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Abstract In recent years, the discovery of the odderon,
a colorless C-odd gluonic compound, has been confirmed
in the TOTEM and DO collaborations. However, the spin
quantum number of the odderon remains unidentified. In this
work, we aim to attribute a spin of / = 3 to the odderon in pp
elastic scattering by calculating the helicity amplitudes and
the corresponding complex parameter rs, the ratio of helic-
ity’s single-flip to non-flip amplitudes, for the spin-3 tensor
odderon with the standard spin-2 tensor pomeron exchanges.
Then, we apply these results to the constraints obtained from
the STAR experiment at RHIC. By comparing to the contribu-
tions of the spin-1 vector odderon and spin-2 tensor pomeron,
we demonstrate that the spin-3 tensor odderon, i.e. J = 3,
provides a better explanation for the observable in pp elastic
scattering.

1 Introduction

In soft high-energy collisions, specifically hadron—hadron
elastic scattering with a large center-of-mass energy, /s,
and small momentum transfer, /[¢], the Regge theory of
strong interaction phenomenology has been widely used to
explain these processes. The exchange of particles mediated
by the pomeron trajectory, as predicted by Regge theory, has
proven to be successful in describing such interactions [1].
The pomeron, which corresponds to vacuum quantum num-
ber states of the reggeon, accurately accounts for the rising
behavior observed in the total cross-section of high-energy
hadronic collisions [2—4]. Additionally, it satisfies the Frois-
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sart bound [5,6], which imposes an upper limit on the total
cross-section of two-particle scattering at high energy. The
Froissart bound arises from the Regge trajectory’s vacuum
quantum numbers. Furthermore, the Regge trajectories often
yield a Chew-Frautschi plot [7], which reveals the relation-
ship between mass and spin. This significant plot is utilized
to effectively identify higher spin Regge trajectories.

Nevertheless, when considering pp and p p scattering pro-
cesses, a model based solely on pomeron exchange is found
to be inconsistent with the available data. The emergence of
Quantum Chromodynamics (QCD) provided theorists with
a framework to propose the inclusion of odderon exchange
alongside pomeron exchange, aiming to explain the observed
rising behavior in the total cross section for pp scattering
[8.9].

The odderon was initially predicted in 1973 as a com-
posite state of three reggeized gluons, based on the asymp-
totic theorem proposed by Lukaszuk and Nicolescu [10].
In detail, the odderon contributes to scattering amplitude
by decomposing the amplitude into parts associated with
charge-conjugation exchanges, specifically C = +1 for the
pomeron and C = —1 for the odderon. Two decades later,
the theory of the odderon was further developed within per-
turbative QCD, describing it as a bound state of three gluons
[11]. Subsequently, the pomeron and odderon have been stud-
ied through various approaches, including phenomenologi-
cal Regge theory [12-24], QCD-inspired models [11,25-32],
and string theory or AdS/CFT correspondence [33—42].

In 2021, the TOTEM and DO collaborations made a signif-
icant discovery regarding the existence of odderon exchange
in 7-channel pp and pp scattering at high energies, with
a combined significance exceeding 5o [43]. The analysis,
based on a model-independent approach, compared the pp
elastic cross section at /s = 1.96 TeV, as measured by the
DO collaboration, with the extrapolated values obtained from
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pp scattering at /s = 2.76, 7, 8, and 13 TeV, as measured
by the TOTEM collaboration. This comparison confirmed
the presence of odderon exchange. Subsequently, a theo-
retical study, employing model-dependent methods, further
increased the statistical significance to at least 7.08¢ by com-
paring the differential cross sections of elastic pp scattering
with the extrapolated p p scattering at LHC energies, specif-
ically 4/s = 2.76 and 7 TeV [19].

