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e physics of quarkonium

e the state of the art theory tools:
effective field theory and lattice

e extension to hybrids







many experimental data and opportunities
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Quarkonium as a confinement and deconfinement probe

ﬁ'he rich structure of separated energy scales makes QQbar an ideal probe

At zero temperature

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

Quarkonium can serve for the precise extraction of
Standard Model parameters: heavy quark masses and
strong coupling constant (¥ g




Quarkonium can serve for the precise extraction of
Standard Model parameters: heavy quark masses and
strong coupling constant (X ¢

BaBar light-Higgs & dark-photon searches

Mode Mass range (GeV) BF upper limit (90% CL)
T(2S,35) — yA°, A — ptu 0.21 <my <9.3 (0.3 -8.3)x107°
T(3S) — yA®, AY — 777~ 4.0 <my < 10.1 (1.5-16) x 107
7(2S,35) — vyA°, A° — hadrons 0.3 <my <7.0 (0.1 —8)x 107
T(1S) = yA®, A — yi m, < 4.5GeV (0.5 -24) x 107
T(1S) — vA°, A° — invisible my < 9.2GeV (1.9-37)x 107
T(3S) — vA°, A’ — invisible my < 9.2GeV (0.7 -31)x 107
T(1S) = yA®, A - gg my < 9.0 GeV 107 - 1072
T(1S) = yA®, A — 55 my < 9.0 GeV 10 - 1073
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QCD theory of Quarkonium: a very hard problem
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a hierarchy of EFTS can be formulated in
correspondence to the hierarchy of scales
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An effective field theory makes the expansion in A/ A explicit at the Lagrangian level.

The EFT Lagrangian, L1 , sSuitable to describe H at scales lower than A is defined by
(1)acutoff A > u > A
(2) by some degrees of freedom that exist at scales lower than 1

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

On (1, A
LEFT = ZCn(AM) /({fl )
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e Since (O,,) ~ \" the EFT is organized as an expansion in )\ /A.
Power counting

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

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

" 7P Matching

o If A > Aqgcp then ¢, (A/p) may be calculated in perturbation theory.

8 mcires of 1he systemibecome manifest;
e Large log(A/\) can be resummed via RG. (Renormalization group )




QCD Effective Field Theories

To address the research fronteer of strong interactions we
need to construct effective field theories
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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Quarkonium with NR EFT: pNRQCD
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Quarkonium with EFT
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perturbative matching perturbative matching
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Pineda, Soto 97, N.B. et al, 29,00,

nonperturbative matching perturbative matching ~ LUK€ Manohar 27, Luke Savage 78,
" (long—range quarkonium) | (short—range quarkonium) Beneke Smirnov 98, Labelle 98

Labelle 98, Grinstein Rothstein 98
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PNRQCD Manohar Stewart 00, Luke et al 00,
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Pineda, Soto 97, N.B., Pineda, Soto, Vairo 99
N.B. Vairo, Pineda, Soto 00--014
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005)
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PNRQCD is today the theory used to address
quarkonium bound states properties

e Spectra

high order perturbative calculations

e Decays

Inclusive& seminclusive decays
theory of M1 and El transitions
Electromagnetic widths, Lines Shapes

e Doubly charmed baryons and QQQ

e Standard model parameters extraction

C and b IMasseEs, alpha_s

e Gluelumps and Hybrids
e Threshold fttbar cross section (for the ILC)

e Nonperturbative potentials for the latfice

e Potenftial and spectra aft finite Temperature
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*Extending the theory (electromagnetic effect, 3 bodies)




PNRQCD and quarkonium Several cases for the physics at hand

The EFT has been constructed (away from the stong decay threshold)
*Work at calculating higher order perturbative corrections
INn v and alpha_s

*Resumming the log
*Calculating/extracting nonperturbatively the low energy

quantities
*Extending the theory (electromagnetic effect, 3 bodies)

The issue here is precisionphysics and the study of confinement




PNRQCD and quarkonium Several cases for the physics at hand

The EFT has been constructed (away from the stong decay threshold)
*Work at calculating higher order perturbative corrections
INn v and alpha_s

*Resumming the log
*Calculating/extracting nonperturbatively the low energy

quantities
*Extending the theory (electromagnetic effect, 3 bodies)

The issue here is precisionphysics and the study of confinement

» Precise and systematic high order calculations allow the
extraction of precise determinations of standard model
parameters like the quark masses and alpha_s

® The eff has allowed to systematically factorize and to study the low
energy nonperturbbative contributions




PNRQCD and quarkonium Several cases for the physics at hand

e EELIs beinhg.consirucied - (Finite T) Laine et al, 2007, Escobedo, Soto
2007 N. B. et al. 2008

*Results on the statfic potential hint at a new physical picture of dissociation

*Mass and width of quarkonium at m alphaA5(Y(1S) bbar at LH%)h'\ilél?e'fsf/%?g%%’m

*Polyakov loop calculation N & et ol 2010 2010-2014
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The eft allows us to discover new, unexpected and important facts:
* The potential is neither the color singlet free energy nor the internal energy

*The quarkonium dissociation is a consequence of the apparence of a thermal decay
width rather than being due to the color screening of the real part of the potential

We have now a coherent and systematical setup to calculate masses and
width of quarkonium at finite T for small coupling




PNRQCD and quarkonium Several cases for the physics at hand

e EEL 1S being.consiructed - (Finite T) Laine et al, 2007, Escobedo, Soto

2007 N. B. et al. 2008
*Results on the static potential hint at a new physical picture of dissociation

*Mass and width of quarkonium at m alphaA5(Y(1S) bbar at LH%)hl\ilg.gl?e.rlizsf/%ti)rgi%’ro

*Polyakov loop calculation N B et al. 2010 2010-2014
-

The eft allows us to discover new, unexpected and important facts:
* The potential is neither the color singlet free energy nor the internal energy

*The quarkonium dissociation is a consequence of the apparence of a thermal decay
width rather than being due to the color screening of the real part of the potential

We have now a coherent and systematical setup to calculate masses and
. width of quarkonium at finite T for small coupling

b
The EFT has not yet been constructed (Exoﬂc?srglo(s)evefo threshold)

*Degrees of freedom still fo be identified lhE .
only in particular cases (X(3872)) a universal treatment is possible

or in the case of hybrids where we can use pNRQCD







pNRQCD for quarkonia with small radius  r < Agép

Degrees of freedom that scale like mv are integrated out:
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pPNRQCD for quarkonia with small radius  r < Ag¢p

Degrees of freedom that scale like mv are integrated out:

— >‘< x V(ur)

NRQCD oNRQCD

o If mv > Agcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

Q-Q states, with energy ~ Aqcp, mv® and momentum < mu
= (1) singlet S (i) octet O

Gluons with energy and momentum ~ Aqcp, mv?

