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We investigate the behavior of the doubly heavy spin-3/2 baryons in cold nuclear matter. In particular,
we study the variations of the spectroscopic parameters of the ground state £, and 7, , particles, with Q
and Q' being b or ¢ quark, with respect to the changes in the density of the nuclear medium. We find the
shifts on the parameters under question at saturation medium density compared to their vacuum values. It is

%

observed that the parameters of the &, ,, states containing two heavy quarks and one up or down quark are
affected by the medium, considerably. The parameters of the €, states containing two heavy quarks and

one strange quark, however, do not show any sensitivity to the density of the cold nuclear medium. We also
discuss the variations of the vector self-energy at each channel with respect to the changes in the density.
The negative shifts in the mass of Ej,, states due to nucleons in the medium can be used to study the

doubly heavy baryons’ interactions with the nucleons. The results obtained can also be used in analyses of

the results of the future in-medium experiments.

DOI: 10.1103/PhysRevD.99.074012

I. INTRODUCTION

The investigation of the hadronic properties under
extreme conditions, without a doubt, is one of the main
goals of the quantum chromodynamics (QCD) and hadron
physics. Such investigations will help us gain valuable
information on the internal structures of hadrons, their
probable melting at a critical temperature/density, probable
transition to the quark-gluon-plasma (QGP) as a possible
new phase of matter, structure of the dense astrophysical
objects like neutron stars, analyses of the results of the
heavy-ion collision and in-medium experiments, as well as
the perturbative and nonperturbative natures of QCD as
the theory of one of the fundamental interactions of nature.
A class of hadrons that deserves investigation in the nuclear
medium is doubly heavy baryons. Such explorations can
help us study the interactions of the doubly heavy baryons
with nucleons.

The existence of Z) and QS)Q, with different spin-
parity and heavy-light quarks contents is a natural outcome
of the quark model. Though their properties have been
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widely investigated in theory and their nature and internal
structure have been stabilized theoretically, our experimen-
tal knowledge on these states is limited to the state Z,.. with
spin-1/2. The existence of =, was first reported by the
SELEX Collaboration in 2002 [1] and confirmed by the
same collaboration [2] in 2005, however, it has not been
later confirmed by other experimental groups. The SELEX
Collaboration reported the mass 3518.7 + 1.7 MeV/¢? for
this state. The theoretical studies, however, mainly pre-
dicted its mass to lie in the interval [3500 — 3720] MeV/c?
[3-18]. In [3], for instance, its mass was predicted to be
3.72 +0.20 GeV/c?. Recently, the LHCb Collaboration
has reported the observation of doubly heavy baryon
= via the decay mode AfK ztzt with mass
3621.40 + 0.72(stat) + 0.27(syst) &+ 0.14(Af) MeV/c?
[19]. Although it is still under doubt why the observed mass
by LHCb differs considerably from the SELEX result, the
existence of a .. doubly charmed baryon is now on a more
solid ground, experimentally. The observation of LHCb has
increased the attention to doubly heavy baryons.

The spectroscopic parameters and production of the
doubly heavy baryons have been widely investigated via
different methods and approaches in vacuum [3-18,20-36].
The studies devoted to their investigation in medium,
however, are very limited [37-39]. In this study, we explore
the properties of the doubly heavy E*Q o and Q*Q o spin-3/2
baryons in cold nuclear matter. We use the in-medium QCD
sum rules to study the variations of the mass and residue of
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these baryons with respect to the density when p, varies in
the interval [0-1.5] x pY'. We also discuss the variations
of vector self-energies of the states under considerations
with respect to the changes in nuclear matter density. We
comprehensively compare our results on the spectroscopic
parameters of the considered baryons with the existing
vacuum predictions by switching py — 0. Our results may
help groups aiming to produce and study the properties of
these hadrons in dense medium. The in-medium properties
of light baryons have been investigated in Refs. [40-44].
The fate of the heavy baryons with single heavy quark in
dense medium was studied in [45-48]. We investigated the
properties of the exotic X (3872) state, containing the charm
and anticharm quarks and assuming a diquark-antidiquark
organization for its internal structure, propagating in a
dense medium [49]. We found that the mass of the X (3872)
state decreases with increasing the density of the medium,
considerably. We shall also refer to the pioneering works
[50,51], where the in-medium QCD sum rules with tensor
condensates were presented for the first time.

In next section, we use the in-medium QCD sum rules to
obtain the expressions of the in-medium mass, residue, and
vector self-energy as functions of the density as well as the
Borel mass parameter and in-medium continuum threshold,
appearing after some transformations with the aim of
killing the effects of higher resonances and continuum
states. We impose the medium effects via modifying the
quark, gluon and mixed condensates in terms of density as
well as considering extra operators appearing at finite
density. In Sec. III, we numerically analyze the obtained
in-medium sum rules for the physical quantities under
consideration and discuss their variations with respect to
the density. By giving the percentage of the pole contri-
bution, we turn off the density and obtain the results in
vacuum. We compare the results obtained in this limit with
existing results of the previous studies via various methods.
Section IV is devoted to the discussions and comments. We
reserve the Appendix to represent the expressions of the
spectral densities obtained.