Furthermore, it is crucial to investigate the spin struc-
ture of the pomeron and odderon. This is because, in elas-
tic scattering, the evaluation of the scattering cross section
requires determining the spin-dependent helicity amplitudes
of the model, using unitarity and optical theorem. Indeed, a
sophisticated framework for understanding the spin structure
involves examining the complex parameter rs, namely the
ratio of spin-flip to non-flip amplitudes [44,45]. A decade
ago, the STAR experiment at RHIC conducted a study on
single-spin asymmetry measurements and derived a strong
constraint on rs as the central value of (0.0017 + i 0.007)
with its statistical and statistical+systematic uncertainties
at /s = 200 GeV [46]. Therefore, to assess the viabil-
ity of pomeron and odderon models, any spin-dependent
observable from these models that are compatible with the
constraint on r5 can be regarded as a candidate model for
pomeron and odderon contributions.

Studies on the spin structure of the odderon date back
two decades when the relevant spin asymmetry Ayy were
demonstrated [47]. In [13], the possibility of pomeron spin
contributions on the r; parameter has been studied based
on helicity amplitudes with the Donnachie-Landshoff (DL)
pomeron ansatz. Using experimental data from the STAR
at RHIC [46], they show that the spin-2 tensor pomeron
gives the most consistent value. Given the recent discov-
ery of the odderon, the possibility of odderon contribution to
the rs parameter has been tantalizing and become an active
field of research. For example, the study on odderon con-
tribution based on diquark model and QCD-inspired model
can be found in [48,49] respectively. Our recent approach
on odderon as a Regge oddball spin-3 with the DL prop-
agator gives a theoretical basis for the odderon calculation
and satisfies several experimental results in pp and p p elas-
tic scattering [50]. Therefore in this paper, we provide an
attempt to attribute the spin of the odderon as J = 3 on
helicity amplitudes in pp elastic scattering by studying the
combined exchange of pomeron and odderon based on the
aspect of spin-dependence reaction.

The objectives of this study are as follows: (1) to cal-
culate the helicity amplitudes of the pomeron and odderon
based on Effective Field Theory (EFT) using DL ansatz for
the pomeron and odderon propagator forms, (2) to calculate
the corresponding complex parameter r5 and then apply to
the constraints of the STAR experiment at RHIC, and (3) to
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evaluate the possibility of attributing J = 3 to the odderon
that contributed with pomeron to the pp elastic scattering.

We organize this paper as follows: Sect.2 provides com-
prehensive details of the theoretical frameworks for the com-
bined model of spin-2 tensor pomeron and spin-3 tensor odd-
eron. This model serves as the main study of our research.
In addition, the combined model of spin-2 tensor pomeron
and spin-1 tensor odderon is also described and is included to
complement the evaluation of our aim. In Sect. 3, we present
the results and engage in detailed discussions regarding the
helicity amplitudes and the evaluation of the observable s
for both combined models. We also compare our findings to
previous studies and assess the implications of our results.
We finally summarize our findings and draw conclusions in
the Sect. 4 highlighting the contributions and potential future
directions of research in this field.

2 Theoretical Framework

The transition amplitude of a scattering process is of great
importance as it generally relates Quantum Field Theory
(QFT) to observable in experiment. However, obtaining
unpolarized cross section for any process requires squaring
the amplitude, which leads to an exponential increase in the
number of terms and renders the calculation of complex pro-
cesses infeasible.

In contrast, the helicity approach directly calculates the
transition amplitude by fixing the basis for the polarization
states of external particles. This framework incorporates a
dispersion approach for crossing relations [51], a partial wave
decomposition of the scattering amplitudes [52], and a con-
nection of the dispersion relation to partial wave amplitudes
[53]. Together, these components form a complete theory of
nucleon—nucleon elastic scattering for low energy, which is
the momentum transfer in this work, denoted as /[].

In this work, we considered the pp elastic scattering pro-
cess where 1, 2 are incoming and 3, 4 are outgoing particles.
Each particle has its corresponding masses m;, four-momenta
p; and helicities h;, where i = 1, .., 4 are the number of par-
ticles. According to our motivation in this work, moreover,
the contribution of the pomeron and odderon exchanges are
considered. The Feynman diagrams of the process are shown
in the Fig. 1.

