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Abstract

We calculate the gravitational form factors of the excited N(1535) state with the quantum numbers
1(JP) = %(%7) via light cone QCD sum rules (LCSR). To this end, we consider the quark part of the
energy-momentum tensor (EMT) current and use the general form of the nucleon’s interpolating field as
well as the distribution amplitudes (DAs) of N (1535). As both the nucleon and N (1535) couple to the same
current, the N (1535) — N gravitational transition form factors are entered to the calculations as the main
input parameters. First we revisit the transitional gravitational form factors of N(1535) — N, then extract
the values of the form factors of the N (1535) excited state. We observe that the gravitational form factors of
N(1535) in terms of Q2 are well described by the multipole fit function. As a byproduct, we also calculate
the pressure and energy density at the center of N (1535) and estimate its mechanical radius.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The form factors (FFs) are fundamental parameters that contain useful information on the
nature, internal structure and geometric shapes of the hadrons. By calculation of electromag-
netic, axial, tensor and gravitational or energy momentum form factors, one can get valuable
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information on the distribution of charge, magnetism, pressure, energy and other mechanical
observables inside the hadrons. Among these form factors, the energy-momentum tensor form
factors (EMTFFs) or gravitational form factors (GFFs) play essential roles as they are also
sources of knowledge on the fractions of the momenta carried by the quarks and gluons as ingre-
dients of the composite objects. They carry information on the total angular momenta of quarks
and gluons as well as distribution and stabilization of the strong force inside the hadrons, as well.
The GFFs of hadrons are in the focus of much attention. By recent experimental progresses on
the gravitational form factors of nucleons [1,2], we hope it will be possible to experimentally
investigate the excited nucleons and other light and heavy baryons to measure their GFFs and
those defining the transitions among the hadrons. Theoretical and phenomenological investiga-
tions on various GFFs of different hadrons can play essential role in the present time as they
can help experimental groups in measuring GFFs. For the first time, the GFFs were introduced
by Kobzarev and Okun in 1962 [3]. Then the GFFs of nucleons were calculated using differ-
ent methods and approaches: chiral perturbation theory (x PT) [4-9], Bag model [10], instanton
picture (IP) [11], chiral quark soliton model (x QSM) [12-22], dispersion relation (DR) [23],
Skyrme model [24,25], lattice QCD [26-33], LCSR [34,35] and instant-front form (IFF) [36].
The GFFs of hyperons, for the first time, were calculated in [37].

In the present study, we calculate the gravitational form factors of the excited N (1535) (here-

after N*) state with the quantum numbers 7 (J Py = %(%7) via LCSR by considering the quark
part of the EMT current and using the general form of the nucleon’s interpolating field as well
as the DAs of N* [38]. As both the nucleon and N* couple to the same current, the N* — N
gravitational transition form factors enter to the calculations as the main input parameters. First,
we revisit the transition GFFs of N* — N studied in Ref. [39]. In this work, the transition ma-
trix element of the energy momentum tensor (EMT) current is parameterized in terms of four
independent FFs. Considering the conservation of EMT current and the Lorentz invariance as
well as avoiding from the redundancy in Lorentz structures at the limit of equal masses of the
initial and final baryonic states, one can parameterize the transition matrix element of the total
EMT current, sandwiched between the N and N* states in terms of three different form factors
(for details see [40]). If one applies the partial EMT current (say the quark part), which is not
conserved, one has to add three more form factors to the parametrization. Here, by considering
the quark part of the symmetric EMT current we calculate the six transition gravitational form
factors of the N* — N by means of LCSR formalism [41-43] in full QCD. Using these form
factors as the main input parameters, we are able to extract the gravitational form factors of N*
state. We find the fit functions of the form factors in terms of Q2 and use them to estimate the
pressure and energy density at the center of N* state and calculate its mechanical radius.

