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 The future of heavy quarks is the future of physics 



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

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

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

 The future of heavy quarks is the future of physics 



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: 

•  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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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 quantum theory  from its beginning to the establishment of QFT   
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Non-relativistic quantum theory of bound states

Non-relativistic bound states accompanied the history of the quantum theory from its

inception to the establishing of the quantum theory of fields:

• 1926 Schrödinger equation:

(

p2

2m
+ V

)

φ = Eφ

g = g0 + g0(−iV )g = +

x
g0 = i

E−p2/(2m)
{
• 1927 Pauli equation:

(

(p− eA)2

2m
+ V −

σ · eB
2m

)

φ = Eφ

The relevant scales of the non-relativistic bound state dynamics are

• E ∼
p2

2m
∼ V ∼ mv2, • p ∼ 1/r ∼ mv;

a crucial observation: if v(elocity) ≪ 1, then m ≫ mv ≫ mv2.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

Past  
Revolutions



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 quantum theory  from its beginning to the establishment of QFT   

<latexit sha1_base64="WFDsAV6tYXELHEEgSewDRwsuDPk=">AAAB8XicdZDLSgMxFIbPeK31VnXpJlgEV2Wm2ttCKLpxI1SwF2yHkkkzbWgmMyQZoQx9CzcuFHHr27jzbUzbEVT0h8DPd84h5/xexJnStv1hLS2vrK6tZzaym1vbO7u5vf2WCmNJaJOEPJQdDyvKmaBNzTSnnUhSHHictr3x5azevqdSsVDc6klE3QAPBfMZwdqgu+Ac2YUSuqatfi5vXO20XCkaZM9ljOPUypUqclKSh1SNfu69NwhJHFChCcdKdR070m6CpWaE02m2FysaYTLGQ9o1VuCAKjeZbzxFx4YMkB9K84RGc/p9IsGBUpPAM50B1iP1uzaDf9W6sfarbsJEFGsqyOIjP+ZIh2h2PhowSYnmE2MwkczsisgIS0y0CSlrQvi6FP1vWsWCUy6Ubs7y9Ys0jgwcwhGcgAMVqMMVNKAJBAQ8wBM8W8p6tF6s10XrkpXOHMAPWW+fuSqPrQ==</latexit>

m = 0.5MeVv = ↵ =
e2

4⇡

fine structure constant To explain the energy levels of hydrogen, from QM…

Non-relativistic quantum theory of bound states

Non-relativistic bound states accompanied the history of the quantum theory from its

inception to the establishing of the quantum theory of fields:

• 1926 Schrödinger equation:

(

p2

2m
+ V

)

φ = Eφ

g = g0 + g0(−iV )g = +

x
g0 = i

E−p2/(2m)
{
• 1927 Pauli equation:

(

(p− eA)2

2m
+ V −

σ · eB
2m

)

φ = Eφ

The relevant scales of the non-relativistic bound state dynamics are

• E ∼
p2

2m
∼ V ∼ mv2, • p ∼ 1/r ∼ mv;

a crucial observation: if v(elocity) ≪ 1, then m ≫ mv ≫ mv2.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

….to the relativistic quantum theory of bound states

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/ − m)ψ = 0

gD = gD
0 + gD

0 (−ieA/)gD = +

gD
0 = i

p/−m
{
• 1951 Bethe–Salpeter equation:

G = G0 + G0KG = +G K G
G0 = gD

0 (p1) ⊗ gD
0 (p2){

which reduces to the Schrödinger equation in the non-relativistic limit, E(ext) ∼ mv2,p(ext) ∼ mv:

+ + + ... = + ... =   −iV + ...K  =  

gD
0 (fermion/anti-fermion) =
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1 ± γ0
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f'(a) 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 

ABSTRACT 

The results of a new calculation of the 6(a) corrections to the 

decay rate of orthopositronium are presented. The rate is 

0 [ " 1 6 -1 r = r 1--;r (10.348 ± o.o70)J = 7.0379 ± 0.0012 x 10 sec . This 

is substantially below all measured rates as well as previous thea-

retical estimates. 

(Submitted for publication.) 

*Work ·supported by the Energy Research and Development Administration. 

- 2-

The decay rate of orthopositronium into three photons is the only decay rate 

of a purely quantum electrodynamic system that has been measured to an accu-

racy of better than 1%. The possibility suggested by recent experiments2• 3 of 

as much as a 2% discrepancy between existing theory and experiment necessitates 

a critical reexamination of the theory. In this letter we present the results of a 

new calculation of all order a corrections to this decay rate. The complete 

problem was first considered by stroscio and Holt. 1 Although we agree with the 

method of computation employed by these authors, our final result is considerably 

lower than their rate. We obtain 

r e _ 3'Y = r
0
[1- (10. 348 ± o. 070)] 

6 -1 = 7.0379 ± 0.0012 x 10 sec 

where r 0 is the lowest order rate: 

6 2 a m c ro= __ e 
1\ 

2 6 -1 
= 7.2112 x 10 sec a-

The measured rates are presented in Table I. The theoretical rate quoted above 

is inconsistent with all of the experimental rates, except possibly the rate meas-

ured in However the experimental situation is inconclusive at present 

because of the substantial difference between the rate measured in Si02 powder 2 

and those measured in gases. 4• 5 Should the difference between theory and experi-

ment persist it will be necessary to compute corrections of orders a 2 ln a and 
2 "· 

The three photon decay amplitude for positronium is 

}
. d4 

T(k.) = ..2...1?...4 ¢BS(K' p) i.At(K, p,k.) 
l (21r) l 

(1) 



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

….to the relativistic quantum theory of bound states 

Relativistic quantum theory of bound states

• 1928 Dirac equation: (iD/−m)ψ = 0

gD = gD0 + gD0 (−ieA/)gD = +

gD0 = i
p/−m

{
• 1951 Bethe–Salpeter equation:

G = G0 +G0KG = +G K G
G0 = gD0 ⊗ gD0

{
All the complexity of the field theory is in the kernel

+ + + ...K  =  

which only in the non-relativistic limit reduces to the Coulomb potential, but, in

general, keeps entangled all bound-state scales.

and  its problems 

• cumbersome in perturbation theory : 

• poorly suited to achieve factorization  (important in QCD) 

... and its problems

• cumbersome in perturbation theory;

• very poorly suited to achieve factorization (specially important in QCD).

Ex.

• It shows the difficulty of the approach the fact that going from the calculation of the
mα5 correction in the hyperfine splitting of the positronium ground state to the
mα6 lnα term took twenty-five years!
◦ Karplus Klein PR 87(52)848, Caswell Lepage PRA (20)(79)36
Bodwin Yennie PR 43(78)267

• With few exceptions no applications to QCD and quarkonium physics.
◦ Mödritsch Kummer ZPC 66(95)225
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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  

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

• Confirmation of the quark model and QCD
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↵s(2mc) ⌧ 1
—>narrow width and asymptotic freedom: annihilation at large scale controlled  

by a small coupling constant 

—>energy levels  and confinement: 
structure of levels controlled by a 

 Cornell potential in a Schroedinger eq.

quarkonium is an ideal system to study qcd

n=2

Coulomb bb cc

n=4

linear

n=3

n=5

n=6

bbar and ccbar energy levels in comparison to 
Coulomb and linear potential energy levels

Eichten et al . 75, 78, 80
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M. Alford, W. Dimm and G.P. Lepage
Floyd R. Newman Laboratory of Nuclear Studies
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Theoretical Physics Department
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Abstract

We demonstrate that lattice QCD calculations can be made 103–
106 times faster by using very coarse lattices. To obtain accurate
results, we replace the standard lattice actions by perturbatively-
improved actions with tadpole-improved correction terms that remove
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.
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 Today NR  bound systems are at the center of new Revolutions 
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 possible but not observed  

BaryonsMesons

Quark Model 1964 
Gell-Mann Zweig 

observed only
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Beyond the standard

quark model

With  the XYZ exotic states discovery, 
 states observed in the sector with two heavy quarks 



Exotic Hadrons


of unknown nature discovered at particle accelerators 

in the hadron sector with two heavy quarks
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S cientists working at the CERN laboratory recently
announced the discovery of exotic matter not seen in
nature: two different “tetraquarks” and a “pentaquark,”

all of which were created inside collisions between pairs of

protons slamming together at speeds very close to the speed of

light. The energy of these collisions is literally transmuted into

these exotic particles, a process governed by Einstein’s famous

equation E = mc . They will provide a new method for studying

the force that binds the centers of atoms together.

2

Quarks were proposed in 1964 by American physicist Murray

Gell-Mann as a solution to a big problem at the time. From the

late 1940s through the early 1960s, physicists had discovered

hundreds of particles with a dizzying array of masses, electrical

charges, lifetimes, and ways in which the particles interact. So

many different particles had been discovered with such a

diverse range of properties, that researchers at the time called

the menagerie “the particle zoo.” At the time of their discovery,

these particles were the smallest objects known.

Watch on

Pentaquarks

Gell-Mann broke through the confusion when he realized that

the zoo particles weren’t the smallest objects in nature. Rather,

the inhabitants of the subatomic zoo were made of even smaller

particles: the quarks. Gell-Mann’s original idea was that three

types of quarks existed, which he called the up quark, the down

quark, and the strange quark. 

The heaviest particles known at the time were combinations of

three quarks. For example, the familiar proton consists of two

up quarks and one down quark, while the neutron consists of

one up and two downs. The name for these heavy particles is

“baryons,” from the Greek word barus (“heavy”).

The middling-mass particles are called mesons, from mesos

(“middle”). Mesons consist of a quark and an antimatter quark.

The most common meson is called a pi meson (“pion”), and

one particular pion consists of an up quark and a down

antimatter quark. The lightest particles, called “leptons,” drawn

from the Greek leptos (“light”) are a different class of particles

entirely and contain no quarks. The most famous is the

electron.

While quark theory explained much of the known particle zoo,

it also predicted the existence of particles that hadn’t yet been

observed when the theory was proposed, for example, the

“omega baryon,” consisting of three strange quarks. (However,

the theory was validated a few months later, when the omega

baryon was discovered.) Quarks are part of the Standard Model

of particle physics, which is universally accepted within the

scientific community.

While Gell-Mann originally proposed that only three quarks

existed, scientists have now discovered a total of six. Their

names are up, down, charm, strange, top, and bottom. In the

past half-century, researchers have discovered most of the

possible ways that they can combine three at a time, or as a

quark and antimatter quark pair.

However, in Gell-mann’s original paper, he did not limit the

possible quark configurations to just the three-quark baryons

and the quark-antiquark pair mesons. He also postulated a four-

component “tetraquark” (made of two quarks and two
antiquarks) and a five-component “pentaquark” (made of four

quarks and an antiquark). Searches for these particles were

unsuccessful for years, but in more recent times, candidate

particles occasionally have been detected.

In the last few years, an experiment at the CERN laboratory,

called LHCb, has been trying to find previously unknown

particles. Its recently announced discovery isn’t of an entirely

new class of matter — after all, a handful of tetraquarks and

pentaquarks were known to exist — but rather of new variants.
Two of the particles are tetraquarks. One of them is composed

of a charm quark, an up quark, a down antiquark, and a strange

antiquark; the other is made up of a charm quark, a down

quark, an up antiquark, and a strange antiquark. (Note:

Antiquarks are denoted with a line over the letter.)

The other new particle is a pentaquark, made up of a charm

quark and its antiquark in combination with an up, a down, and

a strange quark. It is the first pentaquark found to contain a

strange quark.

So, what is the significance of discovering new examples of very

exotic forms of matter? It allows us to better understand the

nature of the strong nuclear force under extreme conditions.

(The strong nuclear force is responsible for, among other things,

holding atomic nuclei together.)It also has implications for our understanding of the evolution

of the very early Universe. Shortly after the Big Bang, the

Universe was so hot that quarks freely roamed around and were

not captured inside bigger particles. Approximately one-

millionth of a second after the Big Bang, the Universe cooled

enough that the strong nuclear force began to gather quarks

inside the protons and neutrons that makes up the cosmos, but

during the transition, it must have assembled tetraquarks and

pentaquarks as well. While these primordial particles have long

since decayed, a full accounting of the origins of the Universe

will require that tetraquarks and pentaquarks be understood.
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Physicists May Have Discovered a New "Tetraquark"

Particle

Data from the DZero experiment shows evidence of a particle containing four

di!erent types of quarks

BY CLARA MOSKOWITZ

Evidence for a never-before-seen particle containing four types of quark has

shown up in data from the Tevatron collider at the Fermi National Accelerator

Laboratory (Fermilab) in Illinois. The new particle, a class of “tetraquark,” is

made of a bottom quark, a strange quark, an up quark and a down quark. The

discovery could help elucidate the complex rules that govern quarks—the tiny

fundamental particles that make up the protons and neutrons inside all the

atoms in the universe.

Protons and neutrons each contain three quarks, which is by far the most

stable grouping. Pairs of quarks, called mesons, also commonly appear, but

larger conglomerations of quarks are extremely rare. Scientists at the Large

Hadron Collider (LHC) in Switzerland last year saw the first signs of a

pentaquark—a grouping of five quarks—which had long been predicted but

never seen. The first tetraquark was found in 2003 at the Belle experiment in

Japan, and since then physicists have encountered a half dozen di!erent

arrangements. But the new one, if confirmed, would be special. “What’s

unique in this case is that we basically have four quarks, which are all di!erent

—bottom, up, strange and down,” says Dmitri Denisov, co-spokesperson for

the DZero experiment. “In all previous configurations usually two quarks are

the same. Is this telling us something? I hope yes.”

The unusual arrangement, dubbed X(5568) in a paper submitted to Physical

Review Letters, could reflect some deeper rule about how the di!erent types, or

“flavors,” of quarks bind together—a process enabled by the strongest force in

nature, called, appropriately, the strong force. Physicists have a theory—called

quantum chromodynamics—that describes how the strong force works, but it

is incredibly unwieldy and di"cult to make predictions with. “While we

understand many features of the strong force, we don’t understand everything,

especially how the strong force acts on large distances,” Denisov says. “And on

a fundamental level we still don’t have a very good model of how quarks

interact when there are quite a few of them joined together.”

