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We calculate the masses and sigma terms of the doubly charmed baryons up to next-to-next-to-next-to-
leading order [i.e., O(p*)] in a covariant baryon chiral perturbation theory by using the extended-on-mass-
shell renormalization scheme. Their expressions both in infinite and finite volumes are provided for chiral
extrapolation in lattice QCD. As a first application, our chiral results of the masses are confronted with the
existing lattice QCD data in the presence of finite-volume corrections. Up to O(p?), all relevant low-energy
constants can be well determined. As a consequence, we obtain the physical values for the masses of E..
and Q.. baryons by extrapolating to the physical limit. Our determination of the .. mass is consistent with
the recent experimental value by LHCb Collaboration, however, larger than the one by SELEX
Collaboration. In addition, we predict the pion-baryon and strangeness-baryon sigma terms, as well as
the mass splitting between the .. and €. states. Their quark mass dependences are also discussed. The

numerical procedure can be applied to the chiral results of O(p*) order, where more unknown constants are

involved, when more data are available for unphysical pion masses.
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I. INTRODUCTION

A doubly charmed baryon termed as =}, was first
reported by SELEX Collaboration [1] and its mass was
observed to be 3519 +£2 MeV [2]. Unfortunately, for a
very long time this state was not confirmed by any other
experimental collaborations: FOCUS [3], BABAR [4],
Belle [5], or LHCb [6]. Very recently, renewed interest
has been triggered in studying doubly charmed baryons due
to the confirmation of the existence of the doubly charged
state 27" with a mass of 3621.4 4+ 0.78 MeV by LHCb
Collaboration [7]. Relevant theoretical efforts have accu-
mulated rapidly, for instance, in the investigations of their
magnetic moments [8], weak decays [9,10], strong and
radiative decays [11,12], and interactions with light states
[13], etc.

The masses of the doubly charmed baryons are basic
quantities classifying the baryon spectrum. Understanding
the origin of the masses of ground-state baryons is one
of the most important issues in hadron physics. Especially
for the E.. baryons, the difference between the reported
values of the masses by SELEX and LHCb Collaborations
is abnormally large, which is in conflict with the fact that
the isospin breaking effect should be small as it is propor-
tional to the mass difference of the # and d quarks. More
specifically, the isospin splitting in E.. baryons is estimated
to be m(E")—m(Ef) =1.414+0.121070 MeV [14],
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while the corresponding value calculated from experimen-
tal results is around 100 MeV. On the other hand, there is a
multitude of theoretical determinations using various
methods such as the relativistic quark model [15,16] and
effective potential [17]. Interestingly, they all tend to
support the LHCb result rather than the SELEX one. On
the side of lattice QCD (LQCD), calculations of the masses
are performed by many collaborations [18-23], whereas
only the result in Ref. [20] agrees with the SELEX value.
Nevertheless, as pointed out in Ref. [22], the chiral
extrapolation of the lattice data of Ref. [20], especially
the datum at M, = 260 MeV, using the next-to-leading-
order (NLO) heavy baryon chiral perturbation theory
would lead to a sizeable systematic uncertainty of the
baryon mass in physical limit. Hence, a more appropriate
and higher-order extrapolating formula for the masses is
required. To that end, we will calculate the masses of the
doubly charmed baryons up to next-to-next-to-next-to-
leading (N3LO) within the framework of covariant baryon
chiral perturbation theory (BChPT).

Chiral perturbation theory (ChPT) [24-27] nowadays
plays a prominent role in the study of modern hadronic
physics at low energies. It has been intensively applied to
calculate a multitude of physical quantities and extrapolate
lattice QCD data to a physical point, see e.g., Ref. [28].
Moreover, within ChPT, the finite-volume corrections
(FVCs) can be systematically obtained by discretizing
the integrations involved in the loop contributions
[29-33]. For baryon masses, calculations can be performed
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by using various subtraction methods such as the heavy
baryon (HB) approach [34,35], infrared regularization (IR)
[36,37], and extended-on-mass-shell (EOMS) scheme
[38—40]. Such methods are proposed to settle the power
counting issue caused by the presence of a nonvanishing
baryon mass in the chiral limit; see Refs [41,42] for
reviews. Nevertheless, the EOMS scheme is more appro-
priate for the extrapolation of LQCD data. This is because it
respects the proper analytical properties when the pion
mass is set to certain unphysically large values [43,44] and,
on the other hand, it leads to results of faster chiral
convergence, see, e.g., Refs. [45-48].