Intensive spectroscopy programs are currently underway at different particle factories in the
quest for undiscovered excited baryons, especially the excited nucleons. Experiments such as
CEBAF at JLAB in the US, ELSA at Bonn University in Germany, and MAMI at the Johannes
Gutenberg University at Mainz in Germany, focus on the s-channel excitation of nucleons to N*
and A* states [2]. In order to access GFFs of N* — N experimentally, the nucleon to N* transi-
tion generalized parton distributions have to be studied [2]. By this the mechanical properties of
excited nucleons will be accessible, as well.

The rest of the paper is organized as follows. In next section, we calculate the LCSRs for
the six transition GFFs for N* — N. Using the obtained results, we also calculate LCSRs for
GFFs of N* state in the same section. In section 3, we numerically analyze the obtained sum
rules to find the GFFs in terms of Q2 using the DAs for N* state. Last section encompasses our
concluding notes.
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2. Formalism

In this section, first we revisit the transitional gravitational FFs of the N* — N studied in
Ref. [39] then obtain the LCSR for the GFFs of the N* state.

2.1. Revisiting the transition N* — N GFFs

The starting point is to consider an appropriate LCSR correlation function, a time ordering
product of the nucleon and energy-momentum tensor currents sandwiched between the vacuum
and N* states:

uw(p.q) =i / d*xe' ™ (O TTIN O) T, ()IIN*(p)), ey

where Jy (0) is the nucleon’s interpolating current and the T[{v (x) is the quark part of the EMT
current. Note that the EMT current has a gluonic part as well (for instance see [35]). Taking the
gluonic part of EMT current requires knowledge of the quark-gluon mixed DAs of the N*, which
unfortunately are not available. Considering the gluonic part leads to five (or more)-particle dis-
tribution amplitudes, contributions of which are expected to be small (see for instance [44,45]).
Hence, we ignore from the gluonic part of the EMT current in the present study.

Performing the four-integral over x the correlation function takes the form

3 (OI/NIN (P, S’))(N(p ’)ITﬁulN*(P, S))
/ p

N

e (p.q) = 2)

where dots represent the contributions of the higher states and continuum and we set the final
threshold to include only the nucleon in the final state. To proceed, we need to introduce the
residue of the nucleon (A y):

OININ(P',s)) = inun(p',s), 3

where, uy (p’, s”) is the Dirac spinor of the momentum p’ and spin s’. To go further, we introduce
the matrix element of the quark part of the EMT current. As the quark part of the current alone is
not conserved, this matrix element is parameterized in terms of six form factors by imposing the
conditions of Lorentz invariance, discrete space-time symmetries and the equations of motion
(Gordon identities) [40]:

(N, sHIT)VIN*(p, s))
2 22
N S)|:F1(Q ){AZ Py V}_(mN*_m%V)A{MAV}+MgMV}

Fz(Q )

+ {AZV{M v} — (m +mN)A{M v} - f(V{MAv}

F3(0%)
m

— (myx +mN)g,uv)} + {A/LA Azg,uu}
+mC1(QHgun + C2(0H) vy Py + és(szAu}}ysuN* (p,s), )

where m y+ and my are the mass of the initial and final nucleon states, respectively; and m =
(my++mpy)/2, P=(p'+p)/2, A=p' — p, X(uYvy = (XuYy + X,¥,)/2 and 0 = —A%

3
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Here, Fi(Q?), F2(Q?), F3(0%), C1(0?%), C2(0?%) and C3(Q?) are the transition GFFs. Note
that by introducing m into the above definition at different places we tried to make the form
factors dimensionless, which is not done in [40].

For further simplification, we introduce the Dirac summation over spin of the nucleon:

Y un(p sV ian (s =p +my. 5)

s/

Using Egs. (4) and (5) in Eq. (2), we acquire the hadronic representation of the correlation
function in terms of FFs and other hadronic parameters as

1(Q)

AN
HHad(p q) — m (ﬁ +m |: {AZ P{M (mN* m?V)A{/LAU}
N

(mN* _mN)2 }
e

4
2 3e — m3
+ B ){A2 — e+ my) Ay Py — M(”“A”
F
—<mN*+mN)gw>}+ (o Haua, - o)
+mC1(0)gur + C2(0%) 1 Poy + C3(0H v v}]VSMN*(PaS)+ ..... (6)

One can write the hadronic side of the correlation function in terms of different Lorentz struc-
tures:

/% (p, q) = 1“0 (p,.qvdvs + Phaudys)
+ 502 (p), vud vs + Pl yudvs)
+ 11490 gqud vs
5“0 g vs
+ 10 pl, pyys
0% (quyvdvs + qvyud vs)
+ ..., 7

where the invariant functions Hl.H ad (2) are functions of GFFs.