The kinematics of the process are typically defined as

s=(p1+ P’ = (p3+ py)> =4 +m?),
t=(p; — p3)? = (py — pg)* = —2p*(1 —cos(®)), (1)
u=(p;— py)? = (py— p3)* = —2p*(1 + cos(9)),
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Fig. 1 Feynman diagrams of
t-channel 1 4+ 2 — 3 4 4 elastic
pp scattering with the
intermediate exchanges of
pomeron P and odderon O

p(p1. )

p(p2; he)

where s +1 +u = Zﬁ‘:] m? and p = (E,p), where E
is its energy and p its three-momentum. Additionally, for
equal mass m; = m and c.m. frame p, = p; = p where
—1 < cos® < 1 is the angle between the three-momenta of
particles 1 and 3 in the c.m. frame, the physical region for
t-channel scattering is then given by ¢ > dm?, u<0,5<0
[8].

First, we constructed the combined spin-3 tensor-odderon
model by employing the contributions of the spin-2 tensor
pomeron from [13] and spin-3 tensor odderon from [50].
The Lagrangian given from those works read

Lp () = =i go ¥, () Glo) v B Y, (O P (), (@)

g@ Iyl = <> <>
Lo, () = =245 Gy Vo Ve By By ¥y () 0 ()
(3)

where g, and g are coupling constants and they carry the
T T

mass dimension as [mass]~!, P*¥(x) and Q*"?(x) denote
its descriptions, and P, and @, denote the spin-2 tensor
pomeron and spin-3 tensor odderon, respectively. The mass
parameter M, is a free parameter and is introduced for cor-
recting mass dimension. ¥, is the Dirac field operator of

«— o« = )
the proton. 9, =9, — d,,. The totally symmetric operators
given by

'y 1 ’ / ’ ’
Glom = 57 (8l 8” + L8} 4)
/AN 1 / i / ’ ’ / ’ ’ ’
Gwve) = 31 (gﬁ gy gl +glgl gl + gl gl
M/ v p/ M/ v p/ u/ v p/
+ 8, 8u8p T8, 8,80 +gpgvgﬂ), (5

are used to ensure the totally-symmetric Lorentz indices,
(nv) and (nvp), respectively. Note that the metric tensor
signature in this work is g,, = diag(l, —1, —1, —1).

With using of the standard QFT method [54], the vertices
of the interaction Lagrangian in Eqs. (2) and (3) are formu-
lated as

p(p3, h3) p(p1,hy) p(ps3. hs)

p(pa, ha)

2N

. ]P) . 1.7
iTuh (P, p) = ~i8p, Gy Vi P+ )y T [0 = )°].

(6)
. ©T / . g©T w'v'p' /
Lo (W' PY= =15 " Gy Y (P Py
x (p'+p)y Fo, [P = p)]. (7

where p and p’ are the momentum of incoming and out-
going particles respectively. Also, the coupling constants

— — -1 — -1
8p, = 3f3]P’NN =3x1.87GeV a.nd 8o, = 13.80 GeV
are obtained from [12,50], respectively. The pomeron and
odderon form factors are given by

—1 -2
tp t t

Fp)=(1-—"L)1-— 1——)

0 ( 4mzw>( 4mé) ( m%)

®)

with their corresponding normalization of F;, (0) = 1 and
]—'@T (0) = 1, where the proton mass m p = 0.978 GeV, the
ratio of magnetic moment of proton to nucleon ., /uy =
2.7928, and the squared dipole mass m%) = 0.71 GeV? are
given from [12]. Note that the form factor of the pomeron
has no free parameters whereas for odderon the form factor
is modified by three parameters: A = —1.671, B = —1.855,
and C = 0.493 which is obtained from fitting the model to
several experiments, as shown in [50].

@ Springer



953 Page 4 of 9

Eur. Phys. J. C (2023) 83:953

The corresponding propagators read

1w AW 0o 1A SMWWWWe o7
P.

