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We discuss first the discovery of the odderon by the TOTEM and DO
collaborations. We then describe the gap between jet measurements sensi-
tive to the high gluon density regime and the possible observation of the
saturation phenomenon in PbPb interactions. We also mention the sen-
sitivity to beyond the Standard Model physics and to the production of
axion-like particles via photon—photon interactions.
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1. Introduction

In this paper, we present some recent results on Quantum Chromody-
namics (QCD) diffraction at the LHC, mainly from the CMS and TOTEM
experiments. We start by presenting the discovery of the odderon by com-
paring the elastic cross section measurements in pp and pp interactions by
the TOTEM and DO collaborations at the LHC and the Tevatron. We then
discuss the possible observation of the high gluonic density regime at the
LHC, and especially of the saturation phenomenon in heavy-ion interactions
such as PbPb. We finish this report by discussing the sensitivity to be-
yond the Standard Model physics and the production of axion-like particles
considering the LHC as a 7y collider.

These studies originate from a long-term collaboration with Prof. An-
drzej Bialas and Prof. Robi Peschanski that started after my Ph.D. in Saclay
about the dipole model and diffraction [1] and I would like to express all my
gratitude to Andrzej and Robi for this long-term and successful collabora-
tion. I wish Andrzej a very nice birthday.
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2. The discovery of the odderon

The comparison of the elastic event measurements at the LHC and the
Tevatron, respectively in pp and pp collisions, led recently to the discovery
of the odderon [2]. In elastic interactions, each proton or antiproton remains
intact after interaction and is scattered at some angles, and can lose or gain
some momentum. Nothing is produced in addition to the intact proton or
antiproton. Measuring elastic collisions thus requires the detection of intact
protons or antiprotons after the collision, using dedicated detectors called
Roman Pots. These detectors can move very close to the beam (up to 3o at
the LHC, for instance) when beams are stable, so that protons scattered at
very small angles can be measured. The TOTEM [3] and ATLAS/ALFA [4]
collaborations installed Roman Pots at about 220 m from the interaction
point, and the D0 Collaboration had similar detectors at about 23 and 31 m
[5]. Just before the end of the Tevatron, the DO Collaboration measured
the elastic pp do/dt cross section at a center-of-mass energy /s of 1.96 TeV
for 0.26 < [t| < 1.2 GeVZ, where t is the square of the four-momentum
transferred at the proton/antiproton vertex measured by tracking the pro-
ton/antiproton [6]. DO data are displayed in Fig. 1. The TOTEM Collabo-
ration measured the elastic pp do/dt at /s = 2.76, 7, 8, and 13 TeV [7] as
shown in Fig. 2. The advantage of the TOTEM detector is that it includes
very forward telescope covering rapidity regions 3.1 < |n| < 4.7 (telescope
T1) and 5.3 < || < 6.5 (telescope T2), allowing to veto any additional
particles emitted in the very forward region for elastic interactions.
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Fig. 1. pp elastic do/dt cross section as a function of |t| measured by the DO Collab-
oration at 1.96 TeV.
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Fig. 2. pp elastic do/dt cross section as a function of |¢| measured by the TOTEM
Collaboration at 2.76, 7, 8, and 13 TeV, and extrapolated down to 1.96 TeV in
black.

Elastic scattering can be explained by the exchange of colorless objects,
Pomeron and odderon, that correspond to positive and negative charge par-
ity C [8-11]. The odderon is defined as a singularity in the complex plane of
the t-channel partial wave J, located at J = 1, when ¢t = 0, and which con-
tributes to the odd crossing amplitude. The QCD treatment of the odderon
was performed considering multi-gluon exchanges in hadron—hadron inter-
actions in elastic pp interactions [12]. In QCD, the Pomeron is made of an
even number of gluons leading to a (4+1) C-parity, whereas the odderon is
made of an odd number of gluons corresponding to a (—1) C-parity. The
elastic scattering amplitudes for pp and pp interactions can be written as
the sum or the difference of the even and the odd parts of the amplitude

App = Even 4 0Odd,
App = Even — 0Odd. (1)

From these equations, it is clear that observing a difference between pp and
pp interactions would be a clear way to observe the odderon. Our idea was
thus to obtain a quantitative measurement of the differences between elastic
pp and pp cross sections.

Let us note that there was already some indication of possible differences
at the ISR energies between pp and pp interactions [13], but this was not
considered to be a proof of the existence of the odderon due to possible
additional reggeon and meson exchanges at lower /s. At high energies
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of the order of 1 TeV or higher, the contribution of Reggeon and meson
exchanges becomes negligible, and a potential difference between pp and pp
elastic cross section is solely due to the odderon.