One open question is: How many quarks can stick together to form a particle?

So far scientists have not seen groupings of more than five, but theoretically

there is no limit. Physicists would also like to discover di!erent configurations

of four and five quarks than the handful that have been seen. “Finding

tetraquarks has proven di"cult to do, but it is likely that there are many more

to find,” says Fermilab physicist Don Lincoln, a member of the DZero team.

The Tevatron collider shut down in 2011, but the DZero team found signs of

the new tetraquark in the archive of data from the tens of billions of particle

collisions it achieved during its 28 years of operation. Other experiments such

the LHC’s LHCb (“b” stands for beauty) project are now looking through their

own data to see if they also have evidence of the particle. “If it is real, it would

be very interesting,” says LHCb physicist Sheldon Stone of Syracuse University.

“Discussions among LHCb collaborators have raised several issues of concern

with the DZero result that LHCb can check expeditiously. Until the check is

done and the DZero result is confirmed, we are not sure exactly what they are

seeing.”

Either way, scientists expect current particle accelerators—especially the LHC,

which restarted last year at higher energy levels than ever before—to discover

more new particle configurations in the coming years, making it an exciting

time for quark physics and for clearing up the intricate mechanics of the strong

force. “I would compare it with something like a puzzle—it’s not finished yet

but we’ve added one more piece to what was already known,” Denisov says.

“Hopefully there will eventually be a theory that explains these observations to

gain a better understanding of these quarks and the forces acting between

them.”
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LHCb discoverslongest-lived
exotic matteryet

0 8 / 0 4 / 2 1 | By Sarah Charley

The newly discovered tetraquark providesa unique window into the interactions of theparticles that make up atoms.

The LHCb experiment at the Large Hadron Collider is adding a newparticle to its family of exotic matter. In the last seven years, the LHCbexperiment at CERN has detected about a dozen types of exoticparticles made up of four quarks—called tetraquarks—or Rve quarks—called pentaquarks. The newly discovered tetraquark is by far the moststable exotic particle they’ve found.
“This tetraquark lives at least 10 times longer than the other forms ofexotic matter we’ve discovered,” says Syracuse University postdoc IvanPolyakov, who worked on this research with his colleagues on the LHCbexperiment. 

The tetraquark they found owes its stability to its unique quark content:two heavy “charm” quarks and two light anti-quarks. However, it’s notyet clear how exactly this object is put together. Figuring this out willhelp nuclear physicists better understand the inner workings of largeratomic nuclei, which are currently too complex to describe with thefundamental laws of physics.
The messy world of quarksQuarks are the point-like, fundamental particles that live inside hadrons,such as protons and neutrons. Most hadrons are made from two orthree quarks. But in 2014, the LHCb experiment conRrmed theexistence of tetraquarks (and later, pentaquarks). Since thisrevolutionary discovery, LHCb and other experiments have continued toRnd new tetraquarks and pentaquarks, each with a distinctive internalconRguration.

The LHCb experiment searches for new forms of matter in the collisionsgenerated by the Large Hadron Collider. It’s di^cult to disentangleexactly what’s happening when two protons collide inside the LHC, saysSyracuse professor Sheldon Stone. “You have this mess of things goingon in this very small region of space and time,” he says.
In this mess, quarks are liberated from the protons and swimmingthrough a broth of gluons, a force-carrying particle that “glues” quarkstogether. Because quarks cannot exist for long alone, theyspontaneously create more quark-antiquark pairs from the gluon broth.If quarks come close enough together, they can bind together and formrare hadrons. 

These rare hadrons decay into more stable byproducts, which arecaptured and recorded by the LHCb detector. Those detections allowscientists to learn more about what was produced during the collision;by retracing these byproducts back to their origins, scientists candetermine the properties of the original particle.
Polyakov decided to search for this doubly charmed tetraquark in datarecorded by the LHCb experiment after numerous discussions withStone and Syracuse professor Tomasz Skwarnicki.

“And nevertheless, it was a big surprise as it was not clear if such astate would exist at all,” Polyakov says. “It was a real gift, as we couldn’thave anticipated that it would have such exceptional properties.”
Doing physics with HeisenbergThe long lifetime of this new tetraquark means that for the Rrst time,scientists can precisely measure the mass of an exotic hadron. That’sbeen di^cult to do with its shorter-lived compatriots.

“It’s because of the Heisenberg uncertainty principle,” Polyakov says.This famous tenet of quantum mechanics dictates that it’s impossibleto precisely know multiple attributes of a quantum-mechanical object atthe same time. For instance, if the position of a particle is preciselyknown, then the momentum will remain largely a mystery. The samegoes for the lifetime of a particle and its mass.
“So if the particle decays fast, there must be a big uncertainty in itsmass,” Polyakov says. 

In the data, scientists see this uncertainty as a wide peak smearedacross numerous possible masses. But if a particle is more stable—andthus has more aexibility in its lifetime—then its mass can come intofocus. In the data, this looks like a sharp peak springing up at a well-deRned mass.

A precise measurement of the mass of this tetraquark will answer aquestion that physicists have been wrestling with since they discoveredtheir Rrst exotic hadron: How do the quarks bind together? Are they in atight clump, or do they look more like a loose molecule made up of twoquark pairs? Or maybe even something in between?
“Right now, it’s not yet clear,” Polyakov says. “We have measured itsmass and the width of the peak very precisely. This will prompt theoriststo make more accurate calculations and hopefully develop a deeperunderstanding of exotic hadrons.”

Going nuclear
According to Polyakov, these exotic forms of matter could be themissing links in our understanding of a much more ordinary form ofmatter: the atomic nucleus.

“We have a theory that gives good predictions on very small scales—1/100th the size of a proton and less,” he says. “But when we get to thesize of a proton or more, the calculations get so complicated thatnobody is able to do them.”
When modeling the interactions of quarks within a stable atomicnucleus, theorists must currently make assumptions andsimpliRcations. However, for systems containing heavy quarks, theexact calculations are better deRned. Because of this, scientists useparticles with heavy quarks (and their well-deRned mathematicalmodels) as a test for the theoretical assumptions about atomic nuclei. “This new tetraquark can be viewed as a simpliRed model of a protonand a neutron bonded together into a deuteron,” Polyakov says. “If wecan better understand how quarks bind in tetraquarks, we will have adeeper insight into how this interaction happens inside atomic nuclei.”Polyakov and his US colleagues on the LHCb experiment are funded bythe National Science Foundation. They are hoping to Rnd even longer-lived exotic hadrons—ones that could travel up to a centimeter beforedecaying—in the not-so-distant future. 

“We’re hoping that with the new upgrades to our detector, we’ll be ableto get to that level,” Stone says.
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RICERCATA DAI FISICI DA OLTRE 50 ANNI

Nuova straordinaria particella
scoperta al Cern: il pentaquark
Consentirà di saperne di più sulla «forza forte» che tiene unite le particelle nel nucleo
degli atomi e sui componenti della materia

di  Redazione Online



Ipotesi della struttura del pentaquark (Cern)

Nelle stesse ore in cui New Horizons sorvolava Plutone, il Cern ha comunicato un
altro grande successo della scienza: la scoperta del pentaquark, una particella
inseguita dai fisici per oltre 50 anni. Lo studio è stato descritto su arXiv.org e
l’articolo è stato presentato alla rivista Physical Review Letters. Il risultato è stato
ottenuto al Cern di Ginevra grazie all’acceleratore Large Hadron Collider (Lhc),
dall’esperimento Lhcb, nel quale l’Italia partecipa con l’Istituto nazionale di fisica
nucleare (Infn).

La «forza forte»
Di norma la materia è formata da gruppi di due oppure di tre quark. La presenza di
gruppi composti da 4-5 quark era stata predetta negli anni Sessanta, ma mai
riscontrata negli esperimenti. Il tetraquark era stato confermato nel 2013, il
pentaquark mai. La scoperta attuale permette di conoscere meglio la struttura della
materia, in particolare la «forza forte» che tiene unite le particelle nel nucleo degli
atomi. «Con il pentaquark speriamo di convincere il mondo della scienza
dell’esistenza di una nuova serie di particelle subnucleari, che ci daranno
informazioni cruciali sulle misteriose interazioni forti», ha osservato Luciano
Maiani, pioniere dello studio dei quark.

Pentaquark
Il pentaquark «non è soltanto una nuova particella», ha spiegato Alessandro Cardini,
responsabile dell’esperimento Lhcb (Large Hadron Collider Beauty) che ha come
scopo la misurazione del quark beauty e la violazione della simmetria CP. È infatti
un nuovo modo in cui i quark «possono combinarsi tra loro, in uno schema mai
osservato prima in oltre 50 anni di ricerche». Avere visto queste particelle, ha
aggiunto, permette ora di saperne di più «sui componenti della materia di cui siamo
fatti noi e tutto ciò che ci circonda».

Scoperta per caso
«Non stavamo cercando proprio il pentaquark», ha ammesso Patrick Koppenburg,
coordinatore di fisica dell’Lhc. «Ci siamo un po’ inciampati sopra». La comprensione
della struttura della materia è stata rivoluzionata nel 1964, quando il fisico
americano Murray Gell-Mann ha proposto la teoria sulla struttura della materia
secondo cui le particelle che formano il nucleo dell’atomo (protoni e neutroni) sono
composte da tre quark, ma ammette l’esistenza di particelle composte da più quark,
come il pentaquark.

Sicurezza
In passato gli scienziati avevano annunciato la scoperta del pentaquark, salvo poi
ritornare sui propri passi. Ora al Cern sono più che sicuri: il margine di errore,
infatti, è nella categoria «10 sigma», cioè esiste una sola possibilità su 10 elevato alla
22ma potenza che si tratti di una fluttuazione statistica.
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Nuova straordinaria particella
scoperta al Cern: il pentaquark
Consentirà di saperne di più sulla «forza forte» che tiene unite le particelle nel nucleo
degli atomi e sui componenti della materia

di  Redazione Online



Ipotesi della struttura del pentaquark (Cern)

Nelle stesse ore in cui New Horizons sorvolava Plutone, il Cern ha comunicato un
altro grande successo della scienza: la scoperta del pentaquark, una particella
inseguita dai fisici per oltre 50 anni. Lo studio è stato descritto su arXiv.org e
l’articolo è stato presentato alla rivista Physical Review Letters. Il risultato è stato
ottenuto al Cern di Ginevra grazie all’acceleratore Large Hadron Collider (Lhc),
dall’esperimento Lhcb, nel quale l’Italia partecipa con l’Istituto nazionale di fisica
nucleare (Infn).

La «forza forte»
Di norma la materia è formata da gruppi di due oppure di tre quark. La presenza di
gruppi composti da 4-5 quark era stata predetta negli anni Sessanta, ma mai
riscontrata negli esperimenti. Il tetraquark era stato confermato nel 2013, il
pentaquark mai. La scoperta attuale permette di conoscere meglio la struttura della
materia, in particolare la «forza forte» che tiene unite le particelle nel nucleo degli
atomi. «Con il pentaquark speriamo di convincere il mondo della scienza
dell’esistenza di una nuova serie di particelle subnucleari, che ci daranno
informazioni cruciali sulle misteriose interazioni forti», ha osservato Luciano
Maiani, pioniere dello studio dei quark.

Pentaquark
Il pentaquark «non è soltanto una nuova particella», ha spiegato Alessandro Cardini,
responsabile dell’esperimento Lhcb (Large Hadron Collider Beauty) che ha come
scopo la misurazione del quark beauty e la violazione della simmetria CP. È infatti
un nuovo modo in cui i quark «possono combinarsi tra loro, in uno schema mai
osservato prima in oltre 50 anni di ricerche». Avere visto queste particelle, ha
aggiunto, permette ora di saperne di più «sui componenti della materia di cui siamo
fatti noi e tutto ciò che ci circonda».

Scoperta per caso
«Non stavamo cercando proprio il pentaquark», ha ammesso Patrick Koppenburg,
coordinatore di fisica dell’Lhc. «Ci siamo un po’ inciampati sopra». La comprensione
della struttura della materia è stata rivoluzionata nel 1964, quando il fisico
americano Murray Gell-Mann ha proposto la teoria sulla struttura della materia
secondo cui le particelle che formano il nucleo dell’atomo (protoni e neutroni) sono
composte da tre quark, ma ammette l’esistenza di particelle composte da più quark,
come il pentaquark.

Sicurezza
In passato gli scienziati avevano annunciato la scoperta del pentaquark, salvo poi
ritornare sui propri passi. Ora al Cern sono più che sicuri: il margine di errore,
infatti, è nella categoria «10 sigma», cioè esiste una sola possibilità su 10 elevato alla
22ma potenza che si tratti di una fluttuazione statistica.
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Le chaudron à particules qu’est le LHC (Large Hadron Collider),
l’accélérateur géant de l’Organisation européenne pour la recherche
nucléaire (CERN, près de Genève), a beau être arrêté pour travaux
depuis deux ans, ses « vieilles » données révèlent encore des trésors.

