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ABSTRACT: In theories of Partial Compositeness the top quark is a mixture of a composite
and an elementary state, and as a consequence its interactions with gauge bosons are
expected to deviate from those of a point-like object. At sufficiently large energies, such
deviations cannot be parametrized by the leading effective field theory operators and form
factors (i.e. energy dependent interactions) must be introduced. In this work, we argue
that such effects might appear at relatively low energies with interesting phenomenological
consequences. In analogy to the proton electromagnetic interactions, we devise a simplified
phenomenological model that parametrizes the top-quark interactions with gluons in terms
of two form factors. We study the implications of these interactions in top-quark and heavy
top-partner pair production at a hadron collider.
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1 Introduction

The Standard Model (SM) of particle physics is a successful theory that describes with
great accuracy the vast majority of high energy data at our disposal. However, there are
strong experimental evidences (dark matter, neutrino masses, baryon asymmetry) together
with theoretical prejudices (hierarchy or naturalness problem) which indicate that the SM
is an incomplete theory.

Physics beyond the SM is needed in order to explain these phenomena and to solve the
naturalness problem. For what concerns the hierarchy problem, composite Higgs models
are among the most promising theories. In the composite Higgs framework, a new confining
dynamics is responsible for the Higgs boson compositeness and this has the merit of solving
the hierarchy problem, since the Higgs mass scale is dynamically generated. Furthermore,



the breaking of the electroweak (EW) symmetry also arises dynamically, in contrast to the
SM where it is merely described by a “wrong-sign” mass term of the Higgs potential.

In these models, the generation of a sizeable top-quark mass is particularly challenging.
The most promising ingredient to generate the correct fermion masses and the SM flavor
structures is the concept of partial compositeness [1]. In models with partial compositeness,
the top-quark is usually considered to be a mixture of one (or more) composite state 7" and
an elementary state t’. Partial compositeness provides a compelling mechanism to give the
correct mass to the top quark, as long as the composite operators that mix with the top have
large anomalous dimensions. Such construction has been studied in the context of 4 dimen-
sional gauge theories with new hyperfermions charged under the hypercolor group [2-5].

Composite objects interact with gauge boson differently than elementary states. The
best evidence of this fact can be seen in the interactions of nucleons with the electromagnetic
field. Indeed, the most general form of the hadronic current J}; for a spin 1/2 nucleon with
internal structure, satisfying relativistic invariance and current conservation is! [6]:

Ty =eN@) 7" FNQY) + Sy (@) | N(p) (1.1)
2M N
where My is the nucleon mass, Q> = —¢?> > 0 and ¢ is the photon momentum ¢ = p’ — p.

The dimensionless functions F{¥ and F' are the so called Dirac and Pauli form factors.

In complete analogy to the nucleon case, in this work we parametrize the interactions
of the heavy composite top partner with gluons in terms of two form factors and study the
phenomenological consequences.

The paper is organized as follows. In section 2 we describe the composite dynamics
and the class of models we are going to consider. We present a simplified model of par-
tial compositeness that features all necessary ingredients for our study. In section 3 we
introduce two form factors that parametrize the interactions of the heavy top partner T”
to a single gluon field and we derive the corresponding top quark form factors induced by
the partial compositeness mechanism. We provide a phenomenological parametrization of
these form factors in terms of some parameters and discuss the interplay of the relevant
scales in describing this modified interactions, taking hadron physics as guidance. We
finally discuss the implications of these interactions for ¢g-initiated top partner and top-
quark pair production. In section 4 we expand the prescription to the gg-initiated process
gg — tt, using as guidance the modeling of proton-antiproton production in photon-photon
scattering. In section 5 we discuss the potential of the LHC and future colliders in probing
these interactions. We conclude in section 6.

2 Composite dynamics

As the name indicates, partial compositeness refers to a class of models in which a composite
state 7" mixes with an elementary top quark state ¢’ generating its mass. The simplest and
most straightforward UV completion of this idea is provided by four-dimensional purely

The current is derived considering the complete on-shell nucleon line, this simplifies the Lorentz and
Dirac structure of the interaction vertex.



fermionic gauge theories, which accommodates a Higgs particle as fermionic bound state of
pseudo Nambu-Goldstone Boson nature. In these type of models the SM is extended by a
new hypercolor gauge group Ggyc with new EW charged hyperfermions ¢ that condensate
and spontaneously break the global symmetry of the theory, including the EW group.
Then, via the vacuum misalignment mechanism [7] the EW scale v = 246 GeV is naturally
and dynamically generated

v= fsinf (2.1)

with f the decay constant of the Nambu-Goldstone Boson of the symmetry breaking gen-
erated by the vacuum condensate and 6 the misalignment angle.

Top partner candidates are usually composed of three hyper-fermions charged under
Grc as well as EW and QCD. They might belong to the same representation of Gy [8]
or to two different representations [2—4]. Extensions of this framework includes hypercolor
charged scalars in which case top partners would be composed of one hyperscalar and one
hyperfermion [9)].

Regardless of the specific structure of the T” state, its gauge interactions will be de-
formed with respect to a point-like particle. Here we adopt a model independent view and
consider as benchmark a simplified model of partial compositeness in which all information
about its constituents is embedded in the gauge interaction form factors. This simplified
model contains all necessary ingredients for our phenomenological discussion and will be
presented in the following sections.

Before diving into our discussion on the top sector interactions, we note that, being also
a composite state, the Higgs boson are expected to behave differently with its own energy
dependent interactions. Modern construction of CH based on purely effective descriptions
have been extensively studied in the past, and the CH potential, including higher powers in
momentum expansion have been considered at one-loop [10-12], although the consequent
phenomenology has usually been explored at zero-momentum. A dedicated study on the
Higgs interactions’ form factors might be interesting to pursue.

2.1 Simplified partial compositeness model

In order to show how the PC mechanism works for the case of the top-quark we consider a
simplified model that features one single vector-like composite top partner 7" transforming
as a (3,1)g/3 under SU(3)x SU(2)LxU(1)y. Furthermore, let Q} = (t7,b7) ~ (3,2)1/6
and t ~ (3,1)9/3 be the SM elementary third generation left quark doublet and the right
handed top quark, respectively. We consider the following mixing terms

LD —MT' [Ty —yQ HTh — \fT' 1t + h.c. (2.2)

that are built with up to one insertion of the Higgs doublet H (H = iooH*). Here M
is the mass of the heavy top partner 7”, y and A are parameters that can be computed
in terms of the four-fermion interactions in the UV theory, and f and 6 are defined in
eq. (2.1). Electroweak precision data and Higgs coupling measurements require a scale
f = 1TeV [13-15], although it has been argued that the contribution of other composite
states might alleviate that bound to f 2 600 GeV [16].



