arXiv:1007.4156v1 [hep-ph] 23 Jul 2010

Preprint typeset in JHEP style - HYPER VERSION TUM-EFT 7/10
UB-ECM-PF-10/17
ICCUB-10-033

Heavy Quarkonium in a weakly-coupled quark-gluon
plasma below the melting temperature

Nora Brambilla

Physik-Department, Technische Universitit Minchen, James-Franck-Str. 1, 85748
Garching, Germany

Miguel Angel Escobedo

Departament d’Estructura i Constituents de la Matéria and Institut de Ciéncies del
Cosmos, Universitat de Barcelona, Diagonal 647, E-08028, Barcelona, Catalonia, Spain

Jacopo Ghiglieri

Physik-Department, Technische Universitat Minchen, James-Franck-Str. 1, 85748
Garching, Germany and Excellence Cluster Universe, Technische Universitdt Minchen,
Boltzmannstr. 2, 85748, Garching, Germany

Joan Soto

Departament d’Estructura i Constituents de la Matéria and Institut de Ciéncies del
Cosmos, Universitat de Barcelona, Diagonal 647, E-08028, Barcelona, Catalonia, Spain

Antonio Vairo

Physik-Department, Technische Universitat Minchen, James-Franck-Str. 1, 85748
Garching, Germany

ABSTRACT: We calculate the heavy quarkonium energy levels and decay widths in a quark-

gluon plasma, whose temperature 7" and screening mass mp satisfy the hierarchy mag >
5

T > ma2 > mp (m being the heavy-quark mass), at order ma?. We first sequentially
integrate out the scales m, mag and T, and, next, we carry out the calculations in the
resulting effective theory using techniques of integration by regions. A collinear region is
identified, which contributes at this order. We also discuss the implications of our results

concerning heavy quarkonium suppression in heavy ion collisions.
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1. Introduction

Heavy quarkonium has been suggested since long time as a thermometer for the medium
that forms at the core of heavy-ion collision experiments [[[]. The early arguments were
based on the naive expectation that above the deconfinement temperature the confining
part of the quark-antiquark potential vanishes and the Coulomb part turns into a Yukawa
potential due to screening. Since the Yukawa potential supports a finite number of bound
states depending on the screening (Debye) mass, and the latter is linear in the temperature,
it is then clear that the relative fraction of the different heavy quarkonium states observed
will depend on the temperature of the medium. In addition, the electromagnetic decays
of these states provide a clean experimental signature. The gross picture above appears to
be supported by experiments [J].

In the last few years, significant progress has been made in deriving the quark-antiquark
potential on a rigorous basis. A model independent study of the real-time static potential
was initiated for large temperatures (7' > 1/r > mp) in [§, ll, B, ] and its implications
for a QED and QCD plasma studied. For a wider range of temperatures, including lower
temperatures, an effective field theory (EFT) study of non-relativistic bound states in a
plasma was initiated in [[] for QED and in [§] for QCD in the static limit. The potential
obtained in this way differs in many respects from the most commonly used phenomeno-
logical potentials (for some reviews see [{, [[(]]). Most remarkably, it develops an imaginary
part. At least two mechanisms have been identified that are responsible for the appearance
of a thermal width: the Landau-damping phenomenon [Bf] and the quark-antiquark colour-
singlet break up [§. In particular, it has been pointed out that quarkonium dissociation
due to the former rather than screening may be the dominant mechanism at the origin
of heavy quarkonium dissociation in a medium [[d, [lI]]. These developments motivate us
to revisit the physics of heavy quarkonium states in a thermal bath in a more systematic
way. We shall focus here on temperatures for which 77T is smaller than the typical momen-
tum transfer in the bound states: such temperatures are those reachable at present days
colliders [[I(]].

Heavy quarkonium in a medium is characterized both by the scales typical of a non-
relativistic bound state and by the thermal scales. The non-relativistic scales are the
inverse of the typical radius of the system 1/ao and its typical binding energy E. The
thermal scales are the temperature (or multiple of 7#7") and the electric screening mass
mp, among other lower energy scales, which are not relevant to our discussion. In the
weak-coupling regime, which we will assume throughout this work, these scales may be
expressed in terms of the strong coupling constant g < 1, the heavy quark mass m, and
the temperature T: mp ~ ¢gT, 1/ag ~ mas and E ~ ma2, where as = g?/(47). Non-
relativistic scales and thermal scales are hierarchically ordered. This allows to investigate
the quarkonium properties in a medium using the same systematic framework provided by
non-relativistic effective field theories at zero temperature [[[3].

In this work, we aim at studying heavy quarkonium at finite temperature including the
contribution induced by a large but finite quark mass, in this way merging and completing
the findings of Refs. [fi, §]. We will adopt the same real-time EFT framework of [fi, § and



assume for definitiveness the following hierarchy between the thermodynamical and the
non-relativistic scales:

m > mag > T > ma? > mp. (1.1)

With this choice, the thermal bath affects the Coulombic bound state as a small perturba-
tion, yet modifying the Coulomb potential. We remark that this temperature is below the
melting temperature, which is of order mag/ 3 [M. Moreover, this may indeed correspond
to the situation of interest in present day colliders. As a consequence of ([L.1)), in the weak-
coupling regime, we have that mg® > T > mg?*, corresponding to mg* > mp > mg®. We
furthermore assume that Aqcp, the QCD scale, is smaller than mp (although results that
do not involve a weak-coupling expansion at the scale mp, which are all the results of the
paper before Sec. [, are valid also for mp ~ Aqcp). A number of different inequalities has
been addressed in the Abelian case in [[[J].

We will concentrate on the energy levels and decay widths and we will determine
how they get modified in a thermal bath whose temperature is such that it satisfies the
conditions ([.1). In order to be definite, we will further assume (mp/E)* < g, in this way

keeping small the number of required corrections suppressed by powers of mp/E, and we
5

will evaluate the spectrum with an accuracy of order mag.

The strongest limitation for the practical application of our final results to actual
bottomonium and charmonium systems comes from the fact that we use perturbation
theory at the ultrasoft scale ma2. Still, we expect them to be relevant for the ground states

of bottomonium and, to a lesser extent, charmonium. Some intermediate expressions, for

2

2 may have a wider range

which perturbation theory is only used at the scale T" > ma
of applicability. We also assume a vanishing charm quark mass in the bottomonium case
(effects of a non-vanishing mass are discussed in [[[J]).

The paper is organized in the following way. In Sec. B, we briefly review the Feynman
rules of QCD at finite temperature in the real-time formalism. In Sec. [, we set up the
effective field theory that follows from QCD by integrating out the scales m and mag in the
heavy quark-antiquark sector. In Sec. ], we calculate the contributions to the spectrum
coming from the scale T, in Sec. ], those coming from the scale E and, finally, in Sec. [d,

those coming from the scale mp. In Sec. [], we summarize our results giving the thermal
5

energy shifts and widths up to order may.

2. QCD at finite temperature in the real-time formalism

In this section, we review the Feynman rules of QCD with static quarks at finite tempera-
ture in the real-time formalism.