The next step is to evaluate the correlation function in terms of QCD fundamental parameters.
To this end, we replace the currents in correlation function with their explicit expressions in terms
of quark fields, which are given as

In(0) =2€° [[u”T(O)Cdb(O)]ysuc(O) +1 [u“T(O)Cysdb(O)]uC(O)],

i —d =g d Je =g e
T, (x) = 5[” () D () ppu®(x) +d°(x) D (x)ynd®(x) + (1 <> v)} @

where C is the charge conjugation operator, ¢ is the arbitrary mixing parameter; and a, b, ¢, d, e
are color indices. The two-sides covariant derivative is expressed as

4
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<~ lr— <~

D) =3[ Bt = D). ©)
with

D) =9 4(0) +igAu(x), (10)

D) =9 () — igAp(x), (11)

where A, is the gluon field. As we also previously mentioned, the gluon field is neglected as the
quark-gluon mixed DAs of the N* state are unknown. Thus, we take the quark part of the EMT
current in Eq. (8). By insertion of the explicit forms of the interpolating field into the correlation
function and performing contractions among the quark fields using the Wick theorem, we obtain
the QCD representation in terms of quark propagators, DAs of N* state and their derivatives. As
a result we have

g (p,q)

=— / d*xe'* “(Vs)ys Cap (D 1w W)ap +1 Dys (C¥5)ap (D 1) ¥)ap
<> <>
+ (VS))/5 Caﬂ (D y(X)Vdwp +1 (I)VS (CVS)aﬂ (D v(x)VM)wp}
x {(azaga§5u<—x)sw + 85858) Su(—)aw ) Ol Ouf ()5 (O) [ N* ()

+ 898360 Sa(—x) oy (01" u (0l (0)dy () IN* () H (12)

where S, (x) is the light quark propagator given by

B A omg\ (Ga)(,  mgkN  (Go.Gq) ,/.  mgk
S50 =535 -5) T (1) - e (1-78)
_ 32;g;x2 G””(x)[z!ca,w + %k}. (13)

We set my = 0 and the terms proportional to (gg) and (go.Gq) are killed after Borel transforma-
tion. Hence, only the first term in the light quark propagator gives contribution to the calculations.
abc,,a

The matrix element (0|e“”“u% (alx)ule’(azx)d(; (azx)|N*(p)) is written in terms of N* DAs, i.e.,

4(0

€l (a1 0)df (arx)dS (a3)| N*(p))
= Simy+CapN} — Symy.Cop(KN¥),
+ Prmys (r5Clap (5sN*)y + Pam (r5Chap (vsk N,

x2m2 %
- (vl + 4N v{”) (hC)apN;;

+Vomns(pC)ap KNy + Vampy+( Clap(yH N¥), — V4m%v*(kc)ocﬂN;,k
— Vsm% (Y Clap (i x, N*),

+V 3 Y xzm%V* M *
6mN*(kC)a,B(kN )y A+ 4 A] (@VSC)aﬂ(VN ))/
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+ Aompn+ (pysClapkysN™)y + Asmn+ (v v5Clap (Y ysN™),,
— Aam3y. (kysC)ap (ysN®),y — Asmis (Vs C)ap (ic" X, ysN¥),
+ Agmiy (kysC)apkysN®),

2.2
X°M% i .
- <7-l + 4N 7—1M) (la,uvpvc)aﬁ(VMN*)y +7-2mN*(10,uvapvc)aﬁN;

+ Tampy+ (U/wC)otﬂ (U'MUN*))/ + Tamy+ (U;vauc)ozﬁ (UupxpN*)y
— Tsmiys (100X  Clap (Y N*)y — Tomye (00" p* Clap (kN*),
— Tam3s (00 C)ap (0" AN*),, 4 Temys (0,x" C)ap (0P x,N¥),, .

