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1 Introduction

In analogy to Hydrogen, the dynamical properties of quark-antiquark systems near thresh-
old and with large quark masses (or Heavy Quarkonium for short) can be obtained by
solving a properly generalized nonrelativistic (NR) Schrodinger equation. Whereas po-
tential models have been used for years with reasonable phenomenological success, their
connection with QCD has always been obscure, to say the least. On the other hand, the use
of Effective Field Theories (EFT’s), in particular of potential NRQCD (pNRQCD) [1, 2]
(for reviews see [3, 4]), allows us to quantify this connection, and to derive the Schrodinger
equation and its corrections from the underlying theory, in a model independent and effi-
cient way. In the extreme weak-coupling limit we will consider in this paper, the EFT can
be summarized schematically by

(i@o _ By (7“)) é(r) =0
+ corrections to the potential pNRQCD. (1.1)

+ interaction with other low-energy degrees of freedom
This EFT makes the NR nature of the problem manifest and exploits the strong hierarchy
of scales that govern the system:

m>mus> mo® - (1.2)

where v is the heavy-quark velocity in the center of mass frame.

A key ingredient in the EFT is the heavy quarkonium potential that appears in the
Schrodinger equation. It consists of the static potential V() at leading order, i.e. O(mY),
and relativistic corrections, which are suppressed by inverse powers of the heavy quark
masses.! The potential is obtained by matching NRQCD [5, 6] to pNRQCD. There are
several ways to carry out the matching in practice. The most common are

1. On-shell matching,
2. Off-shell matching,

3. Wilson-loop matching.

! As commonly done in the literature we will frequently refer to the different (well-defined) terms at
different orders in the 1/m or v expansion of the potential as the “potentials”.



In the on-shell matching one equates S-matrix elements of NRQCD and pNRQCD order
by order in an expansion in the QCD coupling constant o and the velocity v (~ «).? The
S-matrix elements are defined for asymptotic external quark states satisfying the equations
of motion (EOMs) of free quarks. This necessarily requires the incorporation of potential
loops, i.e. loops with loop momenta (kg, k) ~ (mv?, mv), in both calculations. The reason is
that the free-quark on-shell condition produces an imperfect cancellation between potential
loops in NRQCD and pNRQCD, and mixes different orders in the 1/m expansion. This
obscures the mass dependence of the potential, as it invalidates a strict 1/m expansion for
the determination of the potentials, i.e. in the on-shell matching computation the potentials
at a given order in 1/m also receive contributions from matrix elements involving operators
of higher order. On the other hand, the on-shell matching result for the potential is gauge
invariant (to a fixed order in v), as are the S-matrix elements.

In the off-shell matching one equates off-shell Green functions computed in NRQCD
with the corresponding off-shell Green functions in pNRQCD (still respecting global energy-
momentum conservation). In other words, we do not impose that the external quark
fields fulfill the free EOMs. This allows us to perform the matching within a strict 1/m
expansion, since potential loops in NRQCD and pNRQCD exactly cancel each other. Hence
we can keep exact track of the mass dependence of the resulting matching condition for
the potentials. The drawback is that the expression we get from the off-shell matching for
the individual potentials may depend on the gauge. The total expression for the potential,
though, still yields of course gauge invariant results for observables, in particular for the
bound state energies, within the accuracy of the computation. In addition, the potentials
may acquire some polynomial energy dependence, of which one should get rid by using
field redefinitions, or, equivalently, the complete leading order EOMs (including the static
potential) if working at lowest order.

In the Wilson-loop matching one equates NRQCD and pNRQCD gauge-invariant off-
shell Green functions, i.e. Wilson loops (with chromo-electric/magnetic insertions), directly
in position space. Working in position space is not the major difference with respect to
the previous matching schemes. (Obviously, by Fourier transforming the three-momentum,
the on- and off-shell matching computations could also be done in position space.) The
key point is that the time of the quark and antiquark fields are set equal. This is not a
restriction, and is in fact the natural thing to do for the heavy quark-antiquark system
near threshold. We also incorporate gluon strings between the quark and the antiquark
fields such that the whole system is gauge invariant. The details of how this matching
is performed can be found in refs. [7, 8]. In the static limit, it reduces to the original
computation of the static potential by Wilson [9]. The advantage of this procedure is
twofold: the matching can be done in a strict 1/m expansion (potential loops do not have to
be considered), and closed expressions in terms of rectangular Wilson loops (with chromo-
electric/magnetic field operator insertions) can be obtained for each potential. They are
therefore explicitly gauge invariant. This makes this procedure quite appealing. In fact
the static potential is typically computed this way. We will see that also the relativistic
corrections can be efficiently computed using this method.

2This matching can be understood as equating both theories in the physical cut in the situation m >
2 [eY
p-/m > -



At present, the heavy quarkonium potential is known with N3LO precision (V ~ mu®)
for the equal mass case in the on-shell matching scheme [10]. Nevertheless, there are several
reasons why we would like to know the heavy quarkonium potential with N®LO precision for
the unequal mass case, and also in other matching schemes. Let us highlight two of them:

e The B, system. The LHC provides a unique opportunity to study the properties of
the B, bound states in great detail. In particular, the possibility to measure a good
deal of the B, spectrum and decays is now a reality. Obviously, a major ingredient
in such analyses is a detailed knowledge of the heavy quarkonium potential and
spectrum in the short distance limit. In this paper we calculate both.

e The heavy quarkonium potential in terms of Wilson loops. It is possible to give closed
expressions for the potentials in terms of Wilson loops that can be generalized beyond
perturbation theory. They are therefore suitable objects for the study of nonpertur-
bative QCD dynamics by comparing different models with lattice simulations. (The
Wilson loop representation of the potentials indeed allows for exact results in the
case of QED, e.g. that the 1/m potential is zero to all orders [7].) For such analyses
it is also important to control the short distance behavior of the potentials.

Another important motivation for this paper is to set the ground for higher order
computations of the potentials, which we stress again are key ingredients in any observable
related to heavy quarkonium we can think of (spectrum, decays, NR sum rules, t¢ pro-
duction near threshold, ...). We would like to systematize their computation as much as
possible, since, as one goes to higher orders, and as soon as ultrasoft effects start to play
a role, the understanding of the relation of the computed potential to the EFT framework
becomes compulsory.

In this respect, we believe that it is important to clarify the relation between the dif-
ferent matching schemes and to explore their advantages and disadvantages. The three
matching methods mentioned above have been employed more or less independently over
the years. The on-shell method has mostly been used to obtain the relativistic correc-
tions to the heavy quarkonium potential [10-15]. Earlier, low-order computations, did not
require the whole EFT machinery, and some recent computations have profited from the
threshold expansion of scattering diagrams [16]. The off-shell method has mainly been used
in QED [17, 18] but also in some QCD computations [19]. The Wilson loop matching has
been the less developed for weak-coupling calculations except for the very relevant case of
the static potential [20-24], and the leading, O(a?), contribution to the 1/m potential [7].

The results obtained with these methods are often different, which makes a comparison
difficult. On top of that, there is the problem of how to renormalize the potentials in
PNRQCD, i.e. how the ultrasoft divergences are subtracted from the bare potentials. There
is much freedom here as well. One can perform the subtraction in momentum or position
space. In the latter case one can define the subtraction for the potentials in D = 4 + 2¢
or in four dimensions. These different subtraction/renormalization prescriptions give rise
to different expressions for the renormalized potentials (even if all of them only account
for soft physics), but not for physical observables. We also note that, while computations
using on-shell /off-shell Green functions are naturally done in momentum space, the Wilson
loop calculations are naturally carried out in position space (as is the computation of the



spectrum). We will discuss these issues in some detail. In particular we will put a special
emphasis on matching schemes that admit a strict 1/m expansion of the potential in
this paper.

In this work we will focus on the spin-independent potentials. The spin-dependent
potentials are not affected by ultrasoft divergences, nor by field redefinitions, to the order
required for the calculation of the heavy quarkonium mass with N®LO accuracy. Therefore,
we will not consider them in detail in this paper and only use known results for the final
determination of the B, spectrum. Nevertheless, we will present the spin-dependent results
in a form compatible with our EFT computation.

Throughout this paper we will use the abbreviations FG for Feynman gauge and CG
for Coulomb gauge.

The outline of the paper is as follows. In section 2 we present the NRQCD and pN-
RQCD Lagrangians. We also discuss how the potentials are affected by field redefinitions.
In section 3 we determine the full D-dimensional result of the O (on / m2) spin-independent
potential for different schemes: on-shell, off-shell in CG and FG, and with Wilson loops. In
section 4, we obtain the O (a®/m) potential in the different schemes to O(e). In section 5,
we present the renormalized potentials. In section 6, we confirm that our expressions com-
ply with Poincaré invariance constraints. Finally, in section 7 we compute the full NNNLO
spectrum for unequal masses. We conclude in section 8.

2 Preliminaries: NRQCD and general structure of the potential

2.1 NRQCD

The NRQCD Lagrangian is defined uniquely up to field redefinitions. In this paper we use
the following NRQCD Lagrangian density for a quark of mass m;, an antiquark of mass
ma (my ~ mg ~m > Aqcp) and ny massless fermions to O(1/m?) [5, 6, 25, 26]:

Lnrqep = Ly + L+ Ly + Ly, + Ly, (2.1)
1 1 c‘;](l) 0517 @ b
L — — —_QMrega - A cGa GH aGuac, 2.9
g 4 w 4\ m? + m3 9Jabe G (2.2)
) (1) ()
oL oL
L) = g;iIDq; L L 2.3
l ZZ; q qu + m% + m% ( )
(1) ny (1) ny
(1) ‘G 2 e A iy o] ) 2 =G = a
0Ly =—g—9 > @T Y g GT Vg + g 9 > GT Y 50 GT Y545
i,j=1 i,j=1
(1) ny u() ny
C3 2 - u = Cy 2 —u _
+ gt D @ Gy + g 00 D @54 Qpnnsds, (24)
i,j=1 B,j=1
2 1
501 =6 (1) = (2). (2.5)
O N N LN
Ly =114 1Dy + 2m1D + 8m5’1’D + 2mla-gBJrg—m%(D-gE—gE‘D)
+i—=50- (D xgE - gE xD) sty + —5-, (2.6)
8m7 my

$We also include the D*/(8 m?) terms since they will be necessary later on.

4 -



hl (1) ng hl( ) nf

1 C
oLyl =g’ ZwIT U1 @ °a + 2= g” Y Wl T GnnsT
=1
chl(l) ng T L) ng .
3 2 . ) 4 2 7 )
+ Tg ;¢1w1 qiY0q; + 3 g ;%7“’751#1 qiYuV54i, (27)
£Xc = £¢(7,/)1 — X2 9 — —g,Ta — (Ta)T,ml — Mo, (1) — (2)), (2.8)
dss d
Lyxe = T mima ¢1X2cX2c + ﬁﬂﬂblﬂcamc
dos_trpe T® Ty x4 (T)T 2.9
- myms 1/]1 1/] XQC( ) X2c¢ U¢1X2c( ) TX2c - ( : )
Here 1 is the NR fermion field represented by a Pauli spinor and x. = —ioox™ is the

respective antifermion field also represented by a Pauli spinor. The matrix (7%)7 is the
transpose of the SU(N,.) generator T in the fundamental representation, and T — (T%)T
in eq. (2.8) only applies to the matrices contracted with the heavy quark color indexes.
The components of the vector o are the Pauli matrices. We define iD? = i9° — gA°,
iD =iV +gA, El = G and B' = —eijijk’/Z where ¢;;;, is the three-dimensional totally
antisymmetric tensor? with ej23 = 1 and (a x b)! = €ijpa’ bk. For a list of the relevant
Feynman rules derived from eq. (2.1) we refer e.g. to refs. [4, 27]. The relevant NRQCD
Wilson coefficients ¢; and d;; are collected in appendix B.

Throughout this paper we work in the MS renormalization scheme, where bare and
renormalized coupling are related as

21726 1 evE €
g% =g*|1+2 bol, oh|, =v(-—]), (2.10)
47 4me 4

and o = ¢?v%¢/(4r). In the following we will only distinguish between the bare coupling
gp and the MS renormalized coupling g when necessary.

2.2 pNRQCD: potentials

Integrating out the soft modes in NRQCD we end up with the EFT pNRQCD. The
most general pPNRQCD Lagrangian compatible with the symmetries of QCD that can be
constructed with a singlet and an octet (quarkonium) field, as well as an ultrasoft gluon
field to NLO in the multipole expansion has the form [1, 2]

LoNRQCD = /d31‘ Tr {ST (i00—hs(r, P, PR, S1,82)) S+O (iDg—ho(r, p, PR, S1,S2)) O}
+ Va(r)Tr {OTr .gES +S'r. gE O} VB2( )Tr {OTr gEO +O'Or- gE}

- ZGZ,,G“”C‘JFZ@MD%, (2.11)

“In dimensional regularization several prescriptions are possible for the €ij, tensors and o, and the same
prescription as for the calculation of the Wilson coefficients must be used.



2 P2

p R
s\Ly 7P ) ’ = a s s\4s 7P ) ) ’ 2.12
h(I‘p R, St SQ) 2mr—|—2M—|—V(I'p R, St Sg) ( )
p’ | P
hO ) 7P )S)S = a AT o\l 7P aSaS ) 2.1
(r,p,Pr,S1,S2) 2mr+2M+V(rp R>S1,S2) (2.13)
(1,0) (0,1) (2,0) (0,2) (1,1)
v=yo LV +V2 +V2 T e
mq mso my ms mima
(1,0) (0,1) (2,0) (0,2) (1,1)
Vo Vo Vo Vo Vo
V, =V + - i e + e, (2.15)
mq meo my ms mims
where iDyO = i0p0 — g[Ao(R,t),0], Pr = —iVR for the singlet, Pg = —iDg for the
octet (where the covariant derivative is in the adjoint representation), p = —iVy,
m, = —m2 (2.16)
mi + ma

and M = mj + mo. We adopt the color normalization

S=2S51./v/N,, 0 =0T"/\/Tr, (2.17)

for the singlet field S(r,R,¢) and the octet field O%(r,R,t). Here and throughout this
paper we denote the quark-antiquark distance vector by r, the center-of-mass position of
the quark-antiquark system by R, and the time by ¢.

Both, hs and the potential Vi are operators acting on the Hilbert space of a heavy
quark-antiquark system in the singlet configuration.® According to the precision we are
aiming for, the potentials have been displayed up to terms of order 1/m2.5 The static
and the 1/m potentials are real-valued functions of r only. The 1/m? potentials have an
imaginary part proportional to (3 (r), which we will drop in this analysis, and a real part
that may be decomposed as:

v = % {p?, Véf’o)(r)} + V2 (r)I;E + V20, (2.20)
vr? = % {p3. V22 } + ve? (r)ffzg + V0 (1), (2.21)
virt = —% {Pl - P2, VIS’I)(?")} 5P ) (L1 LQ;;QLQ L) + VD (), (2.22)
ViR = Vg Ly - sy, (2.23)
Vi = -Vig? (s - S, (2.24)

Vip = VI LSy = V) (Lo - S1 4+ VGV ()81 - Sa + VLV (1)S12(r),  (2.25)

Therefore, in a more mathematical notation: h — h, Vi(r,p) — Vi(£,p). We will however avoid this
notation in order to facilitate the reading.
6 Actually, we also have to include the leading correction to the nonrelativistic dispersion relation for our

calculation of the B. spectrum:
1 1

4
o 7 2.1
oV, <8m§’ + 8m%) p (2.18)

and use the fact there is no O(a/m?) potential.




where, S1 = 01/2, S = 02/2, Li =r x p1, Lo =r X p2 and S13(r) = 3“77}72“72 o 09.

Note that neither L nor Lo correspond to the orbital angular momentum of the particle
or the antiparticle.
Due to invariance under charge conjugation plus mj <> msy interchange we have

VA0 () = v O 4, (2.26)

This allows us to write

V(l,O) V(O’l) V(I,O)
_l’_

= . 2.2
my mo my (2.27)
Invariance under charge conjugation plus my <> my also implies
V)=V ), VEO =y, VRO =V imy o m).
2,0 0,2 1,1 1,1
VL(S )(r):VL(S )(r;mg “my), VL(lsg(r):V]fQSl)(r;ml < ma). (2.28)

Our aim is to calculate the potentials. In order to do so we can neglect the center-of-
mass momentum, i.e. we set Pr = 0 in the following and thus Ly =r xp; =r xp =L,
Lo =r xps = —r x p = —L. As explained in the introduction we will not consider the
spin-dependent potentials for most of the paper and focus on the spin-independent ones.