At Al

L P
IA;MT),,OU(S’ t) =

1
R [gﬂp 8vo + guo gvp

1
zg;u; gpa] (= lSO(]P; )

o (-1

(10)

0, Mg
iA,u,uA pgr(s 1= 72 Zgup(gy,g & T 8vr go)

1 . an (1)—1
_5 Zg/w gxpgnt:| (—lSOl(/D)T) o ’
C

(11

where ¢ and «’ denote the interception deviation and tra-
jectory slope, respectively. For spin-2 tensor pomeron, the
. R _ ) .
trajectory is given by ap_ ) =1+ €p, + a]PTt with the
EPT = 0.0808 and ozﬁ],T = 0.25 GeV2 [12]. For spin-3 tensor
. . _ p
odderon, the trajectory is given by g, =1+ €0, +a©Tt
with the € = 0.062 and a(/@T =0.189 GeV? [50].
Next, we will calculate the corresponding helicity ampli-
tudes in the following forms,
i(hshg|Tp 1h hy) =

(p(p31 hS)P(P4’ h4)| : PHqexp

x (z‘ / @,(x)d“x) 1p(p1s ) p(pys hy))

_ . P .
= U(P3a h3) lrug (P3, Pl) M(Plv hl) lAgU’pg

- P
x (5, 1) i(pgs hy) iT g (Py, P2) u(pys hy), 12)

i(h3hy| Ty, 1hiho) = (p(ps, hs)p(py, hy)| : Texp

X (l'fﬁ@T(x)dA'X) Slp(pys k) p(pys hy))

B .0 . A,
=M(P3,h3)lruuTx(P3 Pl)“(Pl’hl)’Ag} .

x (s, f)M(P47h4)lrpar(P4aPz)u(l’p h,), (13)

where u(p, h) is the Dirac helicity spinor defined in the
Appendix A, T is the time ordered operator, and :: is the
normal order operator in the standard QFT [54].

According to the invariant under the parity conservation
(P), charge conjugation (C), time reversal (7), and conser-
vation of total spin, total helicity amplitudes of the two-body
fermion-fermion scattering are reduced from sixteen down to
five independent amplitudes, as seen in [8]. Thus, the scat-
tering amplitudes of the odderon are included, with a minus
sign, in the exchange as shown in [50]. The scattering ampli-
tudes of the pp and p p are written by

@ Springer

<h3h4|7;,3|h1h2> = (h3hy|Tp + Tglh hy), (15)

where 7, and 7 are the transition matrices of the pomeron
and odderon, respectively. Consequently, the generic form
of the independent helicity amplitudes defined in [8,44,45]
as ¢; = (h3h4|T |h1hy) are then decomposed into pomeron
and odderon contributions related to the transition matrix 7°
as given by,

¢l ) = (T I+ ) =+ +1Tp — Ty | ++),
¢ (5.0 = (++IT | = =) = (++Tp, — T | - ),
¢35 (0 = (+ =T |+ =) = (+—=Tp, —Tp | +-)
¢i" (5.0 = (+ - H =+ —1T, —Tg | -+

¢ (D = (F T [+ =)= (++Tp —Tg |+ ),
(16)

’

TT
17,, | —

where plus (+) and minus (—) signs in the states correspond
to right-(x4) and left-(x ) handed helicities, mentioned in
the Appendix A, respectively. Physically, ¢, and ¢5 are spin-
flip amplitudes, ¢, and ¢, are double-flip amplitudes, and @5
is single-flip amplitude. The superscript “T T denotes the
consecutive letters as tensors for spin-2 tensor pomeron and
spin-3 tensor odderon. Note that we will apply the Regge
limit (s > ¢, m) to each amplitude.

Finally, the general form of the ratio of helicity’s spin-flip
to non-flip amplitudes given by [45], see also [13], as

2m, pIT (s, 1)
V=tIm[¢I T (s, 1) + I T (s, )]

I'T(s, 1) = (17)

In addition, to get a convenient form for presenting the
results of this work and comparing them to others, we defined
the reduced amplitudes as

b0 = (5,0/Co (5.1),

0 o (18)
¢i T(S’ t) = ¢i T(s’ t)/C(O)T (Sv t)7

where i = 1, .., 5 is the index of independent helicity ampli-
tudes as used in (16), and the common factors are defined
as

. 1 (t)—1
Cp, (5.1 =i gf F () —(=isap )T,
8 -1 (19)
_2 R
C@T (s, 1) = 5 g@T T .

