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Nonrelativistic (NR) bound states lie at the core of quantum physics spanning particle to nuclear physics, and
condensed matter to astrophysics

They are at the origin of several past and contemporary revolutions.

They are multiscale systems, which is an opportunity for the physics but a challenge for a QFT description



Nonrelativistic (NR) bound states lie at the core of quantum physics spanning particle to nuclear physics, and
condensed matter to astrophysics

They are at the origin of several past and contemporary revolutions.

They are multiscale systems, which is an opportunity for the physics but a challenge for a QFT description

Focus of the lecture

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

This framework is particularly suited to address strongly interacting systems
PNRQCD 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..)

Novel tools to bridge perturbative methods with lattice QCD are key to this program, as well as the combination
between different EFTSs




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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Revolutions

The prototype of NR system is the hydrogen atom and it is at the origin of the quantum revolution
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NR bound states accompanied the history of guantum 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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....to the relativistic quantum theory of bound states and its problems
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e 1951 Bethe—Salpeter equation:  « cumbersome in perturbation theory :

{ G =Go+ GoKG 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
Go =90 ® 95 ma® In a term took twenty-five years!

o Karplus Klein PR 87(52)848, Caswell Lepage PRA (20)(79)36
Bodwin Yennie PR 43(78)267

e poorly suited to achieve factorization (important in QCD)



Past
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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Aubert et al. BNL 74



The November revolution in the '70s: more quarkonia
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The November revolution in the '70s: more quarkonia

Cornell potential

bb cc linear




The November revolution in the '70s: more quarkonia

Cornell potential
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The November revolution in the '70s: more quarkonia

Cornell potential
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Variety of potential models used, including relafivistic corrections
confinement and asymptotic freedom--> main

properties of QCD



our present knowledge of particle physics is in

Standard model of Particle Physics
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our present knowledge of particle physics is in

Standard model of Particle Physics
A quantum field theory based

on the gauge principle
tested up to the Tev=1(1%eV
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our present knowledge of particle physics is in

Standard model of Particle Physics
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A quantum field theory based
on the gauge principle
tested up to the Tev=1(1%eV
and up to 10~ "m

Differently from the other parts of the
theory the low energy region of QCD
cannot be studied by expanding in a
small coupling constant, i.e. in
perturbation theory. The non-
perturbative nature of the QCD
vacuum is a major difficulty that
affects the determination of several
observables in Particle Physics and

some of the parameters of the
Standard Model.



Quantum chromodynamics (QCD)
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Quantum chromodynamics (QCD)
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Gluon field

Quark field

Interaction vertices
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Quarkonium scales
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The rich structure of separated energy scales makes QQbar systems an ideal probe of strong interactions

o The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.
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quarkonia probe the perturbative (high energy) and non
perturbative region (low energy) as well as the transition
region in dependence of their radius r



The rich structure of separated energy scales makes QQbar systems an ideal probe of strong interactions

The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.
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Today NR bound systems are at the center of new Revolutions
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Constituents of matter and fundamental forces
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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 REVOLUTION: A New Spectroscopy Is Born!

Some surprisingly narrow states even if
above/at strong decay thresholds
Nature Phys. 18 (2022) 7, 751-754

Produced in heavy ions where the deconfined strongly
coupled QCD medium (Quark Gluon Plasma-QGP) is formed
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» XYZ REVOLUTION: A New Spectroscopy Is Born!

Some surprisingly narrow states even if
above/at strong decay thresholds
Nature Phys. 18 (2022) 7, 751-754

Produced in heavy ions where the deconfined strongly
coupled QCD medium (Quark Gluon Plasma-QGP) is formed
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XYZs not merely composite particles, have unique properties

Novel strongly correlated exotics systems



The present revolution: XYZ a great theoretical challenge

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding.
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The present revolution: XYZ a great theoretical challenge

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

the blind men

. “wsa ) and the elephant
*Models assume some special degrees of Fanl P

freedom and a model interaction @ - %

adjoint tetraquark

dlquark diquark

“from E.
Braaten

heavy meson molecule Ompact tetraquark

oL attice calculation of exotics masses are limited by the large number of open decay modes and they are not
Immediately suited for production and in medium studies

A flexible approach rooted in QCD that can address all properties of XYZ, spectra,
transitions, production, propagation in medium is needed allowing also to study
the nature of the QCD force
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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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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
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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
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o Evolution equation: (9; + 3H)n = —§<O'eff’0re]>(’n/2 —ngy) I
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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
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Including dissipation, decoherence and recombination
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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
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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

Diathicult also
tor the lattice!
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What is the bound state wave function of
hydrogen atom!? Does it depend on the coupling
constant! Does this helps you to understand
th origin of the difference of a bound stte

calculation with respect to a on shell scattering
calculations!? is the bound state problem in QED
nonperturbative! in which sense! what is the
difference with the bound state problem in

QCD?




Disentangling the bound state scales at the Lagrangian level 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

Ill. 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

IV. 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 (Z@() 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
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2

»CpNREFT = /d3T¢T (Z@() 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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a hierarchy of EFTS can be formulated in
correspondence to the hierarchy of scales

<

f
v

An effective field theory makes the expansion in A/A explicit at the Lagrangian level.

The EFT Lagrangian, Lg7 , suitable to describe /1 at scales lower than A is defined by
(1)acutoff A > u > A;
(2) by some degrees of freedom that exist at scales lower than p

— Lprpr7 IS made of all operators O,, that may be built from the effective degrees
of freedom and are consistent with the symmetries of L.



How 1o build EFTS

Tower of interactions beginning with conventional
renormalizable interactions but going on to include
nonrenormalizable interactions of arbitrarily high dimensions



How to build EFTS

e energy operator
On (1, A
LEpT = ch(A, n XL )

n
Wilson coefficient large scale
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How to build EFTS

lIow energy operator

O 12y A
LErT = Z cn (A, 1) /(\n |
\S:lm., sk EQmbscocs i larae scale

e Since (O, ) ~ A" the EFT is organized as an expansion in )\ /A.
Power counting

e The EFT is renormalizable order by order in A/A.
Modern view on “renormalization”

e The matching coefficients ¢,, (A /1) encode the non-analytic behaviour in A. They
are calculated by imposing that LrrT and £ describe the same physics at any
finite order in the expansion: matching procedure. o

’ 70 Matching

o IfA> Aqcp then ¢, (A/pr) may be calculated in perturbation theory.

e Symmetries of the system become manifest;
eLarge log(A/A) can be resummed via RG. (Renormalization group |



To address the research frontier of strong interactions we
need to construct effective field theories and complement them
with lattice
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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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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

Vo 0 PNQQQB FNQQC‘B
Q C D (GeV) #.______.--- - *'H-QC [
m | | . . »
perturbative matching perturbative matching 2 |
| PP
....................... e L LCLL LT T V| I’-DWJ'}’T”QQQ;’, jZ:HfQﬁ‘T’”QQQ
I Yi_f F VR
W/ I
" NRQCD Prefe e
( | -
....................... e Lll 2 rifm)
myv 2 nonperturbative matching perturbative matching 1 '- f
(long—range quarkonium) | (short—range quarkonium) b [

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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N.B. Vairo, etal. 00-024
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-perform the matching by equating a Green function or the Feynman diagrams for a given process (at
scale below the cutoff of the EFT) in the initial theory and in the EFT (at the desired order of the
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graphs 1n full theory = graphs 1n effective theory + c¢;.