Ainsi, grâce au plus petit de ses détecteurs, LHCb, des chercheurs
viennent de mettre au jour une nouvelle particule, prédite il y a tout
juste quarante ans et dont les propriétés atypiques soulèvent
l’espoir de découvertes encore plus importantes.« J’étais vraiment enthousiasmé quand je l’ai vue la première fois,

mais ça a pris quelques semaines avant de tout vérifier et se
convaincre qu’on avait vraiment une nouvelle particule », explique
Ivan Polyakov, de l’université de Syracuse (Etats-Unis), membre de
LHCb, qui a exposé le résultat le 29 juillet lors d’une conférence.
« Lorsque en 1981, avec mes deux collègues Pierre Taxil et Jean-Pierre

Ader, nous avions fait cette prédiction, les gens étaient sceptiques,

note Jean-Marc Richard, aujourd’hui professeur émérite de
l’université de Lyon. Mais je savais que ça arriverait. Sauf que je
pensais que ce seraient mes petits-enfants qui le verraient. Alors j’ai

été content quand des collègues de LHCb m’ont prévenu. »Première particularité du nouveau venu, à la différence des
électrons, des photons ou du célèbre boson de Higgs, il ne s’agit pas
d’une particule élémentaire. C’est un tétraquark, composé de quatre
quarks, tout comme les protons ou les neutrons sont faits de trois
quarks, et les moins connus, les mésons, de deux quarks seulement.
Second signe distinctif, contrairement aux autres tétraquarks créés
dans des collisions très intenses de particules depuis une vingtaine
d’années et qui disparaissent quasi instantanément, celui-ci survit
10 à 1 000 fois plus longtemps. Au point que les physiciens pensent
avoir mis la main sur un premier assemblage de quarks bien liés
entre eux, plutôt que sur un agrégat distendu. Un beau collier de
perles plutôt qu’un sac percé contenant des billes. Ou l’équivalent
d’une molécule stable en chimie.

Des charmes très massifs
Réaliser un tel collier n’est pas simple. Deux « colles » sont à
disposition pour en assembler les éléments. L’une, l’interaction
électrofaible, est connue pour tenir entre eux les électrons autour
des atomes, ou agir sur les protons et neutrons. L’autre, dite
« interaction forte », maintient entre eux les quarks. Les tétraquarks
découverts jusqu’ici mélangeaient les deux colles et « cassaient »
facilement, mais pas ce dernier-né, qui semble tenir par la seule
colle forte. Son secret est qu’il contient deux quarks très lourds,
baptisés « charmes », beaucoup plus massifs que les quarks trouvés
à l’intérieur des protons et neutrons. Cela stabiliserait l’édifice et lui
confère à la fois son nom barbare de Tcc + (pour tétraquark à deux
charmes, chargé positivement) et sa masse de plus de quatre fois
celle d’un proton.
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Les surprises du tétraquark, « collage » de
particules élémentairesLa découverte d’une nouvelle particule à la structure particulièrement stable pourrait

permettre aux chercheurs de vérifier leurs théories sur l’interaction forte.
Par David LarousseriePublié le 15 août 2021 à 18h00, modifié le 16 août 2021 à 12h14 • Lecture 3 min.
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Le chaudron à particules qu’est le LHC (Large Hadron Collider),
l’accélérateur géant de l’Organisation européenne pour la recherche
nucléaire (CERN, près de Genève), a beau être arrêté pour travaux
depuis deux ans, ses « vieilles » données révèlent encore des trésors.

Ainsi, grâce au plus petit de ses détecteurs, LHCb, des chercheurs
viennent de mettre au jour une nouvelle particule, prédite il y a tout
juste quarante ans et dont les propriétés atypiques soulèvent
l’espoir de découvertes encore plus importantes.« J’étais vraiment enthousiasmé quand je l’ai vue la première fois,

mais ça a pris quelques semaines avant de tout vérifier et se
convaincre qu’on avait vraiment une nouvelle particule », explique
Ivan Polyakov, de l’université de Syracuse (Etats-Unis), membre de
LHCb, qui a exposé le résultat le 29 juillet lors d’une conférence.
« Lorsque en 1981, avec mes deux collègues Pierre Taxil et Jean-Pierre

Ader, nous avions fait cette prédiction, les gens étaient sceptiques,

note Jean-Marc Richard, aujourd’hui professeur émérite de
l’université de Lyon. Mais je savais que ça arriverait. Sauf que je
pensais que ce seraient mes petits-enfants qui le verraient. Alors j’ai

été content quand des collègues de LHCb m’ont prévenu. »Première particularité du nouveau venu, à la différence des
électrons, des photons ou du célèbre boson de Higgs, il ne s’agit pas
d’une particule élémentaire. C’est un tétraquark, composé de quatre
quarks, tout comme les protons ou les neutrons sont faits de trois
quarks, et les moins connus, les mésons, de deux quarks seulement.
Second signe distinctif, contrairement aux autres tétraquarks créés
dans des collisions très intenses de particules depuis une vingtaine
d’années et qui disparaissent quasi instantanément, celui-ci survit
10 à 1 000 fois plus longtemps. Au point que les physiciens pensent
avoir mis la main sur un premier assemblage de quarks bien liés
entre eux, plutôt que sur un agrégat distendu. Un beau collier de
perles plutôt qu’un sac percé contenant des billes. Ou l’équivalent
d’une molécule stable en chimie.

Des charmes très massifs
Réaliser un tel collier n’est pas simple. Deux « colles » sont à
disposition pour en assembler les éléments. L’une, l’interaction
électrofaible, est connue pour tenir entre eux les électrons autour
des atomes, ou agir sur les protons et neutrons. L’autre, dite
« interaction forte », maintient entre eux les quarks. Les tétraquarks
découverts jusqu’ici mélangeaient les deux colles et « cassaient »
facilement, mais pas ce dernier-né, qui semble tenir par la seule
colle forte. Son secret est qu’il contient deux quarks très lourds,
baptisés « charmes », beaucoup plus massifs que les quarks trouvés
à l’intérieur des protons et neutrons. Cela stabiliserait l’édifice et lui
confère à la fois son nom barbare de Tcc + (pour tétraquark à deux
charmes, chargé positivement) et sa masse de plus de quatre fois
celle d’un proton.
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Physik

Cern-Forscher entdecken neues

Teilchen
Die Physiker am Kernforschungszentrum in Genf haben die Existenz des

Pentaquark-Teilchens nachgewiesen. Bislang war es nur in theoretischen

Modellen beschrieben worden.

27 Kilometer ist der vorhandene Beschleuniger LHC lang – Techniker fahren den Weg daher

zum Teil mit dem Fahrrad ab. Der Nachfolger soll rund viermal so lang sein. © FABRICE

COFFRINI/AFP/Ge"y Images

Mit dem stärksten Teilchenbeschleuniger der Welt haben Physiker am

Europäischen Kernforschungszentrum (Cern) sogenannte Pentaquark-

Teilchen nachgewiesen. Der US-Physiker Murray Gell-Mann hatte die

Existenz von Pentaquarks 1964 postuliert, bislang konnte sie jedoch

niemals schlüssig bewiesen werden.

Diese fünfgliedrigen Quarks sind eine Form von Bestandteilen der

Materie, die bislang nur in theoretischen Modellen der Teilchenphysik

beschrieben wurden. Das Pentaquark wurde nun in Genf am

Beschleuniger Large Hadron Collider (LHC) entdeckt, genauer: beim

LHCb-Experiment, einem der vier großen am LHC betriebenen Projekte.

"Das Pentaquark ist nicht einfach irgendein Teilchen", erklärte

LHCb-Sprecher Guy Wilkinson. "Es stellt eine Möglichkeit dar,

Quarks – also die fundamentalen Bestandteile von Protonen und

Neutronen – in einem Muster zu vereinigen, das trotz 50-jähriger

experimenteller Suche noch nie beobachtet wurde." Protonen und

Neutronen sind positiv und neutral geladene Bestandteile der

meisten Atome.

Elementarteilchen: Materie

Als Elementarteilchen werden all jene Bausteine bezeichnet, die (soweit Physiker

wissen) nicht weiter zerlegbar sind.

Das bekannteste Elementarteilchen ist das Elektron, das gemeinsam mit den

selteneren Myonen und Tauonen zu den Leptonen zählt. Neben diesen drei Leptonen

gibt es noch drei unterschiedliche Neutrinos, die ebenfalls zu den Elementarteilchen

zählen. Neutrinos entstehen etwa bei der Kernspaltung in Atomkraftwerken oder bei

der Kernfusion in der Sonne.

Darüber hinaus gibt es sechs weitere Elementarteilchen, die Quarks. Aus ihnen

bestehen etwa Protonen und Neutronen, aus denen der Kern eines Atoms aufgebaut ist.

Zusammen bilden diese insgesamt 12 Elementarteilchen die Grundbausteine der

Materie. Entsprechend gibt es 12 Antiteilchen, die die Antimaterie bilden.

Kräfte

Higgs-Boson

Das Pentaquark besteht aus vier Quarks und einem Antiquark. Deren

Existenz war erstmals in den sechziger Jahren vorhergesagt worden,

maßgeblich von Gell-Mann, der 1969 den Physik-Nobelpreis erhielt. Auf

dem Quarkmodell fußt die Vorhersage der Pentaquarks. 

"Die jüngste Beobachtung ermöglicht neue Einblicke in die starken

Wechselwirkungen und Bindungen der Quarks in Teilchen wie Protonen

und Neutronen. Davon verstehen wir bislang noch zu wenig", erläuterte

der Physiker Ulrich Uwer von der Universität Heidelberg. Er ist Sprecher

der deutschen Gruppen am LHCb-Experiment, war aber an den

Pentaquark-Messungen nicht beteiligt. "Das Pentaquark ist ein sehr

kurzlebiges Teilchen. Es zerfällt schnell in kleinere Teilchen wie das aus

drei Quarks bestehende Proton." Auch Zustände mit sechs und mehr

Quarks seien theoretisch möglich. Im vergangenen Jahr sei das

Tetraquark am LHC bestätigt worden.
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thomascap

15. Juli 2015 um 24:05 Uhr

Bei den Meldungen muss man vorsichtig sein...

Was ist nachgewiesen? Hat man statistisch die Möglichkeit berechnet das es ein solches

Teilchen gibt oder hat man im wissentschaftlichen Sinne einen nachprüfbaren Beweis?

1 Antwort Antwort schreiben

thomascap

15. Juli 2015 um 24:03 Uhr

Mehr Geld für CERN und den Euro Fusionsreaktor...

das ist hundertmal wichtiger als die Rettung der Banken mit Billionen von EURos...

Antwort schreiben

Wk
Wahrheit kann weh tun

14. Juli 2015 um 23:11 Uhr

Glückwunsch an die Forscher!

"Cern-Forscher entdecken neues Teilchen"

Zumal der LHC nach seiner Modernisierung gerade erst wieder angekaufen ist.

Antwort schreiben

fxrichter

14. Juli 2015 um 23:07 Uhr

RigVeda (Übersetzung der Mathematiker Graßmann)

2. Nicht Tod und nicht Unsterblichkeit war damals,

nicht gab's des Tages noch der Nacht Erscheinung;

Nur Eines hauchte windlos durch sich selber

und ausser ihm gab nirgend es ein andres.

3. Nur Dunkel war, verhüllt von Dunkel, anfangs

und unerkennbar wogte dieses alles;

Vom leeren Raum war zugedeckt die Oede,

das Eine ward durch Macht der Glut geboren.

4. Da regte sich zuerst in ihm Begierde,

als sich des Geistes erster Same zeigte;

Es fanden da das Band des Seins im Nichtsein

die Weisen suchend mit des Herzens Einsicht.

5. Und quer hindurch war ihre Schnur gezogen,

was war darunter? und was war darüber?

Erzeuger waren, und es waren Mächte,

und Schöpferkraft war unten, Streben oben.

6. Wer weiß es recht? wer mag es hier verkünden?

woher entstand, woher sie kam die Schöpfung,

Ob durch sein Schaffen erst die Götter wurden,

wer weiß es doch, woher es sei gekommen?

7. Von wannen diese Schöpfung sei gekommen,

ob sie geschaffen oder unerschaffen,

Der auf sie schaut im höchsten Himmelsraume,

der weiß allein es, oder weiß er‘s auch nicht?

Antwort schreiben

R
Renfrew

14. Juli 2015 um 22:49 Uhr

Der Mensch entwickelt sich durch neugier

Und wissenschaftliche Neugier ist der Motor des Fortschritts.

Wunderbar, dass es schlaue Leute gibt, die den technischen Fortschritt vorantreiben.

Auch wenn eine Anwendung - so weit ich das sehe - hier nicht sichtbar ist.

Aber das war beim Transistor, dem Computerchip und dem Internet genau so.

Antwort schreiben

R
Renfrew

14. Juli 2015 um 22:47 Uhr

Ich bin nicht schlau genug....

….dieser Entdeckung im Sinne der Physik zu folgen.

Aber toll, dass es so schlaue Physiker gibt.

Ich unterstütze die auch gerne mit meinen Steuergeldern.

Antwort schreiben

BA
Besondere Aufgaben

14. Juli 2015 um 22:45 Uhr

Postskriptum

Vorschlag: Fünfquarkige Teilchen. Aber das klingt zugegebenermaßen doch arg

bescheuert.

Antwort schreiben

Extrakt

14. Juli 2015 um 22:36 Uhr

Illusion oder Wirklichkeit

Für was ist es gut? Nun, ich meine, dass der Mensch existiert, um seine Existenz zu

ergründen. Schon in der Bibel ist die Sprache vom "Ebenbild Gottes". Wir stehen am

Anfang.

Spannend ist die Frage, ob die Physik der kleinsten Teilchen uns zur Erkenntnis führt,

dass die Welt einem mathematischen Modell folgt, das ähnlich dem Kaleidoskop oder der

Chaostheorie einem eher endlosen Fragment gleicht oder ein dem unseren jetzigen

Erkenntnisgrad mehr zugänglichem logischen und beschreibbaren Modell eines

strukturierten Baukastens.

Ich persönlich glaube, dass uns die Tatsache eines unteilbaren Teilchens vor größere

Probleme stellen würde, als die Annahme, dass die Teilbarkeit unendlich ist.

Die Frage nach dem endlichen Universum ist exakt genauso erschreckend.

Es gäbe immer die Frage nach dem was dahinter ist.

Wir müssen die Gesetzmäßigkeiten des Endlosen besser verstehen lernen.

Antwort schreiben
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Physik

Cern-Forscher entdecken neues

Teilchen
Die Physiker am Kernforschungszentrum in Genf haben die Existenz des

Pentaquark-Teilchens nachgewiesen. Bislang war es nur in theoretischen

Modellen beschrieben worden.

