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Odderon as a Regge spin-3 oddball in pp and pp elastic scattering
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In this work, we propose that the odderon is a Regge spin-3 odd-glueball tensor. To demonstrate the
proposal, we study the pp and pp elastic scattering by including the contributions of the spin-3 odderon
and spin-2 pomeron exchange in the processes. The phenomenological effective Lagrangian approach is
used to calculate the pp and p p elastic scattering amplitudes at the tree level. Additionally, the Donnachie-

Landschoff ansatz of the odderon and pomeron propagators was used in further analysis. We fit the

theoretical results with the various experimental data of the pp and pp scattering at the TeV scale to

determine the model parameters in the present work. By using the model parameters, the Chew-Frautschi

plot of the tensor odderon Regge trajectory is evaluated. As a result, the odderon spin-3 mass is predicted to
be 3.2 GeV. In addition, a phase rotation is applied to the amplitude of our model in order to satisfy the
geometric scaling at a very low ¢ region. Moreover, the total cross section of our model is compatible with
the results from TOTEM and its extrapolation from DO collaboration. It was found that the total cross
section also satisfies the Friossart bound at the Regge limit.

DOI: 10.1103/PhysRevD.109.034007

I. INTRODUCTION

Quantum chromodynamics (QCD) is a modern theory of
strong interactions based on non-Abelian color SU(3)
quantum gauge field theory describing the interaction of
quarks and gluons. QCD is highly successful in explaining
hadronic structures and interactions at high energies
(momentum exchange) where the strong coupling is small
and perturbative quantum field theory is applied. However,
at a low energy regime, QCD is a strongly coupled theory
that we cannot use the standard perturbative theory. On the
other hand, hadron-hadron scattering in high center of mass
energy (y/s) but low momentum exchange () known as
soft-high energy regime or a Regge limit of s — oo and
s >> t, the perturbative QCD is also inapplicable. Before
the birth of QCD, Regge theory is invented to describe the
hadron-hadron collisions by using analytical properties of
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the scattering amplitudes [1] including a consideration
of the complex angular momentum [2]. In the Regge theory,
the amplitudes of the hadronic processes are scaled as s’
where J is the spin of the exchange particles called
Reggeons with fixed relevant quantum numbers [3]. One
can write down the spin as a linear function of ¢ as J = a(¢)
in the complex angular momentum plane and the linear
function a(t) = oy + &t is called a Regge trajectory. In
addition, the poles (Regge poles) correspond to the families
of the exchange particles with increasing spins along the
trajectories. As a result, the amplitudes of Regge theory are
represented in terms of a sum over all possible exchange
particles lying on the Regge trajectory. The cross sections of
various hadronic processes in the soft-high energy scattering
limit are successfully described by the Regge theory [4-7].

According to the experimental data of hadron-hadron
scattering in the Regge limit, the total cross sections
slowly grew up with the increase of s whereas the Regge
trajectories of all known mesons are not sufficient to explain
the experimental data. Then, a so-called pomeron was
introduced to address this problem [8,9]. The pomeron is
a Reggeon carrying all even charge transformations, vac-
uum quantum number, with the intercept of Regge trajec-
tory ap =~ 1. This yields the slow growth of the total cross
section at large s [10,11]. Various approaches are trying to
extract the information of the pomeron trajectory. The
typical values of the parameters of the pomeron trajectory
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from [12-14] are ay~ 1.06-1.08 and o ~0.025 GeV~>
[12—-14]. The pomeron is generally considered as a bound
state of the gluons (glueball). On the other hand, the odd
charge-conjugation counterpart of the pomeron called
odderon has been proposed by Ref. [15]. Similar to the
pomeron, the odderon is considered as the glueball with
the odd number of gluon compositions. The odderon might
cause the different observables between pp and pp due to
its charge-conjugation property, which is compatible with
the experiment. However, the nature and properties of the
pomeron and odderon are still unclear so far. A number of
approaches have been used to calculate the properties
(mass, spin, Regge trajectory etc.) of pomeron and odderon
as glueballs [16-47]. A study of pomeron and odderon
exchanges in pp and pp elastic scatterings in the soft-high
energy regime has been extensively investigated in various
frameworks for instances, phenomenological approaches
[48-60], QCD inspired models [61-69], holographic QCD
or AdS/CFT correspondence [70-79].

Recently, however, TOTEM and DO collaborations have
confirmed the existence of the odderon by comparing the
experimental data between pp (extrapolated from previous
several data) and pp at 1.96 TeV [80,81]. This reveals the
contributions of the odderon in #-channel elastic scattering.
After the TOTEM and DO collaborations claimed the
discovery of the odderon, several works were done to
investigate the properties and scattering processes of the
odderon [82-91].

Based on the discovery of the odderon and the relevant
literature on the field theoretical framework in Ref. [48],
we propose the odderon as a spin-3 tensor odd-glueball
within the standard field theoretical framework. We study
its consequences in pp and pp elastic scatterings.
According to a constituent quark model, the odderon is
composed of a three-gluon, and the lightest trajectory of
the odderon is the spin-3, not the spin-1. This is because
the odderon begins with a JP¢ = 37~ three-gluon L = 0
state with a maximum spin of 3. Similarly, the two-gluon
bound state or pomeron starts with the s wave, and the spin
and PC quantum number are assigned as JPC =2F+
glueball. Furthermore, a combined lattice QCD calculation
and field theoretical Coulomb gauge QCD model con-
firmed that the odderon can be the oddball starting its
Regge trajectory with J*¢ = 37~ [46]. Various theoretical
approaches have also shown that the pomeron is likely to
be the spin-2 tensor glueball instead of the scalar one
[48,49,52,53,63,68,70,73-76]. Then the lowest tensor
odderon in its Regge trajectory is spin-3 as explained
previously. However, the slope, intercept, and mass of the
odderon are not well understood.