2 ) ~(—isap)

For the odderon as a spin-1 vector particle, we, therefore,
constructed the combined spin-1 vector odderon model in
order to calculate and compare the results to that of the com-
bined spin-3 tensor odderon.
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The Lagrangian of the spin-1 vector odderon from [12]
reads

Lo, (¥) = —gg, Mo ¥p(x) v, ¥p(x) O (x), (20)

where g, = is the coupling constant, O (x) is the descrip-

tion of the spin-1 vector odderon. The corresponding vertex
reads

) .
T p) = —igo, Moy, Fo, [0 =], @D

where the form factor is defined the same as the pomeron,

-1 -2
t t t
f@v(t)z <1_47&) <1—47) (1—_2) ,
mp LN my mp

(22)

with normalization .7-'®V (0) = 1. The corresponding propa-
gator reads

1 MMM

0,
A;u‘/

(0) 8 -1
i (5,0 = i (s )" (23)
0

where the odderon trajectory is a (1) = 1 + €5 +ag ¢
Vv Vv Vv
with both €5 = 0.0808 and ocb = 0.25 GeV? are also
V |4

taken from [12]. Thus, a form of the corresponding helicity
amplitudes are

i(h3h4|7@v |hyhy) = (p(p3, h3) p(pg, hy)l = Texp
X (i/ﬁ@v(x)d4x) Sp(pys h)p(py, hy))

_ .0 .
= ”(P3s h3) lFuV(P3s Pl) ”(Pl’ hl)lAg;

X (s, 1) u(py, h4)i1"9‘/ (P4 P2) u(py, hy). (24)

Consequently, we defined the independent helicity ampli-
tudes of the spin-1 vector odderon in the same manner as the
previous case,

¢V (s D=(++ TV |+ )=+ + T —Tp | ++),
$3" (5. D=+ 1T | = =)=+ +1Tp, —Tg | - ).
¢3" (5. D=+ — 1T |+ =)=+~ 1Ty, —Tg |+ ),
¢;" 6. 0=+ = 1T, | = H)=(+ = Tp, = Tg | =+

¢3" (s, D=+ +1T,0 | + )=+ +1Tp —Tg | +-), (25)

where the superscript “TV” represents the spin-2 tensor
pomeron and the spin-1 vector odderon exchanges in pp elas-
tic scattering and the corresponding result of the 5 parameter
reads

2m, 1V (s, 1)

V=tIm[pTV (s, 1) + TV (s, )]

riVis, 1) = (26)

In the same manner, we defined the helicity amplitudes in the
following form,

~0 [0)
¢V (s, )=, " (s, t)/C@V (s, 1), (27)
where the corresponding common factor reads

ag, (-1

Co, (s:1) = 8B, 5, (t)%(—i sag,) (28)

In this section, we have formulated the relevant observable
from the helicity amplitudes in pp elastic scattering. We have
also categorized the complex parameter r5 as the results of
two models: (1) the 7] 7 from the spin-2 tensor pomeron with
the spin-3 tensor odderon exchanges and (2) the rST V' from
the spin-2 tensor pomeron with the spin-1 vector odderon
exchanges. We will compare the theoretical results from the

rIT and r'V with the experimental data in the next section.

3 Results and discussion

The purpose of this research is to explore the possibility that
the odderon with the spin J = 3, alongside the pomeron,
contributes to pp elastic scattering. Therefore, the observable
as a complex variable r5, namely the ratio of spin-flip to non-
flip amplitudes, of the combined exchange of the odderon
and pomeron is evaluated from their corresponding helicity
amplitudes.

First, we have calculated the helicity amplitudes of the
spin-2 tensor pomeron () and spin-3 tensor odderon (0)
contributions, by using (16), in the Regge limit (s > t, m).
The results are shown in the Table 1.

