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Focus of the talk

We introduce a nonrelativistic effective field theory (pNREFT) description that reinventes QM and allows
precise calculations of bound state observables -

This framework is particularly suited to address strongly interacting systems

allows to use NR bound states to address contemporary challenges like:

e the exotics XYZ states and the nature of the strong force

 the in medium heavy pairs evolution with impact e.g. on the nuclear phase diagram (and dark matter properties,
neutrino flavour oscillations...)
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RevIZIauStEons NR bound states accompanied the history of quantum theory from its beginning to the establishment of QFT

The prototype of NR system is the hydrogen atom and it is at the origin of the quantum revolution
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The prototype of NR system is the hydrogen atom and it is at the origin of the quantum revolution

NR bound states accompanied the history of guantum theory from its beginning to the establishment of QFT

The relevant scales of the non-relativistic bound state dynamics are
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All the complexity of the field theory is in the kernel
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which only in the non-relativistic limit reduces to the Coulomb potential, but, in
general, keeps entangled all bound-state scales.
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NR bound states accompanied the history of guantum theory from its beginning to the establishment of QFT

o 1951 Bethe—Salpeter equation:

{G:GO—I—GOKG
Go = g5 Q gy

....to the relativistic quantum theory of bound states

and its problems

SLAC-PUB-1848
November 1976
(T/E)

(@) CORRECTIONS TO THE DECAY RATE OF ORTHOPOSITRONIUM*

William E, Caswell, G, Peter Lepage, and Jonathan Sapirstein

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

cumbersome in perturbation theory :

It shows the difficulty of the approach the fact that going from the calculation of the
ma? correction in the hyperfine splitting of the positronium ground state to the

ma® 1In o term took twenty-five years! |
o Karplus Klein PR 87(52)848, Caswell Lepage PRA (20)(79)

Bodwin Yennie PR 43(78)267

poorly suited to achieve factorization (important in QCD)
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Revolutions The discovery of the J/psi (ccbar lowest state) is at the origin of the November revolution in 1974

Samuel Ting: It was like to stumble in a village where people were living 70000 years
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The discovery of the J/psi (ccbar lowest state) is at the origin of the November revolution in 1974
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Samuel Ting: It was like to stumble in a village where people were living 70000 years

* Discovery of the first quark of heavy type Q (m_c > Lambda_QCD)

* Confirmation of the quark model and QCD

—>narrow width and asymptotic freedom: annihilation at large scale controlled

by a small coupling constant

as(2m.) < 1

Cornell potential

—>energy levels and confinement: ((v}‘“tvr))
structure of levels controlled by a
Cornell potential in a Schroedinger eq.

4 r = QQ radius

r QQbar

Eichten et al . 75, 78, 80
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Heavy quarkonia are nonrelativistic systems:multiscale systems

Eichten et al . 75, 78, 80

Many scales: a challenge and a GREAT opportunity for the PHYSICS

mdistance
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B Talk of Peter

Lattice QCD on Small Computers

We demonstrate that lattice QCD calculations can be made 10—
10° times faster by using very coarse lattices. To obtain accurate
results, we replace the standard lattice actions by perturbatively-
JLAB improved actions with tadpole-improved correction terms that remove
1998 the leading errors due to the lattice. To illustrate the power
of this approach, we calculate the static-quark potential, and the
charmonium spectrum and wavefunctions using a desktop computer.
We obtain accurate results that are independent of the lattice spacing

and agree well with experiment.




Today NR bound systems are at the center of new Revolutions
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Beyond the standard

quark model

With the XYZ exotic states discovery,
states observed in the sector with two heavy quarks
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The present XYZ Revolution: Discoveries of Exotic States in the Sector With Two

revolutions Heavy Quarks: Beyond the Standard Quark Model!
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» xyz rRevoLUTION: A New Spectroscopy Is Born!

Some surprisingly narrow states even if
above/at strong decay thresholds
Nature Phys. 18 (2022) 7, 751-754
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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: we need flexible tools to address spectra, production, medium

propagation in QCD ! Challenge from the Nonperturbative binding
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The present revolutions: nuclear matter phase diagram investigated in heavy ions collision at the LHC at
CERN and RHIC USA (5.36 TeV per nucleon pair)
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The present revolutions: nuclear matter phase diagram
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The present revolutions: nuclear matter phase diagram _
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Today using pNREFT at finite temperature, a new paradigm
] ? ' emerged beyond screening relating
- the R_AA to the nonequilibrium evolution of the heavy
pair in medium: medium induced dissociation and color
T singlet/octet recombination. Quantum phenomenon to be
% L addressed with quantum master equations
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1t § B ATLAS - Y(1S) O ATLAS - Y(2S)
* i A CMS-Y(1S) 42 CMS - Y(2S)
0.50 19 f $ Q
14
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: T % |
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R 4 4 is the nuclear modification factor : yield of quarkonium in PobPb / yield in pp.