As seen in Figs. 1 and 2, elastic do/dt cross sections show different be-
haviors between pp and pp interactions. There is a maximum (the bump)
and a minimum (the dip) for pp interactions at all y/s, whereas such behav-
ior is not observed in pp interactions. In order to compare directly elastic pp
and pp cross sections, one needs to extrapolate the TOTEM measurements
at 2.76, 7, 8, and 12 TeV down to 1.96 TeV, i.e. to the Tevatron /s. Unfor-
tunately, a direct comparison is not possible since there is no acceptance for
the TOTEM Roman Pots at 1.96 TeV, in the dip and bump regions, where
we perform the comparison. We define a series of eight points in the do/dt
cross section (we give both the ¢ and do/d¢ values) that are characteristic
of the elastic pp cross-section shape as shown in Fig. 3, namely the bump,
dip, dip2, and bump2 corresponding to the same cross section as the dip
and the bump but at lower |t|, mid! and mid2 in the middle of the cross
section between the dip and the bump, and finally bump+5 and bump+10
that correspond to the cross sections 5 and 10 times the difference between
the bump and the dip.
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Fig.3. Definition of the points that are characteristic of the shape of elastic pp
cross sections (see the text).

The bump over dip ratio measured for pp and pp elastic interactions at
the ISR [13], Tevatron, and LHC energies is shown in Fig. 4. In pp elastic
collisions, it decreases as a function of /s up to ~ 100 GeV and is flat
above. DO pp shows a ratio of 1.00 & 0.21 given the fact that neither bump
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nor dip is observed in pp data within uncertainties. It leads to a more than
3o difference between pp and pp elastic data (assuming a flat behavior above
Vs =100 GeV).
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Fig. 4. Bump over dip ratio for pp and pp elastic cross sections.

An even more quantitative comparison is possible using the eight char-
acteristic points described above. The values of |t| and do/dt for these eight
points are shown in Fig. 5 as a function of /s of 2.76, 7, 8, and 13 TeV
extrapolated down to the Tevatron /s = 1.96 TeV, using a two-parameter
fit

t| = alog (/s [TeV]) +b, (2)
(do/dt) = cv/s [TeV] +d. (3)

Note that the extrapolation at 1.96 TeV using a variety of different fitting
functions is well within uncertainties.

Using the extrapolated characteristic points from the TOTEM measure-
ments, it is now possible to predict the elastic pp cross sections at the Teva-
tron energies in the same |t| bins as for the DO measurement. Differences in
normalization are taken into account by adjusting the TOTEM and DO data
sets to have the same cross sections at the optical point (OP) do/dt(t = 0)
(OP cross sections are expected to be equal if there are only C-even ex-
changes). We first predict the pp total cross section from an extrapolated
fit to the TOTEM data with a y? = 0.27

Otot = Q2 1Og2 \/g [TGV] + b2 y (4)
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Fig. 5. Variation of the ¢ and do/dt values for the reference points at /s = 2.76, 7,
8, and 13 TeV extrapolated down to the Tevatron energies /s = 1.96 TeV (stars).

that leads to an estimate of pp gyor = 82.7 £ 3.1 mb at 1.96 TeV. Different
parametrizations (for instance, a 3-parameter formula including a log s term)
lead to similar results within uncertainties. From the extrapolated TOTEM
PP Otor at 1.96 TeV, it is possible to extract do/dt(t = 0) using

\/167T(hc)2 do
Otot = ﬁ -7
+p4 dt

(®)

t=0

Assuming the ratio of the imaginary and real parts of the elastic amplitude is
p = 0.145, as taken from COMPETE [14], this leads to do/dt(t = 0) at the
OP of 357.1 +26.4 mb/GeV? from the TOTEM data (since the dependence
on p is squared in Eq. (5), the result does not depend strongly on the exact
value of p). The DO Collaboration measured the optical point of do/dt at
small ¢ to be 341448 mb/GeV?, and we thus rescale the TOTEM data by the
ratio 0.954+0.071, which is compatible with 1.0 within uncertainties. Please
note that we do not claim that we performed a measurement of do/d¢ at the
OP at t = 0 (it would require additional measurements closer to ¢t = 0), but
we use the two extrapolations in order to obtain a common and somewhat
arbitrary normalization point.