II. FORMALISM

We use the in-medium QCD sum rule formalism to find
the expressions of the mass and residue of the doubly heavy
spin-3/2 baryons in terms of the cold nuclear matter
density as well as the parameters of the model. But, before
proceeding, let us have a comment on the classifications of
the ground state doubly heavy baryons according to the
quark model. In the case of the ground state doubly heavy
baryons with two identical heavy quarks, i.e., the baryons

E(Q*)Q and Q(*)Q, the pair of heavy quarks form a diquark with
total spin of 1. Here, baryons with a star refer to the baryons
of spin-3/2 and those without a star to the spin-1/2
baryons. By addition of the spin-1/2 of the light quark,
we get two states with total spin 1/2 and 3/2. For these

states, the interpolating currents should be symmetric with
respect to the exchange of the heavy quark fields. In the
case of the states containing two different heavy quarks, in
addition to the previous possibility, i.e., a diquark with total
spin 1, the diquark can also have the total spin zero, leading
to the total spin 1/2 for these states. The interpolating
currents of these states, which are denoted by Z) - and Q; ,
are antisymmetric with respect to the exchange of the heavy
quark fields. In the present work, as we previously
mentioned, we deal only with spin-3/2 states. The starting
point is to consider and appreciate in-medium two-point
correlation function as the building block of the formalism:

M, (p) = i / e o  TU, ()T, (0)]lwo). (1)

where p is the external four-momentum of the double
heavy baryon, |y) is the parity and time-reversal sym-
metric ground state of the nuclear medium, 7 is the time
ordering operator, and J,(x) is the interpolating current of
the doubly heavy spin-3/2 baryons. The nuclear medium is
parametrized by the medium density and the matter four-
velocity u,. The colorless interpolating field, J, (x), of Z;

00’
and €, ,, particles in terms of heavy and light quarks can be

written in a compact form as,

1
J;t (x) = %eabc{[ancyﬂQb}Qlc

+ [¢“TCy,Q"%]0° + (0T Cy, 0"}, (2)

where €, is the antisymmetric Levi-Civita tensor with a,
b, ¢ being color indices, ¢ is the light quark flavor, and Q
and Q' are the heavy quark flavors. In the above current, T
represents a transpose in Dirac space and C is the charge-
conjugation operator. In Table I, the quark flavors of the
doubly heavy spin-3/2 baryons are presented.

According to the standard prescriptions of the method,
the correlation function in Eq. (1) is calculated in two
different ways: In the physical or phenomenological side,
the calculations are carried out in terms of the hadronic
parameters like mass and residue. In the theoretical or QCD
side, the calculations are performed in terms of quarks and
gluons and their mutual interactions and their interactions
with nuclear matter. The latter is parametrized in terms of
the in-medium condensates of different dimensions. By
matching the coefficients of the same structures from two

TABLE 1. The quark flavors of the doubly heavy spin-3/2
baryons.

q 0 0
Eby u/d b/c b/c
Qoo s b/c b/c
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sides, through a dispersion relation, the sum rules for the
physical quantities in momentum states are obtained. To
enhance the ground states and suppress the contributions of
the higher states and continuum, a Borel transformation is
applied and a continuum subtraction is performed.

To obtain the physical side, a complete set of doubly
heavy baryons’ state with the same quantum numbers as the
interpolating current of the same state is inserted into the
correlation function in Eq. (1). Performing the integral over
four-x, we consequently get

(wolZ.(0)[Bou(p*.5)) (Bpu(p*.5)|1,(0)lwo)
p?- mi)zH

R (3)

™ (p) =~

where p* and mj,; are in-medium four momentum and the
modified mass of the |Bpy(p*,s)) doubly heavy (DH)
baryonic state with spin s in cold nuclear matter, respec-
tively. In the above relation, the in-medium mass is
mpy = Mpy + X5, with mpy being the vacuum mass
and Xg being the scalar self-energy or the mass shift of
the baryon due to nuclear medium. The dots in Eq. (3)
represent the contributions arising from the higher reso-
nances and continuum states. The matrix elements in the
numerator of Eq. (3) are parametrized in terms of the in-
medium residue or coupling strength of the doubly heavy
baryon, 4},;, and the Rarita-Schwinger spinor uﬂ( P, s)

<W0|Jy<0)|BDH<p*’S)> = /17)11“;4(19*75)»
(Bpu(p*, )17,(0)lwo) = Appit,(p*. s). (4)

After inserting Eq. (4) into Eq. (3) and summing over the
spins of the By heavy baryonic states, the physical side of
the correlation function is developed. The summation over
the Rarita-Schwinger spinors is performed as

