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Abstract We study the behaviour of spin 1/2 charmed
baryons as the temperature increases. We make use of
anisotropic lattice QCD simulations with Ny = 2+1 dynam-
ical flavours. After determining the positive and negative par-
ity ground state masses at the lowest temperature, we inves-
tigate the effect of rising temperature using ratios of thermal
lattice correlators with both so-called reconstructed correla-
tors and with simple model correlators. This avoids difficul-
ties associated with non-zero temperature fitting or spectral
reconstruction. We find that temperature effects are promi-
nent throughout the hadronic phase for all negative parity
channels considered and for some positive parity channels.
Subsequently and where possible, we determine the masses
of the ground states as a function of temperature. Finally
we consider the effect of chiral symmetry restoration and
extract an estimate of the pseudocritical temperature from
singly charmed baryonic correlators.

1 Introduction

This work focuses on the fate of spin 1/2 charmed baryons as
the temperature increases and the confining hadronic medium
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at low temperature smoothly transitions to a quark-gluon
plasma (QGP), as predicted by Quantum Chromodynam-
ics (QCD) [1]. While the light degrees of freedom decon-
fine at the crossover [2,3], there is evidence that heavier
hadrons comprised of charm and bottom quarks can sur-
vive as bound states in the QGP. Since the seminal work
by Matsui and Satz [4], this has been studied extensively for
charmonium (¢¢) and bottomonium (bb) states, as it provides
important insights into the length scales in the QGP [5-7].
For results obtained with lattice QCD, see e.g. the compre-
hensive reviews [8,9] and references therein.

Here we consider baryons containing charm quarks, build-
ing upon previous work studying the behaviour of light and
strange baryons at non-zero temperature [10-12]. The focus
in this earlier work was parity doubling, the emergence of
a degeneracy between positive- and negative-parity correla-
tors and ground state masses, which is a signal for chiral
symmetry restoration. Due to the heavier mass of the charm
quark, one expects a reduction in the level of parity doubling
observed when compared to the light and strange baryons.
Instead, baryons containing multiple charm quarks may be
more similar to heavy-quark mesons (quarkonia) and there-
fore not immediately dissolve in the QGP. Hence, it will be
interesting to analyse the structure of charmed baryons across
arange of temperatures.

Heavy-light charmed D and D mesons have been stud-
ied using thermal lattice QCD in Refs. [13,14]. In particu-
lar, Ref. [14] considered the response of D(s) mesons to an
increasing temperature without the explicit need for non-zero
temperature fits and spectral reconstruction. The outcome of
this analysis was subsequently used to inform the applicabil-
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ity of standard fits to the correlation function used to deter-
mine the ground state mass. The analysis studied ratios of
lattice correlators to single-state model correlators to deter-
mine when the spectral content of the correlator was different
from that of the zero-temperature correlator. Here we extend
this treatment to the baryonic sector for the first time.

Motivated and directed by the outcome of the analysis of
correlator ratios across temperatures, we fit correlators with
standard exponential fits when ratios suggest that thermal
effects are small. Hence these fits assume that the hadron is a
(narrow) bound state. Extensive use is made of model averag-
ing methods [15,16] in order to produce a reliable extraction
of the mass. It is noted that the behaviour of charmed baryon
masses at non-zero temperature may be of phenomenological
interest [17].

To make use of the full range of temperatures available, we
also compare positive and negative parity channels using the
correlation functions directly [11,12, 18], to reveal the effect
of chiral symmetry restoration in the QGP. Parity doubling is
not expected due to the large charm quark mass; nevertheless,
for singly charmed baryons a clear change of behaviour is
observed.

The paper is organised as follows. In Sect. 2 we summarise
the FASTSUM Generation 2L ensembles, correlator meth-
ods, and the fitting techniques used. We consider ratios of
the lattice correlator with the “reconstructed” correlator and
with a single-state model correlator in Sect. 3. In Sect.4 we
determine masses across a range of temperatures provided
the analysis of the previous section suggests this is appro-
priate. The fit-independent parity doubling ratio is presented
in Sect. 5. Conclusions and future work are discussed at the
end.

2 Lattice correlators

In the following subsections we discuss the gauge field
ensembles, operators, and fitting procedure used to deter-
mine ground state masses at the lowest temperature.