The comparison between the D0 pp elastic cross-section measurements
and the extrapolated TOTEM pp elastic data down to the Tevatron energies
is shown in Fig. 6. The x? test with six degrees of freedom yields a p-value of
0.00061, corresponding to a significance of 3.4¢. This result can be combined
with the independent evidence of the odderon found by TOTEM using the p
and total cross-section measurements at low ¢ [15] which leads to a 5.3 to
5.70 discovery [2] depending on the models [14] for p.
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Fig.6. Comparison between the elastic do/dt¢ cross-section measurements at
/s = 1.96 TeV by the DO Collaboration for pp interactions and by the TOTEM
Collaboration for pp interactions, extrapolated from measurements at 2.76, 7, 8,
and 13 TeV. The difference can be explained by the existence of the odderon.

3. A new scaling in elastic data

In this section, we will discuss a new scaling that appears in elastic do/dt
cross sections |16, 17|. The fact that we can use the same fitting formulae
(see Egs. (2) and (3)) to describe the evolution of all characteristic points
as a function of /s shows that all do/dt cross sections for /s = 2.76, 7, 8,
and 13 TeV are stackable with each other as suggested in Fig. 2.

In order to introduce a new scaling in elastic data, we first introduce
the variable t* = (s/[t|)* x |t|, inspired by geometric scaling in terms of
saturation models [18], and t** = t*/s® A and B being parameters to be
fitted to data [16]. In fact, A and B are correlated, and we have a full valley
of parameters leading to similar scalings (B = A — 0.065), that leads to
one single-parameter fit to data (A = 0.28). As shown in Fig. 7, do/dt*
shows scaling as a function of ¢t**. The s dependence on do/dt is imposed
by scaling as s™¢, where « = —A(A—1.065)/(1— A) = 0.305. Scaling is not
supposed to work perfectly at low [¢| that corresponds to the QED Coulomb
and non-perturbative QCD region, and at high |¢| in the perturbative QCD
domain.
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Fig.7. Left: do/dt* as a function of t** = t*/s%215 where t* = (s/[t)%2® x |¢|
showing a scaling in elastic do/dt cross sections measured by the TOTEM Collab-
oration at 2.76, 7, 8, and 13 TeV. Right: Power growth exponent A\ as a function
of b for various reference /s pairs.

The next step is to compute the profile function I" in the impact pa-
rameter space. We first perform a fit of the elastic amplitude A using the
definition

T = oD = AP, (0
The fit formula is the following:
A(s,t) = i(Ay(s,t) + As(s,t)) e (7)
Ai(s,t) = Ny(s)e BBt (8)
Ay(s,t) = No(s)e B2l e’¢, (9)

where Ni(s) = NVs*2) Ny(s) = N9s*/2, Bi(s) = B)s?/?, and By(s) =
B9s7/2. There are six free parameters in the fit, namely NY, N9, BY, BY,
¢, and 6. a = 0.305 and v/2 = 0.065/(1 — A) = 0.065/0.72 ~ 0.09 being
fixed by scaling. The fit quality is quite good with a x?/d.o.f. = 1.08 for
0.2 < t** < 1.5 in the dip—bump region for 476 data points. We then
compute the profile function I" in the impact b-parameter space using the
following equation:

1 o0
Re (I'(s,b)) = p—p /dquo(qb)A (s,t = —q2) , (10)
0
where Jj is the 0" order Bessel function.

We define ) as a function of the ratio of two values of I" for two values

of \/s as
B 1 N ReI'(s1,b)
A= ln(sl/sz)l (ReF(@,b)) ' (11)
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The values of \ as a function of b for different /s are shown in Fig. 7, right.
A= (a—7)/2=0.06 when b — 0 as predicted by scaling. This means that
scaling predicts a universal behavior of A at small b. Values of A at small b
are compatible with expectations from a dense object, such as a black disc,
and reach higher values around 0.3 for b = 1 fm, which recalls the power-
law exponent in the small-x limit of QCD, described by the perturbative
Balitsky, Fadin, Kuraev, Lipatov (BFKL) evolution equation [19] at next-
to-leading logarithmic accuracy. In this sense, we can interpret our results
as the presence of dense gluonic objects in the proton at high energy. The
density of these objects in the proton can be small, but the density of the
gluons inside can be large.

A similar scaling was described in Ref. [17]. The bump over dip elastic
cross-section do/dt ratio is constant at high energies, and the position ratio
in |t| between the bump and the dip is also constant between the ISR and

adoe

LHC energies. This leads to a new scaling of W~*%2¢(7) as a function of
7 = Wht| with o = 0.66 (with large uncertianties) and 3 = 0.1686.