2.2.1 Potentials in momentum space
Unlike the position space potential Vj, the momentum space potential V, is a c-number,
not an operator. It is defined as the matrix element (with Pgr = 0 from now on)

Vs = (p'|Vilp). (2.29)

For the static potential we have (k = p — p’)

o) _ L~ - %”“kQ”E 50
VO = — DO = szFZ D,y (e), (2.30)

where ﬁgo)(e) = 1. The coefficients Déo)(e) and Déo)(e) can be found in ref. [28]. For the
one-loop result ﬁéo)(e) we have also done the computation in CG. Throughout this paper

we will use the notation

D=4+2, d=3+2c. (2.31)
For the 1/m potential we follow the standard practice of making the prefactor 1/k
explicit:
> 1~ 1, gpk* (=0 9Bk* = (1.0
VOO = 2 DO (k) = —CpTB <D§ )(e) + (fw)zDé JO+0gy)) . (232

In momentum space we choose the following basis for the 1/m? potentials:

20 _ PP +p” 200 5(2,0) (P = p»)? = (20)

Vsi” =~ Dpe (k) + D27 (k) + =5 Deg " (k), (2.33)
2 12 12 2\2

~11) _ P°+Dp" a1 ~ (P —p)° 501

Vég[ ) = ok2 Dé,z )(k> + Dﬁl’l)(k) + TD(()H )(k) (2.34)



The Wilson coefficients Eg;)/r Joft A€ functions of d and k = |p—p’|. They have non-integer
(mass) dimension ~ M ~2¢, and the following expansion in powers of the bare parameter g%
(we start the Taylor expansion with the first non-vanishing term of each Wilson coefficient):

DY = e (D0 + DG +0(h) ). (235)
D = e (D310 + D30 +0(h) ). (2.36)
DO = gy (D47 (0 + B DE (0 + 0lah) ). @
DY = Crg} <D§2’}f( )+ ?ff; DY () +0lg )> (2.38)
DGV = Cro} (Dé?f( )+ ?ff) Dy (€) + 0<gB>) (2.39)
DI = D0+ Crgly (D500 + D0 o)) . a0

In our convention the different coefficients of the Taylor expansion are dimensionless except
for f)fq’ldl)(e). Implicit in the definitions above is the fact that the mass dependence of the
potentials admits a Taylor expansion in powers of 1/mj and 1/msg (up to logarithms).
This is so in the off-shell and Wilson-loop matching scheme but not in the on-shell scheme.
An exception is again D( )( ), since it depends on the NRQCD four-fermion Wilson
coefficients, which have a non—trlvial mass dependence.” We will discuss these issues further
in the following sections.

2.2.2 The L2 operator and potentials in D dimensions

We work with dimensional regularization. Therefore, we need to define the potentials in
D = 4+42¢ dimensions. In the previous section we have given D-dimensional expressions for
the potentials in momentum space. In position space, for the spin-independent potentials,
everything works as in four dimensions except for the L? operator. The definition of the
operator L? in D dimensions is ambiguous. In this paper we choose the definition

L i [ sij rird j
=P <(5]— r2)p’. (2.41)

The right-hand-side of the equation is equal to %—22 in four dimensions and commutes with

. . : . . 2
pure functions of r in D dimensions, i.e. [f(r), %—2] =0, as we would expect for an angular
momentum operator.

2.2.3 Position versus momentum space

We now proceed to relate the potentials in position and momentum space. For the static
and 1/m potentials the relation is straightforward. After Fourier transformation to position

"This makes the assignment of (part of) the four-fermion NRQCD Wilson coefficient to ﬁi}dl) or ﬁfdo)

ambiguous. We choose to put these coefficients in D(1 2



space eq. (2.30) becomes

d°q  _iqr o 95
VO _ / e 7O () = —Cr Y (457 P oD (), (2.42)
n=0
where
dk e=r 2 =427 (d/2 — n/2)
7ur) = | G o = T 24

is the d-dimensional Fourier transform of |k|™"
For the 1/m potential we have

V(I,O) _ ddq el rV 10) = Cp 27L+2 _JB T D(I,O) 2.44
- (27{')d Z Qn 1 I*QTLE(T) n+1 (6) ( : )

To Fourier transform the 1/m? potentials some preparation is required. Given two
generic functions of r, f(r) and ¢ (r) = A(r)é% + B ( )”;Zj, the following equalities hold:®

PR =l S+ 5P =5 (), 975l [, £, (2.45)
A 2 o
(A0 B0) ) =Bl +1 () >,p2}—§[pa P A+ B
(2.46)
Furthermore, we can write
12 2\2 ) 5
(P k4p ) D((jlzo)(k) — <4D$§0)(k) kkk3> o Do?fO)(k)7 (2.47)

(L,1)

and analogously for ﬁoﬂ . The last equality is especially useful, because the first term has
the structure of the Fourier transform of the left-hand-side of eq. (2.46). It allows us to

relate

(p”* - p?)? -

Vor” = g D" () (2.48)

with the potentials in position space:?

2 (2,0) (2,0) 2 2 (2,0) 2 (2,0)
(2,0) 9o~ 1dgog L d°gogs 2 i | i Yo
v 20—y - —2 2 ho(7)
off ( dr2  r dr r2 arz P TP P dr? + Dot (7)

(2.52)

8Recall that in coordinate representation (position space) p' = —id/9r" and [p’, [p*, f(r)]] = —(V2f(r))
for arbitrary functions f(r).
9For the inverse Fourier transform the following relation is useful:

®1 7 p) = & (f <k>_f’]<j>) <<P — P _1> e (f//(k)+(d_2) ;k)) p*+p

2k2
2 ry
o (f”(k)—k(d—?)f]ik)) 7 (2.49)
where s

1) = [ gz (2:50)

and f'(k) = 4 f(k). Finally, note that in four dimensions

p2 _ p/2 2

(p’ |2M3lp> ( @ ) —-1. (2.51)

-9 —



where

ddk —1 -rb(zo)(k) ddk —ik-r 7
gf()?f’O)(r) :/(27.‘_)(116 8 OHT’ h%ﬁo)(r) :/(27.‘.)6[6 i D(()?f(])(k)> (2.53)

and similarly for Vo(é’l). Note that the three potentials V3,2, Vj,2 and V;. receive contributions

from the Fourier transform of ‘Z)ﬂ‘. On the other hand, f/pz and f/,n only directly contribute
to V2 and V.. We stress that f/pz /r is not the Fourier transform of V2 ...
In summary, we have the following relations:

2 (2,0 (2,0) 00 242
20, (95 ldgyg |\ _ 95 (2,0)
o _4< & 7 dr )ZCFZ_OMW)%HBQne(”DLanH(E% (2.54)

dd ) 5 d2 (2,0) 00 2n+2
Ve - /(2W§]dezq'rVI§§’0)(q)—4 Joft Eszigﬂ_B Faoone(r)DEY _(6), (2.55)
=0

dl S T 32639
O P e S R
(

27) d
_ 0p [98 5 (r) D20 95 F . (r)DE(e) + O] 2.56
= Cp | Z8OID (0 + (25 F )DL (0 + Olgh)| (2.56)
dzgc()Ll) 1dg(171) ®_ g2nt2
o (D) w0 S 0. e
n=0
dlg - dzg(()l,l) ® g2
VIE2171)—/(27T)d€ quIS;l)(q)_élidrg ECFZ(47TB)2n+1F2—2ne(r)Dl()l27717-2+1(6)7 (258)
n=0
dd i i i d29(171)
TALE / (273016 a m(l,l)(q)+2[p, [p,d;’g” + a8 () (2.59)
d (1,1) 9% (d (1,1) 95 (1,1) 6
=0 (x) D, (e) + Cr [Mé()(r)Dr,l’ (&) + Ty T2 Drs () +OLgB) | -

In the second equality of each expression we have expanded in powers of g%. Again, F,(r)
has been defined in eq. (2.43) and expressions with F_a.(r) should be treated with care,
as such operators are singular.

At each order in g% it is possible to obtain closed expressions relating the 1/m? co-
efficients in momentum and position space. The position space expressions are, however,
more complicated than for the static and 1/m potentials. The off-shell potential Vog ob-
scures the relation between the momentum and position space potentials. Note also that
V, can always be written as [p, [p%, V. bis(7)]], where V. pis(r) has the same dimensions as
Vp2 and Vie.

2.3 Field redefinitions

The bases of potentials, eqs. (2.44), (2.54)—(2.59), in position space, and (2.32)—(2.34) in
momentum space, are ambiguous. There is a large freedom to reshuffle (parts of) some
potentials into others using unitary transformations of the pNRQCD fields S and O, which
leave the spectrum unchanged. It turns out that we can even eliminate the 1/m potential
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or, alternatively, the off-shell 1/m? potential Vo, completely by such field redefinitions.
In fact, the latter is achieved in the on-shell matching scheme, which provides us with a
minimal basis of operators by construction, as it systematically uses the free EOMs and
sets p’ - p2. The drawback is that, as it relies on the free EOMs, the determination of
the potentials has to be corrected order by order in «, through potential loops. Still, once
a minimal basis is fixed, there is no ambiguity left and each potential is well defined on its
own. This can also be seen by looking at the energy shifts, or corrections to the S-matrix,
produced by each individual potential in a minimal basis. This also implies that unitary
transformations that keep the Hamiltonian in a given minimal basis cannot move terms
between the potentials.

In this work, however, we want to keep V,g, in order to enable a strict 1 /m expansion
and to maintain the Poincaré invariance relations, see section 6. We are also not particularly
interested in completely eliminating the 1/m potential, as it naturally appears in the Wilson
loop matching, as well as in the off-shell/on-shell matching schemes.

Instead, the goal of this section is to determine the field redefinitions that translate
the results of different matching schemes into each other. This will eventually allow us to
combine our calculation of the 1/m? potential with the result of the 1/m potential in the
on-shell matching scheme for the equal mass case computed in ref. [15] to obtain the 1/m
potential in the unequal mass case in section 4. Following ref. [7] we proceed as follows.
The Hamiltonian has the form

2
_ b (0) Vi (r)
hs = — 2.
o TV (2.60)
where --- stands for O(1/m) (or higher order) potentials that we are not interested in

eliminating.
The unitary transformation

U = exp ( - mi{vv(r),p}) (2.61)

.
transforms hs — h’, = UT hy U. More explicitly, under the condition {W,p} < m, (which
is necessary in order to maintain the standard form of the leading terms in the Hamiltonian,
i.e. a kinetic term plus a velocity independent potential) b/, reads

2
W=2_ vy W +3W-(Vv<0>)+iw-(v(sv1)

2m, my My 2

2 o 1 S L 1

il 7 7a 08 vAA Y FA XA vaA V4 (U0 g g9 iT7d i I
+m%W(VW(VV ) zm%{p,{p],(VW)}}—i-O(mg)—l- . (2.62)

By choosing
1 vV

2 (as there is no tree-level

we completely eliminate inﬁ from hl. Moreover, since §V; ~ «
1/m potential), for the precision of the calculations in this paper, we can neglect some

terms in eq. (262)
/ p ‘7(0) 1 % ] viﬂfj
hg = TWLQ{pa{pJa( )}} o m37m2 e (264)

2m7~ T T
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Therefore, eliminating §V; /m, is equivalent to introducing an extra 1/m? potential:

Vi =~ (o', 1, (VW) ). (265)
Using
{p' A, (VW) = dp" (VW) + [p', [, (V' W)]] (2.66)

and eq. (2.46), we obtain

X . . . / r 2 ) ]
{p' {p,(V'Vg)}} =—4 (g”(r) - gi )) 17%2 +2{p%g"(r)} —2[p" [p'.9"(r)]]

# o [ a5+ 22 (0 - £ (2.67)

r
where, without loss of generality,

(Vi) = ¥ <5V1(§j‘/‘()/())2> = ViVig(r) = 67 gff") + T;f (g”(r) _ glff)> C(2.68)

Hence, we find in momentum space (see eq. (2.46) and following equations)

T

where we have defined

d =
)= [ e "5t @70

This has the important consequence that through O(a?) the coefficients D, and [?pz re-
main invariant under the field redefinitions discussed above. One can also check that the
O(a/m3) potential is invariant under the field redefinition (2.64). We will make use of
these results in the following.

At higher orders in « the neglected terms in eqs. (2.62) and (2.64) may give an extra
contribution to D,. On the other hand, note that ﬁpz is unaffected by the field redefinition,
eq. (2.61), at any order in the a expansion.

Finally, we stress that, since the unitary transformation used in this section can move
us into a minimal basis, and, since the static and the a/m? potential remain invariant
under such transformation, the result for these two potentials is independent of the specific
matching scheme used to determine them.

3 Determination of the O(a?/m?) potential for unequal masses

The spin-independent potential at O(a?/m?) for unequal masses is so far unknown. We
fill this gap in this section by explicitly calculating it in different matching schemes and
with full € dependence. Our results directly fix the bare coefficients D in each case. With
little effort and using the equations in section 2.2.3, one can then obtain the expressions
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for the bare coefficients D of the potential in position space. Note that all 1/m? position
space potentials depend on the matching procedure (albeit some of them weakly, in the
sense that the matching scheme dependence vanishes when € — 0), as do gog and hog
in egs. (2.54)—(2.59). Therefore, instead of presenting explicit expressions, we give the
position space results only in terms of the momentum space coefficients in section C.

3.1 Matching with Green functions

In the off-shell matching we equate four-point off-shell Green functions computed in
NRQCD with the analogous four-point off-shell Green functions in pNRQCD. In this
way we will determine the 1/m? pNRQCD potential at O(a?). We do not require the
quarks to fulfill the free EOMs, i.e. the only restriction on the external momenta is total
energy-momentum conservation. This allows us to perform the matching in a strict 1/m
expansion, since NRQCD and pNRQCD potential loops cancel each other exactly. Hence,
we can directly equate soft NRQCD diagrams (computed with static quarks) with the bare
potentials in pNRQCD at a given order in 1/m.

By contrast, in the on-shell matching S-matrix elements of NRQCD and pNRQCD are
equated order by order in an expansion in a and v (~ «). These S-matrix elements are
computed with asymptotic quarks satisfying the free EOM. This necessarily requires the
incorporation of potential loops in both calculations, since the on-shell condition causes
an imperfect cancellation between potential loops in NRQCD and pNRQCD. The latter
mix different orders in the 1/m expansion, i.e. potential loops involving a potential at a
given order can contribute to the matching of a potential at lower orders. See, for instance,
ref. [11] for an illustrative example.

3.1.1 Off-shell matching: Coulomb gauge

In refs. [17, 18] the off-shell matching between NRQED and pNRQED has been studied in
detail with O(ma?®) precision in CG. The FG matching has also been discussed in ref. [18]
with O(ma*) precision.

We now perform the matching for the case of QCD. We focus on the relativistic 1/m?
corrections to the potential. The tree-level matching is analogous to the one in QED up
to the straightforward incorporation of color factors:

D{P(€) = dys + Crdys (3.1)
D&Y (e) =0, (3.2)
Dgf’,ol),c(;(ﬁ) =0, (3.3)
520, _ D
D, (€) = r (3.4)
DU (€)= —1, (35)
~ 1
Dg}ill),ce(e) =1 (3.6)
~ 1
AROESS (3.7)

The gauge-dependent off-shell coefficients D are given here in CG and labeled accordingly.
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Now we consider the one-loop corrections. In appendix E we present the result of the
(sum of the) relevant diagrams in CG as well as in FG. It has always been assumed that
the evaluation of Feynman diagrams in the CG can be quite cumbersome, especially for
non-Abelian gauge theories. We find that this is not the case, at least for the computation
we perform in this paper. More details on the computation will be shown in ref. [29].

