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EFT for quarkonium hybrids

EXOTIC QUARKONIA

46

@ Exotic quarkonia (XYZ particles) are quarkonium-like
bound states that cannot be interpreted as a 441

)

traditional quarkonium state. N —
@ |Interpretations for exotic quarkonia: 424 i [0

M

(2@ Q)

8

{ My

2,

hybrid adjoint tetraquark
344 (PED
@ @ Established cc states
T 321 Predicted, undiscovered
@ @ @ @ Neutral XYZmesons.
3c 3¢
307 [naisy
diquark-diquark heavy-meson molecule hadroquarkonium = - - o | B

@ A complete understanding of exotic quarkonia in
terms of these pictures has not yet been obtained.
@ EFT together with lattice QCD: a tool to understand
the various pictures in a model-independent way.
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EFT for quarkonium hybrids

(QUARKONIUM HYBRIDS IN THE EFT PICTURE

@ Quarkonium hybrid: QQ in color octet with gluon excitation (light d.o.f. with

scale Agep)

@ Separation of scales: m > mv > Agcp > mv? = suitable for EFT

description (m = mg)
@ Integrate out d.o.f.

QCD — NRQCD — pNRQCD — BOEFT (Born-Oppenheimer EFT)

light d.o.f.

Scale

\

QCD

m

NRQCD

muv
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BOEFT
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muv=
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EFT for quarkonium hybrids

STATIC LIMIT

@ Dynamics of QQ happens at time scale ~ 1/mv? > 1/Agcp = Born
Oppenheimer approximation. E. Braaten, C. Langmack, D. H. Smith, Phys. Rev. D 90, (2014)

@ Interquark potential given by energy eigenvalues with @ and Q at fixed
positions.

@ In the static limit of QQ, the system has symmetry group Dop.

Irreducible representation of Doop: A7

Irreducible representations of Dy,

@ K: angular momentum of light d.o.f.
A=7-K=0,%+1,%+2, £3,...
A=|\=0,1,2,3,... (5, I, A, &,...)

@ Eigenvalue of CP: n = +1(g), —1 (u)
@ o: eigenvalue of relfection about a plane containing # (only for X states)

n=CP
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EFT for quarkonium hybrids

STATIC ENERGIES

@ |In the static limit, when r — 0 the symmetry group reduces to O(3) x C, the
quarkonium hybrid turns into a gluelump.
State of light d.o.f. at 7 = 0 labeled by k = KFC.

@ State of light d.o.f. labeled by n = (x, A7), with x denoting the r — 0 limit.

@ Static energy E,(LO) (r): energy eigenvalue of H(©) (NRQCD Hamiltonian in the
limit m — oo), with Q and Q at fixed positions @1, @2.
@ In terms of Wilson loop:

B (r) = lim_ 2 10g(Xa(T/2)| X (=T/2)

1X0) = x(@2)d(x2, R)On (R)$(R, )3T (21)]0)

AT KPC On

5he 1= #.B, 7 (DxE)

I, 1t #x B, 7 x (D x E)

o 1-~ #-E, 7 (D x B)

g 1=~ #x E, # x (D x B)

> 27~ (7 - D)(#- B)

I 27~ #x ((#- D)B + D(# - B))

Ay 277 (# x D)'(# x B)! + (# x D)’ (# x B)"
= 2t— (7-D)(#- E)

o, 2t # X ((# - D)E + D(# - E))

Ay 2t — (7 x D)'(# x E)) + (# x D)J(# x E)*
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EFT for quarkonium hybrids

LATTICE DETERMINATION OF STATIC ENERGIES

@ Ground state: Z;r
9

atEr p=2.5 pN=4 ® Gluelump energy Ay = En(r = 0)
_ ag02fm @ Degeneracies at r — 0
og | Gluon excitations gN=3 |
N=2
string orqerin
' N=1
07+ ]
N=0
0.6 A 7
U
05 aja;=z*5 |
2=0.976(21)

r/ry

0.4

R/a Gluelump energies (at 7 = 0):