2.1 Ensembles

We make use of the thermal ensembles of the FASTSUM
collaboration [18], with 2 + 1 flavours of Wilson fermions
on anisotropic lattices. The renormalised anisotropy is & =
as/a; = 3.453(6) [18,20]. The lattice action follows that of
the Hadron Spectrum Collaboration [21] and is a Symanzik-
improved [22,23] anisotropic gauge action with tree-level
mean-field coefficients and a mean-field-improved Wilson—
clover [24,25] fermion action with stout-smeared links [26].
Full details of the action and parameter values can be found
in Ref [18]. We use the “Generation 2L ensembles which
have a pion mass of m, = 239(1) MeV (in the previous
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Table 1 FASTSUM Generation 2 L ensembles used in this work

N: 128 64 56 48 40

T (MeV) 47 95 109 127 152

N: 36 32 28 24 20 16
T (MeV) 169 190 217 253 304 380

The lattice size is 32> x N, with temperature 7 = 1/ (a; N;). The
spatial lattice spacingis a; = 0.11208 (31) fm, renormalised anisotropy
& = ag/a; = 3.453(6) and the pion mass m, = 239(1) MeV [19].
We use ~ 1000 configurations and eight (random) sources for a total
of ~ 8000 measurements at each temperature. The estimate for 7},
comes from an analysis of the renormalised chiral condensate and equals
Tpe = 167(2)(1) MeV [14,18]. Full details of these ensembles may be
found in Refs. [14,18]

“Generation 2” ensembles the pion mass was m, = 384(4)
MeV [27-29]). While this is still heavier than physical, it rep-
resents an important step towards the physical regime. The
strange quark has been tuned to its physical value via the tun-
ing of the light and strange pseudoscalar masses [27,30,31].
The ensembles are generated using a fixed-scale approach,
such that the temperature is varied by changing N;, as
T = 1/(a;N;). A summary of the ensembles is given in
Table 1. There are five ensembles below the pseudocriti-
cal temperature T, = 167(2)(1), one close to 7). and five
above Tpc. The estimate for T, comes from an analysis of
the renormalised chiral condensate [18]. Note that here we
have used the updated lattice spacing of Ref. [19], which has
been implemented in our analysis in Ref. [14].

2.2 Operators

The J = 1/2 singly and doubly charmed baryons, with quark
content, are grouped according to the underlying flavour sym-
metry of QCD, namely

SUB)3: Ac(udc), B (usc)
SUB)6: X, (udc), E’C (usc), Q. (ssc) (D

and for doubly charmed baryons,
SU@3) X U(1)charm 20 : Ecc (ccu) , Qe (ccs) , 2
following the decomposition of SU(4) as in the PDG

2020 [32].
The baryon correlators we consider are of the form

G (x) = (0% (1) 0" (0)) 3)

where O = (’)Ty4 and «, o’ are Dirac indices. The operators
used follow Refs. [33,34]. Denoting the three quarks as g1, g2
and g3 (from left to right), the operator for the case g1 = ¢»
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(Zce, Q¢ and Q) is given by

O(zxﬂ,uz (g1, 41, 93) = €abc qf,a (q{’,ﬁ [Cys]ﬁy q§‘y> . @4

For the non-degenerate case, X. and E, belong to the
SU(3) 6 flavour multiplet, with operators

1 "
Topa 1,429 = 7 cabe (at o (a2 s [Crs]y, 45, )
+ 4. (Clé’,ﬁ [C)/s]ﬂy g1, y>) )

where g1 = u, g3 = ¢ and go = d/s respectively. A, and E,
enjoy SU(3) 3 flavour symmetry, with operators

1 :
0312 @1, 92, 43) =g Cabe (Zqé’, « (q{’, 5[Crsly, 45, V)
b
+ qg,o{ (ql, B [Cys]ﬂy qg, y)

—at o (2 5Crsly05,))  ©

where g1 = u, g3 = c and g» = d/s respectively. The
Euclidean gamma matrices satisfy V/I = Yu =Yy ! for

w=1...4 y5 = )/5T = y1»2y3y4 and C is the charge
conjugation matrix [35].

The contractions of these operators produce terms propor-
tional to
Sitr [CT 085> CT6iS3] and S1CIs08,CT 83, (7)
where S 7 3 is a quark propagator of flavour g1 2 3 and I'sosi
is the gamma matrix in the source/sink operator respectively.
These are the principal building blocks of the baryon corre-
lation functions.

The positive and negative parity projectors are [33,35]

1
Pi=§(1iy4), ®)

and we denote the projected correlation functions at vanish-
ing spatial momentum as [10-12]

Gi(t) =tr PLG(1). )
These are related as [11]

G+(1) =—-G=(1/T — 1), (10)
implying that the forward- (backward-) propagating states of
G4 (7) are states with positive (negative) parity.

Gaussian smearing is applied to the source and sink
using [36]

77/=Cnorm (1 +«H)"n, (11)

where 7 is the bare (delta function) source, k and n determine
the amount of smearing, H is the spatial hopping part of the
Dirac operator and Cporm is an appropriate normalisation.
Here we used x = 5.5, n = 100 at all temperatures. The
root-mean-square radius of this profile is ~ 6.8 lattice sites.
These parameters were chosen such that the positive parity
nucleon ground state at the lowest temperature displays good
ground state isolation, as in Refs. [11,12].

2.3 Mass extraction

A systematic extraction of hadron masses from lattice QCD
is an area of active development, with methods becoming
increasingly sophisticated [15,16,37—43]. Broadly these can
be divided into methods which improve the underlying cor-
relation function [37,38,41] and those which aim to more
reliably extract the mass from a given correlation function.
As mentioned above, we use gauge invariant Gaussian source
and sink smearing in order to improve the overlap of the
operator with the (zero-temperature) ground state. We also
adopt the model averaging methods of both Refs. [16,43]
and Ref. [15]. By comparing these two distinct methods we
ensure a robust determination of the mass.