> w,(p*. ), (p*.s)
N
1 2pupy

= _(ﬂ* + m*DH) |:g/w - 57/;47/11 - SmBZH

PuYv = Pi¥u
3mpy

’

(5)

and we have the correlation function in the following form

l* /_1* *
HEByS(P) _ “pu Dg(f tszH>

P~ —Mpy
1 2pupy PuYu = Pu¥u
X - - +
g[dl/ 3 }/ﬂyl/ 3m7)2H 3m*DH
+ .. (6)

where p, =p,—%,, with ¥, being the vector self-

energy of the baryon. The vector self-energy depends on

the four momentum of the particle and the four velocity of
the medium in the form: ¥, , = X,u, + X,p, with the
constants ¥, and X} . In the mean field approximation, Xg
and X, are real and momentum independent and X, is taken
to be identically zero, for details see [52].

In this study, the QCD sum rule approach in vacuum
is extended into the finite density problem of doubly
heavy baryons propagating in a cold nuclear medium.
Unlike the vacuum, there are two independent Lorentz
vectors in medium: four-momentum of the particle p,
and the four-velocity of the nuclear matter u,. We work
at the rest frame of the medium u,(1,0). Considering
the above explanations, the physical side of the corre-
lation function is written in terms of the new and extra
structures as,

Kouhs
HPhys _ DH”'DH -3 *
) = g e e (F Sl i)
1 2
X 9w — 57/;1}/1/ - @ [pypy - vayuu

1
- Zu”ﬂpv + Zzz)uy”v] + 3—* [p/ﬂ/v - Zuu/ﬂ/y
Mphy

—DPu¥u + Zu”uy;t}} + (7)

where the variable py = p - u is used for the energy of
the quasiparticle state.

At this stage we have two inevitable problems: (i) The
Lorentz structures seen in Eq. (7) are not all indepen-
dent, (ii) the interpolating current of the doubly heavy
baryons, J,(0), couples to both the spin-1/2 and spin-
3/2 states. The contributions coming from spin-1/2
states are unwanted in our case and we need to separate
only the spin-3/2 states contributions in further calcu-
lations. To exclude the pollution of spin-1/2 states and
get independent structures, we treat as follows. The
matrix element of J,(0) sandwiched between the spin-
1/2 states and the ground state of the cold nuclear
matter is parametrized as

Yol 015 (0) = [E1p, + Earulp). (8)

where {; and {, are some constants. Imposing the
condition J,y* = 0, we immediately obtain {; in terms
of {,. Hence, we have

4

WO (P) == u(p) O

where m; stands for the in-medium mass of the doubly
2

heavy spin-1/2 particles. As is seen from Eq. (9), the

unwanted spin-1/2 contributions are proportional to y,

and p,. In the case of current with the index v in
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Eq. (1), these contributions are proportional to y, and  beginning with y, and ending with y, are set to zero.
p,. In the present work, in order to get independent  After these procedures, we obtain the physical side of
structures, the Dirac matrices are ordered in the form  the correlation function in terms of the structures, which
Y. Py, To eliminate the pollution of spin-1/2 states, the  are independent and give contributions only to spin-3/2
terms proportional to p, and p, as well as those  states, as

|

XA 432 232 233
ehys(,) — ZDHZDH [ .« + -y = i _ - 10
HY (]7) p2 _ ﬂ%)H mDHg;w g/uzﬂ ug;wﬂ + 3m*DH uy“v + 3m*D2H up”pﬂ 3m;)2H upuvyi ( )

where u2,, = mi};, — 22 + 2p,Z,. In this stage, we apply the Borel transformation on the variable p? with the aiming of
suppressing the contributions of the higher states and continuum. As a result, the physical side of the correlation function is

Phys R TR 432 232 233
" (p) = Apypue™vn Mpy G + Gl — ZoGuih + Iy ety + M—*zu,ﬂylj— 32, wuh o+, (11)
DH DH DH

where M? is the Borel parameter to be fixed in the next section.

The next step is to calculate the QCD side of the correlation function in Eq. (1) using the interpolating current in Eq. (2).
Thus, in Eq. (1) contracting the heavy and light quarks fields, for the case Q # Q', we find the QCD side of the in-medium
correlation function in terms of the quark propagators as

1 . - - -
CD . / ! / ! ! / ! / /
HP% (P) = §€abc€a’b’c’ / d*xe'” x(WOH_SCQb Yv g% }/MSI‘;C - CQa }’ySgb VuSaQC’ - SCQa’ J/L/Sgb 7ﬂSqu