5 . 1 1 1
Definite power counting: r ~ — and ¢, R ~ ,
mu mv?  AQch

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

Non-analytic behaviour in r — matching coefficients V/



weak pPNRQCD 7 < Agep

1
L=~ Fi, F* ¢ 4+ Ty {ST <7j80 B . 4

m

2
‘I‘O]L (iDo—p——VO

m

S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-




weak pPNRQCD 7 < Agep

1 a v a T . p2
EZ_ZFMVF’M +TrqS 280__—‘/3

m
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+Va'Tr {OTI' .gES+S'r-gE O}

v
—|—7BT1‘ {OTI' .gEO+ O'Or - gE}
4.

S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-




weak pPNRQCD 7 < Agep

1 a v a T . p2
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+Va'Tr {O]Lr .gES+S'r-gE O}

v
—|—7BT1‘ {OTI‘ .gEO+ O'Or - gE}
4.

S singlet field singlet propagator

O octet field octet propagator
Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-




* pNRQCD provides a QM description from field theory: the Schroedinger

equation and the potentials appear once all scales above the binding energy
have been integrated out

% The EFT accounts for non-potential terms as well. They provide loop
corrections to the leading potential picture. Retardation effects are typically

related to the nonperturbative physics

% The Quantum Mechanical divergences are cancelled by the NRQCD

matching coefficients.

¢ Poincare’ invariance is intact and is realized via exact relations among the

matching coefficients (potentials)




This Is an excellent example as all
the interaction potentials will arise
as matching coefficient of the EF T




we can calculate the
as a matching coefficient of pPNRQCD

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




Quarkonium singlet static potential at N*4LO

Va(r. ) = —Cp as(1/7)

T
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Quarkonium singlet static potential at N*4LO

Va(r. ) = —Cp as(1/7)

T

16 72 <(1 3
—I—( T C’:Z lnru—l—a3> (a ( /T)>
3 41

6
+ (aﬁ’Q In? ru + (ai + 37T2 C’iﬁo(—5 + 61n 2)) Inrp + CL4> (

Billoire 80

Schroeder 99, Peter 97

coeft l’rL’I“,LL N.B. Pineda, Soto, Vairo 99

a£2, ai’ N.B., Garcia, Soto, Vairo 06

a3 Anzai, Kiyo, Sumino 09, Smirnov, Smirnov, Steinhauser 09

QSST/T)Y_




Quarkonium singlet static potential at N*4LO

Vi(r.p) = —Cp as(1/7)

T

16 72 <(1 3
—I—( T C’:Z lnru—l—a3> (a ( /T)>
3 41

QSST/T)Y_

16
+ (aﬁ’Q In? ru + (ai + 37‘(‘2 C’iﬁo(—5 + 61n 2)) Inrp + CL4> (

Billoire 80

Schroeder 99, Peter 97

Eeein/ir o N.B Pineda, Sofe. N5 o eh s R D ucES To 1 LOOR INITEE EFT
L2 L

as ", ay  N.B., Garcia, SOt 4] ooPs REDUCES TO 2LOOPS IN THE EFT

a3 Anzai, Kiyo, Sumino 09, Smirnov, Smirnov, Steinhauser 09




Quarkonium singlet static potential at N*4LO

Vi(r.p) = —Cp as(1/7)

T

16 72 <(1 3
—I—( T C’:Z lnru—l—a3> (a ( /T)>
3 41

QSST/T)Y_

16
+ (aﬁ’Q In? ru + (ai + 37T2 C’iﬁo(—5 + 61n 2)) Inrp + CL4> (

Two problems:
1)Bad convergence of the series due to large beta_0 ferms

2) Large logs
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Quarkonium singlet static potential at N*4LO

Va(r. ) = —Cp as(1/7)

T

16 72 <(1 3
—I—( T C’:Z lnru—l—a3> (a ( /T)>
3 41

16 S(1/m)\*
+ (aﬁ’Q In? rp + (af + 37‘(‘2 C3 6o (=5 + 61n2)> Inrp + a,4> (a EL /T)>
o

was not convergent
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Two problems:  forlong i‘; *len for any phenomen®!

1)Bad convergence of 1€ series due to large beta_0 terms
2) Large logs

e eft. cures both:
1) Renormalon subtracted schem

neeke 98, Hoang, Lee 99, Pineda 01, N.B. Pineda

2) Renormalization group summation of the 13gs ™ ”

up fo NA3LL (&;L+n i CYS)N. B Garcia, Soto Vairo 2007, 2009, Pineda, Soto




QQbar singlet static energy at NA3LI iIn comparison with unquenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoyv, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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QQbar singlet static energy at NA3LI iIn comparison with unquenchead
(n_f=2+1) lattice data (red points,blue points)
Bazanoyv, N. B., Garcia, Petreczky, Soto, Vairo , 2012, 2014
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Good convergence to the lattice data

Lattice data less accurate in the unquenched case




O, extraction

Bazanov, N. B., Garcia, Petreczky, Soto, Vairo , 2014

We obtain an extraction of alphas at N*31LO plus leading log resummation

4 2

0,(1.5GeV,n; = 3) = 0.3361 7 005

corresponding to

Bl — 5 =011665 2=




O, extraction

Bazanov, N. B., Garcia, Petreczky, Soto, Vairo , 2014

We obtain an extraction of alphas at N*31LO plus leading log resummation

-

(1 HGeV nf _

3) = 0.336 000

corresponding to

Bl — 5 =011665 2=
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Low-lying quarkonia

Physical observables of the Y (15), ny, Be, J/¢, n¢, ... may be understood in terms of PT.
E.g. the spectrum up to O(Ma?2)

p? g* [ (B9 g
En:<n|M—I—VS—I—...|n>—i3N/O dt (n|re?'En” —Ho)p1n) (E(t) E(0))

C

Non-perturbative corrections are small and encoded in (local or non-local) condensates.




Applications to Quarkonium thSiCSZ for references see the QWG doc
systems with small radius

arXiv:1010.5827

c and b masses at NNLO, N3LO*, NNLL*:

B. mass at NNLO: Penin et al 04

B*, n¢, m, masses at NLL; Kniehl ef al 04

Quarkonium 1P fine splittings at NLO;

T (1S), np electromagnetic decays at NNLL;

Y (1S) and J/+ radiative decays at NLO;

T(1S) — ymp, J/v — yne at NNLO;

tt cross section at NNLL;

QQq and QQQ baryons: potentials at NNLO, masses, hyperfine splitting, ... ;N. B. et al 010

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

BlJ/ — 9me(lS)) = (1.6 - 1'1)% N. B. Yu Jia A. Vairo 2005

B(Y(1S) — yne(1S)) = (2.85 £ 0.30) x 10~*

I'(n75(1S) — vvy) = 0.54 +£0.15 keV .
Y. Kiyo, A. Pinedqa, A. Signer 2010

T'(ny(1S) — LH) = 7-16 MeV


http://arXiv.org/abs/arXiv:1010.5827
http://arXiv.org/abs/arXiv:1010.5827
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_ Hitting the scale AQCD

TNAEQ(JD




_ Hitting the scale Agcp

QNI G
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_ Hitting the scale AQCD

