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Quarkonium
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» Quarkonia are bound states of a heavy quark and a heavy anti-
quark.

» J/4 was discovered in Brookhaven and SLAC in 1974 and it was
identified as cc.
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» Three years later the T was discovered and interpreted as as bb.

20

» They were recognized early on as nonrelativistic bound states.

» Can be classified with principal and angular quantum numbers.

» Spectrum can be obtained from the Schrédinger eq. with a suit-
able potential.

» QCD analog of the Hydrogen atom.
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Bazavov et al Phys.Rev.D90 (2014)

The quark-antiquark potential was computed in
perturbation theory.

Leading order: one gluon exchange. Coulombic
potential.

However, the spectrum is not Coulombic.

Phenomenological potentials were developed.
Cornell potential: a/r + or + A.

Non perturbative expressions of the potential as
a Wilson loop.

Eventually the potential was obtained from lat-
tice QCD.

u}
8]
l
n
it

DA



How to connect the phenomenological picture to QCD?

E ~ mqv?

EFT
mq 1 Qe
LARERS
/ ~ Mg mqu | NRQCD
Le 2 2 2 8
mqu? T PNRQCD
P~ MU

= Build EFTs exploiting mg > mqQv > mq v2 (v < 1 heavy quark relative velocity)

» NRQCD, integrate out mg > Aqcn.
e Still two dynamical scales.

» potential NRQCD (pNRQCD), integrate out mv ~ 1/r.
e Schrédinger eq. as egs. of motion at LO.
e Weak coupling: mqv > Aqcp < r < 1/Aqgcp (short distance).
Pineda, Soto Nucl.Phys.Proc.Suppl.64 (1998); Brambilla, Pineda, Soto, Vairo Nucl.Phys.B566 (2000)

e Strong coupling: integrate out mqv and Agcp simultaneously (any distance).
Brambilla, Pineda, Soto, Vairo Phys.Rev.D 63 (2001); Pineda, Vairo Phys.Rev.D 63 (2001)
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» This picture described the quarkonium spectrum very well and even predicted new
states.

>

This changed with the discovery of X(3872) in 2003.
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» Dozens more unexpected states discovered
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close and above open flavor thresholds.

» Properties unlike standard quarkonium and/or exotic quantum numbers.
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» Must contain a heavy quark-antiquark pair and light degrees of freedom (d.o.f).

hybrid
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» Many models have been proposed...but no coherent, comprehensive framework yet

adjoint tetraquark
% @ : @
3. 3.
diquark-diquark

heavy meson molecule

compact tetraquark
» Major challenge to our understanding of QCD spectrum!

hadroquarkonium
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Exotic Quarkonium: Born-Oppenheimer approximation

Adiabatic expansion: Aqcp > mov?

» Heavy quarks are nonrelativistic and almost static.
» Light d.o.f adapt almost instantaneously to the heavy quarks.
» Exotic quarkonium are QCD analogs to diatomic molecules.

Brambilla, Krein, JT, Vairo Phys.Rev.D 97 (2018)
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¢ E,oq-maX(m) 2 Exotic states

Molecular levels { "

Static energies: Energy levels of the light d.o.f for static heavy quarks.
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Static energies in NRQCD

> The static energies of a QQ system are defined as the energies of the eigenstates
of NRQCD in the static limit.

Ofong (12 RO) ~ (A7) + ..

Eng (r) = lim %m(om Oweng (t/2. 1, R)OL 0 (<t/2,r, R)| [0)

t— o0

» Nonperturbative quantity.
Static eigenstates quantum numbers:
> QQ distance r.
» Light d.o.f quantum numbers: spin «, parity p, charge conjugation, flavor...
> Representation A7 of D p.

e A rotational quantum number, eigenvalue of |7 - S, |.
e 1 eigenvalue of CP: g =+ 1, u=—1
e o eigenvalue of reflections (only A = O states)
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Lattice determinations of static energies for gluonic operators
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Juge, Kuti, Morningstar Phys.Rev.Lett.90 (2003)
Recent precision computation:

Capitani et al Phys.Rev.D 99 (2019)
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Short distances: Do, — O(3) x C.
Long distances: linear (string-like).