Within the EOMS scheme, though the masses of light
baryons have been abundantly studied up to one-loop
order, for instance, in Refs. [49-53], the ones of
charmed baryons are less investigated. For the doubly
charmed baryons, a first calculation of their masses in
BChPT was done up to N’LO in Ref. [54] using HB
formalism. The calculation using EOMS is given in
Ref. [55] but only up to next-to-next-to-leading order
(N’LO). In the present work, we extend the calculation
up to N°LO. We show explicitly the ultraviolet (UV)
divergent and the power counting breaking (PCB) pieces
can be absorbed in the low-energy constants (LECs).
After renormalization, we obtain very compact forms for
the mass formulas, which respect correct power count-
ing and also keep proper analytical properties. On top of
that, we derive the relevant FVCs by discretizing the
loop contributions. Compared to the results in previous
literature, here the so-obtained mass formulas are better
suited for chiral extrapolation of LQCD data, especially
when more data appears for unphysical values of pion
masses. In addition, by imposing the Hellmann-
Feynman theorem to the obtained mass formulas, we
get the expressions for pion-baryon and strangeness-
baryon sigma terms, denoted by o,z and o,z with
B e {E‘CC’QL’C}‘

As an application, we confront the chiral results of
the masses (including FVCs) with the LQCD data of
Ref. [20] as already mentioned above. Unfortunately,
those data are not sufficient to pin down all the LECs in
the N3LO expressions of masses. Thus we prefer to
carry out the numerical analysis with the help of N’LO
formulas, where the involved parameters can be well
determined through a fit to the data with M, <
500 MeV. We extrapolate the masses of Z.. and Q..
to the physical limit and compare them with the existing
experimental values. It is found that our result of the =
mass is in good agreement with the recent determination
by LHCb Collaboration [7] within uncertainties.
However, it is larger than the value by SELEX
Collaboration [2]. We predict the sigma terms, o,p
and o,p, as well as the mass splitting between E..
and Q... Their quark mass dependences are also shown
for later use when relevant lattice results are available.

This paper is organized as follows. The details of our
calculation of the masses and sigma terms within BChPT
are elaborated in Sec. II. In Sec. I A, the relevant effective
Lagrangians are introduced. Chiral results of self-energies
and masses together with sigma terms are specified in
Secs. II B and II C, respectively. Finite-volume corrections
to the masses are calculated in Sec. II D. In Sec. III, the
numerical study is described. The properties of finite-
volume corrections are discussed in Sec. III A. Fit to lattice
QCD data are explained in Sec. Il B. In Sec. III C, the
prediction of the masses, sigma terms, and mass splitting
are discussed. Summary is given in Sec. IV. Definition of
loop integrals and $ functions are relegated to Appendixes A
and B, respectively.

II. MASSES AND SIGMA TERMS IN BCHPT

A. Chiral effective Lagrangian

The chiral effective Lagrangian relevant for our calcu-
lation of the masses and sigma terms up to O(p*) can be
written as

Lo = L9+ L8 + £, (1)

where the numbers in the superscripts denote the chiral
orders. The leading order (LO) chiral Lagrangian reads

1 ol g
[I]([.E, = LI’[zDﬂy" —m+ ?Auﬂy"ys}‘l‘, (2)
where g, and m are the axial coupling and the mass of the
doubly charmed baryons in the chiral limit, respectively.
According to SU(3) symmetry of light quarks, the doubly

charmed baryons of spin-% are compiled in the triplet
Y= (BN EL Q)T (3)

The covariant derivative acting on the baryon fields is
defined by

1
D,=20, —1—5 (u"0,u 4 ud,u’),

where F( is the decay constant of the Goldstone
bosons (GBs) in the chiral limit. The GBs are collected
in the octet

%”O_;'_\/Lgrl 7[+ K+
ia¢a — T~ _\/_57[0 +\/L677 KO (5)
— 74\] 2
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Herethe 1* (a = 1, ..., 8) denote the Gell-Mann matrices and
summation over repeated indices is implied. Furthermore,
the so-called chiral vielbein u,, is given by

u, = i(u'd,u —ud,u’). (6)

U

Analogous to the procedure in Ref. [56], the NLO
Lagrangian is constructed in Ref. [54] and has the form

e qj[cmm B (ﬁ (wie, ) {D*, D"} + H.c->
_ (C—32{uﬂ u }{D*, D"} +H.c,> +%<u2>

+25 2+Ta””[u u]+c7;?+}‘l’. (7)

Here (- - ) denotes the trace in the flavor space. The chiral
block y . is given by

L =ulyu’ +uyu (8)

with the mass matrix y = diag(M2, M2,2M% — M2).
The corresponding traceless chiral operator 7, is defined
as 7, =y, —+(ry). The low-energy constants c;
(i =1,...,7) are unknown parameters and have dimension
GeV~lL.

