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m Form Factors* (FFs)? Why are they important?

m FFs describe how hadrons interact with each other and give information about the
internal structure of the hadrons.

m FFs are well known that many fundamental properties hadrons, e.g., the
distribution of their charge, the origin and strength of their magnetization, and their
(possibly deformed) shape, can be studied on the basis of hadron form factors.

m The energy-momentum tensor or gravitational form factors (GFFs) of hadrons are
basic quantities that carry valuable information on different aspects of the hadron’s
structure.

m The GFFs are used to calculate the pressure and energy distributions inside the
hadrons as well as quantities related to its geometric shape.

m The GFFs are also sources of information on the fractions of the momenta carried
by the quarks and gluons as ingredients of the hadrons. They help us know how
the total angular momenta of quarks and gluons form the hadron’s spin.

m They also provide knowledge on the distribution and stabilization of the strong
force inside the hadrons.

*Hofstadter et al, Rev.Mod.Phys., 1956
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Light-cone QCD sum rules

m FFs are non-perturbative objects.

To study these processes, a reliable non perturbative method is needed.

One of these methods is the light-cone QCD sum rules (LCSR)* approach.

The LCSR method is one of the most powerful and applicable non-perturbative
tools to hadron physics.

m In the LCSR, the hadronic parameters are expressed in terms of the properties of
the vacuum and the distribution amplitudes.

In the LCSR, OPE is carried out near light cone (x2 ~ 0).

*Braun et al. Z. Phys C 1989, Braun et al., Nucl.Phys. B 1989, Chernyak et al. Nucl.Phys. B 1990
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Light-cone QCD sum rules

Ulas Ozdem

One starts with a correlation function of the form,

Muv(p,q) =i [ d*x &@P(0|T {Ju(x)J(0)} [H(p, 5))

The correlation functions can be expressed in terms of the properties of hadrons
(hadronic side) and also in terms of the properties of the vacuum and distribution
amplitudes (QCD side).

By inserting complete sets of hadronic states, the correlation function can be
written as:

(O1JulH () (H (P)|Ju|H(P))
m2 , - p/2
H

nuu(ﬂ q) = Z

o’

+ .

matrix elements
(014 (O)IA' (P')) = Ay ut(p')
where u*(p’) spinor and X, residue.

The matrix elements (H' (P")|Jv|H(p)) can be expressed in terms of coupling
constants or form factors.
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Light-cone QCD sum rules

m The correlation function can also be calculated in the deep Euclidean region using
OPE:

M= Cy(x2)04(x)
d

m In the case of mass sum rules or traditional sum rules, O4(x) are local operators.
After Fourier transform, the correlation function becomes:

N=>"Ca(p*){H (p')|0s|H(p))
d

m In case of light-cone QCD sum rules, matrix elements of the form
(H'(p")|Og|H(p)) are needed.

m The matrix elements are expanded around x2 ~ 0 in terms of distribution
amplitudes.
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Light-cone QCD sum rules
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m Two expressions for the correlation function is matched using spectral
representation.

n(p?) = [ds 25 "(S ).+ p?(polynomial)

m To subtract the contributions of hlgher states and continuum, quark hadron duality
is assumed:

S s
nhadron(pZ) :/odSp(s)67W
0

m For p? > 0, the correlation function is calculated in terms of hadronic parameters.
In the deep Euclidean region, p? << 0, the correlation function is calculated using
the OPE in terms of QCD degrees of freedom.

m Sum rules are obtained by matching the two representation using spectral
representation.
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*UO and K. Azizi, JHEP03(2023)048, 2023
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Gravitational form factors of N — A in light-cone QCD sum rules

Hadronic Representation

Mo (b ) = 1 [ d*x P01 T LR OTH, (9} NP, )

In this part, we show how to correlation function is related to the physically observed hadrons. Inserting a complete
set of intermediate hadronic states with the same quantum number as interpolating currents,

