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Abstract: Based on the Froissart-Martin theorem, the Regge theory and the possible Odderon exchange, the total

cross-section o, and the ratio of the real to imaginary parts of the forward scattering amplitude p in the pp and pp

elastic collisions in the TOTEM energy region are studied in the FPO model. We consider the contributions of the

Froissart bound and of the Pomeron, Reggeon and Odderon exchange terms in the scattering amplitude of the pp and

pp elastic collisions. Using the Odderon intercept ao(0) = 0.5, our theoretical predictions are in good agreement with

the recent results of the TOTEM experiment. These results show that the Odderon, corresponding to the odd elastic

scattering amplitude, is likely to exist.
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1 Introduction

The search for the Odderon has concentrated for a
long time on the difference between particle-particle and
antiparticle-particle scattering at high energies. The t de-
pendence of pp and pp elastic collisions was measured at
the CERN ISR and SPS [1-3], and a marked difference
was found between the differential cross-sections for pp
and pp elastic collisions at s = 52.8 GeV. (%)[—,p is
smooth for that momentum transfer, but (%’)W has a
characteristic dip around | 7| = 1.35 GeV’. The total cross-
section o/ and the ratio of the real to imaginary parts of
the forward scattering amplitude p,, at /s =2.76 TeV, 7
TeV and 8 TeV were measured by the TOTEM collabora-
tion at the LHC [4-9]. Recently, the TOTEM collabora-
tion measured the total cross-section o = (110.6 £3.4)
mb [10], and the ratio of the real to imaginary parts of the
forward scattering amplitude p = Re/Im = (0.098 +0.01)
[11] for the pp elastic collisions at /s = 13 TeV. There is
some experimental evidence for the Odderon, related to
the scattering amplitude with odd parity C = —1 under
charge conjugation. In particular, the TOTEM experi-
mental data show a possible contribution of the odd sig-
nature amplitude to the total cross-section. Evidence of
the Odderon would lead to many interesting aspects of
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high energy scattering in QCD.

Let us make a very short review of the Odderon.
Regge proposed a new method for calculating the scatter-
ing amplitude in quantum mechanics in 1959 [12, 13].
The Regge theory assumes that the scattering amplitude
is an asymptotic function of the center-of-mass energy +/s
and four-momentum transfer ¢. It relates the orbital angu-
lar momentum J and the mass M of particles with the
same quantum numbers (charge Q, baryon B, strangeness,
isospin /, etc.) as J = ag(t = mz), the Regge trajectory [12,
13]. For two-hadron collision process 1+2 — 3+4, the
total cross-section increases slowly with energy
Tiot(s) ~ s 1 and should vanish for s — co. In fact, the
total cross-section does not vanish as the energy in-
creases. The interaction between colliding particles is ex-
plained by the exchange between them, the so-called
Regge trajectory. In the Pomeron exchange model of the
1960's, the Regge theory framework was widely studied.
The Pomeron is different from the intercept (ag < 1) of
the Regge trajectory for all existing particles in nature,
and its intercept is ap ~ 1.08>1. The Pomeron is assumed
to be an object composed of two gluons in a colorless
state with a C-parity of C = +1. Hence the Pomeron may
have a close relative with a C-parity of C =—1. The relat-
ive, the Odderon, was proposed in 1973 by Lukaszuk and
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Nicolescu [14].

QCD is the fundamental theory of the strong interac-
tion. It was discovered in early 1973. In perturbative
QCD, the Odderon is considered to be composed of three
interacting reggeized gluons in a symmetric color state
[15, 16]. In many theories, it is assumed that the Odder-
on leads to a difference between the total cross-sections
of particle-particle and particle-antiparticle collisions, and
many models have been proposed [17—24] to explain the
experimental data for the pp and pp elastic collisions.
Does the Odderon exist? If the existence of the Odderon
is experimentally confirmed, it would become a very in-
teresting object in high energy scattering in QCD.

We attempt to build a relationship between the Regge
theory and the QCD dynamics. We first describe the pp
and pp elastic collisions at high energy by using the
crossing symmetry and unitarity [25-27]. In Sec. 2, we
introduce a very important consequence of analyticity -
the crossing symmetry - and present the related formal-
ism of the total cross-section o and the ratio of the real
to imaginary parts of the forward scattering amplitude p
in the FPO model. In Sec. 3, we give our theoretical pre-
dictions and a comparison with the TOTEM experiment-
al results. A comparison with other calculations of the
Odderon intercept is given in Sec. 4. Our summary and
concluding remarks are presented in Sec. 5.