In this work, we investigate the elastic scattering of pp
and pp with the contributions of the odderon spin-3. The
effective Lagrangian of the spin-3 odderon with protons is

constructed by using a similar approach in Ref. [48].
Especially, a so-called Donnachie-Landschoff ansatz is
used to represent the odderon and pomeron propagators.
The contributions of the spin-2 pomeron exchange are also
included in the calculation where the effective Lagrangian
of pomeron and protons is taken from Ref. [48]. Then the
differential cross sections of the pp and pp elastic scatter-
ing are calculated. After a careful statistical analysis, we fit
the parameters of our model with several relevant exper-
imental data at the TeV scale. All Feynman rules of our
model, such as vertices, propagators etc., can be computed
directly from the effective Lagrangians in the conventional
method of perturbative QFT. The aim of the present work is
to make a clear and systematic calculation in order to obtain
the amplitudes. The analysis is made with the intention of
compatibility with other field theoretical models.

The present work is organized as follows, in the Sec. II,
we set up our model for pp and p p scattering with pomeron
spin-2 and odderon spin-3 exchanges. The amplitudes are
also computed as well. The observables will be calculated
and free parameters of our model will be fitted with the
relevant experimental data at the TeV scales in Sec. III.
In Sec. IV, we close this work by giving discussions and
conclusions.

II. FORMALISMS: MODEL SETUP
AND SCATTERING AMPLITUDES

A. Effective Lagrangians of the pp and pp scattering
in spin-2 pomeron and spin-3 odderon exchange picture

In this section, we will set up the effective Lagrangians
of the pp and pp scatterings. It is well known that the
pomeron exchange plays a major role in elastic proton-
proton scattering at high energy but low momentum
exchange regimes. For this work, we assume the pomeron
as spin-2 tensor particle and the Lagrangian is given
by [48,49]

Lp = ~igpP" G Wy 0w, (1)

where P* is symmetric spin-2 tensor field, y is Dirac

proton field, 1/7(5,,1// = (0,W)y —wo,y and the coupling
gp = 3 x 1.87 GeV~! as used in Ref. [48]. The totally

symmetric tensor Q’/,;”/ is defined by
1y 1 oy ry
= (et + o) @

The corresponding vertex function of the pomeron-proton-
proton coupling is given by
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ith,(q.q") = —igeGu v (d, + qv). (3)

where g and ¢’ are the incoming and outgoing proton/
antiproton momenta, respectively.

For the spin-3 odderon exchange interaction, the effec-
tive Lagrangian reads

g@ » 1o _ <> hig
[:@ = — ﬁ QHvr gﬁl/l;ip l//y;/ av' a//l//v (4)
0

where O is the spin-3 tensor field that is totally
symmetric under the interchanges of the Lorentz indices,
1.e., QWP = QYPH = QPHY = OQHPY = QPP = OPYM. In order
to obtain the effective Lagrangian in Eq. (4), in addition, we
have followed the construction of the higher spin field
coupling to the nucleons in Ref. [48] by adding the twist-2
operator as shown in Appendix B of Ref. [48] and all
detailed discussions therein. Moreover, the coupling gg
is a free parameter in this work and it carries the same
mass dimension as introduced for gp. The M, is the mass
parameter set at M, = 1 GeV. In the latter, we will see that
this parameter is absent in the scattering amplitude and
introduced only for proper mass dimension. The totally
symmetric tensor G/ is used to ensure that the lower
indices (u,v,p) of the vertex functions, I'y, is totally
symmetric tensor. It is defined by

|

1)

v 1 / 7 / ! 7 / / ’ / ! 7 /
=gy (et + Ao+ o+ o o
A+ A ). (5)

According to the Lagrangian in Eq. (4), we can write the
Feynman rules for the vertex function for Lg as

. . g® 10
iCop(q.4') = it o vu(dy +a,)(dy +qy). (6)

where g and ¢’ represent the incoming and outgoing
momenta of the proton/antiproton of the vertex functions.

B. Scattering amplitudes of the pp and pp
elastic scattering

Next step, we will calculate the amplitudes for the
elastic pp and pp scattering processes under the external

momentum specifications as p(q,)p(q2) = p(q3)p(qs)

and p(q1)p(q2) = P(q3)p(qs) for pp and pp elastic
scattering processes, respectively. In addition, we assume

that the elastic pp and pp scatterings are mainly domi-
nated by the pomeron and odderon exchanges since other
mesons and Reggeons exchange contributions are negli-
gibly small in these processes at TeV scale.

By using the standard method in QFT [92], the elastic pp
scattering amplitude of the pomeron exchange is given by

M = (p(g)pl(gs)] T exp (i / £p<x>d4x) 1p(a)p(@2)).

