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We study the electromagnetic form factors of the doubly charmed baryons, using covariant chiral
perturbation theory within the extended on-mass-shell scheme. Vector-meson contributions are also taken
into account. We present results for the baryon magnetic moments, charge, and magnetic radii. While some
of the chiral Lagrangian parameters could be set to values determined in previous works, the available
lattice results for ZF, and Q. only allow for robust constraints on the low-energy constant combination,
cgo(= —%cg + 4cy). The couplings of the doubly charmed baryons to the vector mesons have been
estimated assuming the Okubo-Zweig-lizuka rule. We also give the expressions for the form factors of the
double-beauty baryons considering the masses predicted in the framework of quark models. A comparison
of our results with those obtained in heavy baryon chiral perturbation theory at the same chiral order

is made.
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I. INTRODUCTION

The recent announcement of the observation of the 2"
particle by the LHCb Collaboration [1] has revived interest
on the physics of doubly heavy baryons. Up to now, the
experimental evidence for baryons with two heavy quarks
was marginal. Only one cc baryon, £1.(3520), had been
included in the Review of Particle Physics by the Particle
Data Group (PDG) [2] and was labeled with one star. The
E/.(3520) baryon was first observed by the SELEX
Collaboration in the AJK~z* channel [3] and later
corroborated in the pDTK~ one [4]. However, neither
BABAR [5], nor BELLE [6], nor LHCb [7] could confirm
the existence of this state.
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On the other hand, the mass of 2/ measured by LHCb
is greater by more than 100 MeV than that of the E/.(3520)
particle. This large splitting, if confirmed, would suggest
that the two states are not isospin partners [8] and thus
could belong to different multiplets.

The scarce and conflicting experimental information has
not deterred the theoretical research on the topic. Since the
early works predicting the existence of doubly charmed
baryons [9,10], soon after the discovery of hidden (cc)
charm states, these particles have been studied in quark
models, QCD sum rules, lattice simulations, effective
theories implementing heavy quark spin symmetry, etc.
See, e.g., Refs. [11,12]. Most of those works address the
spectroscopy of these baryons. Besides, other matters such
as their decays [13—18] and electromagnetic properties
have been abundantly studied. For instance, diverse quark
models [19-26], the MIT bag model [27,28], the skyrmion
model [29], QCD sum rules [30], heavy baryon chiral
perturbation theory (HBChPT) [31], and chiral perturbation
theory (ChPT) within the extended on-mass-shell (EOMS)
scheme [32] have been applied to study the magnetic
moments of doubly charmed baryons. Both the magnetic
and the electric form factors (FF) have also been
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investigated in lattice QCD [33-35]. As expected, the

lattice results show that the doubly charmed baryons have
smaller radii than the singly charmed ones and than those
composed of only light quarks such as the proton.
However, there is some tension between the lattice results
for magnetic moments and those determined in other
theoretical models [34]. Here, we focus on these FF, which
are a quite interesting probe, as they offer insight into the
hadron structure and how its constituents are distributed.

There are already some experimental data on electro-
magnetic processes of singly charmed baryons. Apart from
some radiative decays [36-38], the A, electric over
magnetic form-factor ratio has been recently measured
[39], and there are proposals for measuring the magnetic
moments of these heavy baryons via the spin precession in
crystals [40,41]. Although there is still no experimental
information on electromagnetic properties of doubly
charmed baryons, it has been suggested that their radiative
decays could be large enough to be observed at the LHCb
and Bellell experiments [42].

Our work is based on ChPT [43-46], which provides a
model independent and systematic framework to study the
nonperturbative regime of the strong interaction at low
energies or for soft probes. Furthermore, it is well suited to
analyze the lattice data at quark (meson) masses different
from the physical ones and to extrapolate the results to the
physical point. In fact, it has been extensively and
fruitfully used to that effect for the study of observables
such as masses, form factors, and sigma terms, among
others. See, e.g., Refs. [47-50]. The ChPT results are
systematically arranged as an expansion in powers of the
Goldstone boson masses and the external (small)
momenta. The corresponding power counting involves
some difficulties when baryon loops are included in the
calculation, and different methods have been developed to
overcome this issue such as HBChPT [51], heavy hadron
(HH) ChPT, using similar techniques [52,53], and the
covariant approaches: infrared [54] and EOMS [55]. All
these schemes have been widely and successfully used to
investigate the electromagnetic structure of light baryons
[46,56—85]. There are also some calculations of the
electromagnetic properties of baryons with a single heavy
quark in HHChPT [53,86-89]. Recently, the magnetic
moments of doubly heavy baryons with spins % and % have
been studied in HBChPT [31,90]. Here, we use the
covariant EOMS framework instead, and we also calculate
the electric and magnetic radii of the spin-% triplet. The
manifestly Lorentz invariant EOMS scheme has been
found to deliver better chiral convergence than the other
schemes for most observables [91] and in particular for the
magnetic moment of the light baryons [77,92]. Although
the heavy baryon (HB) techniques are expected to work
better the larger the baryon mass is, the differences with
the covariant calculation are not negligible. This point is
also explored both for dicharm and dibottom baryons.

