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XYZ Experimental Landscape

MeV

0 XYZ Exotics: States with

at-least 2-heavy quarks.

4500F

Q Exotic J°=0-,0%",1-*, 2% etc.

O Charge: minimal 4-quarks:

7Z.(4430)% 7,(10650)* , T..(3875)*

For review see Brambilla et al.
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Phys. Reports. 873 (2020)

3250¢

O Recent count including both

tetraquarks and pentaquarks:

54 in c¢ sector
5in bb sector
4 with all c and ¢

1 with two charm quarks.

Lebed, arXiv 2308.00781 (2023)
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Above DD Threshold
“XYZ hadrons + Quarkonium” z.(4430)
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Below DD Threshold
“Quarkonium sector”

See also F. Guo Talk on Mon'!

7117 0-:+ 01:+ 1—:-— 1-‘4- 14:- 11:4- 2—1- 2-l:+ 75(? 0-:— 1;— Z;s

- L J L

P

I=0

[=1

I=1/2

0 CMS reported observation of new state cccc(7100) in Jan

2026

CMS 2602.02252



Nature of X_,(3872) state

_ _ _ First exotic state discovered in 2003 by Belle.
mMany experiments contribute to it: Phys. Rev. Lett, 91, 262001 (2003)

e Spin assignment: JPC = 1++ _ o
Multiple debates in literature on whether

conventional x.,(23P,), molecular state,
tetraquark, hybrid, or mixed?

e Mass is consistent with m(D?) + m(D™)
e Width is narrow compared to

conventional cc states above threshold JHEP 08 (2020) 123
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Multiquark Hadron

Hadrons with “two” heavy quarks

QR=0>b, c

o QQ+ light quarks and gluons

» Heavy Quarkonium: QQ
> Hybnds Qag

» Tetraquarks: QQqq

» Pentaquarks: QQgqq

7

g=u,d,s

o QQ+ light quarks and gluons

» Double Heavy Baryons: QQq
» Tetraquarks: QRgg

» Pentaquarks: QQqqq

» Hybrids: QQqg

. Qrﬁiq_
N J’;\ )
o 19




Born-Oppenheimer EFT



BOEFT: Exotic Hadron

- Exotic hadron (Q0X, QQX, .....), X: any combination of light quark and gluons (LDF) for
color singlet.

* Heavy quarks Q=b,c— mq > AqcD 2

Heavy quark move slowly v « 1, compared to light quarks or gluons (LDF) \ ‘Q.f

« Multiple scales in Exotics:

% Mass of heavy quark: m

Extended objects:
< Energy scale for LDF: Aqcp J

% Relative momentum between heavy quarks: mv ~ 1/r . .
~1/Mw

< Heavy Quark kinetic energy scale: muv?
VlﬂMW

_____________________ ~I/AQcp

Heavy quark: slow-degrees of freedom X: fast-degrees of freedom



BOEFT: Exotic Hadron

« Hierarchy of scales:

---------------------- l P-l/MW l

ilf'”b > mu 2 Aqep > m’U2:: VM

 Time scales: —

oo ~ 1/mov? > 1/A ~ T
Q@ ~ 1/mq [Aqop ~ 7x Heavy quarks static with

Adiabatic expansion respect to light quarks or gluons
Born-Oppenheimer (BO) Approximation

M.Born, R. Oppenheimer, Annalen der Physik 389 (1927)

- Bound-state dynamics at energy scale mv? ! Integrate out all energy scales above mv?.

QCD — NRQCD — pNRQCD/BOEFT

R. Oncala, J. Soto, Berwein, Brambilla, Castella , Brambilla, Krein, Castella , Castella , Soto Berwein, Brambilla, AM,

Phys. Rev. D96 (2017) Vairo Phys. Rev. D. 92 (2015) Vairo Phys. Rev. D. 97, (2018) Phys. Rev. D. 102 (2020) Vairo, arXiv 2408.04719



BOEFT: Quantum #’s

BO-quantum number (r # 0): heavy quarks static, Cylindrical symmetry group D},

Labelling LDF static energies:

v Absolute value of component of LDF angular momentum K
r - K|=A=0,1,2,......(or 5, ILA, @, .....)
v" Product of charge conjugation and parity (CP):

n=+1(g),—1(uw)

v o: Eigenvalue of reflection about a plane containing static sources.
Born, Oppenheimer, Annalen der Physik 389 (1927)

o = P (—1)Keht = 41

Landau, Lifshitz & Pitaevskii, QM book

Spherical symmetry restored in r - 0 limit:

Examples: KPC A7 °
Labelled by LDF quantum #’s:
ot+ =h PC
O+_ 211- KR = {K ? f}
17~ {2y, 11y }

27" (27,14, }



BOEFT
* BOEFT Lagrangian :

Leoert = Log + Logy + Logea + LQQaegq + Lmixing + -+

Berwein, Brambilla, AM, Vairo, Phys. Rev. D. 110, (2024), 094040 Castella , Soto Phys. Rev. D. 102, 014012 (2020)

Brambilla, Krein, Castella , Vairo Phys. Rev. D. 97, (2018)

« Gap Nacb > mv? between low-lying states: quarkonium,
hybrid, tetraquark etc.

*  Lnixing: Mixing due to similar masses and same quantum-
numbers.

> Mixing at static potential level (avoided level crossing)
Ex. Tetraquark-quarkonium mixing

> Mixing between states suppressed by 0(1/my)
r Ex. Hybrid-quarkonium mixing

A 4

Xa, 24, I, represent different potentials between

heavy quark-anthuark R. Oncala, J. Soto, Phys. Rev. D96 014004 (2017) o



BOEFT Berwein, Brambilla, AM, Vairo, Phys.