Real-time expectation values depend on how the contour of the time integration in the
partition function is deformed to include real times. In the paper, we adopt a contour that
goes from an initial time ¢; to a real final time ¢, from ¢; to ty —i0™, from t; —i0™ to ¢; —i0"
and from t; —i0" to t; —i/T. The propagators will be given with this conventional choice of
contour. Since the contour has two lines moving along the real time axis, degrees of freedom
double in real time and propagators are represented by 2 x 2 matrices. Furthermore we



define
1

TLB(lﬁQ) = ekO/T — 17 (21)

which is the Bose-Einstein distribution.
The non-relativistic propagator of an unthermalised quark-antiquark pair interacting

through a potential V'(r) reads (see [§], we have added here the kinetic energy)
! 0
— k2 _ ;
S(ko, k) = ko —k?/m —V(r)+in ‘ . (2.2)
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The expression for V (r) depends on whether the quark-antiquark pair is in a color singlet
or in a color octet configuration. In the last case, an identity matrix in color space must
be understood, and, in either case, an identity matrix in spin space is implicit. Since
the [S(ko, k)]12 component vanishes, the quark-antiquark fields of type “2” never enter in
any amplitude of physical fields, i.e. fields of type “1”. As a consequence, the fields “2”
decouple and may be ignored when considering physical amplitudes.

Throughout this paper we adopt the Coulomb gauge for our calculations. The free

gluon propagator reads [[4]:

DRk = | ¥, | (2.3)

i
k2 0(ko) 216 (k2 — k2)

0(—ko) 2m(k2 — k2)

1
K2 k2 —in

+216(kE — k%) n(|ko|) ( i 11) } , (2.4)

where k stands for the modulus of the three momentum k?.

Due to the decoupling of the heavy quarks of type “2”, in the following we will need
only the “11” component of the heavy quark-antiquark propagators. At the order we are
calculating, this is also the case for the gluon propagators, which will be needed up to one
loop. All our equations will refer to this component, unless explicitly stated otherwise. In
particular, we recall that at equilibrium the “11” component of the gluon propagator can
be written in terms of the retarded (R) and advanced (A) propagators,

DRy (k) = [ dtaetnest2) () (4, (2), A, 0), (2.5)

D) == [ dta om0 g(g) (A, (), A4, 0)), (2.6)

as

_ DE(ko, k) + D, (Ko, k) . (1
2

[D;w]ll = 9 -+ nB(k0)> (D;I,L{V(k()’ k) - Dﬁu(k‘o, k)) ) (27)



which holds for the tree level propagator as well as for the full one. The second term
on the right-hand side, proportional to the difference between the retarded and advanced
propagators, is often termed the symmetric propagator.

3. Integrating out the scales m and may

Our aim is to calculate the quarkonium spectrum in a thermal bath of temperature T.
We take advantage of the hierarchy of scales ([[.T|) by constructing a hierarchy of effective
field theories that follow from QCD by systematically integrating out the largest scales.
The EFTs are constructed as series of operators whose matrix elements scale like the lower
scales and that are suppressed by powers of the large scales, which have been integrated
out.

The first scale to be integrated out from QCD is the heavy quark mass m. In the
matching procedure, smaller scales are expanded. Thus, at this stage, the presence of the
thermal scales does not affect the matching of the Lagrangian, which is the Lagrangian of
non-relativistic QCD (NRQCD) [1F].

The next scale to be integrated out is the scale of the inverse of the typical distance
of the heavy quark and antiquark, which is of order mag. According to ([[.1), it is larger
than the temperature. We are thus allowed to integrate out mag from NRQCD setting to
zero all thermodynamical scales. Furthermore, under the assumption that mas > Aqcp,
this integration can be carried out in perturbation theory order by order in as. The EFT
we obtain is potential non-relativistic QCD (pNRQCD) [Id, [[7]. Its Lagrangian reads

1 &
Lpnraep = = Fl 4 + > GiPg + /d37“ Tr {ST [i@ — hs]S + O [iDg — ho] O}
i=1
+V4 Tr {OTr .gES+S'r-gE O} + %Tr {OTr .gEO+0'0r- gE} +.... (31

The fields S = S1./v/N, and O = O*T%/\/Tk, are the quark-antiquark singlet and octet
fields respectively, ny is the number of light quarks ¢;, N. = 3 is the number of colours,
Tr = 1/2, E is the chromoelectric field (E? = F) and iDyO = i9y0 — gAgO + OgAg. The
trace is intended over colour and spin indices. Gluon fields depend only on the center-of-
mass coordinate R and on time; this is achieved by a multipole expansion in the relative
distance r. The dots in the last line of Eq. (B.1)) stand for higher orders in this expansion.

The dependence on the hard and soft scales m and 1/r is encoded in the Wilson
coefficients; V4 and Vg are at leading order V4 = Vg = 1, whereas the singlet and octet
Hamiltonians have the form

P’ o, Vo | Vi
hs,OZE_‘_Vts(,o)_‘_—’—i_ 7,”’2 +... (32)
where m is the heavy quark mass, p = —iV,. The dots stand for higher-order terms

in the expansion in 1/m, both for the kinetic terms (relativistic corrections) and for the
potentials, as well as for terms that depend on the center of mass three momentum.



The static potentials read

v — o po L av

s r ° 2N, r ’ (3:3)

where Cp = (N2 — 1)/(2N,) and ay, and ay, are series in as and at the leading order
ay, = ay, = as. ay, is known up to three loops [I§, [9], whereas ay, to two loops [B(].
Starting from order o, ay, is infrared divergent. This divergence was first identified in [21]
and analyzed in the framework of pPNRQCD in [R], where it was shown to cancel against
an ultraviolet (UV) divergence coming from the ultrasoft degrees of freedom (the scale E).

The non-static potentials V;(l) and V8(2) can be read from [@, @] ‘/;(2) consists of a sum
of many terms, such as a p-dependent term, terms depending on the angular momentum, on
the heavy quark-antiquark spins and a spin-orbit term. Some of these terms, as well as Vs(l),
have an infrared divergence. The leading logarithmic dependence on In(ur) accompanying
these divergences can be read from 3, P4. In the octet sector, the non-static potentials
are not known beyond tree level. Fortunately, for the present analysis only the leading
order expression in «g for the static octet potential will be needed.

The power-counting of the pPNRQCD Lagrangian (B.1) goes as following: the relative
momentum p and the inverse distance 1/r have a size of O (mas), whereas the time deriva-
tive, the gluon fields and the center-of-mass momentum P scale like the lower energy scales.
Therefore, the largest term in the singlet potential expanded in o and 1/m is the Coulomb
potential —Cpag/r. The spectrum of the corresponding singlet Hamiltonian is given by
the Coulomb levels

mC2a? 1 2
E =_"F7s _ _ = . 3.4
" 4n? man?’ a0 mCrag (34)

Subleading terms in the expansions in ag and 1/m are treated in quantum-mechanical
perturbation theory. The corresponding shifts of the Coulomb levels have been computed
in B3, B4, P§]. The infrared divergences mentioned above affect the spectrum at order

5

maog

For what concerns the propagators of the singlet and octet fields in the real-time
formalism, we have shown in Eq. (P.J) that the 7127 component of a quark-antiquark
propagator in a potential V(1) vanishes and the unphysical ”2” component decouples. We
are thus allowed to drop also here the real-time formalism indices and write only the ”11”
component of the propagator. For the rest of the paper, all amplitudes will be intended
as the 711”7 components of the real-time matrices unless otherwise specified. In particular,
for what concerns the singlet propagator, we thus have

?