.y
V) —

= _lg%P’ Hiv M(q3)Yy’l (CI3,1/’] + ql,v’l )M(ql)I'Aﬁlé’ll/l;my2 (S7 t)

X uiziﬁ(ﬂu)h;(ch,u; + qa.)u(q2) Fe (1), (7)

and the elastic pp scattering amplitude of the pomeron exchange is given by

iMZ = (p(qs)p(qs)|: T exp (i / cp<x>d4x) 1p(a1)p(42)).

ey
MV —

= ~ig5 G 0(90)7 (q1., + 3.0 )0(q3)iAG" 2 (s, 1)

X QZ§Z§L_!(CI4)7”'Z(Q4,V'Z + @2, u(q2) Fp(1)°. (8)

For the propagator of the spin-2 pomeron Aﬁ;)l’;”/’/’, we
employ from Ref. [48] and it takes the following form:

1 1
iAﬁ,y'pg(S,t) :4_ ¢ GO+ ¢ g _Egﬂygpu (—i(lﬁms)apm_l,
S

©)

with the conventional linear pomeron trajectory [48,49]

|
ap(t) =1+ ep + apt, (10)

ep =0.0808, and af =025GeV2,  (11)

where the terms, 1+ ep and ap represent the vertical
interception and slope of the pomeron trajectory, respec-
tively. This formulation of the spin-2 pomeron propagator
is an alternative approach to studying soft high energy
hadronic collisions. This formalism can be reproduced in
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several experimental data. In addition, the pomeron propa-
gator with the Donnachie-Landschoff ansatz in Eq. (9) is
proposed by Heidelberg group [48]. Finally, the pomeron-
pp/pp coupling form factor reads

toHy t \! o\ 2
= (1-—2) (1 =—— 1——
7ot = 4mf,ﬂN>< 4mf,> (1-05)

M,:ﬁ, Hr 27928, m3=071Gev2. (12)

2 KN

This form factor is the standard Dirac form factor of proton
and it is widely used to study the pp and pp scattering. See
more details discussions and its consequences of the form
factor in Eq. (12) in chapter two of Ref. [93].

We turn to consider the elastic pp and pp scattering
amplitudes for the spin-3 odderon exchange contribution.
Having used the same manner, the pp scattering amplitude
is calculated and one finds

iME = (p(3)p(qn)|: T exp (i / c@<x>d4x) p(a)p(@2)).

gﬂﬂlplp] (CI%)Y”] (Q3 2 +q Dl)(Q3.p1 + QI,p]) u(Ql)iAg/p;ﬂyp (S’ t)

x g”,,?y/iffzu(q4)yﬂz (G4, + G20,) (ap, + 42,,) u(q2) Foo(1)7, (13)

while the amplitude of the pp scattering with the odderon exchange reads

iMEP = (p(q3)p(qs)l: TCXP( /E@ (x)d*x ) |P(q1)r(q2)),

g . , Lo A
@ glljlblpl U(Ql)]’ul ((’Il,y] + q3,l/1) (ql,p] + (’I3,p1) U(QS)ZAgpﬂyp (S, t)

x gﬁ/’yi,ezu(%) Vi (Qaw, + 420,) (Qap, + G2,,) u(q2) Fol1). (14)

In addition, we have modified the proton form factor in
Eq. (12) for the odderon coupling to pp by adding new
three free parameters, A, B, and C as

At p Bt \ ! Ct\2
Folf) = 1_p>(1_) <1_> (s
o(?) < 4m? py 4m? m?, (13)

The A*171#2%2P2 (5 1) term is the propagator of the spin-3
particle in momentum space. By analogy to the spin-2
tensor pomeron proposed by [48], we introduce the spin-3
tensor odderon propagator with the Donnachie-Lanschoff
parametrization and it reads

5 (0) =i [l )

Zgﬂ”g‘ﬂgﬂ] ~iags)©V7, (16)

ag(t) = 1 +eg + agt, (17)

where )~ stands for the sum over all distinct combinations
of the Lorentz indices (uvd) and (por), for instance,

zg;wgﬂ/)grf‘r = g;wgﬂ/)g(n + gﬂygﬂn’gpf + gﬂyg}ﬂgpo’
C

+ gﬂﬂgy/)gn"r + gﬂﬂgyﬁgpf + g,ui.gm’g/m'
+ gw{g/,t/)gn"r + gulg/,mg/n' + gyﬂg;ng/m" (18)

The mass parameter M is a free parameter in this work and
itis introduced in order to correct the mass dimension of the
odderon propagator. In addition, we consider the param-
eters €g and ap, as free parameters. However, the condition
€g < ep is imposed due to the fact from the experimental
data that the total cross sections of both pp and pp are
identical at very high energies. In the other words, the
pomeron exchange contributions for elastic pp and pp
scattering at the Regge limit always dominate over odd-
eron. Moreover, the tensor structure of the spin-3 odderon
propagator has been constructed in Ref. [94]. We close this
section by giving the definitions of the four-momentum
conservation, the on-shell mass of the particles, and the
Mandelstam variables as
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q1 + 9> = g3 + 44, q

s =(q1 4 q2)* = (g5 + q4)*. t=(q3—q1)

In the next section, we will provide the analytical expres-
sions of the differential cross section for the pp and pp
elastic scattering with pomeron and odderon exchanges and
fit the model parameters with the experimental data of the
pp and pp elastic scatterings at TeV scale.