: N 4 Sequential
Debye charge screening mp ~ g1’ 2 -] YAS)  Melting at
e—mD’l“ _ different
V(T) ~ — . 1 Bouind - | %UP)  Temperature
r mn state
dissolve 2 || I/¥(5)
<1 %c(1P)

oCMS PLB 790 (2019) 270
ALICE PLB 822 (2021) 136579
ATLAS PRC 107 (2023) 054912

Today using pNREFT at finite temperature, a new paradigm
emerged beyond screening relating
the R_AA to the nonequilibrium evolution of the heavy
pair in medium: medium induced dissociation and color
singlet/octet recombination. Quantum phenomenon to be
addressed with quantum master equations

XYZ states are also produced and evolve
In heavy ion collisions



The present revolutions: dark matter evolution in early universe or neutrino evolution (fast flavour conversion)in supernova
M=1TeV, a=0.1

10_105 | |
A similar description can be applied to other NR system evolving in medium: : \
e.g. heavy dark matter pairs evolving in the early universe: in order to = o\ Yeq
predict the cosmological abundance of dark matter an estimation of particle reeze -~ ann
rates in an expanding thermal environment is needed. Bound state effects at Out 1012
finite T may have large impact on the result . :
107" E
o Early universe (7' =~ M): Heavy DM in thermal equilibrium with dark medium .
10714
o  Expanding universe (1" < M): T cools down — detailed balance lost P R S
10 20 50 100 200 500
M
| -
o  Evolution equation: (0; +3H)n = —§<O'eff’Ure]>(’n/2 —ngy) r
a=0.1
©  Accurate prediction of DM relic density requires precise determination of the relevant interaction T N S |
rates in expanding thermal environment e
: : : 2 11 M NQE 0.10 E—
© Observed DM relic abundance implies heavy DM: € h” ~ 3 x 10 mYO — M ~TeV S
0.05
©  During and after chemical freeze-out, DM is non-relativistic: H ~ (oegvrel)neq — 1 ~ M/25




The present revolutions: dark matter evolution in early universe or neutrino evolution (fast flavour conversion)in supernova
M=1TeV, a=0.1

10_105 ‘ ‘
A similar description can be applied to other NR system evolving in medium: : \
e.g. heavy dark matter pairs evolving in the early universe: in order to = o T Yeq
predict the cosmological abundance of dark matter an estimation of particle reeze -~ ann
rates in an expanding thermal environment is needed. Bound state effects at Out 1012
finite T may have large impact on the result . |
10-13 |
o Early universe (7' =~ M): Heavy DM in thermal equilibrium with dark medium 1
107141
o  Expanding universe (1" < M): T cools down — detailed balance lost P R S
10 20 50 100 200 500
. M
o Evolution equation: (9; + 3H)n = —§<O'eff’0re]>(’n/2 —ngy) I
a=20.1
o  Accurate prediction of DM relic density requires precise determination of the relevant interaction PR N ST ]
rates in expanding thermal environment e
. . . 2 11 M NQE 0.10 EE——
© Observed DM relic abundance implies heavy DM: € h” ~ 3 x 10 mYO — M ~TeV S
0.05
© During and after chemical freeze-out, DM is non-relativistic: H ~ (0ogvrel)Nteq — 1T ~ M/25
. I . . . O 0
->obtain the quantum nonequilibrium evolution of DM pairs in the early universe M [T&V]

Including dissipation, decoherence and recombination







For quarkonium to become a probe of strong interactions, it should be treated in QCD RzR%18Y hard problem

Close to the bound state  (yg ~ U
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For quarkonium to become a probe of strong interactions, it should be treated in QCD RzR%18Y hard problem

SIECSENO e bound state Qg ~ U

Q p

D~ 1Nog + + ~ 12
_ (P |
Q e L (m | V)
2
M )2
g_(l | S) ® FI'GI"I"ll[-LE+V]¢=E¢—;pmmﬂﬂﬂdﬂ=’r—+1'wmt:z.
D> p ;
E~ mv”

multiscale diagrams have a complicate power
counting and contribute to all orders in the coupling

- Dithicult also
_— tor the lattice!