No significant difference between quenched
and unquenched results.

However with dynamic light quarks new
states appear such as thresholds.
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Consider light d.o.f with light-quark flavor.

Adjoint tetraquark

Diquarkdiquark

Heavy meson threshold

LN
\

Heaw meson molecule

Singlets light d.o.f

» However: No lattice data available yet.

» Each model can be though as a different region of the wave function?

Mg, [ -= = Vyem,

7
rla

Prelovsek et al Phys.Lett.B 805 (2020)
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Doubly heavy hadrons
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hadrons: soto, JT Phys.Rev.D 102 (2020) 1, 014012 and 014013

QQ static energy for one light quark.

Najjar, Bali PoS LAT2009 (2009)

Nf =2,2=0.084 fm, L ~ 1.3 fm, myp =~ 783 MeV.

Jaume Tarris

Exotic Quarkonia in Effective field theory

Double heavy ba
Hybrids baryons

ryons QQq.
QQgq.

Tetraquaks QQRgg.
Pentaquaks QQqqqg.

QQ static energy for two light quarks.

Universidad Complutense de Madrid, March 30th 2022.

scalar isosinglet

a =~ 0.079 fm

vector isotriplet
a ~ 0.079 fm
c 12z s 4 5 & 7 8

Bicudo, Wagner Phys.Rev.D87 (2013)

» The same picture also applies to other doubly heavy
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states in the minima of the static energies.

» We aim to build an EFT for the heavy quark-quark or heavy quark-antiquark bound
EFT
» Energy gaps:

Mq
e Heavy quarks are non relativistic mqg > Aqcp.
o Adiabatic expansion Agcp > mov’.

NRQCD

MV ~ Agep

Aqcp as in strongly coupled pPNRQCD.

mquv?

«Or «Fr o« » > DA
 Jaume Tarrs  Exotic Quarkonia in Effective field theory =~ Universidad Complutense de Madrid, March 30th 2022. 12 /38
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Identify the relevant x” light d.o.f states for a particular problem
— ol

2. One W.p = We/(t,r, R) field for each light d.o.f state
e « light d.o.f spin index o = —k,

.0, .. .K.
,0,
e | heavy quark spin index (corresponding to a singlet or a triplet)
e r heavy quark distance.
e R heavy quark center of mass

3. Nonrelativistic Lagrangian

L= Z\u,,[,at

hiep] Wiep
4. The Hamiltonian density is organized as an expansion in 1/mgq

2
h,.gp_p

=P v« Nt —
mg  4mq

1
v( D(r, ) +0(1/m3)
5. The potential terms are matrices in the heavy and light d.o.f spin

spaces.

«O> «Fr o« > «E > Q>



Born-Oppenheimer EFT

How to build the most general set of operators?

1. Building blocks
e 1/mgq suppressed: Sy, S, Lgg, p= —iV,, (P = —iVR)
o No suppression: #, Sy, (R)

2. The amount of 1/mg-suppressed terms is limited to the overall order.
3. Build all operators invariant under:

e O(3), parity, charge conjugation...
e And D.op.

Problems:
» How to build operators belonging to irreducible representations Do.p?

> Factors of (7 - S,)?" are free...