. . M. Foster and C. Michael, Phys. Rev. D59 (1999)
0 2 4 6 8 10 12 14

K. Juge, J. Kuti, C. Morningstar, Phys. Rev. Lett. 90
(2003) 7/28
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EFT for quarkonium hybrids
BOEFT
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BOEFT

Successive matchings to obtain BOEFT

@ QCD — NRQCD: Integrate out modes of scale m.
W. Caswell, G. Lepage, Phys. Lett. 167B (1986); G. Bodwin, E. Braaten, G. Lepage, Phys. Rev. D51
(1995)

@ NRQCD — weakly-coupled pNRQCD: Integrate out modes of scale mv ~ 1/r
in the short distance regime (r < 1/Agcp).
A. Pineda, J. Soto, Nucl. Phys. Proc. Suppl. 64 (1998); N. Brambilla, A. Pineda, J. Soto, A. Vairo,
Nucl. Phys. B566 (2000)

@ weakly-coupled pPNRQCD — BOEFT: Integrate out modes of scale Agcp.
M. Berwein, N. Brambilla, J. Tarris Castella, A. Vairo, Phys. Rev. D92 (2015); N. Brambilla, G. Krein, J.
Tarrds Castella, A. Vairo, Phys. Rev. D97 (2018); R. Oncala, J. Soto, Phys. Rev. D96 (2017)

@ BOEFT: EFT for dynamics of QQ at scale mv? = Schrédinger equation

BOEFT

@ do.f: [d3rd3R Y P!, 0% (r, R)GI*(R)|0)T 5 (t, 7, R)
KA

@ Gi%(R): gluelump operator: H(® G (R)|0) = A,.Gi%(R)|0) with r =0
o PéA projects G2*(R) to a representation of Dyo,.
@ U, (L, r, R): wave function of QQ in the quarkonium hybrid
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EFT for quarkonium hybrids

Lagrangian of BOEFT
2 :
;A’} ot (t r, R) +

LBOEFTf/d?’RdSTZZ\IlTX(t r, R){zf}tf HM/(T)+P’T

K AN

@ V. (r) is organized as an expansion in 1/m

(2)

v
Vr)\)\/(’r> V( )(7‘)5)\)\ + »{AA’(”) 4 )\)\/(7") +
v m m2

is related to the static energy by matching:

(0)
o V.
= + +o. =

rE o
oupled pNRQCD

EQ () =V + Aw + boar? + - =V (7)

v perturbative octet potential in weak-coupled pNRQCD
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Hybrid spectrum

HYBRID SPECTRUM FOR LOWEST LYING GLUELUMP

(I

k=17 (A =X, I1,)

M. Berwein, N. Brambilla, J. Tarris Castella, A. Vairo, Phys. Rev. D92 (2015)
; (0) (1) (2)
@ Only consider V'\”, neglect V}'\1,, V\§, ...

@ Use perturbative value VO(O) (r) for » < 0.5 fm and a numerical fit to lattice
value E'(O)( ) for r 2 0.5 fm

@ The term P4 v

KA m

P’)\, mixes 3, and II, states, leading to A-doubling

Lowest-lying quarkonium hybrid multiplets

Multiplet | I [ JPC(s=0) | JFC(s=1)
H, 1 1—— (0,1,2)~F
Hy 1 1++ (0,1, )
Hs 0 ot+ 1+
Hy 2 2++ (1,2,3)*+~
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Hybrid spectrum

#[#‘_
”z

Mass(GeV)
4

Lowest-lying charmonium hybrid spectrum. Bands are results from EFT, points with error bars are lattice data from
L. Liu et al. (Hadron Spectrum), JHEP, 07, 126 (2012).

Mass(GeV)
125

0* —_—
110

Lowest-lying bottomonium hybrid spectrum. Bands are results from EFT, points with error bars are lattice data
from and X. Liao and T.
Manke, Phys. Rev., D65, 074508 (2002) (LM).

@ For a study of mixing of quarkonium hybrids with and decay to traditional quarkonia, see R. Oncala, J.

