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They represent a big challenge for theory



The XYZ exotics represent a revolution in particle physics:

They have the potential to give us information on the fundamental strong force

They represent a big challenge for theory

Focus of the talk

LET (BOEFT) that can

We introduce a QCD derived nonrelativistic effective field theory, Born Oppenheimer |
address quarkonium, tetraquarks, pentaquarks, hybrids and doubly heavy baryons

The BOEFT is based on symmetries and factorization

-It allows for QCD perturbative calculations at short distance
-It factorizes long distance in few flavour independent correlators to be calculated on the lattice

-Factorization allows for model independent predictions

-It answers the question on the nature of the XY 7 states



The XYZ exotics represent a revolution in particle physics:

They have the potential to give us information on the fundamental strong force

They represent a big challenge for theory

Focus of the talk

LET (BOEFT) that can

We introduce a QCD derived nonrelativistic effective field theory, Born Oppenheimer |
address quarkonium, tetraquarks, pentaquarks, hybrids and doubly heavy baryons

The BOEFT is based on symmetries and factorization

-It allows for QCD perturbative calculations at short distance
-It factorizes long distance in few flavour independent correlators to be calculated on the lattice

-Factorization allows for model independent predictions

-It answers the question on the nature of the XY 7 states

In this same framework we can calculate quarkonium AND exotics XYZ:

opectra, decays, transitions Q
Production Q

Medium propagation from the quarkonium example EFT+ open quantum system®




Talk based on these references:

N.B. , R. Bruschini, A Mohapatra, 1. Scirpa, A. Vairo, F. Zheng, ‘Above threshold spectrum’

N.B. , A Mohapatra, T. Scirpa, A. Vairo, ‘Open flavor threshold effects on quarkonium’

N.B., M. Buteschoen, S. Hibler, A Mohapatra, A. Vairo, X. Wang ‘Production of X and penta’ in
preparation

N.B. , A Mohapatra, A. Vairo, ‘Pentaquarks’ 2508.13050
N.B. , A Mohapatra, T. Scirpa, A. Vairo, ‘The nature of X(3827) and Tcc® 2411.14306

M. Berwein, N.B. , A. Mohapatra, A. Vairo, 2408.04719 -> establish BOEFT for all cases

N.B. , G. Krein, J. Tarrus, A. Vairo, 1707.09647
M. Berwein, N.B. , J. Tarrus, A. Vairo, 1510.04299 -> establishes BOEFT for hybrids

N.B. , W.K. Lali, J. Segovia, J. Tarrus, A. Vairo, 1805.07713
N.B., W.K. Lai, J. Segovia, J. Tarrus 1908.11699  -—> Spin corrections (hybrids)

N.B., W.K. Lai, A. Mohapatra, A. Vairo 2212.09187
N.B., J. Soto, A. Pineda, A. Vairo hep-ph/9907240

N.B. , J. Soto, A. Pineda, A.Vairo hep-ph/0410047 ~> duarkonium strongly coupled pNRQCD
N.B. , J. Soto, A. Pineda, A. Vairo hep-ph/0410047

-> semi-inclusive decays (hybrids)


https://arxiv.org/abs/2411.14306
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» xyz rRevoLUTION: A New Spectroscopy Is Born! X(3872) aka Xc1 (3872)

Some surprisingly narrow states even if
above/at strong decay thresholds

PC B
ete~ — X (3872); X(3872) — mtn—J/y JEC =11+ I=0

[PRL 122, 232002 (2019)]

70f (a) 4.15<E <4.30GeV  X(3872) Observed in e+e-, B decays,

60;* + hadroproduction (large cross section 30nb)
L s0- \
2 ofF
et <-within 100 KeV of the threshold (molecule?)
2 301 REST width of 1 MeV! very small binding energy
> 20;_ + Very large radius!

10

LT ® ' 4 L%

3.79 3.80 3.85 3.90 3.95 4.00
M(rtnJ/y) [GeV/c?]

MX(3872) — MDOD*O = 0.01 + 0.14MeV

Compositeness, radiative decays,
production suggest the presence of a
compact component
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» XYZ REVOLUTION: A New Spectroscopy Is Born!

B o LHCb pp, Vs=8 TeV, 2<y<4.5, p > 5 GeV/c
O LHCb pPb (Pbp), VSNN=8.16 TeV, 1.5<y<4 (-5<y<-2.5),p > 5 GeV/c I
] I
= 5 CMS PbPb VSNN=5 02 TeV, lyl<0.9, pT>15 GeV/c
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VELO
tracks

New perspectives for XYZ studies!

X(3872) aka Xc1(3872)

X Produced also in heavy
lons where the deconfined
strongly coupled QCD
medium (Quark Gluon
Plasma-QGP) is formed
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Nature Phys. 18 (2022) 7, 751-754

The longest lived exotic matter ever found!
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A New Spectroscopy Is Born! ch (3875)

The longest lived exotic matter ever found!