At O(p*), the following counter terms are needed,

L8 =Pley(r )2+ eafs (r:) + e3(P2) + e2 ], (9)

where ¢; (i=1,...,
dimension GeV~3.

4) are unknown LECs with mass

B. Self-energies of doubly charmed baryons

The one-particle irreducible Feynman diagrams contrib-
uting to the baryon two-point functions up to O(p*) are
displayed in Fig. 1.

At O(p?), the tree level contribution corresponding to
diagram (a) reads

{4 aily
(a) (b) (©
//”_\\\\ I/A\\ //”_\\\\
~2F
(d) (e) (H
FIG. 1. One-particle-irreducible diagrams. Dashed and solid

lines represent pions and nucleons, respectively. Numbers in the
squares mark the chiral orders of the vertices.

2 A
=7 (p) = =221 () + en). (10)
with the combination ¢; = ¢; — % ¢7. The tree contribution

of O(p*

) is from diagram (b) and its explicit expression is

4 o n
2 (1) = 421 (0% + eax(n) + e () +ear?) (1)
Wlth él = € —%62 —%63 +%€4 and éz =€) —%64.

At O(p?), the leading one-loop order, diagram (c) gives
zero contribution, i.e. 2&3) (¥) = 0, while diagram (d) yields

50(0) = - 2,4, G Mpem). (12)

T4

where summation over repeated indices is implied. The
loop function G, together with G, ., appearing below, are
defined in Appendix A.

At O(p*), the N°LO loop contributions to the self-
energy are
) L P
L (p) = Tap? 481 (fhaa)
2
+ter ), cgmzwz-m} G (. M m)
1
t55m om 2F2 [C2</1 A > + ZCSAaAa]GEZ(ﬂv Mav m)
1
2F2 [C4<ﬂ. A > + CSAala]GE3(ﬂ’ Ma’ m)’ (13)
and

50 (0) =~ 12,0+ 2R )Gr (M o). (14)

The above self-energies are expressed in matrix form.

For a specific doubly charmed baryon B € {217, Ef., Q.
the expression can be obtained using

S(p) = 242 + 2 + 20 = 1 20, (15)

where the unit vectors in the SU(3) flavor space are

1 0 0
e =0, xz=|1| xau=10[. (16)
0 0 1

C. The mass and the sigma term

The dressed propagator iSp of the doubly charmed
baryon is expressed as
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i

Sy = -
BT Y m—(p)

i

(# —m)Zp(m) + R(p)]

P —m—[Zp(m) +
B iZg
P —m—ZpZp(m) — ZzRy(p)’

(17)

with the wave function renormalization constant

1

Zp=——="—
b= 2p(m)

=1+3L(m)+0(p*). (18)
The mass is defined as the pole at g = mgp,

mg =m+ ZpXp(m) + ZpRp(mp). (19)
Using the self-energies calculated in the above section and
truncating at O(p*), one has

my = m+ Zp(m) + 5= ()= (m) g, (20)

where the derivative is defined by

gA/ll

4F2 aaﬂGD(ﬂ’Mu’m)'

In Eq. (20), the UV divergences from loop contributions are

subtracted using the modified minimal subtraction (M\g)
scheme [57] and cancelled by the counter terms generated
by the effective Lagrangian. Further, the finite PCB terms
due to presence of the internal baryon propagators are
absorbed in the LECs. To that end, one needs to perform the
following substitutions of the LECs,

pxmR Pxm ¢
X—)X+16 2F2+16 2F27 Xe{m’cl’c7}’

ByR .
Y=Y+ 16Y2F2, Y € {21,253, ¢4}, (21)

where the f functions are all given in Appendix B. Here
R=2/(d—4)+yg—1—In(4x), with d the number of
spacetime dimensions and yy the Euler constant.

To be specific, one can organize the explicit expressions
of the masses up to O(p*) as

mg=m+ mg) + mg’) + mg), (22)

where the O(p?) contribution reads

2 a
=Y e, (23)

¢=nK

with the coefficients ngﬁ given in Table I. The N’LO
corrections to the masses of doubly charmed baryons are

TABLE I. Coefficients in the mass formulas: Egs. (23), (24),
and (25). In the table, 617 = ¢; + ¢7 and 617 = ¢; — ¢7.