-perform the calculation by expanding the propagators in the integrals in the smaller scales which
guarantees that only the scale that is being integrated out contributes (then the loop integral in the EFT do
not contribute)
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example QCD—> NRQCD, integrate out m
/ d'qf(q,m,|p|,E) = / d'qf(q,m,0,0) +0(—.—) ~C(%)(tree level)|v rgcp

QCD

VROCD

/d‘r;lf(q~ p|,E) = /ddqf(q.O,
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Manohar 97
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here p Iis an external momentum smaller than the cutoff

uating a Green function or the Feynman diagrams for a given process (at
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e/ N
| ™
OCD NROCD

A

-xample: NRQCD—-> pNRQCD, integrate out k (transfer momentum
between quark and antiquark)

NRQCD / d*qf(a,k,|p|,E) = / d‘qf(q,k,0,0)+0(%,|—‘,:')~ V(E) (tree level pNRQCD)

pNRQCD [ d'af(a,Ipl.E) = [d'af(a,0,0)=0

> >
p P |
' N
:k:p—p, NS (—18 - n\V/
I k 2 1
I
|
1 !
o ' 2 -
: : v, gS—(]nk+c)= V)
1: ! m 2
mi | ‘ Y,

NRQCD pNRQCD
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guantum mechanical and field theory perturbation theory

if Agep ~mv =k

the matching is nonperturbative and the potentials
are given in terms of gauge invariant generalised
Wilson loops to be evaluated on the lattice




Notice:

-the matching coefficient c_i are 1 or zero at tree level,
they are gauge invariant and scheme dependent—->

in lattice regularisation these matching coetticients are typically not known
(too difficult a calculation)

-while integrating out the biggest scale we do not need to

decide the hierarchy among the remaining scales, this will be set later (power
counting on the basis of the physics of the system)—>reason for which

the matching to HQEFT and NRQCD is the same

-Once the ¢ I/f | have been calculated and the EFT Is known at the

desired order, It can be used to calcu’
guantum mechanical and field theory The propagators Of the NREFT
have a noncovariant structure—>

we have created a dedicated automatic

if Agep ~mv =k symbolic calculation program to address
the matching it these calculations (tree, 1 loop) see
are given in te ‘FeynOnium’ 2006.15451
Wilson loo N.B., H. S. Chung, V. Shtabovenko, A. Vairo
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The power counting, the zero order problem and the propagator
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Heavy-light mesons, next scale after m: Lambda_QCD > HQET

2 2 . :
Do ~ Aocp b* Agep propagator z/(ko + 7€),
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D* i
D() ~ ’TT?/U2 % ~ mQ}Z propagator (kO — K2/2m + ie)




NRQCD/HQET

HOET and NRQCD is obtained by integrating out modes associated with the scale

First two terms: 1/):[ (z Do + E n ) b - 1 = Paulispinor

Tre

The power counting, the zero order problem and the propagator
depends on the physics

Heavy-light mesons, next scale after m: Lambda_QCD > HQET

2 2 . :
Do ~ Aocp b* Agep propagator z/(ko + 7€),

2m m

Quarkonium, next scale after m: mv > NRQCD

D~ j
D() ~/ m”U2 % ~ mvz propagator (kO — K2/2m + ie)

the tfermion bilinear part is the same in NRQCD and HQET but the physics and the
power counting are different




Heavy-light system: Heavy Quark EFT

(g scales and HQET

The mass scale Is perfurbative:

m ﬂ.qg]j

The system is charactenzed by the scales:

m i 1fT o ﬂQED

At scales lower than m the symmeitries hidden in QCLD become manifest:

SU(2), x SU(2)5

D* S.gB S.[Dx,gE . gE
L::QT{@DD}QJFQT(—JFEF J +a?c5%+cﬂ[[;ﬂ;]+...)q

2m T dm



--Can you understand why the heavy-light case

and the leading HQET display a
SU(2) spinX SU(2) flavor symmetry?
Is this symmetry realized in the heavy-light
mesons? have a look at PDG and find it out!
Is this symmetry already there in QCD or is it an

additional symmetry? Apart from the antiquark
term and the four fermion terms this Lagrangian
is equal to the NRQCD Lagrangian.
However the physics of QQbar and of Qg system
is very different....so, how can it be!
(the power counting is different)




Caswell Lepage 86, Bodwin Braaten Lepage 95, Manohar 97

Y () IS the field that annihilates (creates) the (anti)fermion.

» The relevant dynamical scales of NRQCD are: mv, mv?, ...

o Low-energy scales may be set to zero while matching.



-- is this Lagrangian the same
that you would get with a nonrelativistic

expansion of the QCD Lagrangian? what is the
difference! and what is the origin of such
difference?




Matching calculation : c F

NRQCD QCD

/O'-B

& i)

E N Y+ _ E N \{+
|

amplitude for spin flip scattering calculated in QCD and in NRQCD

ey

+

extraction of c F



£:¢T (ZDO | D2 ICFSQB ICD[ngE]
2m m 8m?
| |
L
L+ (- ) as +

K

1 a a v nf =~ A
_ZFWF a —I—Zqleq—l—...



D* S - gB D-. gE
L=y iDgA - ep Y :cD[ ’g]:... Y
2m m 8m?
| | | " CGounting In a.(m):
LA () as + .. C'y o m
("F—l 5 - IOgI‘F
| gRef T @ | 2 8 (Ve
cp =1+ §CA+§CF -
+ZL¢TKXXTK¢+--- . | . 7:
— m? I = 0O(as) Im/ = O(a;)
1 =
— F e+ > qiPg+...
“Counting In The power counting is not unique.
. o 1
1) [ EPxdy~1= 1|2 ~ ~ m°y°
| / o 4 (Ax)3

;| [\’(d) ~ (‘772.-1:’)(1 (eg gE gB ~ 77121‘;2 , 1) ~ 7’72’1”)
3) Do ~muv?®  (virial theorem)



| D> S-gB D-. ¢E
Ezw‘L(zDolzmlcF W‘? ICD[STTLLQQ]I.”>¢

| | " Counting IN a.(m):

L
1 _|_ ( . ) g —|— .« .. | CA Ol m
cp =1 9 lOg—+ Cs :2('F_1
7 1L
[ GRef + @ 2 8 g m
cp =1+ —CA—F‘—CF —lOg_+
fo ot K 5! 3 0§ 1L
" ; Ww R [ = 0O(as) Imf = O(ar)
. n The power counting is not unique.
—ZFS,/FCL s Z q z’qu + ... E.g. in Lepage et al. 92 (“standard NRQCD power counting’):
gAg ~ mv?, gA ~ mv3, gE ~ m?v?, ¢gB ~ m?v*.
“CGounting In v The power counting is not unique.
1
] Ex T ~ 1= [1h]2 ~ ~ m°v°
) / T ¥ (Ax)3

2) K9 ~ (mv)? (e.g. gE, gB ~ m?v?, D ~ mv)

/

3) Do ~muv?  (virial theorem)

/




Octets

H) = (|(QQ)1) + [(QQ)sg) +--+) ® |nljs)
O(1) O(v)

Indicate the

2511 angular momentum state
01( L.]) of the QQ pair that is

5611 created or anihilated by the
08( N L.]) operator

DITxTT=0g('So)  PTDxTDyY=0('P)
O(1) O(v?)



once you have constructed the EF 1, established the
power counting and calculated the matching
coefficients you can start applications to
calculations of spectra, decays, production..
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RQC

RQC

RQC

D Is used In lattice calculations: spectroscopy, decays

D is used to study quarkonium production at LHC and

D Is used to study quarkonium inclusive decays

3 factories




pN RQCD pNRQCD is the EFT for nonrelativistic quark-antiquark pairs (QQ) near threshold.



pN RQCD pNRQCD is the EFT for nonrelativistic quark-antiquark pairs (QQ) near threshold.
2

with respect to LONREFT = / d%ﬁ(i@o L Vo + AL

T

It is obtained by with p or E scaling like m, muw.

