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THE DISCOVERY OF THE ODDERON
BY THE D0 AND TOTEM COLLABORATIONS 1

After a brief introduction of the odderon, we will describe its experimental discovery by the D0
and TOTEM collaborations by comparing 𝑝𝑝 and 𝑝𝑝 elastic scattering data and by combining
it with the 𝜌 and total cross section measurements by the TOTEM collaboration.
K e yw o r d s: high energy, elastic interactions, pomeron, odderon, spectrometer.

In this report, we describe the discovery of the odd-
eron by the D0 and TOTEM collaborations [1].

1. Strategy to Observe the Odderon

In order to observe potentially the odderon [2–9], one
of the best methods is to study elastic interactions,
𝑝𝑝 → 𝑝𝑝 or 𝑝𝑝 → 𝑝𝑝 in 𝑝𝑝 and 𝑝𝑝 interactions. These
are very clean events, where nothing is produced in
addition to the two intact protons/antiprotons. In or-
der to measure these events, it is needed to detect the
intact protons after interaction in dedicated detectors
installed in roman pots. We use the LHC or Tevatron
magnets as spectrometers. The protons are scattered
at small angles, since they lost part of their energies
with respect to the beam energy and deviate from
the beam thanks to the magnetic field of the LHC or
Tevatron magnets on the beam line.

The fact that both protons are intact after the col-
lision can be explained by the exchange of a color-
less object, which can either be a multiple number of
exchanged gluons (2, 3, 4, ...) or photons between
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the two protons. Pomeron and Odderon correspond
to positive and negative 𝐶 parity. In terms of QCD,
the Pomeron is made of an even number of gluons
which leads to a +1 parity, whereas the odderon is
made of an odd number of gluons corresponding to
a −1 parity. The scattering amplitudes for 𝑝𝑝 and 𝑝𝑝
interactions can be written as:

𝐴𝑝𝑝 = Even + Odd,

𝐴𝑝𝑝 = Even−Odd.

It is clear that observing a difference between 𝑝𝑝 and
𝑝𝑝 interactions would be a clear way to observe the
odderon.

The strategy to look for the odderon is thus to mea-
sure the elastic cross sections for 𝑝𝑝 and 𝑝𝑝 as a func-
tion of |𝑡|, the quadri-momentum transferred square
at the proton vertex measured by tracking the pro-
tons, at different center-of-mass energies and to look
for potential differences. The cross section decreases
as a function of |𝑡| as a power of |𝑡| at very low |𝑡|
(Coulomb or QED region), then exponentially (nu-
clear region), and again as a power of |𝑡| in the QCD
perturbative region.

Before the LHC, some differences between 𝑝𝑝 and
𝑝𝑝 elastic cross sections were already observed at ISR

1 This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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Fig. 1. Measurement of the elastic 𝑝𝑝 and 𝑝𝑝 cross sections at
ISR energies

energies [10–14] as shown in Fig. 1. This was not un-
derstood as an evidence for the odderon, since, at low
energies, the situation is quite complicated and elastic
scattering at ISR energies can be due to the exchanges
of additional particles with respect to pomeron or
odderon such as 𝜌, 𝜔, 𝜑 mesons or reggeons... The dif-
ference between 𝑝𝑝 and 𝑝𝑝 elastic cross section at
ISR energies could thus be due to 𝜔 exchanges. Ho-
wever, at TeV energies, the cross section for meson
or reggeon exchanges is negligible with respect to
pomeron or odderon exchanges and differences be-
tween 𝑝𝑝 and 𝑝𝑝 elastic cross sections can be clearly
seen as evidence for the odderon.

2. 𝑝𝑝 and 𝑝𝑝 Elastic
Cross Sections at High Energies

The D0 collaboration at the Tevatron measured the
elastic 𝑝𝑝 cross sections with intact 𝑝 and 𝑝 detected
in the Forward Proton Detector [15] with 31 nb−1 [16]
at 1.96 TeV for 0.26 < |𝑡| < 1.2 GeV2, as shown in
Fig. 2, a. The TOTEM collaboration measured the
elastic 𝑝𝑝 𝑑𝜎/𝑑𝑡 cross sections by tagging both in-
tact protons in the TOTEM roman pots [17] at 2.76,
7, 8 and 13 TeV [18–21] as shown in Fig. 2, b. All

TOTEM 𝑑𝜎/𝑑𝑡 𝑝𝑝 measurements show the same fea-
tures, namely, the presence of a dip and a bump
in data, whereas D0 data do not show any dip or
bump. As illustrated in Fig. 3, a, this leads to the
definition of eight reference points that are charac-
teristic of the behavior of the 𝑝𝑝 elastic 𝑑𝜎/𝑑𝑡 as a
function of |𝑡|, namely, the dip, the bump, bump-
b, mid-1, mid-2, dip-b, bump+ 5, bump+ 10. This is
somewhat arbitrary, but well represents the structure
of 𝑝𝑝 elastic 𝑑𝜎/𝑑𝑡 at all values of

√
𝑠.