The diagrams depend on the energies of the four external quarks F;, see appendix E.
This dependence can be eliminated in the potentials using field redefinitions. Their imple-
mentation can however be cumbersome. Fortunately, for our purposes it is not necessary.
As discussed in appendix E, at the order we are working, we should use the complete
EOMs, which include the static potential. Effectively, though, we can neglect the static
potential, as the difference contributes to the 1/m potential, which we will determine in
an independent way, anyhow. This is equivalent to using the free EOMs, but still keeping
p? #p 2 for the incoming and outgoing quark momenta (in the center of mass frame),
unlike in the on-shell matching. Finally, we obtain the following (bare) CG results

3- €
52,0,y _ 2Cam2"¢ csc(me) (BN 2 1
Dp2,2 (€) = i

3 166 T (6 + %) - §CAE + O(e) (3.8)

3¢
PEO () = 2 eselme) { O+ N Tenp (1 +
2 (6) 24€+3F (6 + %) ( G ) an( 6)

1 1
- Ca| (@) 40(5+16) + 2203449 |
(1)
TE 11 5 1 1
() {loa (e - )+ g Omoms - P
1. 13 Ca 5 (m, m
(3 ) ; 18( +i' ) Timy £+ 0(e), (3.9)
3
(1,1, 1 m2 “csc(me) 5
Dz5(€) _3MM{12Tan(€+ 1) — Ca(40€ +89e+45)}
~\4r ai 3 A 0 . €), .
3
A () = L T2 ose(re)
D, 57 (e) = 32453 (c + 3 {2CF(1+6)(3+26)(7+86) +6Tpns(1+e)

— CA(86 + 47¢% + Tde + 33)}
(PN far 1 1. /1 7 Bo

(3 + 2¢) mae csc(me) 25F2¢(1 + )2 (e + 3)
3 24eH30 (e + 3 V7T (26 + 3)

_ <‘Z:>GCA G - §1n2> +0(e), (3.12)

D%OQ)CG( )=Ca

) {4+e(7+4e)—
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3
w2~ ¢ cse(me)
24437 (e + 3)

(1,1)
Doff,2,CG( )

Cya ( 25+2¢(3 4 2€)(1 4 €)1 (e + 3)
6

{2Tan(1—€ )+ — VL (26 + 2)

+ 56€% + 1372 + 92¢ + 15) }

NG AN Bo Bo 1
_<47T> {4+C +4—Cl2—}+0() (3.13)

where a1 and By are defined in section A. Note that, strictly speaking, there are subleading
contributions in powers of a encoded in the NRQCD Wilson coefficients.

3.1.2 Off-shell matching: Feynman gauge

The matching in FG involves considerably more (soft) NRQCD diagrams. In particular,
diagrams with only A° gluon exchanges now give a nonzero contribution. As a consequence,
the dependence on the (off-shell) external quark energies is more complicated. The com-
plete expression for the sum of all one-loop diagrams can be found in appendix E. Yet,
after using the free EOMs (which is sufficient at the order we are working at) we find that
the coefficients D, and Dpz agree with their CG results. This is indeed what we expected,
as these potentials remain the same in the on-shell limit. The differences to CG therefore
manifest themselves only in the Dy coefficients.

At tree level in FG (and at one loop in the CG) an energy-dependent term o< kf =
(E{ — E1)? occurs. In principle, the redefinition of the quark energies in terms of three-
momenta is ambiguous. In this special case, however, there is a preferred prescription
(see ref. [18]) to transform away the energy dependence, namely eq. (E.7). It is the only
way to preserve the 1/(mimsg) structure and at the same time leave the 1/m potential
unchanged, see appendix E for details. Adopting this prescription we arrive at the same
result as in CG:

~(1,1) (1,1) (2,0) (2,0)
Do 1va = Dogi 1, s Do 1 ve = Dogip.cc - (3.14)

With the energy replacement rules given in appendix E we obtain at one loop

22€+3(6 +1)(2¢ + 3)P2(e + %)
VT (2¢ + 3)

20 2.0 Cp 75~ csc(7re)
D((,ﬁ“Q)F(;( ) = Dc(>ff,2),CG( )+ '3 2463 (¢ + %) (

25€
+ 206 + 39¢% + i 12)

35 4In2
= DY 0ale) + Ca (24+ 3 >+0(6), (3.15)

226+3(6 + 1)(25 + 3)F2(e + %)
VT (2¢ + 3)

~(1,1) o= (11) Ca ra € cse(me)
DOH,Q,FG(E) = Doff,Z,C ( ) + ?245"'211(5 n %) <

25¢
+ 2063 + 39¢2 + = 1 12>

35 8In2
=D o ()+0A<12+ ;1)+(’)(e). (3.16)
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3.1.3 On-shell matching

Finally, we determine the potential in the on-shell matching scheme. In this scheme we
have Dog on—shell = 0 by construction. At the order we are working at, this means

~(2,0 ~(1,1 ~(2,0 ~(1,1
D(()H,l),on—shell(e) = D(()ff,l),on—sheH(e) = D<()ff,2),on—shell(6) = D(()ﬂ",2),on—shell(6) =0. (317)

It turns out that for the other potentials a dedicated on-shell matching computation is
not necessary. A priori, we must take into account potential loops, which are not needed
in the off-shell computation, in addition to the soft NRQCD loops. The discussion on
field redefinitions in section 2.3 however shows that the transformation from an off-shell to
the on-shell scheme leaves the coefficients sz and D,, as well as the O(a/m?) potential,
unchanged at the order we are working at. Hence, potential loops can neither contribute
to Dp2,2 and Dng,w nor to the O(a/m?) potential. Therefore, these coefficients are equal
irrespectively of computing them on- or off-shell, and in the latter case they are independent
of the gauge, as we have seen. This is in fact the reason why we have not labeled them
according to the matching procedure.

For equal masses and in the on-shell matching scheme the potential has been computed
in refs. [10-14]. In particular, we compared our results with the ones of refs. [10] and [14].
The complete ¢ dependence for the equal mass case can be found in ref. [27]. We agree
with their results. The novel results of the present section are the potentials for unequal
masses (keeping track of the NRQCD Wilson coefficients).

As another cross check we have calculated the O(a?/m?) potential for unequal masses
from soft on-shell scattering amplitudes in vNRQCD [30] using the Feynman rules given in
ref. [14]. We found complete agreement with our momentum space results in the on-shell
matching scheme.

The momentum space results of sections 3.1.1-3.1.3 can straightforwardly be trans-
formed to position space using eqgs. (2.54)—(2.59). In appendix C we give the corresponding
expressions for all schemes in terms of the respective momentum space coeflicients.

3.2 Matching with Wilson loops
3.2.1 The quasi-static energy and general formulas

An alternative determination of the potentials is the direct matching of NRQCD and
pPNRQCD gauge-invariant Green functions in position space. One key point is that the
time of the quark and antiquark are now set equal. This is not a restriction. Instead,
it is rather natural to describe quark-antiquark bound states by fields that depend on a
single time coordinate. Another difference to the off-shell matching scheme is the insertion
of gluon strings (Wilson lines) between the static quark and antiquark in order to form a
Wilson loop, so that the whole system is gauge invariant.

The details of the Wilson-loop matching procedure are given in refs. [7, 8]. In these
references the emphasis was put on the matching in the nonperturbative scenario without
ultrasoft degrees of freedom. Two alternative methods were worked out in detail. One

10 At higher orders in « potential loop contributions to V; are possible.
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is the direct matching between NRQCD and pNRQCD Wilson loops, and the other one
is a generalized “quantum-mechanical” matching, which gives the spectral decomposition
of the potentials, allowing them to be rewritten in terms of Wilson loops. Either way,
the matching can be done in a strict 1/m expansion (potential loops do not have to be
considered at all) and closed expressions in terms of Wilson loops can be obtained for each
potential, which are then manifestly gauge invariant. This allows for a nonperturbative
definition of the potential Ey, to which we will refer to as the “quasi-static” energy in the
following. Formally we write

2 2 (1,0) (0,1)
E Pgr,S1,S9) = —= 4+ F —
S(r7 p’ R> 1 2) 2mr + 2 M + + ml + m2
E20)  g02)  p1)
9 + 2 + + . (3.18)
my msy mims

We use “E” to make the distinction to the potentials “V” explicit. The latter are, by
definition, the potentials of the Schrodinger equation. In the strong-coupling regime (and
provided there are no ultrasoft degrees of freedom), the “quasi-static” energy replaces the
potential in the Schrodinger equation describing the nonperturbative heavy quarkonium
bound state. Once ultrasoft effects are included (as e.g. in our calculation of the B.
spectrum) this is not true anymore. That is why we distinguish explicitly between E and
V. We will elaborate on this in section 3.2.2 and in a forthcoming paper.

We use the following definitions for the Wilson-loop operators. The angular brackets
(...) denote the average value over the Yang-Mills action, Wg is the rectangular static
Wilson loop of dimensions r x Tyy:

Wn =Pexp {—igf dz“Au(z)} , (3.19)
rxTyw

and ((...)) = (... Wn)/(Wn); P is the path-ordering operator. The connected Wilson loop
2

)
with O;(t1), O2(t2), operator insertions for Ty /2 > t1 > to > —Tyy /2 reads

(O1(t1)O2(t2)) e = (O1(t1)O2(t2))) — (O1(t1)) (O2(t2))), (3.20)

and similarly with extra operator insertions (see ref. [8] for more details).
At leading order in the 1/m expansion, we get nothing but the static energy already
found by Wilson many years ago [9]

EO (@) = (W) . (3.21)

.4
AT
The complete expression of the 1/m and 1/m? potentials in the quenched approximation
(no light quarks) in terms of Wilson loops has been determined in refs. [7, 8] (partial results
for the 1/m? potential can be found in refs. [31-34]). For these we define the shorthand
notation

lim = lim lim |, (3.22)
T—oo T—o00 Ty —00
where Ty is the time length of the Wilson loop and T is the time length appearing in the
time integrals shown below. By performing the limit Ty — oo first, the averages ((...))
become independent of Ty and thus invariant under global time translations.
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in this paper.

The incorporation of light quarks introduces extra terms in E,@’O) . We include them

The other Wilson loop expressions for the potentials equal the ones in

refs. [7, 8], with the exception that we rewrite some of them so that they remain valid in

D dimensions. For the spin-independent potentials we have

EXO(r) =

EGY(r) =

B0 (r) =

i
ESZ’U(T) =1

BV (r) =

EO(r) =

T
~5 i [ det (gBi0) - g 0).. (3.23)
. T )
i [ e (g ()98 0). (324
— 00 0
i ripd T , .
st (97— do ) Jim [ dee(aEL Bl 0).. (325)
%] T . .
A dt t*(gE (t)gES(0)). , (3.26)
i . ripd T , .
1 (5” - T2J> Jim /0 dt t*(gE{ (1) gES(0))). , (3.27)
D)
=D lim_ (D gE1)(0) (3.28)
iC(l)Z T 1
— L Jim [ dt{(gBi(t) - gB1(0))e + = (VZEZY)
T—o0 Jg 2 P
i T t1 to
“pfm | dh / dtz / dts (ts — t)2((gBr (1) - gE1 (12)gE1 (£3) - 91 (0)).
+% <VZ lim / dty /t1 dta (t1 — t2)*(gE: (t1)gE1 (t2) - gE1(0)). >
_ % (V:«E(O hm / dt1 /tl dtg tl —tg) <<gE1(t1)gE1(t2) gE1(0)>>
w1 (vigm [ dtt3<<gEi<t>gE{<o>>>c<vziE<°>>)
. T
— = dim [ det (B (1)gE](0))(VEIE®) (VIE®)
12 T—o 0
Cgll(l) 3 a b c
Do [ i (G ()Gl ()G ()
L im / ity [t (1~ (D ) 1) 1) 4O
L tim [ @D B (D1 g1 0).
—00 Jo

~ 1 <VZrThm

T .
dt £2{(gES (1 [Dl.,gE11<o>>>c)

— 00 0
| j / 12(0)
7 Aim dtt”{([D1., gE1](t)gE1(0))(VIE™)
oo Jo
hi(1) ng hi(1) ng

G

3
_/fxnm«Mp»

Ty —o0
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where in the second-to-last line the light-quark operators are located in the heavy-quark
Wilson line (i.e. at the position x;). The last term contains the 1/m? operators in the
NRQCD Lagrangian that only involve light degrees of freedom. Note also that the other
Wilson-loop expectation values should be computed with dynamical light quarks. Equa-
tion (3.28) generalizes the result of ref. [8] to the case with light fermions (as usual neglecting
ultrasoft effects). Note that, although, formally, the first, the second-to-last, and the last
lines of eq. (3.28) depend on the time where the operators are inserted on the heavy-quark
lines, this is not so after performing the Ty — oo limit, due to time translation invariance.

Finally, the last term we need in eq. (3.18) is'!
1
EMD(r) = S (V2EGY) (3:29)

T t to
— i lim / dtl/o dtz/o dts (t2 — t3)*(gE1(t1) - gE1(t2)gEa(t3) - gE2(0)).

T—o0 0

T t '
+§(vzﬁ;ggo an | dtzm—t2>2<<gEa<t1>gE2<tz>-gE2<o>>>c)

1
2

T—o0

T 1
Vi lim / dt, /t dto(t t2)2<<gE§(t1)gE1(t2)‘gEl(O)»c)

l\.')\s

L (viE®) lim / it / " oty — 1) (g (11)gBa(ts) - gEa(0))
( EO) i / dt, / " oty — t2)P(gE (1) gBs (f2) - GEr (0)).

3
+ 3 (v [ {(omi 0Bl + (R0 0} (15

A)OOO

T

— 2 lim [ det*(gEL(t)gBL(0))(VIE)(VIE©D)
6T—>OO 0

+ (dss + dvsCF) 6(3) (Xl - X2)

1 T t1 )
— — lim dtl/ dta(ty —t2)"([D1., gE1](t1)gE2(t2) - gE2(0)))c

T—o0

5 Jim / dty /t1 dto(t) — t2)*([Da., gEa](t1)gE1(t2) - gE1(0))e

~ 7 Jim dtt2 (/D1.,gE1](t)[Da., gE2](0))¢

T—o00

i -
+ 1 <VZ“ Thm

im_ [t (5B 0Dz, 10, (g0 g1 ).}

T . . .
— 5 dim [t LDy, gB1)()gBL(0))e— (D, gBa] (1)gB{ (0)) H(VIED).

T—o0 0

"'The first term of this equation corrects a sign error in the first term of egs. (48) and (54) in ref. [8].
Note that its spectral decomposition in eq. (23) of that reference is correct though.
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Let us further elaborate on the expressions for E7(,2’0) and E,El’l). The first term of

E£2’0) admits the alternative representation

T
lim ([Di-, gE1](t))e = — <V3E<0> +2i lim

Tw—)OO —0 Jo

dt (gE1(t) - gEl(O)))c> . (3.30)

It is also possible to use the Gauss law

nf

(D - E)*[phys) = g(] 71 — x2¢(T*)" x2¢)[phys) + > GinoT"qi|phys) (3.31)
=1

to simplify eq. (3.30). This was done in ref. [8] for the case without light fermions. Including
them we find

ny
i (D1 B0 = ~700a = x) 5 3 lim (TPGnTE GO (332

It is quite remarkable that egs. (3.30) and (3.32) are equal, because, unlike in the former,
it is obvious in the latter that only the delta-function term survives for ny = 0.

For the other terms of EﬁQ’O) and Eﬁl’l) that involve the commutator [D-, gE] we can
make the replacement [D-, gE] — ¢>T%¢;70T%¢; everywhere. This makes their dependence
on the light fermions more explicit. We obtain

8

iC(l)Q T

(1) ns
c . a = a
ESQ,O) (r) _ _ D [_925d(x1 — Xg) -+ 92 E T‘}/lgloo«Tl qi’}/oTl Qi(t)»c] (333)
1=1

At{gBa(r) - gB1 () + 5 (VEEY)

T—o00 0

T t1 to
lim dt1/ dt?/ dts (ta — t3)*(gE1(t1) - gE1(t2)gE1(ts) - gE1(0)))c
0 0 0
T t1
<Vf~ hngo dt1/ dts (t1 — t2)*(gEL (t1)gE1 (t2) - 9E1(0)>>c>
< ;E(O) lim dtl /t1 dtQ tl —tQ) ((gEl(tl)gEl(tQ) gE1(0)>>
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dt t2<<gEa<t>qu-mquj<o>>>c)

_ ,gz Z (Vz Tim.