We start at the lowest temperature (T = 47 MeV, N, =
128) and consider fit functions of the form

N
E(‘L’) — Z Ane—arM,TT/ar + Bne_arMn_(Nf_T/ar)’ (12)

n=1

where G(t) = G4 (1) /G4 (0) and M is the n' posi-
tive (negative) parity state. The number of exponentials N is
allowed to vary from one to three. The final number of expo-
nentials is set by examining the Gaussian Bayes factor and
stepping back one exponential when it ceases to change as
more exponentials are added [39,44-46]. This is equivalent
to stopping when the data can no longer support additional
exponential terms. We illustrate some of our findings below
using the positive and negative parity E.. ground states as
examples.

Typically the correlator G () is considered from a starting
time Tpyip up until an end time Tmax. This is due to excited state
contamination at early times and the onset of noise of late
times (on the positive parity side and trivially reversed for the
negative parity side). The choice of “fit window” can have a
substantial effect on the extracted mass; this is particularly
evident for the effective mass [35] fits shown in Fig. 1 for the
positive parity E.. ground state at the lowest temperature.
Here we have fit the effective mass,

1 G )+ G(t—8
Mg = — arccosh (@ + T)_+ @ T), (13)
P 2G (1)
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14 16 18 20 22 24

Fig. 1 Mass of the positive parity E.. ground state at the lowest tem-
perature, from forward constant fits starting at T, to the effective
mass. For each tpin, Tmax increases from left to right in each pane, i.e.

with 6; = 2 across an interval i, < T < Tpax, With vary-
ing Tmin. Specifically, we used tmin > 0.1 N; = 13 and
Tmax < N¢/2—0.05 N; = 57 (note that in this section we use
“temporal lattice units” for both Euclidean time and quoted
mass values). This range was chosen to remove early time
slices dominated by excited state effects and “noisy” time
slices near the middle of the time extent. At small values
of Tmax clear excited state contamination is manifest in the
increased value from the fit. As Ty, and tyax are increased,
excited state contamination is decreased as the ground state
becomes more dominant, but the statistical uncertainty also
increases. While it may be possible to extract a robust ground
state mass from the effective mass for N; = 128, in general
this will not be possible at higher temperatures, due to a
reduction in the number of temporal points.

Exponential fits electing a single fit window ignore the
information from other fit windows. It is therefore beneficial
to use model averaging methods to determine weighted fit
parameters. The first method, introduced in Ref. [16] uses a
weight

2
w_ pr/(8My)

o) = , (14)
LN e/ (M)

where p s is the p-value of the fit f, §M s is the uncertainty
in the fit parameter of fit f and there are N fits to be aver-
aged. This method penalises both poor fits and unconstrain-
ing fits [42].

This is in contrast to the second method [15] which uses an
exponential of the modified Akaike information criterion [15,
47]

1
~ (2
7 = exp (—zxfug (My) —k — Ncut) , (15)
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Tmin

Tmin < Tmax < N¢/2 —0.05 N;; hence the “middle” 10% of points are
excluded. X-axis labels are not shown where they would overlap, i.e.
on the right side of the plot

where Ny is the number of data points not fit to, k is the
number of fit parameters and Xfug is the augmented chi-
squared [44]. Agreement between the two methods provides
confidence in the extracted fit parameter.

Alarge number of roughly equivalent fit windows is shown
in Fig. 2. The exponential fits have range ti, = 1 < 7 <
Tmax < N¢/2 — 0.05 N;. In particular, in Fig. 2 only the top
30% highest weighted fits using the weight of Eq. (15) are
shown.

To exclude outlying fits, a further cut is made. The top
30% of weighted fits using the modified Akaike information
criterion weights of Eq. (15) are separated and re-averaged
using both methods. This is demonstrated in Fig. 3, in which
the effective masses for both the positive and negative par-
ity E.. ground state are shown and compared to the model
averaged results from the multi-exponential fits after this cut
has been applied. The resulting fits are in good agreement
for both the sectors giving us assurance that the fitted masses
are robustly determined.

In practice, to produce a single number for a mass, a single
averaged value is chosen by examination of the weights, such
that the averaged value clearly represents the fits. This can
be seen in Fig. 4 where the averaged value encompasses the
majority of the fit weights (which sum to 1). The difference to
the other three methods of Egs. (14) and (15) with and without
the top 30% fit cut is then added as a systematic uncertainty.
An unrepresentative case would have the weight dominated
by a single, outlying fit. If this is the case, that method is not
used when determining the systematic uncertainty.