Jaume Tarris Exotic Quarkonia in Effective field theory Universidad Complutense de Madrid, March 30th 2022. 14 / 38



are

» Project O(3) representations (kP) into D..j, ones (Ay).

then the projectors are defined

» The eigenvectors of the projection of the light d.o.f spin into the heavy quark axis
(F'SN)PR)\z)\Pn)\ A=—K,.,0,

K

Pen = Z PNAPT)\
A==%A

K
» All the scalar operators can be decomposed into projectors since

(F-S:) =D APwPl = (1507 =) APy (A=A)
A A

«O> (Fr «E»r < > Q>



» LO (static potential)

V() =D VNP
A
> NLO (O(1/mg))
v =v

wrsi(F) + v,

wrsp (F)
VIS,]‘;)SD(r) = ZPM [VszAA/(’)SQQ . (Plcor . 5»:) +

AN

b

Ve

+ Vo (1) (Lag - )] Prn
° Vr(:f’)SI

(r)Sqe - (Pii" - Sx)

decomposes as the static potential.

e 2500 = 0qq = oql2q, + l2g, 00, (P )! =¥, (PT)i =67 — ¥,

«O>» «Fr «Zr «E» Q>



» Matching condition

O’ip(t) = Xc—:r(ti X2)¢(ta X2, R)an(f, R)¢(t7 R, xl)’d;(ta Xl) =
e O, p light d.o.f operator.

e v, x heavy quark fields in NRQCD.
e ¢(t, R, x;) Wilson line.

Z,ipw,ip(t, r, R)
» Match the NRQCD and BOEFT correlators and expand both sides in 1/mg
» At leading order

(O] T{Owr (£/2)O%, (—£/2)}0) = \/ Zuo (O T{Wr (t/2)W ], (~1/2)}[0)/ Z]

v (r)= ,cp,\n(r)ztli)n;oti;ln Q.
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» For instance:

vsa

PAN T

cp  lim

San

(Bt z))t" = ol o

e [P

t—oo t Tr[,,n/\(l%p]/ dt

> At NLO insertions of D?(t', x1)/(2mq) or crga1 - B(t', x1)/mq are needed.

—t/2

t/2 T [(sN .'Plco.r.) . (Pn/\(gs(‘/:xl))ap?m)]
Tr [(s,i . plco-r.) . (PN,\snpnA)]

¢ Q)

> Similar expressions (but more involved) for V2 and V' in seio, 57¢. Phys Rev D 102 (2020)

«O> «Fr o« « = = Q>
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Quarkonium hybrids: heavy-quark antiquark pair 4 a nontrivial gluonic state.

[E(0) - Exs(rolfg

Juge, Kuti, Morningstar Phys.Rev.Lett.90 (2003)

0(3)

1
-
2t
-

Q- (t:x) = (el - B(£.))
9y (t,x) = (el - E(t,x))
Q5 (£.:2) = €1 1y (e, - D(t.x)) (ef, - E(t))

.
Q5 (t,%) = Ciay 1y (ehy - D(£.0)) (ef, - B(EX)

P =1; — (- S1)°,
Pu=(5),

5 1
7’20215—2(?-52)2-‘1-2(?452)4,

7’21=§(?'52)2—§(?'52)4,

S
|

- Yt hoeprrtios
12(" S2) +12(f S)" .
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Heavy Hybrids

> At LO we have the Shrodinger eq.

mq

. v:
IOV s = (— + V):—Plo + VnuPn) Vo

We can diagonalize the potential to recover the traditional Born-Oppenheimer

formulation

2

, v2 v
i0: (P1x - V4 ) = (—mg) + VlA) Saxr + Pix- [m;’ Pu'} (Pix - Vo)

Nonadiabatic coupling

AN =-1,0,1
» Non adiabatic coupling: couples different static states.

e Subleading in diatomic molecules
e Should be kept in hybrids due to the short distance degeneracy of X and I,.

e Angular wave functions are eigenfunctions of (Lop + 51)? with eigenvalue £(¢ + 1).