Ssinglet E) = 3.5
B) = 5=z (35)
where E is the singlet energy. From Eq. (B.J), the singlet Hamiltonian h, reads
P’ 0
hs=——-Cp—+---, (3.6)
m r
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Figure 1: The leading heavy quarkonium self-energy diagram. The single line is a singlet propaga-
tor, the double line an octet propagator, the curly line a gluon and the vertices are chromoelectric
dipoles vertices.

where the dots stand for higher-order terms. In order to have a homogeneous power count-
ing in the propagator, it is convenient to expand it around the leading-order Hamiltonian
(B.9), which is of order ma?2. Similarly the octet propagator is

Soctet(E)ab _ /0 dt ei(E'_ho)t (e—ig f(f Ao)ab’ (37)

where the octet Hamiltonian h, reads

2
p I as

hO:— — Tty .
m+2Ncr+ (3.8)

and the dots stand for terms smaller than ma?2. The Wilson line in (B.7) can be expanded
in powers of g. We will only need the leading order in such expansion,

10qp

Soctet E — .
( )ab I ho —|—’i77

(3.9)

4. Integrating out the temperature

In this section, we proceed to integrate out modes of energy and momentum of the order
of the temperature T. This amounts to modifying pNRQCD into a new EFT where only
modes with energies and momenta lower than 7" are dynamical. We may denote the new
EFT with pNRQCDyry, [B6l. The EFT can be used for mags > T > E,mp no matter
what the relation between E and mp is. Its Lagrangian will get additional contributions
with respect to pNRQCD. For our purposes, we are interested in the modifications to the
singlet sector, corresponding to a thermal correction dV; to the singlet potential, and to the
Yang-Mills sector, amounting to the Hard Thermal Loop (HTL) Lagrangian Lyrr, [B7):

LoNRQCDypy, = LHTL + / d3r Tr {ST [i8y — hs — 6V5]S 4 O [iDg — hy — 6V] o}

1
—I—Tr{OTr-gES—I—STI'-gEO} —|—§Tr{OTr-gEO—|—OTOr-gE}+... , (4.1

where we have set to one the matching coefficients of the dipole terms, whose quantum
corrections are beyond the accuracy of the present paper.

We calculate the correction 6V to the singlet potential. Asin , E], the leading thermal
correction is due to the dipole vertices Ofr- gES + S'r- gE O in the pNRQCD Lagrangian
(B.1)). These terms induce the diagram depicted in Fig. [, where a colour-singlet state



emits and reabsorbs a chromoelectric gluon through the dipole vertex and an intermediate
colour-octet state. The amplitude reads (see 23, B§, B4] for the T = 0 case)

Lig?Cp D / A7k i [ DY (ko, k) + K2 DY (ko, )| 7, (4.2)

D=1 2m)D E — hy — ko +in L0710 00 \*0: n
where F is the energy of the singlet; we recall that this expression corresponds to the
“11” component in the real-time formalism. Integrals over momenta are regularized in
dimensional regularization, with D = 44 € and p being the subtraction point. In Coulomb
gauge, with the free propagators given in Eqs. (B.3) and (R-4), the contribution of the
longitudinal gluon vanishes in dimensional regularization, whereas that of the transverse
gluon can be divided into a vacuum and a thermal part:

D—2i4_D/ dPk i 5 i
(

. 2
- - k
9 Cr =" H 27T)DE—ho—ko+in0[k;§—k2+in

+276 (k§ — k*) ng (|kol) ] ris(4.3)

the first term in the square brackets is the vacuum part and the second term is the thermal
part. The expression depends on the scales T" and E. In order to single out the contribution
from the scale T, which comes from the momentum regions kg ~ T and k ~ T, we recall
that "> (E — h,) and expand the octet propagator as

i B i L E — h, Z,(E—ho)2 _Z,(E—ho)3
E—hy,—ko+in - —ko +1in (—k’o + i??)2 (—k‘o + i??)3 (—k‘o + ’i?])

S (44)

The contribution of the vacuum part of the propagator is scaleless for all the terms of the
expansion and thus it vanishes. Conversely, in the thermal part, we have the Bose—Einstein
distribution giving a scale to the integration.

The zeroth-order term in the expansion (f4) gives a vanishing integral [f§], whereas
the following terms contribute to the potential. The linear and the cubic terms in E — h,,

ie.
D-2, , dP~k np(k)
2 i _ 1, 4—D B
g CFD— " (E — ho)r' i /(27T)D_1 e (4.5)
and
D-2 . , dP~k np(k)
_ 2 i _ p \3.,.0,,4-D B
g CFD—lr (E—ho)’r' /(27T)D_1 R (4.6)

can be shown to contribute to the real part of the potential. Since in our counting ([L.3)
behaves as mg® > a,T2Er? > mg!? and (L) as asE3r? ~ mg!?, further terms in the
E/T expansion are not needed. Finally, the square term in the expansion, which would
give an imaginary contribution to the potential, vanishes in dimensional regularization:

g2CFD—2
2 D-1

UE — ho)?rt 4_D/ﬂk:n (k) ! P =0. (4.7)
" o) T H E LA KR Pk )



We now evaluate the linear term defined in Eq. ([£§). The integration yields

2 . |
—?”CFaST2 (B — ho)rt. (4.8)

Matching the singlet propagator in pNRQCD with the singlet propagator in pNRQCDyy,
we obtain

1 1 o | N1 1
- T2r(E — hy)rt —szV2__ ~  szl/2%
E—hs+E—hs< g CrasT™r( )T>E—hs ey y AL

(4.9)

where the left-hand part of the equality corresponds to the pNRQCD part of the matching
and the right-hand side to the pNRQCDyr;, part of the matching: 6V is the thermal
correction to the singlet potential in pNRQCDyry, and dZ; the thermal correction to the
singlet normalization in pNRQCDy,. Our purpose is solely the evaluation of dV;, which
is necessary for the spectrum. So we rewrite £ — h, as E — hg — (ho, — hs), where (h, — hs)
is given by the difference between the octet and singlet potentials:

)y
ho—hszz%;m/. (4.10)

AV is organized as an expansion in g and 1/m. At the leading order, it is the difference
between the tree-level static potentials:
_ Neag

AV = (4.11)

Higher-order terms are easily shown to contribute to the spectrum beyond our accuracy.
Similarly, for what concerns the singlet Hamiltonian, only the leading terms displayed in
Eq. (B.) are necessary. Hence r'(E — h,)r® simplifies into 7'(E — hg)r® — N.asr/2; the
second term is easily identified as contributing to dV;, whereas plugging the first term back
into Eq. ([.9) yields

1
E—hy

111
E—hy, 2FE—h,

1
E — hy

(B —hg)r! ([r', E = hy], '] + {r®, (E — hs)}) . (4.12)

The term {r? (E — hy)} contributes to the normalization of the wave function. We are

hus left with
thus left wit 1 1 o 1

- = h 7 (2 .
E_h52[[ s’r]’T]E_hS
The commutator can be easily computed from the Hamiltonian displayed in Eq. (B.4).

