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Introduction

W The TOTEM publication of the measurements of the o and the pPP
parameter at 13 TeV, prompted a renewal of interest in the potential
existence of the high-energy C-odd (Odderon) contribution.

= The observed value p = (0.09 — 0.10) + 0.01 turned out to be
smaller than the predicted value (p = 0.13 — 0.14) based on Disp. Rel.

[0 The new ATLAS/ALFA data recently confirmed this value of p
= However, the value of o} at 13 TeV reported by the ATLAS/ALFA

team is approximately 5% lower than the average of values determined
by TOTEM
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Introduction

H The relatively small value of p can be explained by the admixture of
the C-odd amplitude, which survives at high LHC energies

= Such amplitude with the intercept ooy close to 1 was predicted by
the perturbative QCD

OO Another indication in favor of the Odderon emerged when the
doPP/dt data at \/s = 1.96 TeV was compared with the corresponding
pp cross section (measured at 2.76 TeV but extrapolated to 1.96 TeV)
in the diffractive dip region

= A clear difference was observed

= It is important to emphasize that this result depends on the specific
extrapolation method between different energy levels
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Introduction

B It should be noted that at very low t close to zero and in the
diffractive dip region, we deal with different C-odd contributions

= To get a well-pronounced dip-bump structure near the dip in
doPP /dlt|, 767,y and rather flat behavior of doPP/dlt|, 41/ the real
part of the Odderon pp amplitude should be positive (in agreement
with perturbative QCD expectation for the three gluon exchange)

= On the other hand, to explain the low value of p at t = 0, we need a
negative Odderon real part

= This negative real part could be induced by non-pert. effects
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Formalism

B Our analysis is focused on differential cross-section data involving
very small values of t

= It requires consideration of the Coulomb-nuclear interference (CNI)
region:

FC+N _ EN | glas(t) £C J

0 We adopt

b 8\ LA A 2l

(t)—/@['y+ln< 1+B/\2 +/\2 In a7t e

where « flips sign when going from pp (v = —1) to pp (k = +1)
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Formalism

= A2 is fixed at 0.71 GeV?

= Biis the t slope of elastic do/dt o« exp(Bt) cross-section
=~ = 0.577... is the Euler-Mascheroni constant

= « is the electromagnetic coupling:

where «(0) ~ 1/137
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Formalism

B The Coulomb amplitude is expressed as

FC = /{SWGZ( )

where G(t) is the electromagnetic form factor of the proton:

o0 =[]

[0 To account for the eikonalization, it is convenient to calculate the
nuclear amplitude in terms of opacities:

Qi(s, b) = / g dq Jo(bg) F(s. 1 J

where | = P, O represent the Pomeron and Odderon exchanges
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Pomeron input

B The single Pomeron contribution is given by

ap(t)
FV(s, 1) = (1) me(t) (Sio)

= np(t) = —e '2°*() is the even signature factor
= (p(t) is the elastic proton-Pomeron vertex
= ap(t) is the Pomeron trajectory,

zﬁ

ap(t) =1+ e+ apt + 3079 h(r)

where

m2

™

h(r) = ——Fz(t) —(1+7)*2In <@>+ln (12

VIit7—1

with e > 0, 7 = 4m?/|t|, m =1 GeV, and m, = 139.6 MeV
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The Odderon input

B From the standpoint of QCD (at the lowest order) the C = +1
amplitude arises from the exchange of two gluons and the C = —1
amplitude from the exchange of three gluons

B Extensive theoretical studies have been directed towards uncovering
corrections to these results, particularly in higher orders

O In this scenario, the leading-log approximation allows for the
summation of certain higher-order contributions to physical
observables in high-energy particle scattering processes

= This approach was widely used in the study of the QCD-Pomeron
through the BFKL equation
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The Odderon input

= In BFKL equation terms of the order (asIn(s))" are systematically
summed at high energy (large s) and small strong coupling o