After EW symmetry breaking (H)o = (0, v/v/2) we can identify the following mass
mixing terms

_ _ 0 yv t/
- Lmass = (t/L T/L) <>\f \/]\3> <TZ> + h.c. (23)

Let ¢t and T be the mass eigenstates such that
s _(—cr sr tr and t _ (e osp tr,
Ty SR CR Tr s —sr, cr) \Ty,

where cg , = cosOr 1, and sg, = sinfg 1. To achieve a diagonal matrix we get

—

2.4)

2M 2M A
tan(20r) = f Y9 tan(20p) = ! . (2.5)
M2 — %= 4+ A2 f2 M2+ 5= — N2 f2
At leading order in v/ f we have that
M A M
/ ~ Y7 (2.6)

CRY ————, SR~ —————, ™1, sy~
R /N2 4 M2 R /N2f2 4 M2 L L= ANz L e

and the masses of t and T are given by

yv Af
~ O d ~\/A2f2 + M2. 2.7
W T e an mr f (2.7)

The number of free parameter in eq. (2.2) are four but thanks to the top mass relation in
eq. (2.7) we can reduce them down to three that we take to be M, A and f. By inverting
the relation for m; we get

V2my M? M?2
= 14+ —— oy 14 —— . 2.8
(TR VR vy P T ap (2:8)

3 One-gluon phenomenological form factors

The heavy top partner T we introduced in the previous section is considered to be a fully
composite object (like a nucleon), made of hyperquarks, and therefore it interacts with
gluons differently than a point-like particle. In the absence of mixing we can write, in
analogy to eq. (1.1), the current that parametrizes the interaction of an on-shell 77 with a
single gluon G, as follows?

ot qy

2M

(Jr) = g T'T* |V Fi(q®) + Fa(q*)| T (3.1)
where Fi(¢?) and Fy(¢?) are the Dirac and Pauli chromo form factors of 17, ¢ is the
virtuality of the gluon and T'* are the SU(3) generators. Notice that the vector-like nature
of QCD is respected by the form of the current in eq. (3.1). This current resembles very

Zsee appendix A for the discussion about the derivation of the most general form of the current.



closely the EM hadronic current of nucleons (in our case the role of the photon is taken by
the gluon and the role of the nucleon is taken by the heavy top) and can be derived from
a gauge invariant lagrangian as shown in appendix B. Furthermore, the Dirac form factor

can be written as )

Fie®) = 1+ 35 fild?). (3:2)

in order to ensure the correct gauge charge normalization. At zero momentum transfer the
composite state T” behaves as a coherent sum of its constituents without structure and this
fixes the value of the form factors at ¢ — 0,

Fi(0)=1 and F5(0) = Ky, (3.3)

where kg4 is the anomalous chromomagnetic dipole moment of 7’. Thanks to the PC
mechanism described in section 2.1, the light mass eigenstate ¢ (which is a mixture of
the fully composite top partner 7" with the fundamental top t') will present as well non
standard interactions with gluon parametrized by the following current

a ra tg o 2 10" qy tg, 2
(Jp) = g tT |YHF7 (¢7) + i FI(q¢)|t (3.4)
where the top-quark form factors are now given by
tg 2 2 2 q° 2
F2(q%) :1+(SLPL+SRPR)W]C1(Q ) (3.5)
and
Fy(q%) = —spsrFa(q?) - (3.6)

In eq. (3.5)-(3.6) P, = 3(1 —v5) and Pr = 3(1 + v5) are the left- and right-handed
projectors while sy and s are the sine of the left and right mixing angle introduced in
eq. (2.4). Similar form factors are generated for the mass eigenstate top partner T'. Notice
that, due the PC mechanism, non vector-like interaction terms appear in the Dirac form
factor in eq. (3.5). The vector-like nature of the strong interactions is recovered at zero
momentum transfer, where the gauge symmetry fixes the form of the interaction as well as
in the special limit s;, = sg. Finally, besides gluon interactions with ¢t and T'T, we expect
also gluon interactions with ¢I and Tt to be present. We simply point out that these
are generated at higher momenta and represent a new form of having single top-partner
production via QCD interactions that should be further investigated.

3.1 Phenomenological parametrization of the form factors
Modeling nucleon EM form factors has been a long-standing activity that we are going to
borrow in order to describe the compositeness of the heavy top partner.

3.1.1 The proton case

Before discussing the top quark, it is useful to reconsider first the nucleon case and introduce
the well known Sachs electric and magnetic form factors Gg and Gj; which are defined as



follows

GH(@*) = FN (@) + 85 (@), (3.7)
Gi(a?) = FN () + F5' (¢%) - (3.8)

Data from several proton scattering experiments are well fitted by the so-called dipole
approximation [17]

-2

Gh(¢?) = ' Gh(¢%) = G (¢®) = (1 — ¢°/m}) (3.9)

where m% = 0.71GeV? and = 1 + k ~ 2.8 is the magnetic moment of the proton, p.
This approximation describes very well the data in the space-like region (¢* < 0), however
in the time-like region (¢? > 0) an absorptive factor as well as a bunch of resonances need
to be introduced to fit properly the data (for instance of proton pair production in e*e™
collisions) [18, 19]. If one is mostly interested in the low energy behavior of the form factors,
it is possible to neglect the effects of resonances, being sufficient to introduce an absorptive
phase 6 as follows )
9 _
GP (¢?) = (1 - n%e”@(q?)) (3.10)

with ©(¢?) = 1 if ¢> > 0 and 0 otherwise. This approximation is valid below threshold,
2
p’
expansion of the form factors around g2 = 0 defines the radius of the nucleon

for ¢> < m?2, where my, is the mass of the lightest QCD resonance (the rho meson). The

Gl 0 (@®) = Gl 1, (0) <1+(16<r2>E,M+...> (3.11)

and its compositeness scale AY such that

(AP)?
6

(r¥)y ~ 1. (3.12)

In terms of the dipole approximation we have that AL ~ 560 MeV. This scale is related
to the compositeness of the object, i.e. it represents the scale above which the proton
constituents start to be seen as individual objects. Notice that it is typically smaller than
the chiral symmetry breaking scale A, = 47 fr ~ 1GeV as pointed out by Manohar and
Georgi in their non-relativisitc quark model (NRQM) [20].