(4.13)

Plugging the result back into Eq. (f.9), we obtain from the matching condition
. 2
gy llinear) _ chCFa§T2r + %Cmscﬂ . (4.14)

The first term is the contribution of AV and was first obtained in [§]. The second term is
the contribution of the kinetic term; a similar term appears in the Abelian case of Ref. [f].
Using first-order quantum-mechanical perturbation theory and the expectation values (r) il
on the eigenstates of the Coulomb potential (n and [ stand for the principal and angular



momentum quantum numbers respectively, see, for instance, [RJ]) we obtain the following
correction to the Coulomb energy levels

ap
2
We now move to the cubic term, as defined in Eq. (£.6). We have

inear 2
SENT ) = %Nccmgzﬂ [Bn® —1(1+1)] + 3_;CFC¥ST2- (4.15)

D -2
D-1

dP-1k nB(k:) aSCFITTi

—¢*Cp r(E — ho)3r ,u4_D/ BT I3 =3, (E — ho)rt, (4.16)

where I comes from the evaluation of the integral. It reads [[]]

2 T2

Ir = - +1In i ~vE + In(47) (4.17)

5
-3
where g is the Euler’s gamma. The divergence of this expression is of infrared (IR) origin:
it arises when integrating over the Bose—Einstein distribution at momenta much smaller
than the temperature. Since we are integrating out the temperature, i.e. getting the
contribution for k ~ T', this divergence is an artifact of our scale separation. We identify
two possible schemes in which the cancellation of this divergence may be interpreted.

1. In the first scheme, the divergence is cancelled by an opposite ultraviolet divergence
from a lower scale, in our case the binding energy. In the next section, we will
indeed show that the thermal part of this very same diagram, when evaluated for
loop momenta of the order of the binding energy, yields an ultraviolet divergence
that exactly cancels the one here, whereas the vacuum part of that diagram gives an
opposite UV divergence that cancels the IR divergence of the pNRQCD potentials,
yielding a finite spectrum.

2. Alternatively one can observe that the pole of the divergence is exactly opposite to
the infrared pole of the pPNRQCD potentials, which can be read from [23] and the two
therefore cancel. More precisely, the scaleless, and hence vanishing in dimensional
regularization, integral of the vacuum part of Eq. ([.3), with the octet propagator
expanded at the cubic order, can be rewritten as the sum of an infrared and an
ultraviolet divergent integral. The infrared pole cancels with the one in Eq. (4.16)
coming from the thermal part, whereas the ultraviolet one cancels the IR divergence

of the pNRQCD potentials.

The two interpretation schemes are equivalent and produce at the end a finite spectrum,
which is the relevant observable.
The evaluation of 7/(E — h,)3r® in ([E16), in analogy to what has been performed

previously in Eqgs. (JE19) and ([.13), can be read from 4]

1 ; ; 1 1 N3a3 a2
YE = ho)*r! = ——2—2 — (N2 +2N.Cp)—=
E—hsr( )TE—hS E—h5< 8 r (Ne + F)mr2
TQ «a 1 1
4(N, — 2 > 53 N, — V3 =
+4( CF)m25 (r) + m2 {vr’r}> E—hs+ ’

(4.18)
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Figure 2: Contribution from the NLO chromoelectric correlator: the gluon is longitudinal and the
dashed blob is the one-loop self-energy.

where the dots stand for wave function renormalizations. Matching to the right-hand side
of Eq. (f.9), we obtain the corresponding contribution to the singlet potential 6V of
pNR‘QCDHTL:

3 3 2
(cubic) __ osCrlr _Nc Qg 2 A
oV 37 8 r (N +2NCCF)mr2
T Q 1
4(N, —2C 553 N —=3V2 =% . 4.19
FAN = 205) T30 + N2 (VRS ) L o)

Using first-order quantum-mechanical perturbation theory and the value of the Coulomb
wave function at the origin, [, ;(0) | = 610/ (7na), we obtain the shift of the energy levels

5E(Cubic) _ EnITag {40}37‘610

nl 3 n

8 1 25,0> 2N2Ck Ng}

of o L 2NOF
+ NeCr <n(2l +1) n? n2l+1) 4
(4.20)

is given by radiative

n

5

Another possible contribution to the potential up to order ma;

corrections to the diagram shown in Fig. . At the next order in «g, corresponding to two
loops, a sizable number of diagrams appears. In [J], it was shown that in Coulomb gauge
only one diagram needs to be considered. It consists of a one-loop self-energy insertion
in the longitudinal part of the chromoelectric correlator and it is shown in Fig. fl. It

2 corresponding, in our scale hierarchy, to a magnitude in

5
s

contributes at order agT m%r
between mg? and mg'2. Therefore, this term contributes to the spectrum up to order mo
only if mg3 > T > mg'%/3. This makes clear that non-static contributions that were not
considered in the analysis of Ref. [§, such as vertices originating from the spatial center-
of-mass covariant derivative in the octet sector and higher-order singlet-octet vertices in
the 1/m expansion (see [BQ]), contribute to terms smaller than ma? only. At our accuracy,
the diagram we are considering can again be written expanding the octet propagator for
ko ~ T > (E — h,) and retaining only the first term, independent of E — h,. Therefore,
the result is the same as the one derived in [f]. It reads

3 s 2
5‘/3(2 loops) __ _54(3) Cp % r2 Tm%) + §C(3) N.Cp Oég r2Ts

[Cr 2 ™ 2 ¢'(2)
+1 |:TO(S7’2TTTL% <_E+7E+lnﬂ_lnﬁ+§_41n2_2§(2)

4
+§ln2 N.Cp a?r? T?’] , (4.21)

— 10 —



where ( is the Riemann zeta function (¢(2) = 72/6) and the Debye mass mp is defined as
m2 _ g2T2

N
Equation (ff.21)) contains an imaginary part. It comes from the imaginary part of the

(Nc + T nf) . (4.22)

gluon self-energy, which is related to the Landau-damping phenomenon, i.e. the scattering
of particles carrying momenta of order T in the thermal bath with virtual, space-like
longitudinal gluons. Furthermore, the imaginary part is infrared divergent. In the EFT
framework, this divergence has to be cancelled by an opposite ultraviolet divergence coming
from a lower scale. In the following section, we will indeed show that the same diagram,
when integrated over momenta of the order of the binding energy, yields the desired UV
divergence. Finally, we remark that the result in Eq. ({.2I) comes from dimensionally
regularizing only the integral over k£ while keeping the thermal part of the gluon self energy,
which is finite, in exactly four spacetime dimensions. Using the same regularization when
calculating the contribution coming from the binding-energy scale guarantees that the
final result for the spectrum is finite and scheme independent. This is not the case for the
potential, however, whose expression depends on the adopted scheme.

