THRESHOLD

A new bottomonium-like state: the Yb

10676 MeV 53 MeV

a f - pole, 50 MeV above B(*)B(*) width into B(*)B(*)
-t
75% _ ~ (0.8 fm
P-wave open bottom, 25% bb size: compact, not molecular
‘0 x|
2 An | = 0 multiplet with JAPC=07", 17 (Yb is the 177). Unlike the shallow S-wave Xc and Xb, it is a
compact open-flavor-dominated resonance: almost the mirror of Y(4S), which is 78% bb.
Candidates: Y(10753), 81 MeV higher, or the Belle Il B¥B* enhancement near 10653 MeV. The
oL | | | . H1 hybrid level is close: mixing to be included.
10626 10700 10800 10900 11000

E (MeV)

P-wave B(*)B(*) phase shift: broad Yb excursion, then the
narrow 6S, Y(10860)

Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 (updated version) - Belle, Belle Il



BOEFT Multiplet Predictions CCbar 440ay ]
-t w@360)
D¥D 0 ) 4P X(4350)°
Same coupled equations 43001 o XE-H--- i
used for the X(3872), same | 2 2 2D _
parameters 4200 g HA(4250) i 2 t
Result obtained with adjoint meson T ;s Ye(d140) x@ie0)
mass fixed to y.,(3872) ";g 4100 -Ds*'Ds™ !
s (4040
é sonol he(4000)8 Xof (401o)§_ RE_§ ]
: X(3940) Xe0(3960)° 3P 4
Uncoupled Hybrids levels added T R |
3900 _—D'i*’ D™ Xc0(3915) Xc2(3930) 1
! }(cg(SBED}Xm(BB?‘?) w,(3823) W3(3842) _
Notice that the hybrids multiplets are higher 3800 W(3770) 1D ]
Up-> mixing is possible with hybrids (here not | "
aCCO u nted) JPC 0-* 1-- 1+- 0*+ 1++ o+t -+ 1-- == 2 ??-1-
S-wave P-wave D-wave
' Strange meson-antimeson .. D®D®, DD, DWD;™: spin—averaged thresholds

threshold not accounted

candidate compatible with a quarkonium—-dominated multiplet

candidate compatible with a tetraquark/open—flavor—dominated multiplet

candidate compatible with a hybrid reference level

candidate not naturally accommodated by the included multiplets and reference levels
- === candidate with plausible quarkonium or tetraquark/open—flavor assignments

———————— candidate with plausible quarkonium and hybrid—reference assignments
quarkonium-dominated BOEFT multiplets

tetraquark/open—flavor—dominated BOEFT multiplets

N.B, A. Mohapatra, R. Bruschini, F.Z. Peng, T. Scirpa, ‘Quarkonium uncoupled hybrid BOEFT reference levels
like states above open flavor threshold’ arXiv 2608.04105 37



BOEFT Multiplet Predictions BBbar

Same coupled equations
used for the X(3872), same
parameters |
Result obtained with adjoint meson -
mass fixed to y.1(3872)
S
% i
=~ 10800°
Uncoupled Hybrids levels added =
‘ID?DO:
Notice that the hybrids multiplets are higher |
Up-> mixing is possible with hybrids (here not _
accounted) 10600
JF‘C

' Strange meson-antimeson
threshold not accounted

11000~

Y(11020) H', H; H, 6P B™B,®
H';
H',
4D
Y(10860) Ha Ha
Hs Hs
6S
5p B (*Jfg (*)
Hi  Y(10753) H, B
H- H»
3D
Yb
Xp ( )I{ )
4s  Y4S) B*B
o~ 1~ 1 o* 1+ 2% .k 17~ 2" <
S-wave P-wave D-wave

........ B®B™,B;*'B;*,B*B,™): spin-averaged thresholds

candidate compatible with a bottomonium—dominated multiplet

candidate compatible with a bottomonium hybrid reference level

N.B, A. Mohapatra, R. Bruschini, F.Z. Peng, T. Scirpa, ‘Quarkonium
like states above open flavor threshold’ arXiv 2608.04105

candidate not naturally accommodated by the included multiplets and reference levels

bottomonium—-dominated BOEFT multiplet
bottomonium tetraquark/open—flavor-dominated BOEFT multiplet
uncoupled bottomonium hybrid BOEFT reference level