JV =17 I=0

0 bt ATDER % <-within 300 KeV of the threshold (molecule?)
& | | | | |
- = — / <-width of 48 KeV/!
MTCC(3875)+ e (MD*+ + MDO) — _0.27 i 0.06M€V
XYZs not merely composite particles, have unique properties —>Novel strongly correlated exotics systems

can give us information about the strong force



» On the Other Hand We Should Understand All the States in a Given QQbar Sector...
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..the ones with exotics characteristics and the ones more standard, understand what drives the
exotics features and these states mix



x , REVOLUTION: Where |Is the Theory?

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding.
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x , REVOLUTION: Where |Is the Theory?

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding.

P Multiquark states involve different 9
configurations. Models assume w B A\
some degrees of freedom in e diquark-diquark

some configurations and a
compact tetraquark

model interaction : molecular

- |
model, tetraguark model.. . hadroquarkonium heavy meson molecule

) 4 On the nature of the X(3872) two models in particular compete: molecule versus compact tetraquark



= adron Molecule

. e most of these states close to — molecular nature very natural! Large radius

two-particle thresholds |t can be developed in an EFT

0]6/)B Compact Diquark-Antidiquark Small radius

Forces



Hadron Molecule

e most of these states close to — molecular nature very natural! I—arge radius

two-particle thresholds |t can be developed in an EFT

0]6/)3 Compact Diquark-Antidiquark Small radius

Forces

The two models confronted for decades, e.g. about hadroproduction

e Two classes of decay and production processes: e long-distance processes.
e short-distance processes, [hadroproduction of the X (3872)]

Compositeness 1 — Z
Is that a meaningful parameter?| 7
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some configurations and a

model Interaction : molecular
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hadroquarkonium

) Direct lattice calculations of exotics masses are
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they are not suited for production or in med

Where Is the Theory?

C
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I gcl adjoint tetraquark %

heavy meson molecule

imited by the large number of open decay modes
ljum studies
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REVOLUTION: Where Is the Theory?

Multiquark states involve different
configurations. Models assume

) some

degrees of freedom In

some configurations and a

Mmoae

Mmaoaeil,

) Direct

and they are not suited for production or in med,

INnteraction : molecular
tetraquark model.. .

hadroquarkonium

lattice calculations of exotics masses are

adJomt tetraquark @@
Co dlquark diquark @

compact tetraquark

heavy meson molecule

imited by the large number of open decay modes

um studies

the BOEFT is a flexible approach rooted in QCD that 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. It allows to study the nature of the QCD force
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A nonrelativistic effective field theory description is valid

The quarks being heavy guarantees
the hierarchy of non-relativistic energy scales mgp > p ~ 1/r ~mov > E ~ vaz,

For bound states high up in the spectrum (XYZ, excited quarkonia) the radius is larger

—1
Bound systems with a typical radius [ax AQCD

QCD —> NRQCD—> BOEFT
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Born-Oppenheimer EFT for States With Two Heavy Quarks
construct a nonrelativistic EFT description on the basis of scale separations and symmetries

Two heavy quarks with large mass m > Aqcp and residual scale separation Aqcp > E

QQbar produce a hierarchy of NRQCD static energies identified by the
quantum number of Dooh

7 K| =3,ILA...

Ccase _ .
Irreducible representations of Dy,
A @ K: angular momentum of light d.o.f. K2 — k(k + 1)
A=7r-K=0,=x1,%+2, £+£3,...
CP A=|A=0,1,2,3,... (T, I, A, @, ...) AU
- @ Eigenvalue of CP: n = +1(g), —1 (u) n
| Y @ o: eigenvalue of relfection about a plane containing 7 (only for X states)
&
&l ,
o the Light Degrees of Freedom (LDF)
§ labeled by K = {]gPC7 f} k¥C | BO quantum #
= f flavour quantum number 0++ =7
® Notice that for r->0 the 0"~ >
cylindrical symmetric 0" >
becomes spherical (O(3) X C: 17 { ,11,}
Nonpefturbative light degrees of freedom:  several A} representations reduce to 17~ {25, g}
any combination of glue and light quarks ne single P (C) 277 | {Z,, Ig, Ag}

to obtain a color singlet




~ Born-Oppenheimer EFT

Two heavy quarks with large mass m > Aqcp and residual scale separation Aqcp > E

produce a hierarchy of NRQCD static energies identified by the
quantum number of Dooh

Irreducible representations of Dy,

@ K: angular momentum of light d.o.f. K=kt +1

A=7r -K=0 +1,4+2. +3....
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@ o: eigenvalue of relfection about a plane containing 7 (only for 3 states)

Thesé two cases contain quarkonium,
hybrids, tetraquarks, pentaquarks
and doubly heavy baryons



~ Born-Oppenheimer EFT

Two heavy quarks with large mass m > Aqcp and residual scale separation Aqcp > E

produce a hierarchy of NRQCD static energies identified by the
quantum number of Dooh

Irreducible representations of Dy,

@ K: angular momentum of light d.o.f. K* =k(k+1
A=7r-K=0,+£1,4+2, £3,...
? ? 7 b O-
A=|\=0,1,23 ... (1L A, &, ...) A77
P @ Eigenvalue of CP: n = +1(g), —1 (u)