2 Crossing symmetry and the Odderon

In quantum field theory, the amplitude of the two-to-
two elastic collisions process in the w-channel
1+4 —3+2 (Fig. 1(b)) can be obtained from the amp-
litude of the two-to-two elastic collisions process in the s
-channel 1+2 — 3+4 (Fig. 1(a)). As a consequence of
analyticity - the crossing symmetry relationship - we have

F]+Z‘—>3+Q(s’t’ u) — F1+2_)3+4(u,[, S). (])

The fermion-antifermion elastic collision with an
amplitude F'*?~1*2(s,1) can be obtained from the fermi-
on-fermion elastic collision with an amplitude
F1*2=1+2(5 1) by crossing to the u-channel

Fl+i—>1+2(s’t) — F1+2—>1+2(S,t)' (2)

Let us now define two new amplitudes F+ using
F'2(s,1) and F12(s, 1) such that

Fi(s,0) = %(FIZ(S, N+F'2(s,1)), 3)
F'2(s,0) = Fo(s,0) + F_(s,0), )
F'2(5,1) = Fo(s,8) = F_(s,1). )

For fermion-fermion and fermion-antifermion elastic
collisions, the amplitude F. is the same. It has an even (or
positive) C-parity, C = +1. It is considered that its main

(a) (b)

Fig. 1. Feynman diagram of the crossing symmetry in the
two-to-two elastic collisions.

contribution is from the Froissart bound, a Reggeon-
Pomeron exchange at high energy. The amplitude F_
changes sign from fermion-fermion to fermion-antifermi-
on elastic collisions, and corresponds to an odd (or negat-
ive) C-parity, C =—1. It is dominated by the Odderon ex-
change and its contribution does not decrease rapidly at
high energy. F, and F_ are called even and odd amp-
litudes under the crossing symmetry.

2.1 Amplitude F}7

Proton is a compound fermion. The proton-proton and
proton-antiproton elastic collision process satisfies the
crossing symmetry in quantum field theory.

Let us now define two amplitudes F. for the pp and
pp elastic collisions

Fu(s,0) = %(F”p(s,t)iFﬁp(s, ). (6)

From Eq. (6), we get the following expressions for the
amplitudes of pp and pp elastic collisions composed of
the even amplitude F, and the odd amplitude F_ under
the crossing symmetry as

Fop(s,0) = Fi(s,0) + F_(s,1), @)
Fpp(s,t) = Fy(s,0) = F_(s,0). ®)

2.2 Unitarity and the Odderon

In the 1960's, the process pp — p+X; + X» + -+ - (groups
of particles) + p, has been recognized [28, 29] as shown in
Fig. 2(a, b).

Large rapidity gaps (LRG) separate small groups of
particles (Xi). These groups of particles may be
Reggeons, Pomerons and Odderons. The gaps between
them may cause a problem of unitarity.

A consequence of unitarity is the Froissart-Martin
theorem [25, 26]. The total hadronic cross-section grows
as a logarithm of energy. Specifically

/e N
Ttor < —210g2(—), 9)
ms S0

where sg is a free parameter, §= <, The usual Froissart
20
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Fig. 2. The elastic collision process of p+p — p+ p and
ptp—op+p.

bound coefficient is m2, -5 =20 mb. The total hadronic
cross-section rapidly increases and is 10 barns at the LHC
energy.

In the Regge theory [12, 13], the scattering amplitude
F(s,f) for the process 1+2 — 3+4 can be expressed by
a(t) as

—ima(t)
Frioo344 = THST,B(I)‘SW)- (10)

B(t) in Eq. (10) is a product of two factors which de-
pend only on the coupling of the exchanged object to the
scattering particles, as shown in Fig. 3.

B(®) = Br2(D)B34(D), (11)
a(t) =ap+a't. (12)

a(r) in Eq. (10) is the Regge trajectory of a particle;
ap is the intercept of the particle trajectory, and a' its
slope.

We define our Froissart Pomeron Odderon model
(FPO) such that the contributions of the Froissart bound
and of the Pomeron, Reggeon and Odderon exchange are
taken into account in the forward amplitude F(s,?) of the
pp and pp elastic collisions.

The even forward amplitudes F, of the pp and pp
elastic collisions are given as the sum of three parts: the
first part, F¥, saturates at the asymptotic bound of the
Froissart-Martin theorem. The second part FZ, is given by
the Pomeron pole with an intercept of about 1. The third
part, FR, describes the conventional Regge poles and

Brz

Y
A 4

1 2
3 Bsa 4
Fig. 3. Illustration of the Reggeon, Pomeron and Odderon
exchange.
cuts.