TNAE)CD

QNI G
(QQ)1 g (QQ)1 + Glueball f@@%ﬁw@(g\Q)g
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= (S 0
IR g hyb rid

Static

. Gluon excitations

ch spectrum

aE B=2.5

ag~0.2 fm

Symmetries of a
diatomic molecule
+ C.C.

a)|L.|=0,1,2,...
: = 2, ILA ...
s b) CP (u/9)
c) Reflection (/)
Y short distance 1 (fﬂl’ E Gnly)

degeneracies

R/ag

10 7012 5. T4




Quarkonium develops a gap to hybrids

Bali et al. 98
A O S /\Cg(j[)

2
eintegrate out all scales above TIlU

* gluonic excitations develop a gap AQCD
and are integrated out

quenched —=—
K= 015480 =

1.5 2
r/rq




Quarkonium develops a gap to hybrids

Bali et al. 98
A O S /\Cg(j[)

2

eintegrate out all scales above TIlU

1 gluonic excitations develop a gap AQCD
and are integrated out

quenched —=—
K= 015480 =

(£5 ; 115 é 2¥5
r/rq
— The singlet quarkonium field S of energy muv?

Is the only the degree of freedom of pPNRQCD
(up to ultrasoft light quarks, e.g. pions).
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strongly coupled pNRQCD 7~ Agep
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A potential description emerges from the EFT
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A potential description emerges from the EFT

e The potentials V = ReV 4+ ImV from QCD in the matching:
get spectra and decays
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strongly coupled pNRQCD 7~ Agep

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

-

L =TT «

\

' (zao

p2

m

)

Brambilla Pineda Soto Vairo 00

A potential description emerges from the EFT

e The potentials V = ReV 4+ ImV from QCD in the matching:

get spectra and decays

V to be calculated on the lattice or in QCD vacuum models




Quarkonium singlet static potential
_ — _

m,2

V =V 1

(Vsp + Vv p)




Quarkonium singlet static potential

1 1
V=V >(Vsp + Vvp)

8

.o~

A

o Koma Koma NPB 769(07)79



V(l,O) V(O,l) v(2,0) V(0,2) v(l,l)

hS<X17X27p17p2) S i 2 A A
m M2 my My mq1ms

g U ek

The spin-dependent part of V(29 is of the type

Vot — L, S
Analogously, for the V(%2 potential we can write

A o e

C(l) T C(l)
= — e i / dtt {(gB1(t) x gE1(0)) + 2ir (V, V),

fi2 T—o0 Jo r?

Vet = DB =S, — ViR r)L, - Sy + Vi ()81 - S, + Ve (n)S1, (),

) T
Viis (1) = —Zir- Jim [ dtt (gBa(t) x gE2(0))

T2 T'— o0




Luarkonium singlet static potentia

Potentials are given in a factorized form as product of
NRQCD matching coefficients and low energy terms. These are
gauge invariant wilson loop with electric and magnetic insertions




uarkonium singiet statiC potentia

Potentials are given in a factorized form as product of
NRQCD matching coefficients and low energy terms. These are
gauge invariant wilson loop with electric and magnetic insertions

‘M potential

r[fm]
Koma Koma Wittig PoS LATZ007(071111

ey -

d

Brambilla et al 00




D Spin dependent potentials

' %‘*’;{Gh) (S1+8S,) - L

Jo 3 |

X (Sl +Sa — 3(S1-1)(Sa f:')
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+(-.:-:Fﬂ?: / dt ¢ >—4(fzg+ch31)5i33'(r))sl 'S,
()

3

Eichten Feinberg 81, Gromes 84, Chen et al. 95 Brambilla Vairo 99 Pineda, Vairo 00




D Spin dependent potentials

X (H| . H_:- — -'.‘]nlfS| : I"_:'['Sg . I"]j

5 ; o ] _ ]
—|—(§f1;_- E/ dt ¢ »— 4(f}2 T GFf’FJ}‘S( ](r)j5| - 52
\ 0 ’

Eichten Feinberg 81, Gromes 84, Chen et al. 95 Brambilla Vairo 99 Pineda, Vairo 00

-factorization; power counting;
QM divergences absorbed by
NRQCD matching coefficients




Spin dependent potentials

-

W [Gevr]

al

Yo [GeV

V. [GeV
Vr [GeV]

. 0. 4
r [fm]

o

Koma Koma Wittig 05, EKoma Koma

Terrific advance in the data precision with LUuscher multivel algorithm!

N. B., Martinez, vairo 2014




Spin dependent potentials

V) [GeV

Vi [Gev]

W.or) [GeV

r [fm]

Koma Koma Wittig 05, Koma Koma 06

Terrific advance in the data precision with LUuscher multivel algorithm!

Such data can distinguish different models for the dynamics

of low energy QCD e.g. effective string model
N. B., Martinez, vairo 2014




Spin-independent p? /M? potentials

O p=585
© B=6.00

V(@) [ GeV ]
V4(@) [ GeV ]

04 0.6

r [fm]

o Koma Koma Wittig PoS LAT2007 (2007) 111




Confirmed in the spectrum, e.g. no long range spin-spin
iInteraction

hc» hb

Events/2 MeV

(%)
S
S

| |
3.52 3.53 3.54 3.55
0 ) )
1t recoil mass in GeV

My, = 3524.4 4+ 0.6 + 0.4 MeV o CLEO PRL 95 (2005) 102003
Mp,, = 3525.8 0.2 0.2 MeV, I' <1MeV o E835 PRD 72 (2005) 032001
My, = 3525.40 £0.13 £ 0.18 MeV, [' <1.44 MeV 0oBES PRL 104 (2010) 132002
To be compared with M. o.¢.(1P) = 3525.36 = 0.2 + 0.2 MeV.

e Also

Mp, =9902 x4+ 1 MeV o BABAR arXiv:1102.4565
To be compared with M. o.¢. (1P) = 9899.87 £+ 0.28 4+ 0.31 MeV.