4 - STRUCTURE OF XYZ - PENTAQUARKS

Pentaquarks as Born-Oppenheimer multiplets

| i L R L LR L ] GeV e uding <o . JAP assignments
: ] ncluding spin corrections:
0.237 Jj S 4312: % - 4380: 3/2" - 4440: 3/2 - 4457: Y5~
i ] & 527 F TRPRR e e - - et S i e
1 f + + ——
] P (4525) P (4521) P.. (4513)*
] Yol 7 states
4462 | “angag==c-rssasscesnasnccncnansacnacnanssls )
P (4457)° P (4440)° 3 more expected near the 2c*D* threshold
) )94 |
4386 f=--=mmmeemmemmeeeeeceeeacacaacaaaa <. ]
— —
b For the lattice
Y, 1 Adjoint baryons A(%:*) = 1125 MeV, A(3/27) =
i i S 1152 MeV
P, (4312)
(1/2) (3/2) (5/2)
r [fm] JI’

Potentials repulsive at short distance (color octet), going to Zc D(*) at large distance; spin splittings from the meson—baryon thresholds; semi-inclusive
decays to J/U and nc and ratios to Ac D(*) computed; Pbb predicted.

Brambilla, Mohapatra, Vairo, PRD 112 (2025) 114037 [2508.13050] - LHCb, PRL 122 (2019) 222001



goUuU -

Xc0(4700)
Xc1(4685) T
L w(4660) X(4630)
4600 - .
Xc0(4500)
Ww(4415)
4400 - 1
—_ = A 4360y 4_-F_ ____________________________________ 1
= he(4300)8
&3 4160 2D
‘Ec.? 42001 ., (4230) H2 A2 H, il ) T
| EL{*}E,S(*] 3S Xc1(4140) X(4160)
w(4040)
h¢(4000)§ Xc1(401 0)@_ Rf _
40997x 3940) X<0(3960)° 3p ‘
"'f;}"_';" """"""" e e
‘ Xc0(3860)Xc1(3872) y2(3823) =
JF’C 0+ 1-- 1+- o+ 1++ o++ o=+ 1= o== 33— ??-1-
S-wave P-wave D-wave

D®D® DD, DMWD;™: spin—averaged thresholds
candidate compatible with a quarkonium—-dominated multip
candidate compatible with a tetraquark/open—flavor—domins

candidate compatible with a hybrid reference level

candidate not naturally accommodated by the included multi

quarkoniumlike states above the D®'D;* spin—averaged thre

candidate with plausible quarkonium or tetraquark/open—flax
candidate with plausible quarkonium and hybrid—reference a

quarkonium—dominated BOEFT multiplets
tetraquark/open—flavor—dominated BOEFT multiplets
uncoupled hybrid BOEFT reference levels

mass region above the cut—off of the present calculation

- Quarkonium dominated multiplets are stable, tetraguark dominated details depend on the
precise value of the adjoint meson mass (we are calculating precise adjoint meson masses on the

lattice)
 Structure and number of the multiplets is stable

* Mixing with hybrids not accounted

40



5 - PRODUCTION PROBES STRUCTURE

Production factorizes: short distance meets long distance

NRQCD factorization BOEFT factorizes the LDME

oHix = ) 0o (207 (N) ) O @A) = D os0)P Ms < - 16n(0) x 5
N

|$(0) |2 from the Schrodinger equation; M_S universal and bounded by

Perturbative short-distance coefficients; for xc1(3872) the color-octet 35, positivity and completeness, fixed from B decays:

channel dominates at leading power in v
Br(B — xc1(3872) + X) = Br(b — ce(®Si*) + X)) (Ox1(3872) (3 g8y

“A large molecule cannot be produced at high pT” does not

cC created at ~ 1/m cin a color octet evolves intoa ~ 10 fm yc1(3872
/m_ " Xc1(3872) Hold

Bodwin, Braaten, Lepage, PRD 51 (1995) 1125 - Brambilla, Butenschon, Hibler, Mohapatra, Vairo, Wang, arXiv:2602.14916 - Lai, Chung, PRD 112 (2025) 054005



5 - PRODUCTION PROBES STRUCTURE

Production factorizes: short distance meets long distance

NRQCD factorization BOEFT factorizes the LDME

oHix = ) 0gam (R OY(N) Q) O @ESE = Z jas)P Ms < 2 [6n(O)f x %
N

|$(0) |2 from the Schrodinger equation; M_S universal and bounded by

Perturbative short-distance coefficients; for xc1(3872) the color-octet 35, positivity and completeness, fixed from B decays:

channel dominates at leading power in v
Br(B — xc1(3872) + X) = Br(b — ce(®Si*) + X)) (Ox1(3872) (3 g8y