The first observable that we measured is the cross
section ratios between the values at the bump and at
the dip as a function of the center-of-mass energy as
shown in Fig. 3, b. The bump over dip ratio is mea-
sured for 𝑝𝑝 interactions at ISR [10–14], and LHC
energies, and it decreases as a function of

√
𝑠 up to

∼100 GeV and is flat above that energy. D0 and lower
energy 𝑝𝑝 data show a ratio of 1.00 given the fact that
no bump/dip is observed in 𝑝𝑝 data within uncertain-
ties. It leads to a more than 3𝜎 difference between
extrapolated elastic TOTEM 𝑝𝑝 data and 𝑝𝑝 elas-
tic measurement from D0 (assuming a flat behavior
above

√
𝑠 = 100 GeV).

The difficulty to compare 𝑝𝑝 and 𝑝𝑝 elastic cross
sections is that the measurements were performed at
different

√
𝑠 which does not allow a direct compari-

son. The TOTEM measurements are at 2.76, 7, 8, and
13 TeV while the D0 measurement is at 1.96 TeV. Un-
fortunately, it is not easy to run the LHC at about
2 TeV and there would be no acceptance in the
dip/bump region, where we perform the comparison,
between 𝑝𝑝 and 𝑝𝑝 elastic data. This is why we need
to extrapolate the TOTEM data (or the |𝑡| and 𝑑𝜎/𝑑𝑡
values for all characteristic points) measured at 2.76,
7, 8, and 13 TeV down to the Tevatron energy of
1.96 TeV. It is worth noticing that the TOTEM mea-
surement at 2.76 TeV is crucial for this extrapola-
tion since the range of extrapolation between 2.76
and 1.96 TeV is not that large.

3. Extrapolating TOTEM
Data at Tevatron Energies

The idea are then to determine how the values of
|𝑡| and 𝑑𝜎/𝑑𝑡 of each characteristic point vary as a
function of

√
𝑠 in order to predict their values at

1.96 TeV. In order to avoid model-dependent fits, we
use data points directly closest to those characteris-
tic points. Data bins are also merged in case there
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a b
Fig. 2. Measurement of the elastic differential cross section for 𝑝𝑝 interactions by the D0 experiment at the
Tevatron (a). Same measurement for 𝑝𝑝 interactions at 2.76, 7, 8 and 13 TeV center-of-mass energies by the
TOTEM Collaboration at the LHC (b)

a b
Fig. 3. Reference points defining the shape of the 𝑝𝑝 elastic cross sections (a). Measurement of the cross section ratios
between the values at the bump and at the dip as a function of the center-of-mass energy (b). We note that there is no
longer any

√
𝑠 dependence at TeV energies

are two adjacent dip or bump points of about equal
value. This gives a distribution of 𝑡 and 𝑑𝜎/𝑑𝑡 val-
ues as a function of

√
𝑠 for all characteristic points

as shown in Fig. 4. We can extrapolate the values of
these characteristic points in |𝑡| and 𝑑𝜎/𝑑𝑡 down to
the Tevatron energies using

|𝑡| = 𝑎 log(
√
𝑠[TeV]) + 𝑏,

𝑑𝜎

𝑑𝑡
= 𝑐

√
𝑠 [TeV] + 𝑑.

Alternate functional forms lead to similar results well
within uncertainties. It is worth noting that it is not

obvious that the same form of distribution can be
used to describe the

√
𝑠 evolution of all characteristic

points. This shows that all curves showing the |𝑡| de-
pendence of 𝑑𝜎/𝑑𝑡 are parallel between each other. In
other words, there is a new kind of scaling appearing
at high energies in LHC data [22].