B (EL) Q.
ey 2017 —26y7
Cg’_}( —4¢, —4617
Cg’_zr —4(e; + & +3e5+ ey) —4(e) — 2, +3e;5 + e4)
ey —16(2; + e3) —16(&; + &, + 3+ e4)
e —8(22, + &, — 2¢3) 16(=2, + 3 + )
i : 0
i 2 :
& | ;
C,(;.? 12(2¢, + c7)M,2, 242 M2
cle) 8(42, + c7)M> 16(22, + ¢7)M?
cﬁ;’j,‘,) [6¢,M5 + c;M7] $Bo M5 — 7M7)
Cg_i) 6(cy +c3) 6¢,
i 4(2¢3 + c3) 8(c2 + ¢3)
CE;? 3By +c3) $Bea+4c3)
Cl(;? 3(2¢4 + ¢5) 6¢cy
CES() 2(4cy +cs) 4(2c4 +¢5)
Cgf,) 5(6cy +cs) 5 (3cq + 2¢s)
cg; 6¢,M% + 30, M2 0
ek d07M% + 28,,M? 8¢ M% + 4o\, M?
Cg; 328, M% +07M3) 3 (2017M}, + 61,M7)
ngp —62\ M} — 3017M; 0
ey —4¢/M% — 267M3 —801,M% — 46,7M2
cﬁfj’ -128,M% + 017M3] -3[2017M% + 517M2]

2
m}(;) - _ 9a

¢=n.Kn

6471.2!2 B,¢ (/)’

while the N3LO ones read

my) =Cly ) M+ Ciy kM +Ciy L MIM

ciy 3
- 28 (M 5P (M
¢=;M64;HF; £1(My)+ ¢:§[;”32752m2F%¢ £2(My)
Z C(eS> YAy ( ) Z gfxcgfﬁ ( )
oyt 32m 2F2 Y 2l M
201(34))
- Z 307 ZFZHWf(M¢) (25)
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All the relevant coefficients are listed in Table 1. In
Appendix A, the expressions of the subtracted loop integrals
are shown.

The sigma terms can be obtained by applying the
Hellmann-Feynman theorem to the masses,

amB
omy’

. Omp
Ozp =M Osp = My

o’

(26)

where i = (m, + my)/2. Here the up, down and strange
quark masses are denoted by m,, m, and m,, respectively.
In the isospin limit, i.e. m, = m,; = i/, the quark masses
are simply related to the LO masses of the GBs though:

M2 = 2By, M?% = By(in + my),
M3 = 2By (i + 2m,)/3, (27)

with B, being a constant related to quark condensate.
Therefore, in practice, the derivatives can be rewritten with
respect to the GBs masses, instead of the quark masses.

D. Finite-volume corrections

On the lattice, simulations are performed for a system of
interest enclosed in a finite box. The momentum is
discretized and can only take values of 2zn/L with 7 a
vector of integers and L the side length of the hypercube.
Consequently, an integration over spatial momenta in
infinite volume corresponds to a summation over the
momentum modes in finite volume. The difference caused
by such a replacement is named as a finite-volume
correction. Specifically, the finite-volume correction for
a given quantity Q is given by

6.9 = Q(L) — Q(e), (28)

where Q(L) and Q(o0) are calculated in finite-volume L*
and infinite volume, respectively. In the so-call p-regime
where M4L > 1, ChPT provides a systematical tool to
investigate the finite-volume dependence of observables.
To that end, one just needs to calculate the integrals
stemming from loop diagrams in a finite box, while the
temporal dimension can be treated as infinite since it is
generally much larger than the spatial components in
LQCD simulation for zero-temperature.