27 Kilometer ist der vorhandene Beschleuniger LHC lang – Techniker fahren den Weg daher

zum Teil mit dem Fahrrad ab. Der Nachfolger soll rund viermal so lang sein. © FABRICE

COFFRINI/AFP/Ge"y Images

Mit dem stärksten Teilchenbeschleuniger der Welt haben Physiker am

Europäischen Kernforschungszentrum (Cern) sogenannte Pentaquark-

Teilchen nachgewiesen. Der US-Physiker Murray Gell-Mann hatte die

Existenz von Pentaquarks 1964 postuliert, bislang konnte sie jedoch

niemals schlüssig bewiesen werden.

Diese fünfgliedrigen Quarks sind eine Form von Bestandteilen der

Materie, die bislang nur in theoretischen Modellen der Teilchenphysik

beschrieben wurden. Das Pentaquark wurde nun in Genf am

Beschleuniger Large Hadron Collider (LHC) entdeckt, genauer: beim

LHCb-Experiment, einem der vier großen am LHC betriebenen Projekte.

"Das Pentaquark ist nicht einfach irgendein Teilchen", erklärte

LHCb-Sprecher Guy Wilkinson. "Es stellt eine Möglichkeit dar,

Quarks – also die fundamentalen Bestandteile von Protonen und

Neutronen – in einem Muster zu vereinigen, das trotz 50-jähriger

experimenteller Suche noch nie beobachtet wurde." Protonen und

Neutronen sind positiv und neutral geladene Bestandteile der

meisten Atome.

Elementarteilchen: Materie

Als Elementarteilchen werden all jene Bausteine bezeichnet, die (soweit Physiker

wissen) nicht weiter zerlegbar sind.

Das bekannteste Elementarteilchen ist das Elektron, das gemeinsam mit den

selteneren Myonen und Tauonen zu den Leptonen zählt. Neben diesen drei Leptonen

gibt es noch drei unterschiedliche Neutrinos, die ebenfalls zu den Elementarteilchen

zählen. Neutrinos entstehen etwa bei der Kernspaltung in Atomkraftwerken oder bei

der Kernfusion in der Sonne.

Darüber hinaus gibt es sechs weitere Elementarteilchen, die Quarks. Aus ihnen

bestehen etwa Protonen und Neutronen, aus denen der Kern eines Atoms aufgebaut ist.

Zusammen bilden diese insgesamt 12 Elementarteilchen die Grundbausteine der

Materie. Entsprechend gibt es 12 Antiteilchen, die die Antimaterie bilden.

Kräfte

Higgs-Boson

Das Pentaquark besteht aus vier Quarks und einem Antiquark. Deren

Existenz war erstmals in den sechziger Jahren vorhergesagt worden,

maßgeblich von Gell-Mann, der 1969 den Physik-Nobelpreis erhielt. Auf

dem Quarkmodell fußt die Vorhersage der Pentaquarks. 

"Die jüngste Beobachtung ermöglicht neue Einblicke in die starken

Wechselwirkungen und Bindungen der Quarks in Teilchen wie Protonen

und Neutronen. Davon verstehen wir bislang noch zu wenig", erläuterte

der Physiker Ulrich Uwer von der Universität Heidelberg. Er ist Sprecher

der deutschen Gruppen am LHCb-Experiment, war aber an den

Pentaquark-Messungen nicht beteiligt. "Das Pentaquark ist ein sehr

kurzlebiges Teilchen. Es zerfällt schnell in kleinere Teilchen wie das aus

drei Quarks bestehende Proton." Auch Zustände mit sechs und mehr

Quarks seien theoretisch möglich. Im vergangenen Jahr sei das

Tetraquark am LHC bestätigt worden.
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Scientists at CERN observe three "exotic" particles
for first time

Synopsis
The 27 kilometre-long (16.8 mile) LHC at CERN is the machine that found the Higgs
boson particle, which along with its linked energy field is thought to be vital to the
formation of the universe after the Big Bang 13.7 billion years ago.

Scientists working with the Large
Hadron Collider (LHC) have discovered
three subatomic particles never seen
before as they work to unlock the
building blocks of the universe, the
European nuclear research centre
CERN said on Tuesday.

The 27 kilometre-long (16.8 mile) LHC
at CERN is the machine that found the

Higgs boson particle, which along with its linked energy field is thought to be
vital to the formation of the universe after the Big Bang 13.7 billion years ago.

Now scientists at CERN say they have observed a new kind of "pentaquark"
and the first-ever pair of "tetraquarks", adding three members to the list of new
hadrons found at the LHC.

They will help physicists better understand how quarks bind together into
composite particles.

Quarks are elementary particles that usually combine in groups of twos and
threes to form hadrons such as the protons and neutrons that make up atomic
nuclei.

More rarely, however, they can also combine into four-quark and five-quark
particles, or tetraquarks and pentaquarks.

"The more analyses we perform, the more kinds of exotic hadrons we find,"
physicist Niels Tuning said
https://home.web.cern.ch/news/news/physics/lhcb-discovers-three-new-
exotic-particles in a statement.

"We're witnessing a period of discovery similar to the 1950s, when a 'particle
zoo' of hadrons started being discovered and ultimately led to the quark model
of conventional hadrons in the 1960s. We're creating 'particle zoo 2.0'."

(You can now subscribe to our Economic Times WhatsApp channel)

READ MORE NEWS ON

Cern Large Hadron Collider Exotic Particles Lhc Big Bang

(Catch all the Business News, Breaking News, Budget 2024 Events and Latest News Updates on The Economic Times.)
Subscribe to The Economic Times Prime and read the ET ePaper online.

Scientists at CERN say they have observed a new
kind of "pentaquark" and the first-ever pair of
"tetraquarks".
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Scientists at CERN observe three "exotic" particles
for first time

Synopsis
The 27 kilometre-long (16.8 mile) LHC at CERN is the machine that found the Higgs
boson particle, which along with its linked energy field is thought to be vital to the
formation of the universe after the Big Bang 13.7 billion years ago.

Scientists working with the Large
Hadron Collider (LHC) have discovered
three subatomic particles never seen
before as they work to unlock the
building blocks of the universe, the
European nuclear research centre
CERN said on Tuesday.

The 27 kilometre-long (16.8 mile) LHC
at CERN is the machine that found the

Higgs boson particle, which along with its linked energy field is thought to be
vital to the formation of the universe after the Big Bang 13.7 billion years ago.

Now scientists at CERN say they have observed a new kind of "pentaquark"
and the first-ever pair of "tetraquarks", adding three members to the list of new
hadrons found at the LHC.

They will help physicists better understand how quarks bind together into
composite particles.

Quarks are elementary particles that usually combine in groups of twos and
threes to form hadrons such as the protons and neutrons that make up atomic
nuclei.

More rarely, however, they can also combine into four-quark and five-quark
particles, or tetraquarks and pentaquarks.

"The more analyses we perform, the more kinds of exotic hadrons we find,"
physicist Niels Tuning said
https://home.web.cern.ch/news/news/physics/lhcb-discovers-three-new-
exotic-particles in a statement.

"We're witnessing a period of discovery similar to the 1950s, when a 'particle
zoo' of hadrons started being discovered and ultimately led to the quark model
of conventional hadrons in the 1960s. We're creating 'particle zoo 2.0'."

(You can now subscribe to our Economic Times WhatsApp channel)
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Cern Large Hadron Collider Exotic Particles Lhc Big Bang
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Scientists at CERN say they have observed a new
kind of "pentaquark" and the first-ever pair of
"tetraquarks".
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Mysterious 'X' particles that formed moments after the big
bang found in Large Hadron Collider
Physicists at MIT's Laboratory for Nuclear Science have found evidence of these 'X' particles produced in the

Large Hadron Collider at Cern in Geneva.
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Physicists have found evidence of rare X particles in the quark-gluon plasma produced in the Large Hadron Collider (LHC) at CERN.
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When the universe was formed, right after the big bang, for a brief moment amid the trillion-degree

plasma of quarks and gluon there existed elementary particles that later cooled down to form more

stable configurations of neutrons and protons of ordinary matter.

Before cooling down, a fraction of these quarks and gluons collided randomly to form short-lived “X”

particles known for their mysterious, unknown structures. These elementary particles have remained

elusive to science until now. Understanding these particles could shed light on the environment that

existed following the big bang and how the universe evolved.
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Pentaquarks: scientists find new "exotic"

configurations of quarks

5 July 2022

By Pallab Ghosh, Science correspondent

"Exotic" states of matter exist for less than a blink of an eye

Scientists have found new ways in which quarks, the tiniest particles known to

humankind, group together.

The new structures exist for just a hundred thousandth of a billionth of a billionth of a

second but may explain how our Universe is formed.

Atoms contain smaller particles called neutrons and protons, which are made up of

three quarks each.

"Exotic" matter discovered in recent years is made up of four and five quarks -

tetraquarks and pentaquarks.

Scientists at the Large Hadron Collider in Switzerland have discovered one new

pentaquark and two tetraquarks. This takes the total number discovered there to 21.

Each is unique, but researchers are excited about the qualities of the three new finds.

The new pentaquark decays into particles that none of the others produce, while the

two tetraquarks have the same mass, suggesting they may be the first known pair of

exotic structures.

Perhaps even more importantly, though, the latest finds mean that there are now

enough of these particles to begin grouping them together, like the chemical elements

in the periodic table. That is an essential first step towards creating a theory and set of

rules governing exotic mass.

In light of the new discoveries, physicists are discussing this very issue at a special

seminar on Tuesday at CERN, the European Organization for Nuclear Research, which

houses the Large Hadron Collider.

Working out minuscule differences between the tiniest things we know about may

seem arcane, but the interaction of quarks creates the so-called "strong force" that

holds the insides of atoms - and by extension our entire Universe - together.

"The strong force is extremely difficult to calculate, and we don't have firm predictions

of how the exotic pentaquarks and tetraquarks are built," says Prof Chris Parkes of

Manchester University. "But we hope that by finding out about them we can develop

theories that enable us to understand them better."

What are quarks?

A Greek philosopher, Democritus, put forward the idea in the fifth century BC that the

world was made up of indivisible particles which he called atoms.

By the end of the 19th and early 20th century, experimental results showed that atoms

were made up of smaller particles: electrons, neutrons and protons.

And in the 1960s, it became clear that neutrons and protons themselves were made

from smaller particles still, called quarks; and that the interaction of quarks was tied to

one of the fundamental forces of nature called the strong force.

The force not only holds the insides of atoms together, but is important in the

interactions of other sub-atomic particles that make the Universe tick.

The Large Hadron Collider has undergone a major upgrade and the researchers

involved believe that they will discover many more such exotic particles, some of

which may have six quarks bound together.

Some of these may have a less fleeting existence - perhaps a hundred billionth of a

second. That is brief by human standards, but because these particles travel at close to

the speed of light, they would leave trails a few millimetres long, which would be a

treasured footprint for physicist sleuths to follow.

Follow Pallab on Twitter

Particle physics
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‘Impossible’ Particle Adds a Piece to the Strong Force
Puzzle
The unexpected discovery of the double-charm tetraquark gives physicists fresh insight into the strongest of
nature’s fundamental forces.

Original story reprinted with permission
from Quanta Magazine, an editorially
independent publication of the Simons
Foundation whose mission is to enhance
public understanding of science by
covering research developments and
trends in mathematics and the physical
and life sciences.

THIS SPRING, AT  a meeting of Syracuse University’s quark
physics group, Ivan Polyakov announced that he had uncovered
the fingerprints of a semi-mythical particle.

“We said, ‘This is impossible. What mistake are you making?’”
recalled Sheldon Stone, the group’s leader.
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Polyakov went away and double-checked his analysis of data
from the Large Hadron Collider beauty (LHCb) experiment the
Syracuse group is part of. The evidence held. It showed that a
particular set of four fundamental particles called quarks can
form a tight clique, contrary to the belief of most theorists. The
LHCb collaboration reported the discovery of the composite
particle, dubbed the double-charm tetraquark, at a conference
in July and in two papers posted earlier this month that are now
undergoing peer review.

The unexpected discovery
of the double-charm
tetraquark highlights an
uncomfortable truth. While
physicists know the exact
equation that defines the
strong force—the
fundamental force that

binds quarks together to make the protons and neutrons in the
hearts of atoms, as well as other composite particles like
tetraquarks—they can rarely solve this strange, endlessly
iterative equation, so they struggle to predict the strong force’s
effects.

TRENDING NOW

How Disney Designed a Robotic Spider-Man

The tetraquark now presents theorists with a solid target against
which to test their mathematical machinery for approximating
the strong force. Honing their approximations represents
physicists’ main hope for understanding how quarks behave
inside and outside atoms—and for teasing apart the effects of
quarks from subtle signs of new fundamental particles that
physicists are pursuing.

Quark Cartoon

The bizarre thing about quarks is that physicists can approach
them at two levels of complexity. In the 1960s, grappling with a
zoo of newly discovered composite particles, they developed the
cartoonish “quark model,” which simply says that quarks glom
together in complementary sets of three to make the proton, the
neutron, and other baryons, while pairs of quarks make up
various types of meson particles.

Gradually, a deeper theory known as quantum chromodynamics
(QCD) emerged. It painted the proton as a seething mass of
quarks roped together by tangled strings of “gluon” particles, the
carriers of the strong force. Experiments have confirmed many
aspects of QCD, but no known mathematical techniques can
systematically unravel the theory’s central equation.

Somehow, the quark model can stand in for the far more
complicated truth, at least when it comes to the menagerie of
baryons and mesons discovered in the 20th century. But the
model failed to anticipate the fleeting tetraquarks and five-
quark “pentaquarks” that started showing up in the 2000s.
These exotic particles surely stem from QCD, but for nearly 20
years, theorists have been stumped as to how.

ADVERTISEMENT

“We just don’t know the pattern yet, which is embarrassing,” said
Eric Braaten, a particle theorist at Ohio State University.