Jaume Tarris Exotic Quarkonia in Effective field theory Universidad Complutense de Madrid, March 30th 2022.
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cc Hybrids

Mass(GeV)
5.0: — — e —
[ — - —
R p——— — mns;
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4.6 — vAD T iy,
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gaqf K000 — 4415 g

r — —— — ud360) @y
[ == yei(4274) —— —
42 — = iRy

0%+ 17 2%% 3% 7% 17 27F 37F 0" 1"~ 2%~ 3" 0 177 27 37—

For a state associated to a 17 gluon operator and a solution of the Schrédinger eq. with ¢ angular
quantum number we have

A | Angular mom. QQ | J(50p = 0,505 = 1) | Parity | C-parity
b 0 10,17 b —(—1)°c
n ¢ {e{e—1,00413} | =(=1)° | (-1)c
\n (e—1\(¢+1) fefe—-1,00+13} | (-1 | —(-1)"c
«O>» «Fr «Zr «E» = Q>



bbg Hybrids

Mass(GeV)
11.61
: _— .
114f == —
’_ —— _— — .
112} - -
:_ _— .
11.0F — Y (11020)
[ — f——— = Y (10860)
s _——— —
s - Y(10753)
0% 1+ 2% 3% 0+ 1+ 27 3 0+ 1+ 2 3+ 0~ 1~ 2 3—

There are only 3 neutral exotic bottomonium states, all 17~ :

P T(10753) mass within 40 MeV of ground state hybrid.

P T(10860) lays very close to B pair threshold, likely a molecular state.

P T(11020) mass within 20 MeV of first excited hybrid.

«O> «Fr o«

N\
mn,
ms,
mz\,
mr,
mE
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The degeneracy of the heavy quark spin multiplets is broken at O(1/mgq).

N\ jk
» For k = 1 with the representation (S{)J = —i€jj:
hf I sb sa K (aisl ok NPT
= ] [V (NS4o(SH)i + (V1) = V(1) Sho (P (81 — #(S)it') | W]
» Hyperfine contributions to the mass can be computed with standard perturbation
theory.

» Unfortunately no lattice determinations of the spin-dependent potentials are avail-
able.

= We need extra approximations or models.
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Short-distance expansion

Short distance: r < 1/Aqcp
» Instead of integrating out mgv and Aqcp at the same time we can do one scale
at a time.

> Integrating out mqv is equivalent to the multipole expansion.
» The heavy quark pair can be decomposed into a color singlet or octet (0O?) field.
» Hybrid quarkonium field ¥, = +/ZgB?0?

M+m+m+

Qo Q0"

= Potentials: non analytic term from integrating out mqv perturbatively plus and
expansion in r? with unknown nonperturbative coefficients

Ejimp, (r) = V. () 4 Ay 4 b pr? 4 = V1+ AN
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O 1
a0 =270 + a7l v
b b (0 b (1
ViZio(r) = Ai+(11) + Ai+(11) 2+

» Obtain the nonperturbative coefficients by fitting the hyperfine splittings of char-
monium hybrids lattice data

P Use the same values of the coefficients to obtain predictions for the bottomonium
hybrid hyperfine splittings

«O» <(Fr «Er «E>» DA



Lattice data: Hadron Spectrum col. JHEP 1612 (2016)
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Lattice data: Hadron Spectrum col. JHEP 02 (2021)
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Not many JPC are easily accessible experimentally:

e |t is difficult to use spectrum predictions to validate different approaches.
e Cannot test heavy quark spin symmetry multiplets in different approaches.

The nature of many exotic quarkonium states is still not settled.
On the other hand information on decay channels is always available.

Many exotic states discovered in channels with standard quarkonium and light-
quark mesons.