“A large molecule cannot be produced at high pT” does not

cC created at ~ 1/m cin a color octet evolves intoa ~ 10 fm yc1(3872
/m_ " Xc1(3872) Hold

General idea: If y4
hadro-production

as large radius, Production proceeds through color octet cc at
t possible or favored - short-distance that evolves to x.,(3872)

arge p

Not True ! The wave function probe the large extension of the X

Bodwin, Braaten, Lepage, PRD 51 (1995) 1125 - Brambilla, Butenschon, Hibler, Mohapatra, Vairo, Wang, arXiv:2602.14916 - Lai, Chung, PRD 112 (2025) 054005



5 - PRODUCTION PROBES STRUCTURE

Production factorizes: short distance meets long distance

NRQCD factorization BOEFT factorizes the LDME

oHix = ) 0gam (R OY(N) Q) O @ESE = Z jas)P Ms < 2 [6n(O)f x %
N

|$(0) |2 from the Schrodinger equation; M_S universal and bounded by

Perturbative short-distance coefficients; for xc1(3872) the color-octet 35, positivity and completeness, fixed from B decays:

channel dominates at leading power in v
Br(B — xc1(3872) + X) = Br(b — ce(®Si*) + X)) (Ox1(3872) (3 g8y

“A large molecule cannot be produced at high pT” does not

cC created at ~ 1/m cin a color octet evolves intoa ~ 10 fm yc1(3872
/m_ " Xc1(3872) Hold

General idea: If y.q
hadro-production

as large radius, Production proceeds through color octet cc at
t possible or favored - short-distance that evolves to x.,(3872)

arge p

Not True ! The wave function probe the large extension of the X

Combination of the two!

Bodwin, Braaten, Lepage, PRD 51 (1995) 1125 - Brambilla, Butenschon, Hibler, Mohapatra, Vairo, Wang, arXiv:2602.14916 - Lai, Chung, PRD 112 (2025) 054005



5 - PRODUCTION PROBES STRUCTURE

xc1(3872) and Xb hadroproduction with no free parameter

The LDME is not fitted to hadroproduction data, yet

—
()
w
: ]

103¢ « CMS data - ATLAS data
- Xcl (3872) BOEFT prediction 23 Xcl (3872) BOEFT prediction ! .
| VS=7TeV, ly|<12 ] 10%F VS=8TeV, |y| <075 CMS, ATLAS and LHCb are described.
10%¢ mc=1.4 GeV E me=1.4 GeV 5
> | >
8 10t E 8 100:_ FP'_!"' . . .
= : T ,g N e Band: short-distance and LDME uncertainties
g e
ols 10° R o5 10" ; : icti
8lg S[8 e Xb: a prediction for the LHC
- 10_2 E
101 . . o . _ : -
_ _ 10-3] : ] e Same formalism for the four Pcc states and their Pbb
107 b s 5 30 3540 1020030 ';;4'0" 50760 70 partners (backup)
pr [GeV]
1072 e :
Fr + v - v > - = v 3 v v+ v : i BOEFT prediction |
[ « LHCb data ] [ ]
I Xel (3872) BOEFT prediction ' ; ( b S o =2
- VS=13TeV,2<y<4.5 | 10'F T
_ ' m.=1.4 GeV : %‘ '
> 10%g Q '
o ==l e 100:—
o) BE. = :
= 10 T 8l
b% " 101
10% = N
P 107 1~ 15 20 25 30 35 40
5 10 15 20 DT [GGV] ~ ~ (N
pr [GeV] ”

Brambilla, Butenschon, Hibler, Mohapatra, Vairo, Wang, arXiv:2602.14916 - data: CMS, JHEP 04 (2013) 154; ATLAS; LHCb



pentaquark hadroproduction ©@ LHC

103 -

[nb/GeV]

do
dpr
—_
c:I

10-4L

103

do

5 [nb/GeV]
—_ —_

(@) (@) — f—
5 L 2

—
9
w

—_
i
S

10-3}

N Pe(4312)
Vs =7TeV, |y|<1.2 3
mc=1.4 GeV ]

1 |2|O| L |2|5| PR
pr [GeV]