1 (5. q) = <ou3m<p’,s');;A(p'I;IZ’MTﬁV\N(p. P "
. -
where ) :
(A’ I, NG, 9) = a;a(p’,s’)[a“m(oz){gmupy} + ('”ZAA_Z’"’Z")QW% - ("%2;2"’%')%{#%} - ABP{A#}
+ %{PuPuAﬁ + 7("%4;:%")2 Guvhp — 7("%2;2m%/>P{“AV}Aﬁ}
+ M NA 2(mp + my)

— {(A“A,, - Azg,“,)Aﬁ} +F) (Qz)r'n{'y{ugu}ﬂ + AAizNg,wAﬁ

(mp + my) 1 FNA(@Q?) (M2 — m)(mp + my)
- A2 9 {ubvy ~ E’Y{#AV}AQ} + > { 2

(ma + my) (3 — m) ~NA )
- A Py A — R W{HAV}A5}+C1 (@PVguvig + LAY
chA@? ,
T(W{VAU}% +CQVA(02>gﬁ{“AV}]w5uN<p, 9. ®

Y{uPrylp + Guvlp
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Gravitational form factors of N — A in light-cone QCD sum rules

Hadronic Representation

m Hadronic side of the correlation function;

20, P N Povp — Pae }]

A 1
nHad A
(P.q) = | = (F +mp){gap — —va7p —
a”u mzA—p’2 A op 3 7B 3m2A 3mp

2 _ m2 2 _ m2 AgPy A
NA, 2 (M — my) (mp — my) B {ulry
x {a (@ ){gﬁ{ﬁy} gy - o ag Ay — T}
FNAOZ (m3 — m3))2 (m3 — mR))
N A~ N
{ wPulg + Y Guvlbg — onZ P{#AV}AB}
FNA 02
{ Audy — A g,w)AB}
2(mp + my) (ma + my) 1
M\ T uvs T IvB8 T T Ip{nlu} T E'V{;LAV}AB}
FNA ?) (M3 — m2)(mp + my) (mp + my)
S {7{” 185 + %gwﬁg - AP A
m2 m2) _ chr @)
_ UM ~ N W{MAV}AB} + e @Pguvog + ZTA{MPV}AB
CNA(Oz) “

+T’Y{H ,,}A[ngc‘,tV ( 2)9[3{MA,,} Y5un(P; S)s

where P = (p/ +p)/2, A = p/ — p.in = (my +mp)/2a0d X, Y,y = (X Yo + Xu V) /2.
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Gravitational form factors of N — A in light-cone QCD sum rules

QCD Representation

Mo (0, 0) = 1 [ & %@ O TLEOTE, (0} INE). )
where
1
J50) :%e"”’”[z(u”w)c:wa a?(0))u¢(0) + (17T (0)Ca tP(0)d°(0)], ®)
Tuw () = 3T, (0 + T, (0 Y]
q
with
i -
T, = E{Dm?muu(x) +300 D prwd) + (1 )}
—iguw [B00 (D = my)u() + 30 (P — mg) )], ®
1
0 = e PP WFa g — PR R ). ©

The covariant derivative, ?H (x), is defined as

Tpto = ;[B'u(x) - D). (10
where

B =30 — igAaAi(x), 1

D)= 5M(x)+ig>\aAi(x). (12)

Ulag Ozdem Istanbul Aydin University

Gravitational transition form factors of N — A ight-cone QCD sum rules



Gravitational form factors of N — A in light-cone QCD sum rules

QCD Representation

m QCD side of the correlation function:

(22 0ap. @) = = 5= [ e [(C10)an(B 1) + (1 0 )]
{46012 ) ) (OIN. ) 2676257 8o~
+ 2828085 0(~X)ay + 3828 S~y + 83528 So(— )
4¢%°(0[uZ (0)ug (0)d5 (X)IN(p, 5)) [26262638(1(4)@
+ 525;6f8q(7x),\,,] } (13)
Where

i¥ (99) mx® . ! X v o
SO0=52a "2 (' 76 7'%/0 dv | gpaya v — X" G s

The (0]e®°u2 (0)u3 (0 )dg (x)|N(p)) matrix element is the expression containing the distribution
amplitudes of the nucleon [Braun et al., PRD 73, 2006].
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Gravitational form factors of N — A in light-cone QCD sum rules

QCD Sum Rules

The required light-cone QCD sum rules for the N — A GFFs are obtained by matching
the coefficients of different Lorentz structures from both the hadronic and QCD
representations of the correlators.