Soto, Phys. Rev. D96 (2017)
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Spin-dependent potential

SPIN-DEPENDENT POTENTIAL TO O(1/m?)

N. Brambilla, W. K. Lai, J. Segovia, J. Tarris Castella, A. Vairo, Phys. Rev. D 99 (2019)
The spin-dependent potentials to O(1/m?) are obtained by performing the matching

to O(1/m?):
1/m:
L
®’ [ & [ o _ -
+ - + - o0——>—o0
- 1
NRQCD BOEFT
1/m?
-‘ -‘
[ X e + @ ® + @ o + ... NRQCD
U
. o
pysn
= o0—>—290 BoE

@ Lattice result from Wilson loops not available

@ Do our best: match weakly-coupled pNRQCD to BOEFT in the small r regime
(multipole expansion)

@ We work to the accuracy LO in the multipole expansion for the

1/m?2-potentials, and NLO in the multipole expansion for the 1/m-potentials. 1378




Spin-dependent potential

or k = 17, result of matching for the spin-dependent potential to O(1/m
) ) o
Vi sp =Visk() (PIiKPPI ) s

+Visko() [(r- Pfy) (WE9PL,) 5= (R KIPH]) -5 (r Py
v, o) =Vispa(r) (PilLggPixn) - S+ VisL(MPi] (Lhes? + SILgQ) B

+ V) 62 (1878, 5r + Vi 5154 (r)51265 7 + Vi 51,5 (r) PLL L, (S}sg 4 s;s{)

where (Kij)k = jethi

@ Operators absent in traditional quarkonia appear.

@ Leading spin-dependent operators appear at order 1/m, as opposed to 1/m? in
traditional quarkonia.

@ V;(r) = Voi(r) + V;"P(r), a sum of a perturbative part and a nonperturbative
part.

@ The nonperturbative part has a multipole expansion:
‘/7;’”1)(7,) — ‘/7,'np (0) + ‘/inp(l)T’Q +....

@ In general, Vi"p ) has a factorized form: Vinp G = cijUsij.
¢;;: product of perturbative matching coefficients in weakly-coupled pPNRQCD
Uj;: nonperturbative purely gluonic correlator (can be calculated on the lattice)

@ Example: vi2(©) — ey,

ietAT

Up = lim

T T [ ar 16t (/21620 (12, 0987 6 (/2,1 GH (/) oy Vi3

—-T/2

For analogous expressions of other Vinp (‘7), see N. Brambilla, W. K. Lai, J. Segovia, J. Tarris Castella

and A. Vairo, TUM-EFT 96/17 (in preparation). 14/28



Spin-dependent potential

or k = 17, result of matching for the spin-dependent potential to O(1/m
. S
Vi sp™ A Visk () (PIK{ P, ) - s

{Visko() [(r-Pf) (WE9PI,) - 5= (KPR -5 (r Py
(2) —v 3 (Pt L~ pi ; Vpit (L ~gi + gipd j
V) sp™ =Visra( (PilLogPiy) - SH{Vasto(MPi (Ligs® + S°LE,5) PY,
+ V) g2(1)8%8, 31 + Vi 515a(r)S1265 37 4| Vi 5,56(1) PILPY, (S{' 53+ s;'s{)
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Spin-dependent potential

or k = 17, result of matching for the spin-dependent potential to O(1/m
. S
Vi sp™ 3 Visk () (PIK{ P, - s

+Visko() [(r- Pf) (FE9PI,) -5 (KPR -5 (r Py
v, o) =Vispa(r) (PilLggPixn) - S+ VisL(MPi] (Lhes? + SILgQ) B

+ V) 521878531 + Vi 5,5a(r)S1265 37 + Vi 5,,5(1) PILPY,, (S{' 53+ s;'s{)

where (Kij)k = jethi

@ Oneratars ahsent_ in_traditional aunarkonia_annear

@ | Leading spin-dependent operators appear at order 1/m, as opposed to 1/m?
in traditional quarkonia.
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Spin-dependent potential