4. High gluon density regime at the LHC

In this section, we describe new observables that are sensitive to the
high gluon density regime at the LHC. We consider two evolution equations
to describe the structure of protons or heavy ions, namely the Dokshitzer,
Gribov, Lipatov, Altarelli, Parisi (DGLAP) [20] evolution in resolution Q2
(resumming terms in aglog @2, resolving “smaller” partons at high @) and
the BFKL [19] evolution in energy x (resumming terms in aglog1/x leading
to large parton densities at small ). Ultimately, at very small z, the domain
of saturation or gluon recombination can be reached, that leads to slower
evolution of gluon densities as a function of energy.

Many observables have been suggested to look for the high gluon density
regime at small x such as the measurement of a large interval in rapidity
between jets, the so-called Mueller-Navelet jets [21-23], the measurement
of the azimuthal angle between jets [24], or the measurement of the gap
between jets [25, 26]. We will focus on this last measurement performed
by the CMS Collaboration, namely the cross section of two jets separated
by a large interval in rapidity, where the region (-1 < n < 1) is devoid
of any charged particle production (requesting the absence of reconstructed
tracks with a transverse momentum above 200 MeV) [25]. Requesting a gap
between the two jets is only possible using special runs at the LHC with
small pile-up.

The cross section predicted by NLO DGLAP is expected to be negligi-
ble for large gaps, below what can be measured, and is thus a clean test
of the BFKL resummation. In Fig. 8, we display the fraction of the gap
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between jet events as a function of the transverse momentum of the second
leading jet, the difference in rapidity and in azimuthal angle between the
two jets. Data are compared to different models [26]. We will only discuss
two of them, namely the experimental gap (in dashed red line) and the strict
gap definition (in dark green full line), assuming the BFKL evolution equa-
tion [19]. The first model corresponds to the experimental definition of the
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Fig.8. Fraction of the gap between jet events as a function of the transverse
momentum of the second leading jet, the interval in rapidity and in azimuthal
angle between the two jets, compared to different models.

gap as performed by the CMS Collaboration, namely the absence of charged
particles above 200 MeV in the gap region (—1 <7 < 1). It leads to a bad
description of data especially for the difference in rapidity between the two
jets. The second model corresponding to a strict gap definition (no particle
above 1 MeV in the gap region) leads to a good description of data except
at very low A¢. It is, of course, not possible to achieve this threshold exper-
imentally. However, to understand why it leads to a fair description of data,
we noticed that the distribution of charged particles from PYTHIA8 [27] in
the gap region (—1 < n < 1) with the initial-state radiation is very large.
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Particles emitted at large angle with pp > 200 MeV from the initial-state
radiation have a large influence on the presence or absence of a gap, and
thus, on the gap definition (experimental or strict). Retuning the amount
of initial-state radiation allows for obtaining a good agreement for the ratio
of the gap between jet events using the experimental gap definition [26].

We also computed a full calculation of the jet—gap—jet cross section at
next-to-leading logarithm accuracy, using the next-to-leading orders BFKL
kernel and impact factors [28]. Compared to the results obtained with lead-
ing order impact factors, the effect is quite small leading to a higher cross
section by about 20% at high jet pr, and shows even a smaller effect on the
rapidity dependence. The total uncertainties due to the scale variation are
also smaller, of the order of 15-20%.

The CMS Collaboration measured the subsample of the gap between jet
events requesting in addition at least one intact proton on either side of the
CMS in the TOTEM Roman Pot detectors [25]. Eleven events were observed
with a gap between jets of (—1 < n < 1) and at least one proton tagged
with ~ 0.7 pb™!, as shown in Fig. 9. Jet-gap-jet events were observed for
the first time by the CMS Collaboration. This leads to very clean events for
jet—gap—jets measurements since the effects of multi-parton interactions are
suppressed. This might be the ideal way to probe low-z (BFKL) resumma-
tion effects [29] and would benefit from more statistics (about 10 pb~! for
single diffractive and 100 pb~! for double Pomeron exchange events of low
pile-up data would be needed to perform some measurements of differential
distributions).
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Fig. 9. Fraction of the gap between jet events as a function of the interval in rapidity
between the two jets and the transverse momentum of the second leading jet for
inclusive (blue points) and diffractive (red points) events when a proton is detected
in the TOTEM Roman Pots. Eleven events were observed with 0.7 pb~—!.
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Using the measurement of the gap between jets at the LHC, we now have
some evidence of the BFKL resummation of the high gluon density regime
at the LHC and we can study if we can reach the domain of saturation.

5. Possible observation of saturation phenomenon
in PbPDb collisions at the LHC

In this section, we will discuss the possible observation of the saturation
phenomenon at the LHC. When the value of x becomes small, the number
of gluons in the proton (or heavy ions) becomes very large. The usual
linear equations of QCD (DGLAP or BFKL) are no longer valid, and one
needs to consider recombination of gluons leading to non-linear evolution
equations such as the Balitsky—Kovchegov (BK) [30] equation. This leads
to the saturation phenomenon or slower evolution of the energy dependence
of the gluon density. The idea is to look for the best observables sensitive
to saturation in PbPb interactions.