4. Scaling of Elastic
𝑝𝑝 Data at High Energies

If one introduces the variable 𝑡* = (𝑠/|𝑡|)𝐴 × |𝑡|, in-
spired by the geometric scaling in terms of saturation
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a b
Fig. 4. Evolution of the |𝑡| and 𝑑𝜎/𝑑𝑡 values of the different characteristic points as a function of

√
𝑠 and extrapolation down

to the Tevatron center-of-mass energy

a

b
Fig. 5. Scaling shown by TOTEM 𝑝𝑝 elastic 𝑑𝜎/𝑑𝑡* cross sec-
tion as a function of 𝑡** (𝑡** = 𝑡*/𝑠0.215 and 𝑡* = (𝑠/|𝑡|)0.28 ×
× |𝑡|) (a). Position ratio in |𝑡| between the bump and the dip
showing it is also constant between ISR and LHC energies (b).
The different numbers in abscissa correspond to ISR (1 to 5)
and LHC TOTEM (6 to 9) data

models, and 𝑡** = 𝑡*/𝑠𝐵 , 𝐴 and 𝐵 being parame-
ters to be fitted to data, we obtain that 𝑑𝜎/𝑑𝑡* shows
scaling as a function of 𝑡** as shown in Fig. 5, a. 𝐴
and 𝐵 are correlated and a full valley of parame-
ters leading to similar scalings exists with the relation
(𝐵 = 𝐴 − 0.065) leading to one single parameter fit,
and we obtain 𝐴 = 0.28 [22]. Scaling could be inter-
preted as having a large density of gluons inside col-
orless gluonic compounds (responsible for diffraction)
that reach the black disc limit at small impact param-
eter 𝑏. At higher 𝑏, the density of gluons is smaller
and in principle describable by the BFKL dynam-
ics. In another study, we also showed that the posi-
tion ratio in |𝑡| between the bump and the dip is also
constant between ISR and LHC energies as shown
in Fig. 5, b, in addition to the fact that the bump
over dip cross section 𝑑𝜎/𝑑𝑡 ratio is constant at high
energies (see Fig. 3, b). This leads to an additional
scaling present at high energies in the elastic scatter-
ing [23], replacing |𝑡| → 𝜏 = 𝑊 𝛽 |𝑡| with 𝛽 = 0.1686
and 𝑑𝜎𝑒𝑙

𝑑𝑡 (𝜏) → 𝑊−𝛼 𝑑𝜎𝑒𝑙

𝑑𝑡 (𝜏) with 𝛼 ∼ 0.66.

5. Evidence for the Odderon
by Comparing 𝑝𝑝 and 𝑝𝑝 Elastic Data

The last step to compare D0 measurements and ex-
trapolated TOTEM data is to predict the 𝑝𝑝 elas-
tic cross section at the same 𝑡 values as measured
by D0 in order to make a direct comparison. We fit
the reference points extrapolated to 1.96 TeV from
TOTEM measurements using a double exponential
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fit (𝜒2 = 0.63 per dof)

ℎ(𝑡) = 𝑎1𝑒
−𝑏1|𝑡|2−𝑐1|𝑡| + 𝑑1𝑒

−𝑓1|𝑡|3−𝑔1|𝑡|2−ℎ1|𝑡|.

The differences in normalization are taken into ac-
count by adjusting TOTEM and D0 data sets to
have the same cross sections at the optical point
𝑑𝜎/𝑑𝑡(𝑡 = 0). We first predict the 𝑝𝑝 total cross sec-
tion from extrapolated fit to TOTEM data (𝜒2 =
= 0.27), 𝜎tot = 82.7 ± 3.1 mb at 1.96 TeV as shown
in Fig. 6. We then adjust the 1.96 TeV 𝑑𝜎/𝑑𝑡(𝑡 = 0)
from the extrapolated TOTEM data to the D0 mea-
surement using

𝜎2
tot =

16𝜋(~𝑐)2

1 + 𝜌2

(︂
𝑑𝜎

𝑑𝑡

)︂
𝑡=0

.

Assuming 𝜌 = 0.145, the ratio of the imaginary
and the real part of the elastic amplitude, as taken
from the COMPETE parametrization [25], leads to
a TOTEM 𝑑𝜎/𝑑𝑡(𝑡 = 0) at the OP of 357.1±
± 26.4 mb/GeV2 (the exact value of 𝜌 being of the or-
der of 0.1 does not change much the value of 𝜎tot since
it appears as 𝜌2 in the formula). D0 measured the op-
tical point of 𝑑𝜎/𝑑𝑡 at small 𝑡 to be 341±48 mb/GeV2

(which is compatible with the TOTEM extrapolated
measurement within uncertainties), and we rescale
the TOTEM data by 0.954 ± 0.071. It is clear that
we do not claim that we performed a measurement
of 𝑑𝜎/𝑑𝑡 at the OP at 𝑡 = 0 (it would require
additional measurements closer to 𝑡 = 0), but we
use the two extrapolations simply in order to ob-
tain a common and somewhat arbitrary normaliza-
tion point.

