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Abstract. We analyze the hard scattering amplitude of gravitational form fac-
tors (GFFs) of hadrons within QCD factorization at large momentum transfers,
focusing on their conformal field theory (CFT) description. These form factors
are key to studying quark and gluon angular momentum in hadrons, connected
to Mellin moments of Deeply Virtual Compton Scattering (DVCS). The analysis
uses diffeomorphism invariance and conformal symmetry in momentum space.
A non-Abelian TJJ 3-point function at O(a?) reveals a dilaton interaction in
the t-channel. We present a parameterization relevant for future DVCS/GFF
experiments at the Electron-Ion Collider (EIC).

1 Introduction

The experimental study of the gravitational form factors (GFFs) of the proton and pion
provides valuable nonperturbative insights into their interaction with the QCD energy-
momentum tensor (EMT), offering a window into the internal distributions of energy, spin,
pressure, and shear forces. GFFs are formulated through the matrix elements of the EMT
between hadronic states, allowing for a detailed characterization of the hadron’s internal
structure. Quantum corrections induce a breaking of conformal symmetry due to the trace
anomaly of the stress-energy tensor

T} = Blg) F" F%, + (1 + y,) Z My » M
q

where B(g) is the S-function of QCD and v, is the anomalous dimension of the mass operator.
The matrix elements of the EMT for a spin 1/2 hadron with momentum P can be expressed
in terms of the GFFs as
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Figure 1. Factorization picture of the GFF of the pion. Leading order (left). The contribution of the
conformal anomaly revealed by the 7'JJ vertex (right).
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where u(p) and u(p”) are proton spinors, P is the average momentum, and A is the momen-
tum transfer. At large momentum transfers, the amplitude decreases rapidly in accordance
with quark and gluon counting rules. The general idea behind quark-gluon counting rules is
to count the minimum number of constituents (quarks and gluons) participating in the hard
scattering process, and then determine how the amplitude of the process scales with the mo-
mentum transfer, at large values of momentum transfer t = ¢*, where ¢ is the momentum
of the graviton. Nevertheless, it remains accessible within the factorization framework using
pion and proton distribution amplitudes, as this approach can be adapted from studies of elec-
tromagnetic form factors [1]. One of the major advantages of the EIC is its exceptionally high
luminosity, which is expected to reach up to 103**cm?s™!. This high luminosity compensates
for the rapid decrease in cross-sections typical of exclusive processes, allowing for a signifi-
cant number of exclusive events to be detected even at large momentum transfers, where the
cross-sections are very small. The large number of collisions ensures that even rare events
are observable.
We investigate the hard scattering behavior of gravitational form factors (GFFs) at large mo-
mentum transfers and higher perturbative orders, where the factorization framework for ex-
clusive processes applies. As shown in Fig. 1, this method uncovers a conformal anomaly at
the TJJ (graviton/gluon-gluon) vertex at one loop, marked by the emergence of a dilaton in-
teraction mediated by the anomaly. Our goal is to indicate an optimal parameterization of the
hard scattering amplitude identifying the key form factors from which the dilaton interaction,
though subleading in the pertubative expansion, can be singled out at future experiments.
Additional details and references of our analysis can be found in [2].
At first sight, a key challenge, though, is the absence of a graviton to directly probe such ma-
trix elements. Gravitational form factors (GFFs) are, however, closely linked to deeply virtual
Compton scattering (DVCS) processes, as described in [3]. In DVCS (see Fig. 2), an elec-
tron (e) scatters off a nucleon (N) in the reaction eN — ¢’ N’y, producing a photon in the final
state, controlled by nonforward parton distributions [3] [4]. This process draws significant
interest for both pions and protons. In DVCS, a high-energy electron interacts with a hadron,
such as a proton or pion, via the exchange of a virtual photon, which then radiates a real pho-
ton. By measuring the DVCS invariant amplitudes it is possible to extract informations on
the form factors of (2). We examine this perturbative correction extending the formalism of
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conformal field theory in momentum space (CFT,). We propose a decomposition of the hard
scattering amplitude that enables the extraction of the dilaton contribution to these matrix
elements. The dilaton can be interpreted as the Nambu Goldstone mode of broken conformal
invariance, whose effective interaction can be summarised at phenomenological level in the
local form (A~!(¢FF)), with A a typical hadronic scale. Our analysis is built around the exact
expression of this interaction in perturbative QCD, which is nonlocal, and can be investigated
using the conformal anomaly effective action. We apply methods developed for the analysis
of such effective action in gravity [5], specifically adapted to QCD.