III. RESULTS AND DISCUSSIONS

A. Differential cross section formulas

In this subsection, we will provide the analytical for-
mulae of the differential cross section with respect to the ¢
variable and then the model parameters in the present work
will be determined by fitting with all available experimental
data of the pp and pp elastic scatterings at TeV level. The
differential cross section of the pp and pp scattering is
given by [49],

dePr/rp 1 1 ]
— — Mpr/pp|2,
dt 167rs(s—m%)4z| |

spin

(20)

First of all, let us briefly discuss the definitions of the
scattering amplitudes of pp and pp in the pomeron and
odderon exchange picture. Considering the amplitude
M¢(s,t) of an elastic scattering for the a +b — a + b
process in s channel. While the corresponding elastic
scattering by crossing to the u channel as a +b — a + b
with the amplitude M“ (u, t). According to the crossing
symmetry of the scattering amplitudes, they are symmetric
under interchange between the Mandelstam variables, s
and u, as

DOIMPPP = S (ME P = [MEP M| = (M M|+ | ME).

spin spin

and S OIMIPE = S (MEP -+ IMETME| 4+ [ME MY+ |MEP).

spin spin

= (C]4 - 612)27

s+t—|—u:4mf,,

2

u=(q94-q1)° = (63— ) (19)

M (s, t,u) = M (u,1,5). (21)

Moreover, the amplitude M., is defined from M4/ a5
(M (s,1) £ M(s,1)).

M(s, 1) = (22)

N —

Interchange s — u, one finds that the amplitude M, is
invariant under the crossing symmetry whereas the ampli-
tude M_ changes the relative sign. We therefore call M,
and M _ as even and odd under the crossing symmetry. As
a result, one observes that the M, and M _ correspond to
the even and odd under charge conjugation, respectively.
Since the interchange s — u is equivalent to charge
conjugation transformation (C), i.e., changing particle-
particle scattering to particle-antiparticle scattering. We
therefore identify M, and M_ as pomeron (Mp with
C=+1) and odderon (Mg with C = —1) exchange
amplitudes, respectively.

As discussed above, we can define the total amplitude of
the elastic pp and p p processes with pomeron and odderon
exchange diagrams at the tree level as follow

MPP = MEP — MEP, (23)

MPP = MEP + M. (24)

The absolute square amplitudes of MPP and MPP,
averaged over unpolarized initial spin states of incoming
particles, are given by

(25)

(26)

The explicit forms of the absolute square amplitudes with an average sum over initial states can be calculated in the

following forms:

Z|Mép|2 =Tr [(%3 + mp)y,u/] (CI3,L/I + QI,I/’] )(%1 + mp)yu; (‘B,yg + CIlJ/g)

spin

X (44 + mp)}/ﬂ/z(q4,b/2 + QZ,Z/Z)(éZ + mp)}/u;(Q&ug + QZ,I/Q)1|

ay i sy i
% gt VL H3Y3 Yy APy
IpYuv Yuzvs Yy Ypuv,

4
L I [ )
16gp { 4mj; /‘N] 2

~ 4 8
][]

B <aﬁms>2€p+zlxl’p[’

Aﬁ;‘yl Haln (S, t)Alﬂ?w;ﬂu/zt (S, t) f[p(t)4

(27)
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Z|M6”|2 = Tr[(% +mp)7u (G5, + q10,)(@3,, + f]l,pl)(ﬁl +mp)a, (@35, + 915,)(@35, + Q15,)

spin

x (;é4 +m,)70, (G40, + G20,)(Gap, + G2, 2 + M) 72, (G20, + G22,)(qa, + C]z,p)}

QI:]V]PI ’l_jzﬁl';)/’zgz/z;iﬁzgz;t:/;l/MAﬂl’PMVﬂ (S [)Alﬂfﬂll vp' (S t)f@( )

Eﬁl-go[ }_4/4[)}[3 SZ(abs)2€@+2abl’ (28)

Z|M£ngp*| = Tr[(¢}3 +my)ru (@30, + 1) (1 +mp)7a, (430, + 415,) (@35, + 41.5,)

spin

X (s +mp)1 (Ga, + G20 (o + )77, (qa5, + 425,) (G4, + qm)}

ng“’;@ ﬂi”i Zsl_/l_/gﬁz Z%Z;gﬂ?lﬁu[MAﬂwl Mz”z(s t>AMV/’MV/’ (S l)fp( )ZfO(t)Z

2 HUp
2 2
329[12»9@[ o ﬂi} [1 g ”_p]
m2 u dmy, py o sl Neptdat( il Negt+aat
~ 2 7 2 757 (—iaps) ! (iags) 0T, (29)
o1 =] [ -] [ -] 1 -]

Z|M£ﬁ|2 =Tr [(él - mp)yy’l (qS.b’] + QI,D’I )(%3 - mp)yyg (qS,yg + QI,I/S)

spin

x (44 + mp)yu’z (‘]4,1/7 + 42 1/2)(42 + mp)yug(Q4.u’4 + QZ,DQ)}

T A3V aHOYs AHAYs A ViV H3V33H4ls 4
Xg[FD 101 H3V3 T oo 144’/4A ( ’I)AP (S’t)fp(t)

4
16gp[ 4;1 }
u
14 A: 8S2<afps>2gp+2dptv
P D

~

(30)

Z|M6ﬁ|2 = Tr[(él =)V (@30, + Q10 (@3, + Q1p) (3 = 1)77, (@35, + 012,) (@35, + 915,)

spin

X (¢14 +m,) 70, (Gan, + 920,)(Gap, + G2,,) 2 + M) 72, (G20, + G22,)(dap, + Q2,p4)}