0
1 ”f T : -
-3t Y Jim [ (T (09B] 0)(VEE)
j=1
hi(1) nf hi nf

Cl 2 . — C2 2 3 . .
— g9 E 1 TV1V1§OO<<qu”°Tf%(t)>>C -5 Y E 1 Tvlvlfoo«qm‘h(t)»c
1= 1=

- / dx lim (LMY,

TWA)OO

where the last six lines are due to light fermions, and the light quark operators are located
on the heavy quark Wilson line (i.e. at the position x1) except for the last operator, and

1
EMD ()= 5(VIE)

— i lim dt, /0 ldtz /0 2dt3 (ta — t3)?(gE1(t1) - gE1(t2)gEa(t3) - gE2(0))).

T—00 0

+ % (Vi lim ' dt; /t1 dts(ty — t2)2(gE: (t1)gEa(t2) .gE2(0)>>c>
T—o0 0 0

1 . T t ‘
+3 (Vi lim dt1/ dta(ty — t2)* (gES(t1)gEn (t2) '9E1(0)>>c>

T—o0

_ % (ViE(O) lim / dtl/ dty(ty — t2)* (9B (t1)gEa(t2) - gE2(0)))e

T—o0

- % (ViE(O Jim / dty / st — 1) (GEL (1) 9B (£2) - g1 (0))
T _ . ‘ }
*i (V? lim [ dtt* { (9B (H)gEL(0)). + (9B (1B, (0)). | (ng<0>)>

50 > fim [ [ dea(n — 0 (TP apaT g (t)gBa(t) - 9E2(0)
1, ]n_f
30 S g [ [ P a0 ) g 0).
j=1
IR A - ra
R UPE:) | (@ gt OTsa00T 0. 0)
nf

. T
+ %QQZ (ViTlignm /0 dt t*{ (9B ()T5 37075 4;(0)) e — (gES () T{ 770 T g5 (0)>>c})

7%‘(’22 i /O dt t? {<<T1 47017 q;(t)9E3 (0)>>c*<<T§f?ﬂoT2“qj(t)gE{(0)>>c}(VZiE(°))-

(3.34)
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In summary, the results of this subsection are the generalization of the results of ref. [8]
for the strong-coupling version of the 1/m? pNRQCD potential after the inclusion of light
fermions (and neglecting ultrasoft degrees of freedom). The expressions of the potentials in
terms of Wilson loops are equal to the quenched case except for EﬁQ’O) and E,gl’l) (and one
should keep in mind that dynamical light quarks should be included in the computation
at loop level). We have presented expressions valid in D dimensions.

3.2.2 Results in perturbation theory: the O(a?/m?) potential

Once we focus on the weak-coupling regime, ultrasoft degrees of freedom certainly con-
tribute to the quasi-static energies. They do so with energies/momenta of order AV =
VO(O) -V ~ aa/r ~ mv?. Nevertheless, for a consistent description of the weakly-
coupled quark-antiquark system, the potentials in the Schrodinger equation (i.e. in the
pNRQCD Lagrangian) should only include contributions associated with the soft modes.
Taylor expanding in powers of 1/m before integrating over the gauge or light-quark dynam-
ical variables effectively sets the potential loops to zero. However, this does not eliminate
the ultrasoft contributions from the potential expressed in terms of Wilson loops. Actually,
as far as the ultrasoft modes are concerned, the 1/m expansion can be formally understood
as exploiting the hierarchy AV > p?/m, which is the limit implicit in the discussion of
section 3.2.1.12

In order to obtain the potentials in perturbation theory, the ultrasoft contribution has
to be subtracted. This can be easily achieved by expanding in the ultrasoft scale before
performing the loop integration. Thus, only the soft scale appears in the integrals, which
become homogeneous in that scale. The potentials then take the form of a power series
in g2 (and, eventually, in AV, when working beyond the order we are interested in). In
summary we have, cf. egs. (3.18) and (2.11),

VS,W(T> = ES(T)’soft ) (335)

where we have put the subscript W to indicate the Wilson-loop matching scheme.

For the static potential V()| the Wilson loop definition is given in eq. (3.21). Its
perturbative evaluation in powers of a can be transformed into a calculation in momentum
space, where the energies of the external quark and antiquark are set to zero for Ty —
00, since the time-dependent part of the external quark propagator, 8(Ty — t), can be
approximated by 1. See also ref. [28] for a detailed discussion. In addition, for a certain
class of gauges (including FG and CG), one usually neglects the exchange of asymptotic
gluons from the boundaries of the Wilson loop at +7y/2 for Ty — 0o, see the discussion in
refs. [20, 28]. In this setup, the Wilson-loop matching for the static potential is equivalent
to a standard diagrammatic S-matrix calculation with off-shell static quarks, i.e. with zero
(kinetic) quark energies, but nonzero external three-momenta. This is indeed equivalent
to the off-shell matching computation at leading order in the 1/m, E; and Es expansion.

On the other hand, at lowest order in 1/m no kinetic propagator insertions are involved
in a soft NRQCD S-matrix calculation, as they would inevitably come with factors of 1/m.

120bviously, this is not the kinematic situation we face in the bound state, where AV ~ p?/m.
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It therefore does actually not matter for the latter calculation, whether the external quarks
are on- or off-shell. Furthermore, potential loop contributions to the static potential in the
on-shell matching scheme must vanish, because there are no field redefinitions (compatible
with the symmetries of QCD) that could possibly remove them by modifying a higher order
potential, cf. section 2.3. Hence, we conclude, that the static potential is the same in any
of the matching schemes discussed in this paper.

The Wilson-loop calculation for the higher-order potentials cannot be related to a
purely momentum space S-matrix calculation due to the insertions of gluonic/light-quark
operators that are integrated over time. Nevertheless, we will see that we can also compute
the higher-order potentials in the Wilson-loop matching scheme efficiently based on Feyn-
man diagrams. It is worth emphasizing that the expressions for the potentials in terms
of Wilson loops encapsulate all effects at the soft scale in a compact way, and they are
correct to any finite order in perturbation theory. In particular, compared to the stan-
dard calculation of the static potential, only a few extra Feynman rules for the operator
insertions have to be introduced (see appendix F) once the exchange of asymptotic gluons
from the boundaries of the Wilson loop at +Ty /2 for Ty — oo is neglected. This is to be
contrasted with the matching of Green functions, where higher-order kinetic insertions on
the propagators must be taken into account, both for on-shell and off-shell matching, which
can be quite tedious at higher orders. When matching on-shell, in addition, potential loops
must be considered.

Let us now compute VIEE %)/ = E ]SOft and V(1 b _ E£12’1)|soft. We use this case in
order to illustrate how we perform the Wilson loop calculations.

At O(a)) we only have contributions to Véé 114),
figure 1. In CG only the second diagram contributes and using the Feynman rules derived
in appendix F, the detailed calculation reads

: g [T dPk ., ik2
Vie (r) = -1 (6” —dz) g5Crp lim / dt t2/ (QW)DeZ’”kaZ_OPU(k)

The diagrams needed are drawn in

; ddk e dko k3 0? * ik
_ ikrp (K = 70 ([ _ 2 dt e*Fot
Oy < ) 0 [ G o [ G5 (o) [, e
- 1 ddk _ikrP‘-(k)/ dk‘o k(% 672 ¢
Tyl e en N | en B ke 00k ko + 10
_ -1 . rrj o dd’f e P (k)& — _ Crgg (1420T(5 +¢)
@1 9 F d k2 87 rsteplt2e
CFOé
=, 100, (3:36)
where the projector P;j(k) = 0;; — %

In FG both diagrams in figure 1 contribute, but we still obtain the same result, as
expected due to gauge invariance of the Wilson loop. At this order the result coincides
with the result obtained using off-shell matching.'® Therefore

D& @ =D oo, D) wie)=DE cale). (3.37)

13In CG it coincides exactly, in FG only after using the EOMs as discussed above.
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Figure 1. Tree-level Wilson-loop diagrams contributing to VI(‘;%/I)/(T) Dotted and wavy lines

represent Ag and A gluons, respectively. The crossed vertices denote insertions of the chromo-
electric field operator E? according to eq. (3.27). Their horizontal displacement indicates that they
are located at different times (0 and t).

At O(a?) the diagrams needed for Vég’?,[), are drawn in figure 2 and the calculation reads

2 ipd d D 00 . 3
G = 5 (67 —d / I _ikr/ i’ / dt 1 —iqot/dlo —itot WM (2)
VL2,W(7") 2d-1) (5 2 ) (27T)d€ 2m)D ), e 27r€ 0
2 .. igeJ ddk ) dD 00 A
— 9B ( rr —ikr q 2 g
~ g (M- 5) ™ [ gmpto [ttt
g2 . (2%] Ak ) 4D o2 1
— 71973 ) _ l —ikr q - L

where, D = d 4+ 1. Here we chose the energy [y to flow along the arrow between the

crossed vertices in figure 2 and the momentum ¢ to flow counter-clockwise in the loop. The
(integrand of) the one-loop amplitude M;; can be obtained by applying standard static
Wilson-loop Feynman rules together with the additional rules for the E? operator insertions
as given in appendix F. Note that we have pulled out a factor 1/(lp+140), corresponding to
the upper static quark propagator from the amplitude’s integrand, in order to render M
lp-independent.

We emphasize that, as in the calculation of soft on/off-shell Green functions, we must
neglect the (ill-defined) contribution of pinch singularities. The latter are related to it-
erations of lower order potentials and are not part of the soft regime. In fact, the pinch
singular terms are explicitly removed in the definition of connected Wilson loops according
to eq. (3.20).

In CG only the first two diagrams of figure 2 contribute (the first gives a divergent con-
tribution). Using our Wilson-loop Feynman rules in appendix F we find the (unintegrated)

amplitude
M) 1 CrCagh ( Pa(@)Pala kg k(e - kf‘)]ﬂil(q)qo) (3.39)
lo+i0  lo+i0 k2 ((q — k)2 +i0) (¢% + i0) (a—k)2(¢2 +i0) ) =

Plugging this in eq. (3.38) gives

V(20 (") = (Q%)? CFCAJ—_-Q_%(T) (4e + 1)(e(4e + 7) 4 4) csc(me)

L2,W 47 6 2467r6_%(6 — 1)F (6 + %)
_ 4rCpCy 95 a1 19 o
= 3 Fa(r) 637 |2 +7 2In(rve’) 4+ O(e) | . (3.40)
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NE.

X
X
X
X
X

Figure 2. One-loop diagrams contributing to Vég’?/[),(r). Left-right mirror graphs are understood.

We have also checked that we get the same result performing the calculation in FG,

where all four diagrams contribute. Note that V29 differs from V. >? obtained by

L2,W L2,CG/FG
off-shell matching, not only in the finite but also in the divergent part.

The calculation of Vlgll/‘)/ is carried out along the same lines. The diagrams contributing

at O(a?) are displayed in figure 3. In order to have a cross check we compute again in
both, CG and FG, and indeed obtain the same result:

2 2 S_¢
(L) () _ 9 Cr 4r(1 95 w2~ “(4e + 1) csc(me)
Veew () =105 { m(L+29720) + gy Fe-2e(r) 42¢(1— )l (e +3)

[4Tan(1 — %)

C
+ ?‘(15 +92¢ + 137¢% + 5663)} }

2 2 ~2
= 9B 9B¥ é _ @ 1_ VE
=Cp 5 ]-'2(7“){1+ A2 [<SCA 4) <e 21In(rve’”)

127 7

The above calculations of the V2 potentials to O(a?) are actually all we need to
fix also the other spin-independent position space potentials V2 iy and V,.yw with O(a?)
precision. The reason is that we can use egs. (2.54) and (2.57) to determine gogw and

then (by inverse Fourier transformation) Dog w (k) in momentum space. We find

~ (1,1 1
Dl () = T (3.42)
PEO (o = Cam?“(e(de +7) + D eselme) _ Ca (P\ (4 Lo (3.43)
off 2W\™/ ™ 9 A2eT (6+ %) 6 \ 47 € ’ '
3
~(1,1) w2 “cse(me) (1 3 ) )
Dot aw(€) = Tecrip e 1 51 et d) <3CA (56€’ +137€* + 92¢ + 15) + 4Tpny (1 — %)

TENC 1 /4 13 8
= (Zﬂ) [ <3CA - io) + 5 Ca—gTrny + 0(6)]- (3.44)

€

These are the only 1/m? Wilson coefficients that are affected by the field redefinition
in eq. (2.64) at O(a?). Therefore, by the same argument as in section 3.1.3, ﬁpgw(kz) =
ﬁpz (k) and D,y (k)= D, (k) with the precision of our computation. Then, using egs. (2.55),
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Figure 3. One-loop diagrams contributing to VI(‘2 %,[),( ). Left-right and up-down mirror graphs give
the same result as the original diagram and are understood. In all diagrams (including the mirrored
ones) the upper and lower crossed vertices are located at times ¢ and 0, respectively. In CG only
the first seven diagrams contribute. In FG also the other six diagrams have to be evaluated.

(2.56), (2.58) and (2.59), we obtain
(20 (r) = (g%) 2 C’FCA]__ 2(r) (€ +1)(8€% + 8¢ — 1) csc(me)
47 ¢

92—
p2,W 3 42671'5_%(6 — l)F (e + %)
_ CpCy gEv* (1 .
=% Fa(r) 12 \c 8 —2In(rve’®) + O(e) |, (3.45)
2 2
‘/7«(%‘/70) (r) = CFQB{Cg)(;(d) (r) — 9732 (e+1) csc(;re)
s 8 4 3(6 _ 1)246—‘,—47‘_6—51'\ (6 + %)
X [3(0&}))2@1 (452 +e—5) — 12Tpns(e — 1)(Cg) + c}fl(l))}f_ze(r) }
T (3.46)
where
1 —e—1,_—e—1 1
V2v(2 0),W. g4 CrCa 6 Lr 2 (e + 1) (82 + 8¢ )CSC(WE)]-"_QE(T) , (3.47)

(e+3)

nr
9% 4_2€7r%7€(6 + 1) csc(me)
(T P 1 ()
X [—4(1 +e—26*)Tpny + ?(45 — 3le — 20262 — 11263)] }
—2€
ngQ (C;‘—l—i())(ﬁ—Qm(rUeVE)—l— Ca+—- Tan>+(’)( )}
(3.48)

S
2

‘/;521”[1/{)/(7*) = —iB;CF{ZlTI'(l + 6).72(7’)

= _CFQQB—FZ(r){
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2 QW%_E(e + 1) csc(me)
3 16°HD (e + )

X |C4(40€? + 83€ + 39) 4+ 4Ck(2¢ + 3) (8 + 7) — 12T pnre| Fooc(r), (3.49
f

) 1 )W 92
V0 = (o Crd) 50(0) + VIR 4 (2

9% 4_2677376(6 + 1) csc(me)
(4m)3  (e—1)T (e+3)

VAV G () = g?BCF{(e + 1)@ (r) + (3.50)

1
X |:30A(—11263_20262_316+45) — 4TF7’Lf(1—6)(26+1):| f2€(7«)}'

As a check, we can also directly compute Vg”%),(r) in the same way as VI(E’O) (r). Note
that the diagrams, figure 2, are the same and only the prefactor changes, cf. eqs. (3.24)
and (3.25). Using eq. (3.39), we obtain

g% i [ A% e [ dP 2 1
(2,0) WpTrr —ikr 4 4 4CG
— B C Z - 51
Vi = [ e [ M (e ) e

which yields the same result as eq. (3.45). On top of that, we have also checked that we

obtain the same result in FG.

We have also computed VIEQLI) (r) directly in CG and FG finding agreement with
eq. (3.48). This is an even stronger check, because the calculation is more difficult, as
it involves more diagrams.

From the above analysis we can also determine (the soft part of) some Wilson loops
that contribute to V, i and can be treated separately, because they are multiplied by
different NRQCD Wilson coefficients. Let us first focus on VT(%,[?) Comparing all terms
proportional to c¢p in eq. (3.46), with the ¢p dependent terms of the Wilson loop expression
in (the 1st line of) eq. (3.28), and using eq. (3.30), we find

T
Jim [ dt ((gE(1)gE](0)))e
0 soft
2 2 —3—4e §—E
9 14+ 6e)(11
(9B e, w27 —|-5€)( + 8¢) csc(me) Fooe(r). (3.52)
47 I (§ + 6)

We can also directly compute the Wilson loop and check this result. The relevant diagrams
are the same as in figure 2. An analogous calculation for the Vi, i3y potentials yields

dek » qu 1
2 —ikr CG

~ 3.53
Soft— gB/ (27r)de / (QW)DM“ (q) 20 —i0° ( )

T
lim [ dt ((gEL(t)gE:(0))).