L'<)l A<al
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Close to the bound state  (yg ~ U
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Disentangling the bound state scales at the Lagrangian level in pNREFT has advantages

. It facilitates higher order perturbative calculations

Relevant for: physics: Hydrogen atom (e.g. proton radius), positronium (e.g. width, hfs), muonium
ttbar threshold production; Dark matter annihilation and production close to threshold; SUSY particles
annihilation and production; QQbar, QQqg and QQQ with small radius; extraction of SM parameters

Il. In QCD (or in a strongly coupled theory) it factorizes automatically high energy contributions (perturbative)
from low-energy (nonperturbative, thermal) ones

Relevant for:pionium and precision chiral dynamics; nucleon-nucleon systems; Quarkonium, Exotic X, Y, Z states,
Quarkonium in hot QCD medium in heavy ion collisions; confinement and nonperturbative effects

IlI. It allows to integrate out hierarchically other scales using other EFTs (for example the temperature T
using Hard Thermal Loop (HTL) EFT) and to apply lattice directly on the low energy factorized part

V. It allows to define in QF T objects of great importance like potentials both in the perturbative and in the
nonperturbative regime

V. More conceptually It provides a field theoretical foundation of the Schroedinger equation



Disentangling the bound state scales at the Lagrangian level has advantages : pNREFT

2

»CpNREFT = /d3T¢T (7/8() IT)YL V)¢ + AL

separates the Schroedinger dynamics of the two particle field ¢ from the low energy dynamics
encodedin AL

PNREFT is the lowest energy EFT that can be
constructed for the NR bound system.

\ 4
“” NREFT
........................................... ot
mv 2
\ 4
oNREFT

Notice: if QFT = QED, pNRQED gives a proper version of Quantum Mechanics

N B., A. Pineda, J. Soto, A.Vairo. Rev. Mod. Phys 77 (2005) 1423

The lowest dynamical energy and the corresponding pNREFT depend on the system in consideration, e.g. to describe
Van der Waals interaction between bound states the lowest scale is lower than mv/2



Disentangling the bound state scales at the Lagrangian level has advantages : pNREFT

2

»CpNREFT = /d3T¢T (7/8() IT)YL V)¢ + AL

separates the Schroedinger dynamics of the two particle field ¢ from the low energy dynamics
encodedin AL

PNREFT is the lowest energy EFT that can be
constructed for the NR bound system.

\4
myv
NREFT It implements the Schroedinger eq. as zero order problem,
"""""""""""""""""""""" * define the potentials at the level of the QFT, implements
mv?2 systematically retardation corrections (Lamb shift), it
encodes Poincare’ invariance, and it is equivalent at any
pNRvEFT given order of the expansion to the underlying QF T

Notice: if QFT = QED, pNRQED gives a proper version of Quantum Mechanics

N B., A. Pineda, J. Soto, A.Vairo. Rev. Mod. Phys 77 (2005) 1423

The lowest dynamical energy and the corresponding pNREFT depend on the system in consideration, e.g. to describe
Van der Waals interaction between bound states the lowest scale is lower than mv/2
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Quarkonium with NR EFT
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Quarkonium with NR EFT
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QQbar SyStemS Wlth NR EFT NOn RelatiViStiC QCD (N RQCD) Caswell, Lepage 86, Lepage Thacker 88,

Bodwin, Braaten, Lepage 95
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QQbar SyStemS Wlth NR EFT Non RelatiViStiC QCD (N RQCD) Caswell, Lepage 86, Lepage Thacker 88,
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Quarkonium with NR EFT: potential Non Relativistic QCD Pineda Soto 97, N. B., Pineda, Soto, Vairo 98
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Quarkonium with NR EFT: potential Non Relativistic QCD Pineda Soto 97, N. B., Pineda, Soto, Vairo 98
(PNRQCD)

I R
Q C D \\— ~ m
m at
perturbative matching perturbative matching 099 9.9
----------------------- M u
W
- NRQCD
"""""""""""" T T TR TR SyS ul SR oy-
mv2 | 7on perturbative matching perturbative matching :

(long—range guarkonium) | (short—range quarkonium)

N

i For mv >>Lambda_QCD




Quarkonium with NR EFT: potential Non Relativistic QCD Pineda Soto 97, N. B., Pineda, Soto, Vairo 98
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Quarkonium with NR EFT: potential Non Relativistic QCD Pineda Soto 97, N. B., Pineda, Soto, Vairo 98
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Quarkonium with NREFT: pNRQCD weakly strongly
ﬁoupteci a“:oupl.ed
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M A potential picture arises at the level of pNRQCD:
P NRQCD « the potential is perturbative if mv = Agep
« the potential is non-perturbative if mv ~ Agop