5.1. Ezxclusive vector meson production

A scheme of the sensitivity to saturation for vector meson production is
shown in Fig. 10, left. In order to see saturation effects, one needs to have
a dense object with a high gluon content, such as Pb. In addition, we need
a characteristic scale (for instance, the mass of the vector meson), which is
above the perturbative scale (of the order of 1 GeV) to trust the perturbative
calculation and below the saturation scale Qg. Qg is of the order of 1 GeV
for protons, whereas it is increased by A'/3 for heavy ions (Qs ~ 5.8 GeV
for Pb). Exclusive J/¥ production with a scale squared m?] o~ 10 GeV? is

ideal to observe saturation being below Q% On the contrary, the exclusive
production of the 7 meson should not be showing much saturation effects
since its scale M% ~ 100 GeV? is above Q% The exclusive production of
p mesons has a scale ml% ~ 1 GeV? well below Q%, but of the same order
of magnitude as the lower limit of the perturbative scale, which makes it
difficult to rely on perturbative calculations. The diagram showing vector
meson production in yA interactions (the -y being emitted by the Pb ion) for
diffractive events, where A is intact after the collision, is shown in Fig. 10,
right. In the case of inclusive production, the two-gluon exchange should be
replaced by a single one. Using the vector meson production, one probes the
gluon content of A which could be a proton (resp. Pb) in the case of pPb
(resp. PbPD) interactions. Saturation effects are expected, for instance, in
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the J/¥ exclusive production, when one probes the gluon content in Pb
(m?]/w < Q3 ~ 34 GeV?) but not for protons (ma/w > Q% =1 GeV?). We
have a similar situation when we consider the exclusive production of cc and
bb, where the typical scale can be below (Js in vPb interactions.

Q%=m?,~ 100 GeV? q

Diluted

Q*=m?, ~10GeV?

Q*(GeV?)

Saturated Perturbative

A A

Bjorken-x (NB: cartoon inspired from
Wei's plot)

Fig.10. Left: Scheme of sensitivity to saturation for vector meson production.
Right: Exclusive vector meson production in yPb interactions.

To compute the exclusive production of J/¥ or 7', the process can be fac-
torized in two parts, namely the photon fluctuation into a quark—antiquark
pair, and the quark—antiquark pair interacting with the target hadron. The
first part is described by the light-cone wave function of the photon com-
puted using QED and the second part of the process is given by the dipole
scattering amplitude which is non-perturbative. However, its energy depen-
dence can be described using a perturbative evolution equation with and
without saturation effects using the BK [30] or the BFKL [19] equations.
The dipole amplitude at the starting scale of the evolution is fixed by fitting
the predictions to measured data, for instance, the cross section of vector
meson production at HERA [31]. We also take into account b impact pa-
rameter dependence in the dipole amplitude. We modify the traditional
McLerran—Venugopalan model by taking the b dependence with a Gaussian
form of the thickness function [32]

_ b /B
T(b) = 7By e : (12)
There is a large difference between taking into account or not the b impact
parameter dependence for yp cross sections, and the effect is smaller for yPb
interactions since a nucleus is much larger than a proton and neglecting
impact parameter dependence is more justified [32]. Technically, we will
study the effect of saturation in the following by comparing the evolution of
cross sections as a function of energy W using either the BK or the BFKL
equations (which is equivalent to neglecting the gluon recombination term
in BK) including running a.
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In Fig. 11, we display the exclusive J/¥ production cross section as
a function of the center-of-mass energy W for vp (left), vPb (center) in-
teractions, and the nuclear suppression factor (right) from the H1 [33] and
ZEUS [34] collaborations at HERA and the ALICE [36], CMS [35], and
LHCb [37] collaborations at the LHC, compared to predictions with and
without saturation [31]. For the J/¥ production in vp interactions, small
differences are observed between the BK and BFKL evolution and there is
no sign for saturation as expected, since one probes the gluon in the proton.
On the contrary, vPb cross sections clearly favor saturation models. The
difference between the BFKL and BFKL-adjusted predictions corresponds
to a small variation in Agcp to obtain a better description of data in ~p
interactions. It seems that data even show more saturation effects than our
calculation but it is worth noting that an impact parameter NLO BK equa-
tion would be needed in order to compute more precise predictions for vPb
interactions. Our goal was more to show that the linear BFKL evolution
equation seems to be disfavored and some additional effect such as satura-
tion is needed to describe data. However, alternative approaches such as
nuclear PDFs including shadowing can also lead to a good description of the
J/W exclusive cross sections, and we will propose an additional measurement
to distinguish between both models in the following subsection.
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Fig. 11. Exclusive J/¥ production cross section as a function of the center-of-mass
energy W. Left: yp, center: vPb, right: nuclear suppression factor. Predictions
without (BFKL) and with saturation (BK) are compared with measurements at
HERA (H1 and ZEUS) and at the LHC (ALICE, CMS and LHCb).