To obtain finite-volume corrections to the masses of
doubly charmed baryons, we choose to work in the rest
frame of the baryons and follow the procedure demon-
strated in Ref. [32,51]. For the loop integral H,, we obtain

S [Hp] = Al dx{m(% + x) 5y(L. M3)

m

1 m® + (2 + x) MG5y(L, M%)}, (29)

with MG = x*m? + (1 — x)M}, — i0". Here the integration
is performed over the Feynman parameter x. Furthermore,
the master function is given by

2—1/2—r M 3-2r
ﬂ3/(2\1{;) Z Mul(n)

n=1

x (LVMy/n) Ky (LVM/n), (30)

5,(L, M?) =

where KC,(z) is the modified Bessel function of the second
kind, and Mul(n) is multiplicity whose value up to n = 20
can be found in, e.g., Ref. [31]. Analogously, the FVCs for
He; (i =1, 2, 3) read

1
6r[Hpi] = —55%(L’M%¢), (31)
1
oL [HEZ] = —Emzé_%(L,Mé), (32)
1
or[His] = —EM;(S%(L,M;). (33)

There are no integrations over Feynman parameters in the
above expressions since only one internal propagator is
involved in each tadpole loop. The calculation of the FVCs
corresponding to diagram (f) in Fig. 1 is more complicated
because of the presence of three internal propagators.
Nonetheless, the result can be obtained straightforwardly,
which is

1 1
5L[HF]:_/ dxx{@(L,M%)—EBmz(l-l-xz)
0
3
+2M3)63(L, M5) +§[x4m4+2m2/\/123(2+x2)
+M4B]6§(L,M%)}, (34)

where M is the same as the one in Eq. (29). Lastly, the
contribution due to the wave function renormalization is
given by

Id
ult) = [ AL AG) - brx(0 ~x =)

+ (1 +x)MBI&; (L, M) +3m?(x — 1)x
x [m?x* + (2 + x) M3]6s (L, M)} (35)

In the end of this section, it is worth stressing that the
calculations of FVCs are performed in four dimensions: a
finite hypercube plus an infinite time interval. This is
feasible due to the fact that Q(L) and Q(co) have the
same ultraviolet property which guarantees that 6;[Q)] is
finite in four dimensions. Besides, as pointed out in
Ref. [51], there are no PCB terms in &;[Q)] either, since
the short-distance behaviors of Q(L) and Q(eo) should
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FIG. 2. Finite-volume corrections to loop integrals as functions of the lattice size L.

be exactly identical. Thus, the quantities respecting
power counting in finite volume can be easily obtained
just by adding the FVCs to the corresponding EOMS-
renormalized ones in infinite volume.

III. NUMERICAL RESULTS AND DISCUSSION

A. Properties of finite-volume corrections

We compute the finite-volume corrections given in
Sec. I D as functions of the lattice size L with three different
Goldstone masses M, = 0.2, 0.4 and 0.6 GeV. The baryon
mass m is fixed to 3.6 GeV. The results are shown in Fig. 2.
From the figure, on the one hand, it is found that all the
relevant FVCs decrease rapidly as L increases up to ~2 fm,
behaving quite typically as the FVCs for the nucleons shown
in Ref. [51]. The lattice QCD data used in our fit are obtained
using lattice spaces ranging from 1.8 fm to 2.7 fm, which are
in the vicinity of the turning point. The data corresponding to
L = 1.8 fm might receive a larger FVC than the others. On
the other hand, the smaller the Goldstone mass M, is, the
bigger the modules of the FVCs are. Therefore, contribu-
tions due to coupling of light pions dominate and for lattice
data FVCs are larger when simulations are done with values
of masses close to physical ones. Note that we checked that
the influence of changing the baryon mass m, e.g., in the
range [2.6, 4.6] GeV, is negligible.

The finite-volume corrections &, [Hy] and 6, [H,,/| are
rather similar. Both of them are respectively larger than the
other ones in Fig. 2. Nonetheless, for the FVCs to the
masses in Eq. (25), there should exist sizeable cancellation
between the two relevant terms in the last two rows, since

their corresponding coefficients have opposite signs, as can
be seen in Table I.

B. Fit to lattice QCD data

We are now in the position to confront the chiral
expression of doubly charmed baryons with lattice QCD
determinations by explicitly including finite-volume cor-
rections. As already discussed in the introduction, it is
interesting to study the lattice QCD data given in Ref. [20].
Unfortunately, in our theoretical formula, Eq. (22), there
are too many unknown LECs, twelve in total: m, c;
(i=1,...,5,7), g4 and e (j=1,...,4). Hence, we start
with mass formula just at O(p?) order where only four
parameters, m, c;; and g,, are involved.