INn QCD another scale Is relevant AQCD
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—1
Bound systems with a typical radius smaller than AQCD

e QFT =QCD
o ltis obtained by integrating out hard and soft gluons with p or E scaling like m, muv.

o The d.o.f. are QQ pairs (sometimes cast in color singlet .S and color octet O)
and ultrasoft modes (e.g. light quarks, low-energy gluons):

¢=25
e The Lagrangian is organized as an expansion in 1 /7 and r.

o The form of AL and of the ultrasoft modes depends on the low energy dynamics.

o The power counting is
— p~ 1/r ~ mu (soft scale),
— E~p2/2m~ VO ~ Py~ 1/Rem ~ mu? (ultrasoft scale),
— operators in AL scale like (my?)dimension



Weakly coupled pNRQCD o Pineda Soto NP PS 64 (1998) 428

. : : Brambilla Pineda Soto Vairo NPB 5o6o (2000) 275
o If mv > Agcp, the matching is perturbative
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Weakly coupled pNRQCD o Pineda Soto NP PS 64 (1998) 428

. : : Brambilla Pineda Soto Vairo NPB 5o6o (2000) 275
o If mv > Agcp, the matching is perturbative

Non-analytic behaviour in » — matching coefficients V/ I:Z;ga‘i?e_ﬁj(zz a;)ejrnurfilfé)iz(zpta)mjed: ]3:: z (ngl'i;falfﬁgf
p- p-
LPNRQED /d% Tr {ST(i0, Vg +---)S +O'(iDyg Vo+---)O+ LO inr
m m
T T | VB T T
1 ’Ibf‘ |
_ZFSVFWG ;@: 11Dq; .
(s Vo(r): > ...
The matching coefficients are the Coulomb potential VS(T) = —CF L 2N 7
1 Va=14+02), Ve =1+ O(a?
Feynman rules A =1+0(a3), Vg =1+ 0O(a)
— 9(t) e~ it(P"/m+V) — 0(t) o —it(P?/m+Vo) (6—7;f dt Aadi)
E — Ofr. gES E = O'{r - ¢gE, O}



Matching the potential that may be computed from first

»Brambilla Pineda Soto Vairo PRD 60 (1999) 091502 principle by matching Green’s functions in QCD with Green’s function in pNRQCD,
VACO R VA ©) it Is scheme and scale dependent, and undergoes renormalization.

O | | | . . .
v =v0 Ty T It may be organized as an expansion in 1/m:

The interaction terms contained in AL provide corrections to the quantum
mechanical picture.

The static potential: VO (@) = lim — In¢ > — AL effects; — exp {ig 7{ dz“’AM}
in weakly coupled pNRQCD T—oo T rxT

Wilson loops (as matching Green’s functions) guarantee gauge invariance.

V(O)(’r,,u’) — Tlim %hﬂ( > — M 4.,
— 00 ' '

= Bo(r) + 1 [ dre YoV (Tre - gB() - gB(0) (1) 4+




Matching the potential o [he potential is a matching coefficient of the EFT that may be computed from first
»Brambilla Pineda Soto Vairo PRD 60 (1999) 091502 principle by matching Green’s functions in QCD with Green’s function in pNRQCD,

VACO R VA ©) it Is scheme and scale dependent, and undergoes renormalization.

0 | | I . . .
vV =v o T T It may be organized as an expansion in 1/m:
e The interaction terms contained in AL provide corrections to the quantum
mechanical picture.
o The static potential: vO(r) = lim - In < > — AL effects; = exp {zg}l{ dz“’Au}
in weakly coupled pNRQCD T—oo T’ rXxT

Wilson loops (as matching Green’s functions) guarantee gauge invariance.
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The QCD static potential at N*4LO
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a S QQbar singlet static energy at NNNLL in pNRQCD in comparison with

unguenched (n_f=2+1) lattice data (red points,blue points)
Bazanov, N. B., Garcia, Pefreczky, Soto, Vairo , 2012, 2014, with Weber 2019
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First lattice

calculation of the QCD static ™

energy with n_f=2+1+1,
|.e. with charm effects

0.0 A
Can be used to —0.5-
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O
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Finite charm mass effect ']
Should be implemented in

perturbation theory ‘*’
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TUMQCD
N.B., Delgado, Kronfeld, Leino, Petreczky,
Steinbeisser, Vairo, Weber Phys.Rev.D 107
(2023) 7, 074503 -