QUARKONIUM HYBRID SPECTRUM WITH SPIN

SPLITTING

Method: Ver = V;L}};(O) o Vg}’é“)rz

@ First, solve the Schrodinger equation with the static

_ o (0)
Vskb = Vs;zb
potential Vl()(\)) (7).

p (0

Vsra = VosL +Vsnfa( )
0
Vsry = V;fb( )

_ np (0)
Va2 =V, 52 + Vo

V512a =V, Si9

_ ynp(0)
Vsigb = Vsnb
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Spin-dependent potential

QUARKONIUM HYBRID SPECTRUM WITH SPIN

SPLITTING

Method: Ver = V;L}};(O) o Vg}’é“)rz

@ First, solve the Schrodinger equation with the static % — ynp(0)
. (0) skb = Vsip
potential V'’ (7). np (0)
. . Vsra = VosL + VSLa
@ Apply perturbative theory to the spin-dependent »(0)
Vv, =g
terms, 2nd order for the V;ﬁ(o)-term, 1st order for SLb Sl
the rest. Vo2 =V, 52 + V77 ©
. 0 1 0 0
@ Six parameters V;};( ), V;};( ), Vsnfcf >, V;fb( ), Vsisa = Vo515
np (0) ,np (0) . i np (0)
Vo s Vg, are fitted to lattice data of Vsi00 = Vel

charmonium hybrid spectrum.
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Spin-dependent potential

QUARKONIUM HYBRID SPECTRUM WITH SPIN

SPLITTING

Method: Ver = V;L}};(O) o Vg}’é“)rz

@ First, solve the Schrodinger equation with the static % — ynp(0)
. (0) skb = Vsip
potential V'’ (7). np (0)
. . VsLa = VosL + VSLa
@ Apply perturbative theory to the spin-dependent »(0)
Vv, =g
terms, 2nd order for the V;ﬁ(o)-term, 1st order for SLb Sl
the rest. Vo2 =V, 52 + V77 ©
. 0 1 0 0
@ Six parameters V;};( ), ;};( ), Vsnfcf >, V;fb( ), Vsisa = Vo515
np (0) y,mp(0) : : np (0)
Vez 7 Vsl2b are fitted to lattice data of Vsi9b = st;b

charmonium hybrid spectrum.

@ Since the parameters are factorized into a perturbative
part, which has known flavor dependence, and a
nonperturbative purely gluonic part, which is flavor
independent, we can use the fitted values of the
parameters to predict the spin splitting in
bottomonium hybrids.
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Spin-dependent potential

3 3
S st 1 S sl
E E
430 | 1
aa0
a5
H, multiplet H, multiplet
pin average (4393 Gov) - PECS spin average (4.472 GeV) =~~~ -
sz pertubaiva £2Z2 | porinbalive £
latlice Exz aince
415 430
1 o 1 2 1 o 1 2
470 T T T 475 T T T T T T T
ass | 1 anol
460 | a5

Mass (GeV)
-
Mass (GeV)
-

450 1 1 ass
Hz multiplet H, multiplet
aas spin average (4.575 GeV) -~~~ - 450 b spin average (4.638 GeV) -~~~ -
pertubaive EZZ2 erluvbanve =
atnce aince
440 445
o e 2% " 2 ES

Lowest-lying charmonium hybrid spectrum with spin splitting. Lattice data are from G. K. C. Cheung, C. O'Hara,
G. Moir, M. Peardon, S. M. Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum), JHEP, 12, 089 (2016).
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Spin-dependent potential

Features of the results

@ Perturbative contributions in spin triplets have a
pattern opposite to that in the lattice data, and also
to that of ordinary quarkonia. This is due to the
repulsive nature of the perturbative
heavy-quark-antiquark octet potential.