— S 1,88 1uSe = S v, Sl v, SE = S v, S8 v, Sy — S5 Tr[SE 1,54y, ]
= SE TS 1,58 v = S5 THSE v, S vl Hwo). (12)

where Sg(q) is the heavy(light) quark propagator in the coordinate space and S‘g(q) = CSZ(Tq)C' While for the case Q = Q’,

considering the extra contractions coming from the identical particles, we get

1 . - - o
CD . / / / / / / ' ’ /
Hl?l/ (p) = § €abc€a'b'c / d*xe'” X<W0|{ CQa 71/5(37 yﬂSgC - CQa VySléb },MSZC + CQa yvszb yﬂS}éC

= 5§15 vuSE = ST 1SE 1 Ss + ST S S = S S nSE

+ 89185 1uSE + ST 1SG 1S = S 1 SY 1uSE = S¢S 1 SE

+ 881,86 1uSE = S TSE 1,88 i + S5 THISE .85 v,

+ SETe[SY v, 84 v, ] + & Tr[SY y, 89y, ] — 8¢ Tr[S5y, 8¢ 7,]

+ S5 TS 7,58 v, Hwo)- (13)

In the fixed point gauge, we choose

ii P | my .1 PN, 19y iial . .
SJ()C)22—][25/(xz)zx—ﬁéjp—i—)(q(x))dl(())—32”2 ;‘L}v(())tj‘Ax_z[xo—ﬂ +6ﬂﬂ+"'7 (14)

for the light quark and

SZ(X) = : /d4ke—ik~x{ 6ij _ g“'Fﬁ”(O)tij’A Uﬂy(k + mQ) + (k—’_ mQ)G/w

(27)* Kk =mg 4 (k? —m)?
7’ /a,GG K+ mok
+3< jn >5qu <k2 2Q>4 }, (15)
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for the heavy quark propagators. In Eq. (14), ;(f] and )'(é are the Grassmann background quark fields. In Egs. (14) and (15),

F4, are classical background gluon fields, and 774 = 2% with A4 being the standard Gell-Mann matrices. After, replacing
the above explicit forms of the propagators in the correlation function in Egs. (12)—(13), the products of the Grassmann
background quark fields and classical background gluon fields which correspond to the ground-state matrix elements of the
corresponding quark and gluon operators [52] are obtained,

Xaa(X)Z35(0) = (44a(¥)q1(0)),, -

F?}L - <G GEI/>/)N
Zaa)(bﬁF/w = <Qaaq}7/}Gﬂb>pN’ (16)

where, py is the density of the cold nuclear matter. The matrices in the right-hand sides of Eq. (16) contain the in-medium
quark, gluon, and mixed condensates. These matrices are parametrized as [52]: (i) quark condensate

] K ] 1
00000V, = = | (@0, + @D, + 533 AD, D), + )
] ] (N
+ <<qm>pN +X4q1,D,4)p + 5 X347, DuDud) - ) Viﬂ:|’ (17)
(i1) gluon condensate
5AB
< G/ljl/>/) 9_6 [<GZ>/)N (grc,ugllu - glcvgll,u) + 0(<E2 + B2>/)N)L (18)

where the term O((E? + B?) ,y) is neglected because of its small contribution. And (iii) quark-gluon mixed condensate

_ 1
<ngaaQbﬂGﬁu>pN = 96 <gsq6 GQ>/)N[ w T l( Uy, — uyyﬂ)l’{]aﬂ

<gsq;/i0' : GC]>pN [Gﬂl/ﬂ + i(uﬂyu - ul/yﬂ)](lﬂ - 4(<6_]M “Du - Dg>pN
+ imy (g - Dq),, )04 + 2i(u,r, = w7, #op}- (19)

where D, = % (v,P + Py,). The in-medium modification of the different condensates in Eqgs. (17)—(19) are defined as
follows:

<Z]7/ﬂQ> - <_¢Q>/)Nuw
(@D,uq),, = (qu - Dq), u, = —im,(Giq), u,
_ 4 1 i _
(@r,Du4),, =7 (@ - D), - Zg””) +3ma{a4),, (Wit = gu).
) 4 1 1, _
<qD/4DyCI>/)N §<qu Du - Dq> _Zg/w _6<gsq0' Gq>pN(u;4uu _g/w)7

_ _ 1
<q}/ﬂDyDDQ>pN = 2<qﬂu *Du - DC]>/,N |:u/1uyu1/ - 6 (uﬂgpu + U9 + uvgiﬂ)

1,
- 6 <9s61140' ' Gq>pN(u/Iu;4uu - u/lgﬂzx)' (20)

On the basis of Lorentz covariance, parity, and time reversal considerations, the QCD side of the correlation function in
nuclear matter can be decomposed over the Lorentz structures as follows:

T2 (p) = T (P, po) g + T (0. po) gt + T (2. po) gtk + T (P, po)uu
+ 5 (P2, po)uyu, T8 (P2, po)uu, i, 2y
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nevertheless, in the vacuum limit the coefficients,