@ o: eigenvalue of relfection about a plane containing 7 (only for 3 states)

1 & —
H(O):/dgxi(HaHaJrB“Ba)—ZqiD-'yq TL_/C,‘)\|

,.Hmj ‘ﬂ;xlax‘2>(0) — E(UJ ( Xl,XQ ’ Iﬂa XI,X-2>(O)

!

n;X1,X3) ) wT(Xl)X(Xg) n;X1,X9) (Okxr,—1/2 (*1,7/2)

E?(?/O) (T) — llm %10g<){n7 T/Q‘XT“ _T/2> H(0,-T/2) H(0,T/2)

T'— 00

Thesé two cases contain quarkonium,
hybrids, tetraquarks, pentaquarks
and doubly heavy baryons

(x2,—T/2) (b) (x2,T/2)

Phi =Wilson lines and H= gluonic and light quarks



Born-Oppenheimer EFT for States With Two Heavy Quarks

produce a hierarchy of NRQCD static energies identified by the
quantum number of Doon

Irreducible representations of D,

@ K: angular momentum of light d.o.f. K? — k(k L 1)

A=7r-K=0,+£1,£2, £3,...
A:|)\|:0,1,233,¢..(E}H}A,(I),...) AO—
@ Eigenvalue of CP: n = +1(g), —1 (u) n

@ o: eigenvalue of relfection about a plane containing 7 (only for ¥ states)

Needs: n=k,|\ (1, ~T/2) (X0, 7/2)

EY(r) = lim —log(Xa, T/21X0 ~T/2)  Quas  ware

T—00

and : (x2,—T/2) (b) (x2,T/2)

the matching to BOEFT, the theory that has the Schroedinger
as zero order problem



Born-Oppenheimer EFT for States With Two Heavy Quarks

y 4
produce a hierarchy of NRQCD static energies identified by the
Do
E:(c(,)|)/1|(r) gquantum number of h

Irreducible representations of D,

@ K: angular momentum of light d.o.f. K? — k(k L 1)

2 I I T T T

Excited static
energies

A=7r-K=0,+1,+2, +3,...
A:|)\|:03112a33"'(Z’H’A’(I)j.“) AO-

@ Eigenvalue of CP: n = +1(g), —1 (u) n

@ o: eigenvalue of relfection about a plane containing 7 (only for ¥ states)

1.5

0.5

Needs: n=k,|\ (1, ~T/2) (X0, 7/2)

Quarkonium
static energy

EO(r) = lim %10g<Xn, T/2| X0, =T/2)  Luorw  somm

T'— o0
-0.5

| ! | | , and ) (x0,—T/2) (b) (x2,T/2)

"2 o r[};n] o 1 12 the matching to BOEFT, the theory that has the Schroedinger
as zero order problem
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The heavy quarks move adiabatically in the presence of the light degrees of freedom, whose effect
IS encoded In a suitable set of potentials that depend on the distance r between the heavy quarks
—->they encode the dynamics from the nonperturbative soft degrees of freedom



QED — Born Oppenheimer Description QCD,

2

AQC’D > v

fast (gluons, light quarks) and slow (heavy quarks)

like in molecular physics (fast-electrons, slow nuclel

Braaten PRL 111 (2013) 162003 _
> Braaten Langmack Smith PRD 90 (2014) 014044 il quarkonium spectrum

- E ~ myv?
tE~mg

The heavy quarks move adiabatically in the presence of the light degrees of freedom, whose effect
IS encoded In a suitable set of potentials that depend on the distance r between the heavy quarks
—->they encode the dynamics from the nonperturbative soft degrees of freedom

Nonperturbative Matching to BOEFT ‘O; X1X2>— > |(QQ):) — Quarkonium Singlet

tematicall
systematically ; o Eo(r)— > Vu(r) PNRQCD
(H|H|H) = (nljs| —+ )  —|nljs) () . . -
. n > 0;x1X9)— > [(QQ)g"™) — Higher Gluonic Excitations
expand quantomechanically NRQCD states and ‘QQC]@ Tetraquarks

energies in 1/m around the
zero order and identify the QCD potentials EW (r)— > V() BOEFT



> BOEFT for Quarkonium

Z; PO —

[E(r)-E(rglrg

o L quenched —=—
K =0.1575 —e—

— The singlet quarkonium field S of energy muv*
Is the only the degree of freedom of pPNRQCD
(up to ultrasoft light quarks, e.g. pions).

m
1 1

0.5 1 1.5 2 2.5
_ r/rg
Bali et al. 98

= X0 Vi >(Vsp

static spin"dependent

Brambilla Pineda Soto Vairo 00

2
L ="Tr {S“ (Zao b y;) S} +AL(US light quarks)

Vv D)

T velocity dependent



» BOEFT for Quarkonium Z"‘ kPC — 0 -
g —

’ a: — The singlet quarkonium field S of energy muv*

2T is the only the degree of freedom of pPNRQCD - |
Sy (up to ultrasoft light quarks, e.g. pions). Brambilla Pineda Soto Vairo 00
g Or | p2 |
ol L ="TIr {SH (2'80 — — — Vh) S} +AL(US light quarks)