Our work is organized as follows. In Sec. II, the effective
Lagrangian describing the interaction of doubly heavy
baryons and Goldstone bosons is given. The form factors
of doubly heavy baryons are introduced in Sec. 111, and the
results are shown in Sec. IV. Finally, a summary and
conclusions are given in Sec. V.

II. EFFECTIVE LAGRANGIAN

A. Interaction with light pseudoscalar mesons

The effective Lagrangian describing the interaction of
double-charm baryons and the Goldstone bosons up to
second order was constructed in Refs. [93,94]. It can be
written as'

. g
£ = w(zB—m—F?Ayﬂysu”)y/, (1)
2) — “ - u v
LB =y )y - g s {u,u,){D", D" }y + H.c.

c3 ) cy
- {S—Hizw{uwuy}{D",D }1//+H-C-} + W)y

Cs _ ice _ _o.
+ Sty +—2 ot [u,, w |y + crp Sy

2 4
cg _ VD Co _ v
+%l//0” f,fyl//‘f’g—m‘/m” (i (2)

The relevant pieces of the Lagrangian of order 3 can be
obtained by considering chiral, parity, and charge con-
jugation symmetry. There are two terms contributing to the
electromagnetic form factors,

LB = {i dyp[D*, {1, | Dw + H.c.}
20
g gy e

The Lagrangians for the double-beauty baryons are analo-
gous, only modifying m, their mass in the chiral limit, and
the coupling constants. In these equations, U = u?, which
incorporates the pseudoscalar meson field, is defined as

v (D),

where ¢(x) is expressed as

'In Refs. [93,94], the cg terms involve f,, instead of f;b
However, both formulations are equivalent, and the Lagrangian in
Eq. (2) can be obtained by a redefinition of ¢g in Refs. [93,94].
In addition, note that the c¢¢ term in Eq. (14) of Ref. [93] is
Hermitian.
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The doubly heavy baryon field y with spin % is a column
vector in the flavor space, i.e.,

=u
—Q
Y= Eég ) (6)
Qg9
where the subscript Q denotes the charm or beauty quark.
And EY,/8%,/Q%, denotes ELF/EL/Q/, for charm
sector, and ), /2., /Q: for beauty sector. In Egs. (1)

and (2), ¥, ¥+ fuws fffy, u,, I, and D, have the following
definitions,

x = diag(M2, M2,2M3% — M2), (7)

v = u'yut £ uytu, (8)

fu =—€Q0,A, + eQ0,A,, )

f =u'fuu+uf,u’, (10)

u, = i[u’ (0, + eQiA,)u — u(d, + eQiA,)u'],  (11)

F:

U [M-I-(aﬂ + eQiAﬂ)u + u(aﬂ + te’A”)M-E-], (12)

N =

D,=0,+T,, (13)

with A, the photon field. For the double-charm baryons
Q = diag(2,1, 1), while for the double-beauty baryons,
Q = diag(0, -1, —1). For a 3 x 3 matrix A in flavor space,
we define A = A — 1 (A) with (A) the trace of A.

The interaction Lagrangian describing the Goldstone-
boson interaction with a photon can be extracted from the
leading-order meson Lagrangian

F? o
L= TTr[D”U(D”U)W (14)
as follows:
Lig =5 THl(#0,9 = 0900014 (15)

In Eq. (14), D,U=98,U +ieQ,A, U~ ieUQA, with
0, = diag(2/3,-1/3,-1/3).

B. Interaction with vector mesons

It is well known, in the case of light baryons, that the
consideration of a pseudoscalar meson cloud plus contact

FIG. 1. Feynman diagram of the vector-meson contribution to
the form factor.

terms, even up to order O(g*), is not sufficient to provide a
precise description of the electromagnetic form factors in
ChPT [66,67,85]. This is especially true for the Q2
dependence and thus the charge and magnetic radii. The
reason is the importance of the contribution of vector
meson mechanisms; see Fig. 1. We expect a similar
situation for the case of heavy baryons.

Therefore, in order to model the behavior of the form
factors at moderate momentum transfers, the vector-meson
contributions are also included. In the case of ideal mixing
of the vector-meson singlet and octet, the Lagrangian of the
coupling of doubly heavy baryons to the vector mesons has
the following structure:

_(mu =d Eoo, u | Eoo o9,
Lypp = (*—'ng—'gg) go Y+ g )
mg

1,0 1 + =u
X <ﬁp ok P ) <~QQ>
— 1 .0 1 =d
p — 5P TR0 L, \Eoo

"0,

sz

+Qh, (g?%‘yﬂ + g7 >¢ﬂ%g. (16)

According to the Okubo-Zweig-lizuka (OZI) rule,
Eoo/Qgg only couples to (p,w)/¢. Furthermore, given
the large breaking of SU(3) symmetry, we take different
values for the couplings of Ego and Qg0.