Rev. D. 110, (2024), 094040

* BOEFT Lagrangian:

KA

ELBOEFT :/d3R/d3T Z TI{\IJLA(I‘, R, t) [Z@t 5)\)\:' = Vm)\)\’ ('r‘)

T Pf?;\ (9’ Qb) m—; f:‘,)\’ (93 Qb) ] Y (I‘, Ra t) }

LDF-quantum #: x = {KT°, f} BO-quantum #:A A ==xA

Projection vectors for D, :P}(A (0, ) = D?c*@ (0,0,¢)

« Good quantum numbers:

> BO-orbital momentum: L = LQ + K _
K: LDF angular-momentum or spin

> Heavy quark Spin: $4 (HQSS limit) L: orbital-angular momentum of QQ or QQ pair.
> Total angular momentum: J = L + Sq

1



BOEF I Berwein, Brambilla, AM, Vairo, Phys.

Rev. D. 110, (2024), 094040

- BO potentials: Potential between Q & Q due to LDF (light quarks, gluons).

(1)
- i . (0) V/{)\A’ ( ) Brambilla, Lai, Segovia, Castella,
Born Oppenh.elmer (BO) VK)\A/ (T) T E[{ |)\| (T)éAA/ —I_ et Phys. Rev. D. 101, (2020)
potential: ’ meQ
Spin-dependent potentials

Static Energy

« Static potentials with same LDF-quantum # x degenerate in r — 0 limit.

« Radial Coupled-Channel Schrodinger equation:

1 1
5 | om0 — i B, 3| ) (1) = Ex 0l ()

o 2 2
mor maor
X Q Q
1) Mixing term: Degenerate static potentials at 2) Mixing term: Degenerate static potentials at
short-distance corresponding to same long or intermediate-distances corresponding to different
LDF-quantum # k LDF-quantum # k (Avoided Crossing)

« BO potentials are inputs into Schroedinger equations.

12



B OEFT: POt enti als Berwein, Brambilla, AM, Vairo, Phys.

Rev. D. 110, (2024), 094040

LDF-quantum #: k = {KPC, f} BO-quantum #: A% Y VY .
Vi(r) = 3 Vo(r) = @

- 0 | |

QU B (r) = Valr) +boyr® o () = -2, viy(r) = 2

9 T 1 A" I

QQX Ef\o)(r) :VO(T)—'_AHH ‘|—bA%T’2—|—---

o
n

Q0X: E(O)(T‘) =Vi(r) + Ag, 1+ bexgr® + - (1=T,%)

Short-distance (r = 0) m
ANg = Tlim %(vac\Hg(T/Q, R) ¢ab (T/2,-T/2) Hgf(—T/Q, R)|vac)
— 00

« Adjoint hadron mass for QQX states
« Triplet meson or baryon / Sextet meson or baryon mass for QQX states

Emergence of diquark: BOEFT operator for triplet meson
coincides with good diquark in context of T,.(3875)%

Long-distance behavior of potential constrained by the BO-symmetry A7 conservation. 3



° Berwein, Brambilla, AM, Vairo, Phys.
BOEFT: Potentials '

Rev. D. 110, (2024), 094040

A, = lim —(vac| HE(T/2, R) 6™ (T/2,~T/2) HZ (=T/2, R)lvac)
— 0
Foster, Michael (UKQCD) Phys. Rev. D 59 (1999) Campbell, Jorysz, Michael Phys. Lett. B 167 (1986)

« Gluelump / adjoint meson or baryon mass for QQX states
« Triplet meson or baryon / Sextet meson or baryon mass for QQX states

7
|1 aEp=585 P b » Adjoint meson (17~ & 0~ *) : quenched with valence quarks
07 Bml: my = 2.2 GeV ] Foster, Michael (UKQCD) Phys. Rev. D 59 (1999)
$  Alh:m, =788 MeV : '3 o 8
57 & All:m,=406 MeV P ¢ } ¥ ; ma (1__) —mg (1+_) = —10(103) MeV
-4 ; : ¢ ; ! ma (077) —mg (177) = 34(161) MeV
3 1
13 M P
=~ ; + 'I‘ i ¥
5 g T %
N $ # B Relative Gluelump masses
S with Ng = 3+1 > In context of QQX states, emergence of diquark:
01 ® BOEFT operator for triplet meson coincides with good
12727 07 3T 0 ?jplc” 1773772737377 07 07" diquark but directly gauge-invariant !

Hollwieser, Knechtli, Korzec, Peardon, Struckmeier, Andres Urea-Nino

PoS LATTICE2024 (2025) 102 14



Tetraquark potentials

o Blue: may support

@u@ bound states
2 Green: may support

« both bound and
adjoint meson meson-(anti)meson resonance states
configuration 2 Red: supports neither

bound nor resonance

configuration

states

No apriori assumption about the
internal structure in BOEFT
(compact, molecule, ...)

These potentials predict a finite number of tetraquark bound states or
resonances in the vicinity of meson-antimeson thresholds! 15



BO potentials

No pentaquark states observed
near the A, — D or A, — B threshold

V(r)

v / Resonance

Braaten, Bruschini

Phys. Lett. B 863 (2025) 139386

Intermediate region dictates if there are bound states or resonance \.

16



Pentaquarks

17



Pentaquark

Observed states

1200

i
a
0
)

LHCb o 4 states withisospinI =1/2:
— total fit
— backgmund

—
=2
o
-]

P.-(4312)*, P.-(4380)*, P.-(4440)*, P.-(4457)*

JP quantum numbers not established

Weighted candidates/(2 MeV)

400

P.(4440)" [ P (4457)"

Fc[4ii12}' All pentaquark states seen by LHCb experiment

200

PDG 2025

48(][] 4250 4300 4350 4400 4450 4500 4550 4600
m ... [MeV]

LHCb, Phys. Rev. Lett. 122, (2019), 222001
18



BO potentials: Pentaquarks

Consider QQqqq system:

BO-quantum # A7 as r - 0:

Asr — o

QQ Light spin | BO quantum #
color state kE D..i
Octet (1/2)* 0(1/2),
8 (3/2)* | {(1/2);, (3/2),}
O @

There are two kP = (1/2)* states

Brambilla, AM, Vairo, arXiv 2508.13050

Meson-baryon state

BO-quantum # A% for meson-baryon as r — o

BO quantum #
ko @k | KT qD )
0+ @ (1/2)7](1/2) (1/2), O
1@ (1/2)"|(1/2)" (1/2),0
(3/2)7| {(1/2);.(3/2),}
O O

A, — D threshold

} 2. — D threshold

BO-quantum # Af conservation: Potentials at small r should
smoothly connect to meson-baryon threshold at large r!