(i
2 Jered - R
Y = X0 mV1 — (Vsp + Vvp)
0.5 1 1.5 2 2.5 3 :

Bali et al. 98 "It é{ic Spind/ep'endent Tvelomty dependent

A pure potential description emerges from the EFT however this is not the constituent quark
model, alphas and masses are the QCD fundamental parameters

* The potentials V' = RelV +1ImV  from QCD in the matching: get spectra and decays

 We obtain the form of the nonperturbative potentials V in terms of generalized Wilson loops (stat that are low
energy pure gluonic correlators: all the flavour dependence is pulled out

Applications regard: Spectrum, decays, production, studies of confinement



& The QCD Potential

The singlet potential has the general structure 1 1 |
the fact that spin dependent corrections appear V=10 - mV1 I m2 (VSD +Vvp )
at order 1/mA2 is called Heavy Quark Spin Symmetry é'tic Spmd/ep'endemt Tvelocity dependent
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& The QCD Potential

The singlet potential has the general structure 1 1
the fact that spin dependent corrections appear V=10 - mV1 I m2 (VSD +Vvp )
at order 1/mA2 is called Heavy Quark Spin Symmetry éic Spmd/ep'endemt Tvelocity dependent
(0) . .1
Eo(r)=V."=lim —=In(W(r xT)) = lim — In¢ >
T'— o0 T T'— 00
W = (exp{igj[A“dxMD - ]
State of the art:

confinement

2+1+1 quarkonium g :
9 behaviour
static energy Fy(r)
—1.51
_|_ }
g tE b 4t e TUMQCD
+ TE hema 44 sooma N.B., Delgado, Kronfeld, Leino, Petreczky,
251 | | HAoenME 44 gemn Steinbeisser, Vairo, Weber Phys.Rev.D
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r [fm) 107 (2023) 7. 074503 -



The singlet potential has the general structure 1 1

— I I
the fact that spin dependent corrections appear Vo= Vo mvl " m2 (VSD T VVD)
at order 1/m”2 is called Heavy Quark Spin Symmetry /

static spin”dependent

T velocity dependent



The singlet potential has the general structure

the fact that spin dependent corrections appear
at order 1/m”2 is called Heavy Quark Spin Symmetry
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gauge invariant wilson
loops can be calculated also In
QCD vacuum model and large N
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The singlet potential has the general structure 1 1

— I I
the fact that spin dependent corrections appear Vo= Vo mvl SR (Vsp + Vyvp)
at order 1/m”2 is called Heavy Quark Spin Symmetry éic Spmd/epv endent Tvelocity dependent

VS%):—T—CFG‘“M/ dttd[1 3|y Li-Sa+ (1 2) V'Y
0

2
E(t) 5

1 O
V(l):——/ dt t I:I k oo _
2 Jo < ’ —T—<CFek”i/ dtt ([1 3] cer 1V’“V(O>>L1-Sl+(1<—>2) vy
0

2

auqge invariant wilson
gaugd - i =

loops can be calculated also in _C%,f,az.f,aji/ dt(( iog |y Y >> <S1 . So —3(Sy - #)(S2 - f_)> \z
QCD vacuum model and large N 0 - 3 o

» Pineda Vairo PRD 63 (2001) 054007 9 0O 7 4
Brambilla Pineda Soto Vairo PRD 63 (2001) 014023 —|—<§c%1z/ dt< >—4 (dsv + gdw> 5(3)(1-))81 - So |VS
0 ]

(

* the potentials contain the contribution of the scale m inherited from NRQCD matching coefficients—> they cancel any
QM divergences, good UV behaviour

* the flavour dependent part is extracted in the NRQCD matching coefficients

the nonperturbative part is factorized and depends only on the glue —> only one lattice calculation to get the dynamics
and the observables instead of an ab initio calculation of multiple Green functions



Tetraquarks, Hybrids, Pentaquarks

1. We consider all the NRQCD static energies in presence of glue and light quarks:
QQbarg, QQbar ggbar, QQ gbar gbar, QQbar qgg, QQ gqggbar, QQgq

2. We define the NRQCD static energies via gauge-invariant correlator of appropriate interpolating operators

3. We calculate the short distance behaviour: gluelumps, adjoint meson, triplet mesons, sextet mesons ....

4.BO quantum number is conserved: BO static energies evolve in heavy-light static
energies with the same quantum numbers: allows to understand the form of the fundamental strong force

5.We consider separately NRQCD static energies separated by a gap Lambda_QCD

6.We match the NRQCD static energies to the corresponding potentials in BOEFT

I\/Iixing appears: at short distance between static energies with same k—> coupled Schr. Egs.

at large distance between static energies with same BO numbers that get close
(avoided level crossing)—> coupled Schr. Eqgs.

/. Solve the coupled Schroedinger egs. To obtains X and the Tcc, hybrids, pentaquarks....

