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1. Introduction

Theoretical understanding of the heavy quarkonium phenomenology is one of the major chal-

lenges in current QCD research. In the past we have relied on potential models that turned out to
be very successful explaining heavy quarkonium phenomenology but which could not be derived
directly from QCD. In more recent years effective field theories (EFTs) like non-relativistic QCD
(NRQCD) [1, 2] and potential non-relativistic QCD (pNRQCD) [3, 4] have accounted for this prob-
lem exploiting the scale hierarchy inherited from the non-relativistic nature of the bound system.
NQRCD is obtained when the degrees of freedom with energies of the order of the hard scale are
integrated out. pNRQCD is obtained from NRQCD by integrating out modes of energy of the soft
scale. The resulting theory is close to a quantum mechanical description of the bound system where
the matching coefficients appear as potentials that may be expanded in powers of 1/m. We shall
distinguish between strongly coupled quarkonia, for which the relative momentum of the quark-
antiquark pair is the order of Agcp (the typical hadronic scale) and weakly coupled quarkonia, for
which the relative momentum is much higher than Agcp. In the first case, the matching has to be
done in a non-perturbative fashion, then the degrees of freedom of pNRQCD are singlet quarko-
nium fields. For the weak-coupling case, the matching may be done order by order in ¢, in this
case the degrees of freedom of the theory include also octet quarkonium fields and ultrasoft gluons
which are multiple expanded about the center-of-mass coordinate. This picture could remind us
the old potential models, however, in contrast with them, pNRQCD is equivalent with QCD when
evaluated at the same kinematic regime. In the framework of pNRQCD the relativistic corrections
to the quark-antiquark potential have been obtained in terms of operator insertions in the expecta-
tion value of the rectangular Wilson loop [5, 6]. These expressions are valid beyond perturbation
theory and hold also in the long-distance regime. In this work we complete the calculation started
in [7] in which these expressions are calculated in the effective string theory (EST). This theory
states that the interaction between quark and antiquark in the long-distance regime can be described
through the string action. We complete that calculation to get the full 1/m? suppressed potential in
the string description.
This paper is organized as follows, the section 2 we will show how the &(1/m) and €'(1/m?)
corrections are organized, in section 3 we introduce the EST and present the mapping and string
correlator that we will use to compute the potential corrections in the EST, section 4 show our re-
sults for the full &'(1/m?) corrections in the string description, in section 5 we use these corrections
to construct the string spectrum in a simple model, finally our summary is presented in section 6.

2. Relativistic corrections to the quarkonium potential

In order to make our results clear we will organize the corrections to the quarkonium potential
as they were presented in [6]. Up to 1/m? the Hamiltonian for two quarks is given by
2 2
PPy /m) (/e 2.1
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where the static potential is given by
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and (Wn) is the expected value of the rectangular Wilson loop

Wo EPexp{—ig dz“Aﬂ(Z)}, (2.3)
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with P being the path-ordering operator. We write the 1/m and 1/m? suppressed corrections as
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where mass exchange invariance implies V(19 = V(1) Tt is customary to separate the contribu-
tions between spin-dependent and spin-independent parts
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v = E{Pz,Vlfz )(r)}—i- L L2 +v, %2 (), (2.9)
p1 = —iVy, and L = r x p;. Invariance under charge conjugation and mass interchange yields
vl =vid ), (2.10)
vl r) = v ), @.11)
V20 () = v (). 2.12)
For the spin-dependent part we have
Vir” = v5P (L sy, (2.13)
Vip? = Vg (L2 S, (2.14)

Charge conjugation and mass exchange invariance implies VL(?O) = VL((S)’Z). For the V(I!) potential
we make the same decomposition

where
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with
Slz(f'):3f"61f’-62—61'62 (2.18)

where charge conjugation and mass exchange invariance implies VL(]lél) = VL(;;).