@ Springer
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Table 1 The reduced helicity amplitudes of the pomeron (P;) and
odderon (O and Qy,) contributions

[FDT @T ®V
b5, 1) 8s2 952 8s2
by (s,0) 10m2¢ 10m2¢ 16m2t
by, 1) 8s2 952 8s2
by(s.1) —10m2¢ —10m2¢ —16m>t
(135(5', 1) —SmPs«/—t —9mp&/—t —8mps\/—l

According to (17), the result of the spin-3 tensor odderon
is written as

m? (9 Co, (5.1) =8Cp (5.1)
sIm@ECp (s.1) = 9Cq (5.1)
(53—i22)x 1077,

TT
rsg (s, 1) =

(29)

where the numerical result in the last line comes from the
STAR experiment at RHIC [46] as /s = 200 GeV and no
t-dependent (¢ = 0).

Similarly we have worked out the spin-1 vector odderon
(Oy ) contribution. The helicity amplitudes from (25) are cal-
culated using the results in the Table 1. Thus, the correspond-
ing result according to (26) is given by

mf,(c@v (s.1) = Cp_(s.1))

TV _
5= SIn(Cp (5,0 = Cg, (5,1)"

(1.7—i22) x 107°.

(30)

We then evaluated our results of r5T T by comparing to
that of the spin-2 tensor pomeron studied in [13]. The con-
straints on the r5 from the STAR experiment at RHIC [46]
are applied to these results for their validity. As shown in
the Fig. 2, the central value of the complex parameter r is
obtained from the experimental study of spin-single asymme-
try A of polarized pp elastic scattering at /s =200 GeV
[46] as (170.0 +i 170.0) x 1073 with the corresponding sta-
tistical uncertainties o, = £(170.0 + i 300.0) x 1073 and
statistical+systematic uncertainties Ogtarsys = £(630.0 +
i570.0) x 1077,

The value from the pure spin-2 tensor pomeron model is
given as a benchmark, rSPT = —(0.284i2.2) x 1077 [13].

Notice that the real part of rf T is negative which is similar to
the result from the study of QCD-inspired dipole model [49].
The value lies outside the range of the statistical uncertainties
while it remains inside the statistical+systematic uncertain-
ties.

The main result of this work is the value of rST T of the
combined spin-3 tensor odderon model which has a positive
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----- Stat.+Syst. Error = o
- ' L
1 - ]
Stat. Error ' o’ U
5 — 1 . ’
1 & .
1 g 2
.. ® tensor pomeron $ . .
A .
4
| = comb. vector odderon ’
L4
2, 4
| ¢ comb.tensor odderon s
, 4
.
- . L4
Ll - R 1

Im r5 (1072
o
L T I
/
~s ™
\~~

o r 0.01F ‘ l
] e 1| Y A T
o 0 1 2
1 I 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I
-5 0 5 10
Re rs (107%)
Fig. 2 The statistical (solid ellipse and cross) and statisti-

cal+systematic uncertainties (dashed ellipse and cross) of the r5 [46].

The pure spin-2 tensor pomeron (black circle) [12] is r? . The com-

bined spin-1 vector odderon (blue square) is rST V-and combined spin-3

tensor odderon (red diamond) is rST r

real part. This comes from the fact that the contribution of the
odderon has the opposite sign against the pomeron, as defined
in (16) and (25), see also [8,50]. This value is compatible with
the constraints given from the STAR experiment at RHIC
[46]. Importantly, the clear tendency toward the central value
obtained from the experiment indicates the improvement of
the model compared to the pure spin-2 tensor pomeron model
[13].

In addition, the value of rST V of the combined spin-1 vector
odderon model is properly valid the same order as in the pure
spin-2 tensor pomeron and combined spin-3 tensor odderon
models. Superficially, the real part has the positive value as
the previous case. However, despite the tendency, its distance
to the central value obtained from the experiment is farther
than the result of the combined spin-3 tensor odderon model.
This means that the spin of odderon is likely to be J = 3
rather than J = 1.