The calligraphic functions in the above matrix element are expressed in terms of the functions
having definite twists as

S1 =91, 2p.xSry =81 — 8,
Py =P, 2p.xPy =P — P, (14)
V) =V, 2p.xVy =V =V, — Vs,
2V3 =V3, 4p.xVy= =2V + V3 + V4 +2Vs,
4p.xVs =V4 — V3, 4pX)Vs=—Vi+Va+ V3 +Vy+Vs—Vs (15
A=Ay, 2pxdo=—A|+ Ay — Az,
2A3 =A3, 4p.xAs=—2A1 — A3 — Ay +2As,
4p.xAs =Az — Ag, 4(px)’As=A| — Ay + A3+ Ay — As + Ag (16)
T =T, 2pxTh =T + T, —2T3,
273 =T7, 2pxTa=T) — T, — 277,
2pxTs=—T + Ts + 2Tz, 4(p.x)Te =2T> — 2T3 — 2Ty + 2Ts5 + 2T7 + 2T,
4pxTy =T7 — Ty, 4px)Tg=—T1+ T+ Ts — Te+2T7 + 273, (17)

where V;, A;, T;, S; and P; are vector, axialvector, tensor, scalar and pseudoscalar DAs of N*
state, respectively. Their explicit forms together with all the relative parameters are given in
Ref. [38].

Making use of the DAs of N* state and performing the Fourier transformations, the QCD side
of the correlation function is obtained, which reads

CD
2P (p, ) = 12P(Q% (pl,qudvs + PLaudvs)

CcD
+ 2P0 (p), odvs + Plyyudvs)

+ 18P 0% quavdys

+ 1P (0% gund ys

+12°° (0% pl,p,ys

+ 18P (0% (@urod s + avyudvs)

¥ (18)



K. Azizi and U. Ozdem Nuclear Physics A 1015 (2021) 122296

The desired LCSR for the N* — N transition GFFs are achieved by equating the coefficients
of different Lorentz structures from both the hadronic and QCD sides of the correlation function.
To suppress the contributions of the higher states and continuum, Borel transformation and con-
tinuum subtraction are applied. We shall note that we use the structures ( quM Y5+ PLqudvs),
(Puyedys + Pyvudvs) 4udvd vss &uvd vss P PyYs and (quyvdvs + qvyudys) to find the LCSR
for the N* — N transition GFFs, F|(Q?), F»(0?), F3(0%), C1(Q?), C2(Q?) and C3(Q?), re-
spectively. Hence,

_ m2

Fi(Q%) = —ﬁ et 1P, (19)
- 2

P (0% = —Z’—;e%nzgc’), (20

- 2

F3(0) = %e% m2e®, @1)

_ 1 "

Cl(QY =~ ool meer, (22)

) 1 "

C2(QY = 57— e meer, (23)

_ 1 "

C3(QY = e néer. (24)

The IT l.QCD functions are quite lengthy, therefore the explicit expressions of the these func-
tions are not presented here. The Borel and subtraction procedures are applied using the following
relations (see for instance Ref. [45]):

1

/ " I(:(fc;ﬂ - _/ e,

X0
1
/dx7p(x) 7= LZ/d—)ch(x)efs(x)/ﬁ/’2 + 7'0()((2)) 5 emS/M?
(g —xp) M X 02 + xXymyx

X0
1

fdx p(x) o 1 / d—xp(x)e_s(x)/Mz _ 1 £ (x0) e—So/MZ
(q—xp) = 2mt] 2M? x0(Q2 + xgm3y.)

1 x3 d p(x0) s/ M
Y21 2.2 | dxn 2. 2.2 - |¢ (25)
20 + xymiy« dxo xo(Q +x0mN*)

Here

2 I—x 5
s(x) =1 —x)mys + o-, (26)

where M? is the Borel mass parameter, which appears following the application of the Borel
transformation with respect to the p’ 2 and x is the solution of the equation s(x) = s, i.e.,

x0= [\/(Q2 + 50— m%V*)Z +4m%}* Q2 _ (Q2 + 50 _m%*)]/zm%}*, 27)

7
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with sg being the continuum threshold parameter.