.... «(P%. po), are vanished. As is seen from the existing
structures in above equation, we have applied the same
procedure in QCD side as the physical one to remove the
spin-1/2 pollution. The necessary in-medium QCD sum
rules for the physical parameters of the doubly heavy
baryons can be obtained by equating the coefficients of the

same structures in both TT,."* (p) and TIZ"" (p) functions. In

the nuclear matter, the invariant amplitudes H?CD( % o)
corresponding to each structure can be represented as the
dispersion integral,

. QCD

e py = 7 B
(mQ+mQ/)2 s—p

where p2P (s, py) is the two-point spectral density for ith
structure. As the standard procedure, plQCD(s, po) is
obtained from the imaginary part of the correlation func-
tion. The technical methods used in the calculations of the
components of the spectral densities are detailed in
Ref. [53]. In the correlation functions H?CD (p%, po), the
spectral densities p,-QCD(s, po) fori = g,,, g, and g, ik are
given in the Appendix.

After the Borel transformation on the variable p? and
performing the continuum subtraction, we get,

MO s ) = [1 dsp (s, (23)
(mQ‘H"Q’ )?

where s;; is the in-medium continuum threshold. After
matching the coefficients of different structures derived
from the physical and QCD sides of the correlation
function, we get the following sum rules to be applied
in the calculations of mass, residue, and vector self-energy
of the spin-3/2 doubly heavy baryons:

mBH/Ii)ZHe_MZ/MZ = H?CD(MQv 56+ Do)
A M = TIFP (M2, 55, po),

S A2 M =TI (M2, 55, po). (24)

These coupled sum rules will be simultaneously solved to
find the physical quantities under consideration.

III. THE ANALYSIS OF THE SUM RULES

In this section, the sum rules in Eq. (24) are used to
obtain the numerical values of the vacuum and in-medium
mass and residue of the heavy &, , and €, ,, baryons and
their in-medium vector and scalar self-energies. These sum
rules contain different parameters: the mass of light and
heavy quarks as well as the vacuum and in-medium
quark, gluon and mixed condensates with different

dimensions. Collected from different sources [52,54,55],
we present their numerical values as: pi = (0.11)* GeV?,
(@), = 30N, (sTs),, =0, (qq)y = (-0.241)> GeV?,
(55)0 = 0.8(gq)0,  (a4),, = (@9)o + 5-Pn>
0.059 GeV, m, = 0.00345 GeV, (35),, = (35)0 +
yngquN’ y=0.05+£0.01, <%GZ)0 =(0.3340.04)* GeV*,
<%G2)/,N = <%G2)0 —(0.65+£0.15) GeVpy, (qTiDoq)/,N =

0.18 GeVpy,  (s'iDys),, = "5 4 0.02 GeVpy,
<qiDOq>pN = <§iDOS>pN = O’

ON =

(29,6Gq)o = m(aq)o
(59,0Gs)y = mj(5s)g, m§ =08 GeV?, (gg,06Gq), =

(29,6Gq)o +3 GeVipy, (5g,0Gs),, = (59,6Gs), +
3y GeVZpy, (q'9,0Gq),, =—-0.33GeV?py, (q"iDgx
iDyq),, =0.031 GeV?py —ﬁ(q"'gsan%N, <s'1'gsaGs)pN =

—0.33y GeV?py, <sTiD0iD0s>pN =0.031y GeV?py —
% <s*gS0'Gs>pN, m, = 2.2’:8:2 MeV, m,; = 4.7J_r835 MeV,
my = 0.13 GeV, m;, =4.78 £0.06 GeV, m, =167+
0.07 GeV. Note that each condensate at dense medium
can be written up to the first order in nucleon density as

A A

<O>/)N = <O>0 + pn(O)y, where (O), is its vacuum value
and (O), is its value between one-nucleon states.

The sum rules in Eq. (24) contain two auxiliary
parameters in addition to the input parameters repre-
sented above: the continuum threshold s; and the Borel
mass parameter M2, For the quality of the numerical
results of the physical quantities, we should minimize
the dependence of the results on these parameters. To
this end, we require the pole dominance and impose the
condition:

iy 4505 P05

PC = (25)

N[ =

Ty 5 P0)E

Following these conditions, we choose the in-medium
threshold in the interval sj=(mpy+[0.5-0.7])> GeV2.

The next step is to fix the Borel mass parameter. For
this aim, we consider again the pole dominance and
convergence of the series obtained in the QCD side of the
correlation function. Thus, the upper limit of this param-
eter is obtained considering the dominance of pole
contribution over the contribution of the higher states
and continuum and its lower limit is found requiring the
convergence of the series of different operators and
imposing the condition of exceeding the perturbative
part over the total nonperturbative contributions.
Following these criteria, we obtain:

[3-5] GeV?  for E, and Q,
M2 M2, ] =< [6-8] GeV?  for B;. and Q;,., (26)
[8-12] GeV? for Ej, and Q;,.
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M?(GeV?)
3.0 3.5 4.0 4.5 5.0
1.0 ¥ ¥ ¥ 1.0
0.8 0.8

S S
o —o— 5,=17.0 GeV? Q
0.4} ) 0.4

s55=17.8 GeV
o2l —o— 5)=18.7 GeV? lo2
0.0 2 2 2 0.0
3.0 3.5 4.0 4.5 5.0
M?(GeV?)
FIG. 1. The pole contribution in the =, channel as a function of

Borel mass M? at saturation density and at fixed values of the in-
medium continuum threshold.