Let us conclude the discussion about the proton compositeness by presenting the ex-
plicit form of FP and FY in the dipole approximation

F6) = Gla?) (1+ 1 har
FJ(¢%) = Gh(¢%) (M) . (3.13)

Notice that, although the anomalous magnetic moment is a typical property of a com-
posite object, it is also the property of its coherent sum and thus it does not define the



compositeness scale of the object, as the radius does. It is also important to notice that the
definitions in eq. (3.8) become degenerate at ¢> = 4M]23 and this leads to the appearance of
a pole in the form factor expressions in eq. (3.13). These poles however are not physical,
they are expected to be removed from other (non-dipole) contributions and they do not
spoil the high energy behavior.

3.1.2 The top-quark case

In complete analogy to the proton case, see eq. (3.13), we parametrize the gluonic form
factors of the heavy T” using the dipole approximation as follows

2 —2
Fi(a®) = [1 - L .6 14 Mg
@) ( M2 LYYy

B (%) = (1 - AZ&??@@Q))Q (1_(12/%) . (3.14)

We note that these forms might be different than the proton case depending on the specific
structure of the composite objects and the charges of its constituents. Nevertheless, we

6 at large g to be the same

expect the asymptotic behavior F1(q?) — ¢~* and F»(¢?) — ¢~
as in the proton case [21, 22] and this is reproduced by the dipole approximation. We
therefore see this modeling well motivated.

These form factors depend on two mass scales M and Mp and two dimensionless
parameters k4 and 7. It is useful to introduce an additional scale M,, associated to the
mass of the lightest resonance of the new composite sector, above which the form factors (in
the time-like region) are no longer described by the dipole approximation. The composite
state p is typically a hypermeson, composed of two hyperquarks of the strong sector. The
scale M is the mass of the composite top partner and is typically larger than M, and is

smaller than the chiral symmetry breaking scale
M, <M <Arf. (3.15)

This is true for QCD and other theories whose spetra have been measured in the lat-
tice [23]. kg = O(1) is the coherent chromomagnetic structure of the 1" constituents, 7 is
the absorptive phase and Mp is a mass parameter that gives the typical form factor scale.

The expansion of the form factors around ¢ = 0 defines the scale of compositeness A ;

Fi(¢%) ~ Fi(0) (1+fj+~--> : (3.16)

The values of the form factors at zero momentum F;(0) are given in eq. (3.3) and

2 K 2 1
-2 g -2 _
Al =3 e A2 =3 T ap (8.17)
D D
Furthermore, by comparing the expansion of F} with eq. (3.2) we have that
M2
f1(0) = 15 (3.18)
c,1



dipole approximation

EFT
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Figure 1. Relevant scales and thresholds for the simplified partially composite top quark scenario
discussed in the text.

In this work we are interested in the case where compositeness effects are felt before the
appearance of resonances, in complete analogy to QCD, namely

AeSM,. (3.19)

From here on we will use A, to collectively denote either A.; or A, since in our sce-
nario they are typically numerically close. As the typical energy scale of a certain physical
process goes below A., only the coherent properties of the composite state are observable,
which include its total (color) charge and its (chromo)magnetic moment. All these mass
scales are depicted in figure 1 together with the threshold production scales of two light and
two heavy top quarks. Thanks to PC, the pair production threshold of partially composite
top quarks tuns out to be smaller than the compositeness scale, namlely 2m; < A..2

At low energies E < A, the EFT and the form factor description coincide. The only
important difference appears when one probes energies above the compositeness scale.
The dipole approximation is able to describe new physics effects up to E ~ M, without
invoking the contribution of resonances of the strong sector. From the point of view of
phenomenology, in this intermediate regime no heavy resonances are being produced but
the EFT description is no longer valid. By using eq. (3.17) we can see that, in the limit of
large M, the validity scale of our description is increased with respect to the EFT validity
scale by a factor

Vi,

i (3.20)

The interplay between M, and Mp will determine the size of the validity enhancement.

Of course, one can extend the description above M, by constructing a parametrization
of the form factors that include heavy resonances effects and other high energy contribu-
tions, in analogy to the proton case [17-19, 24-28]. This detailed study is beyond the
scope of this paper and only qualitative features of the form factors at high energy will be
discussed in the following.

3This is different than the proton case where the proton is fully composite and A? < 2M,.



3.2 Effective low energy expansion

Combining the form factor expressions based on the dipole approximation given in eq. (3.14)
with the form of the top quark interaction current resulting from the mixing with the heavy
top partner given in eq. (3.4), we have all the ingredients to compute physical processes
involving on-shell top quarks. Before that, let us rephrase the results of the previous section
in the language of effective field theories.

The explicit form of the interaction current in eq. (3.4) can be derived from the fol-
lowing gauge invariant higher derivative effective lagrangian (see appendix B)

L =Tin" Dyt + ]\g/[—‘sﬁ“Ta(s%PL + A PR)tf1(—DY) D G — L s jlo™ T, Fy(—D?)GY,,

2 4M
(3.21)
Let us focus, for instance, on the dipole operator and consider the low energy EFT limit
obtained by expanding the form factor I, around —D? = 0, the leading terms are

_ 9shg
AM

SLSRt_U’UVTatGZV — ZU\;;%SLSREJ“VTat(—DszV) + ... (3.22)
This expansion breaks down at scales £ ~ A.o where the EFT description becomes no
longer valid and the full expression of F5 has to be used. As already said, thanks to the
PC mechanism, the mass of the top quark turns out to be smaller than the compositeness
scale, namely m; < A.2, and therefore the process ¢¢ — g* — tt can probe the form
factors at low energies. At the same time, if A, is sufficiently low, collider experiments
could access intermediate energies A, < E' < M, where the top compositeness can be felt
before the appearance of resonances (see figure 1). We will return on this case in the next
section where we will discuss specific benchmark scenarios.

An extra subtlelty of the partially composite top model is related to the mixing an-
gles that appear in the top form factors after performing the mass diagonalization: they
enter linearly in front of each EFT operator obtained from the low energy expansion and
contribute to the smallness of the dimensionless Wilson coefficients of the operators. As-
suming A, 2 to be the common EFT suppression scale we can see that the first operator in
eq. (3.22) is of dimension 5 and it is suppressed by ¢5/A. 2, while the second operator is of
dimension 7 and it is suppressed by c7/ A2,2, where
SLSRRg ACQ

e (3.23)

Cy ~ C7 ~

This is a peculiar power counting that applies in theories of partial compositeness where
the EFT coefficients are much smaller than the naive expectation of being O(1).