= The simplistic notion of bare two-gluon exchange gives way to the
BFKL Pomeron, which, in an alternative representation, can be seen
as the interaction of two reggeized gluons with one another

B Beyond the BFKL Pomeron, the most elementary entity within
perturbative QCD is the exchange involving three interacting reggeized
gluons

(0 The evolution of the three-gluon Odderon exchange as energy
increases is governed by the BKP equation

= A bound state solution of this Odderon equation was obtained with
the intercept ap(0) = 1



The Odderon input

B Based on these QCD findings, we adopt in this work the simplest
conceivable form for the Odderon trajectory:

ao(t) = 1 J

B The Odderon contribution is given by

ag(t)
F(s,1) = B3(t) no(t) (S) J

So

= no(t) = —ie~'220() is the odd signature factor

= Po(t) is the elastic proton-Odderon vertex



t dependence of the 3 vertices

B (p(t) and [Bp(t) are parameterized accounting for the observed
deviation from a pure exponential behavior of the low-|t| do/dt data at
LHC energies

= Behavior identified by the TOTEM Collaboration

[0 The TOTEM group has extended the pure exponential to a cumulant

expansion,
Np
exp Z bnt"
t=0 n—=1

where the optimal fit was achieved for N, = 3, yielding x?/DoF = 1.22
and a corresponding p-value of 8.0%

do do
A
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t dependence of the 3 vertices

B Based on this result, we have written the Pomeron- and
Odderon-proton vertices as

Bp(t) = BP(O)e(AH—BtZ—i-Cte') /2 J

and

Bo(t) = Bo(0)e/? J

respectively



Models

B We allow for the low mass diffractive dissociation (Good-Walker
formalism)

= The Pomeron and Odderon couplings to the two diffractive states
|pk) are

Bik(t) = (1 £ 7)Bi(1) J

with i =P or O, and v = 0.55

00 The eikonalized amplitude in (s, t)-space is then given by
A(s t) = is/ b db Jo(bq) [1 _ % oi(1+7)20(s,b) /2
0

T ia—2sb)y/2 _ 1 Li1—y)2a(sb)/2
5 @ 4 e

where Q(s, b) is the total opacity



Models

B We consider two versions for the total opacity with different signs for
the Odderon contribution

I In the first version, referred to as ‘Model I', we have

Q(s, b) = Qe(s, b) F Qo(s, b) }

O In the second version, called ‘Model II’, we have

Q(s, b) = Qp(s, b) = Qo(s, b) J

= In both cases the upper sign is for pp and the lower sign is for pp
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Models

Bl The total cross section and the p parameter are expressed in terms
of the nuclear eikonalized amplitude A(s, f):

otoi(S) = 4?”lm A(s, t = 0)

_ ReA(s,t=0)
P8) = i As.1=0)

B The full scattering amplitude is written as

FCtN(s, 1) = A(s, t) + 24D FC(s 1) J




Models

B Finally, the differential and the total elastic cross sections are given
by

i 2
9% (s 1) = % ‘A(s, t) + €4 FC(s, 1)

and

ool(S) = / dt | A(s, 1)




Results

B The LHC has released exceptionally precise measurements of
diffractive processes

0 These measurements, particularly the total and differential cross
sections obtained from ATLAS and TOTEM Collaborations, enable us
to determine the Pomeron and Odderon parameters accurately

= However, these experimental results unveil a noteworthy tension
between the TOTEM and ATLAS measurements

= For instance, when comparing the TOTEM and the ATLAS result for

of,ff; at /s = 8 TeV, the discrepancy between the values corresponds
to2.6 o
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Results

B In order to systematically explore the tension between TOTEM and
ATLAS results, we perform global fits to pp and pp differential
cross-section data while considering three distinct datasets:

. doPp.pp doPP doPP
Ensemble A: “7; ] | g +
CERN-ISR SppS Tevatron
doPP
dt | ATLAS/ALFA
Ensemble T: 92 4 do® + 9o do?®
d|cern-sR 9 Ispps | 9 ITevawon 9 |TOTEM
. dgbr.pp doPP doPP
Ensemble A@T ar O | e i +
CERN-ISR SppS Tevatron
doPP doPP