TUMQCD
Our lattice QCD collaboration with mission to
complement EFT methods and lattice QCD
to obtain strong interaction observables



" N mo? ln s Brambilla Pineda Soto Vairo 99, Kniehl Penin 99
Energies at order m alpha™5 (NNNLO) mo} Kniehl penin Smirnov Steinhauser 0  NNLL Pineda 02

NNNLL Peset Pineda et al 2018,2019, Kiyo Sumino 2014, Beneke, Kiyo Schuler 05,08
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Applications of weakly coupled pNRQCD include:
ttbar production, quarkonia spectra, decays, E1 and M1 transitions, QQq and
QQQ energies, thermal masses and potentials









Bound systems with a typical radius
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A QED — A > Mmu E
E ' Qe 4 QCD
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Higher excitations
develop a gap of order Lambda_QCD

Introducing a finite mass m:
» The spectrum of the mvA2 fluctuations around the lowest static energy is the quarkonium spectrum

» The spectrum of the mvA2 fluctuations around the higher excitations is the exotic spectrum (hybrids and tetraquarks)
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A QED — A > Mmu E
E ' Qe 4 QCD
fast (gluons, light quarks) and slow (heavy quarks) Aocn
like in molecular physics (fast-electrons, slow nuclei)

Born Oppenheimer
Description

Braaten PRL 111 (2013) 162003
Braaten Langmack Smith PRD 90 (2014) 014044 >

>

r

Higher excitations
develop a gap of order Lambda_QCD

Introducing a finite mass m:
» The spectrum of the mvA2 fluctuations around the lowest static energy is the quarkonium spectrum

» The spectrum of the mvA2 fluctuations around the higher excitations is the exotic spectrum (hybrids and tetraquarks)

Nonperturbative matching to the pNREFT

‘Q; X1X2> — > [(QQ);) — Quarkonium Singlet

t ticall
systematically iy - E, (7“)— >V, (7“) pNRQCD

(H|H|H) = (nljs| 2+ 37 =

nljs) )
- n > 0;x1x2)— > [(QQ)g"™) — Higher Gluonic Excitations
expand quantomechanically NRQCD states and N =

energies in 1/m around the QQqq)

zero order and identify the QCD potentials 72(0) (r)— > 1/7(0) (r) BOEFT

Tetraquarks



Strongly coupled pNRQCD for quarkonium muv ~ AQCD
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pNRQCD and the potentials come from integrating  777)2
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e A pure potential description emerges from the EFT however this is not the constituent
quark model, alphas and masses are the QCD fundamental parameters

e The potentials V = ReV + ImV from QCD in the matching: get spectra and decays

e \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
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pNRQCD and the potentials come from integrating  777)2

N _ out all scales up to

, | | * gluonic excitations develop a gap AQCD and are integrated out
= 1 — The singlet quarkonium field S of energy mu? Brambilla Pineda Soto Vairo 00
m} Is the only the degree of freedom of pNRQCD
= Or (up to ultrasoft light quarks, e.g. pions).

-1

2 i S ' p° -

¢ K._ o L = Tr {S' (’580 - \@) S} +AL(US light quarks)

0.5 1 1.5 2 2.5 3
r/rg
Bali et al. 98

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

e The potentials V = ReV + ImV from QCD in the matching: get spectra and decays

e \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 at LHC, studies of confinement



The singlet potential has the general structure 1 1

the fact that spin dependent corrections appear V=" mV1 | = (Vsp + Vv p)
at order 1/m”2 is called Heavy Quark Spin Symmetry A

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

gauge invariant wilson
loops can be calculated also In
QCD vacuum model and large N

» Pineda Vairo PRD 63 (2001) 054007
'Brambilla Pineda Soto Vairo PRD 63 (2001) 014023
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The singlet potential has the general structure 1 1

e | |
the fact that spin dependent corrections appear Vo= Vo mV1 ST (Vsp +Vvp)
at order 1/m”2 is called Heavy Quark Spin Symmetry éic \,\\med/epv ondent Tvelocity dependent

VS(IQD):—T—CFGk”i/ dttd[s 3]> Li-Sa4(1+2) |V
0

72

1 O
V(l):——/ dtt k oo _
2 Jo < / —T—<CF6k”i/ dtt (i 3| ZCFZ 1V’“V(0)>L1.Sl—|—(1<—>2) vy
0

auge invariant wilson
gaug = 8i .