In Fig. 1, we show the pole contribution, for instance at
&Y. channel, in terms of Borel parameter and at three fixed
values of continuum threshold in their working interval. On
average, we find PC = 0.71, which ensures the pole
dominance of the related channel for the structure g,, p.

Before analyses of the results in terms of the medium
density, we would like to turn off the density and present
the results in vacuum. Obtained from the analyses, our
predictions for the masses of the considered states in
vacuum are presented in Table II. In the literature, there
are a plenty of studies on the vacuum mass of the spin-3/2
doubly heavy baryons listed in the same table. We refer to
some of them, which are extracted using: an extended
chromomagnetic model (ECM) [33], the Bethe Salpeter
equation approach (BSEA) [35], vacuum QCD sum rule
(VQCDSR) [15,21], a relativized quark model (RQM)
[17,32], the Feynman-Hellmann theorem (FHT) [56],
quark model (QM) [16], lattice QCD (LQCD) [7], and a
bag model (BM) [57]. Looking at this table, we see that the
results from different approaches are over all consistence

with each other within the errors. These results can be
verified in future experiments.

In further analyses, we discuss the density dependence of
the results. Thus, in Figs. 2 and 3, we plot the ratios
myy/Mpy, Z,/mpy and A3, /Apy as functions of py/pit
at average values of the continuum threshold and M? for
different members of the doubly heavy baryons. In the
calculations, we use the pi* = (0.11)> GeV? for the
saturation density of the medium. This is equivalent to
roughly 2.5 x 10" g/cm?® which corresponds to ~20% of
the density of the neutron stars’ core. From these figures,
we see that the baryons Q7 , €} , and Q;, do not see the
medium at all. This can be attributed to the fact that the
quark contents of these baryons, i.e., ccs, cbs, and bbs are
different than the quark content of the medium which is
considered to be wuud/udd and the strange and charm
components of the nucleons are ignored. The baryons =,
B}, and E;,, however, interact with the medium due to
their u/d quark contents. The mass of these baryons show
strong dependence on the density of the medium. Such that
their masses reduce to their 74%, 69%, 66% of vacuum
mass values for Ej, E;, and Ej;,, respectively at
py = L.5p3". As is seen, the dependence of the masses
of these baryons show linear dependence on the density of
the medium and the shifts are negative referring to the
attraction of these baryons by the medium.

Their residues or coupling strengths show very strong
sensitivity to the nuclear matter density such that, at py =
1.5p3" they approach roughly 20% of their vacuum values.
The dependence of the residues of these baryons to the
density is roughly linear, as well. This is similar to the
behavior of the nucleons spectroscopic parameters with
respect to the density which are obtained to be roughly
linear [40]. The vector self-energies of the Q*QQ, remain
roughly zero by increasing the density of the medium.
However, this quantity for the E*QQ, baryons grows from
zero to approximately 27% (in E}. and Zj. channels)
and 36% (in Ej;, channel) of their vacuum mass values.

—cc

TABLEII. Vacuum mass of the spin-3/2 doubly heavy baryons compared with the literature. The units are in GeV and PW (py — 0)
means the present work at py = 0.

E‘t‘c th E‘Ze QZ(; E‘Zh QZb
PW (py — 0) 3.73 £0.07 3.76 £ 0.05 6.98 = 0.09 7.05 +£0.07 10.06 +0.12 10.11 +£0.10
ECM [33] 3.696 £0.0074  3.802£0.008 6973 £0.0055  7.065+0.0075  10.188 £ 0.0071 10.267 £0.012
BSEA [35] 3.62£0.01 3.71 £0.02 6.99 +0.02 7.07 £0.01 10.27 £ 0.01 10.35 £ 0.01
VQCDSR [21] 3.69 £0.16 3.78 £0.16 7.25 £0.20 73£02 104 £1.0 10.5+0.2
RQM [32] 3.675 3.772 - - 10.169 10.258
RQM [17] 3.727 3.872 6.98 7.13 10.237 10.389
FHT [56] 3.74 +£0.07 3.82+0.08 7.06 £0.09 7.12£0.09 10.37 £0.1 10.40 £0.1
QM [16] 3.753 3.876 7.074 7.187 10.367 10.486
LQCD [7] 3.692(28)(21) 3.822(20)(22) 6.985(36)(28) 7.059(28)(21) 10.178(30)(24) 10.308(27)(21)
BM [57] 3.59 3.77 6.85 7.02 10.11 10.29
VQCDSR [15] 3.90+0.10 3.81 +0.06 8.0+ 0.26 7.54+0.08 10.35+:0.08 10.28 £ 0.05
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FIG.2. The in-medium mass to vacuum mass ratio, m},;, /mpy, (left panel) and the vector self-energy to vacuum mass ratio, X, /mpy,
(right panel) with respect to py /p3 for the doubly heavy E*Q o and Q*Q o baryons at average values of the continuum threshold and Borel

mass parameter.