T—o00 0

which is equal to eq. (3.52).
Using this result and eq. (3.30) we obtain

ny

4

. . " g €+ 1)csc(me

e ZThm (Ti'avTi'ai(t))e z et 1) wolng)
i—1 W —00

Far? gaero 31 (e+3)

Tanf_QE(r) (354)

soft
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from the comparison to eq. (3.32). Note that this results from a nontrivial cancellation of
non-Abelian contributions so that only light-quark effects survive. This is precisely what
should happen according to eq. (3.32). We can also confirm confirm eq. (3.54) by direct
inspection of the cp +ci! term of VT%,’O) (but now written in terms of light-quark operators),
which, thus, provides us with an independent check.

Finally, by comparing the terms proportional to c% we find

o T CrC g4 €+ 1) csc(me
zThm dt{(gB1(t) - gB1(0)))c = F2 Aﬁ ( ) 675( ) 5
—oo Jo woft T (e — 1)2%+4q 2T (6 + 5)
x (4€% + € — 5) F_ac(r). (3.55)

2,0)

With this we have already exhausted all contributions to Vr(w . Therefore, we conclude

that all the remaining terms are O(a?), i.e.,

i T t to
i [ [T [t - 02 (00 9B )0 (1) 9B 0)

T t
+ % (VZ’« Jim ; dtl/o dta (t — ta)> (9B (t1)gE1 (f2) - 9E1(0)>>c>

i , T t1 A
— L (ViE©) Jim /0 dty [ dta (01 = 12)* (4B ()9 1) - 9B (0)c

T—o00
+ L (V" li
— 1m
4 " 0

~ % im / dt (g} (1) 9B (0)) (Vi EO) (Wi EO)

T ) )
dtt3<<gEa<t>gE{<o>>>c<v1E<“>>)

12T
cg(l)
U e [ ' lim (G (0) Gl ()G 0)
1, t
~ 59 ZTIE&/ dtl/ dts (1 — t2)* (T g 70T ¢ (t1)gE1 (t2) - gE1(0)))e
j:

- T
1 . _ _
b ig? } :1 Jim [T g0 T (0T 0T g 0).
~

T
" tz«gEg<t>qu-mquj<o>>>c)

_ ;g2 Z (Vz Jim

0
”f
_ 192 Z lgréo/o dtt ([T} g0y qj( )gE1(0)) (VJE'( ))
j=1
hl(1 ng
- 627()92 Z im  (@iv04i(t))e — /d3x lim (520 = 0. (3.56)
8 =g Tw e Twoo 0 7]

(L,1)

Unfortunately a similar analysis for V/ W gives much less information on the values of the
different contributing Wilson loops.

~ 98 —



4 Determination of the O(a®/m) potential for unequal masses

The O(a?/m) potential for the unequal mass scheme was computed first in the on-shell
matching in ref. [11]. The D-dimensional expression in the same matching scheme, but for
the equal mass case, can be found in ref. [35]. The O(a®/m) potential for equal masses was
obtained in ref. [15] using on-shell matching and the O(¢) piece can be found in ref. [36].
Overall, the equal mass result (to the highest order in € presently known) reads

2 2 2 26 2e
~(1,0) (0,1) } _g9°mCF 912 (1 Bol 1 k
[Vonfshel ‘/on shell m=mi=ms 4k A bl + 47T 27T € v2e

1 921/26 er b2L 1
+7T< i )<V2E —7+b2+eb2€+0( H) e, (41)
where

2(1 .\ (L
by = (47T)_€F 7(3)/—2; 21P—i-(226) ) <C;F (142¢) —Ca(1+ e)) , (4.2)

4
bor, = g(C’i + 2CACF>,

101 4 65 8 19 2
by=—C +om2) +CaCr (= — SIn2) + —=CuTpns — =CpT.
A<36 3n>—|— AF<18 311)—1-36 Abpng — gCrLpny,
631 15 , 65 8 17 11, 4
boe = — Tos o™+ 52— Sn?2) — Celny ( 32— o’ — S In2
2 CFCA<108 6" "9 "cT3™ > Cr F”f<27 36" 9“)

1451 161 101 4 115 5 49

2 2 2

et it n \Tr 2.
(216 " 18 2 31 2) Calpny ( 54 18" 18 2)

Note that, unlike the expressions for the potentials in the previous sections, we have written
the potential in eq. (4.1) in terms of the MS renormalized coupling g? evaluated at the scale
v (see eq. (2.10)),'* because this allows for an easier comparison with the results of ref. [15].

It is the aim of this section to obtain the expression for the 1/m potential in the
unequal mass case for the on-shell, off-shell (CG and FG) and the Wilson-loop matching
schemes described in section 3. We will rely on the 1/m? results obtained in section 3, as
well as on the results of ref. [15]. A key point in our derivation will be the use of the field
redefinitions discussed in section 2.3.

Based on these field redefinitions we have argued in section 3 that through O(a?)
the potential coefficients l~)p2 and D, are the same in all three matching schemes. We
have checked this prediction explicitly for on-shell and off-shell matching. We have also
determined all other 1/m? potentials at O(a?). Our results of section 3 thus represent the
complete O(a?/m?) potential in the Wilson-loop, off-shell and on-shell scheme.

The scheme differences can be compactly expressed in momentum space:

f/s,X = ~57on—shell + 5‘7)((2) ) (43)
O(1/m?) O(1/m?)
where
2 2\2
~2 (P =P (520 1 (1,1) 1
== Y’ (D k D k 4.4
oVy K < off X ( )<m% +m2 + Dy x( )m1m2 ; (4.4)

MFor brevity, we avoid writing out the argument, i.e. g = g(v) is understood in the following.
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and the subscript X stands for the matching scheme: Wilson-loop (W), CG or FG. The
term 5‘7)((2) has the same structure as eq. (2.69), and can be completely eliminated through
the field redefinition in eqgs. (2.61), (2.63), generating a new 1/m potential: 517)((1), which
can have a nontrivial dependence on the masses.

This ¢ f/)((l), plus the on-shell scheme expression of the 1/m potential in the equal-mass
case, is all we need to derive the O(a/m) potential for unequal masses in the X or on-shell
schemes. The reason is that

77(1,0) (0,1) (1,0) 7(0,1)

V. 1% v V.
X + X + 5V( ) — on—shell + onshell] ) (4‘5)
m m=mi=mg m m m=m1=ms

The potentials f/)(;’o) and V)((O’l) are the unknown quantities in this equation. They do
not depend on the mass, because, as discussed in section 3, all schemes X admit a strict
1/m; expansion. Hence eq. (4.5) allows us to completely fix the (original) 1/m potential
‘7)((1,0) = ‘7)((0’1). We emphasize that this is possible because we know the complete off-
shell 1/m? potential. In addition, our 1/m? results contain the full information on the
m; dependence of the potentials. Therefore, we are also able to determine the O(a®/m)

potential for unequal masses in the on-shell matching scheme, as we will see below.
We start with the results in the Wilson-loop scheme, where the appropriate field re-
definition gives

) _ (g%) k2 QC’Fd1+<4 ) k4€C’2 473 17272¢ cge(1e) sec(27e)
m=mi=ms

"
m oV ir) k k F3(2e+1)(2e+3)T(2—e)T(3e+1)

x{Ca (136€" +363¢>+297€* +89¢+15) —12Tpny(e—1)(e+1)(3e+1)}
77012:92 g2 5 2 26 ﬂO k2e
= Z k%4, (1 1—
4k 4 di|\1+ 4 2 € v2e
1 (202 \° (k2\> /4 .1 (65 8
- =) (= m2) Cu— 2T
= ( in ) o) \3Cact g 3n?) Ca—gTrny

631 1572 65In2 8In22
+¢€|Ca + - +

108 ' 16 9 3
17 117 4In2 2
+EMf(27+36*‘9 )}+O&0}7 o
with
. 2_26W%1—6F (% 4 6) sec(me) (4.7)
T(1+ 2€)
(1,0)

We can now use eq. (4.5) to determine VW We find the following momentum space

coefficients according to eq. (2.32):

DY = Cag = - o), (48)

D= () e, (o
+ % <i::)26 (;C’Al + ;L—gTan —Cy <1??61 + 1n2>

[CA<1241561 - 1671;2 +%11 2+§ tn’ 2) TF”f<151415+Eg+1121 2>}+0(€2)> '
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Note that these coefficients refer to the expansion of the 1/m potential in powers of g%.
After Fourier transformation to position space we obtain

T
V0 = — L i / dt t (9B (1) - gE1 (0))
2T*)OO 0 Soft

_ wCACrg? g% 2(1 +¢) R ZNC | F1—4¢(r)
N 8 4 1+ 2¢ diF12e(r) {1+ 4t ) 2me 1 V2€ 1 _oe(T)

2-2¢\ 2
g\ 1 Froge(r) (2 , 1 49 101 4
— —Cy—+ =T, —Cy| —=—+=-In2
+(47r)7r vie 3A6+36 Fhy A tam

36 3
1451  161x2 101 4
—_— —In2+-1n%2
+6[C'A<216+ ™ +18 n +3n >

115 572 49
—T 4+ 4 In2 2 ) 4.1
an<54+18+18n>}+(’)(6)>} (4.10)

Note that this expression does not have terms proportional to the color factors C%C’ "4 and
C’%T rny. This appears to be similar to the static potential, where there are no C’% terms
at O(a?) due to the exponentiation of diagrams. Here, it is the fact that we consider
connected Wilson loops, which seems to eliminate such contributions, see eq. (3.20).

Just like eq. (4.6), it is straightforward to identify the field redefinitions that relate the
potentials obtained in the Wilson-loop and the CG/FG off-shell matching schemes. We
emphasize that the differences MN/V(VQ) — 5\70(2 and 5‘7‘/(1/2) — MN/F%) are precisely of the form
of eq. (2.69) with a mass-independent (k). Hence, according to the field redefinition in
eq. (2.64), the corresponding differences in the 1/m potential are proportional to 1/m, =
1/my + 1/mg. This explicitly verifies that the strict 1/m expansion also holds for the CG

and FG off-shell schemes.

We now give expressions for the 1/m potentials in the latter schemes. The CG/FG
coefficients in eq. (2.32) read

= (1,0 = (1,0 = (1,0

Dy = Dy = Dyed:, (4.11)
~(1,0) _ ~1,0 , TOrCa sec(2me)l’ (e + %) I'(2¢ 4+ 3)

Paca = Do+ 5 (1 — el (2e + ) T(3e + 1) (4.12)

2
~ ~ CaCr  sec(2me)'(e — 1) 25€
DU = Do - T 12 — 20€% — 39¢? — =5
3FG ~ 73, 6 (837)2T(3e+ 1)(3 + 2¢) c T Ty

AT (e+3) T2 +3)
T(e+ 1) (26 + 3)

) o (4.13)

In the CG computation it is easy to see that there are no C%T rny contributions to the
1/m potential by inspection of the possible diagrams at O(a?).

Furthermore, as stated above, we can determine the NLO 1/m potential in the on-shell
scheme for unequal masses. Now, however, the field redefinition relating it to the off-shell

potentials induces a non-trivial dependence on the masses, because 2D(()?f’0>)( =+ Dgf’l))( in
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eq. (4.4). We obtain

0
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2
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We remark that in the first equality we keep the complete € dependence of the terms

proportional to the color factors C’%C’ 4 and C’%T rny. This is an outcome of our calculation.
In the second equality we expand to O(e).

Finally, note that, unlike for the off-shell and Wilson-loop potentials, it does not make

sense to define V(; 3hell alone. Only the combination

(1,0
on—shell + Von—shcll
mi

is meaningful.
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5 Renormalized potentials

So far we have obtained the bare potentials for different matching procedures. The different
results can be related by unitary field redefinitions. Therefore, the physical spectrum of
the quark-antiquark system will be the same irrespectively of the matching scheme used
to determine the potentials.'® In order to produce physical results one always has to add
the ultrasoft contribution to the respective observable. The ultrasoft calculation relevant
for the determination of the B, spectrum yields the following contribution to the (singlet)
heavy quarkonium self-energy (in the quasi-static limit) [17, 22, 37]:

T(2+ e)[(—3 — 2e)
7T2+e

Y p(1 —loop) = —g5CrV3i(1 +¢) r(hs — E+ AV)*t2¢ | (5.1)

where AV = VO(O) — v,

In general, ultrasoft contributions will depend on the basis of potentials used, but, up
to the order we work at here, it only depends on the static octet potential, which is not
affected by the field redefinition in eq. (2.63).

The (ultraviolet) divergences of eq. (5.1) that are associated with the pole of the heavy
quarkonium propagator (i.e. those independent of hs — F) should cancel the divergences of
the bare potential Vi. We collect the latter in dVj:

VMS L5V, = Vs, (5.2)

so that VSNTS produces finite physical results. This does not necessarily mean that VSNTS is
finite in the four-dimensional limit, as the cancellation of divergences should only occur in
physical quantities and not necessarily for each individual potential separately.

Let us elaborate on this point. We take eq. (5.1) and move one factor of (h;—FE) to the
left, one to the right, and the remaining one in is moved such that one obtains a (hs — F)-
free divergence that is cancelled by the counterterm (note that V;2 does not appear in this

expression):
1 1 2 d
(GF) _ [ .2 3_ 1 (0) o2 £ 4 1-(0)
oV (r (AV) Sm? [p, [p,VO ” + Sm? {p*, AV} + mrAV (Tdrv >
) d d 2
+ (AV)*(3d = 5)+4AV | (r—AV |+ AV |+ | [ r—AV |+ AV
2my, dr dr
1, .1 gio*
X CFVA 3r dn (53)

This expression was used in ref. [4]. It is however not unique. If we take (hs— E)? and
move one factor of (hs—E) to the left, one to the right, and the remaining one is split in

15Nevertheless, one should be careful with other observables such as decays. The Wilson coefficients of
the corresponding operators will potentially depend on the basis of potentials used.
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half and symmetrically moved to the left and right in eq. (5.1), we obtain

1 1 P
oV = <r2(AV>3 = gz [P [PV 4 g 7 3z (P {0107, AV} )

d d 2
2007 @ =
+ p— (AV)2(3d — 5)+4AV <<r dTAV> +AV) + <(r drAV> +AV> )
1 o 1 ghi*
X CFVA—37r = (5.4)

Therefore, even if eq. (5.1) is not ambiguous, egs. (5.3) and (5.4) are. Still, they are related
by field redefinitions, or in other words, they differ by terms of O(hs, — E).'® Hence,
combining eq. (5.3) or eq. (5.4) with our expressions for the potential yields the same
physical result for the spectrum. Yet, note that in Vs cq — (5VS(W) there is no cancellation
of the divergences: we cannot get finite four-dimensional expressions for the potentials.
Formally this is not a problem, because the uncanceled divergences vanish in the calculation
of the spectrum, but we are then forced to compute intermediate results in D dimensions.
In practice, it is therefore convenient to find finite renormalized expressions that allow us to
work in four dimensions. This is achieved by subtracting 5V5(W) from V, y and 5V3(GF) from
the bare potentials in the CG/FG off-shell and on-shell schemes. Finally, using eq. (2.10),
that V4 = 1 with leading logarithmic accuracy [39], and the relation between the bare and
renormalized expressions of the NRQCD Wilson coefficients presented in section 2.1, we
obtain the renormalized potentials for the different matching prescriptions.

In order to simplify the notation we drop the index MS of the NRQCD Wilson coeffi-
cients in the expressions of the renormalized potentials we give below. Note also that the
divergences of the bare NRQCD Wilson coefficient ds, we use in this paper (computed in
FG), do not cancel the divergences of V( b , they rather compensate the divergences of
V(2 9 and V(O 2 On the other hand, had we computed the NRQCD Wilson coefficients in
CG, we would find no mixing between these potentials for the cancellation of divergences.
See the renormalization group equations in ref. [40] for the latter case.