New quarkonium-like states below threshold

State M, MeV T, MeV JFC Process (mode) Experiment (#a) Year Status
W2 (1D) 3823.1+£1.9 < 24 7= B — K(7Xe1) Belle [940] (3.8) 2013  NC!
n(1S) 9398.0 £+ 3.2 1179 ot T(35) —= v(...) BaBar [041] (10), CLEO [042] (4.0) 2008 Ok
T(28) —= v (...) BaBar [943] (3.0) 2009 NC!
hy(1P,2P) — v (...) Belle [811] (14) 2012 NC!
he (1P) 0800.3 £+ 1.0 . T(10860) — o (...) Belle [811] [044] (5.5) 2011 NC!
T(3S) <> 7" (...) BaBar [945] (3.0) 2011 NC!
1, (25) 9999 + 4 (1 hy(2P) — v (...) Belle [B11] (4.2) 2012 NC!
T(1D) 10163.7+ 1.4 y g—= T(35) = ¥ (yy T(1S)) CLEO [946] (10.2) 2004 NC!
T(3S) = vy (T~ T(18)) BaBar [047] (5.8) 2010 NC!
T(10860) — o (v T(1S)) Belle [948] (9) 2012 NC!
hy(2P) 10259.8 + 1.2 . i T(10860) — o (...) Belle [R111[944] (11.2) 2011 NC!
x7(3P) 10534 + 9 7 (1,2)TT  pp,pp— (TS, 29))... 2011 Ok

o Brambilla et al QCD and strongly coupled gauge theories arXiv:1404.3723




New quarkonium-like states below threshold

State M, MeV TI'. MeV JFC Process (mode)

Experiment (#a)

Status

w2 (1.2) 3823.14+1.9 < 24 === B — K(7Xe1)
ne(15) 9398.0 £+ 3.2 115 T(3S) — v (...
T(25) = v (...

hy(1P,2P) — 7 (...

hy(1P) 0800.3 L 1.0

6 (2S) 9909 + 4
T(1D) 10163.7+ 1.4

hy(2P)  10259.8 £ 1.2

)
T(10860) — o (..
T(3S) <> 7" (...)
he(2P) — v (...
T(3S) = vy (yyT(15))
T(3S5) =& vy (7o T(15))
T(10860) = wTo (yy T(1S5))
T(10860) — wto—

: L
Yo (3P) 10534 L9 ? (1,2t pp.pp— (T(15.29)) ...

)

o)

Belle [940] (3.8)
BaBar [041] (10), CLEO [942] (4.0)
BaBar [943] (3.0)
Belle [811] (14)
Belle [811] [944] (5.5)
BaBar [945] (3.0)
Belle [S11] (4.2)
CLEO [946] (10.2)

BaBar [947] (5.8)
Belle [948] (9)

Belle [ST1,[944] (11.2)
ATLAS [949] (>6), D0 [950] (5.6)

NCT
Ok

NCT
NC!
NCT
NC!
NC!
NC!
NC!
NC!
NC!
Ok

o Brambilla et al QCD and strongly coupled gauge theories arXiv:1404.3723

hy,
My, (1py = 9902 £4 £ 1 MeV
o BABAR PRD 84 (2011) 091101

My, (1py = 9898.25 & 1.067 |2 MeV
o BELLE PRL 108 (2012) 032001

My, (2p) = 10259.76 £ 0.64

To be compared with M¢ .o, (1P) = 9899.87 £+ 0.28 4+ 0.31 MeV

Mc.o.¢.(2P) = 10260.06 =+ 0.

Events /5 M

30000

24 + 0.50 MeV

B Y(1S)

+1.43
—1.03

MeV




Exact relations from Poincare’ invariance

The EFT is still Poincare’ invariant-> this induces relations

among the potentials
R ' e.q Vir)=V)(r)=V(r
vV, (1) g 0( ) 2( ) 1( )
2 ® $=60
ﬂ* O p=63 It is a check of the
: Vzv(r) _ Vlv(r) |CITTIC6 CO'CU'O“OH

A =60 many other relations among
potentials in the EFT




Exact relations from Poincare’ invariance

The EFT is still Poincare' invariant-> this induces relations
among the potentials
|
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E
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"

V, (1)

e =60
O B=63
V,\(x) - V(1)

A Pp=60

e.g. Volr)=Valr) =14{8

It is a check of the
lattice calculation
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Independent potentials

4

many other relations among
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Low energy physics factorized in Wilson loops: can be
used to probe the confinement mechanism

Computational

Particle Action density
Physics

Wuppertal R=12 fm

Gunnar Bali,
Klaus Schilling,
Christoph Schlichter

0.0

Bali et al 02

- Boryakov et al. 04

0.6

0.8

1.0

relative error







-

members of the corresponding isotriplets.

TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutra

State M, MeV T, MeV JFPY Process (mode)

Experiment (#o0)

Year

Status

BB 2 321163+ 0.17 <12 177 B> K(ntan J/)
pp — (ntan— J/y) ...
pp — (xta= J/9) ...
B — K(ntan—7%J/4)
B = K(yJ/¥)

B — K(y(29))

B — K(DD*)
Z.(3885)T 3883.9+45 25+12 Y (4260) — n— (DD*)*
Z.(3900)T 3891.24+3.3 4048 ?°— Y (4260) — v (wtJ/4))

Z.(4020)T  4022.9+2.8 7.9+3.7 ?°~ Y (4260,4360) — m~ (nthe)
Z.(4025)T  4026.3+4.5 24.8+9.5 ?°~ Y (4260) — n— (D*D*)*
Z,(10610)t  10607.2+£2.0 18.4+2.4 Y (10860) — (7Y (18,28, 35))
Y (10860) — 7~ (7T hy (1P, 2P))
Y(10860) — 7~ (BB*)*
Z,(10650)F  10652.2 £ 1.5 11.5 + 2.2 T (10860) — 7~ (7Y (15, 25, 39))
Y (10860) — 7~ (7T hy (1P, 2P))
)

Y(10860) — 7~ (B*B*)*

Belle [772, 992] (>10), BaBar [993] (3.6)
CDF [994, 995] (11.6), DO [996] (5.2)
LHCb [997, 998] (np)

Belle [999] (4.3), BaBar [1000] (4.0)
Belle [1001] (5.5), BaBar [1002] (3.5)
LHCb [1003] (> 10)

BaBar [1002] (3.6), Belle [1001] (0.2)
LHCD [1003] (4.4)

Belle [1004] (6.4), BaBar [1005] (4.9)
BES III [1006] (np)

BES III [1007] (8), Belle [1008] (5.2)
T. Xiao et al. [CLEO data] [1009] (>5)
BES 11 [1010] (8.9)

BES III [1011] (10)

Belle [1012-1014] (>10)

Belle [1013] (16)

Belle [1015] (8)

Belle [1012, 1013] (>10)

Belle [1013] (16)

Belle [1015] (6.8)

2003
2003
2012
2005
2005

2008

2006
2013
2013

2013
2013
2011
2011
2012
2011
2011
2012

Ok
Ok
Ok
Ok
Ok

NCI

Ok
NC!
Ok

NC!
NC!
Ok
Ok
NC!
Ok
Ok
NC!
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TABLE 12: Quarkonium-like states above the corresponding open flavor thresholds. For charged states, the C-parity is given

for the neutral members of the corresponding isotriplets.