We shall again note that the dependence of the X,/mpy
for the B/, baryons on the density of the medium is
roughly linear.

In Figs. 4 and 5, we depict the variations of the ratios,
My /Mpys ,/Mpy, and A,/ cpy with tespect to M? at
saturated nuclear matter density and average values of the
continuum threshold. These figures show also that the Q

baryons do not show any response to the medium,
however Z baryons interact with the medium consider-
ably. At nuclear matter density the ratios mj,;,/mpy are
found to be 1 for Q baryons and ~83%, ~79%, and
~T1% for the baryons 27, E ., and &}, respectively. As
is seen, X, is equal to zero for the Q baryons, but

X, /mpy ratio for 2., Z; , and Ej,, are obtained as 18%,
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FIG. 3. The ratio 4},;,/Apy as a function of py /p5* for the doubly heavy Epo and Qp,, baryons at average values of the continuum

threshold and Borel mass parameter.

19%, and 24% at saturated density, respectively. The
variations of the considered ratios are very mild against
the variations of the Borel mass parameter at saturation
density and average values of the continuum threshold.
We collect, the average values of these ratios at saturation
nuclear matter density as well as the average values of
the Borel mass square and continuum threshold in
Table III. From this table, we report that, the masses
of the Q baryons do not show any shifts in the medium,
but their residues show very small negative shifts due to
the medium. The ratio X,/mpy for the Q baryons takes
very small but positive values. The scalar self-energies or
shifts on the masses of the E*QQ, baryons show consid-
erable negative values. The negative sign shows the scalar
attraction of these baryons by the medium. The maxi-
mum shift belongs to the &, baryon but the minimum
shift corresponds to the E}. state. The negative shifts on
the residues are, —48%, —57%, and —52% of vacuum
residues for the ¢, &} ., and Ej,, respectively. We see
the positive 18%, 19%, and 24% of the vacuum mass
values for the vector self energies of the Z., E; ., and
=, baryons, respectively, referring to considerable vector
repulsion of these states by the medium at saturated

nuclear matter density and at average values of the
auxiliary parameters M? and s;).

IV. DISCUSSION AND OUTLOOK

The doubly heavy baryons have received special atten-
tions after the discovery of the E/" baryon with double
charmed quark by the LHCb Collaboration. Although its
measured mass is different than that of the previous SELEX
Collaboration and there is a conflict in this regard, our hope
has been increased for the discovery of the other members
of the doubly heavy charmed baryons, as well as the doubly
heavy bottom baryons. We hope, by developing exper-
imental studies, we will see more discoveries of the doubly
heavy baryons predicted by the quark model in the near
future. Thus, investigation of different aspects of these
particles especially their spectroscopic parameters in vac-
uum and in medium is of great importance. Their vacuum
properties have already been discussed using various
methods and approaches. In the present study, we inves-
tigate the spectroscopic properties of the doubly heavy
spin-3/2 baryons at cold nuclear matter using the in-
medium sum rule approach. It is observed that the
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FIG. 4. The dependence of the same ratios as Fig. 2 on the Borel mass parameter at the saturated nuclear matter density and average

values of the continuum threshold.

et 3

parameters of the 5/, ,, baryons are affected by the medium,

considerably. Such that at py = 1.5p%" their mass reach to
83%, 79%, and 77% of their vacuum mass values for Ef_,
=, and E}, baryons, respectively. The negative shifts in
the masses of these baryons represent their strong scalar
attraction by the medium. We report the amount of the mass

shift at each channel in Table III. The analyses show that
the masses of the Q*QQ, doubly heavy baryons are not

affected by the medium. The vector self-energy of the Q*Q o

baryons are obtained to be roughly zero. However, the
vector self-energies of the E*QQ, baryons show considerable
changes in the medium. The sign of the vector energies for
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FIG. 5.
values of the continuum threshold.

Epo reported in Table III at saturated density are positive

referring to considerable vector repulsion of these baryons
by the medium. The residues of the Q*QQ, baryons remain
roughly unchanged by increasing the density of the nuclear
medium, as well. However, the E*QQ, baryons’ residues
show drastic decrease with increasing the density of the
medium. Note that, the dependencies of the parameters of

the Z,, baryons on py are roughly linear. Their residues at
py = L.5p3" approach to roughly 20% of their vacuum

values. The behavior of the parameters considered in the
present study can be checked in future in-medium

TABLE III. The ratios Zs/mDH, A/’{DH//’{DH’ and ZD/mDH for
the =, and €, baryons at average values of the continuum

threshold and Borel mass parameter and at saturation nuclear
matter density.