In Fig. 12, we display similar results for the exclusive 7" production as
a function of W for vp (left), vPb (center) interactions, and the nuclear
suppression factor (right). As expected, there is a good agreement between
the BK and BFKL predictions and data for vp cross sections and small
differences are observed between both approaches. In vPb interactions, small
differences are also predicted between the BK and BFKL evolutions for
W ~ 1 TeV because of the 17" vector meson mass. Recent measurements from
the CMS Collaboration are compatible with this prediction [38].
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Fig.12. Exclusive 7" production cross section as a function of the center-of-mass
energy W. Left: vp, center: vPb, right: Nuclear suppression factor. Predictions
without (BFKL) and with saturation (BK) are compared with measurements at
HERA (H1 and ZEUS) and at the LHC (CMS and LHCb).

5.2. c¢ and bb production

In this subsection, we discuss additional possible measurements that are
sensitive to saturation effects and that might allow one to distinguish be-
tween color glass condensate (saturation), and nuclear PDFs and shadowing
approaches [39]. We consider the production of ¢¢ (in red) and bb (in blue)
in vp and vPb interactions, respectively, in Figs. 13 and 14 using the BFKL
(dashed line) and the BK (full line) evolution. The left figure corresponds
to the inclusive cross section (when one gluon is exchanged with the proton
or with Pb), whereas the right one to the diffractive one when the proton
or Pb is intact after the interaction. As expected, not much difference is
observed for vp interactions between the BFKL and BK evolution, whereas
a difference of about a factor of two is observed for vPb interactions for
diffractive production at W ~ 1 TeV.

Inclusive c€ and bb cross sections in y proton scattering Diffractive cT and bb cross sections in y proton scattering
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e EETS T BT ES e
Fig. 13. Inclusive (left) and diffractive (right) c¢ (in red) and bb (in blue) production
cross sections for yp interactions. The BFKL predictions are in dashed lines and

the BK ones including saturation effects in full line.
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Inclusive cT and bb cross sections in y lead scattering Diffractive cT and bb cross sections in y lead scattering
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Fig. 14. Inclusive (left) and diffractive (right) c¢ (in red) and bb (in blue) production
cross sections for vPb interactions. The BFKL predictions are in dashed lines and
the BK ones including saturation effects in full line.

The ratio of the diffractive to the inclusive cé production cross sections
as predicted by the BK evolution for vp (left) and vPb (right) interactions
is shown in Fig. 15. In the case of protons, we predict a ratio of about 12%
which is compatible with what was observed at HERA, and in the case of
Pb, we predict a ratio of about 21%. CMS accumulated PbPb interaction
data in 2025 that will allow for this measurement to be performed (for
previous data taking, a positive signal in the zero-degree calorimeter was
requested at trigger level, removing the diffractive events when Pb is intact
after interaction). Such a high percentage of diffractive events will be a clean
test of the CGC-like models and will probably allow one to distinguish it
from the nuclear PDFs and shadowing approaches which predict a lower
fraction of diffractive events.
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Fig.15. Ratio of the diffractive to the inclusive c¢¢ production cross sections as
predicted by the BK evolution for vp (left) and vPb (right) interactions.
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Measuring UPC vector meson and charm /beauty production at the LHC
and the EIC for different ion interactions will thus be fundamental to probe
saturation models. The reached kinematical domain is complementary be-
tween the LHC and the EIC allowing to obtain measurements with unprece-
dented precision over a wide domain in energy. The feasibility of running
both machines with different ions (He, O, Ar, Ne, Pb, etc.) will allow one to
study the path towards the saturation regime, which will appear for heavier
ions but not for the light ones, while measuring the nuclear PDFs with high
precision.

