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e Non relativistic Effective Field Theories
(plus lattice) give a QCD description of
quarkonia below the strong decay
threshold

e the hierarchy of NREFT is based on the
hierarchy of scales in quarkonium




e Can we use Non relativistic Effective Field
Theories (plus lattice) to give a QCD
description of exotic quarkonia (X,Y,Z) at or

above the strong decay threshold?

e |nthis talk QQbar and glue: Hybrids
multiplets with Lambda doubling effect and
spin structure
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QCD theory of Quarkonium: a very hard problem
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Quarkonium with Non Color degrees of freedom
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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Quarkonium with NR EFT: potential NonRelativistic QCD
(PNRQCD)
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Quarkonium with NR EFT: pNRQCD

weakly strongly
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pN RQCD A potential picture arises at the level of pNRQCD:
1 « the potential is perturbative if mv = Agep

« the potential is non-perturbative if mv ~ Agep

In QCD another scale is relevant AQCD

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) 1423







pNRQCD for quarkonia with small radius  r <« Agy,

Degrees of freedom that scale like mv are integrated out:

—> >‘< x V(ur)

NRQCD oNRQCD

o If mv > Aqcp, the matching is perturbative

e Degrees of freedom: quarks and gluons

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

Gluons with energy and momentum ~ Agcp, mv?

.. . 1 1 1
e Definite power counting: r ~ — and t, R ~ :
mu mv? Agcep

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

Non-analytic behaviour in » — matching coefficients V'



weak pNRQCD < Agep
Singlet static potential
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Octet static potential

LO in r

At leading order in r, the singlet S satisfies the QCD Schrbdinger equation.

» The (weak coupling) static potential is the Coulomb potential:

L Qs .1 oas B 4
\:'I‘/)——CFT—*-“.’ \,.,l‘l,'_ﬁT-{—..., N—3, CF—§
S singlet field singlet propagator
O octet field octet propagator

Pineda, Soto 97; Brambilla, Pineda, Soto, Vairo 99-



weak pPNRQCD 7 < Agep
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The QQbar potential is a matching coefficient of
oNRQCD and can be calculated in perturbation theory

Quarkonium singlet potential
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Applications to Quarkonium physics: 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 et al 04

Quarkonium 1P fine splittings at NLO;

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

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

Y(1S) — ym, 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, ...;

B(J/Yy — vme(lS)) = (1.6 £ 1'1)% N. B. Yu Jia A. Vairo 2005

B(Y(18) — yms(15)) = (2.85 £ 0.30) x 10~

F(nb(lS) — vv) = 0.54 £ 0.15 keV .
Y. Kiyo, A. Pineda, A. Signer 2010
['(ny(1S) — LH) = 7-16 MeV


http://arXiv.org/abs/arXiv:1010.5827




Hitting the scale Aqcp r~A
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strongly coupled pNRQCD 7 ~ Agep mv ~ Agep

2
eintegrate out all scales above TIHU

e gluonic excitations develop a gap AQCD
: and are integrated out

1 = The singlet quarkonium field S of energy mu?
is the only the degree of freedom of pNRQCD

quenched —=—

ReGiBB, s (up to ultrasoft light quarks, e.g. pions).
R T
r/rg ¢ p2 3\
L=Tr<S' |10, Vol Sy
\ m /

s A potential description.emerges.from-the EF T, = oo = f o 2o

e The potentials V = ReV 4+ ImV from QCD in the matching:
get spectra and decays

e \/ to be calculated on the lattice or in QCD vacuum models



The matching condition is:
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-factorization: the NRQCD matching coefficients encode the physics at the
large scale m, the potentials are given in terms of low energy

nonperturbative Wilson loops

-the spin dependent potential has the usual structure with spin-orbit, tensor and
spin-spin ferms. The spin-orbit term has a confining contribution

-the spin dependent potentials in the Schroedinger eq. give the multiplet spin
structure



EFTs (plus lattice) give a QCD description of quarkonium below
threshold

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

there is no mass gap between quarkonium and the creation
of a heavy-light mesons couple

maQg ol Moq = 2m + ZAQC’D

Near theshold heavy-light mesons and gluons excitations
have to be included and many additional states built using

the hight quark quantum numbers may appear

No systematic treatment is yet available; also latfice
calculations are challenging

Many phenomenological models exist



States made of two heavy and light quarks

Pairs of heavy-light mesons: DD, BB, ... . .
» Pairs of heavy-light baryons.
Molecular states, i.e. states built on the pair of heavy-light mesons. ©Qiao PLB 639 (2006) 263
> Torngwvist PRL 67 (91) 556

» The usual quarkonium states, built on the static potential, may also give rise to

molecular states through the interaction with light hadrons (hadro-quarkonium).
o Dubynskiy Voloshin PLB 666 (2008) 344

Tetraquark states. MAIANI, PICCININI, POLOSA ET AL. 2005--

> Jaffe PRD 15(77) 267
> BEbert Faustov Galkin PLB £34(06)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.