2.2. GFFs of the N* state

N (p.q) =i / d*xe (O[T [Jn+=(O) T2, (0)IN*(p)). (28)

where, as we previously mentioned, N* state couples to the same as the nucleon, i.e.,
Ty+(0) = 2€%¢ [[u“T(O)Cdb(O)]ywc(O) +t [u"T (0)Cysd" (O)]uC(O)]. (29)

Using this three-particle interpolating current, the mass of the N* state was already extracted to
be well consistent with the experimental data in Refs. [46,47], using the QCD sum rule method. A
reasonable and compatible result with those extracted from the experimental data for the strong
coupling of N* to Nw was also obtained in Ref. [48] using the same method. Although this
state could be the lowest L = 1 orbital excited |uud) state with a large admixture of |[ud][us]s)
pentaquark component having [ud], [us] and § in the ground state according to Ref. [49], we
consider it as a three-particle state interpolating by the above current based on the results of
[46—48].

Now, we saturate the correlation function with the intermediate hadronic states, which receives
contributions from both the N* and N states when we set the final thrashed considering the N*
state. As a result, we get

_ (OIININ (P!, sOUN (P, sHITIN*(p, )

I (p.g) R
n OLININ*(p', sHUN*(p', s Tjiy IN*(p, 5))
ma. — p'?
+ . (30)

This can be further simplified by introducing the matrix elements

(OIININ*(p',s")) = An=ysun=(p',s"), €19}

(ﬁﬂaup + ﬁuaﬂp)Ap
2mN*

o 1 ) * - o 2 13#13” . 2
(N*(p", sOIT L, IN*(p, s)) = un+(p ,S)[A(Q )m—N*Jr iJ(Q7)

ApAy —guwA?

+ D(QHH——— 4 C(Qz)mN*g;w:|MN* (p,s), (32)
4 m

where A y+ is the residue of the N* state; and A(Q?), J(Q?), D(Q?) and &(Q?) are its gravita-

tional form factors. Using these matrix elements and those of the N* — N transition from the

previous section, we find

2
HHad—N*( )= AN ' ) Fi1(Q9) A2P,. P —( 2 2)A A

Wy p.q ) ) P +my 3 vy — My — My ) A By}
N

(m%v* — m12v)2
fg;w
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n Fz(Q )

(M3« —my)
{Az)f{u vy — (myx +mpy) A, % Vinlvy

F3(0%)
m

_(mN*‘i‘mN)g,uv)}‘i‘ {A A,y _Azg,uu}

+mC1(Q%) g + C2(0H Y Py + C3<Q2)y{MAv}}ysuN* (p,s)

AN PP
RS ,zys@/+mN*)[A(Q2)—“ -
My — P mpyx
(Puovp + Pyoyp) AP
ZmN*

Ay — g;wAz

+iJ(0%

2 A =2
+ D(Q%) + c(Q )mN*g;wi|uN*(l7vs)- (33)

The above equation contains many structures, we use some of which to evaluate the GFFs of
the N* state. We present the structures that are used explicitly and remove the others into the ...
as follows

=N (p, q) = 114144(Q?) p/, plys + TIE“(Q%) p), s
+ l_19 ad(Q )q/LquVS + HHad(Q )g/uﬂVS
+ s (34)

where the invariant functions I'IH ad(2y, I'IH ad(2y, I'IH ad (2 and l'IH ”d(Qz) contain GFFs
of both the N* — N* and N* N tran51t10ns

From a similar manner the QCD side of the calculations is written in terms of the selected
structures as

_N* CD CD
n2eP=N"(p,q) =2 () p), pdys + L (0% pyovs
+ 18?0 qugudys + 19 " (0% gundvs
+ . (35)