— 4 —
8 3
= [os3f = |os
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= 02fF 'E\
s 2t s
5 5
01 l 01F
op= - = - - - - ‘ ot : :
105 106 107 108 109 1 105 106 107 108 109 11
Belle coll. JHEP 10 (2019) 220 E (GeV) E,, (GeV)

We have studied these transitions in our EFT formalism in the short-distance ap-
proximation.
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LO Transitions

w0
T

IS Fﬁ' E ZBBan

Transitions from the LO singlet-octet operator:

(SmOx|gTr [STr-EO] |Hn) ~ 2, /*(0x |7 E - BIO) (¢ |r - #x|0:{)

» Zp can be related to the gluon condensate.
» Heavy quark matrix element:

e Selection rules for final quarkonium states: As =0, £ = /.

e T(10753) and T(11020) decay into hy(m*P;) and light quark mesons.
» Light-quark meson production:

o Allowed final light-quark states: 0~ ", I = 0 such as 7°, 1, n’, n-like resonances or odd
numbers of pseudoscalar mesons.

e Matrix elements for production of 7, 17, 7 can be determined from U(1)4 anomaly and
a mixing scheme. Feldmann, Kroll, Stech, Phys.Rev.D58 (1998); Kroll, Mod. Phys. Lett. A20 (2005)
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» LO Transition widths:

M (10753) hp (170 = 2-57(£1.03)m c. (0.14) 25 (+0.16).,_ keV
T (10753)— by (1P = 2:29(£0.92)1m ¢ (£0.13) 7, (£0.08).,,, MeV
o (10753) +hy(2P)70 = 0-168(:£0.067)m.c.(£0.009) 2 (£0.010)., o keV
o (11020) hy(1P)n0 = 2-04(£0.82)1m . (£0.11) 2 (£0.13),, o keV
T (11020 hy(1P)y = 2-08(£0.81)m ¢ (£0.11)z, (£0.07).,,, MeV

Cr(11020) (1P = 9-23(£3.69)m.c. (+0.51) 75 (+0.39)., , MeV

T r(11020) by (2) 0 = 0-104(£0.042) 1, c. (£0.006) 25, (£:0.006)., o keV’
trix element.

I'T(uozo)_,,,b(zp)n = 81.8(:|:32.7)m_&(:|:4.6)ZB(:|:2.7)W77 keV

» Uncertainties labeled by the origin m.e.=multipole expansion, w=Production

ma-
«O> «Fr < > > Q>



NLO Transitions

Transitions from the NLO singlet-octet operator:

Cj — m s n
(SnOnel ELTr [87(S1 — $2) - BOJ I ~ 5 25/(0 B°10) (671(81 = 82) -l

» Heavy quark matrix element:

e Selection rules: As =1, /=¢+£1.

e T(10753) and T(11020) decay into T(m>S;) or T(m>D;) and light quark mesons.
» Light-quark meson production:

o Allowed final light-quark states: 07" and / = 0 such as 777~ , K"K~

, pairs of 7% or g
as well as fy resonances.

o We use a dispersive representation for the matrix elements for the production 77—,
KK ™. Donoghue, Gasser, Leutwyler, Nucl.Phys.B343 (1990); Moussallam, Eur.Phys.J.C 14 (2000)

Jaume Tarris Exotic Quarkonia in Effective field theory
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Dispersive representation: Muskhelishvili-Omnes problem

_ - » Decompose (O |B?|0) into S (F(©)) and D (F(?)) wave
‘\ pieces.
By
’ \ = » From Watson's Theorem we obtain the imaginary part
A Iz of F( corresponding to two-pion and two-kaon rescat-
\ / tering.
N 7
—_——

Muskhelishvili-Omnés problem:

Muskhelishvili, Singular integral equations; Omnes, Nuovo Cim.8 (1958)

e Imaginary part is known.
e Analytic in the complex s-plane, except on the cuts.
e Real in the real s axis below the cuts.

= A general form of the form factors is

npFY(s) =Y (s)QW(s), PP =m K

Jaume Tarris Exotic Quarkonia in Effective field theory Universidad Complutense de Madrid, March 30th 2022. 32/38



Dispersive representation: Omnés Functions

P> Q-matrix satisfies the singular integral equations

A== [ 2 (1)) 6H9)
4m3‘_

» Input needed: mr — 7w and mr — KK T-matrix for each partial wave.

