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The latest results on standard candle central exclusive production (CEP) processes within
the pQCD based Durham model are discussed, which involve the production of systems with
sufficiently low masses that observation of these processes is already possible at the Tevatron
and in the early LHC low pile—up runs. The CEP of the x. meson is in particular addressed,
concentrating on the x. — 777~ channel. The continuum background to this process is cal-
culated, which requires a careful treatment of both the ‘perturbative’ and ‘non—perturbative’
contributions, and is found to be under control once suitable cuts are imposed on the final
state pions. The CEP of other meson pairs, such as flavour—singlet states, which have much
larger predicted cross sections than in the case of 777~ CEP, is also discussed.

1 Introduction

There has recently been a renewal of interest in studies of central exclusive production (CEP)
processes in high—energy proton—(anti)proton collisions, both theoretically and experimentally,
see for instance 1234, The CEP of an object X may be written in the form

pp(P) —p+ X +p(p), (1)

where + signs are used to denote the presence of large rapidity gaps. An important advantage
of these reactions is that they provide an especially clean environment in which to measure the
nature and quantum numbers (in particular, the spin and parity) of new resonance states, from
‘old’ SM mesons to BSM Higgs bosons 267891011 “Ope of the most interesting examples is the
CEP of the Higgs boson, which is at the heart of the FP420 LHC upgrade project '2: through
the installation of dedicated forward proton detectors 420m away from the ATLAS and/or CMS
detectors, it is hoped that detailed studies of new physics in high—luminosity runs of the LHC
can be performed.
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Figure 1: The perturbative mechanism for the exclusive process pp — p + X + p, with the eikonal and enhanced
survival factors shown symbolically.

As discussed in detail in for example®®, the CEP of, for instance, v, heavy (c,b) quarkonia,
new charmonium-like states or meson pairs with sufficiently large p, can serve as ‘standard
candle’ processes with which we can benchmark predictions for new CEP physics at the LHC,
as well as offering a promising way to study various aspects of QCD.

The formalism used to calculate the perturbative CEP cross section (see Fig. 1) is explained
in detail elsewhere >678, The expected cross sections and final-state particle distributions (in
particular of the outgoing protons) are determined by a non-trivial convolution of the hard
amplitude T and the so-called soft survival factors S2, defining the probability that the rapidity
gaps survive soft and semi-hard rescattering effects®. This is modelled in the SuperCHIC Monte
Carlo '3, which allows for an exact generation on an event-by-event basis of the distributions
of the final-state central particles and outgoing protons, as well as a precise evaluation of the
expected acceptances after experimental cuts have been imposed.

Recently the LHCb Collaboration has reported preliminary results on the CEP of x. mesons
in the x. — J/1 + v channel, where vetoing was imposed on additional activity in the rapidity
region 1.9 < n < 4.9, with some sensitivity to charged particles in the backwards region —4 < n <
—1.5'. While the Xe(0,1) production data are in good agreement with the theoretical predictions
for exclusive production >, the observed Y. rate is somewhat higher. However, it is worth
recalling that the observed LHCb data include some fraction of events with proton dissociation.
In 8 qualitative arguments were given that the protons dissociative process should favour the
production of higher spin x.(1,2) states, with the x 2 yield being particularly enhanced. However
a more accurate account of the effects caused by the un—instrumented regions in the LHCb
experiment ' requires more detailed quantitative studies®, and this is addressed elsewhere 1°.

Another way to help clarify the situation, as discussed in>%1%18 is to consider other decay
modes, with the observation of x., CEP via two-body decay channels to light mesons (7+7~,
KTK~, pp...) represents an interesting and realistic possibility. Considering the case of x. —
ntr~ CEP for example, while the x.o cross section is of the same size as in the .o — J/¢y —
pp~y channel, the fact that the Xe(1,2) two-body branching ratios are in general of the same size
or smaller (or even absent for the 1) than for the x.g, ensures that the J, = 0 selection rule is
fully active, see®!7 for more details. However, in this case we may in principle expect a sizeable
background resulting from direct QCD 77~ production; such a non-resonant contribution
should therefore be carefully evaluated. This process can be modelled in two different ways,
depending on the phase space region being considered: for low invariant mass and/or transverse
momentum final states a ‘non—perturbative’ mechanism, calculated using the tools of Regge
theory, should dominate, while the high k| tail of the 77~ CEP process should be generated
by a purely pQCD mechanism, which cannot be predicted within the framework of Regge theory.
We will discuss each of these in turn.

°On the experimental side, the addition of FSCs on both sides of the LHCb experiment ¢ would allow a more
efficient veto on inelastic events and should greatly clarify the situation.



2 Non—perturbative CEP mechanism
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Figure 2: Representative diagram for the non—perturbative meson pair (M3, My) CEP mechanism, where M™ is
an intermediate off—shell meson of type M. Eikonal and (an example of) enhanced screening effects are indicated
by the shaded areas.