F.=F1+FP L FR (13)

F% in Eq. (13) denotes the contribution of the Frois-

sart bound to the forward scattering amplitude of the pp

and pp elastic collisions. The capital H is for "Heisen-
berg".

1 2J1(Ki 7

L pt (s, 1y a2 52 1KD)

1s K. 7

.
+BIn3Jo(K.T)exp(b; 1)
+H[Jo(K: ) — (K. T)J (K. D)lexp(b31),  (14)
where Jy, J; are the Bessel functions, and 4, B, H, K. and
by (k=1,2,3) are constants.

exp(b}1)

1
5= iexp(_ziﬂ), with so=1GeV?,  (15)

S0

t
f:,/—t—m, with 7o =1 GeV>. (16)
0

Ff and F® in Eq. (13) denote the Pomeron and
Reggeon contributions to the forward scattering amp-
litude of the pp and pp elastic collisions, and are ex-
pressed as:

(@p()—-1)
%Ff(s, ) = Cexp(Bpt) [i - Cot(gap(t))] (5) (17)
ap(t) = ap(0) + apt, (18)
with
ap(0)=1 and a)p=0.25GeV?2, (19)
%F R(5.0) =Dexp(Br?)
ar()—-1
X [i sin (gaR(t)) —cos (gaR(t))] (s_sg)( o
(20)
ar(?) = ar(0) + agxt, (21)
with
ar(0)=0.5, (22)
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where C, D, Bp and Bg are constants.

The conventional odd forward scattering amplitude of
the pp and pp elastic collisions in Regge theory is ob-
tained by the Odderon exchange

F_=F°. (23)

1
—F(_)(s, 1) =Eexp(Bot)
s

. P s (ao(n-1)
x [sin(zao(t)) + icos(zao(z‘))] (S—O) ,
(24)
where E and B are constants, and
ao(t) = ao(0) + apt, (25)
with
@0(0)=0.5. (26)

2.3 The total cross-section and the ratio of the real to
imaginary parts of the forward scattering amp-

litude

Based on the optical theorem for purely elastic colli-
sions, the total cross-section is related to the elastic for-
ward scattering amplitude F(s,z = 0)

1
oo = ImF(5.1=0). @7)

We can then obtain the even and odd cross-sections
under the crossing symmetry from the even and odd for-
ward scattering amplitudes F, and F_:

1
Oeven = ;ImF+(s,t =0), (28)

1
Todd = ;ImF_(s,t =0). (29)

The total cross-section for the pp and pp elastic colli-
sions is composed of even and odd cross-sections under
the crossing symmetry:

pp _

Otot = Oeven T 0 odds (30)
pr _

Oiot = Oeven —0odd- (€29)

The Froissart bound contribution to the total cross-
section for the pp and pp elastic collisions can now be
written as:

o = Aln’ 5+ Bln3. (32)

The Pomeron, Reggeon and Odderon exchange terms

in the scattering amplitude lead to the cross-section ex-

pressed by the Pomeron, Reggeon and Odderon traject-
ory as

of « ()01 with ap0)=1, (33)

oR ()01 with  ag(0)=0.5. (34)

Here, ap(0) and ag(0) are the intercepts of the Pomer-
on trajectory ap(t) and Reggeon trajectory ag(z).

The Odderon exchange contribution to the total cross-
section of the pp and pp elastic collisions contains the
odd forward amplitude F_, and is given by

)@~ with  @p(0) =0.5, (335)

ao(0) is the intercept of the Odderon trajectory ao(?).

The difference between the total cross-sections of the
pp and pp elastic collisions is the Odderon term, which is
due to the odd forward scattering amplitude. In other
words, the odd cross-sections of the pp and pp elastic
collisions change sign under the crossing symmetry. The
even and odd cross-sections can be written as

Teven %Im[Ff +FP 4+ FR

=ImilA|ln > —iZ In—_iZ
S0 2 S0 2

5\ O] . 5 \O-1
+c(—) +Dsin(—aR(0))(—) . (36)
S0 2 S0

O'OOC(S

2
+B

1 . s a(0)-1
ogs = L ImF© = Ecos(—ao(O))(—) .6
s 2 50

The corresponding total cross-sections o can be re-
written respectively as

PP _
O ot =0 even T O odd

2
=A[1n2(i)—"—]+31ni
S0 4 S0
ap(0)-1 ag(0)-1
+C(i) +Dsin(EaR(O))(i)
S0 2 S0
x 5 \2O-1
+Ecos(§ao(0))(s—0) s (33)
Ttot =0 even — O odd
2
s b8
=A|ln*[ = |- =
)