2.4 Spectrum

We are now in a position to present the spectrum of J = 1/2
charmed baryons with positive and negative parity at the low-
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Fig. 2 Mass of the positive parity E.. ground state at the lowest tem-
perature, extracted from multi-exponential fits as in Eq. (12). For each
Tmin» Tmax increases from left to right in each pane. The top 30% high-
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Fig. 3 Comparison of the effective mass for the positive and negative
parity E.. ground state at the lowest temperature with the results of the
two model averaging methods of Egs. (14) and (15)

Fig. 4 Highest weighted fit results for the positive and negative parity
Ecc ground state at the lowest temperature as a function of fit window.
Both sides of the correlator are fit symmetrically and so e.g. “20-57”
fits points [20, 57] and [71, 108] simultaneously. The weights d)(fz) of
Eq. (15) are also shown, as is the resulting model averaged fit value

29 31 33
30 32 34 36 38 40 42 44

Tmin

est weighted fits from Eq. (15) are shown, as are the corresponding
model averaged values from Egs. (14) and (15). X-axis tick labels are
not shown where they would overlap

est temperature, in Fig. 5 and Table 2. While exact agree-
ment with the experimental results is not expected due to
our heavier-than-physical light quarks and lack of contin-
uum and infinite volume extrapolation, there is encourag-
ing similarity in the observed masses in both the positive
and negative parity channels. Better agreement is observed
for hadrons with more strange and charm quarks; this can
be explained by the tuning of these heavier quarks to their
physical masses [27,30,31]. We remind the reader that we
do not attempt precision zero-temperature spectroscopy, see
e.g. Refs. [30,49-62] instead, but that our interest is in the
response to heating up the system, to which we turn in the
next section.

Hl Experiment *  Negative Parity *
4.0 ¢ Positive Parity *
*
_ x
/;3.5
©
&
% =
S
= 3.0
= T £ k2
X
.
_ _ x
2.5 * —
x
25 /2y, 12z 12z 12, 2z 120)
(udc) (udc) (usc) (usc) (ssc) (ccu) (ces)

Baryon

Fig. 5 Positive (diamonds ¢) and negative (stars x) parity ground state
masses M* at the lowest temperature. Inner error bars represent the
statistical uncertainty and the outer bars incorporate a systematic error
from the choice of averaging method. The grey bars represent experi-
mental results from the Particle Data Group, when known [48]
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Table 2 Positive and negative parity ground state masses M= at the lowest temperature, in units of a; and in GeV
Hadron Lattice PDG
arM+t arM~ M™T [GeV] M~ [GeV] M™ [GeV] M~ [GeV]

A (udc) 0.3853(36) 0.4576(39) 2.342(22) 2.782(24) 2.28646(14) 2.59225(28)
3¢ (udc) 0.4118(11) 0.4777(50) 2.5034(86) 2.904(31) 2.45379(30) —

8¢ (usc) 0.40787(89) 0.4779(49) 2.4796(77) 2.905(30) 2.46907(36) 2.79290(71)
8. (usc) 0.4271(15) 0.487(11) 2.596(11) 2.961(67) 2.57845(71) —

Q. (ss¢) 0.4433(21) 0.5072(87) 2.695(14) 3.083(53) 2.6952(17) 3.00041(22)
Eee (ccu) 0.59642(87) 0.6575(34) 3.6258(95) 3.997(22) 3.62160(40) —

Qe (ccs) 0.6114(17) 0.6757(26) 3.717(13) 4.107(18) — —

The systematic error due to the choice of model averaging method has been added in quadrature to the error from the selected model averaging
procedure. The final two columns show the Particle Data Group values [48], when known, averaged over charge partners with systematic uncertainties

added in quadrature

3 Temperature effects

To investigate the effect of increasing the temperature of the
hadronic medium, we first attempt to assess this using only
information contained in the correlators, i.e., without per-
forming fits at finite temperature. We use two complementary
approaches; first we perform an appropriate resummation of
the correlator at the lowest temperature to account for the dif-
ference in temporal extent at finite temperature. This leads
to the so-called “reconstructed” correlators [63], extended to
the fermionic case here. Subsequently, we consider a mini-
mal model of the thermal correlator using information only
from the well-defined ground state fits at the lowest tem-
perature and take appropriate ratios, following Ref. [14]. In
both these approaches, the key idea is that we attempt to iso-
late the effect of changing the temperature on the spectrum,
while removing the effect of reducing the temporal extent as
a trivial kinematic construction on the Euclidean lattice.

3.1 Reconstructed correlator

The spectral relation for baryons reads, see e.g. Egs. (2.16,
2.17,2.27) of Ref. [11],

> d
G(r:T) =/ ﬁKF (1. T) p (). (16)

where K ¢ is the fermionic kernel

—wT

Kr(t,w;T) = (17

14 e@/T"

Here G (t; T) and p (w) can have Dirac indices, or be pro-
jected with parity operators, see Ref. [11].

@ Springer

This kernel can be compared with the building block for
bosonic (mesonic) correlators

—wT

Kp(t,w; T) = 1 (18)

1_e—w/T"
Often this is multiplied with exp(w/27) in the numerator
and the denominator, to arrive at the usual sinh(w/2T) in the
denominator, but this is not needed here.