In the low mass (low k) ) region, we expect a non—perturbative picture of the type shown
in Fig. 2 to give the dominant contribution. For this one-meson-exchange mechanism '8:19:20,
the meson (r+7~...) pair is created via double-Pomeron exchange, with an intermediate ¢—
channel off-shell meson. The amplitude is calculated using the tools of Regge theory, which we
summarise here, see®! for more details. The CEP matrix element is given by M = M; + Mg,
with £ = (P, — k3)?, @ = (P, — k4)?, where P; is the momentum transfer through Pomeron 4,

and k34 are the meson momenta. We have

a(p?)) a(p3))

M; = SRR OREROR (22 ) () 2)
where M is the meson mass and s;; = (p] + k‘j)2 is the c.m.s. energy squared of the final state
proton—meson system (ij). The normalisation is set by the total meson—proton cross section
o(mp) = oo(si5/50)* 071, The factor Fiy(f) in (2) is the form factor of the intermediate off-shell
meson and, as discussed in8, it is quite poorly known, in particular for larger values of £. It seems
reasonable to take a typical ‘soft’ exponential form Fys(f) = exp (bog(t — M?)), and the value
of the slope can be approximately fitted to reproduce the correct normalisation of CERN-ISR
data?!. A reasonable fit is given by the choice bog = 0.5 GeV 2.

Finally, we have to include an additional suppression factor to calculate the genuinely exclu-
sive cross section, i.e. that due to screening corrections, which in terms of the Reggeon formalism
are described by the exchange of additional (one or more) Pomerons. First, there is the exchange
between the two incoming (outgoing) protons (p1,p2), which is just the usual eikonal survival
factor Sex. While we in principle also have to consider exchanges between the protons and
the IPIP — M3M, system, these effects are expected to be suppressed by the smallness of
triple-Pomeron coupling 22, and the small size of the produced mesons ~ 1/ V/§ which gives a
very small meson—proton absorptive cross section in the phase space region we will consider.
Next, we recall that there is no secondary interaction between two outgoing mesons mediated
by Reggeon exchange. This can be seen as follows: since the meson pair production time in
Fig. 2 is practically instantaneous (~ 1/E), while a much longer time (~ E/m?) is need for the
formation of a Reggeon by the secondary meson, there is insufficient time for a Reggeon emitted
by one meson to interact with the other. Following®, we introduce an extra suppression of the
form of exp(—n), corresponding to the small Poisson probability not to emit other secondaries
in the IPIP — M3M, process at the initial meson pair production stage. Here n(s var) is the
mean number of secondaries. This factor may be described as the reggeization of the M* me-
son exchange, which means that we now deal with non—local meson—Pomeron vertices and the
t—channel meson M™* becomes a non—local object, i.e. it has its own size. It is this non—locality
that is responsible for the non—violation of causality.
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Figure 3: (a) A typical diagram for the gg — M M process. (b) Representative ‘ladder’ diagram, which contributes
to the production of flavour-singlet mesons.

3 Perturbative CEP mechanism

At higher values of the meson k| we can model the meson pair CEP process using the pQCD-
based Durham model, as in Fig. 1. To calculate the gg — M M subamplitude we use a general-
isation of the ‘hard exclusive’ formalism used to calculate the vy — MM cross section at wide
angles 524, The amplitude can be written in the form

1
M)\/\’('§7 0) = /0 dx dy ¢M(l‘)¢ﬁ(y) IBVY (l’, Y; 8, 9) : (3)

where § is the MM invariant mass, z,y are the meson momentum fractions carried by the
quarks, A, X are the gluon helicities and 6 is the scattering angle in the gg cms frame. T,/ is
the gg — ¢q qq hard scattering amplitude, where each (massless) ¢g pair is collinear and has the
appropriate colour, spin, and flavour content projected out to form the parent meson.

We can then calculate the relevant parton-level helicity amplitudes for the gg — MM
process, for the production of scalar flavour-nonsinglet meson states (rm, KT K, K 0?0). There
are seven independent Feynman diagrams to compute— a representative diagram is given in Fig. 3

(a). An explicit calculation gives®
o _
Tyg" =Tg9 =0, (4)
§AB 64m2a’ 1- 1-1y)) N, 2C
TH==T7_"1T= _ T % (21 —2) +y{1 —y)) No cos20 — “Ea) | (5)
99 99 Ne szy(1 —z)(1 —y) a? — b%cos? 6 2 Ne
where A, B are colour indices and
a=(1-z)(l-y)+ury b=(1—-z)(1-y)-=y. (6)