The Lagrangian of the vector-meson coupling to the
photon, needed to calculate the contributions of vector
mesons to the form factors, is given by [95]

i ’
£ =5t Vil ™). (17)

Here, V,, = 0,V, —0,V, with V, the 3 x 3 matrix

%p%—%w pt K+t
vV, = p- —%po—l—%w KO 1. (18)
K K*U ¢

In Eq. (17), My, is the mass of the vector meson. F'y can be
obtained by calculating the decay width V — eTe~

4na*F?
Ty = C 00V
ee v 3My,

(19)

054025-3



HILLER BLIN, SUN, and VICENTE VACAS

PHYS. REV. D 98, 054025 (2018)

and Cy =1,1 —2 for p, @, and ¢,

: _ 1
with a = 30— %5

137
respectively.

III. FORM FACTORS OF THE DOUBLY
HEAVY BARYONS

A. Definitions

Considering the baryon matrix elements of the electro-
magnetic vector current, the electromagnetic form factors
are defined as

(B(py)|/*(0)|B(pi))

_ iohq
= u(p) |[F"FT(q%) +

T Y [ulp). (20)

where J¥(x) = >~ e,q(x)r*q(x) with g running over the
quarks and B denotes the baryon Ei*, B, Q. or E),,
=, §p),- The physical mass of the baryon B is given by
my, e, is the charge of the quark ¢, and F%(g*) and
F5(g?) are the Dirac and Pauli form factors. The Dirac
spinor of a baryon with four-momentum p* and mass m
is denoted as u(p). The transferred four-momentum
q" = ply — p} obeys ¢*> <0. The electric and magnetic
form factors are defined as

2

GE(?) = FB(g?) + f@@(qz), (21)
GE (q?) = FE(q%) + FE(g?). (22)

Then, the magnetic moment is defined as

=GB — 2
= G (0) 51— 23)

while the charge and magnetic radii of the baryons can
be obtained from the slope of the electric and magnetic
form factors

6 ng,M(‘IZ)

2 _
VMl GEL0) dg?

(24)

7*=0

For neutral baryons, an exception is made for the electric

radius, which reads

dGE(q?)
dq?

(rg)p =6 (25)

7*=0

B. Calculation of the form factors

In Fig. 2, we show the diagrams derived from the
Lagrangians of Egs. (1)-(3) and (15) which contribute

&/

(O
4) (5)
N / N /
(6) (7)
é\ 4 \
/ g > \ I\ /)
D —
(8) 9)

FIG. 2. Feynman diagrams contributing to the electromag-
netic form factors up to order O(g?). Wiggly, dashed, and
solid lines correspond to photon, mesons, and baryons,
respectively. The numbers in the circles show the chiral order
of the vertices.

to the electromagnetic current matrix element up to
order O(¢?) in the chiral expansion. We use the standard
ChPT definition for the order of a given diagram [43].
The resulting lengthy expressions of the unrenormalized
contributions to the Dirac and Pauli form factors F¥ and
F5 are given in the Appendix. We renormalize them
following the EOMS scheme. As is customary, we

perform a modified minimal subtraction (IK/IVS).2 Later,
the terms that still break the nominal power counting,
which come from the baryonic loops, are also sub-
tracted. In fact, the only subtraction terms required for
the Pauli form factors read

2.2 2.2

gam 3 gam
AFY = C,-2A AFS = C, 247 (26
27 Y 6n2 P2 27 W83y 22 (26)

where C, and Cyg are shown in the Appendix. For the
case of the Dirac form factor up to O(g’), the sub-
traction vanishes exactly due to cancellations between
diagrams.

To obtain the final expression, one needs to take
into account the wave-function renormalization (WFR)
given by

*Namely, we subtract 1/(4 —n) + [In(4z) +T7'(1) + 1]/2,
where 7 is the dimension of dimensional regularization.
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TABLE 1. Value of the coefficients C; 5 in Eq. (27).
CJ.B T K n
EL/EY, 3 2 !
EL/Bm 3 2 %
QL/Q, 0 4 ‘31
M2
Zl,le_C/l,B gi \/4m —1‘42
327 F2m 2 M,l
K 2+21n—3ln> +2M?1In }
7
M
— 2M,(=3m? + M?) |arctan ————
\/4m? — M3
2 2 _ M2
+ arctan —— 74 (27)
JSam M2 — M

Here, the subscript A denotes 759, K*9, KO, or 5, and M is

the mass of the pseudoscalar meson A. The C, g are shown
in Table I, and a sum over 4 is inferred. The WFR constant
only multiplies the O(gq) diagrams, since it provides a
correction of O(g?). Its effect on other diagrams would
only start at O(g*), beyond the order of our calculation.
Note that a proper inclusion of the WFR is required to
ensure that the total baryon charge F;(0) = Gg(0) is
conserved.

C. Vector mesons

The contributions to the form factors originating from the
coupling to the photon through vector mesons, Fig. 1, are

F Bq?
FYB = —Cyp-——t5——,
My g~ — My, + ie
F B 2
FYB = Cyp V904 (28)

My g* — M3, + ie’

In these equations, B denotes the doubly charmed (beauty)
baryons E.. (E,,) and Q.. (). The Cyp values are in
Table II. Obviously, the mechanism of Fig. 1 does not
contribute to the Pauli and Dirac form factors as ¢g> — 0.