loops can be calculated also in _C%,f,az.f,aji/ dt(( iy - 24 >> <S1 . So —3(S; - £)(Sa - 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 ]

(

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

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

e 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



Exotics: Hybrids



Exotics: Hybrids

Lattice Spectrum of NRQCD
hybrid static energies E*0 n

0-9 1 1 | | I I

atEr B=25 N=4
ag~0.2 fm
.5 L Gluon excitations N=3

u .
short distance
degeneracies

0.3 L ' ' ' ' ' '
= [ X1 — X9
Juge Kuti Mornigstar 98-06

Schlosser, Wagner 2111.00741, Bali Pineda 2004

0 Capitani Philipsen Reisinger Riehl Wagner PRD 99 (2019) 034502



Lattice Spectrum of NRQCD
hybrid static energies E*0 n

0-9 1 1 | | | | |
atEr B=25 N=4
ag~0.2 fm
.5 | Gluon excitations N=3

— *
ag/a; =25

2=0.976(21)

u .
short distance
degeneracies

0.3 L~ | |
= [ X1 — X9

Juge Kuti Mornigstar 98-06

Schlosser, Wagner 2111.00741, Bali Pineda 2004

0 Capitani Philipsen Reisinger Riehl Wagner PRD 99

Exotics: Hybrids

| |

~Degeneracy

IGround state

igluon: Quarkonium

(2019) 034502

0.2 0.4

Schlosser and Wagner Phys. Rev. D. 105, (2022)

r [fm]




Hybrids static energies at

short distances

The BOEFT characterises the hybrids static energy for short distance

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O2, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R, r,t).

:
the hybrid ) static energy can be written as a (multipole) expansion in r:
o 5F :
& octet potentla\IT, s non perturbative coefficient
m 4 E _— | A _|_ CLM
. g | g coe
S or
EI I . 2 o} ad]
] A, isthe gluelump mass: Ay = T11_>moo - In(H (T/2)¢a2~‘ (T/2,—T/2)H"(~T/2))
> | | calculated on the lattice Foster Michael PRD 59 (1999) 094509
0 0.5 1 1.5 2 25 Bali Pineda PRD 69 (2004) 094001
"fo Lewis Marsh PRD 89 (2014) 014502

ay can be expressed as field correlators (single line = singlet, double line = octet), e.g.,

Ha

Gluonic excitation operators up to dim 3
NG
ty | 17 r-B.r-(D xE)

KFPC
Iy {lrey
T |1

In the limit r — 0 more symmetry: D, — O(3) x C Ng | 1
2, | 277
» Several A7 representations contained in one JPC representation: Mg 27"
» Static energies in these multiplets have same r — 0 limit. éf §+_

u

. | . o n, | 2+-
The gluelump multiplets >, 11,,; 377, T1,; >, 110, A, 3, 1T, A, are Al | 2+-

degenerate.

rxB,rx (D xE)
r-E,r- (D xB)
rx E,rx (D xB)
(r-D)(r - B)
rx ((r-D)B + D(r-B))
(r x D)/(r x BY + (r x DY(r x B)'
(r-D)(r-E)
rx ((r-D)E+ D(r-E))
(r x D)/ (r x EY 4 (r x DY(r x E)’



The first hYbrld static energy excitation 0 Berwein Brambilla Tarrus Vairo PRD 92 (2015) 114019
Oncala Soto PRD 96 (2017) 014004

BOEFT f()I’ EHu and EE_ hybrlds Brambilla Krein Tarrus Vairo PRD 97 (2018) 016016

i+ V2
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PLO%r, R, t)H(R,t) = Z, V5 (r, R, 1) Y \ m
o A=£1,0; 7 =7and ik, =F (0 £idt) /V2.
o) (i) (i)
° V1—|——)\>\/ —V e / 1 AN/ 1 AN/ o . . |
14— A (O)m m<(2)> o o o fitted from the lattice hybrids
o Forthe static potential: V', '” | |, =0 xx/ V11 |, with V" = E — Vi = By static energies
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BOEFT f()I’ EHu and EE_ hybrlds Brambilla Krein Tarrus Vairo PRD 97 (2018) 016016

r | v V2 v
LBOEFT for 1+— = /dg"“ ZT” \IJJ{-I-—)\ (Za@ — Vit—an (1) +7°ZAT_T"“ZA/> ‘I’1+—Af}

T Ma ta _
P O*(r,R,\))H(R,t) = Z,V.A\(r, R, 1) W L m

e A==+£1,0; 7 =¢iandsi, =F (é"ﬁ + ng) /2.
(1) (2)
v v
o Vigoyn =V 4 A IERAN . . .
m m - fitted from the lattice hybrids
» For the static potential: V. | |, =6, VY with v =B, v | =En,. static energies

The LO e.o.m. for the fields ¥’

| +— are a set of coupled Schrodinger equations:

: V72~ 0 § : n
L A/ .