We can see that the gg — MM amplitude for J, = 0 gluons (4) vanishes at LO for scalar
flavour-nonsinglet mesons, which, recalling the .J, = 0 selection rule?® that strongly suppresses
the CEP of non-.J, = 0 states, will lead to a strong suppression (by ~ two orders of magnitude)
in the CEP cross section. As a result, we may expect the perturbative contribution to the
continuum background to x. — 777~ to be small. We can also see that the |J,| = 2 amplitude
(5) vanishes for a particular value of cos? §. This vanishing of a Born amplitude for the radiation
of massless gauge bosons, for a certain configuration of the final state particles is a known effect,
usually labelled a ‘radiation zero’26. The destructive interference effects which lead to the zero
in the |J,| = 2 amplitude (5) will tend to further suppress the CEP rate. A further important
consequence of this is that the 7°7% QCD background to the 4y CEP process described above
is predicted to be small. In2?® CDF reported the observation of 43 v events with |n(y)| < 1.0
and Ep(vy) > 2.5 GeV, with no other particles detected in —7.4 < 1 < 7.4, which corresponds to

a cross section of 0., = 2.48J_r8:§g (stat)fgig(l) (syst) pb. The theoretical cross section, calculated



using the formalism described in® and implemented in the SuperCHIC MC generator '3, is 1.42
pb using MSTWO0SLO PDFs2? and 0.35 pb using MRST99 (NLO) PDFs 3%, while the p,, A¢
and invariant mass distributions of the vy pair are well described by the MC. In the analysis
n 28 special attention was paid to the possible background caused by 7°7° CEP, since one or
both of the photons from 7 — v+ decay can mimic the ‘prompt’ photons from gg — vy CEP.
Importantly, CDF has found that the contamination caused by 7°7° CEP is very small (< 15
events, corresponding to a ratio N (77%)/N(yv) < 0.35, at 95% CL), supporting this result.

It is also possible for the ¢g forming the mesons to be connected by a quark line, via the
process shown in Fig. 3 (b). These amplitudes will only give a non-zero contribution for the
production of SU(3)p flavour-singlet states, i.e. n'n’ and, through n-—' mixing, nn and nn’
production. The explicit amplitudes are given elsewhere ®, but the crucial result is that the
J, = 0 amplitudes do not vanish as in the case of flavour non—singlet mesons, and so we will
expect ' CEP to be strongly enhanced relative to, for example, 77 production, due to the
J, = 0 selection rule which operates for CEP. In the case of nn production, the flavour singlet
contribution will be suppressed by a factor sin* p ~ 1/200, where fp is the octet-singlet mixing
angle ?”, which may therefore be comparable to the |.J,| = 2 flavour-octet contribution. In fact,
after an explicit calculation we find that the nn CEP cross section is expected, in the regions of
phase space where the perturbative formalism is applicable, to be dominant over 7w CEP. As
n(")n(") CEP is expected to have larger perturbative cross sections it may therefore represent an
experimentally more realistic and theoretically cleaner (that is, with a smaller non—perturbative
contribution) observable.

4 x.— w7 : perturbative and non—perturbative contributions
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Figure 4: xco — 7 7 Breit-Wigner peak, and perturbative and non—perturbative (for different bog values)
contributions to non-resonant 77~ CEP in the .o mass region at /s = 7 TeV, for different &, and 7 cuts on
the pions.

Finally, in Figs. 4 we show results for the 777~ CEP cross section at /s = 7 TeV in the
Xco mass region, which will be relevant for evaluating the potential continuum background to
resonant .o — w7 production. The 777~ mass distribution from y.o decay is given by
a simple non-relativistic Breit—-Wigner, with the .y cross section normalisation set using the
SuperCHIC MC '3, which implements the theory described in 6. We can see that once basic 7
cuts are imposed on the final state pions, the x.o signal is expected to lie at a similar level to
the non—perturbative background with bog = 0.5 GeV~2, and that the perturbative contribution
is expected to be negligible. Although we note that the non-perturbative background may
be somewhat lower in this mass region (for comparison we also show the background for the
choice bog = 0.625 GeV 2, which gives a lower cross section), it is not completely clear that the
signal peak will be visible over the background, taking into account the theory uncertainties
(experimental resolution effects may also decrease the S/B ratio). However, if we also impose a
k1 > 1.5 GeV cut on the pions, we can see that the background is further reduced with little



effect on the x. signal rate (for which the x. mass M, =~ 3.5 GeV ensures that a large fraction of
the central pions have k; > 1.5 GeV): the predicted x.o — 77~ rate lies (at least) an order of
magnitude above the expected background. We can therefore safely conclude that even within
the (in principle quite large) theory uncertainties, x.o — 77~ is expected to represent a clean
experimental signal, with a low continuum background once suitable cuts are imposed.

To conclude, studies in>%7® demonstrate the rich phenomenology that CEP processes offer
at high-energy colliders. We have concentrated here on the case of meson pair CEP, and in
particular the potential continuum background to the y. — 777~ mode, which we expect to be
under control once suitable cuts are imposed on the final-state pions. Future CEP data from
the LHC and RHIC (as well as analysis from the Tevatron) will hopefully shed further light on
the theory of meson pair CEP, and other exclusive processes in general.

LHL thanks the organisers for providing an excellent scientific environment at the Workshop.
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