The reference points at 1.96 TeV (extrapolated
from the TOTEM data) are compared with the D0
measurement in Fig. 7 [1], and the 𝜒2 test with six
degrees of freedom yields the 𝑝-value of 0.00061, cor-
responding to a significance of 3.4𝜎, leading to the ev-
idence of the odderon by comparing 𝑝𝑝 and 𝑝𝑝 elastic
data from the TOTEM and D0 experiments.

6. Combination with the 𝜌
Measurement and Conclusion

In addition, the TOTEM collaboration measured
elastic scattering at very low 𝑡 in the Coulomb-
Nuclear interference (CNI) region

𝑑𝜎

𝑑𝑡
∼ |𝐴𝐶 +𝐴𝑁 (1− 𝛼𝐺(𝑡))|2.

Fig. 6. Total cross section measured by the TOTEM collabo-
ration as a function of

√
𝑠 extrapolated down to the Tevatron

center-of-mass energy

Fig. 7. Comparison between the D0 elastic 𝑝𝑝 cross section
measurement at the Tevatron and the 𝑝𝑝 cross section mea-
sured by the TOTEM Collaboration at 2.76, 7, 8 and 13 TeV
and extrapolated down to the Tevatron center-of-mass energy
showing the evidence for the odderon

The differential cross section is sensitive to the phase
of the nuclear amplitude and, in the CNI region, both
the modulus and the phase of the nuclear amplitude
can be used to determine

𝜌 =
Re(𝐴𝑁 (0))

Im(𝐴𝑁 (0))
,

where the modulus is constrained by the measure-
ment in the hadronic region and the phase by the 𝑡
dependence. 𝜌 is the ratio of the real to imaginary
part of the elastic amplitude at 𝑡 = 0, and, using low
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a

b
Fig. 8. Measurement of the total cross section (a) and the 𝜌

parameter (b) as a function of
√
𝑠 showing the tension between

both measurement that can be explained by the effect of the
odderon

|𝑡| data in the CNI region, the TOTEM Collabora-
tion measured 𝜌 at 13 TeV to be 0.09± 0.01 [24]. As
shown in Fig. 8 the combination of the measured 𝜌
and 𝜎tot values are not compatible with any set of
models without odderon exchange (COMPETE pre-
dictions [25–27] are shown as an example). This result
can be explained by the exchange of the Odderon in
addition to the Pomeron.

Is is then possible to combine the independent ev-
idence of the odderon found by the TOTEM Col-
laboration using 𝜌 and total cross section measure-
ments at low 𝑡 with the previous evidence from the
comparison between 𝑝𝑝 and 𝑝𝑝 elastic cross sections
since they originate from a completely different kine-
matical domain. For the models included in COM-
PETE, the TOTEM 𝜌 measurement at 13 TeV pro-
vided a 3.4 to 4.6𝜎 significance, to be combined with
the D0/TOTEM result. The combined significance
ranges from 5.3 to 5.7𝜎 depending on the model. It
is worth noting that the D0 and TOTEM collabo-

rations are now finalizing a detailed publication im-
proving the present analysis shown in this report and
the final significance improves by a few 0.1 digits.

It is also worth mentioning that similar roman pots
detectors are now used to study 𝛾𝛾 physics at the
LHC that leads to the best sensitivities to quartic
anomalous couplings and the production of axion-like
particle particles, benefitting from the fact that all
particles in the final state (the two intact protons and
the 𝛾𝛾, 𝑊𝑊 , 𝑍𝑍, 𝛾𝑍, 𝑡𝑡 productions) are measured
in these very clean events [28–41].
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К.Руайон вiд iменi колаборацiй D0 i TOTEM

ВIДКРИТТЯ ОДЕРОНУ
КОЛАБОРАЦIЯМИ D0 I TOTEM

Пiсля короткого ознайомлення з одероном, ми опише-
мо його експериментальне вiдкриття колаборацiями D0 i
TOTEM, порiвнюючи данi для пружного розсiяння 𝑝𝑝 i 𝑝𝑝
та поєднуючи їх iз вимiрюваннями перерiзу для 𝜌 i повного
перерiзу, проведеними колаборацiєю TOTEM.

Ключ о в i с л о в а: високi енергiї, пружнi взаємодiї, поме-
рон, одерон, спектрометр.
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