TABLE II. Values of Cyp in Eq. (28).
ELT/E), Ele/Bpp QL/Q,
1 1
i 1
@ g g 0
¢ 0 0 —2

Therefore, the vector mesons do not affect the charge nor the
magnetic moment of the baryons.

IV. RESULTS

For the numerical results presented in this section, we
take mg = 3.621 GeV [1], mg = 3.652 GeV [94],
F,=92MeV, Fg=112MeV, and F, =110 MeV.
Furthermore, we set the renormalization scale in the loop
diagrams to 1 GeV and the chiral limit mass m to the
physical baryon mass mpg. The coupling of the pseudoscalar
mesons to the doubly charmed baryons is fixed at g4 =
—0.2 [94]. For M, Mg, M,,, the nucleon mass my, the
vector meson masses, and their widths, we use the averaged
PDG values [2].

In order to estimate the relevant low-energy constants cg,
Cy, dy, and d,, we use the lattice results from Refs. [33-35].
There, the magnetic moments and electromagnetic form
factors of Qf and Ef, at different values of Q> were
obtained for different lattice configurations and therefore
different meson and baryon masses. Since the scale of
ChPT is approximately A ~ 1 GeV, we take into account
for the fit the lattice results up to Q> < 0.4 GeV? and
M2 < 0.4 GeV?, meaning a total of 34 data points. For the
fit, we set the pion and baryon masses in the ChPT
calculations to those given by the Lattice Collaboration.
For the kaon and the # meson masses, not explicit in
Refs. [33-35], we use the Gell-Mann, Oakes, and Renner
relations [43,96], taking into account that the strange quark
mass is fixed to its physical value.

A. Magnetic moments

In Table III, we show our results for the double-charm
baryon magnetic moments upg. The vector mesons do not
contribute to this observable. The tree diagram contributions
are the same for Z, and Q... For the loop terms, we show the
analytic expression of the leading-order heavy-baryon
expansion, which reproduces the findings of Ref. [31],?
and compare the numerical results in HBChPT with the
covariant EOMS scheme. We find appreciable differences
between the two schemes, especially for Z/.

Up to O(g?), the magnetic moments depend only on cg
and c9 and several known parameters. Furthermore, the
available lattice data for magnetic moments correspond to
the Q. and Z, baryons. For these two particles, cg and ¢
appear just in the combination cgg = —%cs + 4cq. Thus,
making a fit to the 13 lattice data for magnetic moments, the
only free parameter is cgy, and we can obtain an estimate

There is a factor 2 discrepancy between our work and
Ref. [31] in the vertex definitions involving g4, leading to an
overall factor 4 difference in the analytic heavy-baryon results.
This simply translates into different values for g, when fitting to
data. Indeed, while we use the value g, = —0.2 [94], their
estimate is of g4 = —0.5.
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TABLEIII. Contributions to up for the double-charm baryons, split into tree-level and loop terms. The last four columns are in units of
uy - Best-fit results for the magnetic moments are shown in boldface. Lattice estimations from the quadratic fit of Ref. [34] are in the last
column.
Tree Loops HB Loop HB [uy] Loop EOMS [uy] uluy] Ref. [34]
S 2+2cg+4c _ gz_” [M; n MFm —2.094% -1.216% e
B 1-Leg+4eq G, My 0.60¢2 0.804% 0.37(2) 0.425(29)
T Fz
Qf, 1- %CS +4cq ﬂA'gfl”: % 14643 1.596% 0.40(3) 0.413(24)
K

TABLE IV. Contributions to up for the double-beauty baryons, split into tree-level and loop terms. For the latter,
we show the analytic expression for the leading-order HB expansion and compare the numerical results in HBChPT

with the covariant EOMS scheme, in units of uy.

Tree Loops HB Loops HB [uy] Loops EOMS [uy]
= g5 — 28 _5 [M”;nf,,h MF_Q} -2.1133 -1.922
7” K
Ebb —1 -4 =28 Timzy, M, 0.6073 0.4472
8t F2
Q, —1—125 -2 By, My 1.4672 1.02
. 8 Fy

for this constant: cgg = 0.32(2).* The agreement of our Mz
and pq. results with the simple extrapolations of the lattice
data to the physical point done in Refs. [33-35] is good
considering the uncertainties.

As can be seen, the loop corrections obtained from the
relativistic EOMS renormalization are larger than in the HB
approach for 2. and Q.. The main reason for this is that
most of the loop diagrams in Fig. 2 enter only at O(g*) in
HB [only diagram (8) contributes at O(g?)], while in the
EOMS scheme, they are all nonvanishing already at O(g?).

In these results, the LEC uncertainties are purely
statistical. However, the chiral error estimates, Sy, of the
magnetic moments are performed as in Refs. [97,98] and
try to account for the systematic error due to the truncation
of the chiral series. For our particular case, we have

M,\3 (M3
Su = max [,,(1) (T) , {Iu“‘) ol (T) H

1<j<k<3, (29)

where u) are the magnetic moments obtained with our
best-fit parameters, up to the order O(p?).