Tdt

ATLAS/ALFA dt TOTEM

= We carry out global fits to the two distinct ensembles using a x?
fitting procedure, where 2 . follows a ? distribution with » DoF

= We adopt an interval x?
level (CL).
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Results

B Since the absolute values of cross sections measured at the same
energy by different groups do not agree, we have introduced
normalization factors N; for high-energy do/dt data

= I = 7[A], 8[A], and 13[A] for the ATLAS/ALFA data and i = 7[T],
8[T], and 13[T] for the TOTEM data (here the numbers within the
indices i correspond to the values of 1/s)

= Analogous normalization factors are introduced for the Tevatron
data with i = 1.8[E] and i = 1.8[C], i.e. N; gjg for the E710 data and
N, 8[C] for the CDF data

= Despite being the only data set measured at Vs = 546 GeV, we
also included a normalization factor for do-pp/dt‘\/E:546GeV’ namely

Nsa46



Results

B Furthermore, when dealing with the data sets incorporating
normalization factors N;, we make use of the formula

(N;dst — ds*P)? (1 — N;)?
2 U} U} i
X = Z (5lrjem)2 + Z 52

I

ij i

= i denotes the particular set of data while j denotes the point ¢ in this
set of data

= ds!" is the theoretically calculated do /dt cross section while ds®® is
the value measured at the same jj point experimentally

= ¢; is the normalization uncertainty of the given (/) set of data and
5fjem is the remaining error at the point jj calculated as

(6F°™)? = Oor, — OF

= As a rule the value of 6" is dominantly the statistical error
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FIG.1. Description of the t dependence of the elastic pp- and pp-cross sections measured at CERN-ISR. The dashed and solid

curves depict the results obtained using Models | and Il, respectively
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FIG.3. The same as Fig. 2 but for the CNI region where the Odderon contribution reveals itself
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FIG.4. The same as Figs. 2 and 3 but in another scale to better see the quality of precise 13 TeV data description
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the results for pp and pp channels, respectively, obtained from the global fit to Ensemble A @ T using Model I. These curves are
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FIG.6. p parameter for pp (A, B) and pp (o) elastic amplitude. The dotted and dashed-dotted curves represent the results for
pPP and pf’p, respectively, obtained from the global fit to Ensemble A @& T using the Model I. These curves are indistinguishable.
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Table: Values of the parameters obtained in the global fits to Ensemble A¢ T.

Model | Model Il Model Il
Br(0) 2.24740.013 2.25940.016 2.30740.022
€ 0.11734:0.0021 0.118040.0020  0.113440.0019
ap (GeV—2) 0.12440.024 0.12840.022 0.133+0.023
A(GeV—3?) 5.014£0.20 4.7840.21 4.7240.21
B (GeV—%) 6.6140.99 6.7+1.1 6.941.2
C (GeV—5) 20.445.7 17.7+4.0 17.0+4.2
Bo(0) (0.15 x10~%) 439 0.90+0.18 0.88+0.18
Nsag 0.941 0.933 0.958
N1 g 0.923 0.912 0.944
Nj gic) 1.087 1.070 1.109
Noia 1.015 1.015 1.056
Naa) 1.003 1.003 1.045
Nisia 1.009 1.009 1.052
Noimy 1.077 1.077 1.121
Nay 1.121 1.121 1.167
Niarr) 1.150 1.150 1.200
PPP(\/s = 13 TeV) 0.114 0.111 0.109
PPP({/5 = 13 TeV) 0.114 0.119 0.116
Allowed N; interval [0.85,1.15] [0.85,1.15] [0.80,1.20]
v 504 504 504
X2 /v 1.44 1.11 1.03
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Table: Predictions for o?27°, oPPPP and pPP-PP using Models | and II.

