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Introduction and Motivation

» Doubly heavy hadrons: exotic quarkonium, doubly heavy baryons, pentaquarks and
more...

» All doubly heavy hadrons have some common characteristics.
e Heavy quarks are non relativistic mq > Aqcp.
e Adiabatic expansion Aqcep > mgv°.

» Born-Oppenheimer EFT built upon the expansions on these two ratios.
e General formulation available for all doubly heavy hadrons Soto, JT Phys.Rev.D 102 (2020).

> Potentials are nonperturbative and lattice data is not always available!
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e The simplest doubly heavy hadron with valence light quarks.
e Ground state, =, observed.
> The EFT is formulated in terms of the Wp = Wi(t,r, R) fields:
e P light-quark state quantum numbers

e « and i light-quark and heavy-quark spin indices

e r heavy quark distance, R heavy quark center of mass.
» The Lagrangian in the single baryon sector is

LQeq = Z \ULP [i0¢ o] Wip
P
» The Hamiltonian density is organized as on expansion in 1/mq
2
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» Operators organized in representations of D (cylindrical symmetry).
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» The leading term are the static potentials

V() = VO rPan
A

» Matching to NRQCD one finds the expressions of the potentials as a Wilson loop

V’g?,),\(r): lim iIog’I‘r Poa{ 90, Q®
t—oo t

QG oyt (8,%) = T' [Ped/ (8, 0)]

11 =12
22
«@ o 9 1 n 2
Qo) () = T' [Pir*d/ ()] Pyy = ot 3 (F-S5p0)
8 — 328 T (ef . all 1 1 )
Qayy- (X =Clnppal [("m D) (Pra(t, x)) ] Psg =gty ("53/2)

(II are the 3 tensor invariants)
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BOEFT for doubly heavy baryons: Hyperfine contributions

» Hyperfine operators appear at 1/mg

W V(sll/z)i(f)soo “Si2+ V(sf/z)i(f)sao : (7'2 : 51/2) + V(ll/z)i(f) (LQQ : 51/2)

(1/2)iSD(r) =
(T = #'# — 69/3, for k = 3/2 see Soto, JT PhysRev.D 102 (2020))

» Matching expressions of the potentials
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» No lattice data for the 1/m¢q suppressed potentials.
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» No lattice data for the 1/m¢q suppressed potentials.

scriptions.

= Parametrize the potentials from short-distance and long-distance de-
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o Integrate out mgv and Agcp in two steps

(2005)

e The intermediate step is formally equivalent to weakly coupled pNRQCD. Ppineda, Soto
Nucl.Phys.Proc.Suppl.64 (1998); Brambilla, Pineda, Soto, Vairo Nucl.Phys.B566 (2000), Brambilla, Vairo, Rosch, Phys.Rev.D72

» Compute the Wilson loop in weakly coupled pNRQCD

e Triplet field (single line), sextet field (double line), light quark (dashed line)
o B chromoelectric dipole, 4 chromoelectric quadrupole
> Static potentials

__cGs nt 2
(1/2):E( = "'/\(1/2)=E FAG
» Heavy quark-diquark duality savage, Wise, Phys. Lett. B248,(1990)

e mg = /\(1/2 + + O(1/my) (or D mesons).

® Mpr(2300) — Mp = A(l/z)— — A jay+ +O(1/me) (or from mp, (2420 — Mp= (2007))-

«4O>» «F)r < > < > Q>



Short-distance regime: Hyperfine operators potentials

» Wilson loops with operator insertion:

+ g 4 perm.
®

e Black/white dots indicate heavy quark spin or angular momentum dependent operators.

» The hyperfine potentials can be expanded as

s1 _ (0 AL
iy (1) = e (Au/z)i LA )

2) 2
1/2)i() CFAl/Q)ir + ...

1 1
I _1l .0 woy 1@ >
Vit =3 [Aumi * (A<1/2>i 3A(1/2>i) ’ } e
» From heavy quark-diquark duality Brambilla, Vairo, Rosch, Phys.Rev.D72 (2005):

2cr(mq) | (o) >
My a0 = g s OO/
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Long-distance regime: Effective string theory

position of the light quark.

e At long distances a flux tube emerges from each static sources joining at the

The flux tube is a bosonic string: &#(7, )

S, = —U/dzxw |det(g)]
g induced metric on the string, o string tension. Nambu, Phys.Lett.B80 (1979); Luscher, Symanzik, Weisz
Nucl.Phys.B173 (1980); Luscher, Weisz, JHEP07 (2002)
» Fermion constrained on the string

Siq = /dzx\/éd_)(x) (ipa?a — ml,q.) h(x)
- - -

507 T s = (B(0°0u0) — (0:D)0%0) /2. 97 = A ef, o5
>

o = 9% /X7
Expand for small fluctuations 8¢ ~ 1/(rAqcp) < 1.
Compute as in 1 + 1 dimensional QFT.
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Computation of the potentials in the Effective string theory

Mapping: Wilson loop to EST

e Match operators with same symmetry properties (parity, flavor, Doop,...)
Perez-Nadal, Soto, Phys.Rev.D79 (2009)

. Q(1/2)i — ground state string fermion with matching parity.

e Different components of B belong to different representations of D.p.
_ >/
B'(t, 2) = Ari(t, 2) - 9(t, 2), =1,2
_ =3
B3(t, z) — ALi(t, 2) Ul 2), % = diag(e, o)
» The static potential

0
v(<1;2)i (N=or+E, E=.\/(x/r>+m_

» Heavy-quark spin and angular momentum dependent potentials
s1 _ CF myq. o
Vi (= 5 (17 T2 ) (v - 2n)
2 CF mi . q. ’
Vi) == (15 T ) (W)

Vo= 2 (ig 2 M),
wat =T \"Tm T )Y
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P> We consider the 4 lowest laying static energies.

Bali PoS LAT2009 (2009).

» The static potentials are obtained from constrained fits to the lattice data of najjar,
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° Eoulombic —22s LA e Linear or + c(my.q.).
° /\(1/2)+ = 0.555(31) GeV Bazavov et al. Phys. Rev.

D98 (2018)

e A's consistent with heavy-quark-diquark symme-

try.

e o =0.21 GeV?
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» Minimal model for the hyperfine potentials:

o

n
V = Vehort ——— + Viong ———,
shor Ongr"+r€

I'I + rn
(n chosen to ensure correct limits)

» Unknown parameters fitted to lattice determi-
nations of the hyperfine splittings.

» All inputs are QCD-based except interpolation
choice.
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» We applied BOEFT to doubly heavy baryons.

> Lattice data is only available for (region of) the static potential.

» Developed parametrizations of the hyperfine potentials with minimal modeling
e Short-distance: multipole expansion (weakly coupled pNRQCD).
e Long-distance: Effective String Theory with a fermion.

» Computed the spectrum for doubly heavy baryons including hyperfine contributions.
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Thank you for your attention