»RBlexandrou et al. PRL 97(0&8)222002
> Fodor et al. PoS LAT2005(0&) 310

-

choosing one of these degrees of freedom and an :
\ interaction originates a model for exotics. :
t IS particularly difficult to insert spin in these models,

and when it Is done the spin interaction is taken from
standard gquarkonium



Start considering the simplified case of heavy quark, heavy
antiquark plus glue

. 2 -
Eheavy~mgVv Elight-AQCD

Vr-mqv

~I/AQCD

Characteristic Scales

» Heavy-quarks are non-relativistic mg > Aqcp.
» Two components with very different dynamical time scales Aqcp > mgv?.

* Light d.o.f state Eﬁgm ~ AQCD-

+ Heavy-quark binding Eq ~ mgv? (v < 1 relative velocity).

+ Adiabatic expansion, Born-Oppenheimer approximation in atomic physics. 1. Griffiths.
C. Michael, P. Rakow Phys.Lert.129B (1983); K.. Juge, J. Kurti, C. Morningstar Nucl.Phys.Proc.Suppl.63 (1998):

E. Braaten, C. Langmack, D. Smith Phys.Rev.D90 (2014); C. Meyer, E. Swanson Prog.Part_.Nucl.Phys.82 (2015)...

Quarkonium hybrids are a similar system to diatomic molecules

» Heavy d.o.f: Nuclei — Heavy Quark
» Light d.o.f: Electrons — Gluons&/Light-quarks



Start considering the simplified case of heavy quark, heavy
antiquark plus glue

.
Eheavy~mov®  Elight~AQCD

v l "‘AO(-‘D

EFT approach: Exploit the hierarchy of scales at the Lagrangian level

* Integrate out mg modes: NRQCD w. caswell. G. Lepage Phys.Letr. 1678 (1986): G. Bodwin, E. Braaten,
G. Lepage Phys.Rev.D51 (1995)

+ In the short distance regime r < 1/AqQcp : integrate out mgv ~ 1/r modes:
(weakly-coupled) pPNRQCD A. pineda. J. Soro Nucl.Phys.Proc.Suppl.64 (1998): N. Brambilla, A. Pineda, J. Soto,
A. Vairo Nucl.Phys.B566 (2000)

+ Integrate out Aqcp: Hybrid and tetraquarks EFT (BOEFT) at E ~ mv?.

M. Berwein, N. Brambilla, JTC, A. Vairo. Phys.Rev.D92 (2015); N. Brambilla, G. Krein, JTC, A. Vairo Phys.Rev.D97 (2018);
R. Oncala, J. Soto Phys.Rev.D96 (2017)



Heavy-quark heavy antiquark plus glue

Define the symmetries of the system and the system static

energies in NROCD

Static |
Lattice cnergics Juge Kuti Morningstar 2003

Dug T T T T T T T
a.E =2.5 JN=4 :
b a-02fm Symmetrles
o g | Gluon excitations /# &N=3)
L N
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crossove *

/
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Y A B A
f ajja, =2'5 | » 1) eigenvalue of CP:
~ z=0.976(21) g=+1, u=-1

» o eigenvalue of reflections (only X states)

0.4 1, =

L
short distance
degeneracie

e T[he static energies correspond to the irreducible representations of D

R/ag e In general it can be more than one state for each irreducible representat

0.3 D p. usually denoted by primes, e.g. Iy, 1}, T} ...

0 2 4 6 8 10 12 14



Heavy-quark heavy antiquark plus glue

. static .
Lattice energies

0.9
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Eg is the ground state potential that
generates the standard quarkonium states.

The rest of the static energies correspond to
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
quenched lattice QCD, the most recent data
by Juge, Kuti, Morningstar, 2002 and Bali and
Pineda 2003.