100

» Parametrizations (and figure) from Garcia-Martin et al Phys Rev.D83 (2011); Pelacz, Rodas Eur Phys.J. C78
(2018)
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> (Numerical) Q(I) solutions woussallam, Eur.Phys.J.C 14 (2000); Descotes-Genon Ph.D. thesis (2000)

> QU)(s) = (Qil), le)) are subtraction polynomials obtained by matching to a chiral
representation.

» Chiral low-energy constants determined using the Scale anomaly, Feynman-Hellmann
theorem, and one free parameter from quarkonium transitions.

Voloshin, Zakharov, Phys.Rev.Lett.45 (1980); Novikov, Shifman, Z.Phys.C8 (1981); Chivukula et al, Annals Phys. 192 (1989);
Pineda, JTC, Phys.Rev.D100 (2019)

v
[

DA




0.5

Y(10753)->Y(1S)m

Y(10753)->Y(2S)m

—— — Y(10753)->Y(@S)T T




» NLO transition widths:

T 10753) 5 Ta8)rt me = 43H(E17.3)m.c. (£2.4) 25 (£8.6)a ((55)n keV

T (10753) s T28)mt me = 2:75(£1.10)m . (£0.15) 75 (£0.55) o (F51) e keV

T (10753) > 1(38)mt m— = 0-98(££0.39)m ¢, (£0.05) 75 (£0.19) oy (£0.03) . eV

Mo (11020) > 118yt m— = 99-1(£39.6)m . (5.5) 75 (£19.7) g ((57%) . keV

T (11020) s T(28)mt m— = 3:96(£1.58)m.c. (£0.22) 75 (£0.70) s (517 ) keV
T(11020) > 138yt r— = 1:33(£0.53)m ¢ (£0.07) 75 (£0.27) 0, (£0.02) . keV

Y(o7s3) s Tas)ktk— = 3:98(£1.59)m e (£0.22) 75 (£0.79) o ( sy

r
r +0.67 ) eV
r

r(11020) > (15 K+ K— = 5:93(£2.37)m 0. (£0.33) 75 (£1.18) 0y (11 5)  keV

» Experimental ranges for the widths selic col. JHEP 10, 220 (2019)

exp

=49 — isi !
T(11020)— T(18) 7+ 71— 49 — 118 keV <= Promising agreement!
exp _ _
T(11020) > T(2S)mtm— 13 — 225 keV
exp

1(11020) > T(38)mtx— — 13~ 98 keV
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DA



» If the energy gap between a hybrid and a standard quarkonium state is large semi-
inclusive transition widths can be computed. Oncals, Soto Phys Rev.D96 (2017)

Fs.i. = <Hn|lm[

|
|
8 1)
|

LO

I (11020)—s hy(1p) = 20(£9) g MeV
NLO

Mro7s3)—ras) = 9-7(£3.8)a; MeV
NLO

Mr1020)—r(as) = 7-3(£2.5)a, MeV

NLO
11020y 7(2s) = 1-1(£0.5)a; MeV
» The sum of semi-inclusive widths for FLO+NLO

TQi00) | = 28.4 4 9.4 MeV is compatible with
the experimental value of the total width P

_ oyt
T(1020) = 2476 MeV.

«O» <(Fr «Er «E>» DA



Summary and Outlook

Summary:

» We have proposed an EFT framework to describe doubly heavy hadrons.
» Quarkonium hybrids:

e Spectrum including non-adiabatic corrections and hyperfine splittings.
e Bottomonium transitions in the short distance approximation.

» It has also been applied to doubly heavy baryons.
Soto, JT, Phys.Rev.D 102 (2020), Phys.Rev.D 104 (2021)

» More input from lattice on static energies needed!
> String models to evaluate Wilson loops.
P Incorporate mixing with thresholds.
» TX' and other tetraquarks.

Exotic Quarkonia in Effective field theory

Jaume Tarris

[m]

=

Universidad Complutense de Madrid, March 30th 2022.
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Thank you for your attention
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