19



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037

Berwein, Brambilla, AM, Vairo, Phys. Rev. D. 110, (2024), 094040

Lowest pentaquark multiplets:

Pentaquark

No lattice QCD results on

N\

— . o . P o
QA Light spin | BO quantum # E J adjoint baryon mass: A ,+ and A, 5+
color state kP D, {Sg =0.5 =1}
Treat A(1/2)+ and A(3/2)+ as
Octet (1/2)* (1/2), 1/2] {1/27,(1/2,3/2)"} free parameter to fix on P,z spectrum.
8 /27 | {(1/2),. 3/2),} |[3/2|{3/27.(1/2.3/2,5/2)7)
Coupled-channel Equations k* = (1/2)": Coupled-channel Equations k* = (3/2)™:
4 N )
1(5—1) —\/3z(z+1)—9
1 (l—1/2)(1+1/2) () (N) L P 1
_mQT2 87’ Tz a’r + mQT2 + Vv(l/Q)g w(1/2)+ — 81/2 ¢(1/2)+ mQT‘z " mQT'2 \/3l(l +1)— =% l(l + 1) — %
(N) (N)
_ V(1/2)¢J 0 ) 12\ _ o [Yi2
T y, i ( 0 Vo, (ws ) e (wéf)’;
[=3/2 )

20



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037

Pentaquark

Spin-corrections through spin-splittings in meson - baryon threshold :

z_ﬁ‘
_ Y | \ Y )

D or B meson
or ¥, baryon

First-order perturbation theoM

4AY  AY
S:ﬂ S:l 1 2
E%% = Slf.fg._ E%% = EJ.J-“Q — —{} -+ ? EE:i
2AY  AY -
EG =&+ L2
35 / 9 12 E

3= R
e |

1
5 = &2 —

0
= E3/9,

QQ Light spin | BO quantum # Jr
!
color state | Dy, {So =0, =1}
Octet (1/2)* {%/.—17&2—” {1/27,(1/2,3/2)"}
/lr __________:____________________________ 3
8 L e T1{1/2), 3/2),} |3/2{{3/27,(1/2.3/2,5/2)}
e 5AY  5AY
43 =& 12
2A?  AY AY AT
1 == Bl =&+ -+ -2
9 G’ 33~ 2T T3 Ty

If &1 /2 and &3 /2 nearly degenerate, use degenerate-perturbation theory for each J”.



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037 Pentaqu al'k

E(r) [Gev]

03g A, € [(1;2)9__{(1;2);’.(3;2)9}]
IJ.EI ' ‘RS 2
] : VoR(rvp) + A+ Ay, 15 1 < Ry,
! XD M 'd
u.nj — — Fy, e77%)r r> Ry,
b l 1
~0.1 :\ X Aeg7zy+ o '
_ozf Bl *“”"“5 One-pion exchange potential at large distance between
: o< Ay )+ E1 2y meson and baryon
-0.3- .
: Eia/2), : Can also consider two-pion exchange potentials.
_u.4I 1 1 1 I [ 1 1 1 I [ a 1 1 L L 1 1 1 1 I 2 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 A(1/2y+ @nd Az )+ only changes within 100 MeV.
r [fm]

Adjoint baryon (qqq)g energy:

A7y 5+ ~ 1125 MeV, A7, , + ~ 1152 MeV (RS-scheme)

22



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037 Pentaqu al'k

Spin-corrections through spin-splittings in meson - baryon threshold :

GeV  First-order perturbation theory in Vss:

. a . N PV ie i .
3 x 3 submatrix for J (1/2)” is given by Y "
4 527 [ ~~pas = mnmmmmmmmg =TT TmmTmmmmmmmmmes
( ) i + —
s—0 249 AY 2a%9 a.‘»‘\ P (4525)* P (4521) .
ElY A~ % "cf'f‘*ﬁl?:}ﬁk
Mg = | _282 _ a2 ps=1 VAR A | 4462 [ -aageiai == === mmmmmmm-mosmsmmeoeoono o
(/%) v R R o a2 | P (4457)° T Pe (4440
oAy AY  vaIA? A7 Hs=1
\"ws & 9w P ) %D
4.386 -----------------------.- ---------------------
Similarly, for Jf=(3/2)~ Per (4380)
Y D
!
4321 fe--ccccccccmcncccccccacccccc e e e
Fitting to 2 lowest pentaquark states P.-(4312)*, P.-(4380)™: {'Iflfj':‘””]' .
/2) 3/2) (5/2)
3
J;"

: = —(.5 AT oty = — |4 3\,
€172 = —0.5 MeV and &, 14 MeV v Compact pentaquark model: 10 states (some with parity = +)

Maiani, Polosa, Riquer Phys. Lett. B, 749 (2015) Ali, Parkhomenko, Phys. Lett. B, 793 (2019)

v" Molecular model: 7 states
Du, Baru, Guo, Hanhart, Meissner, Oller, Wang, JHEP 08, 157, Phys. Rev. Lett. 124, 072001 (2020) 23



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037 Pentaqual'k: P bE

ﬂ.3|_' ¥ T T ¥ T ¥ T T T T ¥ i T T T ¥ 1 v ¥ T o ¥ T T :

02

E(r) [GevV]
&
R
>
a&‘
<

r [fm]

Adjoint baryon (qqq)g energy:
A7y 5+ ~ 1125 MeV, A7, , + ~ 1152 MeV (RS-scheme)

GeV

11.157
11.138

11112
11.093

Spin-splitting in meson - baryon :
2AY

[
L

S -K,+AYS, K,

Vs =

First-order perturbation theory in Vss:
E;B*
— + —
Py (11134) E—1127) Y B
ol o o el T il il Bl Bl -
pmamt o e B
P, (11081)*
e
P,; (11060)*
— —
P (11042)*
(1/2) (3/2) (5/2)