The 1/m and 1/m? suppressed corrections V-0, V(20 y(©.2) and V(1)) have been derived from
QCD in terms of operator insertions in the Wilson loop expectation value [5, 6]. These expressions
were obtained from the matching between NRQCD and pNRQCD up to 1/m? in the relativistic
expansion and hold beyond perturbation theory in the long-distance regime. For instance, the 1/m
suppressed correction obtained in [5] reads

Va0 _ 8 i / { (O[E; (1)E2(0)W|0)  (O[E; (2)Wi|0)(O[E2(0)Wi|0)
T2 Ty (0|Wg|0) (0|W5|0)2

}. (2.19)

The 1/m? suppressed corrections follow the same structure but due to space constraints we refer
the reader to [6] for explicit formulas.

3. The effective string theory

The linear dependence in r of the static potential (2.2), derived from the expectation value of
the rectangular Wilson loop, suggests that at long distances the quark antiquark interaction could
be described by a string. The effective string theory (EST) states that in the long-distance regime
(rAgcp > 1) the expectation value of the rectangular Wilson loop can be obtained from the string
action

Thm <0|WD(TW,7’)‘O> :Z/@élggzei&srring(élﬁz) (31)
W >0

where Z is an unknown constant, the string action is given by
Sstring = /dtdz (& = —G/dtdz <1 —=d é oHé ) (3.2)

o is the string tension and &/ = £/(¢,z) (I = 1,2) are the transverse components of the string.
The EST hypothesis gives the following prediction for the long-distance behavior of the static
potential [8]

vO(r )—Gr—i—u—% (3.3)

where U is an unknown constant with dimension of mass.

Since both are valid on the long-distance regime, one could expect to have a description in the
EST of the potential corrections obtained in [5] and [6]. Requiring the same symmetry (C, P, T)
properties for the transverse string coordinates and for the Wilson loop operator insertions, the
following mapping into the EST for the operator insertions has been obtained [7, 9]

VI OE (1.5) () = A20.8,3)
X OE (1, =3)2(0) = —A20E! (1, —3)

v (OB, 3)y () = NE™90E"(1,3)
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2 (OB, =3)2(0) > M99 (1,-7)

v OB )y = A

K OF (1.=3)2(0) ~ —A"

VOB ()W) = NEO0E (1, 3)E" (1, 5)

VOB~ 2)Y () > A€ 00E! (1, -2)0:E" (1, -3). G4

where A, A", A", A" ~ Agcp are unknown constants with dimension of mass and /,m = 1,2.
Using this mapping we will be able to calculate expressions for the potentials in the EST that will
depend on the two-coordinates string correlator (&/(t,z)E™(¢,7')) which, in the Euclidean space,

is given by [10, 11]

(3.5)

Im h(Z (s e
dno cosh( T ( t)) —cos(7(Z_Z/ )

4. Potential corrections in the EST

Provided with the mapping and the correlator we proceed to compute the potential correction
in the EST. For instance, in the case of the V(%) correction given previously the EST description
that follows from the mapping reads

i - ST CERONE0) 1 49,0, 0.r 28 0.1/2)
= A*9.0.GM(t,r/2;0,r/2)
Oim T
- 4IK r2sin®(Z) @D

Integrating we get
@2A

VIO () = < In(v/or) —In(eyy) (4.2)

where we have introduced a UV cutoff for small times in order to regularize the integral, this result
agrees with [7].
Following the same procedure for the previously unknown corrections we get

478 2 (1)2 204 2A4.3
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(1) .(2)

where ¢’, ¢’ are coefficients coming from the matching between NRQCD and QCD and

120 —/wdt /lldt /[zdt (t t)z{ ! + ! }
o Tl TRh TP sinh?(t,) sinh?(r; —#3) ~ sinh? () sinh?(t, —13)

oo i 12 1 1
1(1,1):/ dz/ dty | dtz(ty—t 2{ - }
o o TP 3(2=13) cosh?(ty) cosh?(t; —13) ~ cosh?() cosh?(t, — 13)
As we did for V(19 we have introduced a new UV cutoff in order to regularize V,(Z’O). In both cases

the effect of these cutoffs is to add an infinite constant, we renormalize the potentials adding these
constants to the unknown p parameter appearing in (3.3).