—_

“In Ref. [33], only the E.. was studied, and there is no
information on the Q.. lattice mass needed for the loop
contributions. Thus, for these data, we use the values of mgq
given for the same lattice configurations in Ref. [34]. Similarly, in
Ref. [35], only the Q.. is studied, and we use the linear fit from
Ref. [34] for the 2., mass, mg, = 3.660 GeV. The sensitivity of
the results to these choices is negligible.

We show the analogous results for the double-beauty
magnetic moments in Table IV. Again, due to the sym-
metry, the tree-level expressions are the same for the two
baryons with the same charge, 5,, and Q;,. The only
difference between the HB expansions of the charm triplet
and the beauty triplet are the baryon masses. We take
mgz, = 10.314 GeV and mq,, = 10.476 GeV [99] for the
numerical calculations. Since the double-beauty baryons
are substantially heavier than the double-charm ones,
a HB approach is expected to give a better approximation
of the full relativistic result. Indeed, for Egb, the differences
between HB and EOMS results become smaller. However,
for the other two baryons, the differences are still large, as
was the case in the double-charm sector. In the double-
beauty sector, all the magnetic moments are systematically
of a smaller magnitude when calculated in EOMS than
when determined in a HB approach.5

B. Electric and magnetic radii

The electric and magnetic radii, rg > Mmeasure the
derivative with respect to g* of the G’g’.M form factors.
The tree-level results for | and F, are shown in Table V.
Since the LECs cg and ¢q appear as the combination cgg and
dy and d, appear as dy, = —% + 4d, for both the Q. and

’It should be mentioned that the EOMS results are not simply
obtained by the substitution of the double-charm baryon masses
in the loops by their double-beauty partners. Since the beauty
triplet contains a baryon of neutral charge, some of the con-
tributions from diagram (4) in Fig. 2 to the charm triplet now
vanish.
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TABLE V. Tree-level contributions to the double-charm F; and F, from the chiral Lagrangian (yPT) and vector-meson

diagrams (VM).

=+ 4d _ FVI 51“ 2 4d
=cc - Tll‘ — 8d,t ZV =p.w.p Cyp My 1-M2, 3C8 +4cy + Tll‘ + 8d,t ZV—p a}(/;CVB MVV’ thMz
—_ Fyt l“ 1 2d
Bl 142t — 8dyt =D Vepor VBMVvthz —508+4C9——'f+8d2f S v g Crp ot ngz
0 v i—
+ 2d Eyt g, 1 __
Qce 1 +5tt —8dyt =2 V=p.04CvB My 1 Mz 3C8 +4co St + 8yt S v—pawpCra Mvvftﬂer

the B/, if we analyze data for only these latter particles, the
number of degrees of freedom from the chiral Lagrangian is
reduced to just 2.

As is the case for light baryons, we expect the vector
mesons to be relevant for these observables. For simplify-
ing conjectures, we assume the OZI rule and ideal mixing,
which implies that the vector-meson contributions to the
.. form factors come from p and w and ¢ is the only
vector meson contributing in the Q.. case. Still, this

o) ) Q.
amounts to four unknown parameters 9, gre, g,

'—'u

and g{**. In the magnetic form factors, g5+ and g appear

=cc

2.2

ChPT, M,=0.57 GeV
ChPT, M,=0.41 GeV
2r ChPT, M,=0.3 GeV |
ChPT, physical point = - - -
L1, M,=0.57 GeV ~—m—
L1, M =041 GeV ——
L1,M,=0.3 GeV —@— |

1.8

L2, M,=0.57 GeV ~—A—
L2,M,;=0.41 GeV r—a—

1.6 | L2, M,=0.3 GeV r—sp— 1

Gy

14 1

12} T

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Q%[GeV?]

as the combination g‘“ — g,E = gf;”. Therefore, in order to
separate them, one needs additionally information on the

electric form factors. The same is true for g?"" and g,Q"".
Since we have lattice results on Gg‘t’, but not on G?", we
cannot obtain the values of g?” and g?” separately, but
only the combination gf,“ can be determined.

Fitting the full set of lattice Gg ,(Q?) results with
0? < 0.4 GeV? and M2 < 0.4 GeV? from [33-35], we
obtain cg9=0.32(2), dj,=(-0.12£0.11)GeV~2, g =
—10.4(7), gy<=(=3.743.9), and g = (=18.9 +4.2),

'CC

ChPT, M,=0.57 GeV
ChPT, M;=0.41 GeV
ChPT, M=0.3 GeV
ChPT, physical point -+ - - -
L1, M=0.57 GeV i~
L1,M=0.41 GeV —9— ]
L1, M,=0.3 GeV —@—
L3, M,=0.156 GeV i |

Gy

-0.1 0 01 02 03 04 05 06
Q% [GeV?]