4 Conclusion

In spite of the discovery, the spin-dependence aspect of the
odderon contribution in pp elastic scattering has not yet been
thoroughly investigated. Due to the fact that the odderon is
respected as a charge-conjugation partner of pomeron, the
observable of the model naturally requires the inclusion of
both pomeron and odderon contributions.
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Therefore, we have constructed the combined models of
spin-3 tensor odderon and spin-1 vector odderon with the
spin-2 tensor pomeron by using the DL ansatz for estab-
lishing the propagator forms. In each model, the complex
parameter rs, as a result, has been calculated from the helic-
ity amplitudes of the models. Both models have been applied
to the constraints given from the STAR experiment at RHIC

[46]. In detail, at first, we have reproduced the parameter VS]P r
of the pure spin-2 tensor pomeron with the free parameters
given from [13]. The result of the spin-2 tensor pomeron is
identical to that of in [13] and compatible with the study
of [49]. Next, the parameter rST T have also been calculated
from the combined helicity amplitudes of the spin-2 tensor
pomeron and the spin-3 tensor odderon. This combined spin-
3 tensor odderon model is the main target of our study. The
result of the combined spin-3 tensor odderon model is valid
with the constraints obtained from the experiment. Also,
given that the positive sign of the Re r5T T against the negative

sign of the Re r? T reflects the charge conjugation partner to
the contribution of the C-even pomeron and C-odd odderon.
Then, we worked out the parameter r5T V' of the spin-1 vector
odderon in the same manner as the spin-3 tensor odderon.
We have found that, despite the same tendency, the result of
the combined spin-1 vector odderon model is farther from
the central value than the combined spin-3 tensor odderon
model. Finally, we plotted all the results with the constraints
from the experiment and drawn the conclusion that the spin-
3 tensor odderon is more likely to contribute to pp elastic
scattering.

The contribution of the pomeron and odderon are expected
to be dominated at TeV energy scale in pp elastic scattering.
In fact the parameters of our model have been chosen from
the best fit of various experiments [50]. However, in this
work the model is subjected to the constrain from the lower
energy experiment of /s = 200 GeV which is the only
available data for the observable r5 of spin-dependence pp
elastic scattering at the present time. Therefore the future
experiments at higher energy would shine the light on the
odderon contribution in helicity amplitudes

The fact that our results are still outside the statistical
error of the constraints given from the STAR experiment at
RHIC indicates that the other relevant exchanges could be
introduced into the reaction at lower energy scale in order
to explain the experimental result. Therefore, as described
in [12], the other contributions for the exchange in the reac-
tion, such as f, 5, d,5, @p, P and y, are of interest to study
further and we leave these topics for future works.
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Appendix A: The helicity spinors and kinematics

The central results in this work are helicity amplitudes of pp
elastic scattering with the pomeron and odderon exchanges.
Therefore, in order to make the calculations in this work
transparently and well organized, it is worth fixing the nor-
malization of the Dirac spinors and their helicity conven-
tions. With u, (p, m) us(p, m) = 2mé,s normalization, one
can write the Dirac helicity spinors as

uy(p,m) =~E+m ),
KXy
u (pom)y=vE+m| " |,
L (A1)
—cx,
vp(p,m) =~E+m X ,
L X
KXy
v (p,m)=~E+m o 1
| Xt
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where k¥ =

e = Hoy = WI-pLad p =
V1 —4m?/s. While the two-component spinors read

| cos(0/2) | —sin(68/2)
= 1 edsin@/2) |0 KT [ ef? cos@)2) |

where ¢ is the angle in the spin-related plane of the particles.
The four momenta of the particles are read, (Fig. 1)

(A2)

s
Pl = %(1,0, 0. 8),

N
Pl = %(1,0, 0, -B).

(A3)
-

Py = 7(1, Bsind, 0, BcosB),
pf“ = \/75(1, —Bsin6, 0, —B cosb).

In addition, all momenta are fixed the directions on the
c.m. frame scattering plane as

p:0=0,¢=0,
py:0=m,¢p=m,
p3:9,¢20,

Py 0=m—06,¢p=m.

(A4)

In the Regge limit (s > ¢, m), moreover, the trigonometric
functions of the c.m. frame angle can be written in terms of
the Mandelstam variables as

sin(0/2) ~ /—t/s,
cos(0/2) ~ 1,

sin(0) ~ 2,/—t/s,
cos(0) ~ 1,
cos(20) =~ 0.

(AS5)

We will use all notations and conventions introduced above
carry out the calculations throughout this work.
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