5\ (01 . 5 \axO-1
+C(—) +Dsin(—aR(0))(—)
S0 2 S0

+Blni
S0

ao(0)-1
- Ecos(gao(O))(s—O) . (39)

The ratio of the real to imaginary parts of the forward
scattering amplitude p(s) is defined as [30],
ReF(s,t=0)
P = P =0)
In the FPO model, it can be written for the pp and pp
elastic collisions as:

(40)

024105-4



Chinese Physics C Vol. 44, No. 2 (2020) 024105

5\ -1 x 5 |-
A7r1n—+B——Dcos< aR(O))( ) —Esin(—a/o(()))(—) ]
2 2 S0

S0
Pep = 2 s @O - @O - RO (1)
s{AlI?| = |-=|+Blh=+C|= +Dsin(—aR(O)) — +Ecos(—a/o(0)) —
S0 50 50 2 50 2 50
s x ax(0)-1 ao(0)—1
slAnln— +B— —Dcos aR(O) ( ) +Esm ao(O) ( ) ]
S0 2 S0 S0
Ppp = S\ 2 P 5 \@rO-1 x ax(0)-1 x ao0)-1) (42)
s{A|In*[=|-=|+Bln—+C|— +Dsm(—aR(0)) —Ecos(—a/o(O))
so) 4 50 50 2 2
oo and p are therefore parametrized in terms of five T —
parameters A, B, C, D and E. 140 [
o Data pbarp ]
130 r o Data pp J
3 Numerical results e edel pbarp s

The total cross-section o and the ratio of the real to
imaginary parts of the forward scattering amplitude p in
the pp and pp elastic collisions are calculated using the
above formulism. The fitted values of the parameters of
our FPO model in Eqgs. (38, 39, 41, 42) are given in
Table 1. Comparison between our theoretical predictions
and the experimental data are shown in Fig. 4 and Fig. 5.

Table 1. The fit values of the parameters used in the FPO model.

parameters/mb fitted number error
A 0.25 +0.05
0.1964 +0.0056
C 38.0 +1.6
D 48.0 +10.0
E 40.2910 +2.0005

As can be seen from Fig. 4, there is a good agree-
ment with all experimental data [1-11], including the new
data by TOTEM for ol at /s = 2.76, 7, 8 and 13 TeV
[4-11]. However, the ATLAS and cosmic data are in-
compatible with the TOTEM data and our theoretical pre-
dictions. The ATLAS measurement for o/ at /s =
TeV is (96.07+0.92) mb, but the new TOTEM measure-
ment for off at /s = 8 TeV is (102.9+2.3) mb and
(101.542.1) mb. Our theoretical predictions are consist-
ent with the new TOTEM data. In Table 2, we show all
TOTEM data compared with the FPO predictions.

We show in Fig. 5 the ratio of the real to imaginary
parts of the forward scattering amplitude p as a function
of the center-of-mass energy +/s. The theoretical curve
from the FPO model is also given in Fig. 5. One can see a
good agreement between the TOTEM measurement of
PP (0.12+0.3) at s = 8 TeV and our prediction.
However, the TOTEM value of p?? (0.098+0.01) at /s =

024105-5
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Fig. 4. (color online) The total cross-section of the pp and

pp elastic collisions (in mb) as a function of the center-of-
mass energy /s (in GeV) given by the FPO model. Meas-
urements by ATLAS and TOTEM in the whole energy
range explored by the LHC [1-11], and the cosmic ray data
are also shown.

0.24 -

= Data pp
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® Data TOTEM
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Fig. 5. (color online) The ratio of the real to imaginary parts
of the forward scattering amplitude p in the pp and pp
elastic collisions as a function of the center-of-mass energy
/s (in GeV) given by the FPO model. Measurements by
TOTEM in the whole energy range explored by the LHC
[1-11] are also shown.
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Table 2. TOTEM measurements for ot and p and the results of the
FPO model.
G{;,:/mb O'{zf/mb Ppp Opp
Vs/TeV
TOTEM FPO TOTEM FPO
2.76 84.7+£3.3 85.4 - -
7 98.6+2.2 99.7 - -
98.0+2.5
8 101.5+2.3 101.9 0.12+0.3 0.121
102.9+£2.1
13 110.6+3.4 109.9 0.098 £0.01 0.110