The newest tetraquark sharpens the mystery. 

It showed up in the debris of roughly 200 collisions at the LHCb
experiment, where protons smash into each other 40 million
times each second, giving quarks uncountable opportunities to
cavort in all the ways nature permits. Quarks come in six
“flavors” of masses, with heavier quarks appearing more rarely.
Each of those 200-odd collisions generated enough energy to
make two charm-flavored quarks, which weigh more than the
lightweight quarks that comprise protons but less than the
gigantic “beauty” quarks that are LHCb’s main quarry. The
middleweight charm quarks also got close enough to attract
each other and rope in two lightweight antiquarks. Polyakov’s
analysis suggested that the four quarks banded together for a
glorious 12 sextillionths of a second before an energy fluctuation
conjured up two extra quarks and the group disintegrated into
three mesons.

For a tetraquark, that’s an eternity. Previous tetraquarks have
contained quarks paired with their equally massive opposing
antiquarks, and they tended to puff into nothingness thousands
of times faster. The new tetraquark’s formation and subsequent
stability surprised Stone’s group, which expected charm quarks
to attract each other even more weakly than the quark-
antiquark pairs that bind more ephemeral tetraquarks. The
tetraquarks' tenacity is a fresh clue to the strong force enigma.

Quark Rules of Thumb

One of the few theorists to foresee why two charm quarks might
mingle was Jean-Marc Richard, now at the Institute of Physics of
the 2 Infinities in Lyon, France. In 1982, he and two colleagues
studied a simple quark model and initially found that four
quarks would rather form two pairs, or mesons. A quark pair can
tango, much as a proton and electron can. But add two more,
and the newcomers tend to get in the way, weakening the
attraction and dooming the collective particle.

The theorists also noticed a loophole: Lopsided quartets can
stick together if the larger pair is heavy enough to not take much
notice of the lighter pair. The question was, how skewed would
the masses have to be?

After conducting further analysis, Richard and a colleague
predicted that it’s not necessary to go all the way to the most
gargantuan quarks; a pair of middleweight charm quarks could
anchor a tetraquark. But alternative extensions of the quark
model predicted different tipping points, and the existence of
the double-charm tetraquark remained doubtful. “There were
more guesses that it would not exist than there were that it
would exist,” Braaten said.

The same was true of “lattice QCD” computer simulations, a
powerful approach to approximating QCD. These simulations
capture the richness of the theory by analyzing quarks and
gluons interacting at points on a fine grid instead of throughout
a smooth space. All lattice QCD simulations agreed that the
heaviest quarks could make tetraquarks. But when researchers
swapped in charm quarks, most simulations found that double-
charm tetraquarks couldn’t form.

Now the LHCb experiment has made a definitive ruling: Charm
quarks can bind a tetraquark together. (Only barely, though—the
physicists calculate that if the composite particle had just one-
hundredth of a percent more mass, two mesons would win out
instead.) Now theorists have a new benchmark for their models.

For lattice QCD practitioners, the new tetraquark highlights the
problem that key details about the midsize quarks may be
getting lost between their lattice points. Lightweight quarks can
zip around enough to allow their movement to be captured even
against a coarse grid. And researchers can deal with heavy, more
stationary quarks by pinning them to one spot. But charm
quarks inhabit an awkward middle ground, and researchers
think they’ll need to zoom in to better discern their behavior.
“We need, most likely, a finer lattice,” said Pedro Bicudo, a lattice
QCD specialist at the University of Lisbon in Portugal.

More capable lattice QCD simulations will have far-reaching
benefits. Particle physicists’ main goal in experiments like LHCb
is to find signs of new fundamental particles, such as those that
might make up the universe’s dark matter. To do so, they must
be able to distinguish the dance of charm quarks and their kin
from other, more novel influences.

“Anywhere the charm quark is important, this [discovery] will
spread there,” Bicudo said.

Original story reprinted with permission from Quanta Magazine,
an editorially independent publication of the Simons
Foundation whose mission is to enhance public understanding
of science by covering research developments and trends in
mathematics and the physical and life sciences.
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‘Impossible’ Particle Adds a Piece to the Strong Force
Puzzle
The unexpected discovery of the double-charm tetraquark gives physicists fresh insight into the strongest of
nature’s fundamental forces.

Original story reprinted with permission
from Quanta Magazine, an editorially
independent publication of the Simons
Foundation whose mission is to enhance
public understanding of science by
covering research developments and
trends in mathematics and the physical
and life sciences.

THIS SPRING, AT  a meeting of Syracuse University’s quark
physics group, Ivan Polyakov announced that he had uncovered
the fingerprints of a semi-mythical particle.

“We said, ‘This is impossible. What mistake are you making?’”
recalled Sheldon Stone, the group’s leader.
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Polyakov went away and double-checked his analysis of data
from the Large Hadron Collider beauty (LHCb) experiment the
Syracuse group is part of. The evidence held. It showed that a
particular set of four fundamental particles called quarks can
form a tight clique, contrary to the belief of most theorists. The
LHCb collaboration reported the discovery of the composite
particle, dubbed the double-charm tetraquark, at a conference
in July and in two papers posted earlier this month that are now
undergoing peer review.

The unexpected discovery
of the double-charm
tetraquark highlights an
uncomfortable truth. While
physicists know the exact
equation that defines the
strong force—the
fundamental force that

binds quarks together to make the protons and neutrons in the
hearts of atoms, as well as other composite particles like
tetraquarks—they can rarely solve this strange, endlessly
iterative equation, so they struggle to predict the strong force’s
effects.

TRENDING NOW

How Disney Designed a Robotic Spider-Man

The tetraquark now presents theorists with a solid target against
which to test their mathematical machinery for approximating
the strong force. Honing their approximations represents
physicists’ main hope for understanding how quarks behave
inside and outside atoms—and for teasing apart the effects of
quarks from subtle signs of new fundamental particles that
physicists are pursuing.

Quark Cartoon

The bizarre thing about quarks is that physicists can approach
them at two levels of complexity. In the 1960s, grappling with a
zoo of newly discovered composite particles, they developed the
cartoonish “quark model,” which simply says that quarks glom
together in complementary sets of three to make the proton, the
neutron, and other baryons, while pairs of quarks make up
various types of meson particles.

Gradually, a deeper theory known as quantum chromodynamics
(QCD) emerged. It painted the proton as a seething mass of
quarks roped together by tangled strings of “gluon” particles, the
carriers of the strong force. Experiments have confirmed many
aspects of QCD, but no known mathematical techniques can
systematically unravel the theory’s central equation.

Somehow, the quark model can stand in for the far more
complicated truth, at least when it comes to the menagerie of
baryons and mesons discovered in the 20th century. But the
model failed to anticipate the fleeting tetraquarks and five-
quark “pentaquarks” that started showing up in the 2000s.
These exotic particles surely stem from QCD, but for nearly 20
years, theorists have been stumped as to how.

ADVERTISEMENT

“We just don’t know the pattern yet, which is embarrassing,” said
Eric Braaten, a particle theorist at Ohio State University.

The newest tetraquark sharpens the mystery. 

It showed up in the debris of roughly 200 collisions at the LHCb
experiment, where protons smash into each other 40 million
times each second, giving quarks uncountable opportunities to
cavort in all the ways nature permits. Quarks come in six
“flavors” of masses, with heavier quarks appearing more rarely.
Each of those 200-odd collisions generated enough energy to
make two charm-flavored quarks, which weigh more than the
lightweight quarks that comprise protons but less than the
gigantic “beauty” quarks that are LHCb’s main quarry. The
middleweight charm quarks also got close enough to attract
each other and rope in two lightweight antiquarks. Polyakov’s
analysis suggested that the four quarks banded together for a
glorious 12 sextillionths of a second before an energy fluctuation
conjured up two extra quarks and the group disintegrated into
three mesons.

For a tetraquark, that’s an eternity. Previous tetraquarks have
contained quarks paired with their equally massive opposing
antiquarks, and they tended to puff into nothingness thousands
of times faster. The new tetraquark’s formation and subsequent
stability surprised Stone’s group, which expected charm quarks
to attract each other even more weakly than the quark-
antiquark pairs that bind more ephemeral tetraquarks. The
tetraquarks' tenacity is a fresh clue to the strong force enigma.

Quark Rules of Thumb

One of the few theorists to foresee why two charm quarks might
mingle was Jean-Marc Richard, now at the Institute of Physics of
the 2 Infinities in Lyon, France. In 1982, he and two colleagues
studied a simple quark model and initially found that four
quarks would rather form two pairs, or mesons. A quark pair can
tango, much as a proton and electron can. But add two more,
and the newcomers tend to get in the way, weakening the
attraction and dooming the collective particle.

The theorists also noticed a loophole: Lopsided quartets can
stick together if the larger pair is heavy enough to not take much
notice of the lighter pair. The question was, how skewed would
the masses have to be?

After conducting further analysis, Richard and a colleague
predicted that it’s not necessary to go all the way to the most
gargantuan quarks; a pair of middleweight charm quarks could
anchor a tetraquark. But alternative extensions of the quark
model predicted different tipping points, and the existence of
the double-charm tetraquark remained doubtful. “There were
more guesses that it would not exist than there were that it
would exist,” Braaten said.

The same was true of “lattice QCD” computer simulations, a
powerful approach to approximating QCD. These simulations
capture the richness of the theory by analyzing quarks and
gluons interacting at points on a fine grid instead of throughout
a smooth space. All lattice QCD simulations agreed that the
heaviest quarks could make tetraquarks. But when researchers
swapped in charm quarks, most simulations found that double-
charm tetraquarks couldn’t form.

Now the LHCb experiment has made a definitive ruling: Charm
quarks can bind a tetraquark together. (Only barely, though—the
physicists calculate that if the composite particle had just one-
hundredth of a percent more mass, two mesons would win out
instead.) Now theorists have a new benchmark for their models.

For lattice QCD practitioners, the new tetraquark highlights the
problem that key details about the midsize quarks may be
getting lost between their lattice points. Lightweight quarks can
zip around enough to allow their movement to be captured even
against a coarse grid. And researchers can deal with heavy, more
stationary quarks by pinning them to one spot. But charm
quarks inhabit an awkward middle ground, and researchers
think they’ll need to zoom in to better discern their behavior.
“We need, most likely, a finer lattice,” said Pedro Bicudo, a lattice
QCD specialist at the University of Lisbon in Portugal.

More capable lattice QCD simulations will have far-reaching
benefits. Particle physicists’ main goal in experiments like LHCb
is to find signs of new fundamental particles, such as those that
might make up the universe’s dark matter. To do so, they must
be able to distinguish the dance of charm quarks and their kin
from other, more novel influences.

“Anywhere the charm quark is important, this [discovery] will
spread there,” Bicudo said.

Original story reprinted with permission from Quanta Magazine,
an editorially independent publication of the Simons
Foundation whose mission is to enhance public understanding
of science by covering research developments and trends in
mathematics and the physical and life sciences.
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A New Spectroscopy Is Born!

New perspectives for XYZ studies!

Some surprisingly narrow states even if  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XYZ REVOLUTION:

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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 XYZ  states are also  produced and evolve  
in heavy ion collisions 



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 

predict the cosmological abundance of dark matter an estimation of particle 
rates in an expanding thermal environment is needed. Bound state effects at 

finite T may have large impact on the result 

Thermal freeze-out of DM
Consider dark sector: Particle-like DM (mass     ) interacting via long-range mediator


Early universe (            ): Heavy DM in thermal equilibrium with dark medium


Expanding universe (            ):     cools down       detailed balance lost


Evolution equation:


Accurate prediction of DM relic density requires precise determination of the relevant interaction 

rates in expanding thermal environment


Observed DM relic abundance implies heavy DM:


During and after chemical freeze-out, DM is non-relativistic:          
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->obtain the quantum nonequilibrium evolution of DM pairs in the early universe 
 Including dissipation, decoherence and recombination

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 

predict the cosmological abundance of dark matter an estimation of particle 
rates in an expanding thermal environment is needed. Bound state effects at 

finite T may have large impact on the result 

Thermal freeze-out of DM
Consider dark sector: Particle-like DM (mass     ) interacting via long-range mediator


Early universe (            ): Heavy DM in thermal equilibrium with dark medium


Expanding universe (            ):     cools down       detailed balance lost


Evolution equation:


Accurate prediction of DM relic density requires precise determination of the relevant interaction 

rates in expanding thermal environment


Observed DM relic abundance implies heavy DM:


During and after chemical freeze-out, DM is non-relativistic:          
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The present revolutions:  dark matter evolution in early universe or neutrino evolution  (fast flavour conversion)in supernova 



QQbar systems  (and  NR bound systems)  are important tools to address  significant problems at the frontier of particle 
physics

To this aim they should be addresses in QFT, QFT at finite T , finite mu    

However…    
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For quarkonium to become a probe of strong interactions, it should be treated in QCD 
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For quarkonium to become a probe of strong interactions, it should be treated in QCD 

The problem is greatly simplifie
d 

and predictivity is achieved 

by using Nonrelativistic Effective Field Theories  



III. 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 QFT objects of great importance like potentials  both in the perturbative and in the 
 nonperturbative regime

I. 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, QQq and QQQ with small radius; extraction of SM parameters

II. 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

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

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

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

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

N B., A. Pineda, J. Soto, A.Vairo. Rev. Mod. Phys 77 (2005) 1423
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pNREFT is the lowest energy EFT that can be 
constructed for the NR bound system. 