8. Consider spin relativistic corrections at order 1/m



NRQCD Static Energies

ex QQX

Total angular momentum
of QQX or QQX :

% Y
M
looor | 3®3 =168 [oolor 13 ® 3 =13 46
X =gluon — Hybrid X =(g3; = Double heavy baryon
X= (qc_[)g — Tetraquark X= (ﬁﬁ)3 / (ﬁﬁ)g% Tetraquark
X =(gqq)g — Pentaquark X=(qq9)s / (qqQq) ¢— Pentaquark

and so on
and so on

X, . Adjoint hadrons (gluelump, adjoint meson, adjoint baryon....)

X

2,6+ Iriplet or sextet hadrons (meson, baryon....)



NRQCD Static Energies

QQX Q0X
Total angular momentum
of QQX or QQX : ° °

Lcolor: |3 ®3 =3+6

X = (J3 — Double heavy baryon

r
looor: | 3®3=1®38

X =gluon — Hybrid

X= (qc_[)g — Tetraquark X= (ﬁﬁ)3 / (ﬁﬁ)g% Tetraquark

X=(999)3 / (qqq) ¢~ Pentaquark

and so on

X= (quI)S — Pentaquark

and so on

X, . Adjoint hadrons (gluelump, adjoint meson, adjoint baryon....)

X3/

Coupled Schoedinger equations with
Born-Oppenheimer (BO) Vi (1) = E,io‘)M(?"wa |
potential: ’

s - Iriplet or sextet hadrons (meson, baryon....)

Notice: for exotics

spin correction at
... order 1/mQ !

Static Energy Spin-dependent potentials



Direct Outcomes Born-Oppenheimer EFT

» Control of the short distance region



Direct Outcomes Born-Oppenheimer EFT

: 4053 asl

V. — V4 — —

» Control of the short distance region | S(T) 3r O(T) 67
i 200 ozsi

LDF- #ok={K'¢ — 1% — — % = —
wenum#k 5= 0Y 0@ BQ () = Vi) + by U T T R T 5

g

Q0X: E(OG?(T) = V,(r)+ Ay + bAger 4.

QQX: EL () =Vi()+ Am i+ bour® +- (1=T,%)
Short-distance (r = 0)

Ag = lim - (vac|H(T/2, R) ¢ (T2, —T/2) H* (—T/2, R)|vac)

T'— o0

Field theory definition of gluelumps, adjoint mesons, triplet mesons.. masses

Triplet and sextet mesons operators give a gauge invariant field theory definition
of (good and bad) diquarks
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» Control of the short distance region

» Control of the large distance region

Isospin=1

S-wave +S-wave

Direct Outcomes Born-Oppenheimer EFT

Isospin=1

BO quantum number conserved

LDF

0@ > Q Q

Asr — o

2- meson state
Consider QQqq system:

BO-quantum # A for adjoint meson: BO-quantum # Aj for meson-antimeson

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

S-wave +S-wave

* 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
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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

We fix the adjoint meson mass value on the X(3872) and with the same 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 consequneces

We can e.g, establish that 2p state at 4010 MeV above threshold is 90% quarkonium while the X(3872) is 90%
tetragquark
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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 fix the adjoint meson mass on the X(3872) and we can predict everything in the bottom sector->

the Xb is below threshold and does not have exotic feature even if it 98% tetraguark!! It is not at
a heavy-light threshold!



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




Consequences on our Knowledge of the Strong Force

confinement force
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Consequences on

Excited

\

Quarkonium

a(V(r) —2EpR)

0.2

0.4

0.6 0.8

r|fm]

1.2

our Knowledge of the Strong Force

0.3 0.6 0.9 1.2 1.5
I T T I T T I T T I T T I

L tetraquarks and
=============== B heavy-light overlap af
,,,,,,,,,,,,,, = 0

large distance

avoided level crossing
between quarkonium
and tetraquarks

|
AdD/ (Efﬂwz — (4)A)

4 —1.2

Isospin=0

S-wave +P-wave

S-wave +S-wave

Quarkonium, Tefraquarks
and heavy-light pairs

the X(3872)
arises from coupled

125 channels between quarkonium
and the two first tetraquarks




BOEFT Could subdue molecular and
compact tetraquark pictures !

Repulsive octet
Molecular behaviour

2++ | @ .
Isospin=0
(Adiabatic)

ave+ P-wave

_ Fixed by
Fixed by to be symmetr
symmetry calculated on y

And the lattice
perturbation
theory

Other Consequences



BOEFT Could subdue molecular and
compact tetraquark pictures !

Repulsive octet

Molecular behaviour
2t | @
Isospin=0
1—- "i,, (Adiabatic)
% 3] ave+ P-wave
\\& Swavet Swave
- Diquark diquark behaviour

to be
calculated on
the lattice

Other Consequences

On the nature of the states

X(3872)

emerges as composed dominantly of two tetraquarks con-
tributions and a residual quarkonium part, while the
Tt (3875) emerges as a single tetraquark. The value of
the adjoint mass and the triplet mass together with the
structure of the potential, which are constrained by the
BOEFT, originate states with a very large radius, small
binding energy and other properties compatible with ex-
periments. Still, the states are neither simple molecules
nor compact tetraquarks but result from a conspiracy
between the short- and long-range behavior of potentials
that are constrained by symmetry and computed in lat-

tice gcd



Results on Spectroscopy (as From Abhishek Talk)

X(3872) : close to threshold, radius of 15 fm, 10% of quarkonium, 90% tetraquarks, spin multiplet,
Radiative decays, compositeness Q

Xb, mainly tetraquark, non exotic characteristics Q

Tcc close to threshold, large radius, prediction of Tbb and Tbc in agreement with lattice Q

Pentaquarks multiplets Q

/b and Zb’ Q

chi(2P) over threshold, quarkonium states below and above threshold Q




What About Hadroproduction?