To relate a correlator at a higher temperature 7 to one at a
lower temperature 7y by resummation, we use a simple iden-
tity which follows from factorisation. We switch to lattice
units such that 7 = 1/N,, Ty = 1/Ny, and No/N,; = m is
an (odd) integer. In the bosonic case

-1
I—emome = (1 — 7o) (mz e_”‘”N’> , (19)
n=0

where m is any integer. The fermion case is
m—1

eV = (14 e7oN) (Z (=1 e"‘”N’) 20)
n=0

for m an odd integer. The bosonic kernel can hence be written
as

—wT m—1 e—w(r—i—nNT)
KB(va; 1/NT)= 1_e7ri - 1 —eimef
n=0
m—1
=Y K5 (t +nNe,w:1/(mN:)) @1
n=0

for integer m, and the fermionic kernel as

e~ @t m—1 (=" e—w(t+nNg)
Kr(r.wi1/Ne) = 1 = X(:) T
n=
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m—1 ) A+C—M§fr A_eMyt 26)
;:o (—1)" Kp (v + 1N 0 1/(mNo)) . (22) g T

for integer odd m.

Inserting Eq. (22) into the spectral relation (16) for a
fermionic correlator at temperature 7 = 1/N; relates this
correlator to a resummation of one at a lower temperature
To = 1/No = 1/(mN,), assuming that the spectral content
content is unchanged. Thus yields the reconstructed correla-
tor for fermions,

m—1
Grec (75 1/Ne, 1/No) = Z (=D" G (v +nN; 1/No).
n=0
(23)

Switching back to denoting the temperatures with 7' and Ty,
itallows us to compare the actual correlator at temperature 7,
G (t; T), with the expected correlator if the spectral content
is unchanged from a lower reference temperature 7y, namely
Grec (t; T, Tp), via the ratio

Trec(T; T, T0) = G (15 T) [ Grec (t; T, T) - (24)

For bosons, this technique was used in e.g. Refs. [13,63]. For
fermions, we are not aware of a previous application.

Asm = No/N; = T/Ty must be an odd integer for
fermions, the lattice sizes which can be used are limited in
principle. This can be resolved by “padding” the correlator
with the value at the minimum. No qualitative difference
is found by padding with zero instead. We consider only
adding points to extend the correlator as this can be done at all
temperatures. In principle one could also consider removing
points from the reference correlator at the lower temperature
To = 1/Ny. No substantial difference is observed in our tests.

3.2 Model correlator

Alternatively, we may construct simple model correlators
at a higher temperature 7' by employing the ground state
masses determined at the lowest temperature 7j in the previ-
ous section, built on the assumption that spectral content has
not changed and using the baryon spectral relation (16) for
the zero-momentum projected positive-parity correlator. We
write for the spectral function

o+ (@) =2wALS (a) — Mg’) +27A_S (a) + MO_) , (25
where MOi is the positive (negative) parity mass at tempera-
ture Ty and A4 are the corresponding amplitudes. The model

correlator at temperature 7 is then

Gmodel (7; T, To) = AL KF (T, MO+) + A_Kr (‘L’, —M(;)

The main assumption here is that the width of the state
extracted is negligible. We can now take ratios of the actual
and the model correlator,

r(t;T,To) =G (t;T) /Gmogel (v; T, Tp) , (27)

as well as double ratios,

Ru:T. Ty = BT T0)
r (t; To, To)
_ G(t;T) G (t; To)
~ Gmodel (T: T, T0) [ Grmodel (13 To, To)’

(28)

to potentially eliminate the effects of excited states and other
features at early Euclidean times. This approach has been
studied in some detail in Ref. [14] for the case of D y) mesons.
Note that in all ratios we may consider separately the positive
parity correlator G4 (7) and the negative parity correlator
G_(t) = —-G4+(1/T — 1). Moreover, we always divide the
correlators by their value at T = 0, to set a consistent scale.
For further analysis on the reconstructed and double ratios,
see Ref. [64].

3.3 Results

We now present some results for ratios of correlators, using
both the reconstructed correlator and the model correlator
in the denominator. We focus here on the X. (udc) chan-
nel; Appendix 1 contains additional results in the E.. (ccu)
and Q. (ccs) channels. These are representative; we have of
course analysed all channels.

We start with the ratio using the reconstructed correlators,
see Eq. (24). In Fig. 6 we show the result in the X, (udc)
channel, for positive parity (left) and negative parity (right), at
low temperatures (top) and at higher temperatures (bottom).
Note that 7 = 127 MeV is shown in both sets of figures.
In the positive parity case, we note that the ratio is close
to 1 at the lower temperatures; the bending upwards around
t/a; = N;/2 is expected due to the appearance of states
with opposite parity. At higher temperatures, the deviation
becomes more significant around 7" ~ Tj,c and is of the order
of 10% at T = 190 MeV. Note the different vertical scales.
We conclude that in the positive parity sector thermal effects
are at the percent level up to 7' ~ T,. In the negative parity
case on the other hand, there are strong temperature effects
at all temperatures, even deep in the hadronic phase.