It implements the Schroedinger eq. as zero order problem, 
 define the potentials at the level of the QFT, implements 

systematically retardation corrections (Lamb shift), it 
encodes Poincare’ invariance, and it is equivalent at any 

given order  of the expansion to the underlying QFT

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

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

N B., A. Pineda, J. Soto, A.Vairo. Rev. Mod. Phys 77 (2005) 1423
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QQbar systems with NR EFT: Non Relativistic QCD (NRQCD)
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Caswell, Lepage 86, Lepage Thacker 88, 
Bodwin, Braaten, Lepage 95 
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QQbar systems with NR EFT: Non Relativistic QCD (NRQCD)
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Caswell, Lepage 86, Lepage Thacker 88, 
Bodwin, Braaten, Lepage 95 

LNRQCD =
∑

n

c(αs(m/µ)) ×
On(µ, λ)

mn

 Applications to productions,

Lattice NRQCD…

Still two scales entangled
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Quarkonium with NR EFT: potential Non Relativistic QCD 
(pNRQCD)
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For mv >>Lambda_QCD
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In QCD another scale is relevant ΛQCD

Quarkonium with NREFT: pNRQCD strongly 
coupled 
pNRQCD

weakly 
coupled 
pNRQCD



Caswell, Lepage 86, 
 Lepage, Thacker 88 

                      Bodwin, Braaten, Lepage 95......

Quarkonium with NREFT

EFTs for Quarkonium

Caswell, Lepage 86,

 Lepage, Thacker 88

                      Bodwin, Braaten, Lepage 95......

Pineda, Soto 97, N.B. et al, 99,00,

Luke Manohar 97, Luke Savage 98, 

Beneke Smirnov 98, Labelle 98

Labelle 98, Grinstein Rothstein 98

Kniehl, Penin 99, Griesshammer 00,

 Manohar Stewart 00, Luke et al 00,

 Hoang et al 01, 03->

established in a series of papers: 
Pineda, Soto 97, N.B., Pineda, Soto, Vairo 99 

N.B. Vairo,   et al.  00–024  
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005) 1423
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HOW TO RENORMALIZE THE SCHRÖDINGER EQUATION

Lectures at the VIII Jorge André Swieca Summer School (Brazil, Feb. 1997)G. P. LEPAGE

Newman Laboratory of Nuclear Studies, Cornell University

Ithaca, NY 14853
E-mail: gpl@mail.lns.cornell.edu

These lectures illustrate the key ideas of modern renormalization theory and effec-

tive field theories in the context of simple nonrelativistic quantum mechanics and

the Schrödinger equation. They also discuss problems in QED, QCD and nuclear

physics for which rigorous potential models can be derived using renormalization

techniques. They end with an analysis of nucleon-nucleon scattering based effective

theory.

1 Renormalization Revisited
These lectures are about effective field theories— low-energy approximations

to arbitrary high-energy physics—and therefore they are about modern renor-

malization theory.1Despite the complexity of most textbook accounts, renormalization is

based upon a very familiar and simple idea: a probe of wavelength λ is insensi-

tive to details of structure at distances much smaller than λ. This means that

we can mimic the real short-distance structure of the target and probe by sim-

ple short-distance structure. For example, a complicated current source J(r, t)

of size d that generates radiation with wavelengths λ ≫ d is accurately mim-

icked by a sum of point-like multipole currents (E1, M1, etc). In thinking

about the long-wavelength radiation it is generally much easier to treat the

source as a sum of multipoles than to deal with the true current directly. This

is particularly true since usually only one or two multipoles are needed for

sufficient accuracy. The multipole expansion is a simple example of a renor-

malization analysis.In a quantum field theory, QED for example, the quantum fluctuations

probe arbitrarily short distances. This is evident when one computes radiative

corrections in perturbation theory. Ultraviolet divergences, coming from loop

momenta k → ∞ (or wavelengths λ → 0), result in infinite contributions—

radiative corrections seem infinitely sensitive to short distance behavior. Even

ignoring the infinities, this poses a serious conceptual problem since we don’t

really know what happens as k → ∞. For example, there might be new su-

persymmetric interactions, or superstring properties might become important,

or electrons and muons might have internal structure. The situation is saved
1

Manohar 1997

Matching in DR

NRQED pert 

Labelle Lepage 1993

but cutof



 Bound systems with a typical radius smaller than    
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⇤�1
QCD

pNRQCD: EFT for QQ̄

pNRQCD is the EFT for nonrelativistic quark-antiquark pairs (QQ̄) near threshold.

• QFT = QCD

• It is obtained by integrating out hard and soft gluons with p or E scaling like m, mv.

• The d.o.f. are QQ̄ pairs (sometimes cast in color singlet S and color octet O)

and ultrasoft modes (e.g. light quarks, low-energy gluons):

φ = S

• The Lagrangian is organized as an expansion in 1/m and r.

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

• The power counting is

→ p ∼ 1/r ∼ mv (soft scale),

→ E ∼ p2/2m ∼ V (0) ∼ Pcm ∼ 1/Rcm ∼ mv2 (ultrasoft scale),

→ operators in ∆L scale like (mv2)dimension.

◦ Brambilla Pineda Soto Vairo RMP 77 (2005) 1423
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Weak coupling pNRQCD

∆L =

∫

d3r Tr

{

O†
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iD0 −
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m
+ · · ·− Vo

)

O

VAO†r · gES +H.c.+
VB
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O†r · gEO + c.c.

}

+ · · ·

−
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4
Fa
µνF

µν a +

nf
∑

i=1

q̄i iD/ qi

The (weak coupling) matching coefficients are the Coulomb potential:

V (r) = −CF
αs

r
+ . . . , Vo(r) =

1

2N

αs

r
+ . . . , N = 3, CF =

4

3

and VA = 1 +O(α2
s ), VB = 1 +O(α2

s ).

◦ Pineda Soto NP PS 64 (1998) 428

Brambilla Pineda Soto Vairo NPB 566 (2000) 275

LO  in r

NLO  in r
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pNRQCD Lagrangian for QQ̄

• If mv ≫ ΛQCD, the matching is perturbative

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2 and momentum <
∼ mv

⇒ (i) singlet S (ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2

• Definite power counting: r ∼
1

mv
and t, R ∼

1

mv2
, 1

ΛQCD

The gauge fields are multipole expanded:
A(R, r, t) = A(R, t) + r · ∇A(R, t) + . . .

Non-analytic behaviour in r → matching coefficients V
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pNRQCD Lagrangian for QQ̄

• If mv ≫ ΛQCD, the matching is perturbative

• Degrees of freedom: quarks and gluons

Q-Q̄ states, with energy ∼ ΛQCD, mv2 and momentum <
∼ mv

⇒ (i) singlet S (ii) octet O

Gluons with energy and momentum ∼ ΛQCD, mv2

• Definite power counting: r ∼
1

mv
and t, R ∼

1

mv2
, 1

ΛQCD

The gauge fields are multipole expanded:
A(R, r, t) = A(R, t) + r · ∇A(R, t) + . . .

Non-analytic behaviour in r → matching coefficients V
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  Matching the potential 

Matching the potential

Although the equation of motion of pNRQCD is at leading order a Schrödinger equation,

as an EFT pNRQCD provides a description of the bound state that goes beyond

quantum mechanics.

• The potential is a matching coefficient of the EFT that may be computed from first

principle by matching Green’s functions in QCD with Green’s function in pNRQCD,

it is scheme and scale dependent, and undergoes renormalization.

It may be organized as an expansion in 1/m:

V = V (0) +
V (1)

m
+

V (2)

m2
+ ...

• The interaction terms contained in ∆L provide corrections to the quantum

mechanical picture.
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Matching the potential

• The static potential:

V (0)(r) = lim
T→∞

i

T
ln −∆L effects; = exp

{

ig

∮

r×T
dzµAµ

}

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

• The 1/m potential:

V (1) = −
1

2

∫ ∞

0
dt t

E(t)

−∆L effects
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Weak coupling static potential
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0
dt e−it(Vo−V )⟨Tr r · gE(t) r · gE(0)⟩(µ′) + · · ·
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The static energy E0(r) is known at three loops:

E0(r) = Λs−
CFαs

r
(1+#αs+#α2

s +#α3
s +#α3

s lnαs+#α4
s ln

2 αs+#α4
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in weakly coupled pNRQCD

Infrared logarithms

lnαs in E0 signals the cancellation of contributions coming from soft and ultrasoft gluons:

lnαs = ln
µ′

1/r
+ ln

αs/r

µ′

Infrared logarithms in the potential may be computed in the EFT solving the ADM problem.

◦ Appelquist Dine Muzinich PRD 17 (1978) 2074
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αs(1/r)
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{
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}
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The QCD static potential at N^4LO

Static singlet potential at N^4LO

Static singlet potential
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ã3, a4

fermionic part of ã3
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QQbar singlet static energy at NNNLL in pNRQCD in comparison with 
unquenched (n_f=2+1) lattice data (red points,blue points)  
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4

quark mass, so the charm quark can neither be considered massless nor infinitely heavy. It is important to account
for finite charm quark mass e�ects when analyzing the static energy in (2 + 1 + 1)-flavor QCD, particularly when
determining –s. In this paper, we show the impact of finite charm quark mass e�ects on the static energy by comparing
our new lattice QCD results for the static energy in (2 + 1 + 1)-flavor QCD with published results in (2 + 1)-flavor
QCD at similar lattice spacings. The comparison also demonstrates for the first time how the charm quark decouples
from the static energy when going from short to large distances.1 Further, we compare the (2 + 1 + 1)-flavor lattice
data with the two-loop expression of the static energy, including charm mass e�ects.

The rest of the paper is organized as follows. Our numerical calculation of the static energy on the HISQ ensembles
is described in Sec. II. We then take these results and analyze them in Sec. III to obtain the scales ri/a and string
tension a2‡. Section IV forms several universal ratios or products of these quantities among each other and combined
with afp4s (the lattice spacing defined via the decay constant of a fictitious meson with quark and antiquark having
mass 0.4ms) from Ref. [26]. We then turn in Sec. V to the comparison of the static energy with perturbation theory, in
particular, studying the e�ect of the massive charm quark sea. Section VI o�ers some outlook and conclusions. Several
technical appendices follow. We found some inconsistencies in the gauge fixing of the publicly available and widely
used HISQ ensembles, which we document in Appendix A. Additional plots and tables in support of Secs. II, III,
and IV can be found in Appendix B. Formulas from perturbative QCD needed for our study of charm quark loops are
collected in Appendix C. Preliminary results based on these data have been published in conference proceedings [73];
we have refined that analysis to permit quantitative studies of the impact on the various uncertainties.
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Figure 1. Results for the static energy in physical units from the calculations described in this paper. The data are from twelve
ensembles of varying lattice spacing (keyed by —) and three choices of light quark mass (denoted “M i”, “M ii”, “M iii”). Lattice
units are eliminated via r0/a, and the unphysical constant is eliminated by setting E0(r0) = 0. See Sec. IV C for details.

1
Decoupling of Nf = 2 charmlike heavy quarks at very large distances has already been observed for the force, and was published in

conference proceedings [71]. Decoupling of heavy quarks in a similar setup has been proposed as a scheme for determining –s [63, 72].
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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 
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
Nonperturbative  light degrees of freedom


glue and light quarks 
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
Nonperturbative  light degrees of freedom


glue and light quarks 
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and x2 of the quark and antiquark, respectively, are good quantum numbers for the static

solution |n;x1,x2⟩(0), while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries

as the diatomic molecule [24]. In the center-of-mass system, these correspond to the symme-

try group D∞h (substituting the parity operation by CP). According to that symmetry, the

mass eigenstates are classified in terms of the angular momentum along the quark-antiquark

axis (Λ = 0, 1, 2, . . . , to which one gives the traditional names Σ,Π,∆, . . . ), CP (g for even

or u for odd), and the reflection properties with respect to a plane that passes through the

quark-antiquark axis (+ for even or − for odd). Only the Σ states are not degenerate with

respect to the reflection symmetry. See Appendix A for more details.

Translational invariance implies that E(0)
n (x1,x2) = E(0)

n (r), where r = x1 − x2. This

means that the gluonic static energies are functions of r and of the only other scale of

the system in the static limit, ΛQCD. The ground-state energy E(0)

Σ+
g
(r) is associated to the

static quark-antiquark energy, while the other gluonic static energies E(0)
n (r), n ̸= 0, are

associated to gluonic excitations between static quarks. Following the analogy with the

diatomic molecule, the E(0)
n (r) play the same role as the electronic static energies. However,

in the present case they are nonperturbative quantities and can be obtained in lattice QCD

from generalized static Wilson loops in the limit of large interaction times T [21, 22, 27–32]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the

following relation:

(0) ⟨n; x1, x2, T/2| n; x1, x2, −T/2⟩(0) = N exp
[

−iE(0)
n (r) T

]

, (10)

where N =
[

δ(3)(0)
]2

is a normalization constant following from (9). Since the static states

|n; x1, x2⟩(0) form a complete basis, any state |Xn⟩ can be written as an expansion in them:

|Xn⟩ = cn |n; x1, x2⟩(0) + cn′ |n′; x1, x2⟩(0) + . . . . (11)

From Eq. (10), it then follows

⟨Xn, T/2|Xn, −T/2⟩ = N|cn|2 exp
[

−iE(0)
n (r) T

]

+N|cn′|2 exp
[

−iE(0)
n′ (r) T

]

+ . . . . (12)

For large T the exponentials will be highly oscillatory, or in the Euclidean time of lattice

QCD highly suppressed, so such a correlator will be dominated by the lowest static energy.

This allows us to obtain the lowest static energies without knowing the static states explicitly

E(0)
n (r) = lim

T→∞

i

T
log⟨Xn, T/2|Xn, −T/2⟩ . (13)

8

Phi =Wilson lines and H= gluonic  and light quarks 

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+
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n

V (n)
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mn
|nljs⟩

H=H(0) +
δH(1)

m
+

δH(2)

m2
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δH(3)

m3
+

δH(4)

m4
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H(0) =

∫

d3x
1

2
(ΠaΠa + BaBa) −

nf
∑

q̄ iD · γ q

δH(1) =−

∫

d3xψ†

(

D2

2
+ cF g S · B

)

ψ + antip.
. . . . . . . . .



  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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produce a hierarchy of  NRQCD static energies identified by the 
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D1h

Quarkonium hybrids: BOEFT

• Static Energies (Σ, Π, Δ): Eigenvalue of  NRQCD 
Hamiltonian in the static limit.