Important as there was a querelle for decades between the compact tetra and the molecular picture...



What About Hadroproduction?

Important as there was a querelle for decades between the compact tetra and the molecular picture...

N. Brambilla, H. S. Chung, A. Vairo and X. P. Wang

JHEP 03 (2023) 242 arxXiv:2210.17345

N. Brambilla, H. S. Chung, A. Vairo and X. P. Wang

Phys. Rev. D 105 (2022) 11, L111503 arXiv:2203.07778

N. Brambilla, H. S. Chung and A. Vairo

JHEP 09 (2021) 032 arXiv:2106.09417

N. Brambilla, H. S. Chung and A. Vairo

Phys. Rev. Lett. 126 (2021) 8 arxiv:2007.07613



Inclusive Hadroproduction Cross Section in NRQCD

In NRQCD, the production cross sections for a quarkonium Q factorize perturbatlve

e in short distance coefficients, TQQ(N); encoding contributions from energy scales
of order m or larger,

. | | | nonperturbative
» and in long distance matrix elements (LDMEs), (Q]O<(N)|Q2), encoding

contributions of order mv, mv? and Aqcp,

co+x = ) 0gqn) (QUOS(N)|Q). ~__
N spc L DMEs Vacuum state



Inclusive Hadroproduction Cross Section in NRQCD

In NRQCD, the production cross sections for a quarkonium Q factorize perturbatlve

e in short distance coefficients, TQQ(N); encoding contributions from energy scales

of order m or larger, :
| | | | nonperturbative
» and in long distance matrix elements (LDMEs), (Q]O<(N)|Q2), encoding

contributions of order mv, mv? and Aqcp,

co+x = ) 0gqn) (QUOS(N)|Q). ~__
N spc L DMEs Vacuum state

N _ QS—|—1L1J,8

LDMEs depend on heavy quark flavour different for charmonium and bottomonium, to be extracted from
the data, cannot be calculated on the lattice

Color singlet and octet operators for hadroproduction of quarkonia have the form

OQ(Ncolor singlet) — XTKprg(P:())wTK&X
OQ(Ncoloroctet) — XTKNT&@D(I)Z%(O)PQ(P:O)qDSC(OMNIQ\T "X

d,(x) is a Wilson line along the direction ¢ in the adjoint representation

PQ(p) projects onto a state containing a heavy quarkonium ©Q with momentum P.



Inclusive P Wave Hadroproduction Cross Section in NRQCD pp — xQJ(nP) 4+ X

(QI0XQ7 (P PIQ) + o

QQ<38£8]><

Qoxes(3sPhiQy  NRQCD



Inclusive P Wave Hadroproduction Cross Section in NRQCD pp — xQJ(nP) 4+ X

Qoxes(3sPhiQy  NRQCD

(QI0XQ7 (P PIQ) + o

IxQr+X — JQQ(BPB” QQ(3S£8])<

(OXQo (3P£1])> (Q XT(—%ﬁ -0 )Y Py W(—gﬁ o)y |Q), WoFock-statesatlOinv:n = 3PV 35N

1

3
AB

<Q‘ XTUkTAw(I’z 7)x

(Oxa0 (35 oo YT TC Q)

Factorization in pNRQCD (Oxao (3 plilyy — 3Nc‘ o (02,

(BOEFT for quarkonium) I T XQO
8] 3Ne, 2 2
Oxeo 388y = 214 (g
o g o -
y <@> £ = Vc/o dt t /O dt' t' (Q|®1*°®Tad(0; t)g B (t)g B (') ®°°(0; ') Db |Q)

|—> 4 X A

Q 0

3 b B reduced the number of unknown parameters

B all heavy quark dependence is in the wavefunction — correlators are universal and
heavy-quark flavor independent

* The nonperturbative correlator can be calculated on the lattice



pNRQCD prediCtiOnS in COmpariSOn tO data JREEE I-11;‘111';?2(‘-1}1':-1{1IFJLF';'WLG;

(doy.,apy/dpr)/(doy.,ap)/dpr)

1.0
pNRQCD, LP+NLO -
&) PNRQCD, NLO -
;‘é' ® ATLAS data
E 0.67 0 CMS data -
g | %
mx 04‘ I |_—E i -_| i |
X
~N 0.2 .
~
10 15 20 25 30

py" (GeV)

@ center of mass energy /s = 7 TeV and rapidity range |y| <0.75.