JV

24



Brambilla, AM, Vairo, Phys. Rev. D 112 (2025), 114037 Pentaquark: DecayS

d Semi-inclusive decays (Multipole Expansion): M1 transitions

Pcc_: —> Qn -+ Y Q,,: low-lying quarkonium Y: light hadrons
v' AE: Large energy difference = AE = Ep_ — E, 2 1GeV. v' Hierarchy of scales: AE > Nacp > mv?
\ )
v' Decays to J/y through spin-flipping M1 transitions. |
Perturbative computation
Reported in PDG 2024 Semi-inclusive decays:
I (total width) P JP T (P~ J/Y+-)
P.-(4312 1/2)" 21171 MeV
P.=(4312) 10 + 5 MeV cc(4312) (1/2) 1-1
b (4350 210 4 90 MeV Pcc(4457) (1/2)" 133 ¥53:3 MeV
= (S
cc(4380) = P.-(4380) (3/2) 141513 MeV
Pee(4440) L WEY P.-(4440) (3/2)" 2012+ MeV
P.-(4457) 6.415 5 MeV

» P [JP = (5/2)} only decays ton, !!!

25



Pentaquark: Decays

Q Ratio of decaysto A, — D and A, — D*: ['(Pce~Ac—D)

rcp cE_’Ac_F)

> Decay happens through transition amplitude gf;/;,

> g{1/ currently unknown can be determined by
lattice QCD

P:(4312)" P (4507)"

P.;(4515)7

A D 3.74 1.17 4.09

» P.-(4380), narrower state, compared to experimental broad width

> P {JP = (5/2)_}decays toA. — D and A, — D* in d-wave !!!

26



Alasiri, Braaten, Bruschini, Phys. Lett. B 873 (2026) 140162 P entaqu ark

Spin-splitting in meson - baryon :

INY
Vss = Tl S, - K + -l.ﬁ?e Sz - K;

First-order perturbation theory in Vss:

Assuming no bound state in adjoint baryon A’(’1 2+ that

connects to ¥, — D threshold. s B
L P..(4440)t ¢
Only states in adjoint baryon 3/2 445 P _(4457)*
= 4.40
S M =D
=
4.35
. _ e s D
Adjoint baryon (qqq)g energy: P ($312)" e
4.30 e
Als j5y+ ~ 1070 MeV (RS-scheme) - ;- 5-
A?1 /2)+: Much higher value : 2 2

27



String breaking corrections



My ., (3872)

Xel (3872)

ete” — vX(3872); X(3872) »ntn—J/y

BeslIII coll. PRL 122 (2019) 202001

X(3872)

r"l"'l]

70

(@) 415<E_ <4.30 GeV
CM

%

Events / 5 MeV/c?

o= - . bl P A i
3.75 3.80 3.85 3.90 3.95 4.00
M(r*nJhy) [GeV/c?]

LHCh, JHEP 08 (2020) 123

> Quantum numbers: JPC=1**(Isospin=0)

— (mpeo +mpo) = —0.07 £ 0.12 MeV.

CC
% O o 40 T
= f ‘ Las 11
T TR
3 - | < 0p 1]
= 50 + | T 5 1]
S F ‘ Sp 1
- i 4+  Data - . R
301 e Mo "1
C i Total ]
20- ﬁ - b
103— 3 5 Jr J( + =
L , , | , , . .
3. 87 3.88 3.89 3.9
Mpopo+ [GCV/CQA

LHCb (Nature Phys. 18 (2022) 7, 751; Nature Comm. 13 (2022) 3351)
mTct — (mD*+ -+ mDo) = —0.27+ 0.06 MeV.
> Consistent with isoscalar with JP=1*

» Longest lived Exotic particle: T ~ 50 keV

29



BO potentials: Tetraquarks

Consider QQqq system:

BO-quantum # A7 as r - 0:

Asr — o

2- meson state

BO-quantum # A% for meson-antimeson as r —» «

Static energies

QQ Light Spin
(color) KPC A$ (Do)
0-+ %0
Octet
1=~ (24,1,
O @

Berwein, Brambilla, AM, Vairo,

Phys. Rev. D. 110, (2024), 094040

Braaten, Bruschini Phys. Lett. B 863 (2025) 139386

K, © K K¢ Do
(1/2)- @ (1/2)*| o= *F 12410
1= {E_I;"._ I}

O @

I

s-wave+s-wave
Ex. DD threshold

BO-quantum # AS conservation: potentials at small r should
smoothly connect to meson pair threshold at large r!

30



B O P Ot enti al Bulava, Hoerz, Knechtli, Koch, Moir,

Morningstar, Peardon, Phys. Lett. B. 793 (2019)

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

String breaking: quarkonium & meson-antimeson

STRING BREAKING 1;! {?) ,\/’E s

H(r)=| v2¢ Ei. 0 |.V(r)=Vo+or+q/r
@wmwuw@ N 0 B,

Q@ W
W@W@ 0.2 F 32;{_—#/

Eigenenergies: Adiabatic energy levels

9 D s
E@ _
Figure from R. Bruschini talk | _
= mq ~ 200 — 340 MeV
N
- g ~ 440 — 480 MeV
String breaking .

radius ~ 1.22 fm

12

r/ Vi
Avoided crossing between degenerate static potentials with same BO-quantum # X7 31



B O t t. 1 Berwein, Brambilla, AM, Vairo, Phys. Rev. D.
PO en la S 110, (2024), 094040

The BOEFT
Behavior of tetraquark static energy:
O Adjoint meson behavior at small r (r — 0)

O Heavy meson pair threshold at large r (r — )

Repulsive octet

Molecular behaviour

Isospin=0
(Adiabatic)

Fixed b '
sgl,fxnfmeg’y to be calculated Eﬁ?n:’?:’
And on the lattice Y y
perturbati

on theory

BOEFT Could subdue molecular and compact tetraquark pictures
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BOEFT: Q(_)qa multiplets

Berwein, Brambilla, AM, Vairo,

Phys. Rev. D. 110, (2024), 094040 Isospin-0
q@ spin | BO quantum # JEe
kPC A7 | {5 =05=1}
4,11, 1 {1%7,(0,1,2))
) v o o
1 1, Ll {177,(0,1,2)" "}
¥/, 2| {277,(1,2,3)"}

Coupled-channel Equations:

Lowest multiplet with y.,(3872) JPC=1*+

1=~ Adjoint meson mass unknown.
Fix it to reproduce y.(3872).