The novelty of our approach is to consider the full energy dependence of the form fac-
tors, which is important in intermediate energy scales where A, < E < M, (see figure 1).
The assessment of top quark interactions at low energy via the EFT parametrization has
been the only method applied so far [29-34]. We stress that our parametrization is com-
pletely equivalent to the EFT at energies £ < A.. The existing bounds on the EFT
coefficients could be conservative if a proper analysis on the shape of the distributions
which account for such energy dependent effects are not considered, and they are indeed



weak for a typical motivated partial composite scenario. We can obtain the leading EFT
operators by taking the form factors at eq. (3.21) at zero momentum, and further use the
dipole approximation to get fi(0) = M? /Aa1 and F»(0) = kg. The marginalized bounds
on the operators coefficients (considered separately) are [35]*

—0.0099 < —sLst—A}ﬁg <0.0123 (3.24)

and® [36]

_0.018 < (5%+5%{) 2< 2 Kg

m2 - > < 0.017. (3.25)
2 M2~ 4M?

3.3 Probing the form factors in q@ — TT

Let us consider first the production of heavy top partners in the process q7 — ¢* — T'T,
which is a process that probes the top-quark form factors in the time-like region at high
energies E 2 2mp > A.;. The tree level cross section can be computed using the current
in eq. (3.1) and taking into account the effect of mixing, it is given by

8a2m 4m? 2m?
tuorr = g1 T8 (14 22 ) |Gu (o) (3.26)

where

9 2m2, - 2mi+s, 5 3mr
|Gegr(s)|" =14+ (1+ — T(CR + ¢7)Refi(s) + i crerReFy(s)

s? mj m? 8m?2. + s
o [@% +ep) (1 - f) + 60%0%5} () + =g 3 cheL I Pa(s)l?
3mrs .
+ 2]\;3 crer(ch + cp)Refi(s)F3 (5)} : (3.27)

For illustrative purposes, in figure 2 we show the energy dependence of ]Geg,ﬂ? assuming
the dipole approximation to be valid up to energies E 2 2myp. The left plot of figure 2
shows the behavior of |Geg 7|? (dashed blue curve) for a purely composite state (A = 0) for
which ¢z, = cg = 1. In this case we fix f = 0.6 TeV, myr =M = 9f, Mp =5f and k4 = 2.
We consider two values for the phase n = 7/4 and n = 7/6. The right plot of figure 2 shows
the behavior of |Geg r|? (dashed curves) where we have used instead A = 3 and derived the
mixing angles and myp according to eq. (2.6) and eq. (2.7). The value M = 9f is inspired by
the computation of the top partner candidate’s mass in the lattice [23] for a SU(4) gauge
theory with 4 Weyl fermions in the anti-symmetric and another 4 in the fundamental
representations of SU(4), which is intended to represent the candidate model based on the
SU(4) gauge theory with 5 EW charged Weyl fermions in the anti-symmetric and 3 QCD
charged in each fundamental and anti-fundamental representations of SU(4) [2]. Besides
the top partner mass, this work provides the mass of the heavy gluon state m, ~ 6 f which

We identify dy = —SLSR {1 Fg-
SWe use the result —0.74TeV 2 < % < 0.71 TeV~2 and identify % = gs(s2 + SQR)/QAEJ.

~10 -



serves as cutoff of the dipole approximation, as well as the EW charged vector state with
mass 6.5f and the masses of other baryonic states. In the lack of a lattice calculation for
the dipole mass scale Mp, we chose the value Mp =5f < M,. By using eq. (3.17) we have
that in the large M limit, this parameter defines the compositeness scale A. ~ Mp/v/2.
The blue and orange curves correspond to values of the absorptive phase n = 7/6 and
n = m/4 respectively.

In the plots of figure 2 the dashed red line represents the point-like behavior while the
solid curve is the behavior of |Geg 7[> computed in the EFT limit where only operators up
to dimension-6 have been considered, namely the first term in the expansion of the dipole
expression. Notice that beyond A, the EFT expansion breaks down and the full form factor
has to be considered.

In each plot of figure 2, the leftmost arrow indicates the compositeness scale A., the
middle arrow indicates the value of the lightest resonance m, = 6 f and the rightmost arrow
indicates the kinematically accessible region for the production of heavy top pair 2mr.

It is interesting to note that the production cross section of a composite top partner is
expected to be suppressed w.r.t. its point-like version, which is usually considered in collider
searches (see e.g. [37-39]). In the pure composite case (left plot of figure 2) the suppression
grows with energy, while for the partially composite state (right plot of figure 2), it stabilizes
to a constant value because its elementary component dominates. The suppression is quite
sizable for the specific values of the parameters we have considered but its magnitude can
vary by changing the relative sizes of Mp and M. This suppression is expected for gluon
initiated process too, as we are going to see in section 4. The mass mp we consider in this
lattice motivated benchmark is beyond the reach of the LHC, even in the point-like top
partner case with no suppression, but more optimistic scenario could be explored.

We note that the predicted suppression of heavy top partner production can only be
described qualitatively, since the dipole approximation breaks down beyond M,. In the pro-
ton case for instance the resonances tend to attenuate the suppression, see appendix C. We
nevertheless regard this suppression as an important feature that, although only qualita-
tively described, can have important phenomenological implications for future top partner
searches, specially at future colliders.

The unphysical peak at s = 4M? in the right panel of figure 2 is a consequence of the
singular behavior of the Sachs form factors as discussed in section 3.1. It is expected to be
removed by the resonance contributions and do not alter the high energy behavior. Notice
that for the pure composite state (left panel) the peak is not present because Geg in this
case depends on a combination of |Gg|? and |G|? which is not singular.

3.4 Probing the form factors in qq — tt
Let us now consider the quark initiated top pair production g7 — ¢* — tt which is a

process that probes the top-quark form factors in the time-like region at energies E such
that £ > 2my;. The tree-level cross section for this process can be computed using the
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Figure 2. Energy dependence of |Geg r|? computed for pair production of fully composite (left
plot) and partially composite (right plot) heavy top states. In this case we fix f = 0.6 TeV, M = 9f,
Mp =5f, kg =2 and = 7/6. The arrows from left to right correspond to A., M, = 6f and 2mr.

current in eq. (3.4) and is given by

8a2m 4m? 2m
Tqqt1 = e 1- St <1+ t> Gest(s)]? (3.28)

where

2m 2m; + s 3m
’Geff(s)’2 =1+ <1 + 3t> {]\}2(8% + s%)Refl(s) - WtsRsLRng(s)

52 m? 8m? + s
borr [k o) (1= 20) 6t 2 1o + S Gt (o

3mys

2M3 SRSL(SR + SL)Refl( ) *(8)} . (329)

Notice that in the limit of point-like heavy top partner we have that fi,F» — 0 and
Gest(s) — 1. Similarly, if there is no mixing, namely sz, sg — 0, the top-pair production
cross section of eq. (3.26) would also behave as point-like.