6. v~ physics at the LHC

In this section, we will describe the reach in beyond the Standard Model
physics (especially the production of axion-like particles) when one considers
the LHC as a ~+ collider. The diagrams for exclusive productions via gluon
or photon exchanges are shown in Fig. 16. The QCD diagram dominates
at low diffractive masses (dijet masses, for instance) up to masses of about
120 GeV. This allows one to study the exclusive production of low mass
particles such as pion pair or glueballs in a very clean environment (one can
produce glueballs that decay into pp, ¢, K*K*, ww, for instance), in addi-
tion to more standard studies of Pomeron structure in terms of quarks and
gluons using diffractive production of jets, photon and jet, W asymmetries,
etc. [40]. In this section, we will focus on the exclusive production of -,
W, Z pairs at high masses which is dominated by photon exchanges. We
thus consider the LHC as a v~ collider. Most of the results in this section
assume that we measure the intact protons after collision in the Precision
Proton Spectrometer (PPS) [41] by the CMS and TOTEM collaborations or
the ATLAS Forward Proton (AFP) by the ATLAS Collaboration [42], that

leads to a good acceptance in diffractive mass above about 450 GeV.

Fig.16. Exclusive dijet production via gluon exchanges (QCD process) processes
(left) and of diphotons via photon exchanges (QED process, right).
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In Fig. 16, right, we display the diagram of exclusive v via photon
exchanges. Similar diagrams also include the production of WW, ZZ, tt,
and vZ. As an example, the SM exclusive production of WW is oyww =
95.6 fb, and oww (W = Mx > 1 TeV) = 5.9 fb, which shows that many
events will be produced at high mass at the LHC (the typical luminosity for
Run 3 is 300 fb~! and will increase to 3000 fb~! at the high-luminosity LHC).
The exclusive production of WW, ZZ, ~~, tt, vZ will thus be sensitive
to different quartic anomalous couplings involving photons, and represents
a stringent test of QED [43, 44].

We will first consider the exclusive v+ production via photon exchanges
as an example. The SM cross section for such a process for diphoton masses
above 450 GeV (in the PPS acceptance) is very small and leads to a neg-
ligible number of events. Anomalous quartic vy can appear via loops of
new particles or resonances decaying into two photons such as axion-like
particles (ALPs). We introduce two effective operators at low energies in
the Lagrangian due to quartic anomalous couplings

Liy = (JFuF*" F oy FP7 4 () F FYPFpFM | (13)

and vy couplings can be modified in a model-independent way by loops
of heavy charged particles

Cl = ang4m_4Ncl,s ) (14)

where the coupling depends only on @*m~* (charge and mass of the charged
particle) and on spin, ¢; s which leads to ¢; of the order of 1071410713 GeV—4.
¢1 can also be modified by neutral particles at tree level (extensions of the
SM including scalar, pseudo-scalar, and spin-2 resonances that couple to the
photon)

i = (fsm)2du s, (15)

where fs is the 7y X coupling of the new particle to the photon, and dj s
depends on the spin of the particle. For instance, 2 TeV dilatons lead to
(1 ~ 10713 GeV~. In Ref. [44], we performed an exact calculation and
compared it with the usual effective Lagrangian approach and results were
found to be similar.

The largest background to be considered to anomalous yvyv7y events is
the diphoton inclusive production (where the protons are destroyed in the
final state) and intact protons detected in PPS originate from pile-up events.
The number of pile-up events, or additional proton interactions within one
bunch crossing, can reach 50 and will increase to 200 at the high-luminosity
LHC. This means that we detect intact protons originating from pile-up ev-
ery few bunch crossings. The fact that we measure all particles in the final
state (the two 7s and the two intact protons) allows for rejecting pile-up
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background in a very efficient way, as shown in Fig. 17 [43]. For signal, the
ratio of the diproton missing mass and the diphoton mass, and the differ-
ence between the diphoton and diproton rapidity should peak, respectively,
around 1 and 0 within a detector resolution due to kinematics conservation.
For pile-up, we expect a flat distribution since the diphotons and the dipro-
tons do not originate from the same interaction. Requesting the matching
between diphoton and diproton information allows for obtaining a negligible
background for 300 fb1.
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Fig.17. Diffractive mass ratio and difference in rapidity using either the dipho-
ton information from CMS or the proton taggings for signal in black and pile-up
background in red.