2 2
mer mer 0 =2yI(l+1) I(l+1)

[

. [10+1) 0 0
20, + —— 0 (I+1)+2 —2/1(1+1)

N

Ege(r)  g() 0 \]/vs Us
+ ( g(r)  Es(r) 0 )] (lbzf) =£ (wzf)
0 0 En,(r) Ui Y

~

Brambilla, AM, Scirpa, Vairo

Phys. Rev. Lett. 135 (2025), 131902

/ .




V (GeV)

1.00
0.75}
0.50}
0.250

0.00F}

—0.25

—0.50

-0.75

~1.0960 0257050 0.75 1.00 125 1.50 1.75 2.00

— 23}

t
i

12 Adiabatic potentials

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

e =

W

r(fm)

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

g(GeV)

0.05

0.04 -

0.03 |

0.02 |-

0.01

0.00

Mixing potential g(r)

0.5 1.0 1.5 2.0 2.5 3.0

r (fm)

/ | 1 L(l+1) 0 0 \
{ = 0,170, + —— ( 0 I+ +2 —23/1(1+ 1))
mer mer 0  —2/I0+1D) 1(I+1)
Egs(r) () 0 \T[ts Us
+ ( g(r)  Egp(r) 0 )] (7#2') =& (wzf)
0 0 En,(r) U Y

\l=1

Xe1 (3872)

Berwein, Brambilla, AM, Vairo, Phys. Brambilla, AM, Scirpa, Vairo
Rev. D. 110, (2024), 094040 Phys. Rev. Lett. 135 (2025), 131902

Coupled-channel Equations:

/

Results:
1) 2P Quarkonium percentage: |Yx|* ~ 8 %
2) Tetraquark percentage: [Ys/|?> ~ 38 %, [Ypl*> ~ 54 %
3) Radius ~ 15 fm.
4) Deeper state in bottom sector: 15 MeV below spin-isospin
averaged BB threshold.

Adjoint (qq)g: A, =~ —228 MeV
Al ~ 915 MeV (pole mass scheme) 34



Spin-splitting in meson pairs:

Vss = 00 (S1. K1 + S2.K>»)

First-order perturbation theory in Vss:

Adjoint (qg)g energy: A} =~ 915 MeV:
No bound states in higher multiplets

1* * state: Identified with y.,(3872)

1* ~ state: Mass around 3.957 (11) GeV.

2% * state: Mass around 4.004 (14) GeV.
0* * state: Mass around 3.846 (11) GeV.

Xe1 (3872)

GeV

[}.2'
0.1}

0.0}

-0.2

Brambilla, AM, Scirpa, Vairo

Phys. Rev. Lett. 135 (2025), 131902

Multiplet 7: {17 ~,(0,1,2)* *}

Spin avg. Spin splitting
DD’
DD
{17, (0,1,2)*}
Dp®
DD
Note:

x01(3872) and y .1 (2P) both with JPC=1**

are two distinct states.

Xc1(2P) = x.1(4010) seen recently by

LHCb

LHCb, Phys. Rev. Lett. 133, 131902 (2024)

Va(3872) = 1+

0+t

35



X C 1 ( 3 8 72 ) Brambilla, AM, Scirpa, Vairo

Phys. Rev. Lett. 135 (2025), 131902

We naturally get 8 % quarkonium
component in y.,(3872) due to
avoided level crossing

1) Quarkonium percentage: |[¢s|?> = 8 %
2) Tetraquark percentage: [Psr|> = 38 %, [Yn|? ~ 54 %
3) Radius > 15 fm.

Radiative decays:

R Fxc1(3872)—>’}”¢)(25) Our estimate: R,y = 2.99 + 2. 36 (assuming only through x.;(2P) component)
’TT;"L' _ F ?
Xel (38?2)_}7'}1”!) LHCb Rylp =1.67 i 0. 25 Aaij et al arXiv: 2406.17006

Compositeness: 7-0 purely molecular state, Z=1 purely compact state Weinberg, Phys. Rev. 137, B672 (1965)

BES Ill: Z = 0.18*929 EMPPR: 0.052 < Z < 0.14 Our estimate

Ablikim et al. Phys. Rev. Lett 132, 151903 (2024) Esposito, Maiani, Pilloni, Polosa, Riquer Z — O . 08
Phys. Rev. D 105, L031503 (2022) assuming quarkonium as
compact component

Lattice QCD:

cc operator along with DD* relevant for y.,(3872) signal

Padmanath, Lang, Prelovsek Phys. Rev. D 92, 034501 (2015) Prelovsek and Leskovec Phys. Rev. Lett 111, 192001 (2013) 36



Results with
adjoint meson energy =~ 915 MeV

1) Quarkonium percentage: [z|* =~ 1.5 %
2) Tetraquark percentage:
[y |? = 45.4 %, |Ypl® ~ 53.1%

1* *: identified with X,: Mass around 10.595 GeV
1* ~ state: Mass around 10.612 GeV.
2+ * state: Mass around 10.635 GeV.
0* * state: Mass around 10.576 GeV.

GeV

0.06

0.04

0.02

0.00

—0.02

—-0.04

-0.06

LN L B B B B B B B L B B B S N B I N BN R B R

LA

Brambilla, AM, Scirpa, Vairo
Phys. Rev. Lett. 135 (2025), 131902

First-order perturbation theory in Vss:

Spin avg. Spin splitting

B*B”

{1*7,(0,1,2)"*} BRB*

BB

Multiplet 7: {17 ~,(0,1,2)" *}

2++

1+

Xb1 =
O-H-

1++

37



String—bre aking C Orre C ti OnS Brambilla, Mohapatra, TS, Vairo arxiv: 2604.12603

Charmonium spectrum below the DD threshold

nl (ce) || M™ (M) (MeV)|% S |% BF'|% 1y | AERD (MeV) | AES™ (MeV)
1S 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
Xe1 (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