Figure 3 shows |Geg|? as a function of the center of mass energy for two values of the
absorptive phase n = 7/6 and n = 7/4 and the other parameters fixed as in figure 2, i.e.
Mp =5f, M =9f, kg = 2. The mixing angles are fixed by choosing A = 3, corresponding
to s, = 0.091 and sp = 0.313. The mixing angles lead to a large suppression of the Wilson
coefficients. The first arrow from the left in figure 3 indicates the values of A, while the
second indicates the value of m, taken from the lattice (and represents the scale where the
dipole approximation breaks down). The wiggle around Mp is a consequence of the mixing.

We can see that the full form factor can give peculiar signature not described by EFT or
resonances. These effects can be searched as high energy deviations at collider experiments.

It is interesting to notice that the main compositeness effect in qq¢ — g* — tt at low
and intermediate scales comes from the Dirac-like interaction. This fact originates from
two observations. First, as shown in eq. (3.21), the chromomagnetic moment is suppressed
by the mixing angle combination sy sr, which is typically much lower than the combination
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Figure 4. Mixing angle dependence of the form factors fi (s% + s%) and F» (spsg).

~ s%—i—s% of the Dirac-like interaction. Therefore, although the typical compositeness scales
are very similar for both operators, the chromomagnetic dipole moment operator is more
suppressed by the overall mixing angle factor. To illustrate this fact we show in figure 4
the values of s;sp and s% + s% as a function of A for the specific scenario described in
section 2.1. Second, the chromomagnetic interaction has different helicity compared to the
point-like interaction; therefore, the interference between the two terms (which dominates
for small values of the leading coefficient) carries a suppression of order O(m¢/+/s), which
cancels the naive expectation of energy growing behavior of the linear EFT term. This fact
can be explicitly seen in eq. (3.29).

The potential to observe such effects in a collider machine will be discussed in section 5.

4 Two gluons phenomenological form factors

In this section we consider the gluon-initiated processes gg — TT and gg — tf. Assuming
T to be a pure composite state, we can borrow the knowledge about the nucleon EM
interactions and follow a similar phenomenological prescription to treat gg-induced 1" pair
production. The analog to g¢g — TT in the nucleon case is the production of proton-
antiproton via photon scattering vy — pp, which has been modelled and observed in

~13 -



collider experiments [40, 41]. In this section we extend the framework of [41] to treat these
gluon initiated processes, i.e. top and top-partner pair production.

4.1 Top partner production via gg — TT

Our phenomenological approach is based on ref. [41], where the scattering amplitudes of the
process vy — pp are estimated from the sum of three different contributions: 1- the proton
exchange in the ¢t and u-channels diagrams, 2- the exchange of mesons in the s-channel and
3- the so-called hand-bag mechanism. The resulting amplitudes give a good fit to data of
several experiments. The only resonance that give relevant contribution to the amplitude
is f2(1950) which is very close to the production threshold energies E = 2m,, ~ 1876 MeV.
The lighter state f2(1270) gives only marginal contribution orders of magnitudes smaller.
At larger energies F 2 3.3 GeV the handbag mechanism that probes the proton contituents
take over and dominates the scattering amplitude.

In our extrapolation of this method to the composite top sector, we will neglect the
resonance and the handbag contributions. We assume for simplicity the absence of reso-
nances near the threshold production. The handbag on the other hand becomes relevant
only at much higher energies and can be neglected in our exploratory study.

The basic ingredients of the proton-exchange calculation in [41] are the proton exchange
amplitudes computed using the general proton-photon interaction vertex of eq. (1.1) and
an overall form factor that multiplies the whole amplitude that parametrizes the effect of
proton off-shell-ness, while keeping gauge invariance and crossing symmetry.

Let us first consider the case of a purely-composite 7. In addition to the analog of the
proton-exchange diagrams, computed by using the one-gluon interaction vertex of eq. (3.1),
one needs to consider extra diagrams contributing to gg — T'T that are present because of
the non-abelian nature of the strong interactions. In order to preserve gauge invariance,
we use the effective Lagrangian in eq. (B.1) to derive the Feynman rules and compute the
gg — TT scattering amplitude which involve three family of diagrams: ¢- and u-channel
T-exchange diagrams, s-channel gluon-exchange diagrams and ggT'T contact interaction
diagrams. We used FeynArts and FormCalc [42, 43] to compute the tree level gg — TT
amplitude M7 1are which we next multiply by an overall form factor to get the final result

MT = F(t, u, S)MT,bare , (41)
with ) , - )
F(tu,s) = F(t,u, s)~ + F(u,t,s) (4.2)
1+ F(t,u,s)?
and t 2t +2
F(t,u,s) = exp —S—{_# . F(t,u,s) =exp w . (4.3)
2A7, A7

The specific form of F(t,u, s) is taken from [41].

The case of the partially composite heavy T quark is a bit more involved. We therefore
consider first the bare amplitude My pare for gg — TT in the presence of form factors
computed by using the lagrangian in eq. (B.5). We have that

Mt pare = M7+ M7 Ry, (4.4)
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Figure 5. Cross section for gg — TT as function of center of mass energy in the partially composite
case (red). Purely-composite (blue) and point-like (green) cases are also shown for comparison.
Values of parameter used: A =3, f =0.6TeV, k=2, mp =5f, M =9f and Ap = 11f.

where Mt is the point-like amplitude for gg — TT and Mr F, is the Fy dependent part
(f1 does not contribute to the amplitude). In order to take into account the partially
composite nature of the top-quark, while preserving gauge invariance, we parametrize the
final amplitude for the process gg — T'T as follows

_sLtsh

Mr 5

e 4 c2
Mro+ F(t,u,s) <LQRMT,0 + MT,F2> , (4.5)
where F'(t,u, s) is given in eq. (4.2).