State M, MeV I, MeV JPC  Process (mode) Experiment (#0) Year Status
Y (3915) 3918.4+1.9 20+5 0/2°T B— K(wJ/Y) Belle [1050] (8), BaBar [1000, 1051] (19) 2004 Ok
ete™ = ete (wJ/7) Belle [1052] (7.7), BaBar [1053] (7.6) 2009 Ok
xe2(2P)  3927.2+26 24+6 e = (D)D) Belle [1054] (5.3), BaBar [1055] (5.8) 2005 Ok
X(3940) 394213 S ete= — J/y (DD*) Belle [1048, 1049] (6) 2005
Y (4008) 3891 + 42 255 =+ 42 ete™ — (xtn=J/1) Belle [1008, 1056] (7.4) 2007
¥(4040) 4039 + 1 80 + 10 ete — (DX D™ (1)) PDG [1] 1978
Te™ — (nd/¥) Belle [1057] (6.0) 2013
Z(4050)T 4051733 SR e BV — () Belle [1058] (5.0), BaBar [1059] (1.1) 2008
Y (4140) 4145.8+2.6 18+8 7 Bt — Kt (¢J/v) CDF [1060] (5.0), Belle [1061] (1.9), 2009
LHCb [1062] (1.4), CMS [1063] (>5)
DO [1064] (3.1)
¥(4160) 4153 + 3 103 +8 e s (D B PDG [1] 1978
Te™ — (nd/¥) Belle [1057] (6.5) 2013
X(4160) 4156132 TR ete= — J/y (D*D*) Belle [1049] (5.5) 2007
Z(4200)t 4196132 Bii0E s BY — K~ (xtJ/4) Belle [1065] (7.2) 2014
Z(4250)t 42487;2° At $ 5 B G ) Belle [1058] (5.0), BaBar [1059] (2.0) 2008
Y (4260) 4250 £ 9 108 + 12 ete™ — (wnJ/y) BaBar [1066, 1067] (8), CLEO [1068, 1069] (11) 2005
Belle [1008, 1056] (15), BES III [1007] (np)
Te™ — (f0(980)J /%) BaBar [1067] (np), Belle [1008] (np) 2012
etTe™ — (7w~ Z.(3900)T) BES III [1007] (8), Belle [1008] (5.2) 2013
ete™ — (v X(3872)) BES III [1070] (5.3) 2013
Y (4274) 4293 + 20 35+16 ?° Bt — Kt (¢J/v) CDF [1060] (3.1), LHCb [1062] (1.0), 2011
CMS [1063] (>3), DO [1064] (np)
BT SR T s St 't ete — ete (¢J/9) Belle [1071] (3.2) 2009
Y (4360) 4354+ 11 78 + 16 ete™ — (nTm 9 (25)) Belle [1072] (8), BaBar [1073] (np) 2007
Z(4430)T 4458 + 15 166137 BY — K~ (xt4(29)) Belle [1074, 1075] (6.4), BaBar [1076] (2.4) 2007
LHCb [1077] (13.9)
BY — K= (ntJ/4) Belle [1065] (4.0) 2014
X (4630) 463419, 9onE 2iE T — (g Ao ) Belle [1078] (8.2) 2007
Y (4660) 4665 + 10 53 + 14 ete™ — (nta—1(29)) Belle [1072] (5.8), BaBar [1073] (5) 2007

YT(10860) 10876+ 11 55+ 28 ete~ — (B B (m) PDG [1] 1985

L — (7r7rT(lS, 25,389)) Belle [1013, 1014, 1079] (>10) 2007
ete™ — (f0(980)T(15)) Belle [1013, 1014] (>5) 2011
ete™ — (72,(10610, 10650)) Belle [1013, 1014] (>10) 2011
Te™ — (nY(1S,289)) Belle [948] (10) 2012
ete™ = (n 7~ Y(1D)) Belle [948] (9) 2012
Y3(10888) 10888.4 + 3.0 30.7132 ete™ = (nta— T (nS)) Belle [1080] (2.3) 2008




even the case without light quark is difficult

Gluonic excitations

A plethora of states built on each of the hybrid potentials is expected. These states
typically develop a width also without including light quarks, since they may decay into
lower states, e.qg. like hybrid — glueball + quark-antiquark.

We may integrate out modes scaling like 1/ and Aqcp and describe hybrids as heavy
guark-antiquark states bound by potentials that are the energies of the corresponding
gluonic excitations between static sources — Born—Oppenheimer approximation.

If more states are nearly degenerate, then all of these need to be considered as effective
low-energy degrees of freedom and mix.




even the case without light quark is difficult

. static .
Lattice energies

Ak p=25 Symmetries
a.~0.2 fm 7

| Gluon excitations

¥
i

string ordéring Static states classified by symmetry group D4 p
\ ey

i A Representations labeled A7

» A rotational quantum number

f n-K|=0,1, 2... corresponds to

/

7 F
x
F ;
L]

/ A=Y.M A...
/

> 1 eigenvalue of CP:
g =+ 1 (gerade), u= — 1 (ungerade)

/
» o eigenvalue of reflections

z=0.976(21) » o label only displayed on X states
(others are degenerate)

<\ . . . . .
short distance e [ he static energies correspond to the irreducible representations of D_
degeneracie

e In general it can be more than one state for each irreducible representat
RH'IEIS : / 1
, . D p, usually denoted by primes, e.g. 1y, I}, I} ...

0 12 14

o Juge Kuti Morningstar PRL 90 (2003) 161601




even the case without light quark is difficult

. static .
Lattice energies

ZE is the ground state potential that

Gluon excitations .
- generates the standard quarkonium states.

! .’
string ordering / /',

. The rest of the static energies correspond to
’ Vs excited gluonic states that generate hybrids.

The two lowest hybrid static energies are [1,
and 2, , they are nearly degenerate at short
distances.

The static energies have been computed in
agla,=2'5 | quenched lattice QCD, the most recent data
z=0.976(21) by Juge, Kuti, Morningstar, 2002 and Bali and
Pineda 2003.

= Quenched and unquenched calculations for X
short distance _ _ g
degeneracie and I'l, were compared in Bali et al 2000 and

R/ag good agreement was found below string
10 12 14 breaking distance.

o Juge Kuti Morningstar PRL 90 (2003) 161601
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. static .
Lattice energies

ZE is the ground state potential that

Gluon excitations .
- generates the standard quarkonium states.
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string ordering / /',

. The rest of the static energies correspond to
’ Vs excited gluonic states that generate hybrids.

The two lowest hybrid static energies are [1,
and 2, , they are nearly degenerate at short
distances.

The static energies have been computed in
agla,=2'5 | quenched lattice QCD, the most recent data
z=0.976(21) by Juge, Kuti, Morningstar, 2002 and Bali and
Pineda 2003.

hnce Quenched and unquenched calculations for ZE
degenergcie and 1, were compared in Bali et al 2000 and
7 R/ag good agreement was found below string
0 12 14 breaking distance.

o Juge Kuti Morningstar PRL 90 (2003) 161601




Gluonic excitations in pPNRQCD:more symmetry!

In the limit r — 0 more symmetry: D, — O(3) x C

» Several f'\.g representations contained in one JXC representation:

» Static energies in these multiplets have same r — 0 limit.