30 35 40

102 |

m P:(4380)
Vs =7TeV, |y|<1.2 3
mc=1.4 GeV '
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T

20 25
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30 35 40
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[nb/GeV]

do
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<

10-4L.
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[nb/GeV]

—_
o
R

do
dpr
—
<

1073}
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Vs =T7TeV, |y|<1.2 3
m.=1.4 GeV ]

1 |2|O| PR |2|5| PR
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102 |

—
o
—

10-3]

W P:(4440)
Vs =T7TeV, |y|<1.2 3
me=1.4 GeV ;

ST

T

20 25

pr [GeV]
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0 Brambilla Butenschoen Hibler Mohapatra Vairo Wang 2602.14916

43



6 - LESSONS

What is the structure of an XYZ state?

Structure depends on the scale .
Repulsive octet

Short distance: color-octet QQ + adjoint hadron. Long distance: heavy-light meson pair. Molecular behaviour

- | Isospin=0
Neither molecule nor compact tetraquark (Adiabatic) B
QCD fixes the mixture: xc1(3872): 10% quarkonium, rest tetraquark/open flavor 10 fm. ove-+Pyave

This is a result of the value of the adjoint meson mass together with the structure of the TwavetSwave

Potential constrained at short and large distance by BOEFT: the state is the result of a conspiracy
between the short and the long range behaviour of the potential constrained by symmetry and
computed in lattice QCD

Diguark diquark behaviour

Tetraquarks like the Yb may not be shallow and have smaller radius -

As triplet and sextet hadrons with a gauge-invariant definition; not assumed. to be
calculated on

the lattice

| Diquarks emerge

| Different probes, different scales

Production sees the short distance, spectra and decays the long distance. BOEFT symmetries fix short and long range behaviour



6 - SUMMARY AND OUTLOOK

One QCD-based framework for the whole sector

Done Next

0 xc1(3872): composition, radius, spin partners, decays ‘ Lattice: adjoint mesons and baryons, triplets, mixing, Z, channel

0 Xb; Tec, Tbb, Tbc in agreement with lattice

‘ Spin corrections and hidden-strange thresholds above

0 Zb, Zb' decay pattern from light-quark spin symmetry
threshold

Threshold effect konium below threshold
0 reshold efiects oh quarkonium below thresho ‘ Hybrid—tetraquark and hybrid—quarkonium mixing

0 | = 0 multiplets up to the S+P thresholds; new Yb . _
' Open-flavor decays; propagation in medium as an open

0 Pentaquark and hybrid multiplets, decays quantum system

0 Hadroproduction of xc1(3872), Xb, pentaquarks

Few universal lattice correlators + symmetry + scale separation = model-independent predictions where direct lattice calculations cannot go: decays,

production, medium.



Outlook
e BOEFT aims at describing all states containing two heavy quarks in a QCD derived controlled framework

o|t Is based on symmetry and scales factorization
at the short distance scale we have control of the perturbative calculation

at the large distance scale the EFT predicts the heavy-light static energy behaviour

we need lattice calculations of few gauge invariant universal correlators
the structure of the EFT allows for model independent predictions

e Once the lattice input is there the BOEFT allows applications to domain in general not directly accessible to a
lattice calculation (decay, production)

e We could MAP for the first time the WHOLE SET of states (quarkonia, tetra and hybrids) multiplets in the
QQbar 1=0 between the SS and the SP threshold

e Some tetraquarks appear to have a large radius of order 10fm (X, Tcc) while others have a more compact
radius (Yb)

* The results obtained on the X and the Tcc gives is an idea of their nature beyond the models and redefine
our knowledge of the strong force

—>especially their nature may appear different at different scales



Backup

Compositeness - adjoint-mass sensitivity - resonance composition - bottomonium-like spectrum - Tbb and Tbc - P, comparison -
qguarkonium in pNRQCD - pentaquark - hybrids Xb



X3 and fine structure

: Spin avg. Spin splitting
0.06
: JPC
0.04
! B*B*
0.02F
= ++
S | BB 2
L 0.00r =
O :
. 17
- - +— 3\ ++ —
0.02 {1 (()~ 1, ‘2) } BB* Yi = 1++
—0.04} o
~0.06 | BR

With the same input fixed on the charm case we can look at X3, the equivalent of
the x.1(3872) in the bottom sector. This state has not been observed yet.

The lowest spin multiplet states 177, 17—, 07T and 27T get masses about
10595 MeV, 10612 MeV, 10586 MeV and 10627 MeV, respectively.