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):

The Lagrangian is organized as an expansion in and

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

The IS
— p~ 1/r ~ mu (soft scale),
— E~p?2/2m~VO) ~ Py~ 1/Rem ~ mu? (ultrasoft scale),

— Operators in A’C Scale Ilke (mUQ)dimenSion' o Pineda Soto NP PS 64 (1998) 428

O Brambililla Pineda Soto Vairo RMP 77 (2005) 1423 Brambilla Pineda Soto Vairo NPB 566 (2000) 275



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/ 'Xz;gaig;e_ﬁj(zza;)erul’fipé)lz(zpta)mjed: ]:-:- z (ngzggarﬁ?zs
p- p- -
LPNRQED /d% Tr {ST(i0, Vg +---)S +O'(iDyg Vo+---)O+ LO inr
m T
V
+Va(STr - gEO + O'r - gES) A QB(OH- - gEO+O0'0Or - gE)} + ... NLO inr

',bf'
1 _ .
— 3 FT > i ilDg
i—1




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 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.

v =1 | - | 3 - It may be organized as an expansion in 1/m:

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



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.

v =1 | - | 3 - It may be organized as an expansion in 1/m:

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

NRQCD static energy E_O

o The static potential: vO @) = lim L In ¢ > — AL effects; = exp {zg% dz“’AM}
rXT

T—oo T

in weakly coupled pNRQCD Wilson loops (as matching Green’s functions) guarantee gauge invariance.

Perturbation theory describes Eq(r) in the short range (rA < 1, as(1/r) < 1):

CF s

Eo(r) = As (1+#Hos+H#Ho2 +#Ho2 +#ol Inas+#at In? ag+#aot Inag+. .. )

o FEy(r) is known at three loops.

e In ag signals the cancellation of contributions coming from different energy scales:

H Qs /T
- In

| =3
N O n 1/ .

o Brambilla Pineda Soto Vairo PRD 60 (1999) 091502



V(O)(r,,u/) = Tlim %1]{1( > — M + -
— 00 - -

= Bo(r) + /Ooodt@‘”(‘”O‘VNTrr-gE(t)r-gEm»(u’) Ty




VO (@) = lim %ln( N &% TERSY
—> OO / \

+ A (9 Schroeder 99, Peter 97

+ (O‘S(l/r)>4 '
A

ai’z, ai’ N.B., Garcia, Soto, Vairo 06

7% C3 Bo(—5 A 61n2)> Inrp’ + -

I } coeff l’rLT,LL N.B. Pineda, Soto, Vairo 99

ag Anzal, Kiyo, Sumino 09, Smirnov, Smirnov, Steinhauser 09



VO = lim %ln( N - &% o

n (Ozs(l/’r)>3 _1671-2 5 ] a1 Billoire 80

(9 Schroeder 99, Peter 97
4 -
L (s
A7t

ai’z, ai’ N.B., Garcia, Soto, Vairo 06

16
ay?n?rp’ + (aff | 9 7 C% Bo(—5 - 61n2)> Inrp +---

I } coeff lnT,LL N.B. Pineda, Soto, Vairo 99

ag Anzal, Kiyo, Sumino 09, Smirnov, Smirnov, Steinhauser 09

at the logs level
3LOOPS REDUCES TO 1LOOP IN THE EFT
ALOOPS REDUCES TO 2LOOPS IN THE EFT



VO (r, )

Th_)moofln< > — M 4.
)

2
VO ) = — oy 2 {1 Cas(/r) (asu/r)) .

r 477
1 311672 ]
n (Oés( /T)> n Ci lnr,u’—l—ag
A 3 1

A7

aq Billoire 80

(9 Schroeder 99, Peter 97

W2 )L

(1 4 r 16 I coeff l’rLT,LL N.B. Pineda, Soto, Vairo 99
+ (a ( /T)> ay?Inru’ + (aff | 9 7% C3 Bo(—5 A 61n2)> Inry’ + - - }

at the logs level
3LOOPS REDUCES TO 1LOOP IN THE EFT
ALOOPS REDUCES TO 2LOOPS IN THE EFT

ay =, ay N.B., Garcia, Soto, Vairo 06

ag Anzal, Kiyo, Sumino 09, Smirnov, Smirnov, Steinhauser 09

Two problem:s:
1)Bad convergence of the series due to large beta_0 terms
2) Large logs

The eft cures both:

] ) Renormalon subtracted SCheggneeke 98, Hoang, Lee 99, Pineda 01, N.B. Pineda

izati - Vairo 09
2) Renormalization group summation of the 18gs "
up to NA3|LL (aé—l—n In™ @S)N. B Garcia, Soto Vairo 2007, 2009, Pineda, Soto



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-
extract alpha s with
n f=2+1+1 =
O
oy —1.0-

Finite charm mass effect ']
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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



Applications to Quarkonium phySiCSZ for references se§ the QWG doc
systems with small radius arXiv:1010.5827

c and b masses at NNLO, N3LO*, NNLL*:
B. mass at NNLO:

Penin et al 04

BZ, ne, n, masses at NLL; Kniehl et al 04 The group of

Quarkonium 1P fine splittings at NLO;

Y(1S), 0, electromagnetic decays at NNLL; Yu. Sumino, H.Takaura,

T (1S) and J /v radiative decays at NLO; N.B.etal 010 Yu. Kiyo calculates higher

T(1S) = ¥1p, J/¥ — yme @t NNLO; order perturbative corrections
tt cross section at NNLL;
(N4LO)

and renormalon subtraction

QQq and QQQ baryons: potentials at NNLO, masses, hyperfine splitting, ... ;

Thermal effects on quarkonium in medium: potential, masses (at ma?), widths, ...;

B(J/Yv — m(15)) = (1.6 £ 1’1)% N. B. Yu Jia A. Vairo 2005
(2.85 -

B(Y(1S) — ymy(18)) = (2.85 £ 0.30) x 10~

T'(n(1S) — vv) = 0.54 + 0.15 keV .

Y. Kiyo, A. Pinedaq, A. Signer 2010
['(ny(1S) — LH) =7-16 MeV


http://arXiv.org/abs/arXiv:1010.5827
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Bound systems with a typical radius



Strongly coupled pNRQCD and Born Oppenheimer EFT

A nonperturbative problem: construct a pNREFT description on the basis of scale separations and symmetries
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A nonperturbative problem: construct a pNREFT description on the basis of scale separations and symmetries

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 D

@ K': angular momentum of light d.o.f.
A A=7-K=0,+1,42, +3,... .
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CP @ Eigenvalue of CP: n=+1(g), —1 (u) 7]
@ o: eigenvalue of relfection about a plane containing 7 (only for X states)
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Nonperturbative light degrees of freedom
glue and light quarks
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Strongly coupled pNRQCD and Born Oppenheimer EFT

A nonperturbative problem: construct a pNREFT description on the basis of scale separations and symmetries

Two heavy quarks with large mass m > Aqcp and residual scale separation Aqcp > E
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produce a hierarchy of NRQCD static energies identified by the
quantum number of Deon

Irreducible representations of D

@ K: angular momentum of light d.o.f.
A=7r-K=0,£1,£2, £3,... O
A=Al=01,23 ... (3147, @ .. .) A

@ Eigenvalue of CP: n =41 (g), —1 (u) 7]

