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We compute the electromagnetic form factors of charmed baryons (X., .., Q. and Q) in 2+1
Lattice QCD and extract their electric and magnetic charge radii as well as their magnetic mo-
ments. Such observables are important to understand the structure and the inner dynamics of
the hadrons. We find that the existence of the heavy quarks drive the charge radii and magnetic

moments to smaller values as compared to those of, e.g., proton.
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1. Introduction

Electromagnetic form factors are one of the probes to gain information about the inner struc-
ture of the hadrons, such as their sizes or distributions of their components. It is possible to de-
termine these form factors starting form the perspective of the quark-gluon degrees of freedom in
the framework of lattice QCD. In our previous works we have shown that the existence of a charm
quark drives the charge radii and magnetic moments of the hadrons to smaller values [M, B]. It has
also been shown that the compactness of the Z.. baryon [B] can be related to the large mass isospin
splittings reported by the SELEX Collaboration and this might be an indication of a peculiar quark
distribution within the baryon [B]. Yet it is interesting to see how the charge radii are affected as the
light quark gets heavier. If the extra light quark decreases the string tension between the two-charm
component [B], we shall expect an increase in the size of the hadron as this extra quark gets heavier.
This is possible to test by replacing the u/d quark by an s quark.

In this work, we extend our previous work on the E.. baryon and report our preliminary re-
sults for the singly charmed z 0 (cuu,cdd), Q°(css) baryons and the doubly charmed Q. (ccs)
baryon. In particular we compute the electric and magnetic charge radii, and the magnetic moments
of these baryons.

2. Lattice Formulation and Setup

The matrix element of the electromagnetic vector current is written as:

.Guqu

(B(p)VulB(P)) = (p) | YuFi.6(¢°) +i=3 - ~Fap(q?) | u(p), (2.1)

mp
where V), = Y ¢,G(x)yuq(x) and g runs over the quark content of the baryon. g, = pj, — py is
q

the transferred four-momentum. Here u(p) denotes the Dirac spinor for the baryon with four-
momentum p* and mass mp. One can write the Sachs form factors, G?M((f), as linear combina-
tions of the Dirac and Pauli form factors, Fj ,B(qz) and F2,B(q2), which are related to the electric
and magnetic form factors by

2

Ges(q?) = Fis(q’) + f?Fz,B(qz), Gu.p(q%) = F15(¢%) + Fo.5(q°). (2.2)
B

We follow the method in Ref.[H] to compute the Eq. 7. Using the following ratio

(FBVaB (13,1139, psT)) [ (FB8 (1 — 11395 Ta)) (FB (119 T)) (FBB (1295 T)) 17

(FPB(1:p/sTa)) [ (FPB(tp — t1:p/sTa) ) (FB (11:p: T ) ) (F P8 (12:piTa))

R(t2,ti;p", ;5 ) =
2.3)

where the (FBYuB'(t,,1,;p/,p;T)) and (FBB(1,;p’;T4)) are baryonic two-point and three-point cor-
relation functions respectively. I' = 479514 for the electric and I = ;514 for the magnetic form
factor with I'y = (1+ 74)/2. 1, is the time when the external electromagnetic field interacts with
a quark and #, is the time when the final baryon state is annihilated. When #, —#; and #; > a, we
extract the G g(¢*) and Gy p(q?) as:

1/2
Eg+m
R(ta, 159", p; Tas ) L I1(0, —q; Tys u = 4) = [( Z B)} G 5(q%), 2.4)
h—t>a 2Ep
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1 1/2
R(ty,t1:p piTiip) — =S5 T1(0, —q:T i =i) = |——— | &iaxGua(d?). (2.5
(t2,t1;p,p; T ) hon>a 0,—q;Ij;u =1i) 2E5(Eg +mp) ik Gup(q”).  (2.5)

Once the form factor values are extracted for each Q? value they are fitted to the dipole form,

Gem(0)

-_— 2.
(1502 /AL 20

Gewm(Q?) =

and the electric and magnetic charge radii are extracted via <r,29 ) =12/ Aé - Gu(0) is not acces-
sible directly so we also determine the Gy;(0) from the fit and evaluate the magnetic moments by,
g = Gy (0) (my/mp) Wy in nuclear magneton units, where my is the physical nucleon mass and
mp is the baryon mass as obtained on the lattice.

We use the 323 x 64, B = 1.9, 2 + 1-flavor configurations with four different light quark hop-
ping parameters Kisd = 13700,13727, 13754, 13770, K;,, = 0.13640 generated by the PACS-CS
Collaboration [B]. Valence quark hopping parameters are taken as Kj,, = Kfal and the clover action
is employed. We chose the clover action for the charm quark also and fix the k. = 0.1224 so as to
reproduce the mass of the J/y meson.

For each k¢ value, we perform our measurements on 100, 100, 150 and 170 different config-
urations for the X. and 100, 100, 100 and 130 different configurations for the Q. and €. baryons.
In order to increase the statistics for the ¥, baryons , we have employed multiple source-sink pairs
by shifting them 12 lattice units in the temporal direction while one pair have been enough for the
others. We insert momentum through the current up to nine units: (|p.|,|py|,|p:|)=(0,0,0), (1,0,0),
(1,1,0), (1,1,1), (2,0,0), (2,1,0), (2,1,1), (2,2,0), (2,2,1) and average over equivalent momenta. All
statistical errors are estimated by the single-elimination jackknife analysis. We use the point-split
lattice vector current, V,, = [g(x+ ,LL)UZ(I +Yu)q(x) = q(x)Uyu (1 — yu)q(x + p)]/2, since it does
not need renormalisation.