The remaining potentials have been already calculated in [7], our results for the renormalized po-
tentials agree with theirs:

vl =o, 4.7

v =o, (4.8)

v - 826/?7 (4.10)
2 (1) A7A2 (1)

VL(éO)(r) - _% -f Cgr[;A 2S4r7; ¢-11)

v () = _820%;)32/\’ : (4.12)

) - RN @19

where cgl) is another coefficient coming from the matching between NRQCD and QCD and . is a

new, in principle undetermined, constant coming from the regularization of the VL(E’O) potential. In
this case we can not directly apply the renormalization procedure we applied for V10 and Vr(z,o)
because the divergent integral is now proportional to 1/r, instead we notice the argument pointed
out in [7] that this divergence behavior is not a problem of the EST itself but one inherited from
QCD and that for regularize this potential one has to include in the mapping also the counter terms
that regularize the UV divergences. In this way the constant t,. we have introduced will depend on
the finite part of these counter terms once they are included.

For details of the calculation of the corrections we refer the reader to [11].

The calculated corrections are constrained by Poincaré invariance, constraint that translates to the
potentials as the Gromes relation [12] and the first Brambilla-Barchielli-Montaldi-Prosperi relation

[13]

rdv©

s vt vt =, (4.14)
1av® o0
2r dr +VL(S )_Vl(zsl) =0, (4.15)
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which leads to

U =0/2 (4.16)
gA? = o, 4.17)

in this way our unknown constant (1, coming from the renormalization of the VL%O) potential is now

fixed in terms of the string tension ©.

5. The Spectrum

To show an application of our results we compute the spectrum defined by the &'(1/m?) po-
tential in a simple model in which only the leading corrections up to 1/r are taken in to account.
With this criteria potentials like VS(21 ") do not contribute since it scales in  like 1 /r3. Applying this
rule to the other corrections we get

VO () = %m(ﬁr), (5.1)
Oor

VL<2270>(r) = ¢ (5.2)

Oor

VL(21,1)(F) ==, (5.3)
2,0 o

vE = -2, 4

v 2Y(r) = 0.155 6% — 0.044 61, (5.5)

V"V (r) = —0.3686%r +0.078 6%, (5.6)

where we have calculated the derivatives, used (4.16), (4.17) and numerically calculated the inte-
grals 129 and 10-V) in order get compact expressions. All the other potentials will not contribute.
In the case of V() we will only consider the linear part (proportional to ¢) and we will restrict
ourselves to the equal mass case. The resulting potential for the model is given by

5 (v
V(r) = Gr+V(1’O)+2{ 5 L2+VL(§’O)L'S+2V}2’O)+Vr(l’l)} (5.7
m m I
1 (2 1
—ort+ 4% mvor b+ — {—ELZ— %1,.8-0.058 Gzr—0.01163r3}, (5.8)
m| w m? U 6r 2r

notice that this potential only depend on ¢ and m.

To compute the spectrum we will consider the &(1/m) and &' (1/m?) corrections as perturbations,
to be consistent with the counting we have to go up to second order in perturbation theory for the
1/m correction, however, this correction does not give any additional insight since it just add a
constant (1/m? suppressed) shift to the spectral lines, to make the calculation simpler we will not
consider it. In Fig. (1) we show part of the spectrum for different values of m for a fixed value of
c.
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String Spectrum for m=10, 11, 12
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Figure 1: Energy levels of some characteristic angular momentum states for the first three principal quantum
numbers in the model. We set /6 = 1 so the energy is in units of 6. Black: m = 10, red: m = 11, blue:
m = 12. The 1/m? suppression of the L? and L - S corrections make the line splitting very small.

6. Summary

We have calculated the complete &(1/m?) quarkonium potential in the EST, in particular we
have obtained previously unknown results for the spin independent part. As an application of our
results we have computed the spectrum defined by a model in in which only the leading parts
in r are considered. Recently the spin-orbit 1/m? suppressed potential has been extracted from
the lattice [14], we expect that when more of the 1/m? potentials become available the EST will
provide an economical way to parametrize lattice results.
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