String-breaking corrections

V + —0
str.br. Yg —Xg/
AE =&u—E,

Mass difference with and without
considering the quarkonium-threshold
mixing

‘ X01(3872) anchl (QP) are two

different states in our calculation

Brambilla, Bruschini, Mohapatra, Peng, TS, in preparation

o String-breaking corrections considerably smaller than phenomenological models predictions (3P0, CCCM)

O(10 — 100)MeV

1 Conventional quarkonium states far below threshold have marginal tetraquark components (few %)

38

M.R.Pennington et al. ,Phys.Rev.D76, 077502 (2007), T.Barnes et al. Phys.Rev.(77,055206 (2008), E. Eichten et al., Phys. Rev. D 17, 3090 (1978), Phys. Rev. D 21, 203 (1980),



Bottomonium spectrum below the 5 3 threshold

String-breaking corrections

nd (bb)|| M™ (M) (MeV)|% =5 |% S| % Ly | EED (MeV) | AES ™ (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
45 10593.6 78.8 | 21.2 ~33.4 ~16.0
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 | 449 | 53.6| —135

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

string-breaking corrections ~. ()(20) AM¢eV/

Brambilla, Mohapatra, T'S, Vairo arxiv: 2604.12603

String-breaking corrections

V + —0
str.br. Yg —Xg/

Mass difference with and without
considering the quarkonium-threshold
mixing

2 Quarkonium 4S state acquire a significant tetraquark component ~~ 20% and receive sizable

39



Strin g—b re akin g correc tiO ns Brambilla, Mohapatra, TS, Vairo arxiv: 2604.12603

3
P
2 . =1 (: )
reated gq pair from the vacuum | BOEFT mixing potential expressed
3P, 1.t.0. 3P0 parameters
g q | |
5 T o o assuming heavy-light mesons
\./ sz”’;:f‘g‘ — \/7 f}/re_f /4L gaussian wavefunctions
— 2
JPC E O++ 7 g 8\/§L 0.40
= — Vi
. 0.35  y/Poanal
L =1 (P-wave), S =1 (triplet), J =0 Viy-gg
N 4 0.30 1 — Vil
Free parameters < 0.251 BOEFT VS 3P0 m|X|ng pOtentla|S
L: heavy-light meson size § %20
.15 4
y : quark-pair creation constant
0.10
fitted on the spectrum! o
BOEFT provides unambiguous definitions of all potentials R 1 2 3 3 5

. r{fm)
Computable in LQCD. 3P0 parameters from Ono, Phys. Rev. D 23, 1118 40
(1981)
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JPC

4100 "

BOEFT results vs Experimental Data: Charm

T w@3e0) He a0
WP, ®)
Al - Xer(4274)  Ha 4
he(4300) ===
Hz H2 2D
© M,  W(4230) H,  W(4160) |
.5, Xo1(4140) X(4160 _
w(4040)
h.(4000) Xe1(4010) Ry
X@o40) o X980 sk
-D®D® Xc0(3915) Xc2(3930) ]
— e 3842
Xeo(3860)Xe1(3872) w,(3823) L2222
i W(3770) 1D
0 1 1+ 0+ 1+ 2 2 1 2 3~
S-wave P-wave D-wave

= Spin-splittings not accounted in
the calculation

= Strange meson-antimeson
threshold not accounted

= Result obtained with adjoint meson
mass fixed to y.,(3872)

AL ~ 915 MeV (pole mass scheme)

Brambilla, Bruschini, Mohapatra, Peng, TS, in preparation
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BOEFT results vs Experimental Data: Bottom

Y 11020 *)p (%)
11000 - ( ) 6P H, BB
H', Hs —
H, pn " Spin-splittings not accounted in
- the calculation
10900- Y(10860) H, He |
g | = Strange meson-antimeson
’ H; ' threshold not accounted
2
10800F ™ "7 T T T T T T T T T T T T T Ty
H 5P H B.™Bs™ 1 . . ..
1 Y(10753) 1 . = Result obtained with adjoint meson
| mass fixed to y.,(3872)
10700+ 3D
‘ AL =~ 915 MeV (pole mass scheme)
10600 - Xo B(*’IL(*)
4s  Y(4S)
JF¢ o 1- 1+ 0+ 1+ 2+ 27 1- 2 3~
S-wave P-wave D-wave

Brambilla, Bruschini, Mohapatra, Peng, TS, in preparation
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T+ (3875)



BOEFT: QQqq multiplets

‘ light ﬂ“tiq“arks \ Phys. Rev. D. 110, (2024), 094040
E H‘ Defines the Born-Oppenheimer

{qqs} 1+ [CICI’] 0* static potentials X/, {Z5,14}

“Bad diquark” “Good diquark”

QQ Light spin Static [sospin JEC
!
color state Kr¢ energies I S =10 SEE =1
Bad diquark — Good diquark | 1P for T+
~ 0 — 1 Or 1¢c
~ 200 MeV ot (=) 0 l_J |
anti-triplet 1 1~ -
3 ) { | 0 0~ —
1 YL 1
9 1l 1= |(,1,2)*
44




T —I— ( 3 8 7 5 ) Berwein, Brambilla, AM, Vairo, Phys. Rev. D. 110, (2024), 094040

Brambilla, AM, Scirpa, Vairo Phys. Rev. Lett. 135 (2025), 131902

Schrodinger Equation:

4 N
1 [(I+1
0'1:""""'"""""""': [_mTQaTT28T+§TLT‘2)+VE; 102;:8ng;-
' DD ¢ ?
— e =0
_ N Y
Results:
—— Qur parametrization ]
g EEC LI P TICICIE 1) T state : 320 keV below DD threshold
latt. datat=22, Lyu & al. .
latt. data t=23, Lyu &al. ] 2) Radius ~ 8 fm or larger.
t Ens. AS, Bicudo & al. ki 3) Deeper bound state in bb sector: T,;, 116 MeV below
{ Ens. G8,Bicudo & al. 1
Ens. N6, Bicudo & al. BB threshold.
—To 15 20 25 4) Deeper bound state in bc sector: T, 25 MeV below
rm) DB threshold.