Aa Aa(ma +my)
ENA(QZ)W =-2 P?CD(VvvaquzyXa), FQNA(QZ)W = mzpé}CD(Vx}/thXz,Xa)y
A~ n
FNA (@? Aa _ _oaR,0c0 FNA (@2 Aa _ 73 aco
3 ( )(m2 %) M= pg (V. ¥, X1, X2, X3), 4 ( )(m2 %) an‘o vV, ¥, X1, X2, X3),
A~ '~
Aa _ — Aa(ma + my)
FSNA(OZ)W =2mpdP(v. ¥, %1, %, %), C{“(cf>W = pdP(v. ¥, X)X Xa),
AT AT
= (Ma +my) Aa AP = Aa(ma +my)
P ——= = — p?P(v,y, %, %, X), CéVA(QZ)i = mngD(V»y,XﬁXz,XaL
(m3 —p'?) 2 (m — p'?)
A
- (14)

CMA@Py—— 72— 59y, Xe, Xa)-
4 ( )(mN+mA)(”%7p,2) Py (V. Y, X1, X2, X3)

We should stress that, we use the Lorentz structures g, gov §vs, p:L p,’, Javss Au Qv o dvs, GapuYv Bvs, Qo Qv A5,
Guv Gas: Py, 9o duv ¥s: G Guvu¥s and o Gu s to find the LGSR for the N — A transition GFFs, F4(Q), F'4(QP),
FYA(QR), FNA(QP), FNA (@), CVA(@QP), CYA(@P), CYA(@?), and C)'2 (QP), respectively.
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Gravitational form factors of N — A in light-cone QCD sum rules

myort (14 %) 1—x
acp N M M M
2 (v,y,xth,Xa):T\/é A mﬁ%/0 dxi [(A — T =2V (x1, e, 1 — X1 — x2)]
m3 1 (14 x
- ?) ——_dxs / d)q Mx, 1 — x; — X3, X3)]
2v3 Jo (quXs)4
my 1 (14 x)
- (qux22d / “dxi [(241 + A — 2Vi + Va)(xi, 30,1 — X1 — X))
my 1 (1+Xx3)
m (q—pxg)zd / dX|[(A3+2T| +V3)(X|y1 - X 7X3,X3)]

(1+v) 1 1—x
+4f/ @ v/ /ydxz/u A4 [(Ti = To — Ts + T — 2T, — 2T,

+ Vi = Vo= Vo — Vo — Vs + Vo) (X1, %, 1 — X1 — Xp)]

(1+v v 1 1—x
4\// @y /Ddy/y dxg/o dxi [(— A+ A — Ay — Ay + As — As — 4T,

+2T2+2T3+2T4+2T5*4T6+2T7+2TB+V| = Vo= Vs = Vot Vo)X, 1 — X1 — X3, %))

+ m ! y/ ng/ dx1 —2A1 +2A, —2A3 — Ty + T + 2T7 +2Vy — 2V,
4v3 Jo q—py)2

—2V3)(X11X211 - X — X)]
my 1

+ 73 = py)2 y/ dxg/ dx1 (4T =T, 1—x — X5, X)) (15)
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Numerical Results

m The values of shape parameters of nucleon DAs in two different sets are given in
Table-l. In addition, we use: my = myg = 0, my = 0.94 GeV, ma = 1.23 GeV,
Aa = 0.038, (gq) = (—0.24 £ 0.01)3 GeV® and m2 = 0.8 £ 0.1 GeV2.