V5 (TeV)
0.541
1.8
7
8
13

These
results were derived for the scenano with D= A/2
Model | Model Il

oior | "t 71 (mb) ”Z;J I Uleaf (mb) PP | pPP oo | ”tot (mb) ”Iejf ‘ "ZJ (mb) o | PP
64.2|64.2 13.2]13.2 0.130 | 0.130 63.8 | 64.1 1833|135 0.117 | 0.144
78.0|78.0 176 17.6 0.124 | 0.124 776|778 17.7 1179 0.116 | 0.133
95.9]95.9 2391239 0.117 | 0.117 95.7 | 95.9 24.0 | 24.2 0.113]0.123
97.9197.9 245|245 0.116 | 0.116 97.697.8 24.7 | 24.8 0.113 ] 0.122
105.1 | 105.1 272|272 0.114 | 0.114 104.9 | 105.1 273|274 0.111]0.119
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Table: Results using Model Il

Ensemble A
D (GeV™2) 0.1A 0.3A 0.5A 0.7A 0.9A
Bo(0) 0.9340.22 0.8540.22 0.804-0.21 0.7740.19 0.74+0.18
Bp(0) 2.3704+0.035  2.38440.036  2.386+0.037  2.3864+0.040  2.3884:0.039
v 332 332 332 332 332
X2 /v 0.96 0.97 0.97 0.97 0.96
PPP(V/s = 13 TeV) 0.105 0.105 0.105 0.104 0.104
pPP(\/s = 13 TeV) 0.113 0.112 0.113 0.114 0.114
R (/S = 13 TeV) (mb) 98.0 98.0 98.0 98.0 98.0
obP(+/5 = 13 TeV) (mb) 98.2 98.2 98.2 98.2 98.1
Ensemble T
D (GeV—?) 0.1A 0.3A 0.5A 0.7A 0.9A
Bo(0) 1.0940.22 0.96+0.18 0.90+0.16 0.86-0.15 0.8340.14
Br(0) 2.236+£0.022  2.258+0.016  2.2604+0.016  2.260+0.017  2.25940.018
v 418 418 418 418 418
X2 /v 1.28 1.30 1.29 1.28 1.27
PPP(\/5 = 13 TeV) 0.112 0.112 0.111 0.111 0.110
pPP(\/3 = 13 TeV) 0.119 0.118 0.119 0.119 0.120
oR(v/5 = 13 TeV) (mb) 104.9 104.9 104.9 104.9 104.9
oPP(\/5 = 13 TeV) (mb) 105.1 105.1 105.1 105.1 105.1
Ensemble A® T
D (GeV™2) 0.1A 0.3A 0.5A 0.7A 0.9A
Bo(0) 1.0940.24 0.9540.19 0.9040.18 0.86+0.17 0.83+0.16
Bp(0) 2.23540.023  2.25740.016  2.259+0.016  2.258+0.016  2.25840.017
v 504 504 504 504 504
X2 /v 1.1 1.12 1.1 1.10 1.09
PPP(V/s = 13 TeV) 0.112 0.112 0.111 0.111 0.110
pPP(\/5 = 13 TeV) 0.119 0.118 0.119 0.119 0.120
oR(v/5 = 13 TeV) (mb) 104.9 104.9 104.9 104.9 104.9
(/5 = 13 TeV) (mb) 105.1 105.1 105.1 105.1 105.1

31/40



0.25 : . . . !