The eigenvalues £x give the masses M of the states as My = 2m + En.

’ V2 . V2
(2 o T vy
m

m
'VZ
/'f'i

7%, | called the nonadiabatic coupling.
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: nad AT
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LBOEFT for 14— = /d ZT“ ‘I’L A\

AN/ N

i TVQ
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™m

fitted from the lattice hybrids

(V) “»D(N )

>, _ gN >

N N
) )

Mixing remove the degeneration

A1) L(2)
V1+_>\)\’ — Vl(—E)_)\A’ | L2 AN | 1+_2>\A/ o : :
m m - static energies
For the static potential: V.Y, =6, VY. with v = Ey - v =En,.
N 1+ 1) +2 211+ 1) N EY 0
T
m?“2 o 2 /I1+1) 1(l+1) 0 EY
1 9 125 [(l+1) EO | 4™ _ g ™)
Comr2 T o2 T A i

@ /(I +1) is the eigenvalue of angular momentum L° = (LQQ -+ Lg)é

@ the two solutions correspond to opposite parity states: (—1)' and (—

@ corresponding eigenvalues under charge conjugation: (—1)'™* and (—

among opposite parity states:
->Lambda doubling
existing also in molecular physics

1)l—|—1
1)l—|—3—|—1



One Born—Oppenheimer Effective Theory to rule them all:
hybrids, tetraquarks, pentaquarks, doubly heavy baryons and

quarkonium

Matthias Berwein,! Nora Brambilla, %2 Abhishek Mohapatra,'>* and Antonio Vairo!

The discovery of XYZ exotic states in the hadronic sector with two heavy quarks, represents
a significant challenge in particle theory. Understanding and predicting their nature remains an
open problem. In this work, we demonstrate how the Born—Oppenheimer (BO) effective field
theory (BOEFT), derived from Quantum Chromodynamics (QCD) on the basis of scale separation
and symmetries, can address XYZ exotics of any composition. We derive the Schrodinger coupled
equations that describe hybrids, tetraquarks, pentaquarks, doubly heavy baryons, and quarkonia
at leading order, incorporating nonadiabatic terms, and present the predicted multiplets. We
define the static potentials in terms of the QCD static energies for all relevant cases. We provide
the precise form of the nonperturbative low-energy gauge-invariant correlators required for the
BOEFT: static energies, generalized Wilson loops, gluelumps, and adjoint mesons. These are to
be calculated on the lattice and we calculate here their short-distance behavior. Furthermore,
we outline how spin-dependent corrections and mixing terms can be incorporated using matching
computations. Lastly, we discuss how static energies with the same BO quantum numbers mix
at large distances leading to the phenomenon of avoided level crossing. This effect is crucial to
understand the emergence of exotics with molecular characteristics, such as the y.1(3872). With

BOEFT both the tetraquark and the molecular picture appear as part of the same description.



XYZ are a formidable opportunity to learn more about the fundamental strong force!
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125 channels between quarkonium
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Low energy (nonperturbative) factorized effects
depend on the size of the physical system

The EFT factorizes the low energy nonperturbative part.
Depending on the physical system:

local condensates
(F2(0)) T(15), ...

AQCD < mu?

non local condensates

o L
Agep ~ t | (F'(¢)F{0); annihilations, short range e, bb, gluelumps, ...

Agcp ~ loop (eig $ dzA(z)y  |ong range cz, bb, hybrids, glueballs, ...

Wilson loops

The more extended the physical object, the more we probe
the non-perturbative vacuum.



Low energy (nonperturbative) factorized effects GAIN: Jl Inside the EFT:Model independent predictions,
depend on the size of the physical system power counting

The EFT factorizes the low energy nonperturbative part.

Depending on the physical system: Lattice Calculation of only few nonperturbative objects,

universal and depending only on the glue—>
local condensates at variance with the state dependent calculation of
each single observable with the full dynamics!

(F2(0)) T(15), ...

non local condensate

Agep ~ t (F(t)F(0); annihilations, short range ¢, bb, gluelumps, ...