@ o: eigenvalue of relfection about a plane containing 7 (only for X states)
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1 x1, %)@ = o (x1) X (xa) |5 X1, X5) (Ot

E?(lO) (T) = lim %10g<){n7 T/2|Xn7 _T/2> H(0,-T/2) H(0,T/2)

T'— 00

(x2,—T/2) (b) (x2,T/2)

Phi =Wilson lines and H= gluonic and light quarks
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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 >

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>— > I(QQ)1> — Quarkonium Singlet

t ticall
systematically g . Eo(r)— > Vu(r) pNRQCD
(HIH|H) = {nljs| —+ )  — |nljs)

m

n > 0;x1X2)— > |(QQ)g"™) — Higher Gluonic Excitations
expand quantomechanically NRQCD states and N =
energies in 1/m around the ‘QQQCD

zero order and identify the QCD potentials 12(0) (r)— > 1/(0) (r) BOEFT

Tetraquarks



Strongly coupled pNRQCD for quarkonium muv ~ AQCD

[E(r)-E(rglrg

pNRQCD and the potentials come from integrating  777)2
out all scales up to

| * gluonic excitations develop a gap AQCD and are integrated out

— The singlet quarkonium field S of energy muv* Brambilla Pineda Soto Vairo 00
Is the only the degree of freedom of pPNRQCD

(up to ultrasoft light quarks, e.g. pions).

o L quenched —=—
K =0.1575 —e—
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r/rg

Bali et al. 98
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Strongly coupled pNRQCD for quarkonium muv ~ AQCD

pNRQCD and the potentials come from integrating  777)2

[E(r)-E(rglrg

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
Is the only the degree of freedom of pPNRQCD
T (up to ultrasoft light quarks, e.g. pions).
-1
2 i S ' p° -
¢ K._ o L = Tr {S' (’580 - V;) 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



Strongly coupled pNRQCD for quarkonium muv ~ AQCD

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



Stron%IF;/Qcczgupled pNRQCD: quantum mechanical matching  the matching conditions are :

2 (1) . T
P Vs . 0;x1x2)— > ST (x1x9)|vac)

H|H|H) = (nl | E [

(H|H|H) = (nljs| - o nljs)

T

expand quantomechanically NRQCD states and energies in 1/m around the
zero order and identify the QCD potentials
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Stron%IFQ/Qcoupled pNRQCD: quantum mechanical matching  the matching conditions are :

CD
2 (1) . +
. P Vs . ‘Q, X1X2>— > S (X1X2)|Va(?>
H H) = (nl | [
(M) = (atgs] B+ 30 Y putjis

T

expand quantomechanically NRQCD states and energies in 1/m around the
zero order and identify the QCD potentials

NRQCD 1 2 3 4 .
OV S s S Vi iy H) — |05 %1, X2) ® |nljs)
(e (e T (e
1 d 0531, 3x3) = [0:3x1,32) 0+ 3 [y el )
H©) :/d3x 5 (IT*TI* + B*B*) — Z q:D -~vq n£0
2 O, 2 HO]0: 31, x)
D -
SH® = — / dBx )t ( - +ergS- B)  + antip. By (z) — BV (@)
(1) (2)
m m?
| given in terms of
VO = lim — In¢ S gauge invariant — exp {ig}lé dz“AM}
T—oo T’ rXT

generalised Wilson loops



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 1 ]

e | |
the fact that spin dependent corrections appear 4 /‘,/0 | mV1 | mz(/Vé’D T VX?D)
N7 | : :
at order 1/m”2 is called Heavy Quark Spin Symmetry Siatic spindependent | Velocity dependent
0 .l o
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spin dependent 1/m”*2 potential

» Pineda Vairo PRD 63 (2001) 054007
o0 | 5@'3’ |
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e the potentials contain the contribution of the scale m inherited from NRQCD matching coefficients—> they cance
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




Lattice evaluation of the spin dependent potentials
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Koma Koma Wittig 05,

Terrific advance in the data precision with Lischer multivel algorithm!

EKoma Koma 06

Such data can distinguish different models for the dynamics

of low energy QCD e.qg. effective string model

N. B., Martinez, Vairo 2014



spin independent potentials at order 1/ m”"2

The non-perturbative Potentials

(2) @ \l"u ]
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Low energy physics factorized in Wilson loops: can be
used to probe the confinement mechanism

Computational

Particle ACtiOﬂ denSity

Physics
Wuppertal R=12 fm

Gunnar Bali,
Klaus Schilling,
Christoph Schlichter
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Example of low energy QCD moaqel

corresponding to a Wilson loop form

‘Effective string theory and the long-range relativistic corrections to the quark-antiquark
potential
\N. B, M. Groher, H. Martinez, A. Vairo arXiv:1407.7761 )
- 1 ¢2
lim (W5) = Z | DEVDE? eFsming(&67)
)
1'— o0
1
Ssmng — —U/dt dz (1 — 5@@8‘@) : T’AQCD >> 1:
one can calculate chromo-electric and magnetic Wilson loop insertions
with this identification of the Wilson loop in terms of string correlators
and calculate the long range behaviour of all potentials
0/ _ T  Luescher term VI 7 2 O

VE(r)y=0r+pu o Vs (n) = —=——,

2 A4 (1) (2) 7
VO (r) = 927:; In (07%) + pua Ve (r) = %3625(;2 552/\ - Al + A Cr)Er),
Vp(22,0)(T) =0, - VS(;D(T) _ WBC%)Osz)izAmQ’
V(Q’O)(T) _ _g A'r 9 478 3 (1)2 2 N\/2

¢y’ g* A2 A (1)
VL%’O)(T) S 5 ; mCrascp (3) (1) 3. 1: a b c
r o IGO0 1) — ) fe [ dPx Jim gy (@) Pl (@) Pl (@)

Vp(gl’l)(r) = 0, L g ARy

92A4T ‘/;(1,1)( ) - 27T30'2 —I_(dSS—I_dUSCf) 5(3)(1’),



http://arXiv.org/abs/arXiv:1407.7761

Poincare invariance in the pNRQCD is realised via relations among the potentials

The algebra constraints the potentials:

2,00 1) , VO
“ "L.: —"L.le | V7 =0
-(2,0) -(0,2) (1,1) , v . T ,(0),
¢ "L‘Z_’ (7 ) T "L‘?_ (7 ) — | L2 (.'r) Ll 3‘ (') =0
(2,0 (0,2 1,1), (
o — 2V (r) + VY (m) +2Vy (r) = VO (r) +r v (r) =0

oDirac RMP 21 (1949) 392, Foldy PR 122 (1961) 275
o Gromes ZPC 26 (1984) 401

o Barchielli Brambilla Prosperi NCA 103 (1990) 59
o Brambilla Gromes Vairo PRD 64 (2001) 076010, PLB 576 (2003) 314

o Brambilla Mereghetti Vairo PRD 79 (2009) 074002



Constraint on the spin-dependent potentials
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A lattice determination of 06
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Applications of strongly coupled pNRQCD include: Inclusive quarkonium decays

. . (1) N. Brambilla, H. S. Chung, D. Muller and A. Vairo
Decay and electromagnetic production of strongly coupled quarkonia in pN
Imaginary parts of the Potential oo o

(2) N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo
Inclusive decays of heavy quarkonium to light particles

Phys. Rev. D 67 (2003) 034018 hep-ph/0208019

(3) N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo

Im ‘ 1,, — QS'] V I. 5 3 (r ) V ] New predictions for inclusive heavy quarkonium PP-wave decays
| L] Phys. Rev. Lett. 88 (2002) 012003 hep-ph/0109130

P—wave

[ Im /1 (*°7'P;) & Im fs(*"7'Ss)
X 13

27 m?

m4

where
The correlator

(0lgE|n) - (n|gE|0)
& =18 E ‘J "m {‘({ v can be calculated
Ey' — Ey ) -
n#0 . on the lattice
1

- / 0t £* (gE° (¢, 0)®o(t, 0; 0)gE?(0, 0))
0




P-wave decays at O(muv”)

octet matrix element

R'(0) Q I .