0.98 |

0.96 |

0.94 ¢ ChPT, M,=0.57 GeV
ChPT, M =0.41 GeV.
ChPT, M,=0.3 GeV

0.92 | ChPT, physical point = ===~

L1, M,=0.57 GeV ——
L1, M=0.41 GeV —6—
L1,M,=0.3 GeV —@—

0 0.1 0.2 0.3 0.4 0.5 06
Q% [GeVY]

0.9

FIG.3. Magnetic and electric form factor fit results compared to the lattice data from Refs. [33,34] and [35], denoted as L1, L.2 and L3,
respectively. We show the results for four different pion mass configurations: at the physical point (dotted line), at M, = 0.3 GeV (blue),
M, = 0.41 GeV (red), M, = 0.57 GeV (green). The data points for M, = 0.3 GeV (M, = 0.57 GeV) were shifted to the left(right) for
better visibility, but they all correspond to the same Q7 value as those for M, = 0.41 GeV.
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TABLE VI. Tree-level contributions to the double-beauty F; and F,, from the chiral Lagrangian (yPT) and vector-meson diagrams

(VM).

=0 4d Fyt g, =

B, Mt 4 4dyt > vepwyCva w ZZM 285 — 209 + —t —4d,t S v Crs Lv‘z tg';:hz

chy —1+%r+4dt e Fus 2, 1y =28y — 2t — 4d,t Fyt
bb 2 vy VBMV’W 3 3 . > ov— ﬂw¢CVBMVVt,gMz
- Fyi g, ~ ~ _2d ~

Q) -1 + f+4d2f = v=pwsCva Mvvr,(iMZ —3Cg — 289 — 511 — 4dyt v pagCrs Lvttngz

\4

with a reduced y? ~ 2.1. The value for the parameter cgq
coincides with the determination obtained using only the
magnetic moments. In Fig. 3, we show our results for the
central values of the LECs, compared with the correspond-
ing lattice data. The agreement is fair in the range of Q?
considered. Notice, however, the large uncertainties, not
reflected in the figure, in some of the LECs. The quality of
this Q? description depends heavily on the inclusion of the
vector-meson effects. Indeed, a fit which only includes
chiral Lagrangian terms leads to a much higher reduced
=~ 9.9.° The alternative to the explicit vector-meson
consideration would be a calculation at a higher chi-
ral order.

However, the ChPT calculations become particularly
interesting for the extrapolations to the physical point. Due
to the nontrivial behavior of the logarithms of chiral loops,
the extraction of observables at the physical pion mass
cannot be reliably obtained by simple polynomial extrapo-
lation methods, as done in Refs. [33-35]. Accordingly,
we extract the radii from the electric and magnetic form
factor fits. We obtain (r2)% =0. 00(10)(1) fm?, (r3,)%e =
0.18(2)(1) fm?, and <r§4> « =0.147(92)(1) fm?. The
error estimates arise mostly due to the large uncertainties
of the fitted parameters. The second number in parentheses
corresponds to the uncertainty coming from the chiral
truncation calculated as in Eq. (29). These values for the
radii support the expectations of the double-heavy baryons
being substantially smaller than the single-heavy ones or
the light baryons.

Within their large uncertainties, these radii are compatible
with the lattice results from Refs. [33-35]. As mentioned
before, though, in those works, the extrapolation to the
physical point was performed with a linear or quadratic fit,
which might not give the correct results, since the nontrivial
behavior due to chiral loops was not taken into account.
Specifically, the pion cloud effects, very relevant at low Q?
values, lead to an unavoidable logarithmic dependence on
the pion mass and, therefore, to a rapid curvature of the radii
when approaching the physical mass, absent in the extrap-
olations of Refs. [33-35]. In summary, we find good agree-
ment of our model with the lattice data for the Q? behavior of

®Furthermore, the numerical values of cg9 and dy, would
change drastically to 0.09(3) and —0.02(2), respectively.

the form factors at nonphysical quark masses. However, when
extracting the charge and magnetic radii at the physical pion
mass, our results and those from the extrapolations made in
Refs. [33-35] do not seem to be as convergent. This casts
some doubts on the simple polynomial extrapolations
used there.

For completeness, we also show the analytical expres-
sions of the tree-level contributions to the form factors for
the double-beauty baryons in Table VI.

V. SUMMARY

In this work, we have studied the electromagnetic form
factors of the doubly heavy baryons within the framework
of covariant ChPT up to the chiral order O(g*). We have
applied the covariant extended on-mass-shell renormaliza-
tion scheme to generate a systematic power counting. The
vector meson contributions have also been included to
describe the behavior of form factors at momentum transfer
different from zero.

From the Lagrangian constructed in Eqs. (1)—(3) and
(16), we have obtained the Dirac and Pauli form factors,
from which we have extracted magnetic moments, charge,
and magnetic radii. We have also compared our results with
those extracted in HBChPT. We have found that the
differences between the loop term contributions to up in
HBChPT and EOMS approaches are around 10%—-70% for
the double-charm sector and 10%—40% for the double-
beauty sector.