This ansatz for the amplitude has the property of recovering the two extreme cases:
for c;, r — 0 we recover the point like case (because also My g, vanishes in this limit),
whereas for ¢, g — 1 we recover the purely composite case of eq. (4.1). Notice that if we
had used in the partially composite case F'(t,u, s) as overall form factor for Mr pare as in
eq. (4.1), then the cross section would have been suppressed also in the point-like limit.

Using the parameters of the previous section (A = 3, f = 0.6TeV, kK = 2, mp = 5f,
M = 9f) and fixing A7 = 11f, which is inspired by the proton case for where A, 2 m,, (see
appendix C for more detail), we compute the total cross section for gg — T'T as function of
the center of mass energy and the result is shown in figure 5. In the same plot we compare
with the purely-composite and point-like cases.

We can notice a large suppression of the cross section with respect to the point-like
case. Current searches are performed under the assumption of a point-like top partner. We
consider a point-like scenario hard to be realized in a composite framework, even for a light
top partner, in particular due to the anomalous chromo-magnetic moment that should be
present even for high compositeness scales. Another expectation is the raise of inelastic
processes over the highly suppressed elastic cross section. Only in scenario where other
processes are kinematically inaccessible, the top-partner production can be relevant.

4.2 Top-quark pair production via gg — tt

To describe top pair production we follow exactly the same principles. We compute the
bare amplitude M pare for gg — ¢t in the presence of form factors by using the lagrangian
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Figure 6. Cross section for gg — tf normalized to the SM as function of center of mass energy in
the partially composite case (purple). The EFT case (blue) is also shown for comparison. Values
of parameter used: A=3, f =0.6TeV, kK =2, mp =5f, M =9f and Ay = 11f.

in eq. (B.5). We have that
Mt,bare - Mt,O + Mt,Fg (46)

where M, o is the SM amplitude for gg — tt and My p, is the F; dependent part. Then,
analougously to eq. (4.5) we parametrize the amplitude for the process gg — tt as follows

2 2
_ cy, +cg

M, 5

52 + 52
Mo+ F(t,u,s) (LQRMt,O + Mt,FQ) : (4.7)
As already mentioned, this ansatz reproduces the correct limits. Despite its arbitrariness,
we will see that the particular form of this parametrization does not change our conclusions.

The resulting total cross section as function of center of mass energy normalized to the
SM (point-like) prediction is shown in figure 6. For comparison, we show the same ratio
for the leading EFT term.

It can be noticed that the form factor relative effect can indeed be larger than EFT
as the energy grow. However, the overall effect is expected to be small. This fact can
be understood by two observations. First, by noticing that the Dirac-type interactions
described by f1 vanish identically at tree-level in this process (gg — tt). The vanishing of
this contribution can be understood in the language of EFT: the operator in the second
term of eq. (3.21) that leads to the Dirac-like interaction is equivalent by the EOM to several
four-fermion interactions that do not contribute to gg — tt at tree level. Second, similarly
to the quark-initiated case, the Pauli-type interaction, which is the only contribution to
the process, is doubly suppressed, by the small product of mixing angles s;sg and by the
helicity flip w.r.t. the SM leading behavior in energy.

5 LHC phenomenology and beyond

The interactions described in the previous sections would lead to striking collider signatures
that could eventually become a smoking gun for top quark compositeness. Observing them
might be challenging at the LHC, though, depending on the compositeness scales, and a
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more powerful machine like the high energy LHC upgrade HE-LHC could be required. In
this section, we quantify this point.

In figure 7 we plot the pp — tt production cross section computed in the benchmark
scenario (i.e. M = 9f, Mp = 5f, f = 0.6TeV, K, = 2, A = 3) normalized to the SM
prediction for different ranges of the top-pair invariant mass m(tt). In the left panel, we
compute the cross section at /s = 13TeV in center of mass of the protons and use the
same m(tt) binning of the ATLAS measurement (see figure 40(a) of ref. [44]). In the right
panel we consider instead a future prospect with /s = 14 TeV and higher mass resolution
in the whole spectrum: Am(tt) = 200 GeV up to m(tt) = 3100 GeV.

To compute the production rate, we convolute the squared average matrix elements
with the parton distribution functions NNPDF 3.0 at NLO [45]. The solid lines represent
the sum of gg- and gg-initiated cross section for two different values of 6 (the absorptive
parameter), while the dashed lines represent just the gg-initiated contribution. We can
see that the dominat contribution to the deviation from the SM result is given by the ¢g-
initiated process. However, at LHC this contribution is just 10% of the total cross section
and therefore its detection is very challenging. Fortunately, the gg-initiated process relative
contribution to the total cross section grows with energy to ~ 20% above 2 TeV.

In the left plot of figure 7 we predict a 2% deviation for the § = 7/4 in the highest mass
bin (2100-3000 GeV). On the other hand, the present uncertainty on this bin measurement
is 28%, much larger than the predicted effect. It is however interesting to comment, as a
simple curiosity, that a larger than 2 sigma deficit is observed in the last bin of the m(tt)
distribution. Although our benchmark cannot describe it, perhaps a lower value of Mp or
0 could describe this observation.

It is also worth to mention that the measured differential distributions in ref. [44] are
not directly comparable with our simple pp — tt cross section, a full-fledged simulation and
analysis typically via the RIVET [46] framework is required to compare the new physics
predictions with the unfolded data, similarly to ref. [47].

In the right plot of figure 7, a deficit of up to 10% at large masses would be observed.
This would require in addition to the improvement in the resolution also a drastic reduction
of the systematic uncertainties.

We should also notice that we have not explored all model possibilities, and it is well
feasible that larger effects are present and perhaps even explaining the above mentioned
deficit in the m(tt) tail. For instance, our choice for Mp = 5f is arbitrary, if it is lower
than that, the resulting effects could be within LHC reach. Further studies are required in
that direction.

Following this discussion, it becomes clear that a more powerful machine would be
more suitable to observe such effects. For the benchmarks here presented, increasing the
proton center of mass energy to 27 TeV, as designed in the HE-LHC would approximately
double the mass reach of new physics and would thus be enough to pursue this tasks [48].

We should also mention that the effects we predict are not only a minor deviation from
the leading dimension EFT construction. The EFT parametrization with the expected
values we considered would predict a very small and unobserved effect with a smooth
growing or decreasing cross section with probed energy. On the other hand, our predicted
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Figure 7. Cross section for pp — ¢ normalized to the SM as function of center of mass energy
in the partially composite case. Values of parameter used: A =3, f =0.6TeV, k =2, mp = 5f,
M =9f and Ap = 11f.

cross section grows at low energies resembling the EFT construction, and at higher energies
— when the compositeness scale is reached — the cross section drastically drops below the
SM prediction.