- Ensemble T

0.225

—— Ensemble A

0.2

0.175

0.15

0.125

T
I
|

0.1

0.075

0.05

Vs (GeV)
FIG.7. Description of p parameter for pp elastic amplitude measured by TOTEM (a) and ATLAS/ALFA (H) Collaborations. The
dashed (solid) curve represents the predicted pPP from the global fit using Ensemble T (Ensemble A)

D 4 44 32/40



Conclusions

B The differential pp and pp cross sections do/dt at low |t| < 0.1
GeV? and collider energies (from /s > 50 GeV to 13 TeV) are
successfully described (2 /v = 1.11) within the two-channel eikonal
model

0 To avoid the double counting we do not include in the fit the o4 and
p data (which were obtained from the description of the same do/dt
data points)

B The model accounts for the screening of the Odderon contribution
by the Pomerons including the C-even (Pomeron) and C-odd
(Odderon) multiple exchanges

B To resolve the discrepancy between the TOTEM and ATLAS/ALFA
(CDF and E710 in the Tevatron case) data we introduce the
normalization coefficients, N; writing the theoretical prediction as
do®P/dt = N;do ™"/ dit



Conclusions

B We show that the presence of C-odd (Odderon) contribution
essentially improves the fit; however it does not noticeably change the
predicted value of pPP at 13 TeV

B The main lessons about the Odderon coming from this study are:

— The description using the Odderon improves the fit (the 2 /v is the
lowest one)

— The sign of the Odderon amplitude needed to describe the very
low |t| data is opposite to that predicted by the perturbative QCD
three-gluon exchange contribution
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Conclusions

— The quality of the description weakly depends on the Odderon
t-slope, D, (leading to practically the same values of o4; and p).
However, for smaller D we need larger coupling 8o to compensate for
a stronger absorption caused by the Pomeron screening at small
impact parameters b

— The Odderon-proton coupling, 5o, is smaller than that for the
Pomeron, Gp. For D = A/2 we get 5o /Bp = 0.40, however after
accounting for screening by the Pomeron the final C-odd contribution
to p at 13 TeV becomes quite small, 5p = (pPP — pPP)/2 < 0.004 (see
Table 1) and it will be challenging to enlarge it. Otherwise, we will get
too large pPP at /s ~ 541 GeV in disagreement with the data
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Resummations in QCD

B Every physical observable can be written, in pQCD, as a power
series in ag

— in these series the coupling constant is accompanied by large
logarithms, which need to be resummed

= according to the type and to the powers of logarithms that are
effectively resummed one gets different evolution equations

B The solution of the DGLAP equation sums over all orders in « the
contributions from leading, single, collinear logarithms of the form
asln (QZ/QS)

— it does not include leading, single, soft singularities of the form
asIn(1/x), which are treated instead by the BFKL equation

B The BFKL equation describes the x-evolution of PDFs at fixed Q?
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Resummations in QCD

B The phase space regions which contribute these logarithms
enhancements are associated with configurations in which successive
partons have strongly ordered transverse, kr, or longitudinal, k; = x,

momenta:

= aslg~ 1, asky <1 > K2 > > k2 >

=S asly ~1,aslg<< 1 X< Xp < - € X <€ X
B At small-x and slow Q? (where gluons are dominant) we do not have
strongly ordered k1

= we have to integrate over the full range of kr

= this leads us to work with the unintegrated gluon PDF
9(x, k3):
@ k2
xg(x. )= [ T o0x. )

T
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Positivity
B The phase factor is associated with the positivity property

= However, unlike Pomeron, the Odderon is not constrained by
positivity requirements

= From a theoretical standpoint, this implies that it is not possible to
determine the phase of the Odderon mathematically

[J This issue can be succinctly grasped: in the forward direction the
physical amplitudes F£7(s) can be written as 75 (s) = F(s) + F(s)

] Considering that the only relevant contributions are those arising
from the Pomeron and the Odderon exchanges, we can write the
symmetric and antisymmetric amplitudes as F*(s) = Rp(S) + ilp(S)
and F~(s) = Ro(s) + ilo(s)



(1 From the optical theorem, we have soP577(s)
which implies that

Im F22(s) = ke(8) + Io(s) > 0

— PP
= 4mIm F5,(s) > 0,

and, in turn,

le(s) > [lo(s)]

As a consequence,

b(s) = 3 [ofh(s) + oRa(s)] >0

while

lo(s) = 5 [Utot(s) - Utot( )]

is not bound by the same positivity requirements
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