In order to obtain first estimates for the low energy
constants (LECs), we have fitted our model to the available
lattice results. We have found that the vector meson
contribution is necessary for a good description.
However, the lattice data are not sufficient to fix all the
parameters. Instead, since for Q. and E/, the LECs cg and
Cg appear as cgg = —%cg +4c9 and d; and d, appear as
dy, = —%dl + 4d,, we fit only these combinations, thus
reducing the amount of fitting parameters. We also assume
the validity of the OZI rule and ideal mixing to further
constrain the vector meson contributions. With these cav-
eats, we obtain cgy=0.32(2), d, = —0.12(11) GeV~2,
G = —104(7), go= = -3.7+3.9, and g’ = —18.9+
4.2 with a small y?. As a consequence, we deduce the values
pz: = 0.37(2)uy and pg: = 0.40(3)uy for the magnetic
moments.
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Once more lattice data are available, a determination of
the separate LECs d, d,, cg, and ¢9 and of the vector-meson
parameters will be possible, together with a better extraction
of charge and magnetic radii of the doubly heavy baryons.
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APPENDIX: ANALYTICAL RESULTS
AND LOOP INTEGRALS

The unrenormalized Dirac form factors corresponding to
the diagrams in Fig. 2 read

1
2
@) +—32”2}
1
2
() + 32;4
113z

(¢%)]
(q%) +2(m + mg)mp[l5(q*)

+ 2M21§BE(q2)] — 8(m + mp)mp x [IEI)BB(q )+ pi- PIfBB(‘] )= Di- qIZgB(qz)]},
1
Fi=Csgm sl
9
F? =F = C67ﬁ{—13 - MZIAB(m%) — (m— mB>mBI/11]B(m%B>}7
95
Fy = o i (—mp(m -+ mp) 18 (42) = 22120(q%) + 2(m} ~ m) 85y (42)} — FS,
Fl = Co 1 °13(4%).
&
F3 = _C4 {4(’” + mp)*mEI5hs (q%) + (m + mp)mp[Ipp(q*) + 2M* 155 (q%)]
- 4(’” + mB)mB[IgBB(‘I )+ i PI/UI;B(CI )= Dpi- 511%3(‘12)]},
FS=F$=F]=0,
&
F§ = Cy =45 8F2 {Sm%(m + mp) 2mplff(q*) + mplhp(q*)] = 8mpy(m + mp)I}5(q7)
1
—2mg(m + mpg) [41%)3(‘12) + (4mg — ) I55(q7) + 1315 (4%) + @}
2
q
= 8(m + mp)mp[13p(%) + 2my — ¢ /2)115(4%) + 5 1i(a%) + m3155(4%)]
q* q*
+4(m + mg)mg [(2’”% - ?) 155(q%) + Zlus(qz)]
1
+4(m + mp)mp [113(’”%) + M? <I,§B(612) + 5%3@%)]
- 2’"3["131/]1?3("1 ) + 2M2mBIMB(q2H — 4mg(m %3 )[ZmBIMB ‘1 + mBIMB(q )]
m q
g [mal2(7) + 22— 2 21 ) + "2 1) |
F)=0. (A1)
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TABLE VII. Values of the parameters C4, Cs, Cg7, Cg, and Cqy of Eq. (Al).

Cy Cs Ce7 Cs Cy

T K n b4 K n b4 K n K n K n
Hi+ 4 2 > 4 0o -2 -2 0 4 4 0 4 4 0
B 5 2 % 4 0 0 2 0 0 —4 0 0 —4 0 0
Q. 0 6 % 0 4 0 0 2 0 0 —4 0 0 —4 0
2 -2 -2 0 -4 -4 0o 2 =2 0 4 4 0 4 4 0
5, -1 -2 -1 4 0o 0o 2 0 0 -4 0 0 -4 0 0
Q 0 -2 — % 0 4 0 0 2 0 0 —4 0 0 —4 0

In these equations, the lower index of the F’s is 1 (2) for the Dirac (Pauli) form factor. The upper index corresponds to the
Fig. 2 label. The values of the constants Cy4, Cs, Cg7, Cg, and Cy are listed in Table VII for the different baryons and mesons.
A sum over the mesons (4 subindex) is understood. Also, m is the doubly heavy baryon mass in the chiral limit, mp is the
corresponding physical mass, g, is the four-momentum of the photon, p;, and p, are the four-momenta of the initial and
final doubly heavy baryons, and P, is defined as P, = p;, + py,.

The loop integrals of Eq. (Al) are given below,

I —i4-"/ 'k ! —omfry L "™
B (27)" k* —m? 4 ie 327 W’

dk 1 M: M2
I, = iy*™" =2M3R AIn—4,
AT / (27)" k> — M? + ie e (4r)? 8 u?
d"k 1 1
1 2\ — ;4N
w(P7) = iy / (27)" (p — k)2 — m* + ic k> — M2 + ie