Recently, the CMS Collaboration performed the search for exclusive
diphoton production requesting two back-to-back photons at high diphoton
mass (m+, > 350 GeV), matching in rapidity and mass between the dipho-
ton and diproton information. This led to the first limits on quartic photon
anomalous couplings, |(1] < 2.9 x 1071 GeV™4, |(3] < 6. x 10713 Gev~*
with about 10 fb=! [45]. The limit was then updated with 102.7 fb~! as
IC1] < 7.3 x 107 GeV™2, |G| < 1.5 x 1071 GeV~* [45], as shown in
Fig. 18, left. These results can be reinterpreted as a limit on ALPs at high
masses and the results are shown in Fig. 18, right, as limits in the coupling
versus mass plane. In Fig. 19, we also display the sensitivities projected
for 300 fb=! of luminosity [46]. The sensitivity for pp collisions is shown
in a greyish area at high ALP mass, and we see that we gain about two
orders of magnitude for ALP masses of about 1 TeV, and we reach an un-
covered region at higher masses. It is also worth noting that the production
of ALPs via photon exchanges in heavy-ion runs is complementary to the pp
interactions and allows one to cover the intermediary region in ALP masses
between a few GeV and 1 TeV. Heavy-ion runs show much lower luminosity
than pp runs but the cross section is increased by Z4 [46].
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Fig. 19. Sensitivity plot in the coupling versus mass plane for ALP production for
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In Ref. [47], we also studied the sensitivity to quartic anomalous yyyZ
coupling, considering the leptonic and hadronic Z-boson decays. The fact
that we can control the background using the mass and rapidity matching
technique allows us to look in both channels with negligible background.
This leads to a very good sensitivity to vyyZ couplings, about three or-
ders of magnitude better than the standard search at the LHC (looking for
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the Z-boson decay into three photons is very challenging in a high pile-up
environment). The advantage of our method is also that the sensitivity
to anomalous couplings is performed in a model-independent way and the
anomalous coupling can be due to wide or narrow resonances or loops of
new particles as a threshold effect.

The CMS Collaboration also looked for quartic yYW W and yvZ Z anoma-
lous couplings studying the case, where the W or Z bosons decay fully
hadronically. This is because the anomalous production of WW/ZZ events
dominates at high mass with a rather low cross section and the branch-
ing ratio into hadrons is higher. Two “fat” jets of radius 0.8 were selected
with a transverse momentum pr > 200 GeV, a dijet mass 1126 < m;; <
2500 GeV, and the jets are requested to be back-to-back (|1 —¢;;/m| < 0.01).
As usual, the signal region is defined by the matching between the central
WW system and the proton information. The results are shown in Fig. 20,
left, and the limits on SM cross section are oww < 67 fb, 077 < 43 fb for
0.04 < £ < 0.2 [48]. The new limits on quartic anomalous couplings with
events violating unitarity removed are af) /A% < 4.3x107% GeV 2, o} /A% <
1.6 x 107° GeV =2, af /A% < 0.9 x 107° GeV~2, aZ /A% < 4. x 107° GeV 2
with 52.9 fb~1. In Ref. [49], we also studied the possible observation of exclu-
sive WW production with 300 fb~! of data. The SM contribution appears
at lower WW masses, as shown in Fig. 20, right, compared to anomalous
couplings. This is why one needs to consider purely leptonic channels for W
decays (the dijet background being too high at low masses for hadronic chan-
nels). The SM prediction on exclusive WW (leptonic decays) after selection
is about 50 events for 300 fb~! for a background estimate of 2 events.
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Fig. 20. Left: limits on af/ for quartic anomalous yyWW coupling. Right: mass
distribution for exclusive WW production for SM (red dashed line) and for two
values of quartic anomalous vyWW coupling (black full and dotted lines).
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The CMS Collaboration also performed the search for exclusive yytt pro-
cesses in leptonic and semi-leptonic decays of top quarks with 29.4 fb=! that
led to a limit of oexey < 0.59 pb [50]. A study concerning the sensitivity
to yytt quartic anomalous couplings was performed in Ref. [51] using a se-
lection based on matching between the pp and tt information and on fast
timing detectors to further suppress the pile-up background, and the sensi-
tivity can reach 7 x 1072 GeV~* for 300 fb~! of pp collisions using timing
detectors with a resolution of about 20 ps.

In general, tagging protons at the LHC and matching the information
of the tagged proton and the objects measured in the main CMS detector
allow one to increase the sensitivity to yyvyy, yYYWW, vwZZ, yyvZ, yytt
quartic anomalous couplings by two or three orders of magnitude compared
to more standard measurements at the LHC.

7. Conclusion

In this review, we presented first the discovery of the odderon by com-
paring the DO pp and TOTEM pp elastic interactions. We then discussed
the observation of gluon resummation effects at low x, especially in the mea-
surement of the gap between jets and the possible observation of saturation
in PbPb collision via the measurement of .J/¥ mesons, c¢ and bb production
cross sections. We finished the report by discussing the sensitivity to quar-
tic anomalous couplings and to the existence of ALPs by measuring intact
protons at the LHC at high luminosity.

Many of these results originate from common work with long-term collab-
orators and I would like to thank all of them. I also thank Robi Peschanski
for a careful reading of the manuscript.
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