G Gt Y 0.0 (5. o 1)

4
64g® [1 —A—g&}

4m,, HN € o
| cz}ss%aas)z (31)
Rl P

P

D
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DM MY = T

spin

[(%1 - mp)y;/] (Q3,1/] + ql.l/’] )(%3

= mp)7a, (G35, + 915) (@35, + Q155)

X (fs +m o)V, (dayy, + %,w)(%z +m,) 75, (G4, + 925,)(qap, + Qz,m)}

ngG) H\V| fizD3p3 Vs
gﬂ]yl 30303 22gﬂ

HUp Halo
O

2
2GR |1 - ]’ |1 -

”45;;7/)4A/41V1 le/z(s I)A/“/p/”p (S t)fp( )sz(t)z

At_Hp 2
4m3 py

~
~

2 4 2 4
2 T -2 -]
4 D p D

s2(—iaﬁms)é'””“’ﬁﬂ”(iabs)ew%‘, (32)

where the Regge limit, s >> t, m%, has been applied for the approximations to obtain the final results. Here we have used the

following normalizations and sum over spin of the spinors as

ﬁr(p’ mp)us(p’ mp) = 2mp5rsv

@r(p’ m[))vs(pv mp) = —2mp5m,

where r and s are spin indices of the spinors. As results, we
note that Y, [ME|> = Y [ME[> with X =P, O.

Next, we will present the scalar amplitudes of the
pomeron and odderon exchanges as Ap and Ag, respec-
tively. Having used the results in Egs. (27) and (28), they
are written as

Ap(s,t) = 42 F2 (s, 1) (—isal )% s, (34)

Aols. 1) = SR F(s.1) (isa) %05, (39)

where F2(s,t) and F3(s,t) are defined by Egs. (12)
and (15), respectively. Here the amplitude of the pp
scattering is given by

APP(s,1) = Ap(s, 1) — Ag(s, 1). (36)
According to the optical theorem, one can write the total
cross section formula as

o7 — lImAPP(s 0) = %Im[.AP(s, 0) = Ag(s.0)]

= Im |43 (—ias)® — gg%(—ia'gs)e@ ) (37)

In the following subsection, we will use the total cross
section in Eq. (37) to compare with the data from the
TOTEM collaboration at the TeV scale after the model
parameters are chosen.

> up,
> v(p.my)v,(p,m))

mp)ﬁr(pv mp) = Aé + mp,

= ﬁ_mp’ (33)

B. Parameters fitting and discussion

In this section, we perform curve fitting of the model
parameters with experimental data. As mentioned in Sec. 11,
we have six free parameters, i.e., the odderon-p p coupling
constant gg, €g, ap and the modified odderon-pp form-
factor parameters A, B, and C. The observed value for
differential cross sections of pp and pp scattering,
dc®® /dt, come from various experiments with the center
of mass energy ranging from 1.8 TeV [95] for pp, 1.96 TeV
[81] for pp and [80] for pp, 2.76 TeV [96] with 13¢ and
430, and 7 TeV [97] and 13 TeV [98] for pp scattering.
Since we are interested in the small —¢ limit, we only use
the observed data with the linear relation between the
differential cross section and the momentum exchange
because the effect of the pomeron and odderon is highly
manifested in the linear regime of the differential cross
section. We define y? function as

N % (a‘)r‘nodel _ %obs 2
t ! tj
){2(01-) = Z ( J@obs ’ ) ’ (38)

dtj

where «; are six parameters (gg.€g,ag,A,B,C) and
j=1,...,N is the index of the data points associated with
the momentum exchange, —¢. In order to obtain the best fit
parameters, we minimize x> functions using IMINUIT
[99,100]. The results are shown in the Table I. Note that
the errors are calculated using the Hessian matrix where
more details will be provided in the Appendix.

The central values of gg, @p, €g. A, B, and C are
consistent among various datasets. The odderon mass can
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TABLE I. Summary of best fit parameters for each dataset.

Description 7 d.o.f 9o ap €o

1.80 TeV pp [95] 0.076 49 9.346(+0.563) 0.188(£0.040)  0.055(£0.009)
1.96 TeV pp [80], pp [81] 0.516 17 14.927(+1.754) 0.158(£0.036)  0.064(+0.018)
2.76 TeV pp [96] (130) 0.036 12 25.114(£3.574) 0.199(£0.042)  0.070(+£0.020)
7.00 TeV pp [97] 0.048 83 9.888(£0.468) 0. ZOO(iO 047)  0.060(+0.006)
13.0 TeV pp [98] 0.009 150 9.725(+0.346) 0.200(£0.024)  0.063(£0.004)
Averages 13.800(£1.112) 0.189(£0.038)  0.062(£0.011)
Description A B C mg