1 m? 1 pr—m?>+M: M
=2{R+——h—¢+—5(-1+—FF—~In—% :
{ +32ﬂ2nﬂ2}+(4”)2< Ty nm2+f°>

d"k 1 1 1 M q°
I 2\ — ;.40 = 2R 1 2In— ’ 5
" /2n" TR =Mt iek>— M2 +ie e | T nﬂ+f” M2
2(q%) 4 2 2

d'k 1 1 1 m 1 e
1 2 =1 4-—n =2<¢R ——In— — 1 = .
BB(q ) uz /(271’)” (q+k)2—m2+i€k2—m2+i€ { +3271'2 nﬂZ} +167Z2 |: +f0<m2>:|

d"k kH
IM — 4—n/ — /41‘] 2 ,
A=W | Gy g kb e b i) )
d"k k' k¥
Ilw — 4—n/ — U 2[00 2 " DI‘I‘] 2 ,
}J(Q) iy (2”)n [(q +k)2 —M% + l(:'}(kz _M/QI + l€> yl q ﬂ/l(q )+ q99q v (q )
d"k k* 1
Iﬂ — 4—11/ — y]P 2 , A2
5(P) = i Qo) (p—k)P —m +iek> —M2+ie | 5(P7) (A2)
where
1 1 1 4z
R:(4ﬂ>2 _E_i In 2+l—j/ s
v(912]2‘A2arccos‘.%, -1<§<1,
VAZ-@% 1 A+VAT-0!? A _
fo= 2p? In A-VAZ-@2’ o<1
\/A;pze’z In ijjii:gj —in ‘/A;;G’z, a1,
0, % = #+1,
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—2—oln(2)), x <0,
folx) = ¢ =242 /4= tarccor( (- 1), 0<x<4,
-2 -0ln(2) — ino, x >4,

1
131/1(6]2) = —51/1/1(512%

111 1 1 t
1%(82) = , [511 +§(z - M) 1,(4%) + 24 <3M§ —§>],
111 1 1 /M? t
IOO 2y — -y o 4M2_ I 2y~ (ZA_
W) = [g1s-+150M2 = 01 - g1z (6 - 56) |
1
1s(p?) = 2—172 Uy — 1, + (p* — m* + M3)15(p*)]. (A3)

Here, A = p?> —m? — M?,0 = 2mM,, 0 = /1 —*with x & [0,4], and p,, is an arbitrary four-momentum (p? # 0), which,
in our case, corresponds to the four-momentum of the initial or final doubly heavy baryon.

Furthermore, in the following loop integrals corresponding to three internal lines, the on-shell condition (i.e.,
p; = pj = mp) is assumed:

L 2):1'4‘”/ d"k 1 1 1
e\ # (27)" (p; — k) —m? + iek*> = M2 + ie (k + q)* = M? + ie’
d"k k* 1 1
)i JP) =i 4—n/ ,
wn(d- P) = ip 2m)" (p; —k)?> —m? + ie k> — M% +ie(k+q)* - M% + ie
d"k k' kY 1 1
I/W ,P 7 4—n/ ,
P = W G o =P T e B =M ¥ e (k + qF = M2 T ie
d"k 1 1 1
I 2\ — 5 4—11/ ,
5(47) = in (27)" (k — p;)* —m* + ie k* = M3 + ic (k — py)* —m?* + ie
d"k k* 1 1
I* JP) =i 4—n/ ,
55(9P) = i (27)" (k= p;)* —m* + ie k* = M3 + ie (k — py)* — m* + ie
d"k Kk 1 1
I'pe(q, P :'4‘”/ . A4
/IBB(q ) Uz (27[)” (k—pl-)z—m2+i€k2—M%+i€ (k_pf)z—m2+l'€ ( )
The tensor integrals defined above can be reduced to the scalar ones as follows:
Ligp(q. P) = P'Ijpy(q?).
Iipp(q. P) = QWI%B(42> + P”P”Ing(qz) + qh]”%l;(f)v
1
5(q. P) = PAI}p(q°) _EQ”IMB(QZ)’
q"P* + Ptg®
Ip(q. P) = QWI%)B(‘IZ) + Pﬂpylﬁfz’a(qz) + qﬂqylfgg(qz) - 2 Ifw(qz)’ (A5)

where
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1

2y~

15,13(‘12) =

1
19:(4%) = 3 [21,13(’”129) + (4M3 — ¢*)1(q%) — 2(2M3 — ¢*

1
If/{l)?(qz) )
I%B(f)
1
155(q%) = [M Lipp(q*) — Lip(mg) + Ipp(g*

4m? — g*
1

1
I%B(‘Iz) = B [M%(IXBB(qZ) - 1533(612)) +§IBB(6]2) -

1

Ing(qZ) (
1
H(07) = 5 { 120(02) = Lipa (M2 + 10y (m3) —

— ") p(q%) + 20,5(mE) —

3271'2] '

205, (%)),

1
Ml - gra |

1
[—2113(”1%) + 4153(’"%) - (4M,% - Clz)luB(qz) + 6(2M/21 - )IZB( 2) + ]

S(4m
) 1
z[zlw m}) = 41 (%) — <4M%—3q2>1m<q2>+2<2M%—q2>’ﬁB<q2>+sfﬁ]’

1 1
7°) {[31533(512) — Lipg(q*) M3 — I (mj) + EIBB(C]Z) + 327r2}’

1IBB(CIZ) +L2} (A6)
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