Inside the EFT: flexible phenomenological applications,
(ei9 $d=A(z)\y  |ong range ez, bb, hybrids, glueballs, ... understanding of the underlying degrees of freedom
and dynamics

Agop ~ loop

Wilson loops

The more extended the physical object, the more we probe

the non-perturbative vacuum.

problem of slow
convergence to continuum—>
cured in gradient flow!

As TUMQCD Lattice collaboration we

are addressing theseproblems
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Outlook

Nonrelativistic multiscale systems are formidable tools to probe strong interactions and play a key role in many
processes at the frontier in particle physics

PNREFT gives us a novel interpretation of the non relativistic problem and the Schroedinger equation (QM) from
field theory and allow to describe NR multi scales systems in QFT

Allow us to make calculations with unprecented precision and to systematically factorize short from long range
contributions —> in particular we can explore new characteristics of the strong force

The pNREFT approach is very versatile and flexible, could be applied to many different problems in
QED, atomic physics, condensed matter

Combining pNREFTs and other EFTs (Chiral, HTL..) , lattice calculations and new concepts (open quantum systems) we
can address relevant contemporary problems:

e The XYZ world

e Quarkonium production: we can factorize the LDMEs in low energy correlators to be calculated on the lattice!
e Quarkonium potential and spectrum at finite temperature: pPNRQCD +HTL , new paradigm on suppression
e Nonequilibrium evolution of quarkonium in QGP: pNRQCD + HTL+open quantum systems+ lattice: Linblad egs

e Dark matter pairs in early universe: pNREFT + HTL+open guantum systems: cross section and evolution

e Applications to Jets, neutrinos, cosmology, quantum information



Thanks Peter!

The future of
heavy quarks Is
bright because

You have been tremendously
Inspirational for us and your legacy
IS terrific!
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LDMEsSs in pNRQCD

The pNRQCD factorization formulas for P-wave quarkonium em production are

N I 21
<Q|OXQJ(3P}1];em)\Q> :(2J+1)3 IR (0)]% |14 az: - O (v*)

27T ) 3 m _

Ne 4
Q7X@ (3P em)|Q) =(27 + 1) 22 | R/ (0) 22 &

2T 3m

N 2 )
@Pxas (3P em)|Q) =(27 + 1) 32 R O) |me — Z& +0 (+*)
7-‘- o —

R’(0) is the derivative of the radial wavefunction at the origin, and ¢ the binding energy.

1
2N ¢

n

/oo dt t™(QgE»* (t)®%°(0,t)gE»"(0)|Q)
0

®2b(0,t) is a Wilson line in the adjoint representation connecting (¢, 0) with (0, 0).



Chromoelectric correlators tor electromagnetic production

The wavefunctions at the origin may be computed solving the equation of motion of
PNRQCD with potentials determined from lattice QCD or via phenomenological models.

The correlators can be fitted on data for xco(1P) — v, xXc2(1P) — ~vv and
glete™ = xc1(1P) +7) (= 17.3f§:3 + 1.7 fb at /s =10.6 GeV from Belle).
o0Belle coll PRD 98 (2018) 092015

The correlators are universal: they do not depend neither on the flavor of the heavy
quark nor on the quarkonium state:

E1 = — 0201_8?‘[1 + 0.90 GeV?

i€ =0.7717 20 & 0.85 GeV

The universal nature of the correlators allows to use them to compute cross sections
(and decay widths) for quarkonia with different principal quantum number and bottomonia.



LDMEs in pNRQCD

The pNRQCD factorization formulas for P-wave quarkonium hadroproduction are

3N,
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Qloxes 3PNy =27 + 1) x

(Qloxer 350y =27 + 1) x

R(0)(0) is the derivative of the radial wavefunction at the origin at leading order in v.
LDMEs are polarization summed in the case of x o s states.

The above expressions imply (at leading order in v) the universality of the ratios

m2(Qloxes 3sBh o) m2@Qoredsfn) ¢

@oxespithiay — (ooreptha) 9N

3 o0 . . .
E = F/ dt t / dt’ t’ <Q|<I>}ab<1ﬂad(o;t)gEdﬂ(t)gEe’Z(t’)cb‘%(o;t’)cb’gﬂm
c JO 0



~ 2N.m? 4mr
O
_ 1 3RP )P
6N .m? 47

810;10 —

dda’c/ dtq t1/ dto gEb’i(tg)
0

t1

X Y (t1;t2)gEY (1) DY (0;11)D57 Q)

/ dt gB% (1) D& (0; £)DLe|Q)
0

/ dt gE® (t)®3°(0; 1) DI°|Q)
O

2