• Static limit (m→ ∞): Quantum #’s for hybrid

• For r→ 0: static energies are degenerate. 
Characterized by O 3 ×C symmetry group. 

Labelled by: (KPC, Λησ)

Berwein, Brambilla, Castellà , Vairo Phys. Rev. D. 92, (2015)

Gluonic operators characterizing 
Hybrids in Wilson loop

Focus on these two for low lying hybrids 8
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and x2 of the quark and antiquark, respectively, are good quantum numbers for the static

solution |n;x1,x2⟩(0), while n generically denotes the remaining quantum numbers.

In static NRQCD, the gluonic excitations between static quarks have the same symmetries

as the diatomic molecule [24]. In the center-of-mass system, these correspond to the symme-

try group D∞h (substituting the parity operation by CP). According to that symmetry, the

mass eigenstates are classified in terms of the angular momentum along the quark-antiquark

axis (Λ = 0, 1, 2, . . . , to which one gives the traditional names Σ,Π,∆, . . . ), CP (g for even

or u for odd), and the reflection properties with respect to a plane that passes through the

quark-antiquark axis (+ for even or − for odd). Only the Σ states are not degenerate with

respect to the reflection symmetry. See Appendix A for more details.

Translational invariance implies that E(0)
n (x1,x2) = E(0)

n (r), where r = x1 − x2. This

means that the gluonic static energies are functions of r and of the only other scale of

the system in the static limit, ΛQCD. The ground-state energy E(0)

Σ+
g
(r) is associated to the

static quark-antiquark energy, while the other gluonic static energies E(0)
n (r), n ̸= 0, are

associated to gluonic excitations between static quarks. Following the analogy with the

diatomic molecule, the E(0)
n (r) play the same role as the electronic static energies. However,

in the present case they are nonperturbative quantities and can be obtained in lattice QCD

from generalized static Wilson loops in the limit of large interaction times T [21, 22, 27–32]

Since the static energies are eigenvalues of the static Hamiltonian, one can exploit the

following relation:

(0) ⟨n; x1, x2, T/2| n; x1, x2, −T/2⟩(0) = N exp
[

−iE(0)
n (r) T

]

, (10)

where N =
[

δ(3)(0)
]2

is a normalization constant following from (9). Since the static states

|n; x1, x2⟩(0) form a complete basis, any state |Xn⟩ can be written as an expansion in them:

|Xn⟩ = cn |n; x1, x2⟩(0) + cn′ |n′; x1, x2⟩(0) + . . . . (11)

From Eq. (10), it then follows

⟨Xn, T/2|Xn, −T/2⟩ = N|cn|2 exp
[

−iE(0)
n (r) T

]

+N|cn′|2 exp
[

−iE(0)
n′ (r) T

]

+ . . . . (12)

For large T the exponentials will be highly oscillatory, or in the Euclidean time of lattice

QCD highly suppressed, so such a correlator will be dominated by the lowest static energy.

This allows us to obtain the lowest static energies without knowing the static states explicitly

E(0)
n (r) = lim

T→∞

i

T
log⟨Xn, T/2|Xn, −T/2⟩ . (13)
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Figure 1: Improved lattice data points (7) and (11) together with the parameterizations
(5) and (9) for the ordinary static potential and the ⇧u and ⌃�u hybrid static potentials.
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 Kuti, Morningstar et al 1997,  Pineda, Vairo; Wagner et al
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⌘

H+
2 -like molecule spectrum

In H+
2 -like molecules excitations of the electronic cloud are separated from each other

by a gap of order mα2, while vibrational modes of the nucleus have an energy of order

mα2
√

m/M , which is much smaller than mα2; m = mass of e, M = mass of nucleus.
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State multiplets

We consider hybrids that are excitations of the lowest lying static energies Πu and Σ−
u .

In the r → 0 limit Πu and Σ−
u are degenerate and correspond to a gluonic operator with

quantum numbers 1+−.

States are organized in spin multiplets.

Multiplet T JPC(S = 0) JPC(S = 1) EΓ

H1 1 1−− (0, 1, 2)−+ E
Σ−

u

, EΠu

H2 1 1++ (0, 1, 2)+− EΠu

H3 0 0++ 1+− E
Σ−

u

H4 2 2++ (1, 2, 3)+− E
Σ−

u

, EΠu

T is the sum of the orbital angular momentum of the quark-antiquark pair and the

gluonic angular momentum; T = 0 state turns out not to be the lowest mass state.

◦ Braaten PRL 111 (2013) 162003

Braaten Langmack Smith PRD 90 (2014) 014044

Born Oppenheimer  
Description

QED
QCD

Higher excitations 

develop a gap of order Lambda_QCD

• The spectrum of the mv^2 fluctuations around the lowest static energy is the quarkonium spectrum
Introducing a finite mass m:


• The spectrum of the mv^2 fluctuations around the higher excitations is the exotic spectrum (hybrids and tetraquarks)
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H+
2 -like molecule spectrum

In H+
2 -like molecules excitations of the electronic cloud are separated from each other

by a gap of order mα2, while vibrational modes of the nucleus have an energy of order

mα2
√

m/M , which is much smaller than mα2; m = mass of e, M = mass of nucleus.
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State multiplets

We consider hybrids that are excitations of the lowest lying static energies Πu and Σ−
u .

In the r → 0 limit Πu and Σ−
u are degenerate and correspond to a gluonic operator with

quantum numbers 1+−.

States are organized in spin multiplets.

Multiplet T JPC(S = 0) JPC(S = 1) EΓ

H1 1 1−− (0, 1, 2)−+ E
Σ−

u

, EΠu

H2 1 1++ (0, 1, 2)+− EΠu

H3 0 0++ 1+− E
Σ−

u

H4 2 2++ (1, 2, 3)+− E
Σ−

u

, EΠu

T is the sum of the orbital angular momentum of the quark-antiquark pair and the

gluonic angular momentum; T = 0 state turns out not to be the lowest mass state.

◦ Braaten PRL 111 (2013) 162003

Braaten Langmack Smith PRD 90 (2014) 014044

Born Oppenheimer  
Description

QED
QCD

Higher excitations 

develop a gap of order Lambda_QCD

• The spectrum of the mv^2 fluctuations around the lowest static energy is the quarkonium spectrum
Introducing a finite mass m:


• The spectrum of the mv^2 fluctuations around the higher excitations is the exotic spectrum (hybrids and tetraquarks)
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The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

In a QM language:

H(0)|n;x1,x2⟩
(0) = E(0)

n (x1,x2)|n;x1,x2⟩
(0)

|n;x1,x2⟩
(0) = ψ†(x1)χ(x2)|n;x1,x2⟩

(0)

xj are the quark positions n : CP, ...

|0⟩(0) = |(QQ̄)1⟩ → Quarkonium Singlet
|n > 0⟩(0) = |(QQ̄)g(n)⟩ → Higher Gluonic Excitations
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pNRQCD 

BOEFT 
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|QQ̄qq̄i Tetraquarks

 Nonperturbative matching to the  pNREFT 

The Quantum-Mechanical
Matching

The matching condition is:

⟨H|H |H⟩ = ⟨nljs|
p2

m
+

∑

n

V (n)
s

mn
|nljs⟩

In a QM language:

H(0)|n;x1,x2⟩
(0) = E(0)

n (x1,x2)|n;x1,x2⟩
(0)

|n;x1,x2⟩
(0) = ψ†(x1)χ(x2)|n;x1,x2⟩

(0)

xj are the quark positions n : CP, ...

|0⟩(0) = |(QQ̄)1⟩ → Quarkonium Singlet
|n > 0⟩(0) = |(QQ̄)g(n)⟩ → Higher Gluonic Excitations

 expand quantomechanically NRQCD states and  
 energies  in 1/m around the  

zero order  and identify the QCD potentials

systematically N.B, Pineda, Soto, Vairo

1999—

Berwein, N.B, Tarrus,  

Vairo 2015
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• A  pure potential description emerges from the EFT however this is not the constituent 
quark model, alphas and masses  are the QCD fundamental parameters

• The potentials V = ReV + ImV

         
  from QCD in the matching: get spectra and decays 

• We obtain  the form of the nonperturbative potentials V in terms of generalized Wilson loops (stat 
that are low energy pure gluonic correlators: all the flavour dependence is pulled out 
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+�L(US light quarks)

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

 Strongly coupled pNRQCD for quarkonium 
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the fact that spin dependent corrections appear   
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Matching the potential

• The spin independent (SI) 1/m2 potential:
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0
dt t2

}
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Matching the potential

• The spin dependent (SD) 1/m2 potential:
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cF = 1 + αs/π(13/6 + 3/2 lnm/µ) + ...), dsv,vv = O(α2
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• The static potential:
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Wilson loops (as matching Green’s functions) guarantee gauge invariance.
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 QCD vacuum model and large N



spin dependent 1/m^2 potentialThe singlet  potential has the general structure

High-lying quarkonia away from threshold: 1/m potentials

• Singlet states described by the long tails of the potentials in pNRQCD:

V = V0 +
1

m
V1 +

1

m2
(VSD + VV D)

•Lattice calculations of the pNRQCD  potentials

•Exact relations among the potentials from the EFT

•QCD vacuum calculation of the potential (need only one assumption on the Wilson loop 

static spin dependent velocity dependent
the fact that spin dependent corrections appear   

at order 1/m^2 is called Heavy Quark Spin Symmetry

Matching the potential

• The spin independent (SI) 1/m2 potential:

i jV
(2)
SI =

1

2

{

p2
1, r̂ir̂j

i

2

∫ ∞

0
dt t2

}

+ (1 ↔ 2)
∣

∣V
(1)
p2

i j+
1

r2
(

δij − 3r̂ir̂j
) i

4

∫ ∞

0
dt t2 L2

1 + (1 ↔ 2)
∣

∣V
(1)
L2

i j−
1

2

{

p1 · p2, r̂ir̂j i

∫ ∞

0
dt t2

}

∣

∣V
(2)
p2

i j−
1

2r2
(

δij − 3r̂ir̂j
) i

2

∫ ∞

0
dt t2 L1 · L2 + (1 ↔ 2)

∣

∣V
(2)
L2

+ momentum independent terms −∆L effects

◦ Pineda Vairo PRD 63 (2001) 054007

Matching the potential

• The spin dependent (SD) 1/m2 potential:

i j

E(t)

B

V
(2)
SD = −

rk

r2
cF ϵ

kij i

∫ ∞

0
dt t L1 · S2 + (1 ↔ 2)

∣

∣V
(2)
LS

i j−
rk

r2

(

cF ϵ
kij i

∫ ∞

0
dt t −

2cF − 1

2
∇kV (0)

)

L1 · S1 + (1 ↔ 2)
∣

∣V
(1)
LS

ji−c2F r̂ir̂ji

∫ ∞

0
dt

(

−
δij
3

)(

S1 · S2 − 3(S1 · r̂)(S2 · r̂)
)

∣

∣VT

+

(

2

3
c2F i

∫ ∞

0
dt − 4

(

dsv +
4

3
dvv

)

δ(3)(r)

)

S1 · S2

∣

∣VS −∆L effects

cF = 1 + αs/π(13/6 + 3/2 lnm/µ) + ...), dsv,vv = O(α2
s ) from NRQCD.

◦ Pineda Vairo PRD 63 (2001) 054007

Matching the potential

• The static potential:

V (0)(r) = lim
T→∞

i

T
ln −∆L effects; = exp

{

ig

∮

r×T
dzµAµ

}

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

• The 1/m potential:

V (1) = −
1

2

∫ ∞

0
dt t

E(t)

−∆L effects

◦ Brambilla Pineda Soto Vairo PRD 63 (2001) 014023

Matching the potential

• The spin dependent (SD) 1/m2 potential:

i j

E(t)

B

V
(2)
SD = −

rk

r2
cF ϵ

kij i

∫ ∞

0
dt t L1 · S2 + (1 ↔ 2)

∣

∣V
(2)
LS

i j−
rk

r2

(

cF ϵ
kij i

∫ ∞

0
dt t −

2cF − 1

2
∇kV (0)

)

L1 · S1 + (1 ↔ 2)
∣

∣V
(1)
LS

ji−c2F r̂ir̂ji

∫ ∞

0
dt

(

−
δij
3

)(

S1 · S2 − 3(S1 · r̂)(S2 · r̂)
)

∣

∣VT

+

(

2

3
c2F i

∫ ∞

0
dt − 4

(

dsv +
4

3
dvv

)

δ(3)(r)

)

S1 · S2

∣

∣VS −∆L effects

cF = 1 + αs/π(13/6 + 3/2 lnm/µ) + ...), dsv,vv = O(α2
s ) from NRQCD.

◦ Pineda Vairo PRD 63 (2001) 054007

Matching the potential

• The static potential:

V (0)(r) = lim
T→∞

i

T
ln −∆L effects; = exp

{

ig

∮

r×T
dzµAµ

}

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

• The 1/m potential:

V (1) = −
1

2

∫ ∞

0
dt t

E(t)

−∆L effects

◦ Brambilla Pineda Soto Vairo PRD 63 (2001) 014023

gauge invariant wilson  
loops can be calculated also in 

 QCD vacuum model and large N

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

• 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

• the flavour dependent part is extracted in the NRQCD matching coefficients
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Static quenched lattice energies II

unit r0 ≈ 0.5 fm
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The BOEFT characterises the hybrids  static energy for short distance

octet potential

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

calculated on the lattice

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

Symmetries

◦ Brambilla Pineda Soto Vairo NPB 566 (2000) 275

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

the hybrid

Gluelumps (in pNRQCD) II

• The gluelump static energy can be written as a (multipole) expansion in r:

Eg = 2M +
αs

6r
+ Λg + agr

2 + ...