(v, —~y) = 9Im /.. 1 7-02 @
Q



P-wave decays at O(mu”)

octet matrix element

9

R'(0)
F(\J — LH) = J—— [9 Im fl IIII f\ \g@
\
‘@
X

R'(0)
l(x;s—7y) = 9Im [, — J=0,2 @
o m™m Q
R'(0)| -
* 1 Q@ AN C. G ig g™
(XIOs(*So)|x) = L &; € = /O dt t* (Tr(gE(t) gE(0)))

The quarkonium state dependence factorizes.



P-wave decays at O(muv”)

octet matrix element

2

R'(0)
F(:\J — LH) = J—— [9 Im fl IIII f\ \"g@
T <@
X

R'(0)
[(x;—=vy) =9Im [, — J=0,2 @
™M Q
| RO =~ .
©XOs(So)X) = e € €= /0 dt t* (Tr(gE(t) gE(0)))

The quarkonium state dependence factorizes.

* Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.



P-wave decays at O(mu”)

['(x; — LH) =

['(xs— 1Y)

octet matrix element

R'(0) - . /Q\x
7rm4 9 Im fl + 0 C @ @
@)
R'(0) N R y
= 9Im f. . 1 J =0,2 @ Q
om™m 0 »
* RO} - N
\‘08( (J)|\,“’ — 1R77m,2 E; & 5/ dt t -::\Tr(gE(t) QE(_O) ))
0

instead that on 6 nonperturbative

The quarkonium siate dependence faclorizes.  parameters with 3 LDMEs in NRQCD

* Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.



P-wave decays at O(muv”)
octet matrix element

R (0)| _
Fr = LH) = == 9 Im /i + mf 2 /Q\"Q

T <)

R'(0) »
[(x;—7y) = 9Im [, — J=0,2 @ Q
T Q| Q
R'(0)| -
* (x|0s(*So)|x) = E;, €= / dt t® (Tr(gE(t) gE(0)))
18mm? 0
g . instead that on 6 nonperturbative

The quarkonium state dependence faclorizes.  a.ameters with 3 LDMEs in NRQCD

* Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.

e The IR divergence of Im f; cancels against the chromoelectric correlator £s.



£3(A) can be obtained from a least squares fit to the ratios of decay rates
['(xco(1P) — LH)/T'(xc1(1P) — LH), I'(xc1(1P) — LH) /T (xc2(1P) — LH),
['(Xco(1P) = LH)/ I'(Xco(1P) — v7), and I'(xc2(1P) — LH) /T'(Xc2(1P) — v7)
(from PDGQG) at leading order in v. In the MS scheme, we obtain

E5(1 GeV) = 2.051 021

E3(A) at different scales follows from the one loop renormalization group improved
expression (8o = 11N./3 — 4Trny/3)

24CF log Og (A/)

fa(A) = &a(A) + =5 = log =

The octet matrix element on charmonium state is

(Xes (1P)|0s(*So)|xes (1P)) = (3.531 102 11:05) x 1073 Gev?



£3(A) can be obtained from a least squares fit to the ratios of decay rates
['(xco(1P) — LH)/T'(xc1(1P) — LH), I'(xc1(1P) — LH) /T (xc2(1P) — LH),
['(Xco(1P) = LH)/ I'(Xco(1P) — v7), and I'(xc2(1P) — LH) /T'(Xc2(1P) — v7)
(from PDGQG) at leading order in v. In the MS scheme, we obtain

P-wave charmonium annihilation widths

0.0 From the ratio of widths and the experimental value of the electromagnetic width, we get
E5(1 GeV) = 2.057 )2z,

E3(A) at different scales follows from the one loop renormalization group improved . 13.0
expression (8o = 11N, /3 — 4Tpn;/3) I'(xco(1P) — LH) = 8.375"] MeV

Ty _ () 49-+0.0640.28
240 | as(A) [(xc1(1P) — LH) = 0.427 5 02 5 55 MeV

E3(A) = E3(A) + ,
i ’ Bo  as(A) I'(xe2(1P) — LH) = 1.479:5 Mev

The octet matrix element on charmonium state is

(Xes (1P)|0s(*So)|xes (1P)) = (3.531 102 11:05) x 1073 Gev?



£3(A) can be obtained from a least squares fit to the ratios of decay rates
['(xco(1P) — LH)/T'(xc1(1P) — LH), I'(xc1(1P) — LH) /T (xc2(1P) — LH),
['(Xco(1P) = LH)/ I'(Xco(1P) — v7), and I'(xc2(1P) — LH) /T'(Xc2(1P) — v7)
(from PDGQG) at leading order in v. In the MS scheme, we obtain

E5(1 GeV) = 2.051 021

E3(A) at different scales follows from the one loop renormalization group improved
expression (8o = 11N./3 — 4Trny/3)

24CF log Qg (A/)

Bo as(A) ’

E3 (A) = &3 (A/) +

The octet matrix element on charmonium state is

(Xes (1P)|0s(*So)|xes (1P)) = (3.531 102 11:05) x 1073 Gev?

P-wave charmonium annihilation widths

From the ratio of widths and the experimental value of the electromagnetic width, we gef

['(xeo(1P) — LH) = 8.373:0 Mev

[(xe1(1P) — LH) = 0.427506 025 Mev

T'(xc2(1P) — LH) = 1.4700 MeV

P-wave bottomonium annihilation widths

From the ratio of widths and the experimental value of the electromagnetic width, we get

' (xp0(nP) — LH) = 1.077532 MeV
' (xp1(nP) — LH) = 0.14 £ 0.06 MeV
T (xp2(nP) — LH) = 0.287):9% Mev

which are almost independent of the principal quantum number n = 1, 2, 3.
These are proper predictions that exploit the universality of the chromoelectric correlator.
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quarkonium at finite temperature guarkonium production
and non-equilibrium evolution in medium

WE CAN USE THE SAME FRAMEWORK TO ADDRESS XYZ PRODUCTION
and PROPAGATION in MEDIUM in BOEFT!



Applications of pPNRQCD include:

quarkonium at finite temperature guarkonium production
and non-equilibrium evolution in medium

Notice that the lattice cannot access directly these processes!
The EFT act as an intermediate layer to allow use lattice calculation

on the low energy scale

WE CAN USE THE SAME FRAMEWORK TO ADDRESS XYZ PRODUCTION
and PROPAGATION in MEDIUM in BOEFT!



Applications of strongly coupled pNRQCD include: Quarkonium Production at LHC



Applications of strongly coupled pNRQCD include: Quarkonium Production at LHC

NRQCD factorization formula for guarkonium production
valid for large p_T Bodwin Braaten Lepage 1995

cross section o(H) = Z F, (0|O|0).