Matching the coefficients of the same structures from both sides, applying the Borel transfor-
mation with respect to p’> and using the sum rules for the N* — N transition from the previous
section, we obtain the following sum rules for the GFFs of the N* state:

mz =3 m2
myx QoCD m & _ocp
PN PNy 1 . L — i) 36
Q9= AN ! AN(my —my=)? ! G0
Wl2 _2 1712
m m- "y
J(Q% = Mj* ez 1267 — e e’ (37)
2
dmy+  "Nx mn* N* m N * N
DY) = X ewm g 2P _ TN o 2P _ TN e p2€P
)\.N* )\.N* A.N*
— 2
m N
- EeM*Z nger, (38)
1 my 1 "
- 2y iy, QCD - QCD
c =——em2J] ———eM? JI , 39
(Q) )»N*mN* 10 I’I_’l)»N 4 ( )
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where M*? is the new Borel parameter in N* channel. The expressions in QCD sides also contain
the new continuum threshold parameter s;, which will be fixed together with other auxiliary
parameters in next section.

3. Numerical results

The sum rules for GFFs contain many input parameters that we need their numerical values.
The DAs of N* state and all the corresponding parameters are used from Ref. [38]. We use my =
0.94 GeV and my+ = 1.51 £ 0.01 GeV [50] for the baryon masses. For numerical evaluations of
LCSR for GFFs of N* — N and N* — N*, we need the values of the residues, Ay and Ap+ as
well. They are borrowed from Refs. [51,52], which were determined from mass sum rules.

The LCSRs for GFFs under study are also functions of three auxiliary parameters that are
included at different stages of the calculations: the mixing parameter #, the continuum threshold
50 and the Borel mass parameter M. These are helping parameters that the physical observables
should not depend on their variations. But in practice, the results show some dependencies on
these objects. We need to search for their working intervals such that their variations in those
windows lead to relatively small changes in the results. The weak dependence of the results on
these parameters constitutes the main part of the uncertainties in the results. The working in-
tervals for these auxiliary parameters are determined by imposing the standard criteria of the
method, namely, weak dependence of the results on these parameters, pole dominance and con-
vergence of the series of the operator product expansion. The standard procedures lead to the
intervals —0.31 < cos® < —0.45 (where 7 = tan#), 1.5 GeVZ < 59 < 2.0 GeV2, 2.3 GeV?2
<sg <2.7GeV?, 1.0 GeV? < M? <2.0 GeV? and 2.0 GeV? < M*? < 3.0 GeV? for the auxil-
iary parameters.

Having determined the working intervals for the helping parameters, we proceed to discuss
the behavior of the form factors with respect to Q2. As usual, the LCSRs of GFFs give reliable
results at large Q2 but they do not lead to safe results at lower values of Q. We need the values
of GFFs at static limit, Q> = 0. To this end, we use the beauty of the mathematics: we employ
some fit functions to extrapolate the results to lower values of Q such that the fits reproduce the
LCSR results for Q% > 2 GeV?2. Our numerical calculations depict that the GFFs of the N* — N
and N* — N* transitions can properly be parameterized via the following multipole fit function:

F(0)
(1 +eQ2)p’

where the fit parameters together with the values of the GFFs at Q% = 0 are given in Tables | and
2. Note that, we have only one result on the D-term of N* available from the bag model [10]. In
this study, Dy = —12.97 is found, which is consistent with our prediction, D(0) = —14.50 &
2.50, within the errors. The presented errors in the tables are due to the uncertainties in the
calculations of the working windows for the auxiliary parameters as well as those related to the
uncertainties in the parameters of DAs and other inputs. The behavior of GFFs for N* — N
and N* — N* transitions with respect to Q2 are depicted in Figs. | and 2. These behaviors
may be checked by different non-perturbative methods as well as in future experiments. As we
previously mentioned, we have considered only the quark part of the EMT current, which is
not conserved. The order of violation is determined from the value of ¢ form factor. The value
¢(0) = —0.34 £ 0.06 obtained in the present study, shows that the violation in the conservation
of the quark part of the EMT current is considerably high in N* channel compared to that of the

F(Q* = (40)

10
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Table 1
Values for the parameters of the N* — N transition GFFs obtained by
applying the multipole fit functions.