The lattice QCD data are obtained by numerical simu-
lations with unphysical quark masses. The u-, d- and
s-quark mass dependence can be always expressed in
terms of the dependence on the leading-order masses of
the Goldstone bosons shown in Eq. (27). More specifically,
the light u- or d-quark mass dependence is usually re-
expressed as pion mass dependence. The s-quark mass
dependence can be casted to the kaon mass in the limit of

M2(x i) — 0, denoted as ]l(;[?( Then, with the help of
Eq. (27), the pion- and strange-mass dependence of the
kaon mass can be written as

My = \/ My + M212,

The data for the strange-doubly-charmed baryon Q.. is
obtained with a strange quark mass very close to the tuned

My = Bym,.  (36)
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TABLE II.  Fit results (with finite-volume corrections). pion and kaon masses through the Gell-Mann-Okubo mass
: : relation: 3M3 = 4M% — M?. The masses of doubly charmed
Value Correlation matrix

baryons also depend on the valence c-quark mass. In SU(3)
yAd.of. 22 m a ¢ 7 chiral limit, all the light quark masses are zero and the
i [GeV] 310100.111) 1 —0.68 0.69 —0.19 baryon mass is equal to m, i.e., the first term on the right-
a [GeV?] —0.453(0.047) 1 001 —0.05 hand side of Eq. (22). It is thus reasonable to assume that
¢, [GeV™']  —0.064(0.055) 1 —0.56 only the chiral-limit baryon mass, m, carries the information
c7 [GeV~']  —0.085(0.085) 1 of the dependence on the ¢ quark mass. In line with heavy
quark expansion, such a dependence can be expressed in the

form of

value using physical kaon mass [20]. Therefore, as a good
approximation, one can fix Aodi just by imposing the
physical values of the pion and kaon masses: MY =139
and M %hy = 496 MeV. As for M,, itis always obtained from

=7t + 2m, + a/m, + O(1/m?2), (37)

where m and «a are unknown constants. Since the QCD data
of Ref. [20] are provided for various values of the c-quark
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4.2 | —e— LQCD: M;=0.2620 GeV 4.2 | —e— LQCD: M;=0.2925 GeV 4.2 | —e— LQCD: M;=0.4035 GeV
_ a4t _ a4t _ a4t
> > >
& 38t & 38t & 38t
of 36 of 36 of 36
34 34 34
32 32 32
oy o ey
04 045 05 055 06 065 07 075 08 04 045 05 055 06 065 07 075 08 04 045 05 055 06 065 07 075 08
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FIG. 3. Masses of doubly charmed baryons as functions of m, for different pion masses and lattice sizes.
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mass, those two constants should be treated as fitting
parameters, instead of m.

In our fitting procedure, we employ F, = 92.2 MeV,
Fg =112 MeV and F, = 110 MeV as done in Ref. [54].
The pion mass dependences of the decay constants are not
taken into account, since the caused differences are of
higher orders—at least O(p°). Furthermore, the axial
coupling constant is fixed to g4 = —0.2 [55]. The g4 here
is related to a common coupling g involved in an effective
Lagrangian respecting heavy quark-diquark symmetry
[58], whose value can be further estimated by fitting to
the D*T decay width. Finally, it is better to use the
combination ¢; rather than c; as a fitting parameter such
that possible large correlation between c¢; and c¢; can be
avoided. In summary, the fitting parameters in our fit at
O(p?) order are 71, a, ¢; and c7.

To proceed, we perform fit to the lattice QCD data
corresponding to different values of M, m,. and L. The
best-fitted results of the parameters and their correlations
are collected in Table II. As one can see from the table,
the values come out to be very natural and the corre-
lations are quite acceptable. It is also found that the
inclusion of FVCs does not change the values of the
parameters dramatically when compared to the results in
Ref. [55] obtained regardless of FVCs. In Fig. 3, we plot
the masses of E.. and Q.. as functions of m, for
different pion masses M, and lattice sizes L. The grey
bands are obtained by varying the parameters within
their 1-o uncertainties. All the data with M, < 500 MeV
are included in the fit. The fit results remain almost the
same if we lessen the range of pion mass to
M, <400 MeV. It is not feasible to decrease further
the range as the data included are not sufficient to
achieve a stable fit.

The above discussions are dedicated to the fit using
mass formula truncated at O(p?). Extension to O(p?) is
straightforward. Nonetheless, similar to the case for
nucleon mass at O(p*) [52], one has to replace the

LO meson masses in mg) by their corresponding O(p*)
counterparts, which can be found, for instance, in
Ref. [26]. Such a replacement generate O(p*) contri-

butions to m';). The relevant LECs of L; in O(p*)
Goldstone masses can be fixed to the empirical values
given in Ref. [59]. We fitted to the lattice QCD data but
no stable results can be achieved. The data set is not
sufficient to pin down twelve fitting parameters.