The reconstructed correlator gives insight into possible
changes into the underlying spectral functions as the temper-
ature increases. A closer look at the fate of the ground state
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Fig. 6 Ratio of correlator G (t;T) and reconstructed correlator
Grec (15 T, Tp) as described in Eq. 24 in the ¥, (udc) channel, using as
input the correlator at the lowest temperature 7y = 47 MeV (N = 128),
for positive parity (left) and negative parity (right). The top row shows

can be obtained by taking the ratio with the model correlator,
see Eq. (27). This analysis relies on the assumption that at the
lowest temperature the width of the state extracted is negligi-
ble and that it is possible to distinguish the ground state from
the excited states. As the temperature increases the temporal
extent of the lattice decreases and so the ground state may not
be distinguishable from the excited states, even if the spectral
information is unchanged. If the ground states are precisely
determined and indeed independent of temperature, the ratio
Eq. (27) will be independent of t for large enough Euclidean
time, understood as the region where the ground state domi-
nates, but where the “bending” of the correlator near N; /2 is
not yet encountered. As the model contains only the ground
state and the correlator G (t; T') has excited states present,
this ratio is not expected to be completely independent of 7.

This is demonstrated in Fig. 7, again in the ¥, (udc) chan-
nel. On the positive parity side, we do indeed observe a hor-
izontal plateau for 7 < 127 MeV, indicating that the ground
state is well described by a single exponential. The negative
parity sector is less clear due to the skewness of the cor-

@ Springer

the four lowest temperatures, 7 = 47, 95, 109, 127 MeV; the bottom
row the higher ones, 7 = 127, 152, 169, 190 MeV. Points past the min-
imum of the lattice correlator G (t; T') are faded and have open symbols

relation function causing fewer time slices to be available
before the mixing of forward and backward states becomes
evident. This could be improved by using methods to reduce
the amount of excited state contamination in the correlator.
The single ratio is similar to an effective mass in that it shows
when excited state effects cannot be ignored. The presence of
plateaus in the single ratio is indicative that the narrow peak
ansatz for the spectral function is suitable for exponential
fits as in Eq. (12). At our lowest temperature, T = 47 MeV,
excellent plateau behaviour is seen for all channels investi-
gated, providing further support for the results for the ground
states masses presented in Table 2.

From the plots with single ratios, it is clear that also the
structure at earlier Euclidean times is approximately temper-
ature independent, in particular at lower temperatures and in
the positive parity sector, see Fig.7 (top left). We can factor
out the common behaviour by considering the double ratio
of Eq. (28), involving temperatures T and Tj. The results are
shown in Fig. 8. We note that the magnitude of deviation from
1 is comparable between the double ratio and the ratio with
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Fig. 7 Asin Fig. 6, for the ratio of the correlator G (t; T') and the model correlator Gmodel (75 T, 1), see Eq. (27)

the reconstructed correlator. Quantitatively, they show differ-
ent behaviour: as mentioned, the double ratio only uses the
information on the ground state at 7 = Tj, assuming that it is
well described by a narrow peak, whereas the reconstructed
correlator uses the full spectral function at Tp.

To determine where exponential fits can be reasonably
performed to extract the ground state mass in the thermal
case, we will require plateau-like behaviour with the dou-
ble ratio not exceeding a difference of ~ 10% from one.
This is illustrated in Fig. 8, where evidence can be seen of
a change in behaviour around the pseudocritical temperature
in the positive parity channel. The double ratio is close to
one until 7 = 169 MeV ~ T).. The negative parity sec-
tor is much noisier—note the different scale—and deviates
from one at much lower temperatures, removing the justifi-
cation of using exponential fits for the negative parity state
above T = 127 MeV in this channel. When the negative
parity sector has clear evidence of a change in spectral con-
tent, we do not report a negative parity mass obtained by
fitting to an exponential Ansatz, as it is not justified to do so.
As mentioned, Appendix 1 contains additional results in the
Ece (ccu) and Q.. (ccs) channels.

4 Masses at non-zero temperature

We now extend the analysis detailed in Sect. 2.3 to non-zero
temperature. We use the analysis and methods of the previous
sections as a guide to when the spectral content has changed
such that the exponential Ansatz of Eq. (12) is no longer
appropriate. Consequently we show mass results for only a
subset of the temperatures available to us. The fitting method
used is identical to those in Sect. 2.3; the ratio analysis of the
previous section provides guidance up to which temperature
such an analysis can be applied.