We now list the final expressions for the renormalized potentials obtained in the dif-
ferent matching schemes in position space. In the off-shell CG scheme they read

Cra « )
V2O () 71; <Cg> n { 5 (cﬁ)) +chl(1)) Tengs + <36 (1)2+ 5 ln2> Ca

N <<4+ 31 > (1) 4 M )) Tan) 1n(y)})47r5(3)(r)

Cra? 5 (1)2 e (1) 1
* {<4+6 Ca g (B + ') Tong prens, (55)
S C Oé 1 8

Vet ) = = —Ca (1 - 31n2> , (5.6)
1% > CG (r) = . ;CA In(vre™), (5.7)

65ee also the discussion in ref. [38].
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_ . A
Vr%l)’MS( ) = [ (dss + Crdys) + Cra (1 + a{gcA ﬁ - *CA In2

O 2 6
7
—ETan—i- ( CA—3CF+ﬁO) n(v )})]4%(5(3)(1')
Cra? (11 7 Bo 1
+27r(120A3CF+2 regﬁ, (5'8)
Cra(e 7B /r aCsy 8 1
VL%QG (7«):W{1+W(%—cAln2+9Tan>}, (5.9)
wyMs .\ _ _ Cra(e"/r) af_Ca_2 2 e
Vizoa ( )= . 1—1—7r 18 gnpr+3CAln(1/7“e )) ¢, (5.10)
(1 0OMS, \ _ CFCAQQ(G_VE/T) 89 B @ B §
Vo (r) = 2 1+ 3GC 36Tan 3CF1n2
+3(C’A+2Cp)ln(l/'rew)>}. (5.11)
In the off-shell FG scheme, we have
0),MS MS CpCaa? 35 1
ViTRa ™ (1) = Vi Sty (1) + —5 2 <21 2+ 7 6) [27r53(r) - T3LQ] . (5.12)
MS MS 2CrC a0 35 1
VSTEE (r) = VAT ooy (1) + 222 (21 2+ 16) [27r53(r) +T3L2], (5.13)
MS S C2a3 35
Via"™ () = Vigutbm (1) — 503 Ca (2 In2 + 16) (5.14)

The renormalized potentials obtained from the Wilson-loop prescription are

VS = e (c&? . O‘{

s

(i)

S (1), h(Q) 13 D2 8
g(cD —i—cl )Tnf—i- 36 +3 Cx
Cu

cD + >) Tan> 1n(u)}>47r5(3)(r)

. ng {<§ RUE > Cu— ; (CS) +cilzl(1)) Tan} reg%ga (5.15)
0 -2 (8 S,
Vé;:%’m(r) = - CAf:a2 <§ + %ln (WeVE)> , (5.17)
VDI () [ oy Cpdy) + 75 (1 L {220,4 + S8 Trn,

+ (-0 30+ &) i) [ ams e

+ Ore (-0 30+ 2 ) rency (5.18)
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s, . Cra(e” 7% /r) a (97Ca 1 8 E
View (r) = 5 1+ e + 9Tan 3CA In(vre?®) ) o, (5.19)
18 9

_ CrC 2(,—VE 49
Vi) = - SR 1 2 (g0 - gTeny + goamerer) ) |

36
(5.21)

MS —YE
vADSSE = o2 ) {1 + & (230,4 ~ Tpny 4 Caln (wew)> } . (5.20)

Finally, we present the renormalized potentials in the on-shell scheme:

V;”(,Onlshell(r):T <C§))+ﬂ_{ 9 ( ( )+Cl (1 )>T nf+<36 %) +3> CA
+ ((20%) —|—4> Cy % (cg) —l—c}fl (1)) Tpnf> ln(u)}) 476 (1)

Cra? [ (5 ()2 2 (), mQ) 1
+ y {<6F +4 ) Cy 3<CD +c )Tan regr—g,

(5.22)
1
V(2 21)1 et (1) = — Cg: ~Caln(vre™®), (5.23)
(1,1),MS Cra afar 1 Cr
V;’,onfshell(r) [ (dss + Cdes) + 2 <1 + ﬂ_{ 4 120,4 + 3
( Cy— —C’F + 60) (y)}>]47r5<3>(r)

+ — 1 7r(60,4—3C'F—1—2>regr3, (5.24)

—YE
V(l ir)lMsien(T): - CM {1 + % <a1 + gCA In (m”e'YE)> } , (5.25)

V(l’o)’MS(T) V(O’l)’MS(T‘) C2a2(e™ 2 /r) m, «
on—shell + on—shell _F ( 5 / ) (1 4 7(0,1 _ 60)) (526)
mi ma 27" mi1ma 27

CrCaa?(e™7® r) « 49
— " 1+ CA—%TF’QJC—CF—F (C’A—FQCF)ln(l/re"YE) )

We remark again that in egs. (5.15)—(5.21), the renormalized expressions of the Wilson loop
potentials have been obtained by subtracting eq. (5.4) from the soft Wilson loop result,
whereas the rest of renormalized potentials have been obtained by subtracting eq. (5.3).
Any of the above sets of potentials produces the same spectrum. We also stress that our
renormalization procedure does not just subtract the 1/e poles, but also adds some finite
pieces and an € dependence to the renormalized potentials. We do this in such a way that
the ultrasoft bound state calculation is simplified, see section 7.2.

The above renormalized potentials can be transformed to momentum space. We display
the resulting expressions in appendix D.
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6 Poincaré invariance constraints

Poincaré invariance (of full QCD) poses constraints on the form of the heavy quark poten-
tial. In the context of our computation the following two relations can be derived

2,0 1,1 rdb © !
2‘7(2 ) V(2 ) A =0, (6.1)
2,0 1,1 d © r)_
“f(2 ) 2‘/'(2 ) V(O) (7«) + TA =0 (6.2)

Note that they do not involve the NRQCD Wilson coefficients.

These relations were originally found in ref. [33] by explicit calculation of the po-
tentials in terms of Wilson loops. In the context of pNRQCD, and explicitly using the
Poincaré algebra, they were deduced in refs. [41, 42]. We have checked that our results
fulfill these equalities: we have explicitly verified that eqgs. (6.1) and (6.2) are fulfilled by
the renormalized potentials obtained from off-shell matching in CG [egs. (5.5)—(5.11)] and
FG legs. (5.12)—(5.14)], and from Wilson-loop matching, [egs. (5.15)—(5.21)]. They also
hold for the respective bare (D dimensional) potentials.

On the other hand, we stress that the Poincaré invariance constraints cannot be applied
to the results in the on-shell matching scheme. The reason is that egs. (6.1) and (6.2) are
derived assuming a certain mass scaling of the potentials. This assumption does not hold
for the potentials obtained by on-shell matching, as the latter mixes different orders in the
1/m expansion.

Finally, it is easy to see that the above Poincaré invariance relations are not affected
by our field redefinition in eq. (2.64), as the latter produces shifts of the form 5V(;’1) =

L
25‘/1(,370)’ 6Vr521’1) = 2(5VIE§’O), and leaves the static potential V() invariant.

7 The B. mass to N3LO

We are now in the position to compute the spectrum of a heavy quarkonium bound state
made of two heavy quarks with different masses with N>LO accuracy in the weak cou-
pling limit. We have derived explicit expressions for the (spin-independent) relativistic
corrections to the potential. For ease of reference, we quote the known expressions for
the renormalized static potential and the spin-dependent potentials in section 7.1. They
are not affected by possible ambiguities due to field redefinitions of the kind discussed in
section 2.3 to the order we are working at. The static potential is, however, affected by
ultrasoft divergences, which we renormalize following the discussion of section 5. In sec-
tion 7.2 we quote the energy shift produced by the ultrasoft contribution. In section 7.3 we
quote the energy shifts associated with the static potential. In section 7.4 we compute the
energy shifts associated with the relativistic corrections to the potential, and in section 7.5
we present our final expression for the heavy quarkonium mass.
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7.1 Static and spin-dependent potentials

The MS renormalized static potential reads

Vi) = - fr 3 (1

) i}, (7.1)

with the coefficients
a1 (r) = a1 + 26 In (ve'®r),
2
ax(r) =ag + %53 + (4a1Bo + 2B1) In (ve™®r) + 4502 In? (ve'®r),
2_2 57 3
az(r) = a3 + a1 Bym + ?5051 +16¢30;
16
+ <27r2ﬁg + 6a280 + 4a181 + 2B2 + 3Cj’7r2> In (ve’®r)
+ (12(11502 + 10801) In? (ve ®r) + 843 In? (veEr) . (7.2)

Explicit expressions for the coefficients a; can be found in the literature [20-24, 37]. For
ease of reference we list them in appendix A.

The spin-dependent potentials have been defined in egs. (2.23)—(2.25). Their renor-
malized expressions read (renormalized NRQCD Wilson coefficients are understood)

20y _ Cro(e!2/r) [ 1) _«a rv 5
Vg '(r) = 9 3 s ~ 7 1\36 +1 (61_7E> Ca+ 9Tan ; (7.3)
Vg ) = v (7“ &) — c(s)) ; (7.4)
.y _ 2Cr [ (1) @) 3
VSQ (’I”) - 3{CF CF o — 27TCF (dsv + Cdev>
o? (-1 5 Bo 7 5
T <72C'A - §nfTF + (2 — CA> n (v )) }4776 (r)
C’F 062 50 7 1
+6ﬂ<2‘f¥m%w (7.5)
ayn, , Cr 06(64/377‘?/7“) 1) (2) 13 vr 5
Ve () == =5 {cpcr + o~ (m) Ca=onfTr| ¢, (T6)
11, N _ O‘(GI_WE/T) (1 , « 13 1 vr 5
VLQSI (T) — CFT CF + % % — 5 ln (ﬁ) CA — §nfTF y (77)
Viys (r) = Viys) (7“% o — cg)> : (7.8)
where
1 1 [ &Pk e
—les g = / (27[_)36 Ink. (7.9)

Egs. (7.3) and (7.6)—(7.8) correct misprints in eqgs. (70) and (71) of ref. [4] (when setting
the masses equal). For the spin-dependent potentials, in this paper, we can work with the
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four dimensional expressions for L - S;, S and S2. Even though the (soft) matching
calculation for these spin-dependent potentials exhibits ultraviolet divergences, they do
not require renormalization in pNRQCD. The divergences exactly cancel the ones of the
NRQCD Wilson coeflicients, so that the overall spin-dependent potential in pNRQCD is
finite (to the order of interest), cf. egs. (7.3)—(7.8).

The spin-dependent potentials are unambiguous (at least to the order we are working
at). They were originally computed in ref. [11] at NNLO, in ref. [43] for the N3LO hyperfine
splitting, and in ref. [12] the complete expression for unequal masses was obtained.

7.2 The ultrasoft energy correction

Combining the results given in refs. [18, 19, 37] we find for the ultrasoft contribution to

the energy:
379 1 5\ /C%2  4C4Cp
SEUS — _EC(L SO LE v+ o, (L, - L e A TAVE 7.10
nt n o |30Fm g0 )2 T (7.10)
8 1 8610 Ca 5
2€02% [ —=  _ — —_— - L,—L —
+2CF <(2l+1)n n2>>+ gn CF\ 775 ustE )|
where

02 2 -
po — _Chelmy. Lyzln(m>+sl<n+z>, LUS:In<CF2an>+Sl(n+l),

2n2 2m, Cra
(7.11)
and
1 > B3k K2\ EC
LE = 2(EC - 1 L 12
n C%OPEg/O (27T)3|<r>kn| ( n 2m7~> nEC 2 (7.12)

n -~ 2m,
Numerical determinations of these non-Abelian Bethe logarithms were obtained for low
values of n in ref. [37] for [ = 0 and in ref. [44] also for [ # 0.

7.3 Energy correction associated with the static potential

This contribution we extract from the results of ref. [44]. We (partially) adopt their no-
tation in the following. For the ground state and first excitations the contribution was
computed in refs. [45-47]. It follows from standard (time-independent) quantum mechan-
ical perturbation theory up to third order and reads

; _ C Q@ o 2 c o 3 c
5E(n,l,s,j)‘v(0> — EC (1 +SP(L) + (W) PS(L,) + (W) P3(L,,)) . (1.13)
where
Pi(Ly) = BoLy + % ; (7.14)
3 2 3
Pi(L,) = 2par2 4 (20 4 Or 3P0 p e (7.15)
4 2 4 4
cir y_ Lo3rs 765 | ThoBi | 3 o 2
Pg(Ly) = 9 OLl/ + < 3 + 16 + 4,60(11 LI/
B85 Bobr B 3 38141 5 C%
+<4 4 +]_6 850a1+ ,8002+ 16 +C3+7T 6 (7 6)
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and

2 2
c_ai a2 foar g (n ™ (,_2n 1 n
ot B0 g (e + T (1- 3 as) - g+ )+ 3o )
(7.17)
2 2 3
= Boar | 3Boai  Poaz  Prar  ai  3arar LB a1c§ + BoPro(n, 1) + Bir(n,1).

8 32 16 16 16 32 ' 32
(7.18)

Expressions for the different functions involved in these formulae are quoted in appendix I.

7.4 Energy correction associated with the relativistic potentials

Here we explicitly compute the energy correction up to N3LO associated with our results
for the relativistic 1/m and 1/m? potentials. Recall that there is no O(a/m3) potential.
The non-static (i.e. relativistic) NNLO correction to the bound state energy reads

2
SE(n,l,s,j) = EC (9) coe, (7.19)
Y

ne 2m2n?C%, { 1 — 6o <TTL2
3

nmima (1 4+1)(20+1) \'my
m2m2Cr 1 1 8n Ca

s — | = !
+ i {mlmQCF—{_m% [ 30F+2l+1 (CF—I— 2 ) nCF5lO]}

= o8P 4 oSt (7.20)

m 89
Xrs, + (Ds+2X1s) + Tn;XLSQ> + 10312}

and Xrg, Xrs,, Ds and S12 have been defined in appendix G.

By default we will use the on-shell potential for the computation, as it will ease the com-
parison with other results, in particular those of ref. [44]. We split the computation of the
N3LO correction to the bound state energy into a spin-dependent and a spin-independent
part. The spin-dependent contribution can be organized as follows:

(2,0) (0,2) (1,1)
V. V. V. 16Crra 1
OB s = (nl| | =35 5D 5D 1) + m———S1a(nl|Vi —————6%(r)|nl
nis = (0] ( m? + m3 t O(LZ)) Rl 12(nl|Vy (EC 1y (r)|nl)
aCrp m1 mo 1 1
+ p— <D5 +2X15 + meXLSQ + 7711XL51> <nlW17(E§ - h)/T73|nl>
« 3 nc nc
— EC (;) (03 SD _98,L,cl ’SD) , (7.21)
where )
1 . 1 1 p
(EC—hY  momc <E—h E—Eg> ’ omy, e (722)
and
. o _ Cra «
VC = —CF; y V1 = —75(250 ln(m’ew) + CL1) . (723)
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Using the expectation values given in appendix G for single and appendix H for double
potential operator insertions we find
,SD n ,SD
g =7 <C%€§]3F + CRCaRA + CETrns€ipus — 5 Poch’ ) : (7.24)

The terms §iSD are given in appendix I.
For the spin-independent part of the energy we proceed in the same way. In this case

the energy shift can be written as
(1,0) (0,1) y2.0)  02) 01
V V > |nl> +<nl| ( SI2 + SI2 + SI
ml m2 mimeo

SEST = (nl| ( +

l
- - nl)

O(a?)

O(a?)

1 1 1
§Bus—~ [ —=+—= ) (nl
+obus 4<mi’+m§)<n|vl

1, Cra 1 1,
—_— l)— l - l
i el s {2

9 My Ca 1 1 Crrma 1 3
Cra <CFm1m2 2mr) (n ‘ ! (Eg—h)' r2 |nl> m% <nl| ! (Ec—h)/(S (r)\n >

(1,0) (0,1) y20)  02) A1)
<nl|(v Y ) |n1>+<nZ|< ey
mi ma my ma mims

|nl)
O(a?)

O(a?)
B+ - (1o (nl|Vi|nl) (n|Ve|nl) — (nl|ViVe|nl)
USs 2m7~ P — T 1|nt){n cl|n n 1Vo|n

Ci.am,

1 1 o? C 1 1
Vi rnl}) Cr (Cp + A) (il Vi

(B —n)'r?

+ |nl)
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Using again the expectation values in appendix G for single and appendix H for double

potential insertions we obtain

3 2
_83(r)|nl) = EC (9) (CEC’SI—2BOLVCSC’SI—7T6CI‘ZLV> . (7.25)
s

nc

3 St = 72 <C,?Zx Eann + C4CF Eanr + CaCFTEN tEAFn, + O3 Trérr + CHERLE
n
+ CRCaGn + CFTim &kne — ¢ B0y (7.26)
The terms &; and &}SI are given in appendix .