The bottomonium percentage ~ \wer 2 is about 1.5%.
g

The =] tetraquark percentage ~ |+ 2 is about 44.9%.
g

The I, tetraquark percentage ~ [vr1, 2 is about 53.6%.

Note that X3, differently from x.1(3872), is not on a meson-antimeson threshold.
48



4 - STRUCTURE OF XYZ - HYBRIDS

Hybrids: multiplets, fine structure and decays

5.0 - H']'
!
i HZ
4.8 - H; T
4.6 - ‘
: HZ + = = ooeslliiess
44~ i —
= H, =T | I
g [ T -me=- ~ snli— Hs
" i
S 42| H
= v +— 4
4.0 - —
@ M MMM MeMmemmmmmmmmMMmeeemmmemmmsmmemeemmmmmmmmmem--==-- DD threshold_ _
3.8 _
DD threshold
3.6 -
I | | | | | | | | | | | | | |

P(4230)  X(4160)  x.1(4140) x.1(4274) P(4360) P(4390) Y(4500) P(4660) X(4630) X0(4500) x0(4700) X(4350) y.,(4685) Y(4710)
= T e T e e TR YaE TR Mot M e e i

Brambilla, Lai, Mohapatra, Vairo, PRD 107 (2023) 054034 - Bruschini, PRD 109 (2024) L031501

BO | JAPC (S=0, S=1)

su”, Mu 1 1-,(0,1,2)™* H;
Mu 1 1**,(0,1,2)*" H,
Su” 0 e, A5 Hs
su”, Mu 2 2+ (1,2,3)* Ha
Mu 2 2-,(1,2,3) Hs

2u- and MNu become degenerate with the 17~ gluelump at short distance.

Hybrid decays to two S-wave heavy-light mesons are not

suppressed once mixing with the tetraquark threshold is included.

- Braaten, Bruschini, PRD 109 (2024) 094051



BACKUP - COMPOSITENESS

xc1(3872): Weinberg's relation is only qualitative

IIIIIIIIIIIIIIIIIIIII From the BOEFT S-wave amplitude Value
Y _ Scattering length ao, effective range ro 15.2 fm, 1.5 fm
097 V ‘ Binding momentum k (= V(2uE_B), E_B = 96 keV) 13.7 MeV
i 0.8 | - Weinberg estimator Z = —rok / (1 — rok) -0.12
o7l cC probability Z from the wavefunction 0.03
4000 4100 4200 4300 4400 Universal term -Z/(1-Z) k™ -0.43 fm
A : Finite-range correction Arg 1.96 fm
o : Even for a 96 keV state the finite-range term dominates ro, so Z cannot be read off ap and ro
° R gp— | © quantitatively.
— 5,
-t J llllllllllllllllllll 5 Robust statement (as Weinberg intended): no large negative ro = open-flavor dominated. The
4000 4100 4200 4300 4400

amount needs the coupled-channel wavefunction.

E (MeV)

D(*)D(*) phase shifts: the bound 2P and the 3P resonance
come from the same equations

Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - Weinberg, Phys. Rev. 137 (1965) B672



BACKUP - COMPOSITENESS

Resonance poles and their composition

Charmonium-like Bottomonium-like
BOEFT M (MeV) r ccCSM / K Candidate BOEFT M (MeV) r bb CSM / K Candidate
3P 3988 28 65% / 76% xc1(4010) 5S 10676 53 25% / — Yb: Y(10753)?
3S 4145 1 87% / 89% y)(4040) 3D 10681 32 48% | 76% -~
2D 4217 22 90% / 97% \(4160) 5P 10778 2 76% | 78% -
4P 4364 8 95% / 99% xc1(4274) 6S 10858 2 84% / 82% Y(10860)
4D 10919 28 82% / 88% -
6P 11007 23 86% / 91% -

For a resonance there is no unique probability: complex scaling gives Both prescriptions agree on the dominant channel; open flavor is largest
complex Z, X;; the K matrix gives real values that can lie outside [0, 1]. for the poles nearest to threshold (3P, 5S, 3D).

Shown: normalized |Z].

Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - T-matrix pole masses and widths into the included spin-averaged S+S channels



BACKUP - ADJOINT MESON MASS

Shallow states are sensitive to the adjoint meson mass

N\~ (heavy-light scheme -0.113 GeV, central -0.134 GeV, test ] ]
" (heavy-lig ) Quarkonium-dominated poles
L U Shifts far below the v? uncertainty; multiplets
Binding energy 96 keV 764 keV and assighments unchanged
rms radius 10.8 fm 4.2 fm
c¢ probability 3% 7 Near-critical states
Xb multiplet
P Binding %8, radius +2.5, c€ 3% = 7% (8-13% in
Binding energy 233 keV 1.67 MeV the PRL threshold convention); still open-flavor
rms radius 4.9 fm 2.3 fm dominated
bb probability 1% 2%

Yb resonance
Above B(*)B(*), width

bb composition measure

50 MeV, 53 MeV
25%

42 MeV, 44 MeV
27%

A lattice determination of the 17~ adjoint meson

mass tests the calibration and sharpens the Xb
prediction.

Brambilla, Bruschini, Mohapatra, Peng, Scirpa, arXiv:2608.04105 - -0.134 GeV: value of the below-threshold study, PRD 114 (2026) 054049



Pentaquarks: observations

-
N
-
-

—— data
— total fit

— backgrouhd

-
-
-
(-

Weighted candidates/(2 MeV)

200

mJ/vp [MeV]

4 states with isospin 1/2: P.z(4312)", P.z(4380)T, P.z(4440)", P.z(4457)T with
unknown J¥ . Also 2 states with isospin 0 were found: P.z5(4338)°, P.zs(4459)Y.

o0 LHCb coll PRL 122 (2019) 222001
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Pentaquarks: thresholds

There are two thresholds relevant for the lowest lying pentaquarks:

A.D, where the light quark pair in the baryon has spin O.

The AcD threshold may be the long range tail of a (1/2), Born—Oppenheimer
potential joining at short range with an adjoint baryon (1/2)™ mass.

>, where the light quark pair in the baryon has spin 1.
The X.D threshold may be the long range tail of a (1/2), Born—Oppenheimer

potential joining at short range with an adjoint baryon (1/2)™ mass or the long
range tail of the two {(1/2); , (3/2)9} Born—Oppenheimer potentials becoming

degenerate at short range with an adjoint baryon (3/2)% mass.

In order to describe the lowest lying pentaquarks in the BOEFT framework, we need
information about the above four Born—Oppenheimer potentials.

None of these potentials has been computed in lattice QCD yet.



The fact that there is no experimental evidence for states near the A.D threshold could
be explained by the Born—Oppenheimer potential connecting to that threshold falling off
monotonically from above and therefore not supporting bound states. In such a
scenario, bound states are supported only by the three Born—Oppenheimer potentials

connecting to the 2. D threshold. These are the seven states grouped in the following
spin multiplets:

QQ Light spin | BO quantum # *
color state K D | {So =0,5¢0 =1}
Octet (1/2)* (1/2), 1/2 {1/27,(1/2,3/2)"}
“ 8 | (3/2)7 {(1/2);, (3/2),} [ 3/2] {3/27, (1/‘2,3/2-5/'2)“}~

In this scenario, three out of seven expected low-lying states still need to be detected.

0 Brambilla Mohapatra Vairo PRD 112 (2025) 114037
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potentials and spectrum of lowest lying ccqqq

083 +————1————+—+—1—+—————1—+—+—————————
o2 - - - - - - - - - L
0'1 - - . I . . N - . |- . - T - - =
0.0- | | | | C
[ —-—-—-—T———- I |
0'1: / B 2N _-: GeV Including spin corrections:
! | — V), 9 sP '
02f - - - - - -TT o oo T 5D
X A(1/2)+ ! ! | | V(1/2)'g 4527 [ ~oemppeien = == = === = ——= STt TTETEEEEEEET
g = =~ -~ -~ - - -~ " " 31 ", 7 P (4525)" P, (4521)* e .
) | | | — V), P (4513)
0"(1)-0 0.5 1.0 1.5 20 25 4,462 | - aagess el
N R O YA B .
P (4457)" P, (4440)*
r [fm] -
4386 ==--ammecmeeeiaeciieiaeiaaaaal L
P, (4380)*
..
Ab ~ 1125 MeV 4391 e
(1/2)+ D 4.321
A ot N 1152 MeV P (4312)*
(3/2) (1/2)" (3/2) (5/2)"
JP

Seven low lying pentaquarks are also predicted by molecular models.