Nonperturbative

parameters obtained from
fitting to lattice data:

ver© az e, | +1.03

”P“)/AQCD ~0.51
)

S”fa(o) /Ayep | —1.32

n

VL /AQCD +2.44

VP (0)/AQCD —0.33

Vs .
(0) )

20 op | 039

(AQCD = 0.5 GeV)
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Spin-dependent potential

Nonperturbative

Features of the results parameters obtained from

. N . L fitting to lattice data:
@ Perturbative contributions in spin triplets have a gt a

pattern opposite to that in the lattice data, and also 7”D(O)/A +1.03
to that of ordi konia. This is due to th np(l)
o that of ordinary quarkonia. This is due to the /AQCD _0.51
repulsive nature of the perturbative np(O) A
heavy-quark-antiquark octet potential. VsLa / —1.32
: : - V"p<0)/A +2.44
@ The discrepancy with the lattice data can be SLb0 QCD
reconciled by the nonperturbative contributions, in ;sz( )/AQCD —0.33
particular the contribution from the Vnp © term glngo /AQCD —0.39

~ AQCD/m parametrically larger than the (hocp = 0.5 Gev)

perturbative contributions ~ muv?.

@ The resultant values of the Vlnp @) from fitting to
lattice data are consistent with the power counting.
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Spin-dependent potential

10.84 T T T T T T T 1086 T T T T T T T
1082 [
10.80 | = e
T L SR S 1084 [
= 1078 = 1 s
3 3
< <
= 1076 | N 4 =
N\ 1082 [ B
ro7s | \ |
N\ " "
N H,; multiplet H, multiplet
1072 | spin average (10.790 GeV) ----- | spin average (10.840 GeV) - - -
perturbative EZ=Z2 perturbaive E222
total T tal S
10.70 . ; . ; . . . 10.80 . ; . ; . . .
1 o* I 2+ 1 0" 1+ 2+
11.10 T T T 10.94 T T T T T T T
11.08 | e 10.92 B
11.06
3 3
S e
8 8
= =
11.04 | e 10.88 | B
Hz multipl H, multiplet
11.02 | 3 multiplet 10.86 | 4 multiple
spin average (11.060 GeV) ---- spin average (10.900 GeV) ----
perturbative £ perturbative £
=] =
11.00 . ; . 10,84 . ; . ; . . .
o pee pres e pes >

Lowest-lying bottomonium hybrid spectrum predicted by BOEFT with spin splitting.
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EFT for tetraquarks

EFT FOR TETRAQUARKS

@ The formalism of EFT for tetraquarks parallels that of hybrids. The only
difference is that the sector of light d.o.f. has more structure: xk = {KFC, f}.
f: flavor quantum numbers (isospin, strangeness, etc.)

Lagrangian of BOEFT (LO in 1/m)

V2
Leoprr = /d3Rd3r S el R){ [ia,, ST = Vo(r) = A = bear? . [ Gy
K )\)\/

NG }\I/M,(t, r, R)

@ We need static energies from the lattice, with insertions of light-quark bilinear

operators in the static Wilson loop:
On = OpT* q= (u,d)

A7 [ KPC 0%(I=0,1=1)
=y | ot T qT(1,T)q

=y | ot ay°T(1,7)q
2, | o°F a@vsT*(1,7)q
5| 17T q(r-yT*(1,7)q
I'[jfa 11—~ g(r x v)T*(1,7)q
sy | 1Pt | qr v T (1, T
oy | 1tHt | atr x vvsT%(1, 7)q

@ The hierarchy of scales has to be checked by solving for the spectrum using the
static energies as the potential.
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Summary and outlook

SUMMARY AND OUTLOOK

@ EFT provides a model-independent way to study exotic quarkonia.
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We obtained the spin-dependent potential by integrating out the scale
Agcp in the small r regime. Terms in the spin-dependent potential are
factorized into a perturbative part and a flavor-independent
nonperturbative gluonic correlator.

Spin-dependent operators which are absent for traditional quarkonia
appear. Remarkably, the leading spin-dependent terms enter at order
1/m, as opposed to order 1/m? for traditional quarkonia. This would
have an important impact on the form of decays and transitions.