The contributions to the energy levels and to the thermal width can be obtained
easily from Eq (#21)) by using the expectation value for r? on Coulombic states, i.e.
<7‘2>n =ajn® [5n? +1-3l(l+1)] /2:

¢ ( )

(2loops) Cr 2 T? 2 C/(2)
Fn,l - |: 6 aSTmD <—€+7E+lnﬂ'—ln?—|—§—41n2—2<(2)
4
_377 In2 N.Cr o Tﬂ agn® [5n® +1 =311+ 1)] . (4.24)

4.1 Summary

Summing up Egs. (#.14)), (1.19) and (i.21]) we obtain the thermal correction to the potential

in pNRQCDy, up to terms whose contribution to the spectrum is smaller than may:

2 SCrl N3 3 2
5V, = TN.Cpa2T?r + 2 Cpay 72 4+ 2CFIT | ~ (N2 +2N.Cp)— %
9 3m 37 8 r2
T 5 1
s+ .25 [ L)
S 2
—%4(3) Cp % r2T'm2, + §C<3) N.Cpalr?T3
[Cp 2 T 2 ¢'(2)
‘H[T%TQTW%) <———i—’yE—l—ln7r—1nIu +§—41 2_2C(2)
Am 2. 273
+? In2 NCrpaZr<T”|, (4.25)

where the first two terms come from the linear part of Fig. l, the terms in square brackets
come from the cubic term and the last three lines originate from the diagram in Fig. B
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This correction to the potential can be used for T' > F, mp no matter what the relative
size between E and mp is.
Analogously, the total contribution to the energy levels coming from the scale T is

(T _ T 27290 o 2 2m 2
EnIrad [4C360 9 8 1 260 2N2Cp N3
s NC? | —— - — - == e e N
+ 37 { n F\n@l+1) n2 n + n2l+1) 4

agn?

2[mﬁ+1—&a+ny

+ <—§<<3) Cp = Tmi + §<(3> NCr a3 T3>
(4.26)

The first and the second lines originate from the diagram in Fig. [, and correspond to
the linear and cubic terms in the expansion (f.4). The last line originates from the gluon
self-energy diagram in Fig. ], which also gives the full contribution of the scale T to the
width:

T{0) = p(2leors) (4.27)

5. Contribution to the spectrum from the scale E

After having integrated out the temperature in the previous section, many different scales
(E, mp, Aqcp, - . .) still remain dynamical in pNRQCDypy,. In our hierarchy, the binding
energy is much larger than the Debye mass and Aqcp is smaller than all other scales. Our
purpose is to compute the correction to the spectrum and the width coming from the scales
FE and mp. This is achieved by computing loop corrections to the singlet propagator in
pPNRQCDyy,. We recall that the gauge sector of pNRQCDyry, coincides with the Hard
Thermal Loop effective Lagrangian. The longitudinal and transverse gluon propagators in
Coulomb gauge are given in the Hard Thermal Loop effective theory by [@]1

1

RA _
Dy (k‘o,k‘)—k2+ ; 1_@1nk0+kii77 , (5.1)
"D % ko — k+in
and ok
DZP;-’A(k?o, k) = <5i' - %) Ag,a(ko, k), (5.2)

respectively, where
i
Ag,a(ko, k) = ;

m2, (k2 k ko +k xin
B2 g2 "D (0 g2 g2y M0 (RO R k
0 2 <k2 ( 0 )2k3 n ko_kiln ngn( O)TI
(5.3)

!The transverse propagator given there contains a misprint: a factor of po/(2p) should be multiplying
the logarithm in Eq. (27), as follows from the transverse HTL self-energy given in Eq. (17) of the same

paper.
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and the upper sign refers to the retarded propagator and the lower sign to the advanced
one. The “11” component can be obtained from the relation (R.7).

We start by evaluating the diagram shown in Fig. [, whose general expression is given
in Eq. (f£3), but now the longitudinal and transverse gluon propagators are given by Egs.

(1) and (F-3). As we shall see, this is the only diagram we need to consider to get the
5

spectrum at order mayg.
At the energy scale, we have ky ~ (E — h,) and therefore we have to keep the octet

propagator unexpanded. However two expansions are still possible.

1. Since k ~ E < T, the Bose—Einstein distribution can be expanded in

1 T 1 k
7ek/T—1:E_§+—12T+”” (5.4)

2. Moreover, since k ~ E > mp, the Hard Thermal Loop propagators can be expanded
in m% /E? < 1. At the zeroth order, this corresponds to using the propagators given
in Egs. (R.3) and (.4). Some care is required in the expansion of the transverse
gluons due to a collinear region, as we shall see later on.

In the following, we will call 6%,(E) the contribution of the diagram in Fig. [l to the
singlet self energy; the corresponding energy shift and width for the state |n,l) are given
by 6En; = (n,l|Re6Xs(Ep)|n, 1) and Ty = —2(n, {|[Im 06X (E, ) |n, ).

We now proceed to the evaluation of Eq. (JL.3) for loop momenta of the order of the
binding energy, with the HTL propagators defined in Egs. (p.]) and (p.). We find conve-
nient to compute separately the contributions coming from the transverse and longitudinal
gluons.

5.1 Transverse gluon contribution

The contribution of transverse gluons to Eq. ([£3) is in pNRQCDyy,

D .
5Egtrans)(E) — —Zg2 CF D -2 7 4—D/(d k ? k‘2 |:AR(k07k) + AA(k07k)

D-1 " 9mD E — hy — ko + in ° 2

- <% - nB(k‘o)> (Ar(ko, k) — AA(k‘O’k))} r. (5.5)

We start by evaluating the contribution of the symmetric part, which turns out to be the
leading one:

D-2 . Pk k2 T E
2 i, 4—D 0 . _
gCFD—lr’u /(Zw)DE—ho—k’o-i-i??<k0+O<T>>

x [Ar(ko, k) — An(ko, k)] 7", (5.6)

where we have expanded the Bose—Einstein distribution. The expansion of the HTL prop-
agators for mp < kg, k needs to be performed with care in the region around the light
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cone, where the gluon propagator becomes singular. We refer to Appendix [j] for details
on the expansion and the evaluation of the integral, whose final result reads

asCprTmir? (In2 —1/2)

2 . .
—igas CrTr'(E — ho)*r' +1i 3 + O (asTmpr?/E* agr* EYT) .

(5.7)
The suppressed term of order axr?E*4/T comes from the k/(12T) term in the expansion of

the thermal distribution, whereas the term of order asTm}r?/E? comes from subleading
terms in the expansion of the propagator.?

We now consider the first term in the square brackets in Eq. (f.5); it does not depend
on the Bose—Einstein distribution and, when expanded for kg, k ~ E > mp, gives

Ar(ko, k) + Aa(ko, k) . 1 —
5 :sz(Q)_kz + O (mp/EY), (5.8)
where P stands for the principal value prescription. Plugging Eq. (p.§) back into Eq. (F.5)
yields
D-2, dPk 1 1 .
2 i 4—D 2. 9 4 i
Z p_ L B
s /(QW)DE—ho—k‘o-l-i??ko P + O mp/EY)|r

Summing up Eqgs. (b.7) and (f.9) we obtain the complete contribution of the transverse

modes

o Cp Tm%) r2

Z—
3

1
X <ln2 — 5) + O (asTmpr?/E? asr* EY /T, as Em7, r?) . (5.10)

2 i i s : '
62gtrans) (E) _ _igas CFTTZ(E — ho)2rl _ i%rl(E — ho)3rl +

We remark that the contribution of the transverse modes at the energy scale is imag-
inary and finite, in contrast with what happens at zero temperature, where it is real and
UV divergent, the divergence cancelling the infrared divergences appearing in the static,
1/m and 1/m? potentials at the scale 1/r. This is related to the discussion made in
the previous section regarding the cancellation of the IR divergence in Egs. (§.14) and
(B.20) and can be understood in the following way. For E > mp, the Hard Thermal
Loop transverse propagator can be expanded for small mp, giving, at the zeroth order,
(AR + Ap)/2 = iP[1/(k} — k?)] and (AR — Aa) = 27 sgn(ko)d(k3 — k?). When plugged in
Eq. (B.H) we obtain Eq. ([L.3). Evaluated at the binding energy scale, the vacuum part is
UV divergent and can be read from [B§, RJJ:

D—2 . ,_ dPk k2 i ,
g2CF 24D/( 0 )

D1 " ) COPE—h -kt iRt

s . 2 —(F — o —1 )
:—a3CFrZ(E—h0)3<—+2ln( o) ZU‘FVE_g—an)TZa (5.11)

T €

34+1/5

2This term is of order ma® or bigger only in the very tiny window mg> > T > mg . For this reason,

we will not include terms of order ost7n4Dr2/]172 or smaller obtained from the expansion in sz/Ez.
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where the logarithm of the energy gives rise to the so-called QCD Bethe logarithm in the
spectrum [, P4]. On the other hand, the temperature-dependent part gives

_ ) D 2 '
920F%7,1M4—D/(d k k() <T 1+O<§>>2ﬂ'5 (kg—k2) rt

1 21D E — hy — ko +in \ |ko| 2
2 . . aCr 2 E —h,
= —izas CrTr'(E — ho)*r' — %TZ(E — ho)? (E +21In %

—imsgn(E — ho) +vE — g —In 7T> r, (5.12)

where the term proportional to 7(E — h,)?r® comes from the first term in the expansion
of the Bose-Einstein distribution and the one proportional to r*(E — h,)3r? comes instead
from the second term in that expansion, see (5.4). In the sum of Eqgs. (f.11) and (5.19)
the real parts, divergences included, cancel out and the imaginary parts combine to give
the two mp-independent terms of Eq. (p.1(). This shows that the binding energy scale
contribution produces two opposite UV divergences. In terms of the two interpretation
schemes discussed in the previous section, we may understand the cancellation of diver-
gences in two possible ways. In the first way, the vacuum divergence in Eq. (p.11]) cancels
the IR divergences of the potentials, whereas the UV matter divergence in (p.13) cancels
the IR matter divergence from the scale 7' in ({.16). In the second way, we consider the
real part of the potential in pNRQCDgyr, as finite, the IR divergences from the scales
1/r and T cancelling each other, and no UV divergences coming from the energy scale,
which, as shown by Eq. (p.10), is indeed the case. We stress that the cancellation of the
divergences between the vacuum and thermal parts in Egs. (b.11]) and (p.19) is due to the

second term in the low-momentum expansion of the Bose—FEinstein distribution, i.e. —1/2,
which is known in thermal field theory to cause cancellations with the vacuum contribution.
Finally, we observe that an analogous cancellation is also obtained in the Abelian case [f].

In order to obtain the contribution to the width from Eq. (b.10), we need to evaluate
r'(E — hy)?rt. We proceed as in the previous section and rewrite (E — h,)? as (E — hg)? —
{(E — hs), AV} + AVZ2. One then has

NZ
I

(5.13)

, , 2N.as  4p?
r(E — ho)?r' = ( @ L ) R

where the dots stand for contributions that vanish on the physical state. The width thus
reads

(trans) 1. 5 3 16 4 ) 9
Fn,l - ch CrogT — %CFOZSTE}L + gNCCFaSTm

+2Enag’ 4C3610 N2 8§ 1 24 2NZCr | N
3 n TE\n@+1) w2 n n(20+1) 4
sOr (In4 — 1) Tm? a2n?
_asCr(In : ) mD%z" 5n2 +1 - 31(1 + 1)], (5.14)

where the first line is the contribution from the term proportional to r*(E — h,)?r’, the

second line comes from the cubic term and has been obtained using Eqs. ([1§) and ({2(),
and the third line is the contribution from the last term in the first line of Eq. (p.1().
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The leading contribution to Eq. (p.14) is given by the first three terms, which are
of the same size. The first term comes from the static potential and agrees with the one
calculated in [§]. The second and third terms come from the kinetic energy; the second
one agrees with the one calculated in [[J]. This contribution to the thermal decay width
originates from the possible break up of a quark-antiquark colour-singlet state into an
unbound quark-antiquark colour-octet state: a process that is kinematically allowed only
in a medium [f]. Clearly, the singlet to octet break up is a different phenomenon with
respect to the Landau damping, which, in the previous section, provided another source
for the in medium thermal width. In the situation E > mp, which is the situation of
interest for this work, the singlet to octet break up provides the dominant contribution to
the thermal width. Indeed, comparing the Landau-damping width ({.24)) with the singlet
to octet break-up width (f.14), we see that the latter is larger than the former by a factor
(maZ /mp)?.

5.2 Longitudinal gluon contribution

The contribution of the longitudinal gluons to Eq. (£.39) is

oxlone)(B) = —ig? Cp

M4_D/ dPk i 2 D&)(koak)+D&)(k0,k)
(

D-1 21)P E — hy — ko +in 2

+ <% + nB(ko)> (DG (ko k) — D&)(ko,k))] v (5.15)

where D(I){O’A(k) is the HTL propagator in (b.1]). The first term in square brackets, i.e.
(D& + D§y)/2, does not depend on the Bose Einstein distribution; therefore only the
expansion in mp < F, corresponding to mp < kg, k, is possible. We then have (ng +
Diy)/2 = i/k* + O (m3/k*). The first term is the free propagator, which gives a scaleless

integration, whereas the second one can be shown to contribute at order aSEm%r2, which
5

is smaller than may.

For what concerns the symmetric part of the propagator, i.e. (1/2 + ng(ko))(D&, —
D&), it should be noted that the retarded and advanced propagators depend on kg only
through the HTL self-energy; therefore, imaginary parts in their denominators can enter
only through the logarithm appearing in Eq. (B.1). Hence, the symmetric propagator is
non-zero solely in the spacelike k? > k3 region, which is related to the Landau-damping
phenomenon. At leading order in the expansions of the Bose—Einstein distribution and of

the propagator for m% /k? < 1, we thus have

1 R _ pA _ 27Tm%) 2 12 2 /1.4 4 1.7
+nB(k0) (Doo(kf(],k) DOO(k())k)) = 3 0 (k kfo) + O (mD/k s TmD/k ) .

2 k
(5.16)

2 so further terms in Eq.