Applications of strongly coupled pNRQCD include: Quarkonium Production at LHC

NRQCD factorization formula for guarkonium production
valid for large p_T Bodwin Braaten Lepage 1995

Cross section Z I, O‘OH‘O> " —long distance matrix elements
(LDME)
give the probability of a ggbar
oair with certain guantum
number to evolve into a final
quarkonium H
they are vacuum expectation
values of four fermion operators with
color singlet and color octet

contributions and a projection

over quarkonium plus X in the
middle

short distance coefficients
partonic hard scattering/cross section
convoluted with parton distribution




Applications of strongly coupled pNRQCD include: Quarkonium Production at LHC

NRQCD factorization formula for guarkonium production
valid for large p_T Bodwin Braaten Lepage 1995

Cross section Z I, O‘OH 0). " —long distance matrix elements
(LDME)
give the probability of a ggbar
oair with certain guantum
number to evolve intfo a final
quarkonium H

they are vacuum expectation

short distance coefficients
partonic hard scattering/cross section
convoluted with parton distribution

One problem is the proliferation of LDMEs:

| | values of four fermion operators with
nonperturbative objects color singlet and color octet
that cannot evaluated on the lattice contributions and a projection
and should be extracted from the data, over qUO'"kCr’;‘i'é’gl‘ep'US Xinthe

they depend on the considered quarkonium state

Intense work Iin the theory community, within QCD, NRQCD and SCET,

Qiu, Nayak, Sterman, Butenschon Kniehl , Bodwin , Hee Soh, Chung, J. Lee, Kuang Ta Chao, Y. Q. Ma, Gong Wang,
Fleming, Mehen, Yu Jia, Braaten, Lansberg, Leibovich, Rothstein...



Factorization of LDMEs in pNRQCD : the NRQCD LDMEs are factorized in terms of wave

oo UNCtiONs @and universal nonperturbative correlators depending only on the glue
O/O\p » The number of nonperturbative unknowns is reduced by half
H/ \5 : . ;
@ * The nonperturbative unknowns are correlators of gluonic fields
[ .
y : that can be calculated on the lattice

N. B. Chung Muller Vairo 2002.07462, N.B. Chung Vairo 2007.07613
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Factorization of LDMEs in pNRQCD : the NRQCD LDMEs are factorized in terms of wave

o fNCtions @and universal nonperturbative correlators depending only on the glue
O/Q\ » The number of nonperturbative unknowns is reduced by half
H/ : @ The non | iC fi

B . . perturbative unknowns are correlators of gluonic fields

y y that can be calculated on the lattice
— (2J +1 2RO ()
B =20 )OQQ(3P51])< P
e g e Ll e | BN oy g E
( ) QRS SR OF G5

» The dimensionless correlator £ is defined in terms of

chromoelectric fields gFE with Wilson lines ® extending to - - , ,
» £ has a one-loop scale dependence that is consistent

infinity in the £ direction. with the evolution equation for NRQCD matrix elements

3 O O a a ' '
£ =~ / tdt / t' dt Q@1 D10, 1) g B (1) g B (') BE(t', 0) DL Q)
c JO 0

N. B. Chung Muller Vairo 2002.07462, N.B. Chung Vairo 2007.07613



Factorization of LDMEs in pNRQCD : the NRQCD LDMEs are factorized in terms of wave

o fNCtions @and universal nonperturbative correlators depending only on the glue
O/Qx\ » The number of nonperturbative unknowns is reduced by half
H/ : @ The non | iC fi

B . . perturbative unknowns are correlators of gluonic fields

y y that can be calculated on the lattice
— (2J +1 2RO ()
B =20 )OQQ(3P51])< P
e g e Ll e | BN oy g E
( ) QRS SR OF G5

» The dimensionless correlator £ is defined in terms of

chromoelectric fields gFE with Wilson lines ® extending to - - , ,
» £ has a one-loop scale dependence that is consistent

infinity in the £ direction. with the evolution equation for NRQCD matrix elements

3 O O a a ' '
£ =~ / tdt / t' dt Q@1 D10, 1) g B (1) g B (') BE(t', 0) DL Q)
c JO 0

£ is a universal quantity that does not depend on ciuark ->good description of data at ATLAS
flavor or radial excitation. Determination of £ directly and CMS

leads to determination of all x.;and x,;(nP) cross

sections, as well as .. and h, production rates. N. B. Chung Muller Vairo 2002.07462, N.B. Chung Vairo 2007.07613



fix non pert coefficient here-> predict the rest
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Figure 4. Production cross sections of the x.1(1P) and x.2(1P) at the LHC center of mass energy

Vs =7 TeV and in the rapidity range |y| < 0.75 compared with ATLAS measurements [41].
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We applied the same procedure to the study of S-wave quarkonium production->

3 octet LDMEs—> 3 nonperturbative correlators independent of the flavour that could
be could be calculates on the lattice

o(pp — J/Uv+X),o(pp — ¥(25)+X)and o(pp — T(nS)+X)

- .2210.17345
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What about the XYZ?



What about the XYZ?

let us start with the hybrids



Exotics: Hybrids

In QCD there is not only the QQbar static energy,
the usual confinement potential but there is a tower
of static energies!



Lattice Spectrum of NRQCD Exotics: Hybrids
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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
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Schlosser and Wagner Phys. Rev. D. 105, (2022)

cus on the first hybrid
static energy

Qnd construct BOEFT
In this case



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
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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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LBOEFT for 14— = /d ZT“ ‘I’L A\

AN/ N

i TVQ
(Zao — Vit—(r) +7 7“>\/> ‘I’1+—>\/}

™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



Hybrid multiplets as predicted by BOEFT (coloured rectangles) compared to the neutral isoscalar states observed in

charmonium/bottomonium sector (crosses)

1.2 H/
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] @ O108E e _
i HZ g —
— 44 — ]
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@ Hs 10.6 - _
g a2 T H, e e e 7 threshold .
> P — +— 4
4.0_— _
__________________________________________________________ D_Sl_)s_tllrgshold_ _ 10.4 -
i Y(10753) Y(10860) Y(11020)
3.8 _ [17] [17] [177]
@ e e MM mmemmmmmmmmmmmmemmmemmmmemmmmemmmmemmmmemmmmme-mm———-- DD threshold
3.6—— ' 0
| [|JPC s =0,s =1} E\
P (4230) X(4160) 1(4140) 1( ) Y( ) 0 0 1
RS s i T T T s S G R Hy|1|{17—,(0,1,2)" "} |2, 1L,
: | | . .- -
Note: Band in the mass value for each multiplet Ha[11{177,(0.1,2)" "} [ IL,
is due to the error (150 Mev) on the gluelump mass measured on the lattice S+ 14— _
H3|0 {0T+, 17} 2

Hy|2| {27+, (1.2.3)T } |22, 11,
N. B. W. K. Lai, A- Mohapaitra, A. Vairo 2212.09187

Hs|2[{27.(1.2.3)""}| 1L,



Spin dependent interactions



The BOEFT gives a prescription to calculate the hybrids spin dependent potentials at
order 1/m and 1/m*2

o v o () = Vs (r) (r T g9 pd ) S
+ Vsk o(7) [(’P - ri) (riKijfi,) . S + (riKiijg\T) .S (r- ﬁA,)] S=S;+8S,
L o Sio = 12(Sy - #)(Ss - ) — 4(S; - S1)
1/mA2 Vl(i)—AA’ sp () = Vida(r) (fiTLf'gg\/> S+ Vi, (A (LIS + ST Gy
+VE (182850 + VE) (181205 + VED (il 7, (8185 + 8557

A4

(Kij)"“ — i¢'kJ s the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.



The BOEFT gives a prescription to calculate the hybrids spin dependent potentials at
order 1/m and 1/m*2

o v o () = Vs (r) (r T i pd ) S
+ Vsk o(7) [(’P - ri) (riKijfi,) . S + (riKiijg\T) .S (r- ﬁA,)] S=S;+8S,
B o \ Sio = 12(Sy - #)(Ss - ) — 4(S; - S1)
1/mA2 Vl(i)—AA’ sp () = Vida(r) ( 7“3/) S + VL(Qs)b(T) T (LRSI 4+ STLI) 7
+ VD (1)8%63x + V) (181205 + VED ()il 7, (5185 + $557)

A4

(Kij)"“ — i¢'kJ s the angular momentum of the spin one gluons L is the orbital angular momentum of the heavy-quark-antiquark pair.