L=1 L =2

-
r-iH]

(r-D)(r-B)

rx (E

rx ((r-D)B + Dir- =)

(rx D) rx B+

+Hrx D) (rx B

- - o - %
(r-D)ir-KE)

r ((r-D)E 4+ Dir- E)})

r/r, ' ' (r=xD)(rx EY+

+(rxDY(rx BE)

PNRQCD predicts the structure of Brambilla Pineda Soto Vairo 0
multiplets at short distance and the
ordering




Gluonic excitations in pNRQCD: one can determine the
form of the potential

* At lowest order in the multipole expansion, the singlet decouples

while the octet is still coupled to aluons.
* Static hybrids at short distance are called gluelumps and are

described by a static adjoint source ((J) in the presence of a
gluonic field (H):

H(R,r,t) = Tr{OH}

H _

i T T
Vo 4+ — In{H* ()2 by

I T :
(H® (E}f.--adjn’?(_ij.}ﬂp ~ he—iTAH

B (r) = Vo(r) + Ax +O (1)




Gluonic excitations in pNRQCD: one can determine the
form of the potential

* At lowest order in the multipole expansion, the singlet decouples

while the octet is still coupled to aluons.
* Static hybrids at short distance are called gluelumps and are

described by a static adjoint source ((J) in the presence of a
gluonic field (H):

H(R,r,t) = Tr{OH}

H _

i T T
Vo 4 — In(He( ) b2y
- n{ [QJ S HE EJ;

I T :
(H® (E}f.--adjn’?(_ij.}ﬂp ~ he—iTAH

Ep(r)=Vo(r)+Ag +() (TQ
glue‘mﬁp )'\

correction softly breaki

ofcet
potential mass the symmetry



Hybrid Static energies

The hybrid static energy spectrum reads

Ey=2m+ Vy,

Vi = lim_ LT log <Ha(T/2)Oa(T/2)Hb(—T/2)Ob(—T/2)> .

Up to next—to—leading order in the multipole expansion.
Vi = Vo + Ay + byr?,

Vi,(r) is the octet potential, which can be computed in perturbation theory.

Ay corresponds to the gluelump mass.
An=lim —log (H*(T/2)¢30(T/2,~T/2)H"(~T/2)) ,
T—oo T a

T/2

qbadj(T/2, —T/2) = Pexp (—ig/

—T/2

dt Ag (R, t)> .




Hybrid Static energies

It is a non-perturbative quantity.

It depends on the particular operator H?, however it is the same for operators
corresponding to different projections of the same gluonic operators.

The gluelump masses have been determined in the lattice. Foster et all 1999; Bali, Pineda
2004; Marsh Lewis 2014

Vi = Vo + Ay + byr?,
by

» It Is a non-perturbative quantity.

M+®
H F F H H FE E H

» Proportional to r® due to rotational invariance and the multipole expansion.

» We are going to fix it through a fit to the static energies lattice data.

» Breaks the degeneracy of the potentials.




Hybrids masses

obtained by using En=2m+Vy with vy =V, +Ay+ byr?

as potential in the Schrodinger equation for heavy quarks

with Vo calculated in perturbation theory,

ANy  from the lattice,

b fit from the lattice data

and the mixing inside the multiplet taken into account
using coupled Schroedinger equations

Berwein,N.B. ,
Tarrus, Vairo 2014,

see also E. Braaten

et al 2013, 2014




Renormalon Subtracted scheme
Motivation:

» The static energies are independent of the renormalization scheme used.

» However the octet and singlet potentials, gluelump and heavy quark masses
depend on the renormalization scheme used.

Convergence of the perturbative of the octet potential in the On-Shell scheme is
bad due to the presence of singularities in the Borel transform.

Due to smaller and smaller momenta contributing at higher orders in pertubation
theory, when using dimensional regularization.

Renormalon Subtracted scheme

Subtract the renormalon singularities from the matching coefficients. Ppineda 2001; Bali, Pineda
2004

Vo (vr) = Vo — 6V® ()

with

Vo(r,v)

©.©)

) F(n+1+b— k)
Ve = ) 44@)§:k T(1+b—k)

o At vr = 1 GeV: mf® = 1.477(40) GeV, m®® = 4.863(55) GeV and
AT>_ = 0.87(15) GeV




Vs(r)[GeV] Vn(n)[GeV]
30} 30

Lattice data:Bali, Pineda 2004; - dashed line V(9-5) solid line V(0-25)
v/(0.25)

» r < 0.25 fm: pNRQCD potential.

e Lattice data fitted for the r = 0 — 0.25 fm range with the same energy offsets as in
V(0.5).

p0%) = 1.246 GeV /fm?,  b¥*) = 0.000 GeV/fm? .

» r > 0.25 fm: phenomenological potential.

o V'(r) = 371 + axr? + a3 + as.
e Same energy offsets as in Vv(0-25)
e Constraint: Continuity up to first derivatives.




Hybrid state masses from V/(0-25)

Solving the coupled Schrodinger equations we obtain

GeV

bc

my

(1/r)

Pn

my

(1/r)

Pn

my

(1/r)

4.15

0.42

0.82

7.48

0.46

0.83

10.79

0.53

451

0.34

0.87

7.76

0.38

0.87

10.98

0.47

4.28

0.28

1.00

7.58

0.31

1.00

10.84

0.37

4.67

0.25

1.00

7.89

0.28

1.00

11.06

0.34

4.59

0.32

0.00

7.85

0.37

0.00

11.06

0.46

4.37

0.28

0.83

7.65

0.31

0.84

10.90

0.37

4.48

0.23

1.00

7.73

0.25

1.00

10.95

0.30

4.57

0.22

0.85

7.82

0.25

0.87

11.01

0.30

4.67

0.19

1.00

7.89

0.22

1.00

11.05

0.26

Consistency test: » Spin symmetry multiplets

{1——,(0,1,2)~ 7} | =/, M,
{1t+,(0,1,2)"~} M,
{ot+, 1=} >
{277,(1,2,3)* "} | &, , Ny
o
377,(2,3,4)"
{3t+,(2,3,4)" "}

1. The multipole expansion requires
<1/I’> > Eiin.
Conclusion:

» V(0-25) vields more consistent results.

» As expected the Born—Oppenheimer
program works better in bottomonium
than charmonium

Berwein,N.B. , Tarrus, Vairo 2014,



Identification with experimental states

Most of the candidates have 1=~ or 071 /271 since the main observation channels
are production by eTe™ or v annihilation respectively.

» Charmonium states (Belle, CDF, BESIII, Babar):

Mass(GeV)

46

44+

42

40

D, D, Threshold
38+
36

34

32

Y(4008)[177]  Y(4220)[177]  Y(4260)[177]  Y(4140)[?**] X(4160)[2"*]  X(4350)[0/27F]  X(4360)[177]  X(4630)[177]  Y(4660)[17]

» Bottomonium states: Y};(10890)[1~ "], m = 10.8884 4 3.0 (Belle). Possible H;
candidate, my, = 10.79 = 0.15.

However, except for Y (4220), all other candidates observed decay modes violate
Heavy Quark Spin Symmetry.