2 The CFT-induced parameterization of the pion and proton form
factors

Dilaton-like #-channel exchanges in the 7JJ correlator were initially studied perturbatively
in QED [6, 7] and QCD [8] to explore the coupling of gravity to Standard Model fields [9]. In
this work, we focus on the off-shell expansion of the non-Abelian 7'JJ correlator, previously
examined in momentum space through perturbative QCD for on-shell gluons, as detailed in
[8]. For a more recent discussion of the trace anomaly in QCD, we refer to [10]. In the
CFT framework, J denotes a non-Abelian vector current in four dimensions (d = 4), while
T represents the gauge-fixed stress-energy tensor in QCD. To integrate this interaction into
the generalized form factors (GFFs) of hadrons, we extend the on-shell analysis from [8],
employing the CFT,, formalism. We consider the decomposition of the operators 7 and J
in terms of their transverse traceless part and longitudinal (local) one, separating the quark
and gluon parts, that, as we are going to see, behave differently under the application of the
conformal constraints. We define, for generic momenta p;, (i = 1,2, 3)

THY (p,) = M¥i(p;) + lolc "(po), 3)
JUH () = () + Jik (pa), “)

where
" (p) = T (p) TP (o), fie (D) = s (D) T (D), )
F(pi) = 74 (p) T4 py), futp = L g, ©)

i

having introduced the transverse-traceless (IT), transverse (), longitudinal (Z) projectors.
Their explicit expressions can be found in [2].

We adopt the following convention for the momenta: the momenta of the two gluons are
denoted by p; and p,, while the momentum of the graviton coupling to the energy-momentum
tensor T is denoted by g. Additionally, we define the tensor #*" = ¢>¢"” — ¢*¢", and introduce
the notation 7# = (1/¢*) #*”. We can enumerate all possible tensor that can appear in the
transverse traceless part preserving the symmetry of the correlator

(P " (PP (P2)Yg = Ty ol sy (A 5 py 51 pl + A5 61 plt plt +
ALY 3 AP (a0 )P pl plt AP ) @)
and decompose the 7'JJ contribution in the form
(T (@I (p)I™(p2)) = (@) J* (p1) ] (p2)) + (@) i (P1) P (p2))g + <t“v(q)J““(p1)J,oc(pz)>g
+ 27 (q) [, P21 (T (P17 (=p1)) + 67, p1i(d P (p2) I (=p2))] + 3—q2frW<q) | APt + B
(8)
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Figure 2. Factorization in the DVCS process.

where the traceless sector is

(T™(@)J™ (p1)IP(p2)das =" (@) ] (1) P (p2)) + (P (@) Je(P1) P (P2))g + (P (@) J* (P1) . (P2))g
+21°(q) [ par (T (P1)I" (=p1) + 67, P11 TP (2) 7 (=p2))]
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and the trace part is

1 P
T @I ()T (= 7@ [ A+ 8] (10)

The trace part contains the anomaly contribution A% = A% §% ( a and b are color indices)
and a second term proportional to the gluon equations of motion Bﬂﬁ “> " This is not to be
considered part of the trace anomaly although it is part of the trace of the correlator since the
trace operation with a Minkowski metric 7, gives

(T (@I (PP (p2))ir = | AP + B (1)

The first tensor term A defines the anomaly contribution, as given by the first term on the
right-hand-side of (1)
AP (pr, p2) = AU (pr, po), (12)
and explicitly as
apab _ L
3 16 2

which is proportional to the QCD g function for ny massless flavours. We have defined the
tensor structure

2n)5u (p1, p2), (13)

u(pr, p2) = (p1 - p)g® — 1, (14)

that summarizes the conformal anomaly contribution, being the Fourier transform of the
anomaly term at O(g?)