Good diquark : 12" ~ 664 MeV (pole mass scheme)

Lyu, Aoki, Doi, Hatsuda, Ikeda, Meng, Phys. Rev. Lett. 131, 161901 (2023)

Bicudo, Marinkovic, Mueller, Wagner, arXiv 2409.10786

Good diquark energy A%" can be confirmed by lattice QCD !!
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Our result 25 MeV for both j¥ = {0*,1%}

Figures from Randy Lewis talk: LepageFest 2024

EFT and heavy-quark-diquark symmetry prediction

for Ty,: 133 £ 25 MeV

Braaten, He, AM, Phys. Rev. D. 103, 016001 (2021)



Hadro-production
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Inclusive Hadroproduction

Brambilla, Butenschoen, Hibler, AM, Vairo, Wang

NRQCD factorization for hadro-production cross-sections:
arXiv 2602.14916

o = g TA A Q| O2(N) |Q
o+ X QR(N) < ‘ ( ) ‘ > N: denotes color state and spin
N\ J \ )
Y Y
I‘i:d‘”i: B‘";"‘;‘;“’II;‘;P:gTHS . Short-distance Long-distance matrix
s. Rev. . -117 .
’ N Coefficients (SDC) elements (LDME’s)
(perturbative !!) (non-perturbative !!)

Dominant color-octet (QQ) 8
8 _ ) Xe1(3872) (3 o8]
matrix elements at leading : “xc1(3872)+X = T3 5l8)) QO (7517) 18y,
power in v

(Q Ox1 G (358N 10) = (Q x T TAYDIAP P, (3572 @F T T x |

Projection vector that projects onto unpolarized y.,(3872) at rest + other LDF

Fix LDME on B-hadron decays
Br(B — v (3872) + X) = Br(b — ce(3S\¥) + X) (Q]0x-1(3872) (3 g8y 10))

Beneke, Maltoni, Rothstein, Phys.Rev.D 59 (1999) 054003
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IHClu S ive Ha drop ) (0 du C ti on Brambilla, Butenschoen, Hibler, AM, Vairo, Wang

arXiv 2602.14916

AT 2 3 .
(OX @) =~ 18s(0)* M

« Wave-function computed from Schrodinger equation while A1 is universal, determined from B-
decays.

xe1(3872) (3 cl8l\\ <« i 2 il (Upper bound on LDME from positivity and
(O ( 51 NS 2T x |#(0)" x 3 completeness set by BOEFT!)
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[nb/GeV]

do
dpr

103 E_' | R L I.I T '(-j'BJISI c'lat'al L | '_E 103% L L L L L L | T '.' T 'A'—-I[‘L'IAS' d'-alta'- LA | 'E
: Xel (3872) BOEFT prediction ] N Xcl (3872) BOEFT prediction |
| VE=7TeV, |y|<12 | 10 3 VS =8TeV, |y| <0.75] Error band from SDC
10%¢ me=1.4 GeV 3 o me=1.4 GeV i and LDME uncertainties.
2 10°¢ b il No additional free
101k . O 3 S 1 parameters
~ 100? 3
— Q : - ]
+ S
10°F —3— J ol & 1071k i
S| ¥
. 1072} ;
10—1 B I | )
103k : ]
0 =30~ "15" 20 25 30 35 40 10 20 30 40 50 60 70
pr [GeV] pr [GeV]
— —— e oo Predictions in agreement
el (3872) il X BOEFT prediction { - wjth experimental data
3L prediction | VE=T7TeV, |y|<12
10 V5 =13TeV,2<y<45 1ok b m, =4.74 GeV
m.=1.4 GeV _
S 3
GJ 10 3 P . .
Q : — % ook NOTE:
= —T = LDME was not fixed
— 1L _ N .
ols el ' 3|8 on Hadro-production
© —— _
c .y 1oty i Data to get the results.
100k ]
10 =115 20 25 30 35 40

0 4 15~ 20 pr1GeV]
pr [GeV]
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Summary
Born-Oppenheimer EFT (BOEFT):

O Theoretical framework based on scale separation, symmetries with some inputs from lattice QCD.

L Quarkonium and Exotic XYZ mesons can be described in the same framework.

Exotic dynamics governed by Schrodinger equations. Universal non-perturbative parameters same
for both charm and bottom.

Tetraquark / pentaquark results from BOEFT:

- finite number of bound states & resonances in proximity of meson-antimeson thresholds (no a priori
assumption on structure)

O Adjoint or triplet hadrons mass: Key parameter for understanding exotics nature

0 BOEFT subdues “compact” or “molecular” debate as it spans both short & long distances.

Leading order production cross-section for y.,(3872) at high pT slightly above the experimental
results but in agreement within error bars.

BOEFT predictions are already in contrast to existing model predictions .
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AO'
n
corresponding to
gluelump
quantum # K*¢

BO potentials : Quenched

0.9
0.8

0.7

e

0.6

277 (B4, 10, Ay)
277 (A, E;,H’g)

0.5
177 (2,7, 11,)
-1+_ (Hu’ Z;)D.ﬁl

0.3

short distance
degeneracie

atEF B=2.5 /N=4
ag~0.2fm  _/

| Gluon excitations 7 gN=3|
4

T4 ' (,_-N=2

7 N=1

asfat =z"5 |
z=0.976(21)

14

NZS(ZJ,Z;&‘_,H{M,Auv
N =2 (E!—JH, Hgv A.(J)
N =1(1,)
N =0(=})
Observation:
BO-quantum # A
conserved

at all values of r

K. Juge, J. Kuti, C. Morningstar,
Phys. Rev. Lett. 90 (2003)
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BO potentials: Quenched

- 1 /__./,--/L,’
gluelump 1+— (]Hu, E; //___/-’ .
quantum # K¢ ™I st g ok
\\iﬁﬁf)_ia——‘"--*“}-’
_ e
™ 7 e )
f',/’
/"/
® 3
0.5 | ///
y
X ;: Quarkonium Potential ¥ 4
0Ff / “\ — .
_ . . AUITZ i Observation:
(X, 10, ): Quarkonium Hybrid B v BO fum # A
potentials / C -Quantum # Ay
031 "~ conserved
." Fit 2 at all values of r
J’ Fit 3
I_;.-l (,)‘,b (l.,h 1.2
Schlosser and Wagner
Phys. Rev. D. 105, (2022)
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r [fm)]



BOEFT Berwein, Brambilla, AM, Vairo, Phys.