] Set-I [ Set-lI
fv | (5.0+£0.5)x 1073 GeV? | (5.0+0.5) x 107° GeV?
A | (—2.740.9) x 1072 GeV? | (—2.7 £ 0.9) x 1072 GeV?
Ao | (5.4+£1.9)x 1072 GeV? (5.4 +£1.9) x 1072 GeV?

AY 0.38 +£0.15 0

ve 0.23 4+ 0.03 1/3
fd 0.40 4+ 0.05 1/3
5 0.22 +0.05 4/15
f 0.07 +0.05 1/10

Table-I: The numerical values of the main input parameters entering the expressions of the
nucleon’s DAs [Braun et al, PRD 73, 2006 ].
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Numerical Results
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Figure-1: The dependence of the N — A transition GFFs on M2 at 02 = 1.0 GeV? and three fixed values of the sp and set-l
parameters.
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Numerical Results
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Figure-2: The dependence of the N — A transition GFFs on M2 at 02 = 1.0 GeV? and three fixed values of the sp and set-ll

parameters.
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Numerical Results
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Figure-3: The dependence of the N — A transition GFFs on 02 at fixed values of the sp, average M2 and set-| parameters.
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Numerical Results
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Figure-4: The dependence of the N — A transition GFFs on 02 at fixed values of the sq, average M2 and set-ll parameters.
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Numerical Results

Fit function:
N 02 @
INT A
F*=(Q7) = f(0) [1 + —Mz] . (16)

[ | Results of set-T | Results of set-Il ]
[ FormFactors | f(0)(GeV—23)] [ M(GeV) | o [ f0)GeV=2) [  M(GeV) | o |
FQA(Qz) 0.80 + 0.08 117 +012 | 21 —-2.3 110 £ 0.20 118+0.10 | 2.8 —3.0
F%A(o% 0.20 + 0.03 1114005 | 2.4 —2.6 0.31 + 0.04 1264011 | 22-2.4
F%A(oz) —1.57 £ 0.26 1224010 | 23-25 | —0.97+012 | 1.14+0.11 | 3.4 —3.6
F"VA(QZ) 0.38 + 0.06 1174010 | 2.4 —-2.6 0.28 + 0.03 1204011 | 2.4 —2.6
FNA(@P) —0.51 +0.05 1184009 | 22-2.4 | —0.71 £0.11 1104013 | 22-2.4
CNA (@) —0.0734+0.003 | 1.244+0.10 | 2.4 —2.6 | 0.083+0.003 | 1.244+0.11 | 2.4 —2.6
ChA (@) 0.35 + 0.03 1.2940.05 | 23-2.5 0.63 + 0.07 1.16 £0.10 | 2.1 —2.3
cha (@) 0.20 + 0.02 1.294+0.03 | 1.8—2.0 0.28 + 0.03 1194010 | 27 -2.9

C}'A(QZ) — — - _ _ _

Table-1I: Numerical values of the fitting parameters for the transition GFFs of N — A.
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Conclusions

m We investigated the transition gravitational form factors of the N — A for the first
time.

m We used multipole fit functions to extrapolate the results to the small values of Q?,
0 < @? < 1 GeV?, to find the values of the gravitational form factors at static limit.

m The study of transition form factors offers a new avenue to explore the QCD
structure and the dynamic properties of resonances.

m Investigation of the energy-momentum tensor current interactions of hadrons can
give us valuable information about their mass and spin as well as the pressure
and shear force their inside.

m Our results may be checked by other phenomenological models including the
Lattice QCD as well as future related experiments.

m The direct measurement of the N — A gravitational form factors may not be
possible with the present facilities. However, these form factors can be extracted
from the N — A GPDs. The project of extracting the transition GPDs from the
Hall-B at JLab based on data acquired with the CLAS spectrometer is ongoing.
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