13 TeV is smaller than our theoretical prediction.

4 Comparison with other calculations of the
Odderon intercept

In Ref. [31], the Reggeon-Pomeron exchange model
is proposed to describe the proton- antiproton elastic scat-
tering

FPP(s,1) = FR(s,0)+ FF(s,0). (43)

The total cross-section in the Reggeon-Pomeron mod-
el is the sum of two terms:

Tt = X5 O~ 4y O-1) (44)

where the Pomeron intercept ap(0)=1.08 and the
Reggeon intercept ag(0) =0.5 fit the experimental data
perfectly in the region of center-of-mass energy
5.3GeV < s<2TeV.

The total cross-section of the pp and pp elastic colli-
sions in our FPO model is given by the sum of four parts:

ahhtot) = o+ Cs™ O 4 DO~ £ Es @71 (45)

We expect a value of the Odderon intercept of about
0.5 in the fit. It is interesting that the Odderon intercept is
much smaller than the Pomeron intercept.

Various calculations were performed of the Odderon
intercept. The Bartels Kwieciiski Praszalowicz (BKP)
equation [32, 33] is known to give an excellent descrip-
tion of the Odderon in perturbative QCD. The Odderon
singularity is the solution of the BKP equation for three
color symmetric gluons. The Odderon intercept ag is cal-
culated by the variational method as

Neag 3

ao(O) =1+ U-)BKP(O) =1+ 583, (46)

where N, = 3, and @, = 0.2 is the QCD coupling constant.
The BKP equation has two explicit solutions. The in-
tercept ap of the BLC Odderon solution [34] is equal
tol,
ao(0) =1, (47)

while the JW solution [35] gives the Odderon intercept as

ao(0) = 0.96. (48)

Let us assume that the Odderon intercept in our FPO
model is the solution of the BKP equation. Our result is
compatible with —%83 =—2.625, which is a supercritical
Odderon, so that the Odderon intercept is @p = 0.5.

We compare our result to other calculations in Table
3. A number of possible solutions were found in [34—43].
Different schemes of variational calculation were pro-
posed, so that the corresponding Odderon intercepts are
also different. As can be seen from Table 3, the Odderon
intercept lies in the interval 1—(N.a,/7)2.625 < ap(0) <
1+ (Noay/m)4.16.

Table 3.  Comparison of our result with other calculations of the
Odderon intercept.
—%53 ao(O):l+%%53
our result -2.625 0.5
Ref. [38] >-2.0 >0.6
Refs. [39, 40] >-0.45 >0.91
Ref. [41] >-0.339 >0.94
Ref. [35] —0.24717 0.96
Ref. [42] 0 1
Ref. [34] >0.37 > 1.07
Refs. [36, 37] 2.41 1.46
Ref. [43] <4.16 <1.79

5 Summary and concluding remarks

We propose a new approach to investigate the phe-
nomenological Odderon based on the crossing symmetry,
the Froissart-Martin theorem and the conventional Regge
theory, which we call the Froissart Pomeron Odderon
model (FPO).

We have calculated the total cross-section and the ra-
tio of the real to imaginary parts of the forward scattering
amplitude in the pp and pp elastic collisions in the FPO
model. With a smaller number of adjustable parameters
than other models, the FPO model provides a fit to all ex-
isting experimental data for the high energy pp and pp
elastic collisions, including the new TOTEM data for /%
at+/s =2.76, 7, 8 and 13 TeV, and the new TOTEM data
for p [4—11]. The results show that the Odderon, which
includes the odd amplitude F_, predicts the difference
between the pp and pp elastic collisions.

We assume an Odderon intercept ao(0) = 0.5, which
corresponds to the odd amplitude F_ in the Regge limit.
Many models have studied the Odderon intercept
[34—43], with the values of the intercept of exactly one or
close to one. We also considered two cases in our model,
a non-maximal Odderon with an intercept equal to 0.5
based on the fit results, and an Odderon which couples to
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external particles. We will continue to study the case of
the maximal Odderon, and the Odderon intercept in gen-
eral.

The Odderon is identified as a triple-gluon exchange
in pp and pp scattering. The new TOTEM data for o
and p could be considered as an experimental proof of the

Odderon. Our next goal is to extend the FPO model to the
nuclear slope parameter [44] and the differential cross-
section %’ [45], and use the Odderon to explain the dip
mechanism in the differential cross-section %’ at high en-
ergies.
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