The singly charmed baryon spectrum s presented in Fig. 9.
All masses have been normalised with the positive parity
ground state mass at the lowest temperature, m (1), in the
corresponding channel. While the uncertainties increase as
temperature does—reflective of fewer temporal points and a
potential shift away from a zero-width state—the pattern sug-
gests thatin the positive parity sector the masses increase with
temperature and that this starts relatively deep in the confin-
ing phase. On the negative parity side, acceptable results are
obtained, even though the negative parity signal is shorter
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Fig. 9 Ground state masses of singly charmed spin 1/2 baryons, nor-
malised with the positive parity ground state mass at the lowest temper-
ature, as a function of temperature. Filled (open) symbols are used for
positive (negative) parity states. The inner error bar represents the sta-
tistical uncertainty and the outer incorporates the systematic from the
choice of averaging method. Horizontal dashed lines show the result
from the lowest temperature. The uncertainty of the lowest temperature
reflects the relative uncertainty of the lowest temperature mass. Masses
are shown only when the analysis of Sect.3 suggests the mass can be
extracted using an exponential Ansatz
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lived than the positive parity, as illustrated in e.g. Fig. 3.
Here the increase in uncertainties is such that it is difficult
to determine if masses of negative parity states are chang-
ing in a systematic way. We note that the ratio analysis of
Sect.3 did indeed suggest that the negative parity sector is
more strongly affected by temperature effects and as such we
do not report masses at as high a temperature for the negative
parity states as compared to the positive parity ones.
Masses of the doubly charmed baryons E.. (ccu) and
Q¢ (ccs) are shown in Fig. 10. Temperature effects are much
less evident here, in both parity sectors, with the positive par-
ity E¢c (ccu) mass remaining approximately constant well
into the deconfining phase, up to 77 ~ 190 MeV. To pro-
vide support for this finding we show the single and dou-
ble ratios for this baryon in Figs.13 and 15 in Appendix
1. The positive parity double ratio in Fig. 15 is particularly
striking, with a value close to one at all temperatures shown
here, indicating the apparent absence of thermal effects in
this channel. It would be interesting to further investigate
the difference in thermal effects for doubly charmed baryons
compared to singly charmed baryons using effective poten-
tial models, similar to the well-studied meson (quarkonium)
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Fig. 10 As in Fig. 9, for doubly charmed spin 1/2 baryons

cases; preliminary work in this direction has been carried
out [65].

While there is a possibility that new continuum states
emerge in each of the channels considered at or near each
respective ground state and conspire to keep the (double)
ratio mostly unchanged, we consider this unlikely to occur
in each channel. The simpler solution is a modification of the
ground state masses. At a single volume, or without spectral
function reconstruction methods, it is not possible for us to
eliminate the possibility of new continuum states.

5 Parity doubling

The restoration of chiral symmetry is a signature for the for-
mation of a QGP [2,3,66,67]. We investigate chiral sym-
metry restoration via the parity doubling phenomenon [11],
in which positive and negative parity correlation functions
become degenerate when chiral symmetry is unbroken.
While correlators for light and strange baryons exhibit a clear
parity doubling signal [11,12], this is not expected here as the
charm quark mass strongly and explicitly breaks chiral sym-
metry. Nevertheless, the light quarks contained within the
charmed baryons are susceptible to chiral symmetry, result-
ing in a restoration signal as we now demonstrate.

We define the baryon R parameter [10-12,18,68] from
the summed ratio of positive and negative correlators,

_ G+ -G+ (/T —7)

R(v) = , (29)
Gi () + Gy (1T —7)
3Ne—1 2
R (ng) = n=ng 1 (Tn) /U’R (tn) . (30)

IN.—1
=y 1/0% (Ta)

Here G4 (1) is the positive parity correlator, G (1/T — 1)
= —G_ (1) is the negative parity correlator—see Eq. (10),
or (t,) denotes the statistical error for R (t,) and we con-

50 100 150 200 250 300 350 400 450
Temperature (MeV)

Fig. 11 Crossover behaviour of the R parameter of Eq. (30) for J = %
baryons. The lines connecting the data points are cubic splines; the
vertical lines indicate the inflection points for singly charmed baryons.
No inflection point is found for the doubly-charmed baryons

sider a sum over time slices 7,,/a; € [ng, N;/2 — 1] at all
temperatures. We choose ng = 4 to suppress lattice and
excited state artefacts at small 7, [10]. Shifting n¢ slightly
does not have a qualitative effect on the results and Gaussian
smearing at the source and sink further suppresses the effect
of excited states. Lattice artefacts are due to e.g. the chiral
symmetry violating Wilson term at larger energy scales.

As suggested by Eq. (29), the R parameter describes the
difference between the positive and negative parity correla-
tors. When chiral symmetry is unbroken, the correlators are
degenerate and R = 0. Broken chiral symmetry produces
R # 0. In the limit where the correlators are dominated by
their respective ground states and the positive parity mass
is much smaller than the negative parity mass, R =~ 1. We
hence expect that R is close to one in the hadronic phase.
Since the charm mass breaks chiral symmetry at all temper-
atures considered, we do not expect R to go to zero.