The first term contributes to the spectrum at order asTm%)r
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(6.16) are not needed (see footnote fl). We then have

9 dPk k2 Tm2nw ;
E(long) E) = ¢2 i 4—D/ D 2 7.2\ .1
OuE(E) gOFD—lrM (2m)P E —hy — ko +in kP O ko)
sO T 2 . 2 E - ho § 8 '
- %r’ [Zwsgn(E — ho) +1i (E +1n(#72) +95 3~ 11177)] .
(5.17)
Equation (f.17) translates into the following shift of the energy levels
on SC T 2 2,2
SEN = IO S SO 52 41 - 311+ 1)), (5.18)

3 2

For what concerns the width, we observe that the divergence is of ultraviolet origin and
cancels the one in Eq. ([£24), yielding a finite width; some care is, however, required in
the handling of the logarithms of the energy, which give rise to an analogue of the Bethe
logarithm. We have

on CrIm? (2 . B} on’
plong) _ _ XCRIMp <E+1nu_;+ny_§_1m> B0 1502 41— 31(1 + 1)]

wl 3 2
20,CrTm? C%a?
S D EFS ), (5.19)
3 EZ "
where E; = —mC%a?2/4 is the energy of the ground state and
E? 3k 9 Ey
I, =—" —— [(n, l|r|k)|* In ——5—. 2
= | o e P (5.20)

(n,l|r|k) is the matrix element between a (bound) eigenstate |n,[) of hs and a continuum
eigenstate |k) of h,. This expression can be reduced to a single integral using the techniques
of P8, B4]. We obtain for a singlet nS state and an octet P wave (the matrix element
introduces a Al = 1 selection rule)

In,oz/ dl/YJnD(V)XfL(V), (5.21)
0

where

/6

m _ E

The definitions of VX, X2 for n = 1,2,3 and p,, can be found in [P§ and [P4], the latter
reference correcting some misprints in the former. A numerical evaluation of these integrals

for the three most tightly bound I = 0 states yields:

Io = —0.49673, I> o = 0.64070, I3 = 1.18970. (5.23)
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5.3 Summary

In summary, the contribution to the energy levels coming from the binding energy scale is
entirely due to the longitudinal part of the chromoelectric correlator,

sE\E) = splone). (5.24)

n,d n,l

which may be read from Eq. (f.1§). The contribution to the decay width coming from the
.. . (trans) (long) .
binding energy scale is the sum of I} ; and I')

B _ Lo~ 35 16 8 on 1
Pn,l - ch CragT — %CFQSTEW/ + chCFasTm

3 n

CrTm?, (2 E? 11
"D (E—Hnlu—;—F’yE———lnﬂ—i—lnél) adn?[5n? +1—31(1 4 1)]

+2Ena§’ {40%@0 8 1 2@) 2N2Cp E}

NO:Z | —M8 - — — Sle Tl
+ CF<n(2l+1) n? n n(20+1) 4

6 3
2ozSC’FTm% C’%ag
n

where the first two lines come from the first two in Eq. (p.14)) and the last two from Eq.
(6.19) and from the last term in (5.14). I,,; is defined in Eq. (.20).

6. Contributions to the spectrum from the scale mp

In our hierarchy of energy scales, the next scale after the binding energy is the Debye mass.
We thus have to evaluate Eqgs. (5.§) and (f.1§) for momenta of the order of mp. In detail,
we have two regions to analyze: the first one is kg ~ E — h,, k ~ mp, corresponding to
having the octet propagator unexpanded and conversely expanding the HTL propagators
for kg > k. It can be easily shown that both the transverse and the longitudinal parts
result in a series of scaleless integrations over k, which vanish in dimensional regularization.

The second region corresponds to having kg ~ mp and k ~ mp: the octet propagator
then needs to be expanded, whereas the HTL propagators are to be kept in their resummed
form. The resulting integrals are quite involved, however, by power counting arguments, it
can be easily seen from Egs. (5.§) and (F.1§) that, once the octet propagator is expanded,
the largest term comes again from the symmetric part of the gluon propagator, due to the
T /ko enhancement factor. The size of this term turns out to be of order asT' m%rQ /E and,
since we have assumed (mp/E)* < g, it is beyond ma? .

7. Conclusions

We have computed the heavy quarkonium energy levels and widths in a quark-gluon plasma

of temperature T' such that mag > T > ma? > mp. Assuming (mp/E)* < g, the
5

spectrum is accurate up to order maoy.
The thermal shift of the energy levels induced by the medium is obtained by summing

the contribution from the scale 7', given in Eq. (4.2¢), with the thermal part of the
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contribution from the energy scale. We remark that the contribution from the energy
scale, given in Eq. (5.24)), is the sum of both vacuum and thermal contributions, which,
in the transverse sector, cancel. The thermal contribution of the transverse modes can be
derived from Eq. (5.19). The complete thermal contribution to the spectrum up to order
ma? reads (we recall that E, = —mC%a2/(4n?) and ag = 2/(mCras))

SEL ) = TN, o2 T2 3% 104 1)] + 0% a2 Tag

9
E,a3 2T\ 2 403610 8 1 280
n% g (Z22) 9 E0 L No2 | S 2
+37T Og<E1> e { n T Cp[n(2l+l) n? n}
2Nc20F &g’
n2l+1) 4
2En 3.3
+ML%I
3T
+@[5 2+ 1-311+1)] 3 - i<(3)+z CrasTm3
g " o 3| POt D
2
+ 3CB) NeCr o? T3} , (7.1)
where Ly, ; is the QCD Bethe logarithm, defined as 2§, B4
1 a3k ) K2\ ? By
L, = AeoP (B, =) m—2 7.2
1= o | R (B = D) w2

We refer to [2§, 4] for details on the numerical evaluation of this integral. We furthermore
remark that the thermal contribution to the spectrum is finite, the IR divergence in Eq.
(B.26) having cancelled against the UV divergence coming from Eq. (p.12).

The thermal width is obtained by summing the contribution from the scale T', given in
Eq. (f£27), with the one coming from the energy scale as given in (5.25), the IR divergence
in the former cancelling against the UV divergence in the latter. We then have

thermal 1 4 02 agT
pifermall — GNZCRAlT + 5 =L (Cp + No)
2,03 (4C36 8 12 2N2C N3
| 2Enas EO0 | 2, 7__2_ﬂ LWl L e
3 n n2l+1) n n n(20+1) 4
Cr 2 E} ¢'(2) 4m 2 3
—[?aSTmD <lnﬁ+27E—3—10g4—2C(2) —l-?lHZNCCFOzST

x agn® [5n® + 1 - 31(1 +1)]
8
+3Cras Tm} ain* I, , (7.3)
where I,,; is defined in Eq. (p.20). We remark that, up to the order considered here, the
thermal contribution to the spectrum and to the width is independent of the spin.
Our results are expected to be relevant for the ground states of bottomonium (Y(1.5)

and 7,), and to a lesser extent to those of charmonium (J/v¢ and 7.), for a certain range
of temperatures in the quark-gluon plasma for which ([.1) is fulfilled. Let us now try to
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figure out what our results imply for the electromagnetic decays to lepton pairs or to two
photons. First of all, the masses of the heavy quarkonium states increase quadratically with
the temperature at leading order (first line of ([7.1])), which would translate into the same
functional increase in the energy of the outgoing leptons and photons if produced by the
quarkonium in the plasma. Second, since electromagnetic decays occur at short distances
(~1/m <« 1/T), the standard NRQCD factorization formulas hold, and, at leading order,
all the temperature dependence is encoded in the wave function at the origin. The lead-
ing temperature correction to it comes from first-order quantum-mechanical perturbation
theory of the first term of ({.2§). The size of this correction is ~ n?T?/(m?as). Hence, a
quadratic dependence on the temperature should also be observed in the frequency in which
leptons or photons are produced by the quarkonium in the plasma. Finally, at leading or-
der, a decay width linear with temperature is developed (first line of (7.J)), which implies
a tendency to decay to the continuum of colour-octet states. Hence, a smaller number of
vector and pseudoscalar ground states is expected to be in the sample with respect to the
zero temperature case.
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A. Details on the evaluation of the transverse HTL contribution