S*{F2, F(0)}
aﬁ L 4 4 ip1-x+ips-
(p1,p2) = fd fd y ey 0Ax(X)Ap(Y) F )

The anomaly form factor characterising the exchange of a dilaton pole in the 7JJ is then
distilled from (10) in the form

%d"b (T (@I () (p2)), (16)
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Figure 3. Typical contributon to the TJJ vertex at one loop, present in the quark and gluon sectors.

where the 1/¢* anomaly pole, interpreted as the signature of a dilaton exhange in perturbative
QCD, has been extracted from the longitudinal projector 7*” of the last term on the right-hand
side of (8). The analysis of the perturbative amplitude is constrained by ordinary Ward iden-
tities, Slavnov-Taylor identities (STIs) and anomalous conformal Ward identities (CWIs) that
we discuss in our work. Eq. (8), which is one of the results of our analysis, shows that the
structure of the effective vertex corresponding to the 7JJ correlator is modified compared to
the ordinary CFT case, with modifications affecting both the longitudinal and the trace sec-
tors. In the non-Abelian case, the gauge-fixing and ghost sectors of QCD break conformal
symmetry. Consequently, the reconstruction of the correlator using CFT,, permits the inclu-
sion of non-conformal terms. These terms do not appear in the decomposition of non-Abelian
correlators, as Slavnov-Taylor identities (STIs) are not required in the conformal framework.
This distinction arises because the general CFT analysis is not tied to a specific Lagrangian,
unlike in perturbative QCD.

The pole for off-shell gluons can be extracted from the trace sector by following the steps we
have outlined. For the quark contributions, we utilize CFT),, which is constrained solely by
the standard Ward identities (WIs) and conformal Ward identities (CWIs). These serve as a
guiding framework for the full expansion of the correlator. Additionally, we account for the
extra contributions arising from the exchange of virtual gluons and ghosts within the loops
of the TJJ vertex. One may define the quantum averaged stress energy tensor, with just the
pole-term included due to the 1/4> exchange

T =) (@0~ #0), [ a'¥ L [F, 7], an

from which one may extract the anomaly-induced vertex at trilinear level in the specific form

fd4 fd4 l[)] x+ipyy & T anom\Y) 62Tanom(0)
SAL(OAL(Y)
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with a trace anomaly
G P (p. )|,y = B@) u™ (p1, p2)5™. (19)

By differentiating Thy,,(0) to higher orders with respect to the external classical gluon field,
we derive analogous relations for the 4-point function (7'JJJ) appearing in the gauge covari-
ant expansion of the anomaly contribution [2].

3 Conclusions

The conformal anomaly interaction is described through a longitudinal, transverse, and trace
sector decomposition of the relevant vertices, with a pole emerging in the trace channel.



EPJ Web of Conferences 314, 00030 (2024) https://doi.org/10.1051/epjconf/202431400030
QCD@Work 2024

This parameterization of hard scattering processes, as presented, can be seamlessly extended
to the hadronic level, specifically for protons and pions, offering a potential phenomeno-
logical framework for analysing the role of this anomaly in the GFFs of pion and proton.
We have shown that conformal anomalies are intrinsically tied to the presence of effective
dilaton degrees of freedom in hard scattering processes. In the perturbative framework,
these anomalies manifest as the emergence of a dilaton pole during hard scattering. This
phenomenon is accompanied by a sum rule, satisfied by the anomaly form factor, which
we have checked at the one-loop level in perturbation theory, in analogy to other anomaly
form factors for chiral interactions. Details of this specific analysis can be found in [2].
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