0 Brambilla Mohapatra Vairo PRD 112 (2025) 114037

o0



spectrum of lowest lying bbqqq

GeV Including spin corrections:
¥ B*
g 10 T /228 S -
11138 -----------------_-____________________-E:-[_)-B--
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Scenario |: pentaquark hadroproduction

Because the cc¢ pair in the pentaquarks is at short distance in an octet configuration, at
leading order in v pentaquarks are formed in hadroproduction and in Ay decay from an

octet cc pair. In the framework of NRQCD factorization, we have

), (21 0% (51 o)

- 3
), Q0P (185 19) + 0 a1

OPc.c — J@Q(l S([)S
Like in the x.1(3872) case, BOEFT leads to the factorization

2

C _
QIO (1557)|Q) = 5 s (0) M
0O P.z/3 [8] . C%apcé 2 | CgaPcE 2
(@loFe=(siia) = U172, O] Meaya), + 2 [ps(0)]° Ms

The correlators are constrained by Ay decay data (lower bound), completeness and

positivity (upper bound)

+0.14 +0.958
0.0247 005, S Mg <2, 0.608T0757% < Mq/0), <4
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Bottomonium pentaquark hadroproduction © LHC
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Brambilla, AM, Scirpa, Vairo arxiv: 2604.12603
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Hybrid multiplets

The lowest QQg hybrid multiplets and the corresponding quantum numbers:

BO quantum # | [ | JP<{Sp =0,Sp =1} | Multiplets
>, 11, 1 {177,(0,1,2)~"} H,
I, 1 {1"",(0,1,2)""} H,
2, 0 {07,177} H;
>, 11, 2 {27%,(1,2,3)""} Hy
I1,, 2 {277,(1,2,3)™"} Hs

The 3, and II, potentials become degenerate with the k¢ = 17— gluelump mass in
the short distance limit where the O(3) x C' symmetry is restored.



Hybrid potentials

Hybrid potentials are well known from lattice QCD (mostly in pure SU(3) gauge).
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Capitani et al PRD 99 (2019) 034502
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Spectrum of the lowest lying ccg

Lowest multiplets of the >, , 1I,, charmonium hybrid spectrum:
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Spectrum of the lowest lying bbg

Lowest multiplets of the >.,,, 11, bottomonium hybrid spectrum:

1.2 /
Hl
11.0 ol —
H1 """""""""""""""""""""
; n—
Q
S
A 1085 e e e m e imim i —amm
s —a—
10.61 BB threshold
104 -
Y(10753) Y(10860) Y(11020)
[177] [177] 177]

0 Brambilla Mohapatra Vairo PRD 107 (2023) 054034



Charmonium hybrid fine structure
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similar results from Ryan Wilson JHEP 02 (2021) 214
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Bottomonium hybrid fine structure
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Hybrid decays

Hybrid — quarkonium transitions are a crucial element for the identification of

hybrids among the XY/Z.
0 Brambilla Mohapatra Vairo PRD 107 (2023) 054034

Hybrid decay to a heavy-light meson pair requires coupling the hybrid to the
heavy-light meson-meson threshold. It turns out that the decay of quarkonium

hybrids to two S-wave heavy-light mesons is not suppressed (as stated in the

literature for long time)!
o0 Bruschini PRD 109 (2024) L031501; Tarrus JHEP 06 (2024) 107

Braaten Bruschini PRD 109 (2024) 094051
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Coupled Schrodinger equations with heavy-light mixing

In the BO language, an S-wave + S-wave meson-antimeson pair can have k¢ =0~ T,
in which case this threshold is embedded in the tetraquark potential V,_ (r) (here

Vi.—s(r) to distinguish it from the hybrid potential).

The coupled Schrodinger equations read

| (I+1)+2 —2/10+1) 0
: Or7*0Or : —2+/1(1 + 1) [(1+ 1) 0
mQr? mQr?
_ 0 0 [(1+1)
V- () 0 Voo oM\ ][ ¥s) piY)
4 0 Vi, () 0 I%Nu) = &N ¢§[]Z)
(V) (V)
VE;_E;/(T) 0 VE;/(T) _ wzf,u wzf,u

The potentials V,— () and V1, () are the lowest hybrid potentials, while the mixing
potential between the hybrid X, and the tetraquark 3, ’, V- _—s(r), is unknown.

Because hybrids of the multiplets H1, Hs, Hy, ... are in part or completely excitations

of the X, potential, they couple to the tetraquark X’ and therefore are allowed to
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