Rev. D. 110, (2024), 094040

Castella , Soto Phys. Rev. D. 102, 014012 (2020)

NRQCD operator (gauge invariant) for exotic hadron QQX or QQX :

Owx (t,7) =X (£,7/2) ¢ (t:7/2,0) PELHZ(£,0) ¢ (£;0,—71/2) ¢ (t, —1/2)
H,? : LDF (gluon or light-quarks) operator characterizing X based on quantum # « (isospin, color etc..

P,?i \ : Projection vectors for projecting onto cyclindrical symmetry D, representations.

EC () = lim % log {(vac\OR,A(T/Z, r, R)O!  (-T/2, r, R)\vac)}

T— 00
(x1,-T/2) (x1,T/2) (x1,—T/2) (x1,T/2)
@H(0,-T/2) H(0,T/2) &
See Joan Soto and
Marc Wagner talk on Mon!
(x5, —T/2) (a) (x2,T/2) (x2,—T/2) (b) (x2,T/2)

Quarkonium Wilson loop for exotics 55



BO potentials: Tetraquarks

Isospin=1 _ _ _
Key Takeaways: Tetraquark static potential behavior

3 Repulsive behavior at small r due to adjoint color (r - 0)
S-wave +S-wave

d Heavy meson pair threshold at large r (r - )

2y Q Avoided crossing with quarkonium static energy
(Isospin=0)

I : 2+ | @
Isospin=1 Isospin=0
1 | (Adiabatic)

ave+ P-wave

____________

S-wave+ S-wave

Berwein, Brambilla, AM, Vairo, Phys. Rev. D.
110, (2024), 094040

Braaten, Bruschini Phys. Lett. B 863 (2025) 139386
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Static potentials parametrizations for Xcl(3872)

Quarkonium\tetraquark potentials parametrizations

> Cornell potential

Vit (1) = Vo + % +or,

g

o / K T A o E B o 4 o
A"] — {E;’ ’Hg} Ve (?”) H:S/T' + ; + Ag [ Ag r r < Rﬁﬂ Q
" Fro e "/4/r + B, r> Ras

n

@ Llong-distance parametrization

Q Short-distance parametrization
O one-pion exchange interaction

O k8 : color factor from pert. theory

o A~ ~ 1GeV/(pole mass scheme): adjoint meson
ixed on X61<3872> Brambilla, Mohapatra, TS, Vairo Phys. Rev. Lett. 135 (2025), 131902

Brambilla, Mohapatra, TS, Vairo arxiv: 2604.12603

mass. Unknown param
Q AA;;; BA;;: computed in LQCD in p
static hybrid potentials

Value consistent with the former LQCD calculation of Foster,

Michael (UKQCD) Phys. Rev. D 59, 094509 (1999) 57

Alasiri, Braaten, Mohapatra Phys. Rev. D 110, 054029 (2024)



Vz}j—zjmixing potential for Xc1(3872)

Parametrization

Plot
006 T I I I I
gr/ry r<nr
_ 0.05Ff i
VE;{—Z‘;’(T) —\J9 ST ST
ge—(""—”"z)f?“ﬂ r>Tre - 0.04 -
™ : ]
G 003} h
r. =095 fm ry=1.51fm kR ]
: : 0.02 :
o linear at small r due to color singlet-octet -
transitions castelia phys. Rev. D. 106, 094020 (2022) 0.01L b
o constant in the intermediate region from LQCD
Bulava, Knechtli, Koch, Morningstar, Peardon, Phys. Lett. B. 854 (2024) 000 ey oy Dol il e s ot e U] el W R s ahint Vsl e vl (e LN o e
o tending to zero at large r due to the energy gap .00 050 1.00 150 200 250  3.00
between the quarkonium1/.. and tetraquark E)
. g
potentials. vV
Z;’ Brambilla, Mohapatra, TS, Vairo Phys. Rev. Lett. 135 (2025), 131902

Brambilla, Mohapatra, TS, Vairo arxiv: 2604.12603 58



Static potentials parametrizations for  77(3875)

Tetraquark potential parametrization

VE+:<

¢\ F
| F's

Q Short-distance parametrization

2 k3 known from pert. theory,

Az;

computed in LQCD in pure gauge
a AU+ ~ (.7 Ge(‘o/ole mass scheme): triplet

meson mass, fixed on

T+ (3875)

rHJS/’-‘"‘FA[}Jr —I—AE; 12 T<RE§F Q
ye T/ )p2 r> Ry @

‘ Long-distance parametrization

1 pion exchange dynamics

Brambilla, Mohapatra, TS, Vairo Phys. Rev. Lett. 135 (2025), 131902
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Isospin =1
Adjoint meson spectrum
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Ly & 2.

00 qq spin BO quantum # ! Jre
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Phys. Rev. D. 110, (2024), 094040

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

Mixing between adjoint mesons KP¢=0"*"and KPFC=1""
Light-quark spin-symmetry !!

Voloshin, Phys. Rev. D. 93, 074011 (2016)

Braaten, Bruschini Phys. Lett. B 863 (2025) 139386



Isospin=1 adjoint spectrum side: Sipaz Sharma taik,
Lattice 2025, Mumbai.
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Preliminary steps towards extracting Z; static energies

» We constructed a 7 x 7
correlation matrix, with

Opl: Y7 (0)

° 1.0
o Op2,3,4: T7(1,2,3) 0.8
o Op5: Thy(0) 1 0.6
o Op6: BB* . 0.4
o Op7: Opp with 00—+ LDF 5 0o

configuration (X))
> Cij(r) =

n

| 2421 Cij (1, 1))
VI Calr Ol 225 Cj(r,1)]

» Opb6 has a visible overlap with — =
Opl but Op7 does not have a ' 0.0
visible overlap with Opl.

(=)
I

~J

r/a=1
Slide: Sipaz Sharma talk, Lattice 2025, Mumbai.
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