1.80 TeV pp [95] —1.340(40.193) 0.242(£0.262) 0.436(£0.117)  3.213(+0.611)
1.96 TeV pp [80], pp [81] —0.855(40.195) 1.448(+0.394) 1.044(£0.151)  3.497(+0.884)
2.76 TeV pp [96] (130) —1.430(40.167) 7.730(£1.374) 0.064(£0.113)  3.112(£0.773)
7.00 TeV pp [97] —2.388(40.265) —0.060(£0.312) 0.469(£0.144)  3.116(£0.519)
13.0 TeV pp [98] —2.342(40.145) —0.087(£0.175) 0.455(£0.082)  3.113(£0.291)
Averages —1.671(4+0.221) 1.855(+ —2.121)  0.493(4+0.264)  3.201(40.609)

be calculated from its Regge trajectory at the pole, t = m2

with ag(m?) =J =3 as

1—1—6@

/

, (39)
g

J=3

which is consistent due to its dependency on e€g and «;.
The quality of parameter fitting can be determined using
the minimized y> per degree of freedom. Among the
available datasets, the best parameters with sufficient
statistics come from the pp-TOTEM 13 TeV data.
However, using this particular data alone leads to an
overfitting problem; i.e., these parameters lead to unsat-
isfying fits with pp datasets. We, therefore, take a more
global analysis using the combined y? function of all
available datasets. We then use the parameter fitting from
the combined dataset as the representation of our model.
The model differential cross sections comparing with
experimental data are shown in Fig. 1. We have provided
the statistical error analysis in detail in the Appendix.
By using the Eq. (39) with the best-fit parameters, €g and
ap from the combined dataset, one can determine the
masses of the odderons with J = 3, 5, 7 as shown below,

mo(JPC = 377) = 3.201 £ 0.609 GeV,
mo(JPC = 577) = 4563 £ 0.868 GeV,

mg(JP€ =777) = 5.603 + 1.066 GeV. (40)
We note that the lowest mass (pole position) of the tensor
odderon with spin-3 is around 3 GeV. In addition, the Chew-
Frautschi plot of the odderon Regge trajectory is depicted in
Fig. 2. The odderon mass results in the present work are
consistent with Ref. [52]. In that work, the authors consid-
ered the odderons as the oddballs in the double pole Regge

model with spin-3, -5, and -7. Then, the masses of the
odderon are extracted from the experimental data. According
to the literature review, we found that the theoretical
estimation such as SU(3) lattice QCD for isotropic and
anisotropic cases [24,25,45], Wilson loop approach [30],
vacuum correlation method in QCD [28,29], QCD sum
rules [21,82,83], relativistic many body framework [46]
give the ranges of odderon masses as 3.5-4.5 GeV for
spin-3, 5.0-5.5 GeV for spin-5, and 6.0-6.5 GeV for spin-
7. We note that the theoretical model estimations in the
literature of the odderon masses are a bit heavier than the
mass estimations from the data in this work by about
0.3 GeV. However, the spin- 3 odderon mass from the double
pole Regge model gives mB” =3.001 GeV [52] which is
lighter than our work. From the results in Table I, the
odderon trajectory slope, ag = 0.189 GeV~2, and the pom-
eron slope, ap = 0.25 GeV2, coming from Donnachie-
Landschoff fit [13,14] are compatible with approximation
ag R Ap.

On the other hand, we obtain ¢g = 0.0620 < 1. As a
result, the best-fit value of ap and eg in this work
correspond to the assumptions in Ref. [48] that ay = ap
and eg < ep(=0.0808), which we use for fixing the
parameters ag and e€g due to the lack of data used to
constrain at that moment.

It is important to discuss the ability of our spin-3 odderon
model to explain the measured small value of the p
parameter [101], by considering the interference of the
real part with the Coulomb interaction at very small 7. The p
parameter is defined by

Re[APP(s,1)]

Im[A77 (s, 1)]° (41)

p(s.1) =

where the APP (s, t) is given by Eq. (36). In order to explain
the amplitudes of our model in the near-forward angle
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FIG. 1.
parameters from the combined dataset fit.

region of Re[A”P (s, t)], we follow the argument presented
in Ref. [102]. We first discuss Martin’s assumption
[103,104] that is used to explain the so-called geometric
scaling of the real part of the nuclear amplitude, A(s, t), in
the near-forward direction of pp elastic scattering. It has
been shown in Refs. [102,103] that

Re[A(s,T)] = p(s.T)Im[A(s, T)] + T%Im[A(s, 7, (42)

where we defined 7 = —¢. We note that the imaginary part
of the nuclear amplitude, is zero at T =T, i.e.,

pp 2.76 TeV (TOTEM) 130

+ data
—— model
E
5 10714
E
8
=)
©
1072
0.40 0.45 0.50 0.55 0.60
-t (Gev?)
pp 1.96 TeV (DO+TEVATRON)
B ® data (TEVATRON)
‘.\ X data (DO)
S —==- model
10° 4 (S
& \\.
%) ~
9 ~a
o SN
E \\
= 10-14 SN
g 10 -
8
®
~
he )
\\
1072 5 RN,
0.3 0.4 0.5 0.6
-t (Gev?)
pp 13 TeV (TOTEM)
+ data
—— model
102 4
%
Q
Q
E
T 10'1
o
el
10° 1

0.05 0.10 0.15 0.20 0.25 0.30
-t (Gev?)

The best fit plots of the differential cross section of the pp (blue plots) and pp (green plots) vs the model results with the

Im[A(s, T;)] = 0. Integrating Eq. (42), one finds

/ "' Re[A(s, T)]dT = p(s. T)TTm[A(s. T)][1=1 =0.  (43)

0

The expression above implies that the imaginary part of
Im[A(s,0)] > 0, which means that the real part of the
nuclear amplitude must change sign between 7 = 0 and
T = T;. This leads to
Re[A(s, Tg)] =0,

where 0 < Tp < T;. (44)
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. /
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m2 (GeV?)