Figure 11 shows the R parameter for the singly and dou-
bly charmed J = % baryons we considered. We observe that
the values are indeed close to one at the lowest temperature,
as expected. As the temperature increases, R decreases for
singly charmed baryons, indicating the sensitivity of the con-
stituent light quarks to chiral symmetry restoration. Above
the crossover temperature, the R values are distinct from zero
but continue to decrease. It is expected that at very high tem-
perature the effect of the charm quark mass will vanish even-
tually, as m./T — 0. For doubly charmed baryons, the R
parameter is much less sensitive to temperature and a reduc-
tion only sets in at higher temperatures. It is interesting to note
the ordering of the R values at high temperature, in the QGP:
e, E/C, and . belong to the SU(3) = 6 flavour multiplet,
while A, and E. belong to the SU(3)= 3 flavour multiplet.
The doubly charmed baryons are significantly heavier.
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Table 3 Temperature of the inflection points (in MeV) of the R param-
eter (30) for singly charmed baryons presented in Fig. 11, categorised
by strangeness (S) and charm (C)

S C Inflection point (MeV)

0 1 3¢ (udc) 166.1(1.0) A (udc) 162.6(5)
-1 1 B/ (usc) 164.2(6) Ec (usc) 162.3(4)
-2 1 Q. (ssc) 167.2(1.3)

Uncertainties are statistical only. For reference, the pseudocriti-
cal temperature from the renormalised chiral condensate is T =
167(2)(1) MeV

The lines connecting the data points in Fig. 11 are cubic
splines fitted to the points. For singly charmed baryons, these
splines have an inflection point indicated by the vertical lines
and the inflection point temperatures are listed in Table 3. We
note that within a few MeV the inflection point temperatures
agree with the pseudocritical temperature obtained from the
renormalised chiral condensate. This approximate agreement
was observed earlier for the case of light and strange baryons,
see Refs. [12,18]. It is somewhat remarkable to note that even
for singly charmed baryons the constituent light and strange
quarks are sufficiently sensitive to chiral symmetry restora-
tion to induce inflection points at these temperature values.
On the other hand, the R parameters for doubly charmed
baryons do not show an inflection point in this temperature
range.

6 Conclusions

In this work we presented a detailed study of the spin 1/2
charmed baryons throughout the hadronic and into the decon-
fining phase. After determining the spectrum at the low-
est temperature, the temperature dependence in each chan-
nel was investigated using ratios of thermal correlators with
model or reconstructed correlators built on spectral content
from the lowest temperature. This permits us to identify
where thermal effects become important. It was found that
the negative parity sector is sensitive to thermal effects at
a much lower temperature than the positive parity sector.
For doubly charmed, positive parity baryons we observed an
approximate temperature independence of correlator ratios
up to T ~ 190 MeV, the highest temperature we studied.
The analysis of these ratios is robust as it does not rely on a
particular Ansatz for spectral content at finite temperature.
Based upon the analysis of correlator ratios, we justify
the use of multi-exponential fits to determine baryon masses
in the cases where the spectral content appears to be largely
unchanged. This allows us to extract positive parity masses
at temperatures up to 7 ~ 190 MeV, albeit with a large
uncertainty for singly charmed baryons, while the negative
parity masses can only be determined up to 7 ~ 127 MeV.

@ Springer

The masses of the positive parity ground states of doubly
charmed baryons are approximately independent of temper-
ature up to 7 ~ 190 MeV.

To study the effect of chiral symmetry restoration for
charmed baryons, we investigated the R parameter which
encodes the difference between positive and negative par-
ity correlators as a function of temperature. While par-
ity doubling is not manifest—as expected due to the large
charm quark mass—a crossover effect is observed for singly
charmed baryons. Interestingly, the temperatures of the
inflection points of this quantity are close to the pseudo-
critical temperature obtained from the renormalised chiral
condensate, indicating that the constituent light and strange
quarks are sufficiently sensitive to chiral symmetry restora-
tion to induce this effect also in charmed correlators.

Future studies could examine the spectrum using either a
more sophisticated operator basis or a lattice with more tem-
poral points. Both these methods are under investigation [69].
Alternatively one could use spectral function reconstruction
methods to directly examine the mass and width of the ground
states as a function of temperature to determine when thermal
effects become significant.

Software and data

Correlation functions were generated using OPENQCD-
HADSPEC [70], an extension to OPENQCD-FASTSUM [71]
for correlation functions. OPENQCD-FASTSUM was used
for ensemble generation [14,18].

The analysis in this work makes ample use of the PYTHON
packages GVAR [72] and LSQFIT [46]. Additional data analy-
sis tools included MATPLOTLIB [73,74] and NUMPY [75]. The
dataset and scripts used for this paper can be found at [76].
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1 Appendix: Ratios in other channels

For comparison, we present the ratios of thermal correlators
with reconstructed and model correlators in the E.. (ccu) and
the Q.. (ccs) channels in Figs. 12, 13, 14, 15, 16. Details
are as in Sect. 3.
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Fig. 12 Ratio with the reconstructed correlator as in Fig 6, in the Q. (ccs) channel
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