We fitted the gluonic correlators to the charmonium hybrid spectrum from
the lattice. The fitted values are consistent with the power counting. We
use them to predict spin splitting in the bottomonium hybrid spectrum.
Lattice calculation of the gluonic correlators that appear in the
spin-dependent potential will help justify the EFT formalism. See Marc
Wagner's talk for related work.
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@ BOEFT for quarkonium hybrids:

Using static energies from the lattice, the leading-order Schrodinger
equation gives spectra consistent with the lattice results.

We obtained the spin-dependent potential by integrating out the scale
Agcp in the small r regime. Terms in the spin-dependent potential are
factorized into a perturbative part and a flavor-independent
nonperturbative gluonic correlator.

Spin-dependent operators which are absent for traditional quarkonia
appear. Remarkably, the leading spin-dependent terms enter at order
1/m, as opposed to order 1/m? for traditional quarkonia. This would
have an important impact on the form of decays and transitions.

We fitted the gluonic correlators to the charmonium hybrid spectrum from
the lattice. The fitted values are consistent with the power counting. We
use them to predict spin splitting in the bottomonium hybrid spectrum.
Lattice calculation of the gluonic correlators that appear in the
spin-dependent potential will help justify the EFT formalism. See Marc
Wagner's talk for related work.

In the future, we will study decays and transitions following what was
done in R. Oncala, J. Soto Phys. Rev. D96 (2017). In this case, the
relevant mixing potential also involves gluonic correlators which can be
computated on the lattice.
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@ Like hybrids, we can study tetraquarks in the BOEFT framework. We will need
static energies for tetraquarks from the lattice.
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Summary and outlook

@ Like hybrids, we can study tetraquarks in the BOEFT framework. We will need
static energies for tetraquarks from the lattice.

@ The EFT framework has the potential to describe all exotic quarkonia.
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Thank you.
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Back up slides

23/28



Summary and outlook

At the scale Agcp < u < mv, we have the weakly-coupled pNRQCD:
Lagrangian of weakly-coupled pNRQCD

T T :/d%{{ /d3r (Tx [ST (80 — hs) S + OF (1D — ho) O]

4gTr {s*r "EO+0'r ES+ L0ir {E ()}}ﬁ»iTr [OTL - - [B 0]}
- 2 ’ 4m Qe ’
+9F g, [sT(S1 - 82)- BO+0T(51 - 85) Bs + Ofs1 - BO - 0f 5,0 - B]
m

55 Tr [8T(S1 + 82) - (B x p)O + O (51 + 52) - (B x p)s
m

n 1
+ots, - (E x p)o+0ts,0- (E x p)]) - ZGEVG“”“ + }

vZ

hg = — —— + Vs(r)
m
w2

ho = — —" + Vo(r)
m

(1) (2)
vil () v ()
Vo(r) = V{0 () + —2mn 4 =2t
v ) =v ) + v
VL) = VosL(MLgg - S+ V, g2(1)8% + V51, (r)S12

S =81+ 82, S12 = 12(S1 - #)(S2 - #) — 451 - S2
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Spectrum of the four lowest-lying charmonium hybrid multiplets. The lattice results from Liu et al. with
my & 400 MeV are plotted in purple.
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Spectrum of the four lowest-lying bottomonium hybrids.
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Nonperturbative matching coefficients determined by fitting charmonium hybrid spectrum obtained from the hybrid
EFT to the lattice spectrum from the Hadron Spectrum Collaboration data of Liu et al. and Cheung et al. with
pion masses of m, ~ 400 MeV and m, ~ 240 MeV respectively. The matching coefficients are normalized

to their parametric natural size. We take the value Agop = 0.5 GeV.

Liu et al. | Cheung et al.
VRO A2 ep | 4150 +1.03
”“”/AQCD —0.65 —0.51
VPO NS o | 081 ~1.32
VRO A op | +1.18 +2.44
VP @ A, ~0.26 ~0.33
;;g@/AQCD +0.69 ~0.39
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Static energies for tetraquarks (schematic):
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Courtesy J. Tarriis Castella
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