C. Predictions

We can make predictions based on the fitted values
of the parameters in Table II. In Fig. 4, the masses of the
doubly charmed baryons are plotted as functions of m,
with M, = M2 and L — oo. In Ref. [20], three differ-
ent values of lattice spacing are used in the simulations,
which are denoted by =39, f=4.05 and f =4.2.

4

= zj - SELEX value \\\\\\\
| 2NN
34} \ i
33 \\\\\\\ | | | | B

3.2
0.5 052 054 056 0.58 06 062 0.64
m; [GeV]

FIG. 4. Physical masses of the doubly charmed baryons.

The corresponding physical values of the charm quark
mass are m2"™[f] = 0.598 GeV, mP"™[B,] = 0.591 GeV
and m2"™ [#3] = 0.598 GeV, respectively. We take the
average as the central value of mghy and the standard

deviation as the error, which leads to m2™ = 0.596(4).
Correspondingly, in Fig. 4, the vertical green slashed
band corresponds to the physical region of m, within its
1-o standard deviation. In addition, the purple back-
slashed band is obtained by varying the parameters
within their 1-c uncertainties given in Table II. Our
predicted physical masses of the baryons are located in
the overlaps of the two bands. In the top panel of Fig. 4,
we also show the experimental values of the mass of =,
by LHCb [7] and SELEX [1]. Interestingly, it is found
that our prediction is in good agreement with the LHCb
determination. On the contrary, the SELEX value is just
below the border of our predicted region. For easy
reference, our predicted physical masses and sigma
terms of the doubly charmed baryon are compiled in
Table III. Note that the predicted strangeness sigma
terms of the doubly charmed baryon are comparable to
those of the ground-state octet baryons, see, e.g., in
Ref. [60]. For instance, the strangeness sigma terms of
the Z.. and the nucleon, i.e., states without valence s
quark in quark-model interpretation, turn out to be of the

TABLE III.  Physical masses and sigma terms.

B = ECC B = QCL'
mpg 3.591 £0.067 GeV 3.657 £0.100 GeV
OB 10.5 £ 3.4 MeV 4.0+£2.8 MeV
Osp 48.7 £34.7 MeV 118.0 £76.1 MeV
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same order, i.e., tens of MeV. However, regarding the
pion sigma terms, unlike the case for the nucleon that a
large value of o,y (>50 MeV) was obtained [61-64],
our predicted values of 6,z and o, are small.

Likewise, the m.-dependence of sigma terms, at physical
pion mass and in infinite volume, are shown in first line of
Fig. 5. The grey bands are due to the variation of the fitted
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140

100

Am [MeV]
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300
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200

150
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FIG. 6. Quark mass dependence of the mass splitting.
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0.5 0.

Quark mass dependences of the sigma terms for the doubly charmed baryons.

parameters within their uncertainties. The vertical green
bands represent the physical m, region. Our predicted
values for the sigma terms are inside the overlaps. Unlike
the masses in Fig. 4, which strongly depend on m,., one can
notice from Fig. 5 that the dependence of sigma terms on
m,. is negligible. In other words, the influence of the heavy
¢ quark is almost absent for the sigma terms. This
observation verifies that the sigma terms are more appro-
priate than the masses to explore the chiral dynamics of the
doubly charmed baryons. In the second line of Fig. 5 we
show M2 (e 71) dependence of 6,5 where the other quark
masses are set to physical values. As expected, the values of
6,5 With B = E_., Q.. increase with M2. We checked also
that the 6,5 are not sensitive to the variation of M2.

Nonetheless, there exists strong A(J/Ii(cx my) dependence

for o, as one can see from the last two plots in Fig. 5.
Another interesting quantity related to the light quarks is

the mass splitting between the Z.. and Q... In Fig. 6, the

° 2 o
M2 and My dependences of the mass splitting Am are

shown. It is found that Am depends more strongly on Af;li
than M2. Furthermore, the different trends of Am as the
quark masses increase validate the fact that Am « m, — 7.
At physical quark masses our prediction is
Am = 65.9 £ 51.3 MeV, in agreement with the determi-
nation extrapolated by the Lattice QCD group of Ref [19].