Berwein,N.B. , Tarrus, Vairo 2014,



Comparison with direct lattice computations
Charmonium sector

» Calculations done by the Hadron Spectrum Collaboration using unquenched
lattice QCD with a pion mass of 400 MeV. Liu et ail 2012

» They worked in the constituent gluon picture, which consider the multiplets H>,
Hs, Hy as part of the same multiplet.

» Their results are given with the 1. mass subtracted.

Mass(GeV)

4.6
. H,

—— —

D,D, Threshold

1=t 2=+ 1*t 0 1t~ 2+ 0Ottt 2+t |t

Error bands take into account the uncertainty on the gluelump mass +0.15 GeV

Split (GeV) Liu V(0-25) » QOur masses are 0.1 — 0.14 GeV lower
OMp, —H, 0.10 0.13 except the for the Hz multiplet, which

OMpy, —H, 0.24 0.22 is the only one dominated by X, .
5m/-/4_/_/2 0.13 0.09

5mH3_H1 0.20 0.44
5mH3_H2 0.09 0.31

» Good agreement with the mass gaps
between multiplets, in particular the
A-doubling effect (dmpy, —H,).

Berwein,N.B. , Tarrus, Vairo 2014,



Comparison with direct lattice computations

Bottomonium sector
» Calculations done by Juge, Kuti, Morningstar 1999 and Liao, Manke 2002 using
quenched lattice QCD.
» Juge, Kuti, Morningstar 1999 included no spin or relativistic effects.

» Liao, Manke 2002 calculations are fully relativistic.

Mass(GeV)
12.5 -

B.B, Threshold

____________________________________________ —_

BB Threshold

Error bands take into account the uncertainty on the gluelump mass +£0.15 GeV

Split (GeV) | JKM | V(025 » Our masses are 0.15 — 0.25 GeV lower
Oomy, 0.04 0.05 except the for the H; multiplet, which
2 —H1 ' :

My, 0.33 0.27 is larger by 0.36 GeV.

OMp, _H, 0.30 0.22 » Good agreement with the mass gaps
oMy _y 0.42 0.19 between multiplets, in particular the
1~ ™M :
A-doubling effect (dmpy, —H,).

Berwein,N.B. , Tarrus, Vairo 2014,



We have computed the heavy hybrid masses using a QCD analog of the
Born-Oppenheimer approximation including the A—doubling terms by using
coupled Schroringer equations.

The static energies have been obtained combining pPNRQCD for short distances
and lattice data for long distances.

A large set of masses for spin symmetry multiplets for c¢, b¢ and bb has been
obtained.

A—doubling effect lowers the mass of the multiplets generated by a mix of static
energies, the same pattern is observed in direct lattice calculations and QCD sum
rules.

Mass gaps between multiplets in good agreement with direct lattice
computations, but the absolute values are shifted.

Several experimental candidates for Charmonium hybrids belonging to the Hj,
H>, Hs and H{ multiplets.

One experimental candidate to the bottomonium H; multiplet.




The QCD spectrum with light quarks

We still have states just made of heavy quarks and gluons. They may develop a
width because of the decay through pion emission. If new states made with heavy
and light quarks develop a mass gap of order A gop with respect to the former
ones, then these new states may be ashorbed into the definition of the potentials
or of the (local or non-local) condensates.

> Brambilla et al. PRD 67(03)034018

In addition new states built using the light quark quantum numbers may form.
> Soto NP PS 1B5(08)107
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The QCD spectrum with light quarks

We still have states just made of heavy quarks and gluons. They may develop a
width because of the decay through pion emission. If new states made with heavy
and light quarks develop a mass gap of order A gop with respect to the former
ones, then these new states may be ashorbed into the definition of the potentials
or of the (local or non-local) condensates.

> Brambilla et al. PRD &7({03)034018

In addition new states built using the light quark quantum numbers may form.
> Soto NP PS 1B5(08)107

States made of two heavy and light quarks

Pairs of heavy-light mesons: DD, BB, ...

Molecular states, i.e. states built on the pair of heavy-light mesons.
> Torngvist PRL &7 (91) 556

Tetraquark states. MAIANI, PICCININI, POLOSA ET AL. 2005--
- Jaffe PRD 15(77)267
- BEbert Faustov Galkin PLEB 634(0&) 214

Having the spectrum of tetraquark potentials, like we have for the gluonic
excitations, would allow us to build a plethora of states on each of the tetraquark
potentials, many of them developing a width due to decays through pion (or other
light hadrons) emission. Diquarks have been recently investigated on the lattice.

s RBlexandrou et al. PRL 97 (0&8)222002
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The QCD spectrum with light quarks

We still have states just made of heavy quarks and gluons. They may develop a
width because of the decay through pion emission. If new states made with heavy
and light quarks develop a mass gap of order A gop with respect to the former
ones, then these new states may be ashorbed into the definition of the potentials
or of the (local or non-local) condensates.

> Brambilla et al. PRD &7({03)034018

In addition new states built using the light quark quantum numbers may form.
> Soto NP PS 1B5(08)107

States made of two heavy and light quarks

Pairs of heavy-light mesons: DD, BB, ... Pairs of heavy-light baryons.
o Qiao PLB 639 (2006) 263

Molecular states, i.e. states built on the pair of heavy-light mesons.
> Torngvist PRL &7 (91) 556

Tetraquark states. MAIANI, PICCININI, POLOSA ET AL. 2005--
- Jaffe PRD 15(77)267
- BEbert Faustov Galkin PLEB 634(0&) 214

Having the spectrum of tetraquark potentials, like we have for the gluonic
excitations, would allow us to build a plethora of states on each of the tetraquark
potentials, many of them developing a width due to decays through pion (or other
light hadrons) emission. Diquarks have been recently investigated on the lattice.

s RBlexandrou et al. PRL 97 (0&8)222002
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The QCD spectrum with light quarks

We still have states just made of heavy quarks and gluons. They may develop a
width because of the decay through pion emission. If new states made with heavy
and light quarks develop a mass gap of order A gop with respect to the former
ones, then these new states may be ashorbed into the definition of the potentials
or of the (local or non-local) condensates.

> Brambilla et al. PRD &7({03)034018

In addition new states built using the light quark quantum numbers may form.
> Soto NP PS 1B5(08)107

States made of two heavy and light quarks

Pairs of heavy-light mesons: DD, BB, ... Pairs of heavy-light baryons.
o Qiao PLB 639 (2006) 263

Molecular states, i.e. states built on the pair of heavy-light mesons.
> Torngvist PRL &7 (91) 556

(hadro-quarkonium). Voloshin

Tetraquark states. MAIANI, PICCININI, POLOSA ET AL. 2005--
- Jaffe PRD 15(77)267
- BEbert Faustov Galkin PLEB 634(0&) 214

Having the spectrum of tetraquark potentials, like we have for the gluonic
excitations, would allow us to build a plethora of states on each of the tetraquark
potentials, many of them developing a width due to decays through pion (or other
light hadrons) emission. Diquarks have been recently investigated on the lattice.

s RBlexandrou et al. PRL 97 (0&8)222002

| ]! 10 = i i




Coupled channels

An important (and unsolved) issue is how all the different kind of states (with and without
light quarks) interact with each other.