Form factors F(0) e (GeV*Z) p
Fl(Qz) 1.254+0.32 1.08 £0.09 3.6—-4.0
F2(Q2) 0.29 +0.05 0.90 +0.07 34-38
F3(Q2) —3.65+0.51 0.94 +0.05 3.0-34
CI(QZ) —1.80+0.32 0.95 +0.07 2.8-3.1
C_‘Q(Q2) —0.30£0.06 1.06 +0.05 2.7-3.0
(_?3(Q2) —0.40+0.15 1.20+0.10 2.8-3.2
Table 2

Values for the parameters of the N* — N* transition GFFs obtained by
applying the multipole fit functions.

Form factors F(0) e (GeV_z) p

A(Q?) 0.72+0.10 1.16 £0.12 33-37
J(Q?) 0.35+0.05 1.10£0.10 32-3.6
D(0?%) —14.50 £2.50 1.00 +0.06 3.6—-4.0
(0% —0.34 £0.06 0.94 £0.08 3.6—-4.0
Table 3

The values of mechanical quantities for N* — N* transition.
Transition Po (GeV/frn3) £ (GeV/fm?) (r[%lech) (fmz)
N* — N* 1.36 £0.33 1.40+0.40 0.65 £ 0.09

ground state nucleon obtained in Ref. [35] but comparable with the prediction of, for instance,
Ref. [10].

After obtaining the GFFs of the N* — N* transition, we can use them to compute some me-
chanical properties of the N* state such as mechanical radius square ((riech)) as well as energy
(£) and pressure (po) distributions at the center of the particle. The related formulas are given as
[53],

o= _m/dyyﬁ[D(Y) — 1, (1)
0
£=72 / dy 3 [A) + ﬁww —20(0 + D)+, (42)
0
) 6 D(0)
__ 50O 43
) = a5 DG 43)

where y = Q2.

The numerical values for the mechanical quantities of the N* state are depicted in Table 3.
From this table we see that the value of <r§wch> in N* channel is about 20% larger from that of
the nucleon obtained in Ref. [35]. Our results for all the mechanical properties may be checked
via different approaches.
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Fig. 1. The dependence of the F|(Q%), F2(Q%). F3(Q%). C1(0?). C2(Q%) and C3(Q?) GFFs on Q7 at fixed values of
the sg, M 2 and mixing parameter ¢.

4. Summary and concluding remarks

The FFs of hadrons due to different types of interactions are main objects, determinations of
which help us get useful knowledge on various observables related to the corresponding inter-
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Fig. 2. The dependence of the A(Q?), J(0?), D(Q?) and &(Q?) GFFs on Q2 at fixed values of the sy, M2 and mixing
pa.rameter t.

actions. The GFFs, which appear as a result of interactions of hadrons with energy momentum
tensor current, are of great importance as they provide useful information on the internal struc-
ture, geometric shape, distributions of the energy and pressure as well as distribution of the
strong force inside the hadrons. In the present study, we calculated the gravitational form fac-
tors of the excited N* state with the quantum numbers I (J Py = %(% ) via LCSR approach. We
considered the quark part of the EMT current and used the general form of the nucleon’s inter-
polating current together with the DAs of N*. As both the nucleon and N* couple to the same
current, the N* — N gravitational transition form factors are entered to the calculations as the
main input parameters. Hence, first we revisited the N* — N transition GFFs considering the
non-conservation of the quark part of the EMT current and including into analyses the six related
form factors. Using the obtained results, we calculated the GFFs of the N* excited state. We saw
that, behavior of GFFs of N* in terms of Q? are well described by the multipole fit function. Our
result of D-term for N* is well consistent with the only prediction made by the bag model [10].

As a byproduct, we also calculated the pressure and energy density at the center of N (1535)
and estimated its mechanical radius using the Q% -dependent GFFs of N*. We found that the
mean mechanical radius squared of N* state is about 20% larger than that of the nucleon. Our

13
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results may be checked via different non-perturbative methods. By the recent progresses in the
experimental side, we hope that these form factors will be measured by near future experiments.
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