IV. SUMMARY

We have calculated the masses and sigma terms of the
doubly charmed baryons up to O(p*) in a covariant
baryon chiral perturbation theory with Goldstone bosons
and the baryons as degrees of freedom. The masses at
complete one-loop order is renormalized by making use
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of the EOMS scheme, which restores the correct power
counting while respecting the proper analytic structure.
As a consequence, we also obtained the pion-baryon and
strangeness-baryon sigma terms by applying Hellmann-
Feynman theorem to the obtained masses. In order to
make comparison with LQCD results in a more rigorous
manner, the finite-volume corrections to the chiral results
of the masses are derived systematically by discretizing
the loop contributions. FVCs corresponding to the
relevant loop integrals are studied numerically and
typical behavior when varying the lattice size L is
observed, namely, FVCs decrease rapidly as L increases
up to ~2 fm.

Using the mass formulas with FVCs, we investigated
the pion-mass and m, dependences for the masses of
doubly charmed baryons by performing fits to lattice
QCD data of Ref. [20]. It is found that more data, with
respect to more values of unphysical pion masses, are
required to pin down the LECs appearing in the N3LO
formulas. Nevertheless, the LECs in the N?LO mass
expressions can be well determined. Based on the fitted
values, we have extrapolated the baryon masses to the
physical limit. We find that our result for mg _ is in
agreement with the latest experiment determination by
LHCb Collaboration within uncertainty. However, it is
larger than the value by SELEX Collaboration. Finally,
we predict the sigma terms o,z and o, with
B € {E,.,Q.}, as well as the mass splitting between
E. and Q.. states. Their quark mass dependences are
studied as well.

The masses calculated in the present work will be
useful in the future investigation of observables like axial
charge and scattering lengths, related to the doubly
charmed baryons, within the framework of covariant
BChPT, since they are basic quantities involved in
expressions of almost all the others. The sigma terms
are related to the potentials of the GBs scattering off the
doubly charmed baryons, and hence can be implemented
as an additional constraint when making prediction of
exotic doubly charmed baryons based on unitatized
potentials.
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APPENDIX A: LOOP INTEGRALS

The loop functions involved in the self-energies in
Sec. II B are defined as follows:

K ) -k
o) = | G M + -]

1 dk 1
GEl(ﬂ Mavm) /(zﬂ)dkz M2’

)=1./ dk (k- p)?

'k K

2m)d 2 — M2’

d’k KK+ p) - mPK

2z)! [ = ME][(k + p)* = m*]*

%) mass formula (24) is

Ge3(P.My.m) = /<

Gr (. My m) = 1/(

The loop integral in the O(p

2

2M¢ 7 2 7 2
Hp(My) =—F{Lp +m[1 =Lpy(m*)]}. (Al

while the ones in the O(p*) mass formula (25) read

Hei1(My) =1y,

Hia(My) = g M2 (M5 + 2T,

HE3(M¢) = Méjqa,

Hr(M,) = m{wfb% + (M3 - 12m2)T,
= 2M3[2m* + (MG — 6m*)T 5y (m?)]}.

H, (M) = ﬁ{(wg —12m*)1, — AM3 1

M3)I py(m)]}.

Above, the one-loop scalar integrals are defined by

+ 4MG[m* + (3m* — (A2)

. M5 2
T,=-Min=L, T,—-mm™
" "

m> My—m*+p* m?

f3¢(p2):1—ln7—|— 2p2 HW
2 2
p°—(My—m) Py(P?) =
+ K ps(p?)In=2 . (A3)
p py(p?) +1
with u the renormalization scale and
2 2
p°—(My+m)
py(p*) = : (A4)
¢ pz _ (M¢ _ m)2

In our numerical calculation, u is set to 1 GeV.
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APPENDIX B: f FUNCTIONS

In Eq. (21), the § functions involved in the cancellation of UV divergences are

8
ﬁm :ggimz’
1 R
Pe, = —%9/21 + (821 + 3¢7)g5m,

5
ﬁC7 = _Eg‘% - C7gim’

 4(c3 —33c4 4 2c5) + 2642, (1 + ¢3) — 33¢s

Pey 864
P —13¢3 — 26¢5 + 4dcq + (15¢) + 11c7)4%
& 144 '
Be, = 788 [120¢; — 15¢, — 13¢5 — 60cy — 26¢5 + 36¢5(1 + gi)],
3c3 + 6¢5 +4c(1 + g2
B, = 3 5 - 7( A), (B1)
and the ones for the finite renormalization read
_ 893& _
= AT
ﬂm 3 B
2 = 2
- g 7 9a (on :
Be, = % (1 + m—g) + ﬁ (821 + 3¢7)(2m? — 31p),
- 59/24 jB 29/24 jB
ﬁC7ZE<1+W ——C7m—|—C7gf‘;. (B2)
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