A systematic treatment does not exist so far. For the coupling with two-meson states,
most of the existing analyses rely on two models, which are now more than 30 years old:

the Cornell coupled-channel model;
> Eichten et al. PRD 17(78)3090, 21(80)313
> Eichten et al. PRD £9(04)094019, 73(06)014014, 73(06)079903

and the 4 F; model.
> Lie Yaouanc =t al. PRD 8(73) 2223
> Kalashnikowva PRED 72 (05)034010

Steps towards a lattice based approach have been undertaken
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States near or above threshold:“exotics” !
hybrids, molecular states, tetraquarks

No systematic tfreatment is available; lattice
calculations are inadequate

In some cases it Is possible to develop an EFT
owing to special dynamical condition

¢ An example is the X (3872) intepreted as a D" D* " or D D" Y molecule.

In this case, one may take advantage of the hierarchy of scales:
Agcp = mg = ?.‘r?ifﬂl-! po = 10 MeV = Eypinding

= Mx —(Mpeo + Mpo) = (0.1 4 1.0) MeV
Systems with a short-range interaction and a large scattering length have universal properties
that may be exploited: in particular, production and decay amplitudes factorize in a short-range
and a long-range part, where the latter depends only on one single parameter, the scattering
length. An universal property that fits well with the observed large branching fraction of the
X (3872) decaying inte D" D7 js B(X — DY Do ) = B(D* Y = D':':'r':'j == G0

Pakwvasa Suzuki 03, Voloshin 03, Braaten Kusunoki 03

Another example is the hybrids treatment in pNRQCD

M. Berwein, N. B., J. Tarrus, A. Vairo 014




Conclusions

Qiuarkonium IS a golden system to study strong interactions

Nonrelativistic Effective Field Theories provide a systematic tool
to Investigate a wide range of heavy quarkonium observables
in fhe realm of QCD

At T=0, away from threshold, EFTs allow us to make calculations
‘ with unprecented precision, where high order perturbative
calculations are possible and to systematically factorize short from
long range contributions where observables are sentitive to the
f nonperturbative dynamics of QCD.
Some lattice calculations are still needed (glue correlators,
guenched and unquenched Wilson loops with field insertions).

. At finite T allow us to give the appropriate definition and define a
calculatlonal scheme for quantities of huge phenomenological interest like
| the ggbar potential and energies at finite T

in the EFT framework heavy quark bound states become a
umque laboratory for the study of strong interaction from the
' high energy to the low energy scales




Conclusions

For states close or above the strong decay threshold the situation is
| much more complicated.

Many degrees of freedom show up and the absence of a clear
systematic is an obstacle to a universal picture

We have presented results obtained for the hybrid masses
in pPNRQCD that show a very rich structure of multiplets.

. These results are promising but need to be complemented by

. decay and transitions calculations. A version of strongly

. coupled pNRQCD including hybrids should be eventually

. obtained in this framework and the inclusion of the operators

. carring the synamics light quark degrees of freedom should
be realized.




Conclusions

For states close or above the strong decay threshold the situation is
~ much more complicated.

Many degrees of freedom show up and the absence of a clear
systematic is an obstacle to a universal picture

We have presented results obtained for the hybrid masses
in pPNRQCD that show a very rich structure of multiplets.

. These results are promising but need to be complemented by

. decay and transitions calculations. A version of strongly

. coupled pNRQCD including hybrids should be eventually

. obtained in this framework and the inclusion of the operators

. carring the synamics light quark degrees of freedom should
be realized.

e Fundamental experimental input (like confirmation, quantum numbers, widths and
masses) is still crucially missing for some of these states.




QCD and strongly coupled gauge theories: challenges and perspective:s
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We highlight the progress, current status, and open challenges of QCD-driven physics, in theory
and in experiment. We discuss how the strong interaction is intimately connected to a broad sweep
of physical problems, in settings ranging from astrophysics and cosmology to strongly-coupled,
complex systems in particle and condensed-matter physics, as well as to searches for physics beyond
the Standard Model. We also discuss how success in describing the strong interaction impacts other
fields, and, in turn, how such subjects can impact studies of the strong interaction. In the course of
the work we offer a perspective on the many research streams which flow into and out of QCD, as
well as a vision for future developments.




These theory tools can match some of the intense
experimental progress of the last few years and
of the near future
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D Spin Independent potentials
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A—doubling effect

» In Braaten et al 2014 a similar procedure was followed to obtain the hybrid
masses.

» No A—doubling effect mixing terms where included, and phenomenological
potentials fitting the lattice data.

» We can compare the results to estimate the size of the A—doubling effect.

Charmonium sector

Mass(GeV)
50

H, H;

Braaten et al 2014 results plotted in dashed lines.

The mixing lower the mass o f the H;(Ha) multiplet with respect to H>(Hs).




NA—doubling effect

Bottomonium sector

Mass(GeV)
114

12l

10/}

BB Threshold

H,

Braaten et al 2014 results plotted in dashed lines.

» The mixing lowers the mass of the H;(Hs) multiplet with respect to H>(Hjy).




Comparison with QCD sum rules

> A recent analysis of QCD sum rules for hybrid operators has been performed by
Chen et al 2013, 2014 for bb and cc hybrids, and bc hybrids respectively.

» Correlation functions and spectral functions were computed up to dimension six
condensates which stabilized the mass predictions compared to previous
calculations which ony included up to dimension 4 condensates.

Charmonium sector Chen et al 2013

Mass(GeV)
550

DD Threshold

27—+ O-L— 1+~ 1++ O-L+ 2-|‘-+

Error bands take into account the uncertainty on the gluelump mass +0.15 GeV

» The spin average of the H; multiplet is 0.4 GeV lower than our mass.
» H>, H3 and H; multiplets are incomplete.

» Large uncertainties compared to direct lattice calculations.




Comparison with QCD sum rules

Bottomonium sector Chen et al 2013

Mass(GeV)
120

BB Threshold

95 ll_ 0:+ 1+ 2L+ O‘L_ 1-‘1—— 1-L+ O‘l"" 2-l-+

Error bands take into account the uncertainty on the gluelump mass £0.15 GeV

» The spin average of the H; multiplet is 0.98 GeV lower than our mass.
» H>, H3 and Hj; multiplets are incomplete.

» Large uncertainties compared to direct lattice calculations.




Comparison with QCD sum rules

B. sector Chen et al 2014

» Since the heavy quarks do not have the same flavor, the interpolation currents do
not have definite C—parity.

> The assignment to multiplets has been done by analogy of the interpolating
currents that generates this states in QQ and bc.

Mass(GeV)
9.0

2” 0" 1" 1" 0" 2%

£+

1

Error bands take into account the uncertainty on the gluelump mass +0.15 GeV

» The spin average of the H; multiplet is 0.48 GeV lower than our mass.

» H>, H3 and H; multiplets are incomplete.