The production of top partners are completely out of the LHC reach for the scenarios
we described. This is in contrast to the intense search for lighter versions of these objects at
the LHC, which tend to neglect their composite origin and summon mysterious mechanisms
to lower their masses. Our findings jeopardize the searches for these objects even at high
energy future colliders, if the compositeness scale is lower than the top partner mass, which
is typically the case. We predict a qualitative large suppression of production rates.

6 Conclusion

In this work we have parametrized the gluonic interactions of an hypothetical partially com-
posite top-quark via two form factors, beyond the leading dimension EF'T prescription. We
argued that, in the case where the compositeness scale is accessible, the full energy depen-
dence of these interactions cannot be neglected. We discussed the effects of form factors in
qq-initiated top and heavy-top pair production. For that purpose, we considered a simple
phenomenological parametrization of one-gluon form factors, based on the proton dipole
approximation. Furthermore, we expanded this prescription to gg-initiated processes, using
as guidance the modeling of proton-antiproton production in photon-photon scattering.

We showed that the gg-initiated top pair production is more sensitive to the structure
of the top-quark than the gg-initiated process. This observation comes from the fact that
the operators associated with the form factor fi(¢?) does not contribute to the gg-initiated
process and the chromomagnetic moment is doubly suppressed. In our phenomenological
model, the effect in qg — tt would appear as a wiggle in the invariant mass distribution
of the top-quark pair system that could be in principle looked for at high energy and high
luminosity collider experiments.

We briefly showed that LHC is not the best machine to look for these effects, unless
a major improvement in systematic uncertainty is achieved for high invariant ¢f mass.

~ 18 —



Future machines, like the 27 TeV HE-LHC, could easily see the deviations predicted in
the benchmark scenarios we considered. Moreover, we showed that the production of a
composite top partner is expected to be suppressed compared to a point-like state, which
is typically considered as benchmark model for LHC top partner searches. This fact should
be taken into account in future searches. In addition, we pointed out the existence of a
new form of single top-partner production via QCD interaction pp — tT, Tt that must be
further investigated.
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A Derivation of the most general interaction current and form factors

Consider a fermion state ¢ with mass m, then the most general Lorentz invariant and
parity conserving one-gluon interaction current can be written as

J = gsb(p) Tl (p, 00 () (A1)
where the interaction vertex is
m / m 2 M 2 q" 2
and
g=p—17p and t=p+p. (A.3)
6

The form factors A,B and C can be taken without loss of generality to be scalar functions
of ¢> and m. Moreover, they can depend on some intrinsic compositeness scale related to
the strong dynamics that we denote by A. We will not write explicitly this dependence on
A, in order to keep the notation as light as possible.

The QCD Ward identity

Y(p)Ta qu I (g, m) Y(p') =0 (A.4)

requires that
C(q*,m)=0. (A.5)

5They could involve Dirac matrices dotted into vectors, namely p or p’. However, these terms can be
rearranged and transformed into ordinary numbers, depending on m, via the Dirac equation.
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Therefore the most general gauge invariant interaction vertex reduces to
H 2 Iz t 2

We can finally use the Gordon identity to rewrite this vertex in the standard form

aqy

D (g,m) = | Al m) = 3 Bla?m)| 7# + 7 Bl m) (A7)
Defining
Fi(q?,m) = Alg®m) — 2 B(g?,m) (A3)
Fy(q*,m) = 2B(¢*,m) (A.9)
we get the more familiar expression for the vertex
D (g, m) = Fy(a®mi¥ + T 2 By(?,m) (A.10)

In order to have the correct QCD charge normalization we need that F;(0,m) = 1, therefore

we can write
2

Fi(q®,m) = 1+%fl(q2,m). (A.11)

It is reasonable to assume that these form factors will depend negligibly on the mass of the
fermionic state. The idea is that the main dependence comes just from the probed gluon
momenta ¢ (and from the intrinsic scale A related to the strong dynamics), namely

Fy = Fi(q?). (A.12)

The following heuristic arguments to justify this assumption can be provided: 1 — the
form factor should not depend on the kinematic mass of the incoming fermion but only on
the probing momenta ¢; 2 — if the masses entering in the expressions of the form factors
are of kinematical origin, i.e. M = m in eq. (3.14) then the typical compositeness scale
in eq. (3.17) is dominated by the spinor mass m, which for the top quark would be too
small. And 3 — the effective lagrangian we use to derive the interaction (see appendix B)
is motivated by modifications that originate in the gauge sector and do not “affect” the
fermion fields. That Lagrangian gives only ¢? dependent form factors.

We can now consider first the pure composite state 7" in absence of mixing and write
the following interaction current

ot q,
2M

(Jr)t = gsT'T, |V Fi(q%) + B(gH)| T, (A.13)

where Fy(¢?) =1+ ]\QTQQ f1(q?) and F»(g?) are the Dirac and Pauli form factors, respectively.
The mass parameter M entering in eq. (A.13) is understood to be related to the strong
dynamics scale, namely M = M (A).
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Now let us switch on the mixing terms. Under the assumption of eq. (A.12), the form
factors for the mass eigenstates ¢ and T' can be derived straightforwardly by performing
the appropriate rotation to the mass basis

FU) = 1+ (8 Ps + shPr) s (e (A1)
F(q°) = —sLsrFa(q?) (A.15)
FI() = 1+ (&P + P2 i) (A.16)
FY(¢*) = crerFa(q?) (A.17)

B Effective lagrangian of form factors

The form of the current in eq. (A.13) can be derived from the following gauge invariant
effective lagrangian

gs
4M

where D,/ T" = (0, — igsG,)T" and D"GY,, = 0"GY,, + gsfach”bG;V. The form factors
f1 and F, are functions of the covariant laplacial D? in order to ensure gauge invariance.