7.5 The O (ma5) spectrum for unequal masses

Summarizing the previous results, we can present the complete expression for the en-
ergy levels of a heavy quark-antiquark bound state with unequal quark masses and N3LO
accuracy:

2 3
E(n,l,s,5) = EC (1 + 2P+ (3) Py(Ly) + (9> P3(LV)> , (7.27)
T T T
Pi(Ly,) = BoLy + % ; (7.28)
3 2 3
Py(L,) = SB2L% + _bo + A - foar L, +ca, (7.29)
4 2 4 1
_ L33 768 BB | 3 2
P3(L,) = 5 oLy, + <— s T 16 T 450611 Ly
B3 Bobi B2 3. 3B1a1
+ ( 1 1 + 16 8ﬁ0a1 + 28pco + 6 L, +c3, (7.30)

where ¢; = ¢ + ¢;°.
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We have checked that for the ground state the result agrees with the NNLO B, energy
given in ref. [48]. For arbitrary quantum numbers the NNLO result can be found in ref. [49]
(though in a basis different from ours), and in ref. [50] for the equal mass case. We have
also checked that our results agree with the N®LO energy in the equal mass case, which was
obtained in ref. [45] for the ground state, in refs. [46, 47] for S-wave states, and in ref. [44]
for general quantum numbers. We also agree with the numerical results given in ref. [51].

All relevant definitions for the functions and parameters in the previous formulae can
be found in appendix I.

8 Conclusions

In this paper we have computed the O(a?/m?) contribution to the heavy quarkonium spin-
independent potential in the unequal mass case. We have obtained the bare expressions (in
D = 4 + 2¢ dimensions) for different matching schemes in momentum and position space.
We have performed all our calculations in Coulomb and Feynman gauge. Perturbative
evaluations of loop diagrams in Coulomb gauge have always been thought to be compli-
cated and difficult to handle, especially for non-Abelian theories. On the other hand one
typically has to compute less diagrams in that gauge. For the one-loop calculations (using
dimensional regularization) carried out in this paper, Coulomb gauge has proven to be a
competitive method.

In momentum space, the results are encoded in the coefficients Dy. The coefficients
15;22’2), D%O), [);12’}2) and DSQ’I) are independent of the matching procedure. Their expres-
sions can be found in egs. (3.8)—(3.11). The expressions for Déif’g), Dgfé) are matching-
scheme dependent. They vanish in the on-shell matching scheme. For off-shell match-
ing in Coulomb and Feynman gauge we give their results in egs. (3.12), (3.13), and in
egs. (3.15), (3.16), respectively. Wilson-loop matching yields the corresponding expres-
sions in eqs. (3.43), (3.44). The results for the individual potentials in terms of Wilson
loops are manifestly gauge invariant.

These results, obtained from different matching procedures, can be related by field
redefinitions. We have identified the field redefinitions that relate the O(a?/m?) heavy
quarkonium potentials in the different matching schemes. These field redefinitions are
valid in D dimensions and can be applied to the bare potentials.

Our calculation yields an independent determination of the bare O(a?/m) potential
proportional to the color factors C%C’ 4 and C%T Fny for unequal masses and for the differ-
ent matching schemes considered in this paper. For the equal-mass on-shell case it agrees
with the results of ref. [15] up to O(e), but we remark that we also predict the complete €
dependence of these terms. Using the equal-mass on-shell result of ref. [15] together with
our new O(a?/m?) potentials we have determined the other terms of the O(a?/m) poten-
tial (proportional to C’FC’% and CrpCaTpny) for unequal masses and the three different
matching schemes to O(e).

For the 1/m potential in terms of Wilson loops we summarize our results in eq. (4.10),
and the corresponding momentum space coeflicients ﬁg{,g) and Dé’l{/g) can be found in
egs. (4.8) and (4.9). In the off-shell Coulomb and Feynman gauge matching schemes, the

— 492 —



coefficients ﬁél’o) and Dél’o) can be found in eqs. (4.11)—(4.13). In eq. (4.14) we present the
position-space expression for the unequal-mass 1/m potential in the on-shell scheme (note
the non-trivial mass dependence). In the latter case it is actually meaningless to define the
coefficients D19 as they would depend on the heavy quark masses.

We remark that, in the Wilson-loops scheme, the terms of the O(a®/m) potential
proportional to the color factors C%C 4 and C’%T rny vanish. For the Coulomb/Feynman
gauge off-shell matching the C}Q;TFTLf term is zero, whereas in the on-shell scheme all
possible color structures contribute. This suggests that using Wilson loops might be the
optimal setup to determine the 1/m potential.

In summary, we have obtained the bare heavy quarkonium potential for unequal masses
with the required precision to compute the B, mass with N3LO accuracy. We have de-
termined the renormalized potentials in the different matching schemes in section 5 and
discussed their dependence on the specific ultrasoft subtraction scheme. We have seen
that the relativistic potentials obtained in the Wilson-loop and off-shell matching schemes
(both the renormalized and bare expressions) satisfy certain constraints due to Poincaré
invariance, unlike those obtained in the on-shell matching scheme.

We have performed the computation of the B, mass with N®LO accuracy for arbitrary
quantum numbers in section 7. The final theoretical expression is given in eq. (7.27). Note
that, even though the expressions have been obtained in the weak-coupling limit, one can
easily obtain expressions valid for m,a? ~ Aqcp by subtracting the perturbative expression
of the ultrasoft contribution, eq. (7.10), and adding the corresponding expression in that
regime (which then includes nonperturbative effects). A phenomenological analysis will be
carried out elsewhere.

Other important results of our computation are the NLO expressions for the soft contri-
bution of the 1/m and spin-independent (and velocity-dependent) 1/m? ”quasi-static” en-
ergies in the short-distance limit. These “quasi-static” energies represent non-perturbative
definitions of the heavy quarkonium potentials. At this order, the “quasi-static” energies
start to be sensitive to ultrasoft effects. Therefore, our results are, in fact, factorization
scale dependent. To obtain “physical” results that can be compared with Monte Carlo
lattice simulations, like those performed in refs. [52-54], the ultrasoft contributions to the
relevant Wilson loops must be computed and added to the results of this paper. This
calculation will be carried out in a forthcoming publication.

The analysis of this paper allows us to grasp the advantages and inconveniences of
each matching scheme for perturbative evaluations of the potential. As a matter of fact,
we find that all methods appear to be feasible in practice. In particular we found that
perturbative computations using Wilson loops are not only feasible but may even have
some advantages: the potentials in terms of Wilson loops encapsulate in a compact way all
the information related to the soft scale, they are correct to any finite order in perturbation
theory, and neither kinetic operator insertions nor potential loops have to be considered
in the computation (which otherwise can be quite cumbersome at higher orders). We
emphasize that, in the case of pure QED, it is possible to obtain closed expressions for
some potentials, so that only a few orders in perturbation theory contribute. This implies
some all-orders non-renormalization theorems (for the QED part) and, thus, constrains
also the ultrasoft contributions.
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A Constants and useful formulae

1 N2 -1
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B NRQCD Wilson coefficients

We have cg) = cé(f) = 1 and cg) = 20&? — 1 due to reparameterization invariance [25].
In ref. [55], cp was computed with NLO accuracy. The other NLO Wilson coefficients to
O(1/m?) were computed for the one and zero heavy-quark sector in ref. [25] and for the
two heavy-quark sector in ref. [56], both in FG. Here we only list the Wilson coefficients

that are directly relevant for our analysis.!” Their bare expressions read

i i)MS i 9 v
C%):C%) (v) — ()C (BTr)

71 Lo, (B.2)

251

i i)MS i 4 £
653)2637) S(v)— < C’AC(D)—fCF—fC'A—fCACfp) +3Tan01 U) ?f:y 6+0(€)’ (B.3)
T Ca gpr* 1
_ IMS _ a4 JB”
dss— ss (7/) CF < 9 CF) (47’(’) -+ O( ) (B 4)

4 8 m1 mo My
gj49172E 1
dsy =S () + O(e) (B.6)
. 4 —2¢
oo =5 () + CAM@IBTL ) (B.7)

4 FTF (4m)2 €

The color constants Tr, Cy, Cr and the QCD [S-function coefficients (8;) are given in
appendix A. In the MS scheme the respective renormalized Wilson coefficients of the single

quark sector are (for m; # m;)'®

AMS () =1+ >(0F+CA)—O‘2(;)CA1n’Zi,

)CA — 4115(? (1 + mj)T + ﬂ <§CF + §CA> ln% . (B.8)

AMS () =1+

a(v
21
a(v
2

The four-quark Wilson coefficients for unequal masses are given by (note that for the equal
mass case the annihilation contribution should be included, see ref. [56] for the specific

"Except for

9(1) Cl( ”)
“a 907 ’ ( )

as this equation corrects eq. (218) in ref. [4].

!8The term in cp proportional to Tr does not appear in the result quoted in ref. [25]. Tt is generated by
the field redefinition that eliminates the operator GD?G from the NRQCD Lagrangian, see the discussion
in ref. [8].
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expressions):

_ 2
dggs@):a?cF(gA o)f”jnl(m) (B.9)
1 2
2 2 2
MS 2 m1m2 1 a”Cy 9 my
A0 =2 (S) + g e (0 (5) +9)
2
—m2< (;) >—3m1mgln<2>} (B.10)
my
S C @ ms 1 m? 1
MS _ A s« 2 My I R ey +
0 =cr (o) gy (0 () +3) -t (n (52) +3)).
_ 1 9 m3 1
() ) () )
Ca o 2 m3 1 m% 1
g [P (0 (52) +5) e (0 (52) 45
1 m3 0 m? 10
b <m(1n() 3) g<1n< ) m (B.12)
= 0.

At the order we are working, we can set C(Z)

However, if we are interested in the
resummation of large logarithms, we must keep ng) due to its non-trivial RG evolution.
For future purposes we will therefore retain the contribution proportional to cg) "in the
potential and only set it to zero in the final determination of the heavy quarkonium mass
with N3LO accuracy.

Since the basis of operators is not minimal, there are ambiguities in the values of some
Wilson coefficients. In particular the expressions of d,s and c¢p depend on the gauge used
to determine them (not only the finite pieces but also the logarithmic divergences, see
the discussion in ref. [40]). The expression we give here is the FG result. Also, as we
have already mentioned, there is an ambiguity on how the Pauli matrices are treated in D
dimensions, affecting the coefficient d,,. Here, we choose the prescription used in ref. [56].
This will also affect the soft computation of the potentials.

C The 1/m? potentials in position space

From our momentum space results in sections 3.1.1-3.1.3 and 3.2.2 we obtain the 1/m?
potentials in position space using eqgs. (2.54)—(2.59). For conciseness we write the position
space coefficients in terms of the ones found in momentum space. For a given matching
scheme X we have

DR (e) = DUV (€) = dus + Crdys (1)
D;227701)7 () =4m ([);22’? — 46D(()?§?1)7X> , (C.2)
DO (e) = 8n(1 + 20D . (C.3)

DR () = am (DE” + (14 20D ), (C.4)
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DG c(e) = 4m (DY) - 4eDliY) ), (C.5)

p?,1.X 1
1,1 ~(1,1
DY () = 8n(1 + 20D« (C.6)
1,]. ~ ]_,]_ ~ 1’1
Dv(",l,))((e) =4m (D£,1 )y (1+ 2€)D((>H,1),X) ) (C.7)
2,0 14 4e ~ 2,0
D£2,2),X(6) = 8WiD£ﬂ‘,2)7X y (CS)
(2,0) _ 5200 86 =(20)
Dp272,X(6) =A4r (DpQ,Z - 1_ GDOEQ,X) s (Cg)
2,0 ~(2,0 1 + 3e ~ 2,0
D£,2,))((€) =dr <D7(«,2 - 1< D(()fr,z)g() ) (C.10)
1,1 1+ 4e -~ 1,1
Dzl x(6) = 8Dk (C.11)
(1,1) _ ~(1,1) 8¢ =(1,1)
Dp272,X(6) =47 (Dng - 1_ eDoff,Q,X) , (0'12)
1,1 ~(1,1 14 3¢ ~ 1,1
D35 (e) = 4n <D7(«,2 "t . Déﬁ,g),x) : (C.13)

where X is “CG” /”FG” for the CG/FG off-shell matching scheme, “W” for the Wilson-loop
scheme, and “on-shell” for the on-shell scheme.

D Results for the renormalized potentials in momentum space

Upon Fourier transformation of egs. (5.5)—(5.26) and according to the definitions in sec-

tion 2.2.1 we obtain the following expressions for the coefficients of the renormalized po-
tentials in momentum space:

ﬁﬁQ’O)’m(k) _ Crra(k) {Cg) +% Kl 136%1)2> Cy— § <Cllll(1) +Cg)> Tpny

2 3 36 9
5wz _ 11 m) 1w ’
(D.1)
~(2,0),MS 2CFCAa2 k2
DGO () = A 1 () (D.2)
= (1.1).35 a 1 4 11 28 k2
+ Cdes + dss ’ (D3)
A(LD)MS, ) o 4 kj
D (k) = —4nCra(k) <1 + gy {al 30,4 In <V2 . (D.4)
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The coefficients Doff and D(1:0) depend on the matching scheme. For the cases considered
in this paper we find

D509 = CrCac? (5 - ym2). 03
Dgg,ggﬂ% = Cpra(k <1 + % {a1 +4CA + Bo — %C’A ln2}> , (D.6)
DU (g = ~IECAT I {1 & (B0, Bns — o
k2

20, 2o (€)]}. 5
DERES () = DEVEE 0 + 022 CrCs (2 2+ i’é) (D.8)
DS = D00 + a2 jcrca (2m2+ 5), (D.9)
DUOMS () — pLONS (1) m?)%q%oA (2 In2 + ?2) (D.10)
DEOM (1) = —%CFCAaQ (1 —4In (i)) : (D.11)
DS (k) = Cra(k) {1 + % [1390"‘ -~ 8Tg”f + gcA In <l;z>} } : (D.12)
DLOMS () = —CFCAZW {1 +2 Egc %TFW 3CA In (ljﬂ } . (D.13)

Finally, in the on-shell scheme (where obviously D(()ff o)nfl?ell(k) = 0), we have

on—she on—she 2,2 2
oo + o =Cpma (k)ilm2 (1 + o (a1 — Bo)) (D.14)
CrCan?a?(k) a (89 49 2 Kk?
AT A S (o, - 22 —Cp -2 In ( — .
om, +7[_ 36CA 36TFTLf Cr 3(CA+QCF) n 2

Note that the above expressions are not what one obtains by just subtracting the 1/e
poles in momentum space (which is what it is usually named MS scheme). The latter
renormalization scheme would complicate the (ultrasoft part of the) bound state calculation
for the spectrum. For our purposes, it is more convenient to do the subtraction in position
space, and the prescription we have proposed here is particularly useful, because it avoids
spurious logarithms of k?. We will refer to it as MS scheme in this paper. In this way we
can efficiently carry out the bound state computations in four dimensions.
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E Off-shell NRQCD amplitudes for the O(a?/m?) potential

The set of all one-loop diagrams relevant for the off-shell matching of the spin-independent
O(1/m?) potentials is displayed in figure 4. For the sum of these diagrams we obtain in FG

coy gy 2Nt ese(mo)
FG ™ 3mymy F(e+§)

(1)

@
3(4¢% + 9¢ + 5)k* (c)"m + () 'm3 —12(8¢% + 5€2 — 9¢ + 4)kZ myma
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— 2(16€® 4 76¢> + 109€ + 48) (p>+ p'*)k? + 2(8€> + 4T€? + T4e + 33)k*
+ (32€® + 72€% + 40€ + 6)k* [my (E1 + Ef) + mo(Bs + E5)]
+ (64€® + 168€” + 122€ + 21)k? [my (B> + EY) + ma(Er + EY)]

+A(86% + 1262 — 2¢ — 3) (4m1m2(E§ + E\Ey+ B2 + BB, + E? + EP)

— P2+ p"?) [mi(E1 + 2B + B} + 2E3) + ma(2E1 + Ea + 2B, + Eb)]

2 2
€ (p2+ p12)2 m1+ m1m2+ m2> o (6463+ 20062+ 186¢ + 45) (pQ /2)k2m
2mimo 2myme
2 2 2
+2(8€% + 34¢? + 45¢ + 18)kI L2 4 (8¢2 4 106 — 3)(p? - p'?)? mi + m3
mims mims