(doy,,p)/dpr)/(doy,, ap)y/dpr)

2.0 OOLHCb data [l PNRQCD
@ CMS data
Lor
— L
[ | i
=
L.O[
0.57 1
YL S A S TR

| |
i LE .
= E pNRQCD x..(1P) NLO
= @ ATLAS data . (1P)
T 0100
B
g|°
- (010
X -
':'-'3!;
o(pp = Xes(1P) + X)
il B pPNRQCD x.(1P) LP+NLO
2 pNRQCD y.(1P) NLO :
4 B ATLAS data y.o(1P)
0100 B
S|
£|"
= 0.0L0E
bt =
:
= 0001

A test of the universality of the pNRQCD factorization is provided by the ratio
(doy,,1p)y/dpT)/(doy,, (1p)/dpT) that depends only on £ (at the scale of the b mass)
and therefore is expected to be the same also for 2P and 3P bottomonium states.



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFT

cc In color singlet

quarkonium production — ¢ ((OXc0 (SSES]» = O(v?)
Bodwin, Braaten, Lepage, Phys.Rev.D51:1125-1171,1995 1
(Ox0 (3 P)) = O(v?)

Only one LDME

B — most dominant channelis n = 3S][L8] for x.1(3872) production

cc In color octet . .
B — quarkonium component is supressed by powers of v

exotics production — { S
<0X61(3872)(SS£ ])> _ O(UO)



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFT

cc In color singlet
quarkonium production — ¢ ((OXc0 (3S£8])> = O(v?)
Bodwin, Braaten, Lepage, Phys.Rev.D51:1125-1171,1995 <OXCD (Sp(gl])> _ 0(2}2)

Only one LDME

B — most dominant channelis n = 3S][L8] for x.1(3872) production

cc In color octet . .
B — quarkonium component is supressed by powers of v

exotics production — { S
<0X61(3872)(SS£ ])> = O

* Production dominated by color-octet (QC))B matrix elements at leading power in v (velocity) expansion.

Xc1(3872) (3 @8
(] OX 3 (35 1)

Lai, Cheung, Phys. Rev. D 112 (2025), 054005

Oy .1(3872)+X U-QQ(:ES[F:

Octet LDME:

<Q‘ (DXe1 (3872) (3

QX TR P, | 3872)| @7 0T o' T X |Q)

Projection vector that projects onto all states that contain y.,(3872)

B SDCs are the same as for x .y quarkonium production and are known up to NLO in o
Butenschoén, Kniehl, Nucl.Phys.B 950 (2020) 114843



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFT

LDME . (3872)

3
(OXEDEST)) = 5 10s(0) Ms

B BOEFT factorization formally agrees BOEFT wave function for the X(3872)

WIth Lai, chung, Phys.Rev.D 112 (2025) 5, 054005

B although disagrees on the exact value of B M contains only LDFs present in Xc1(3872)
M
Summing over all states provides an upper bound for M_S (4/3) that constraints the LDME



Inclusive Hadroproduction Cross Section of the X(3872) in BOEFT

LDME 1. (3872)
] 3
<(’)Xc1(3872) (33% ])> _ % |¢S(O)|2 MS
prraioskiniiindade BOEFT wave function for the X(3872)

B although disagrees on the exact value of B M contains only LDFs present in Xc1(3872)
M
Summing over all states provides an upper bound for M_S (4/3) that constraints the LDME

Br(B — xe1(3872) + X) = Br(b — cc(3S%) + X) (Oxe1(3872) (3 5181y

Beneke, Maltoni, Rothstein, Phys.Rev.D 59 (1999) 054003

we fix LDME from B-Decay

| experimental values taken from Lrco coliaboration, JHEP 01 (2022) 131, PDG, Phys.Rev.D 110 (2024) 3, 030001
b5 (0)]* = 0,
Q] OX (387 (3G 10y — 4 691228 1078 Gevd 65(0)> = 5.78 x 107 GeV? Mg = 1707955
op(0)]* = 0,




Cross-Sections X(3872)
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Cross-Sections Xxb
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Pure prediction, everything fixed on charm sector, only the BOEFT wave function
changes



Cross-Sections Pentaquarks for charm
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Cross-Sections
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What About Evolution in Medium?

For bottomonium: EFT plus open quantum system gave us the nonequilibrium master equation for the
evolution in a strongly coupled medium 7' ~ gl

The strongly QGP enters via transport coefficient defined in term of chromoelectric correlators at each T-:
the EFT acts as a layer that allows to use the lattice (equilibrium) input at each T



What About Evolution in Medium?

For bottomonium: EFT plus open quantum system gave us the nonequilibrium master equation for the
evolution in a strongly coupled medium 7' ~ gl

The strongly QGP enters via transport coefficient defined in term of chromoelectric correlators at each T-:
the EFT acts as a layer that allows to use the lattice (equilibrium) input at each T

2
_p da
m > 1/7“ ~ TN g > T ~ gT > E quark-antiquark Hamiltonian hs = m 3
p° 1o
quark-antiquark Hamiltonian o =~ + 5~

Open Quantum system

We may define a density matrix in pNRQCD for the heavy quark-antiquark pair in a
Subsystem: heavy quarks/quarkonium singlet and octet configuration:

Environment: quark gluon plasma
(r',R'|ps(t'; t)|r, R) Tr{psan(to) ST(t,x, R)S(', r', R’)}
ab
N.B., J. Soto, M. Escobedo, A. Vairo 2016, (R |po(t': 1) |r, R) O
8

2018 (1612.07248, 1711.04515)

Tr{ pean (t0) O (¢, v, R)O° (¢, v, R’}

The system is in non-equilibrium because through interaction with the environment
(quark gluon plasma) singlet and octet quark-antiquark states continuously transform in
each other although the number of heavy quarks is conserved: Tr{ps } + Tr{p, } = 1.