3. Results and Conclusions

Here we discuss the chiral extrapolations only and refer the reader to Ref. [d] for the details of
the plateau fits to Eq. I3 and form factor fits. In Table [, we give the electric and magnetic charge
radii in fm?, and the magnetic moments (up) in nuclear magnetons at the chiral point. These
numerical values are illustrated in Figs. [, [H, [[d with their chiral extrapolations. Results at each
light quark kappa can be found in Ref. [[]. We used three fit forms that are constant, linear and
quadratic in m% as, feon = ¢, flin = am?r +b, fouaa = am;‘r + bm,zt + ¢, where a, b and c are the fit
parameters.

Our findings indicate that the electric charge radii of Qjc and E. [0] are about the same size
but much smaller compared to that of the proton (the PDG value is <r‘25 p> =0.770 fm? [8]). Electric
charge radius seems to be insensitive to replacing the light d-quark by an s-quark. X" baryon has
the largest electric charge radius amongst the baryons that we considered. Magnetic charge radii
also demonstrate a similar pattern as the electric charge radii. The magnetic charge radii of X"
and X0 are close to that of the proton’s, which is <’”12v1,p> = 0.604 fm? [B]. Electric and magnetic
radii’s light quark mass dependence is better modeled by a quadratic fit amongst the fit models
that we considered and we have argued in Ref. [B] that such a behavior may be related to the
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Figure 1: The chiral extrapolations for a) electric charge radii, b) magnetic charge radii, c) magnetic
moments of X0, T+, Q¥ and Q.. We show the fits to constant, linear and quadratic forms. The
shaded regions are the maximally allowed error regions for the fit forms.

Table 1: The electric and magnetic charge radii in fm?, the values of magnetic form factors at Q? =
0 (Gum 5(0)), the magnetic moments in nuclear magnetons, for B =X, Zg, Q.c, Q. at the chiral
point. Charge radii and magnetic moments results are from quadratic and linear fits, respectively.

(r é,zj+> [fm?] pso [un] My ++ [Un] <r]2v[’28> [fm?] <r§472#> [fm?]
0.240(44) -0.875(103) 1.499(202) 0.568(130) 0.656(142)
<r%,ga-> iu’Qc “’Qcc <r]214,QC.> <r[%47§2“,>
0.064(15) -0.627(43) 0.402(10) 0.343(52) 0.176(24)

confinement-force modification. In the case of . and Q.., their electric and magnetic charge radii
show unexpected light quark mass dependance since they do not contain light valence quarks. Such
peculiarity remains as an open question. However, their magnetic moments are almost independent
of the sea-quark effects. We fit the charge radii to a quadratic form since we expect the chiral point
results for Q. and Q0 baryons to match the &, /a — K results of E% and X2 baryons and consider
linear fit results for the magnetic moments. A detailed discussion can be found in Ref. [[@].

An analysis of the individual quark contributions [[] shows that the ¢ quark core shifts the
centre of mass towards itself thus shrinking the baryon even though the light quark contributions
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are systematically larger. The charm quark contributions are independent of the quark content of
the baryons and the contributions from the u/d- and s-quark are roughly the same, thus leading
Yt and EF T, as well as, Q. and E. to have almost the same sizes.

Doubly represented quarks have the dominant contribution to the magnetic moments and the
opposite signs of the light and heavy quark contributions suggest that their spins are generally anti-
aligned within the baryon. £} has the largest magnetic moment of all and the strange baryons Q.
and Q.. have somewhat smaller moments. It is interesting to compare these values with the ex-
perimental magnetic moment of the proton, which is 1, = 2.793 uy [B]. Comparing our magnetic
moment results with several other models we see a quantitative disagreement even though the signs
match [[].

In conclusion, we have extracted the electric and magnetic charge radii and the magnetic mo-
ments of the X, Q., E.., Q. baryons from 2+1-flavor simulations of QCD on a 323 x 64 lattice.
Our results imply that the charmed baryons are compact with respect to baryons that are composed
of only light quarks, e.g., the proton. The existence of the heavy quark shrinks the baryons and
doubly charmed baryons are more compact than the singly charmed baryons of the same charge.
The size of the baryon is increased when the u/d is replaced by the s quark in a gQQ system which
might be due to the confinement dynamics. Q.. has the smallest and Zj* and 28 baryons have
larger and roughly the same magnetic radii. The magnetic moments are dominantly determined by
the doubly represented quarks. The signs of the magnetic moments are correctly reproduced on the
lattice. However, in general we see an underestimation of the magnetic moments as compared to
what has been found with other theoretical methods. A work is underway with a redetermined «,
and improved analysis.

The numerical calculations were performed on National Center for High Performance Com-
puting of Turkey (Istanbul Technical University) under project number 10462009. We used a mod-
ified version of CHROMA [B]. This work is supported in part by The Scientic and Technological
Research Council of Turkey (TUBITAK) under project number 110T245 and in part by KAKENHI
under Contract Nos. 22105503, 24540294 and 22105508.
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