FIG. 2. The Chew-Frautschi plot of the odderon Regge trajec-

tory is depicted by using the ay, = 0.189 GeV~2 and ¢ = 0.062

from combined data set fitting in Table I. The masses of the

odderon with spin-3, -5, and -7 including the error of the fitting
parameter estimations with red dots are given by Eq. (40).

In order to obtain a nuclear amplitude that is compatible
with experimental data for Coulomb-nuclear interference
region, the nuclear amplitude should demonstrate geo-
metric scaling. When we apply the amplitude provided by
our model in Eq. (36) in combination with the fitted
parameters shown in Table I, we notice that the numerical
outcomes of the real and imaginary parts of Eq. (36) do not
satisfy the geometric scaling condition. According to this

lell

A(s,t) (mb.GeV2)

—0.25 A

—0.50 A

-0.75 A

-1.00

—— Re A(Ys =7TeV, t)
-—- IMA(S =7TeV, t)
—— Re A(YS =13TeV, t)
-=- ImA(Ys = 13TeV, t)

0.00

0.05

0.10

0.15

0.20

condition, both real and imaginary parts should be positive
at small 7. Specifically in our model, the imaginary part
begins from a positive value at t = 0, whereas the real part
starts from a negative value. Therefore, to satisfy the
geometric scaling, the amplitude in Eq. (36) requires a
phase rotation (for example, the Berger-Phillips model was
modified in Ref. [102]). To obtain the correct geometric
scaling of our nuclear amplitude based on Martin’s
assumption, we apply the phase factor to the original
amplitude in Eq. (36). The resulting amplitude is denoted

by APP(s, ) and it reads

AI’P(S’ t) — eid)(s.t) APP(S, t)
= —Re[APP(s,1)] + iIm[APP(s,1)],  (45)

where the phase ®(s, ) is given by

D(s, 1) =2mc; —i ln<ilm[App(S, 1)] — Re[ AP (s, t)]>’

iIm[APP (s, 1)] + Re[APP(s,1)]
(46)

where ¢; € Z is an arbitrary constant that is proportional to
the initial values of the amplitude. We note that the factor
e®) changes the relative sign of the real part of the
amplitude in Eq. (36). The numerical results of the real and
imaginary parts of the modified amplitude, A”” given in
Eq. (45) and the p parameter are depicted in Fig. 3. As a
result, the real and imaginary parts start from positive and
the real part changes the relative sign before the imaginary
part for both /s =7 and 13 TeV as shown in Fig. 3(a).
Furthermore, the p parameter for /s = 7 and 13 TeV start

— V5=7Tev
3 ——- V5 =13Tev

-10.0 T
. 0.3

0.4

0.5

-t (Gev?)

(a) Numerical plots of the real (solid line) and imaginary

(dashed line) parts pf the modified amplitude, ./Tpp(s, t)
in Eq.(45) for /s = 7 TeV (red) and 13 TeV (blue).

FIG. 3.

-t (Gev?)

(b) The numerical results of the rho parameter for /s =
7 TeV (red solid line) and 13 TeV (blue dashed line) are
plotted with respect to —t.

In the left panel, the real part starts from positive and falls to zero before the imaginary part, which satisfies the geometric

scaling from Martin’s assumption for low —¢ region. In the right panel, the plots of the p parameter for /s = 7 and 13 TeV have similar
shapes and are qualitatively compatible with the analysis done in Ref. [102].
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(a) The red line represents the total cross-section, which
is the sum of the spin-2 pomeron and the spin-3
odderon. The purple line shows the contribution from
the spin-2 Pomeron, and the blue line represents the

contribution from the spin-3 odderon.

—— Spin-2 Pomeron + Spin-3 Odderon
Spin-2 Pomeron + Spin-1 Odderon
—— Spin-2 Pomeron
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(b) The plots aim to compare our model’s predictions
with the spin-2 pomeron and spin-1 odderon models
constructed in Ref.[48]. As shown in the literature,

using the same parameter values for pomeron and
odderon, their separate contributions are identical.

FIG. 4. The left panel plot in Eq. (37) shows the total cross section of the pp scattering with exchanges of pomeron spin-2 and odderon
spin-3 and the separate contribution to the total cross section from the spin-2 pomeron and the spin-3 odderon. We used the averaged
fitted parameters from the combined data set in Table I, and our model is in agreement with the TOTEM pp results at the TeV region.
Our model also matches the extrapolation of the TOTEM data at 1.96 TeV for the pp scattering, and all data points are within the
prediction band of our model. Additionally, we compared our model with the one in Ref. [48] on the right panel, and we found that the
total cross section from the average values of the fitted parameters in our model is lower than the data, whereas the spin-2 pomeron and
spin-1 odderon are higher than the data. See the main text for further discussion.