Quenched and unquenched calculations for Zg
and 1, were compared in Bali et al 2000 and
good agreement was found below string
breaking distance.

o Juge Kuti Morningstar PRL 90 (2003) 161601



PNRQCD gives the multiplets at short distance:gluelumps

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O%, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R,r,1).
In the limit » — 0 more symmetry: D, ., — O(3) x C

» Several f\g representations contained in one JFC representation:

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

Gluonic excitation operators up to dim 3

Ag KFPC Ha

Y B v b r-B.r-(D xE)

| PR s e rxB,rx (D xE)

Z;’ ! b r-E,r- (D x B)

Mg f bt rx E,rx (D xB)

B! bl (r-D)(r-B)

[sor 200 rx ((r-D)B +D(r-B)) ‘
A, | 27— | (r x D) (r x BY 4 (r x DY(r x B)'
> Tl k] (7. B (r-D)(r-E)

[, | 27 r x ((r- D)E +D(r - E))

A, | 2t | (r x D)/(r x EY + (r x D)Y(r % E)’

Brambilla Pineda Soto Vairo 00

0 0.5 1 1.5 2 2.5 | .
The gluelump multiplets >, , 11,,; 277, I1g; >, 11, A, 35, 11, A, are

degenerate.



Match to pPNRQCD: one can determine the form of the potential

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O¢, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R,r,1).

H H

i T T
Eg = Vo 4+ — In{H*( )2 b~

I T _
(H® {E]f.--:?;’!b{— )P~ o iTA g2

Ep(r)=Vo(r)+Ag +by, 1

octzgt. glue‘hﬁp correction softly
. . . , ' ' potential Mass  preaking the symm




Match to pPNRQCD: one can determine the form of the potential

EH(T) = VO(T‘) + Ag + bHTQ
An

» 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. roster et 2 1900 Bali, Pineds

2004: Marsh Lewis 2014

» At the subtraction scale vy = 1 GeV: /\ff_ = 0.87(15) GeV.
by

» |t is a non-perturbative quantity.

> 9
sz@ 2, N*‘f{\f

&»,. e + Bl ,'{,«;.
H .f'-.‘ H H FE £ 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.

Octet potential at two loops; renormalon subtraction realised
among pole mass, octet potential and gluelump mass, use RS
scheme



State multiplets Hybrid spectrum for = 177 — AT =¥, T,

We consider hybrids that are excitations of the lowest lying static energies 11,, and >, .
Inthe » — 0 limit IT,, and *2,, are degenerate and correspond to a gluonic operator with
quantum numbers 17 .

States are organized in spin multiplets.

| | JPC{s=0,s=1} | EY
Hy | 1| {17,(0,1,2)~+} | 5, I,
Hy | 1 | {177,(0,1,2)" "} [T,
Hs | O {ot+,1+—} Yu
Hy | 2 | {2t+,(1,2,3)T"} | =g, I,
Hs | 2 | {27,(1,2,3)~ 1} [T,

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



.IBerwein Brambilla Tarrus Vairo PRD 92 (2015) 114019 EH (/r) o VO (T) —|— AH —I_ bHT2

The Lambda -doubling effect breaks the degeneracy between opposite
parity spin-symmetry
multiplets and lowers the mass of the multiplets that get mixed

contributions of different static
energies.

[_ 1, ! (l(l+1)+2 2,/1(‘l+1))+(Eg’) 0 )] (1/)2)___8(1/12)

2ur? 2ur? \ 2,/1(1 + 1) Il(l+1) 0 Eg)) Y I

v

2nd solution

[ 1 arr26r+l(l+1)

o 2pu7r2 2pur? 2 Eg))] e

@ energy eigenvalue & gives hybrid mass: my = mqg +mg + &

[(I+ 1) is the eigenvalue of angular momentum L* = (LQQ + Lg)2

corresponding eigenvalues under charge conjugation: (—1)* and (—1)'*+s+1

0
e the two solutions correspond to opposite parity states: (—1)! and (—1)"!
°
@ Schrodinger equations can be solved numerically

= P = =

!

For [ = 0 the off-diagonal terms vanish, so the equations for ngv ) and w(_]\l;)
decouple. There exists only one parity state, and its radial wave function is given

by a Schrodinger equation with the Eg)) potential and an angular part 2/mr2.
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> 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).

pO%) = 1.246 GeV /fm?, b =0.000 GeV /fm> .

» r > 0.25 fm: phenomenological potential.

o V’(r) = 371 + \/azr2 + a3 + as.
e Same energy offsets as in v(0:25),
e Constraint: Continuity up to first derivatives.