Closed time path formalism In the closed-time path formalism we can represent the density matrices as 12
propagators on a closed time path:

4 Imt
(', R/|ps(t;t)[r,R) = (S1(t',r',R’)S](t,r,R))
5ab .
', R po(t';t)[r,R)— = (O1(f,r',R")O5"(t,r,R)) 2k o
o) Ly L
££2!!

Differently from the thermal equilibrium case 12 propagators are relevant
(in thermal equilibrium they are exponentially suppressed).

12 propagators are not time ordered, while 11 and 22 operators select the forward time
direction oc 0(t — t'), O(t" — 1).



In the closed-time path formalism we can represent the density matrices as 12

Closed time path formalism |
propagators on a closed time path:

4 Imt
(', R/|ps(t;t)[r,R) = (S1(t',r',R’)S](t,r,R))
5ab .
', R po(t';t)[r,R)— = (O1(f,r',R")O5"(t,r,R)) 2k o
o) Ly L
££2!!

Differently from the thermal equilibrium case 12 propagators are relevant
(in thermal equilibrium they are exponentially suppressed).

12 propagators are not time ordered, while 11 and 22 operators select the forward time
direction oc 0(t — t'), O(t" — 1).

Expansions

o The density of heavy quarks is much smaller than the one of light quarks:
we expand at first order in the heavy quark-antiquark density.

o We consider 7" much smaller than the Bohr radius of the quarkonium:
we expand up to order 2 in the multipole expansion.




Density matrix evolution equationsl| Using closed time path formalism

| and the expansions:
dps;f’ t) — —i[h& Ps (t§ t)] — s (t)ps (t§ t) — Ps (t; t)Z};(t) T+ ESO(’OO (t; t)’ t) p
DAL = il polts )] — Zo(t)po(t 1) — po(t: BL(E) + Zoslos(1:1), 1)

+Eo00(po (85 1), )

Self energies contain all thermal nonperturbative effects

S.(t) = 2 dtg rt e tho(t=t2) 1.J gihs(t=t2) (pai(y 0)E%I (5, 0))
2NC to
g° ‘  _—iho(t—tg) ho(ta—tg)
= to;to),t) = dt[z—zo—o to;to) e*tolt2 0
so(po(tosto),t) INJNZ=T) /. 2 |[T"e po(to;to)e

xrd eths(t=t2) (F23 (13, 0) E*(t,0)) + H.c.

A Wilson line in the adjoint representation is understbod in the chromoelectric correlators.

contains everything :
screening,
singlet to octet, Landau damping



Density matrix evolution equationsl| Using closed time path formalism

: and the expansions:
DD ithe, s3]~ Do (t5) — po(5OZL) + Bao(po(t51), 1 ’

dpo(t;1)

—i[ho, po(t;t)] — So(t)po(t;t) — po(t; )] (t) 4+ Bos(ps(t;t), 1)

+Eo00(po (85 1), )

dt

Self energies contain all thermal nonperturbative effects
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chromoelectric dipole vertices in the pNRQCD Lagrangian.
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Then
TR > TS, TE TS > TE

and we have a Markovian, quantum Brownian system

We can separate the bound state from the medium contribution in the self-energy and
we can obtain a Linblad equation



Linblad equation at LO in the E/T expansion

If £ < T ~ mp the Lindblad equation for a strongly coupled plasma reads
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Nuclear modification factor R_AA (Linblad Leading order, t F =250 MeV)
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R_AA of singlet Bottomonium in comparison to ALICE, ATLAS and CMS data, left pi)or}[ bands from variation in kappa,

right plot variation in gamma —> we can use R_AA to learn about the QGP!

- arXiv:2302.11826
N.B. Escobedo , Strickland, Vairo, Vander Griend, Weber, 2107.06222  \-B-» M. Escobedo, M. Strickland, |
A. Vairo P. VanderGriend et al arXiv:2205.10289



What About Evolution in Medium?

Now we know how to obtain and solve the master equation without using the quantum brownian or the
quantum optic limit: no hierarchy assumed between T and E !

N. B, A. Lin, T. Magorsch, A. Brambilla 2026
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Can we use this new technology and BOEFT plus open quantum system to describe the
X(3872) evolution in QGP?



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 (in particular from the charm/bottom sector

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

* 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
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This picture has the possibility to give a unified description to exotics and to leave the dynamics decide which
configuration used by models will dominate in a given range

Combining BOEFT + open quantum systems one can attempt to study the XY Z in heavy ion collisions