from the positive and change the relative sign to the
negative around —f =~ 0.12 GeV?. Interestingly, our results
correspond to conclusion of Ref. [102] that the real part of
the nuclear amplitude equal to zero at — =~ 0.12 GeV?. In
order to reproduce the experimental data from the p
parameter at 13 TeV given by LHC [101], our model
requires a more detailed modification of the amplitude.
However, we have postponed this task to future work.
We close this section by considering the total cross
section of the pp in our model. The relevant parameters
from the combined dataset are substituted to the total cross
section formula in Eq. (37). Then, we plot the total cross
section as a function of center of mass energy (1/s) as shown
in Fig. 4(a) and we found that our model of the odderon as
Regge oddball spin-3 is compatible with the TOTEM data
for pp scattering at the TeV regime. In particular, the
extrapolation of TOTEM data for the pp total cross section
at 1.96 TeV is also laid within the error band of our
model. It should be noted that the large error band in the
predicted total cross section is due to the uncertainty of
the parameter €g. This parameter appears as the power of
the center of mass energy square, s, in Eq. (37), and its
uncertainty is approximately 20%, as shown in Table 1. We
have also separated the contributions of the pure spin-2
pomeron and spin-3 odderon for the total cross section in
Fig. 4(a). Furthermore, it is worth comparing our model’s
prediction of the total cross section to that of the model
in Ref. [48], which utilized gp = gg = 3 x 1.78 GeV~!,

ap = ag = 0.25 GeV~2 and ep = e = 0.0808. In Fig. 4(b),
we found that our spin-3 odderon and spin-1 odderon model
Ref. [48] are qualitatively indistinguishable when compared
to the experimental data of the pp total cross section. This
means the spin average observable cannot determine which
model is better. However, it is possible to differentiate
between the contribution of spin-3 odderon and spin-1
odderon using the helicity amplitude formalism. Using the
best fit parameters ep = 0.0808 and eg = 0.0620, in addi-
tion, the total cross section of the present work in Eq. (37)
has been checked numerically and it also corresponds to a
Froissart bound, i.e., 6 < (In 5)? at s — oo limit.

IV. CONCLUSIONS

In this work, we considered the odderon as the Regge
oddball spin-3. The existence of odderon can be observed in
a study of the difference between pp and pp elastic
scattering. We, therefore, investigate pp and pp scattering
at the Regge limit by including the pomeron and odderon
exchanges in the present work. The effective Lagrangians of
the processes are constructed and the standard perturbative
QFT method is used to calculate the relevant observables in
this work. The pomeron and odderon are identified as the
Regge tensor glueballs and oddballs with spin-2 and -3,
respectively. We have employed the Donnachie-Landschoff
ansatz for the pomeron propagator and the Regge trajectory
with the electromagnetic type of the pomeron-pp form
factor. Furthermore, we also modified the electromagnetic
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type of the odderon-p p by introducing three additional free
parameters. There are six free parameters of the model in
this work (gg, €g. @, A, B, C). Having performed a careful
statistical analysis, all free parameters have been fixed by
fitting with all combined data of the pp and pp differential
cross sections at the TeV regime see results in Table I. After
fixing the free parameters in the present work, the masses of
the odderon spin-3 and their excited states for spin-5 and -7
are estimated from its Regge trajectory by using the best fit
of the combined data set. Considering the best-fit results in
Table I, the oddereon Regge trajectory parameters are found
to be ap = 0.189 £ 0.038 and e¢g = 0.062 + 0.011. These
results are compatible with the assumptions in Ref. [48] that
used to estimate those two parameters as ap = ap and
€o < ep. As a result, we found that the tensor odderon
masses are heavier than the phenomenological approach by
using the double pole Regge model extracted from the
experimental data [52]. On the other hand, the odderon
masses in this work are lighter than other theoretical model
calculations in the literature for all odderons along their
trajectory by about 0.3 GeV. In addition, the geometric
scaling in Coulomb-nuclear interference region can be
demonstrated by applying the phase rotation to the ampli-
tude of our model. Having used the best-fit parameters, the
total cross sections also agree with the TOTEM data in the
TeV regime and its extrapolation from DO of the pp
scattering at 1.96 TeV. The odderon spin-3 contribution
also provided the amplitude in Regge limit that satisfied the
Froissart bound. However, we compare the spin-3 odderon
model and the spin-1 odderon model in the literature and
showed that both models are equally likely to explain the
total cross section data. The helicity amplitude could
be a good framework to distinguish those two models.
According to our findings in this work, the tensor Regge
oddball spin-3 particle is a plausible candidate for the
odderon. Further studies to confirm our conclusion are
needed to investigate other scattering processes such as
polarized proton-proton scattering and photoproduction
process. We plan to do this in the forthcoming work.
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APPENDIX: ERROR ANALYSIS

We provide the detail of the error estimation method in
this section. The errors for parameter fitting in this analysis
are handling outside the IMINUIT package due to inaccuracy
of the results. The errors shown in Table I are therefore
improved by the following. Consider the Taylor expansion
around the minimum of the y* function,

i 1 i %
(@) %22 (@™) + 5 (= @) 0| i

+O((a; — af™)?). (A1)

We can approximate the error of parameter estimation, o;,
using the width of parabolic function defined as

Loy

1
— = A2
o} 20 (A2)

a,-=a;"i"

which is also the diagonal component of the Hessian
matrix. The second derivative of the y? function is obtained
via the finite difference method

0)(2 NIZ(a;nin_’_Aai) +){2(a§nin_Aai)_2)(2(a§nin)

Aa? '
(A3)

Gai ai:aninin

where Aa; is chosen to be sufficiently small compared to
the value of the error. The validity of the approximation is
then confirmed by the comparison between the parabolic
functions and the real y* function shown in Fig. 5. One can
see that both functions agree very well within the range of
error estimations.
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FIG. 5. The comparison plots between the parabolic function using y> = y™" +-“=% (orange line) and the real y* function (blue
line). The combined dataset of 1.96 GeV (pp. pp) is used to obtain the parameter fit in these plots. Each panel represents the variation of
the > function in each particular direction of the parameter space.
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