Berwein,IN.B. , Tarrus, Vairo arXiv:1510.04299
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Charmomum Hybrld specfum for K= 1+

M. Berweln, N. Bramblilla, JTC, A. Valro. Phys.Rev.D92 (2015)
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Introducing the spin of the quark

Up to now we have worked at the leading order, now we want to include
the correction coming from the quark spin

We calculate the spin dependent potentials matching NRQCD
and pNRQCD: we get a purely perturbative contribution in the
form of spin dependent octet potential integrating out
mv and then we get nonperturbative correlators depending
only on glue when integrating out Lambda_QCD.

the nonperturbative correlators should be calculated
on the lattice or in QCD vacuum models

we fix them on lattice data of charmonium—> we can then
predict hybrids spin multiplet for bottomonium



Born-Oppenheimer EFT for hybrids Gluelumps operators G

In the short distance limit the static energies are characterized by O(3) x C instead of D ».

» G'? create a basis of color-octet eigenstates of hg(R)
in the presence of a static, local, color-octet source

8 g

» At the pNRQCD level a basis of hybrid states is defined as

|k, A} = PL, O°T (r, R) GL(R)|0) , ,
ho(R)GL2(R)|0) = A GL2(R)[0)

» The light d.o.f Hamiltonian density leading order in
the multipole expansion.

h= (E* - B?) (ano v )

» States are constrained to satisfy the Gauss law.

» The hybrid EFT is formulated for the subspace spanned by

/d3rd3R Z Ik, A) Wer(t, r, R)

» W, _, is the basic degree of freedom upon which we build the EFT.

» P <)\ Pprojects G into a representation of D .

e After projecting and integrating out Agcp:
2

i+ V;
cBom=/d3 ZZ\UIA(I r, R){OM,:&— V. (r) — PR_‘;m PM,}wm\,(r, rR)+ ...

K AN

The potential V_, s can be organized into an expansion in 1/mg

(1) (2)
Va0 Va0 |

2
mg mo

Vo (1) = VO (n)é, 0 +



Born-Oppenheimer EFT for hybrids

e After projecting and integrating out Agcp:

- V
CBOEFr=/d3 LLW AL, r, R){‘SAA"Br— n,\A'(")—PQ;

~ AN

2

PBA’}WNA’(ti r, R)+ caa

The potential V,_, s can be organized into an expansion in 1/mg

(1) (,) V(2) (,.)
/ /
Vo (r) = VO (r)8, 0 + —522 A

mg m

The static potential, V,(cog, can be matched to the lattice NRQCD static energies and a short
distance weak-couplig pNRQCD description:

,‘ﬁﬂa(r) — Vo(r) + Ax £ bear® +--- = VO(r)

The nonadiabatic coupling mixes states which are different projections of the same light d.o.f
operator.

pit [Vg,P‘_ ]—P"f V’P' v
mg’ =N mq mq




Hybrids spin dependent potentials *=1" 2 A7 =2, M

Vi, () = Vasc(r) (PEKIPL, ) -S+...,

1AM SD 17 1/

Vl(i)x' so(r) = Visa(r) (P{T QQ {A’) S+ Vi LSbP&(r) (L'OOSJ + S'Ljob) Pix'

+ V, 2(NS*6)hr + Visppa(r)Sadan 41 s10(NPILPL, (515) + 5,8]) + -

—>Unlike standard quarkghium spifi appear at 1/m

—>[hese are new operators not present in standard
guarkonium

where LQQ 1s the orbital angular momentum of the
heavy-quark-antiquark pair, §; and S, are the spin vec-
tors of the heavy quark and heavy antiquark respectively,
S = -?1 + S:_) and 512 = 12(51 . r)(S2 : 1‘) - 451 . Sg.

PRI o B8 v v
(KY7)" = ie9* is the angular momentum operator for the spin-1 gluons.



Hybrids spin dependent potentials  *=1" 2> A7 =, M

- " ‘ -
P, -0y, 0% e
Visk = Vg
O(1/mg)
TS R e .{;?@’Ea W?Q.:Zg S
fx-B F,-B = \ T
- B :md * Pl - (:7. o
Vieo = vee© 4 | O=SLa, SLb, S?, S5, Spob

-In the short distance we can use weakly coupled pNRQCD to calculate
V_0, it is given by the QQbar octet potential

-The VAnp} depend on non perturbative gluon correlators
not yet calculated on the lattice: 6 unknown

-The only flavour dependence is carried by the NRQCD matching coefficients
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Rm,c E. Thomas, and D. Tim(lladronSpectmm),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat].