Features:

* New spin structures with respect to the quarkonium case: all terms at order 1/m and two terms at
order 1/m”2

Differently from the quarkonium case, the hybrid potential gets a first contribution already
at order AéCD /mp,. The corresponding operator does not contribute at LO to matrix
elements of quarkonium states as its projection on quark-antiquark color singlet states
vanishes. Hence, spin splittings are remarkably less suppressed in heavy quarkonium

hybrids than in heavy quarkonia.



Hybrid spin dependent potentials at order 1/m and 1/m#2

1/m V1(i)—>\,\/ sp(T) = Vs (r) (fi\TKijfj’) S

+Vsrco(r) [(r-7]) (MK, ) S+ (FKIRT) S| S s,
Si = 12(S1 - )(S2 - F) —4(S: - S

L. \

2 2 2 ) i 1 i 71\ A
V& v en ™ =Vid, () (L) s+v,fs>b(r) T (LisT + STLI)

+ V& (1) S25, 0 + Véf; (7)S120 17 + Vs(f; b(?“)?’f Ai/ (Sng ™ S%S{)

A4

(Kij)"“ — i¢'kJ s the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.

Features. . The nonperturbative part in V_i (r) depend on nonperturbative
gluonic correlators non local in time not yet calculated on the lattice: six unknowns,
the octet perturbative part can be calculated in perturbation theory

* The only flavor dependence is carried by the perturbative NRQCD matching coefficients



Hybrid spin dependent potentials at order 1/m and 1/m#2

+ Vi o (r) [(r - ﬂ) (r’iK@'J i) S+ (PEIH) S| S
S1o = 12(S1 - 1T)(So - 1) — 4(S1 - So)
v (1) = Vg, () (FTL7,) - S+ v,f?b(r) (L1974 5717 7,
2 2 2 ~LT A Y] i QJ
+ VD (1)8%63x + V) (181205 + VED ()il 7, (5185 + $557)

A4

(Kij)"C — i¢'kJ s the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.

Features. . The nonperturbative part in V_i (r) depend on nonperturbative
gluonic correlators non local in time not yet calculated on the lattice: six unknowns,
the octet perturbative part can be calculated in perturbation theory

* The only flavor dependence is carried by the perturbative NRQCD matching coefficients

USE LATTICE CALCULATION OF THE CHARMONIUM
SPIN MULTIPLETS TO EXTRACT the 6 UNKNOWNs and PREDICT THE BOTTOMONIUM
SPIN MULTIPLETS, learn also about the DYNAMICS



Charmonium Hyobrids Multiplets H_1 |attice data from (violet) from

G. K. C. Cheung, C. O'Hara, GG. Moir, M. Peardon, S. M.
Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat).
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Charmonium Hybrids Multiplets H_1
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Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat].

with a pion of about 240 MeV

height of the boxes is an estimate of the
uncertainty:
estimated by the parametric size of higher
order corrections, m alpha_s”5 for the
perturbative part, powers of Lambda qcd/m for
the nonperturbative part, plus the statistical
error on the fit
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G. K. C. Cheung, C. O'Hara, G. Moir, M. Peardon, S. M.
Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat].

58 with a pion of about 240 MeV
height of the boxes is an estimate of the
uncertainty:
estimated by the parametric size of higher
order corrections, m alpha_s”5 for the
perturbative part, powers of Lambda qcd/m for
the nonperturbative part, plus the statistical
error on the fit

4.80

4.45

4.40

the perturbative part produces a pattern opposite
to the lattice and to ordinary quarkonia —>
discrepancy can be reconciled thanks to the
nonperturbative parts, especially the one at order 1/
m which goes like Lambda”*2/m and is

4.35

Mass (GeV )

4.30

4.25 H"mumpm parametrically larger than the perturbative
| | gpin average (4.303 GeV) - ——- contribution at order m v*4

4.20 P which is interesting as
s e some models

4.15 are taking

the spin interaction

from perturbation theory
o Brambilla Lai Segovia Tarrus Vairo PRD 99 (2019) 014017 with a constituent g|u0n



Charmonium Hybrids Multiplets H_1 and H_2
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1 0o 1 2

H_1 and H_2 corresponds to I=1 and are negative and positive
parity resp. The mass splitting between H_1 and H_2 is a result of lambda-doubling

H_3 and H_4 are also calculated
* here you find predictions for all H multiplets

o Brambilla Lai Segovia Tarrus Vairo PRD 99 (2019) 014017



Bottomonium hybrid spin splittings

thanks to the BOEFT factorizatio we can fix the nonperturbative unknowns
from a charmonium hybrid calculationthe nonperturbative low energy
unknownsdo not depend on the flavor: we can predict the bottomonium
hybrids splin splittings
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and also the other H multiplets
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Bottomonium hybrid spin splittings

thanks to the BOEFT factorizatio we can fix the nonperturbative unknowns

Comparison of our prediction to the

from a charmonium hybrid calculationthe nonperturbative low energy

unknownsdo not depend on the flavor: we can predict the bottomonium

10.86 ! ;
\
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hybrids splin splittings
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and also the other H multiplets
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existing lattice data on H1

Bottomonium £/ hybrid spin splittings
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blue BOEFT predictions (more precise),
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o0 Ryan et al arXiv:2008.02656
unpublished plot by J.
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Segovia and J. Tarrus



->difficult to insert in models
->this spin structure has huge impact in phenomenology : larger spin multiplets separation than in quarkonium

->|less spin symmetry in decays due to quarkonium-hybrids mixing via a spin operator at 1/m

1
Oncala & Soto, Phys. Rev. D. 96, (2017)



->difficult to insert in models
->this spin structure has huge impact in phenomenology : larger spin multiplets separation than in quarkonium

->|less spin symmetry in decays due to quarkonium-hybrids mixing via a spin operator at 1/m

1
Oncala & Soto, Phys. Rev. D. 96, (2017)

* Hybrid states 1n the same energy range and same quantum #’s as quarkonium can mix.

Mixing impact spectrum and decay properties of hybrid. Implications on hybrid interpretation for exotics.

ex. Hq |17 7] (4155) <> cc |17 7| (3S)
Effect on decay: H,,, <> Q,lm — (’rlc, J/w, Ce ) + (f)/, .. )

* Mixing potential an)l\ix : determined from matching NRQCD and BOEFT at O(1/m)

‘ Expression after matching:
Bl(r/2,1)

Vi, - - - 1
'
H’”=...........Q..’Z’.‘
A B'(0,T/2)® — s Above expression can be computed on lattice if we
KA identifyv: (0) +
Y rdentily: ) =1%7)
e S — 0 — 0
. 1)\ =12). 10N, = 1)

NRQCD BOEFT



BOEFT calculation of semi inclusive hybrids decays to quarkonium: H —> Quarkonium (S) plus X (anything light)

_ we calculated spin conserving and spin flipping decays
1—‘H—>S = —2 <H‘III1AV‘H> they are same size

Decay to open threshold states not accounted



BOEFT calculation of semi inclusive hybrids decays to quarkonium: H —> Quarkonium (S) plus X (anything light)

_ we calculated spin conserving and spin flipping decays
1—‘H—>S = —2 <H‘ImAV‘H> they are same size