ETf:T/iv“DMT’nL%T’v“TaT’fl(—DQ)D”GZV—k T'oMT,T' Fy(~D2)GY,  (B.1)

Deriving the Feynman rule for the T"T"g vertex is it possible to show that the relation
between the form factor f; appearing in eq. (B.1) and Fj of eq. (A.13) is given by
2 2 q°
Fi(¢") =1+ fild") 5 - (B.2)
The elementary top ¢’ on the other hand has the following lagrangian
Ly =tiy" Dt (B.3)
therefore the total effective lagrangian involving ¢’ and 7" is given by

L =L + Ly + Liass (B.4)

where L,ss is given in eq. (2.3). After diagonalization by means of eq. (2.4) we obtain the
following lagrangian

L = Tiv"D,T + tiv* Dyt — mrTT — mytt

+ ]\gjz VT, (53 P, + s3Pr)tf1(—D?) DV G2,
—f—]\}sLsta“”Tath(—Dz)Gﬁy

n ]\gjz T*To(c3 Pr + ¢hPR)T fi(~D?) D' G,

+f—]\chcRTa“”TaT Fy(-D?)GY,

+%E’VMTQ(SRCRPR — sperPL)T fi(~D?)DYGY, + (t <> T)

+ 49;4t‘UWTa(—chRPR + spepPo)T Fa(—D?)GY,

—l—ﬁi}TUWTa(cLsRPR — crsLPr)t FQ(—Dz)GZV (B.5)
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Thanks to the partial compositeness mechanism, the mixing of the elementary top with
the composite top induces a modification in the interaction of the light top with the gluon.
From the lagrangian in eq. (B.5) we can derive the interaction current of eq. (3.4).

Let us present here the Feynman rules involving only the top-quark ¢ which can be ob-
tained from the lagrangian in eq. (B.5). The Feynman rules for the three point function are

t1tags ¢ 195y Tay + Vi (as, w3, p3) f1(3) + Vi (a3, p3, p3) Fa(p3) (B.6)
where
. g
Vi(as, p3,p3) = ZﬁszTag (v p5 — phps) (s1 P + sk PR) (B.7)
‘/29((13’ ,u37p3) = _%SLSRT(BU#BVP?W . (B8)

The Feynman rules for the four point function are

titagsga : VP fL034) + 195 asan 1 (034) | Vi (@, 114, 1) (D3 + 2D4) s

—Vi(a, 3, p3) (pa + 2ps)u, | + V3 Fa(p3,) (B.9)

+igs @ agas s (03) | V3 (a, 11, a) (D3 + 204) s — Vi (@, 113, 3) (P4 + 23) s | + - - -
where
92
W= qpffaal {7“3 (1 + 2p3)y — 7" (P3 + 2P4) s
—pHaa (g — H‘L)(S%PL + s%PR)] (B.10)
2
VQQQ - _491\848L3Rfaa3a4Ta<7M3’7u4 - 7#4,7#3) (B.ll)

and the ellipses denote terms that vanish for on-shell gluons. In the expression above we

have defined p34 = p3 + p4 and
Fl(s) = ———~2. (B.12)

The Feynman rules involving the heavy-top T can be derived from the lagrangian in
eq. (B.5) in complete analogy.

C Proton form factors

In the model proposed in 1972 [17] and subsequentially improved [18, 19], the external
photon interact both with an intrinsic structure

9(?) = (1 — 7?0 g2)=2 (C.1)
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with O(s) the Heaviside function, which encodes the interaction with the constituents
quarks and must reproduce the asymptotic behavior of perturbative QCD, and the in-
teraction with a meson cloud, which can be approximated by exchange of vector meson
resonances in the spirit of the Vector Meson Dominance. In this version of the model the
form factors are given by

FP(q®) = %9((12) _(1 — B — By) + B zmj% 5+ B, 2m120 2] (C.2)
I mg —q mg —q

H(?) = 59(d”) :<1 —B,) + ﬁmm_q] (C3)

Fy(q°) = %9((12) :('fp + hn — %)m?i% 2 %mzmizp q2] (C.4)

F (@) = 3o(a) < - >mm_q] (C5)

Notice that the F} functions behave asymptotically as 1/¢* while F» go with 1/¢°. The
width effects can be incorporated by the modification of the propagator by

m2 + 8T ,my /7
2mp 2 7 2 2 - 2 : 27r/ 2 (C.6)
m2 —q m2 —q* + (4mz — ¢*)I'pa(q?) /mx

with

2 _ —
2\ /1 — 42 jog (V 4mgmj+‘/7> if s <0
2 [4m2 4m?2 -1/2] . 2
a(s) = § =1/ == — 1 Arctan ( s“—l) if 0 <s<4mz (C.7)
%\/1—42& log<Lg_;lgbl?r\/g)—iwl—‘mjfifs>4m3r

This model describes quite well data, both in the space-like region (e"p — pe™) as

\

well as in the time-like region (e¥e™ — pp), of one photon exchange. |Geg|?> obtained
from these expressions is shown in blue line on the left panel of figure 8. The parameters
used for the fit are extracted from refs. [18, 19]. The resonant model is compared with
the dipole approximation (without absortive phase) in yellow line. It can be noticed that
the approximations agree below the first resonance but the suppression at high energies
are more severe in the pure dipole approximation. Data has been taken from [49]. A
large enhancement in the kinematical forbidden region can be noticed, this region is not
interesting for the proton case but is accessible in a partial compositeness scenario. Many
other sophisticated calculations have addressed the estimate of the nucleon form factors,
for example [24-28].

For the case of proton pair production via photon scattering we use the model of
ref. [41] to describe vy — pp from ultraperipheral ion collision. The model is based on
three ingredients: 1- proton exchange; 2- resonances exchange; and 3- handbag mechanism.
We here are interested only in the proton exchange mechanism to serve as a basis for our

model of gluon interaction.
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Figure 8. Left: |Geg|? in double proton production via ete™ scattering, eTe~ — pp, comparing
data (black dots from [49]) with the phenomenological model from [17-19] (blue line) and the
dipole approximation without absortive phase (yellow line). Right: contribution of proton exchange
mechanism to the cross section of 4y — pp for | cos | < 0.6.

The computation of the proton exchange is done in two steps. First, the 2 Feynman
diagrams (¢ and u exchange) are summed with the usual 7y — p interaction given by the
Dirac and Pauli form factors eq. (1.1), Mypare. To account for the offshellness of the proton
propagation, a common form factor is multiplied by the amplitude along the expressions
in eq. (4.1). This common form factor guarantees gauge invariance and crossing symmetry
and has been successfully used in several previous works. The parameter A, is fitted to
experimental data and is A ~ 1GeV 2 m,. The resulting amplitudes fit very well to data
once summed to the resonant and handbag contributions and is highly suppressed compared
to the point-like prediction. For illustrative purpose we show on the right panel of figure 8
the differential cross section resulting from the proton exchange amplitude integrated in
the range | cos 0| < 0.6 with the parameters that fit data (A, = 1.1, k, = 1.7928) compared
to the point-like case.
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