• Λg is the gluelump mass:

Λg = lim
T→∞

i

T
ln⟨Ha(T/2)φadjab (T/2,−T/2)Hb(−T/2)⟩

◦ Foster Michael PRD 59 (1999) 094509

Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

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

◦ Brambilla Lai Segovia Tarrus arXiv:1908.11699

<latexit sha1_base64="9FoAJSY8HnBNO1BD8XTnqM8OK84=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1ItQFMFjBfsBbSib7aZdursJuxuhhP4FLx4U8eof8ua/cdPmoK0PBh7vzTAzL0w408bzvp3Syura+kZ5s7K1vbO75+4ftHScKkKbJOax6oRYU84kbRpmOO0kimIRctoOx7e5336iSrNYPppJQgOBh5JFjGCTS3f94XXfrXo1bwa0TPyCVKFAo+9+9QYxSQWVhnCsddf3EhNkWBlGOJ1WeqmmCSZjPKRdSyUWVAfZ7NYpOrHKAEWxsiUNmqm/JzIstJ6I0HYKbEZ60cvF/7xuaqKrIGMySQ2VZL4oSjkyMcofRwOmKDF8YgkmitlbERlhhYmx8VRsCP7iy8ukdVbzL2r+w3m1flPEUYYjOIZT8OES6nAPDWgCgRE8wyu8OcJ5cd6dj3lrySlmDuEPnM8flDWN8A==</latexit>

Eg = non perturbative coefficient

 Hybrids static energies at  
short distances
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fitted  from the lattice  hybrids  
 static energies
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  The first hybrid static energy excitation  
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  The first hybrid static energy excitation  
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offdiagonal terms change the radial Σ wave function to Π and vice versa, however, they can

not change the parity of the states. This means that ψ(N)
Σ mixes only with ψ(N)

−Π , and ψ(N)
+Π

decouples. We then have the following coupled radial Schrödinger equation for one parity

state,
⎡

⎣− 1

mr2
∂rr

2∂r +
1

mr2

⎛

⎝

l(l + 1) + 2 2
√

l(l + 1)

2
√

l(l + 1) l(l + 1)

⎞

⎠+

⎛

⎝

E(0)
Σ 0

0 E(0)
Π

⎞

⎠

⎤

⎦

⎛

⎝

ψ(N)
Σ

ψ(N)
−Π

⎞

⎠ = EN

⎛

⎝

ψ(N)
Σ

ψ(N)
−Π

⎞

⎠ ,

(51)

and for the other we get the conventional radial Schrödinger equation

[

− 1

mr2
∂r r

2 ∂r +
l(l + 1)

mr2
+ E(0)

Π

]

ψ(N)
+Π = EN ψ(N)

+Π . (52)

There is a special case for l = 0 in that the offdiagonal terms in the coupled equation

vanish, so the radial Schrödinger equations for ψ(N)
Σ and ψ(N)

−Π also decouple. In fact, ψ(N)
−Π

is irrelevant, since there are no orbital wave functions with |λ| = 1 for l = 0. The same

applies to ψ(N)
+Π . So for l = 0 there exists only one parity state, and its radial wave function is

given by an almost ordinary Schrödinger equation with the E(0)
Σ potential, the only unusual

element is that the angular part is 2/mr2 even though l = 0.

In Appendix C we describe the derivation of the radial Schrödinger equations in more

detail. For the uncoupled radial Schrödinger equations there exist well established numerical

methods to find the wave functions and eigenvalues. These can also be extended to the

coupled case, more details on the specific approach that we chose to get the numerical

results are given in Appendix D and [51].

C. Comparison with other descriptions of hybrids

We now compare the pattern of hybrid spin-symmetry multiplets that we have obtained in

our approach with the one obtained in different pictures. The BO approximation for hybrids,

as it has been employed in Refs. [19, 21, 22, 34], produces spin-symmetry multiplets with

the same JPC constituents as our Hi multiplets in Table II, however, in all the existing BO

papers the masses of opposite parity states are degenerate.

In Ref. [34] the underlying assumptions of the BO approximation are given in more

detail. Two main points are identified, an adiabatic approximation and a single-channel

approximation. The adiabatic approximation states that the time scales for heavy and
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Coupled radial Schrödinger equations

Projection vectors in matrix elements allow for two di↵erent solutions
(coupled or uncoupled) for the ⌃�

u
and ⇧u radial wave functions:

1st solution
"
�

1

2µr2
@rr

2@r +
1

2µr2

 
l(l + 1) + 2 2

p
l(l + 1)

2
p

l(l + 1) l(l + 1)

!
+

 
E

(0)
⌃ 0

0 E
(0)
⇧

!# 
 ⌃

 ⇧

!
= E

 
 ⌃

 ⇧

!

2nd solution

�

1

2µr2
@r r

2 @r +
l(l + 1)

2µr2
+ E(0)

⇧

�
 ⇧ = E  ⇧

energy eigenvalue E gives hybrid mass: mH = mQ +mQ̄ + E

l(l + 1) is the eigenvalue of angular momentum L
2 =

�
LQQ̄ +Lg

�2

the two solutions correspond to opposite parity states: (�1)l and (�1)l+1

corresponding eigenvalues under charge conjugation: (�1)l+s and (�1)l+s+1

Schrödinger equations can be solved numerically
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Figure 1: Improved lattice data points (7) and (11) together with the parameterizations
(5) and (9) for the ordinary static potential and the ⇧u and ⌃�u hybrid static potentials.
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XYZ  are a formidable opportunity to learn more about the fundamental  strong force! 
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Figure 1: Static potential determined using the full mixing matrix; the three lowest lying energy
levels Vn(r), n = 0, 1, 2 are shown. The grey line corresponds to twice the static-strange meson
mass, its error is too small to be visible. The black line corresponds to twice the static-light meson
mass; the error is automatically taken into account by using the ratio given in Eq. (2.6). For all
distances, the fixed GEVP with t0/a = 5, td/a = 10 is used.

The matrix of correlation functions Eq. (2.3) we use contains three very different operators,
which should have strong overlap onto the three lowest physical energy eigenstates. Following
Ref. [19], we expect problems with determining energies from the GEVP using a finite basis will
arise when higher states for which no good operator appears in the basis are close in energy. We
can estimate where the next energy levels should be around the breaking region and they are all
higher by a scale of about 500MeV, substantially larger than the gaps observed.

The string breaking region is reproduced in more detail in Fig. 2. Both avoided crossings are
visible and the energy gap between the ground state and first level is larger than the gap between
first and second levels. Qualitatively, the first mixing region appears to be broader, but it is not
possible to determine the difference between the first string breaking distance rc and the second
string breaking distance rcs by eye. The quantification of string breaking involving three levels
is more complex in comparison to the two-level situation. For the Nf = 2 vacuum, the string
breaking distance rc can be defined by the minimum of the energy gap �E [6]. When the strange
quark is included, an alternative definition of the two string breaking distances rc and rcs is needed
as there is not necessarily a minimum energy gap.
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levels Vn(r), n = 0, 1, 2 are shown. The grey line corresponds to twice the static-strange meson
mass, its error is too small to be visible. The black line corresponds to twice the static-light meson
mass; the error is automatically taken into account by using the ratio given in Eq. (2.6). For all
distances, the fixed GEVP with t0/a = 5, td/a = 10 is used.

The matrix of correlation functions Eq. (2.3) we use contains three very different operators,
which should have strong overlap onto the three lowest physical energy eigenstates. Following
Ref. [19], we expect problems with determining energies from the GEVP using a finite basis will
arise when higher states for which no good operator appears in the basis are close in energy. We
can estimate where the next energy levels should be around the breaking region and they are all
higher by a scale of about 500MeV, substantially larger than the gaps observed.

The string breaking region is reproduced in more detail in Fig. 2. Both avoided crossings are
visible and the energy gap between the ground state and first level is larger than the gap between
first and second levels. Qualitatively, the first mixing region appears to be broader, but it is not
possible to determine the difference between the first string breaking distance rc and the second
string breaking distance rcs by eye. The quantification of string breaking involving three levels
is more complex in comparison to the two-level situation. For the Nf = 2 vacuum, the string
breaking distance rc can be defined by the minimum of the energy gap �E [6]. When the strange
quark is included, an alternative definition of the two string breaking distances rc and rcs is needed
as there is not necessarily a minimum energy gap.
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GAIN: Inside the EFT:Model independent predictions,   
power counting

Lattice Calculation of only few nonperturbative objects, 
 universal and depending only on the glue—> 

at variance with the state dependent calculation of  
each single observable with the full dynamics!

Inside the EFT: flexible phenomenological applications, 
understanding of the underlying degrees of freedom  

and dynamics

CHALLENGE:

Need  techniques to reduce noise and improve convergence to continuum for  
calculation of chromelectric and chomomagnetic fields—> Gradient flow

Avoid change of scheme between  continuum and lattice (cutoff) regularization> 
Gradient flow (composite operators renormalisation in cutoff scheme is painful) As TUMQCD Lattice collaboration we


are addressing theseproblems

problem of slow 
convergence to continuum—> 

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

• Quarkonium production:  we can  factorize  the LDMEs in low energy correlators to be calculated on the lattice! 

• Quarkonium  potential and spectrum at finite temperature: pNRQCD +HTL ,  new paradigm on suppression

• Nonequilibrium evolution of quarkonium in QGP:  pNRQCD + HTL+open quantum systems+ lattice: Linblad eqs
• Dark matter pairs in early universe:  pNREFT + HTL+open quantum systems: cross section and evolution

•  The XYZ world

• Applications to Jets, neutrinos, cosmology, quantum information  



Thanks Peter!

You have been tremendously 
inspirational for us and your legacy 
is terrific!

The future of  
heavy quarks is 
 bright because
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LDMEs in pNRQCD

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

⟨Ω|OχQJ (3P
[1]
J ; em)|Ω⟩ =(2J + 1)

3Nc

2π
|R′(0)|2

[

1 +
2

3

iE2
m

+O
(

v2
)

]

⟨Ω|T χQJ (3P
[8]
J ; em)|Ω⟩ =(2J + 1)

3Nc

2π
|R′(0)|2

4

3

E1
m

⟨Ω|PχQJ (3P
[1]
J ; em)|Ω⟩ =(2J + 1)

3Nc

2π
|R′(0)|2

[

mε−
2

3
E1 +O

(

v3
)

]

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

Matching the contact terms in pNRQCD

After matching with pNRQCD, the contact terms VO(N) read

V
O

χQJ (3P
[1]
J

;em)
(r,∇r) =(2J + 1)NcT

ij
1J ∇i
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(
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r

V
T
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r
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ij
1J ∇i

rδ
(3)(r)

(

−∇
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5

3
E1
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∇j
r

• r = x1 − x2.

• T ij
1J are spin projectors: T ij

10 = σi ⊗ σj/3, T ij
11 = ϵkimϵkjnσm ⊗ σn/2,

T ij
12 =

(

(δimσn + δinσm)/2− δmnσi/3
)

⊗
(

(δjmσn + δjnσm)/2− δmnσj/3
)

.

• En are correlators of two chromoelectric fields E (located at 0):

En =
1

2Nc

∫ ∞

0
dt tn⟨Ω|gEi,a(t)Φab(0, t)gEi,b(0)|Ω⟩

Φab(0, t) is a Wilson line in the adjoint representation connecting (t,0) with (0,0).



Chromoelectric correlators for 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 χc0(1P ) → γγ, χc2(1P ) → γγ and

σ(e+e− → χc1(1P ) + γ) (= 17.3+4.2
−3.9 ± 1.7 fb at

√
s =10.6 GeV from Belle).

◦ Belle 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 =− 0.20+0.14
−0.14 ± 0.90 GeV2

iE2 =0.77+0.98
−0.86 ± 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

⟨Ω|OhQ (1P
[1]
1 )|Ω⟩ =3×

3Nc

2π
|R(0)′(0)|2

⟨Ω|OhQ (1S
[8]
0 )|Ω⟩ =3×
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|R(0)′(0)|2

1

9Ncm2
E
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[1]
J )|Ω⟩ =(2J + 1)×

3Nc

2π
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[8]
1 )|Ω⟩ =(2J + 1)×

3Nc

2π
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1

9Ncm2
E

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 χQJ states.

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

m2⟨Ω|OχQJ (3S
[8]
1 )|Ω⟩

⟨Ω|OχQJ (3P
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J )|Ω⟩

=
m2⟨Ω|OhQ (1S

[8]
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[1]
1 )|Ω⟩

=
E

9Nc

The chromoelectric correlators E ij and E

For a suitable choice of ℓ0, the fields in gEe,j(t′)Φec(0; t′)Φbc
ℓ are time ordered (T ) and

those in Φ†ab
ℓ Φ†ad(0; t)gEd,i(t) are anti-time ordered (T̄ ).

Hence the correlator Eij may be interpreted as a cut diagram:

For polarization-summed cross sections or for production of scalar states only the

isotropic part of Eij is relevant. This is the dimensionless gluonic correlator E :

E =
3

Nc

∫ ∞

0
dt t

∫ ∞

0
dt′ t′ ⟨Ω|Φ†ab

ℓ Φ†ad(0; t)gEd,i(t)gEe,i(t′)Φec(0; t′)Φbc
ℓ |Ω⟩



Color octet LDMEs in pNRQCD

⟨OV (3S
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1
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(0)
V (0) is the vector quarkonium radial wavefunction at the origin.

2cF (µ) = 2 +
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π
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2Nc
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µ

m

)

]

+O(α2
s) is the quark magnetic moment.

c2F (µ)B00(µ) is scale independent, whereas the scale dependence of E10;10(µ),

d

d log µ
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2αs

3π

N2
c − 4
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+O(α2
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cancels against σ̂3P
[8]
J

.

Correlators
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Fit results (from data for prompt J/ψ and ψ(2S) production rates @ CMS and inclusive

Υ(2S) and Υ(3S) cross sections @ ATLAS):

pT cut E10;10 (GeV2) c2FB00 (GeV2) E00 (GeV2)

pT /(2m) > 3 1.14± 0.12 −7.13± 2.89 18.9± 2.16

pT /(2m) > 5 0.96± 0.29 −1.29± 6.63 16.0± 5.11