E‘:c Q:C EZ(, QZ{, EZb QZb
So/mpy  —017  ~0 021 ~0 —023 ~0
Mpy/ipy —048 —0.04 —057 —0.03 —0.52 —0.04
s, /mpy 4018 +0.03 +0.19 +0.02 +024 +0.01

The dependence of the same ratio as Fig. 3 to the Borel mass parameter at the saturated nuclear matter density and average

experiments. We turn off the density and obtain the mass
of the baryons under consideration in py — 0 limit (vac-
uum) and compare the obtained results with the previous
predictions using different methods and approaches. We
show our vacuum mass results and their comparison with
other predictions in Table II. We see overall good con-
sistency of our results at py — 0 limit with other
approaches including the vacuum QCD sum rules within
the errors. We hope that these results will help experimental
groups especially at LHCD in the course of search for these
baryons. We make our analyses in the interval [0—1.5]p%"
with p$3t = (0.11)* GeV? being corresponding to roughly
20% of the density of the neutron stars’ core. Our sum rules
give reliable results within this interval. One may extend
the formalism to include higher densities to look at the fate
of these baryons at higher densities. This may help us in
finding a critical density at which the doubly heavy baryons
are melting.

Production of the doubly heavy baryons in cold nuclear
medium needs simultaneous production of two pairs of
heavy quark-antiquark in medium. Then, a heavy quark
from one pair requires coming together with the heavy
quark of the other pair, forming a heavy diquark of the total
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spin 1 or 0, previously discussed. The resultant heavy
diquark requires meeting with a light quark to subsequently
form a doubly heavy baryon containing two heavy and one
light quarks. These processes need that quarks be in the
vicinity of each other both in ordinary and rapidity spaces.
We hope that future in-medium experiments will be able to
provide these conditions required for the production of the
doubly heavy baryons in nuclear medium. Our results may
help the experimental groups in analyses of the future
experimental data. Comparison of any data on the param-
eters considered in the present study with our predictions

|

will provide useful information on the nature and internal
structures of the doubly heavy baryons as well as their
behavior in a dense medium.

APPENDIX: ASPECTRAL DENSITIES USED
IN CALCULATIONS

The spectral densities corresponding to the structures
9> GV and g, 4k for the doubly heavy baryons &, are
obtained as

1 1 -z dw a
QCD _ d 20725 2 2
Péu (8 Po) 245767[12/) ZA W2+ (w+2)(z— P mQ{” <” >pN(W +(w+2)

X (z=1)[(w=1w?Bw—=1)+7(w—1)*w?z + 23w = 2)z* + (13(w — D)w + 1)z + w(w(13w
—21) +7)2% + 32°] + 3(5w + 32) [mp(w + 2)[22 + (w = 1) (z + w)] = Bswz(w + z — 1)]

X [my(w+ 2)[2% + (w=1)(z +w)] — swz(w +z — 1)}}®[L(s, 2w)]

* 3072x°

1
/ dz{(ng,oGuy), (3 + 32z —322%) + 4[m,(4mg(au), —48po(u’u), (z—1)z
0

= 3(u'iDou), ) + 8(3s(au), (z = 1)z + mo(po(u'u),, (z = 2) + (u'iDou),))

+ (@iDyiDyu),, (—8z* 4 8z = 3)|}O[L(s, 2)], (A1)
QCD B 1 1 -z wzdw a2l % " _
Lo\ P0) = 2949127z'2/0 dz[) W+ (w+2)(z— 1))6{ 4 <7z “ >pN< tz-1)
X [Bw? + w(5z = 3) 4+ 3(z = 1)Z][w* + (w4 2)(z = 1)]* = 144[mg (w 4 2) (2> + (W + 2) (w — 1))
—swz(w+z = D][my(z* + (w+2)(w=1))(z% + w(w = 1) + z(4w = 1)) — 6swz(w + z — 1)2]}
x O[L(s,z,w)| + 572”6 /01 dz{-9mgy(au), +2[5m,(au), — 2<uTiD0u>pN - 3p0<uTu>pN]
x (z = 1)z}O[L(s.2)], (A2)
and
pi/D(s, Do) = @Al_z dz{6[3m, — mglmq(u'u), +2[8m,po(iau), —6(u'iDyiDou),
= 32po{utiDou),, +9s(u'u), |(z = 1)z}6[L(s.2)], (A3)
where the explicit forms of the functions L(s, z, w)] and L(s, z) are
. | = (w=1)(mgww? + w(z—=1) + (z = 1)z) + z(my(w* + w(z = 1) + (z = 1)z) —sw(w + z — 1)))
(el == W +w(z=1)+ (2= 1)2)? ’
L(s.z) = my(z—1) — z(m} + s(z — 1)). (A4)
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