Our aim is the evaluation of Eq. (f.6). Owing to the symmetries of the retarded and
advanced propagators and of the Bose—Einstein distribution we can restrict the integration
in (5.4) to positive values of ky. We then have

D—2 dP~ k[ dkok} (T E
5E(trans,symm) E) = 20 i 4—D/ / Ohg ( L o=
s (B) = g°Crp—rn 0P ), T2r \wm  C\T

1 1
X (Ar(ko, k) — Aa(ko, k)) <E By Y T o +i77> ri.  (Ad)

Let us define the quantity A = kg — k. There exist two momentum regions that
contribute to the integral (A1) for kg ~ k ~ E — h,. We call the first region the off-shell
region. It is defined by

A~ (E—h,), k~(E—h,), (A.2)
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i.e. the region where the gluon is far from being on shell. The second region is called the
collinear region. In this region, we have

2
mp

)\N
E—h,’

k~ (B — h). (A.3)

We observe that the collinear scale m2,/(E — h,) has, in our energy scale hierarchy, a
magnitude in between mg* and mg®. It is, therefore, smaller that the Debye mass by a
factor of mp/FE < 1 and still larger than the non-perturbative magnetic mass, which is of
order ¢g?T, by a factor T/E > 1. For simplicity, we separate the two regions by a cut-off

A, such that
2

mp
(E - ho) .
We start by analyzing the off-shell region. Here k3 — k* = X\(2k + \) > m% and we
can thus expand the retarded propagator propagator in Eq. (5.9) as

(E —ho) > A> (A4)

m2 k2 k ko+k+1
(@ () m(mi‘b)
K2 — K2+ in (kg — k2 & in)? - hO)(GA g)

Terms contributing to the real part of this propagator and hence to Ag — Aa can come

AR(kQ > 0) =

either from the poles of the denominators, yielding a d(k3 — k?), or from the imaginary
part of the logarithm. However, 5(1@8 — k?) = 0 over the whole off-shell region. We can
safely discard these terms and obtain

_m%koﬂe(k’ — k‘o) 1

P : A.
243 k2 — k2 (4.6)

(Ar — Aa)(ko > 0) =

Note that the principal value prescription is irrelevant since our integration region excludes
the poles. From Eq. (), we get

2Crm%Trr'(D — 2) dP1k 1
52(trans,symm) E) — _g Fmp / L
s,off shell ( ) 2(D — 1) (27T)D_1 k3
k—A 2 _ . )
></ dkOP kg 2(E — ho +in)
0

o K-k (E—ho+in)?—kg

(A7)

This integral does not need to be dimensionally regularized, so we can set D = 4 at this
point and obtain

2 2 ) o0 _ : )
5E(trans,symm)(E) _ _g CFmDTT‘ / dk‘o 2(E ho + Z?]) |:1n % +0 ( A >:| i
0

s,0ff shell 1271 o (E — ho +in)? — Kk} ko ko

(A.8)

We consider, now, the collinear region. We start again from the retarded propagator

introduced in Eq. (5.3). We perform the change of variables kg — k = A and we expand for
A~ m% /k < k, thereby implementing the collinear hierarchy. We then have

A
(AR—AA)(]{IO >0) :A1+A2+A3—|—A4—|—A5+O<E> , (Ag)
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where the A; are defined as

) 1 1
Ar=oo < mh m3 ) ’ (4.10)
A—gP+in A= 4P —in
3im? 1 1
Ay = 641<:f ( T N 2) : (A.11)
(A — 2 +1in) (A= 28 —1in)
2k 2k
im? In (A+m) In (A—m)
Ay =— T o — — | (A.12)
A 2+ — 52 —1in
2% 2k
A, — imh In (A—I—in) In (A—m) Al
4= _32k4 sz . \9 o sz . \9 ’ ( ' 3)
(A— i T in) (A— ik in)
im% 1 1
B85 = g5 AN N (A-14)
A=5P +in A= 4P —in

We start by plugging A; in Eq. (A.1]). We then have

2 . 3 A 2
52§t’lians,symm)(E) _ g CFT'Z/ (d k / d)\(k+)\)z(5< _ @)

6 2m)3 J_u k 4k
" 2(E — hy +in) i
(E — ho +1in)? — (k+ \)?
2 ) ) T 4 .2
= 20, CrTH(E ~ ) + 0 (%> . (A15)

The contribution of Asg is

G*CrTr' / d*k /A dA3im},
3 (2m)3 J_p 27 32Kk3

62§E;ans, symm) (E) _

y ( 1 1 ) AE —hotin)
m2 . B m? . _ in)2 — 2
A="2 pim)2 (A= TP —ip)? (E—ho+in)?—(k+A)
=0 (ozSTm4Dr2/E2) ;

the leading order term in the expansion of ((E — h, +in)? — (k + A)?)™!, which would
contribute at order asTm%rz, vanishes because the integral over X is zero. The contribution

of Agis

_ig? CrTmiyr! / Pk 1 /A dX 2(E — ho + in)
12 (2m)3 k2 J_p 27 (E — ho +1n)% — (K + \)?
X [ln

2
%‘ <—2m5 <)\ - @»  imO(— AP | i

62(tgans, symm) (E) _

S

4k mp

4k
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We then have

2CpTm2r (©dk  2(E — h, +in) 2k ;
62(trans,symm) E) — _.9177[) / ar o 1 i L rt
53 (E) 127 o 20 (E—hotin)?— k2 [T\ X I
(A.16)

where the dots mean terms suppressed by 1/A. We now combine this result with the
contribution from the off-shell region in Eq. (A.§) to obtain

rans, symm rans, symm SCrT 2 1 e 2E — hy . '
px(trans svmm) () 4 gy (trans. sy ><E):_wm4/ i, ( tin)
0

6 E— ho+1in)? — &2
s T 2,2
:i%lnﬂ..., (A.17)

where the dots stand for higher orders. We remark that the dependence on the cut-off
scale A has disappeared. The contribution of Ay is

5E(trans,symm)(E) _ _Z.g2Tm4DCFTi / d3k i /A @ 2(E — ho + ZT])
sid 48 (2m)3 k3 J_p 2m (B — ho +11)2 — (k + )2

[( In || In | 3| ) 20m0(-)) ]
X m2 . o m2 . o . "
A=ZD4in)? (AT —ip2)  (A-ZE i)

The needed ) integrals are

and

so that 528:1”5’ Symm)(E) has only contributions that are suppressed by powers of 1/A.
Finally, the contribution of Aj is

rans, Symm 2 : - b-1 A T 2
5235 sy )(E):gCFT(D)2)/(d k/ d\ WmD(;()\_@)

2(D — 1 om)D-1 |\ 2r 2k2 1k
o AB—hetin)
(E = ho +1in)% — (k+ \)?
< T 2,2
- —z’aCF# o (A.18)

where the dots stand for higher orders. The contribution of the symmetric part of the
transverse propagator is then given by the sum of Eqs. (A.1§), (A.17) and (A.1§).
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