Charmonium Hybrids Multiplets H_1
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Power counting: we include terms up to order
Lambdanr3/mA2 and m vA4 to the spin splittings



Charmonium Hybrids Multiplets H_1
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height of the boxes is an estimate of the uncertainty:
ostimated by the parametric size of higher order corrections, m alpha_s/5
or the perturbative part, powers of Lambda_gcd/m for the nonperturbative
part, plus the statistical error on the fit



Charmonium Hybrids Multiplets H_1
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the perturbative part produces a pattern opposite to the lattice and to ordinary
guarkonia —> discrepancy can be reconciled thanks to the nonperturbative
parts, especially the one at order 1/m which goes like Lambda”2/m and is
parametrically larger than the perturbative contribution that i border m vA4
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Charmonium Hybrids Multiplets H_1 and H_2

455 , I ' ' ’ 450 I ,

| | I
aso| | | |
| | ? | ams | |

| | l
a4 | | 4 | |

; 1z B :

A = bk

440 :___E l_________-_IL_______ I \,\“

; | S b} -
435 |- : : A S ul ik % o |

m | Nm ;

N NE | B
T ! % e | &' N i = |
2T } % } H, multiplet }

| | spin average (4.398 GoV) ——- - 435 | spin average (4.472 GoV) ———- -
420 | : &l : F’% EZra - : petelntrs EZZ2

| | lattico mxerees i oo Exmzem
£.15 l I 1 430 l

1~ 0" 1 2" 1 0 2

H_1 and H_2 corresponds to I=1 and are negative and positive
parity resp. The mass splitting between H_1 and H_2 is a result of lambda-
doubling
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with a pion of about 240 MeV



Since the nonperturbative correlators
are not depending on tlavour we can
use the result of the fits
on charmonium to predict
the hybrid bottomonium spin multiplets




Prediction for the Bottomonium Hybrids Multiplets H_1, H_2
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or bottomonium hybrids lattice data are scarce and not at the
level of charmonium hybrids

Spin structure of heavy-quark hybrids
Nora Brambilla, Wai Kin Lai, Jorge Segovia, Jaume Tarrus Castella, Antonio Vairo. May 20, 2018.
e-Print: arXiv:1805.07713
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Prediction for the Bottomonium Hybrids Multiplets H_3, H_4
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The Born-Oppenheimer approximation in effective fleld theory language

we can consider
more general
eigenstates of the
octet sector the
PNRQCD hamiltonian

Nora Brambilla®
Physik-Department, Technische Universitdt Minchen,
James-Franck-Str. 1, 85748 Garching, Germany and
Institute for Advanced Study, Technische Universitdt Minchen,
Lichtenbergstrasse 2a, 85748 Carching, Germany
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Jaume Tarris Castella’ and Antonio Vairo®
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k) = 0*' (r, R) G5, (R)|US),

w= {771}

light flavour project on fdardsRZh)\Il,-,‘(t, r, R).

obtain )
Lgo = f ERdr ¥ U _(t, v, R)[(i00 - hy— A) 69 ~ Z\: P baar®PI) 425 (t, 7, R),

gives origin to a coupled Schroedinger equation

. .
iV a(t, r. R) = [(—% +Vo(r)+ A+ b,drg) dan — ZCKA»] Vot r, R).
. ~

that can describe “tetraquarks”™ —> needs lattice calculations of tetraquarks static
energies



Conclusions

Quarkonium is a golden system to study strong interactions

For states below threshold non relativistic EF Ts provide a systematic tool
to investigate a wide range of observables in the realm of QCD and
quarkonium becomes a

NREFT 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 nonperturbative dynamics of QCD

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.



Conclusions
@ study of hybrids in EFT framework (NRQCD and pNRQCD)

@ study of the spectrum of the static Hamiltonian with non-static corrections
@ short distance degeneracy of static energies

@ mixing of different static states

@ breaking of degeneracy between opposite parity states

We have included spin in the structure:
—could interpret the lattice result

—make independent predictions for the bottomonium sector

Same approach can be used to include light quarks: *

This approach holds the promise to be able to explain all exotics (including
pentaquark) from QCD

Input from the lattice is needed: more precise calculations of the
gluelump masses, static energies for the hybrids and the tetra quarks,
correlators of gluons fields..

Exotics may be generated also by QCD van der Waals forces: for example
eta_b-eta b bound states?