Decay to open threshold states not accounted

* Comparison: bottom exotic states with corresponding bottomonium hybrid state:

50 -

O PDG

B H:(10786)

40 A H,(10976)
- - B T
. : spin-conserving + spin-flipping decays !
% 30 - I = [
— : lower bound on the total decay widths of :
g o 4 1 hybrids which 1s compared with inclusive :
20 - : rate of physical states in PDG. i

SRR

Y(10753) Y(10860) Y(11020)
[177] [177] [177]




I' (MeV)

BOEFT calculation of semi inclusive hybrids decays to quarkonium

Comparison: charm exotic states with corresponding charmonium hybrid state:

320 -
O PDG W H3(43590)
280 L B H,(4155) W Hy(4367)
B H,(4286) M H>(4667) S
240 - B H,(4507) W H4(4812) N - : H,—-Q,+X
[
200 I : spin-conserving + spin-
: flipping decays
I —
160 - : lower bound on the total
% N M I decay widths of hybrids
120 - : which 1s compared with
a : inclusive rate of physical
states in PDG.
80 - § ghiytivifesplefi N
40 - i
u B | | | | | 1 1 I l | | | | |

¥(4230) .::(4}50) Xc1(4140)  x.,(4274) ¢(4360) (4390) Y(4500) (4660) X(4630) X0(4500) x.(4700) X(4350) y.,(4685) ¥(4710)
[177] [77+] [1++] [17F] [177] [177] [17-] 1] [(1/2)~*]  [0%F] [077] [(0/2)""] [177] [177]



Hybrid: Summary Brambilla, Lai, AM, Vairo arXiv:2212.09187

Hybrids (QOg): Color singlet state of color octet QO + gluon. (Q = ¢, b)

v' Isoscalar neutral mesons (Isospin=0)

v' Candidates for hybrids based on mass, quantum numbers, and decays to quarkonium:

Charm sector:

> X(4160) : could be charm hybrid H,[27+](4155). » P(4710) : could be charm hybrid H{[(1™ 7)](4812).
» X(4630) : could be charm hybrid H{[(1/2” 7)](4507). » X(4630) : could be charm hybrid H{[(1/2” 7)](4507).

» P(4390) : could be charm hybrid H,[177](4507). >  xc1(4685) : could be charm hybrid H,[(1*+)](4667).
Bottom sector:

» Y(10753) : could be bottom hybrid H,[(1~ ~)](10786).

: DISCLAIMER!!!
i All the above interpretation can differ accounting for decays to



Hybrid Decays ' Hybrid decays to meson-pair threshold states:

Conventional Wisdom: Hybrid decays to two S-wave mesons forbidden! H,,, - D(*) D(*]

Kou & Pene, Phys Lett B 631 (2005) Page, Phys Lett B 407 (1997) Farina, Tecocoatzi, Giachino, Santopinto & Swanson, Phys Rev D 102 (2020)

Born Oppenheimer quantum numbers for hybrids and ground state meson pair

does allow for decay to two s-wave mesons. Bruschini 2306.17120

Most quarkonium hybrids can decay into pair of s-wave mesons |

forbidden for decay into pair of s-wave mesons

Recent lattice computation for cc hybrid 1~ * decay to

DD : 258(133) MeV i D*D : 83(18) MeV i Shi et al 2306.12884




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!

confinement force
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XYZ are a formidable opportunity to learn more about the fundamental strong force!
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XYZ are a formidable opportunity to learn more about the fundamental strong force!
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the X(3872)
arises from coupled

125 channels between quarkonium
and the two first tetragquarks







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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processes at the frontier in particle physics
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contributions —> in particular we can explore new characteristics of the strong force
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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

¢ 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
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NOTICE THAT: The potential is a Wilson coefficient of the EFT.
In general, it undergoes renormalization, develops scale
dependence and satisfies renormalization
group equations, which allow to resum large logarithms.



NOTICE THAT: The potential is a Wilson coefficient of the EFT.
In general, it undergoes renormalization, develops scale
dependence and satisfies renormalization
group equations, which allow to resum large logarithms.

Some building blocks for the calculation:

The first contributing diagrams are of the type: Therefore

Va(r,p) =14 0(ag)

Va

o

Chromoelectric field correlator: (£ (t)E(0))

Is known at two loops. @ Static octet p()t@ﬂtial
JA N RO

g@é@m%% T—o0 T . —ﬁ7(1+#as+#a§+#a§+#a§1nm~+...)
Cor
: 2y (T
now known NNLO ® 0 Is known at three loops.
Kniehl et al. 2021 % £% =9 o Anzal Prausa A.Smirnov V.Smirnov Steinhauser PRD 88 (2013) 054030

o Eidemiiller Jamin PLB 416 (1998) 415



POINCARE INVARIANCE IN NREFTS



Poincare’ Invariance in NREFTs

EFTs preserve all the invariances of the fundamental QFT.
Therefore NREFTs are constrained by the Poincaré invariance of the fundamental QFT,
although Lorentz invariance is apparently broken by the nonrelativistic expansion.

It has been suggested, even before the establishing of EFTs, that Poincare invariance
provides non trivial constraints on the form of the potentials. oDirac RMP 21 (1949) 302

Within NREFTs these constraints may be implemented in a rigorous setting. They allow
to fix some of the matching coefficients/potentials of the NREFT to all orders and
nonperturbatively without computing them. In QCD, these constraints can be tested
against lattice determinations.

Poincare’ invariance gives the same constraints as reparameterization invariance (relations
among the matching coefficients of the bilinear fermion terms in NRQCD) PLUS new relations,
among the coefficients of the 4 fermions terms in NRQCD and among the potentials in pNRQCD

o Brambilla Gromes Vairo PRD 64 (2001) 076010, PLB 576 (2003) 314
Berwein Brambilla Hwang Vairo PRD 99 (2019) 094008 Heinonen, Hill, Solon PRD86 (2012) 094020



Poincare’ algebra

For any Poincare invariant theory the generators H, P,
J and K of time translation, space translation, rotations
and Lorentz boosts satisfy the Poincare algebra:

P Pl = 0

P H = 0

J,PI] = ieijkPk

J,H] = 0

I, T3] = degnd”
P, K] = —i§;;H

HK'] = —iP"
JL K] = e KP
KK/ = —iegpd”

Once P and J are written in terms of the EF Ts fields, and
H and K have been matched, the algebra constraints
the matching coefficients of H, which include the
potentials, and K.



Poincare’ algebra

For any Poincare invariant theory the generators H, P,
J and K of time translation, space translation, rotations
and Lorentz boosts satisfy the Poincare algebra:

P, P = 0
P H] = 0
[JZ,P:’ — iéijkPk
JLH] = 0 —>The Poincare algebra imposes
J4 3] = Z-eiijk the following Con_straints
] on the potentials
P K| = —i0;;H
HK'] = —iP"
J K] = i K"
[KZ,KJ — —ieiijk

Once P and J are written in terms of the EF Ts fields, and
H and K have been matched, the algebra constraints
the matching coefficients of H, which include the
potentials, and K.

1
Vid () = Vid () + v () =0

V(1>(r) VL(g) (r) + rvV O/ () =0

w3 () = 2v Y (1) + VO (r) = rv O (r) = 0

The constraints are
generic and do not
depend on the
dynamical content of
the EFT. They are
satisfied by any
potential defined in an
EFT and derived
from a relativistic QFT.



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,

2T

3N,
IR©)(0))? X
27T ON-m

Ne¢
Ne | RO (0)2

@ohe (P |0y =3 x =22 |R(O)(0))?

Qore (*sPha) =3 x

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 . . .
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