— (8¢ +19¢+9) (p>— p')® — 6(8¢% + 13 + 1)k (p>— p'*) (m1 — m2)]

+ CpngTr6(e + 1) [4k% (p?+ %) — 2(p*— p'°)° — 2k* — 8(e — 2)k mimo

g s + (e e

mimsa

— 4kg (p2 - p/2) (m1— m2)]

+ C%|8(16€% + 3662 + 20¢ + 3)k2[(p2+ p'?) — mi(E1 + E;) — ma(Es + Eb)]

+ 8(8€> + 12¢* — 2¢ — 3) (2 [m1(E1 + E}) + ma(Bs + EY)] (p?+ ) — (p*+ )’

} . (E.1)

Here E15 (E ) denote the incoming (outgoing) heavy quark and antiquark energies, re-

— dmyma(Fy + BY) (B + Eg)) — 4(16€3 + 54€ + 59¢ + 21)k*

spectively, kg = F} — E1 = Fs — E} is the total energy transfer from the antiquark to the
quark and we have projected the quark pair onto the color singlet state.
In CG the result reads

s@ _ _igh 27 n ok ese(me)
cG ™ 3mims F(G + %)
(2)12 (1) c 312
+0aCr (1262 27e 4151 ) ), 2B ()
2mymsy VT (2e + 3)
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Figure 4. One-loop NRQCD diagrams contributing to the off-shell matching of the spin-
independent 1/m? potentials in Feynman gauge. In Coulomb gauge only diagrams c-h, j, k, m-o, s
and t contribute. The square, crossed-circle and triangular vertices denote the subleading NRQCD
vertices with Wilson coefficients cp, crp and ¢, respectively. The black bubble represents the
complete gluon self-energy correction II#¥, which in Feynman gauge also has nonzero off-diagonal
elements I1°'. Mirror graphs and all possible insertions of higher order kinetic corrections from

quark and gluon propagators to reach the second order in the 1/m expansion, e.g. in diagrams a
and b, are understood.
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and only diagrams (g) and (j) depend on the heavy quark energies.
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In the off-shell matching procedure the sum of the soft NRQCD diagrams () is
directly identified with
~ (1,1 ~(2,0 ~(0,2
W 7e0 7

. E.3
mims m% + m% ( )

—1

In order to obtain energy-independent potentials we have to express the energies E;, E! and
ko in £ in terms of three-momenta. We achieve this by redefining the heavy quark fields
in the pPNRQCD Lagrangian before projecting onto the quark-antiquark system, i.e. where
the potentials are four-fermion operators (see, for instance, eq. (42) in ref. [4]). For an
example of such a field redefinition see eq. (B13) of ref. [57]. At the order we are working,
this can be approximated by applying the full heavy quark EOMs

2

Y

Y(t,x1) i/ddXW(thl)V(o)ﬂXl —xa)xixe(t, x2) + -+,
V2 )
5t¢T(taXl)—_zzmlw(taxl)ﬂ/ A" (1, x1) VO (|x1 — x2)xixe(t, x2)+++,  (E4)

(and analogously for the antiquark) in the matrix elements. In addition to the free EOMs,
they include the static potential. Higher order terms in the coupling constant g and/or in
1/m produce subleading effects. Therefore, we neglect them in eq. (E.4) for the following
discussion.

Eq. (E.4) mixes different orders in 1/m (and sectors with different number of heavy
quarks), but still maintains the strict 1/m expansion in the off-shell scheme. As we do not
compute the 1/m potential explicitly in this work, instead of using eq. (E.4), we can make
the following replacement in the potentials (p1 = p, p] = p’):

2

P; 0
E; ="+ 0O(am”),
= o (am”)
p(2 0
E. ="+ 0O(am”), E.5
(= g+ Ofam) (£5)

and neglect the O(am") contributions. In other words, for the matching of the O(a?/m?)
potentials, we can simply use the free EOMs in £(2), while keeping p? — p’ 2 # 0, as
neglecting the O(am?) contributions sets to zero terms that would contribute to the 1/m
potential, which we extract by other means, see section 4. On the other hand, replacing
the heavy quark energies by means of the EOMs introduces a potential ambiguity in the
determination of the 1/m? potentials, since each energy F;, E! can be written in terms
of the others by the equality Fy + Fs = E| 4+ E (energy conservation). This can lead to
different results for the individual 1/m? potentials. Consider e.g. a term proportional to

2
p’—p

[ml(Ei — E1) = my(Ez — Ey) — mi(Ep — E3) +ma(Ey — El)}
mimsa

2 12\ 2

2 ,22(1 1 1)_ (p*’-p")
S (p - _P-P) E.6
(p p) 2m%+2m§+m1m2 2m? (E.6)
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The first line in eq. (E.6) is zero due to energy conservation. Therefore, we are free to add
it to 2. Transforming the energies E; using eq. (E.5) generates nonzero contributions to
the off-shell terms in V(20 V(02 and V(LD as indicated by the second line in eq. (E.6).
However, using eq. (E.4) in eq. (E.6) also generates additional contributions to the 1/m po-
tentials such that physical observables, like the heavy quarkonium mass, remain unaffected
by the apparent ambiguities.

For the k3-dependent terms we use the prescription

k2 1 (p?—p?)?

— — E.
k4 - 4m1 meo k4 ( 7)

As shown in appendix B of ref. [18], this transformation does not affect the 1/m potential,
because it is based on the continuity equation, which does not contain potential terms.

Egs. (E.5) and (E.7) are relevant for both the FG and the CG result. In addition, we
have chosen the prescriptions

nsTp ko (p*— p/2)(m1 —mg) — —nsTr(p*— p/2)2 ;

3m?2 + 2myms + 3m3 (p2— p,2)2
Amims ’

Cako (p*— %) (m1—ma) — Ca (E.8)

for the energy dependent terms in 2%2(); in order to obtain the concrete off-shell matching

results in egs. (3.15)—(3.16). These prescriptions are motivated by simplicity, and the fact
that the resulting off-shell potentials are finite and, therefore, do not require renormaliza-
tion, see section 5.

Finally, note that the on-shell 1/m? potentials resulting from the calculation above are
gauge-invariant and independent of the conventions for the field redefinitions we performed.

F Feynman rules for the matching with Wilson loops

In this appendix, we present a set of Feynman rules that can be used to calculate the soft
contribution to Wilson-loop expectation values, such as V19 and VL /D2 W in egs. (3.23)—
(3.27), diagrammatically.

Besides the standard set of (static) Feynman rules of NRQCD at leading order in 1/m,
the only additional Feynman rules needed to calculate V(19 and Vi Jp2w are the ones
for the chromo-electric field operator E’(t) insertions given in figure 5. Because of the
explicit factors of ¢ in eqs. (3.25) and (3.27) we are forced to retain the ¢ dependence in
the Feynman rules for E'(¢). As a consequence there is no energy conservation at these
vertices: unlike for the pure momentum space Feynman rules for the static potential, the
Feynman rules in figure 5 do not include an implicit energy conserving (Dirac) d-function.
Three-momentum conservation is however understood as usual.
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Figure 5. Feynman rules for an E(#) operator insertion (denoted by a cross in the diagram) on
a static quark line. Dotted and wavy lines represent Ay and A gluons, respectively. All momenta
(k,l,q,p) are incoming. Note that in contrast to ref. [28] we use the “NRQCD” convention for
nonrelativistic scattering amplitudes, where the antiquarks are treated as particles living in the
anti-representation of SU(3), i.e. the fermion flow (little arrows) of the antiquark is the same as
for the quark. The corresponding Feynman rules for the antiquark are then obtained by replacing
g— —gand T* — (T*)T.

G List of expectation values of single potential insertions

For the computation of the spectrum we have used the following expectation values of the

relevant 0perat0rs:19
4 B (m,Cra)t 8n B
(niptiat) = el (R 5. @2
i 2 _ 3 i — 74
(nl| {QT,p } Inl) = — (m,Cra) (n4 ol 1)n3> , (G.3)
In(re"®) _ (mCpa)? na
<nl|{ 5 ,p}nl>——n4(2l+1) (21+1—4n)1n2
+ 20+ 144n)S1(n+1) —4n(S1(20+ 1) + Sl(zl))] , (G.4)
(0l T2 ) = (m, Cpa)® = (1~ ) (G.5)
nll L7 nl) = (m,Cra @ T 1) 1), :
In(rev=) _, ~ 2(m,Cpa)? na
—-1-1/2
51(n+1)+sl(21+2)+51(2z1)”n/], (G.6)
m, Cra
115 )ty = MCE s, @)
1 2(m,Cra) na n—1
<nl|regr—3\nl> = 3 [ (ln — —51(n) — o™ ) 2050
1=y
W E 1)]’ (G8)
1 ~ m,Cra
(nl|;\nl> =5 (G.9)
¥ Throughout the paper,
1-0n —l5l° ~0 (G-1)
1=0

is understood.
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In(re) m,Cra na
(nl| ni) =" (m7 +Sl(n+l)>, (G.10)
1 _ 2(m,Cpa)?
<”l\ﬁ\”l> O (G.11)
In(re?®) _ 2(myCrpa)® [ na
(= Iy = <5y [In = S1 (n+0)+81(21+1)+51(2)] (G.12)
1 B 2(m,Cra)?
In(re¥®) B 2(m, Cra)3(1 — 60) na
il =75 Inl) = ST |2
—Si(n4+1)+ 51 (20 +2)+ S1(21 — 1) — n—ln—1/2] (G.14)
3
(n1)6® (r)S%|nl) = s(s + 1)%650, (G.15)
1 o _ 2(m,Cra)3 na n—1 (1 —610)
<nl|regT38 Inl)y =s(s+ 1)7n3 In S1(n) 5 2010 + —l(l D@D
(G.16)
, Crpa)?
(n1]6®(r)Sy - S2|nl) = 512%5107 (G.17)
1 o 2(m.Cpa)? na n—1 (1 —é10)
<nl|regr3 Sl Sz‘nl> = 8127713 In ? — Sl(n) — on 2610 + m ,
(G.18)
1 B 2(m,Cra)?
<nl|r3L Sint) = XLSl(l +1)(2l+1)n3 (1= du), (G.19)
1 _ 2(m,.Cpa)3
(il 5L Salnl) = Xes, g gy oy 1y (1~ %) (G.20)
1 B 2(m,Cra)?
(I 7L Salnd) = Xes, iy Gy s (-~ 90) (G.21)
In(re’=) B 2(m,Cra)3(1 — )
(=5 Sl = Xps = e (G.22)
X <1I1 nza—Sl(n+l>+51(2l+2)+51(2l—1)—n_ln_l/2> s
In(re7®) B 2(m,.Cra)3(1 — &)
(==L Salnl) = Xos = i D+ 1) (G-23)
x <lnn2aSl(n+l)+51(2l+2)+51(211)nlnl/2> ,
In(re®) B 2(m, Cra)®(1 — )
(nl| 3 L-Sanly =Xy, W12+ D+ 1) (G.24)
« (m”2“—51(n+1)+51(2z+2)+51(21—1)_”_1_1/2> ,
n
512(1‘) - 4(mTC'Fo¢)3
(nl|=3—Inl) = SRl )+ 1)(1 — d10), (G.25)
Si2(r) In(re¥®) o A(m,Cra)3(1 — &)
ll—53 nl = Ds = e DA+ 1) (G.26)

x <lnnQa—Sl(n+l)+51(2l+2)+51(21—1)_n_ln_l/2> ’
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with

Si2 = (S1 - Sa) = % (s(s 4+ 1) = s1(s1 4 1) — s2(s3+ 1)), (G.27)
Dg = %<512( = 2t 1)‘?(28;11))(_%34)_(;; ~6XLs. (G.28)
Xps = (L-S) = % GG+ 1) — 10+ 1) — s(s + 1], (G.29)
Xps, =(L-8;) = % (i +1) =10+ 1) = si(si + 1], (G.30)

and where a = 1/(m,Cra), S=81 +S2, J=L+S,J; =L+ S;.

H List of expectation values of double potential insertions

Here we list the expectation values of the double potential insertions relevant for our

computation:

11 1 m,

e —ay ) =~ g -y
1 1 1 200 pm?

<m|;7(Eg — h),ﬁ|nz> =~ @l (H.2)
1 1 1 3a2C2m3 (1 — &)
b “nl) = — r H.

il ey s =~ D@ e (H.3)

11 5 3a2Cim?

z s H.4
<n”7“ (ET? - h)/(s (r)|nl> 2713 5[07 ( )
In(re® 1 1 my na

(1 2€%) Ty "= (m7 Y S (n4l) — 1) : (HL5)
In(ree) 1 1 _ 2aCpm? [1 2 (k) (m)
P s ity = G (5 - 00 - 5 )
—In % — Si(n+ l)] , (H.6)
In(ree) 1 1 _ 22%2CEm3(1—0p) [1 3. na 3
e Emeoy e Sl e et [2 2 e 2R
2
+2{" (n, z>+l<z§m>(n, D+ (n,l)) + 2 (2 )+ (n, 1)) ] ,
(H.7)
In(re?®) 1 3 _a?CEmdéy [1 nr? (k) 3. na 3
(nl| . (Eg—h)’é (r)|nl) = p— 5—1— 5 —nXs (n,O)—ilnj—iSl(n) .
(H.8)

I Functions and definitions for the B, spectrum

In this appendix we collect some expressions in order to lighten the notation of the spectrum
in section 7. We follow the notation of ref. [44] for ease of comparison, and quote the
functions here for completeness.
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The following functions are associated with finite sums and used throughout the com-
putation of the spectrum:

N 1 N i
Sp(N) =D 5 ZX%W (L1)
=1 i=1 j=1
ASi1a=S1(n+1)—S1(n—-1-1), AS1p = Si(n+l) — S1(21+1), (1.2)
zgmozﬁm+zw+gﬁﬂ szn:$m+z?—%A&m(m)
l
m (n+ D!
S0 (n, 1) = 4_'2 (n+m), (1.4)
n—I[{—1
B () = =5 2o (=) (k+1—n)P’ (L)
where
- (_1)l—m
Rm) = =y (16)

The following functions are present in the energy correction associated to the static
potential:

2

_m 1 (k)
a(n,l)fG4 1GS (n—i—l)—i—SE
2
+ % <ZC(3) + § (1 — A51a> — %SQ(” + l) + ZZa(n,l)) , (17)
3 2 4
Tmﬁ):§qan%-%<@yﬂ+limn@nA&a—@
—iqa[mASm—2f+n?&an+D—Sﬂn—l—D}+n—4
72 [n n? 3 9
+ ﬁ [QASM {nSae(n+1)+1} + ?Sg(n +1)— 1" Ea(n,l)]

2 1 1
—%ﬁum—z—U+n&ﬂn—bau+1$m+o+§&m+n

+ >, 1(?1, l) + 27—2(77, l) + ZT’g(n, l) , (1.8)
. 2+ " k= )18 (n—1— k) m—1—1"if (k + 210)!
o n—l—l' (k+2D)(k+1—n)* " 4+l & (k—1)!(k+l—n)*

X [(kz—l—l—n)(2k+2l—n){2n52(n—l—k—1)—1}
—6{w+5—m@k+m—ny+n@+w—g)}am—z—k—n

+{3(k+1—n)2k+2l—n)+nk+1)}{S1(k+2l) — S1(n+ l)}], (1.9)
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l
n(n+1)!
Yo =
2 n—l—l Z n—i—m

X [4n(n +m)%Sy1(n +m) — (4m + 3n)(n +m)Sa(n +m)

+ S1(n+m){=2(n+m)* — 8n + 8(n +m)?51 (2l + 1) — 2n(n + m)S (I +m)

—2(4m +3n)(n+m)S1(l +n) — (4m —n)(n +m)Si(n + m)}], (1.10)
I N /-c+2z )15 (n + m)R(l,m) 1 L
- ,; ot e ) T T e
(L.11)

The following expressions are needed in eq. (7.24):
I

m m
(DS + Xis+ —Xpg, + — XL81>
meo mq

FEE = 3 mume LU0+ 1) (20 + 1)
2
4100 [2 a2y, (m)} } (112)
my —my my
2m? -9,
SO __ T 10 .
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where LH—ln< >+Sl(n—|—l)
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The following expressions are needed in eq. (7.26):
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