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Abstract We study the rapidity dependence of the central
exclusive production cross sections of C-even mesons in p A
and A A collisions, where A is a heavy ion. We observe quali-
tatively different behaviour of the contributions arising from
y-Odderon and Pomeron—Pomeron fusion mechanisms. This
can be used to extract the Odderon signal from the events of
J> mesons exclusively produced in the forward region. Esti-
mates, obtained using expected values of the Odderon cross
section, indicate that the y-Odderon contribution may exceed
by a few times the Pomeron-induced background in Pb—Pb
collisions. Moreover, the Odderon effect can be clearly seen
in terms of the asymmetry in pA and A A collisions with the
beam and target reversed. It is particularly interesting to note
that the asymmetry for y-Odderon fusion reaches its maxi-
mum value close to 1 in the forward direction, whereas the
asymmetry for the Pomeron—Pomeron fusion contribution is
small. The role of additional interactions of the f, meson with
nucleons in the heavy ion, and also the contributions from
secondary Reggeons, are estimated. The photon—Odderon
contribution has a large normalisation uncertainty but the
enhanced cross-section in the forward region combined with
a large asymmetry increases the chance of experimentally
detecting the Odderon.

1 Introduction
Central exclusive production (CEP) of C-even mesons was
intensively discussed as a promising possibility for searching

for glueballs produced in Pomeron—Pomeron fusion (see, for
example, the reviews in [1-4]). Here we wish to discuss how
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this type of process can be used to search for the Odderon.! In
particular we study the possibility of searching for Odderon-
exchange in ultraperipheral p A collisions at the LHC, where
A is a heavy ion [19]. It was shown in [19] that the signal
cross sections for the semi-exclusive production of C-even
mesons due to Odderon-y fusion could be quite large, up to
the ub level — note that the heavy ion enhances the y flux by
a factor Z2. So, in principle, the observation of these could
be viable search channels for Odderon exchange. However it
was also noted in [19] that as well as identifying a sizeable
signal, it is essential to quantitatively estimate the contri-
bution from all potential background processes. In addition
to production from Odderon-y fusion we have irreducible
backgrounds due to yy and Pomeron—Pomeron fusion, and
also a reducible background coming from the photoproduc-
tion of vector mesons followed by their radiative decay to
the C-even meson where the emitted photon is undetected.
If instead of pA collisions, we were to study AA collisions
then the background from yy fusion could be overwhelm-
ing, whereas in pp collisions the background coming from
Pomeron—-Pomeron fusion would be strongly dominant. In
Ref. [19] the signal and background were estimated for a set
of C-even mesons (7, f(1270), n, n.) produced exactly
at the centre at rapidity y = 0. In each case the background
posed a serious challenge to the experiment. Of these, the f>
meson looked to be the most promising. The cross section is
rather large and the backgrounds due to y y-fusion and vec-

! The Odderon is the odd-signature (C = —1) partner of the even-
signature (C = 1) Pomeron, see for reviews [5-7]. It is a firm prediction
of QCD [8,9], but so far the experimental evidence for its existence
is not definitive. There have been various proposals on how to search
for Odderon-exchange effects in high energy collisions. In particular,
there is a long history of studying the possibility of searching for the
Odderon via the exclusive photoproduction of C-even mesons (such as
the f7); see for example [10-18], although no quantitative estimate of
the background to the Odderon signal has been made.
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tor meson radiative decays (such as J/¥ — f> y) are low.?
However the background due to Pomeron—Pomeron fusion
still poses a problem.

In this paper, we examine these backgrounds further, as
well as those arising from two other sources. In addition
we consider the forward kinematics with y = 2 — 5 which
has some advantages in selecting the Odderon contribution,
although here there are increased contributions from the
exchange of secondary Reggeons. Since in the forward (i.e
large rapidity y) direction, the rapidity difference between
the f> meson and the nearest proton is not too large, the
R = w, p trajectory exchange is not suppressed too much.

We also consider the viability of looking for an Odderon
signal in heavy ion, AA, collisions. The yy fusion back-
ground can be controlled by requiring relatively large trans-
verse momenta, p; > 0.3 — 0.5 GeV, of the observed f;
meson while the Pomeron—Pomeron fusion background in
AA case becomes less important. We find that the relative
size of the Odderon signal compared to the background is
greater in AA than in p A collisions.

We extend our studies in the search for the Odderon mak-
ing use of the rapidity dependence of photoproduction reac-
tions, to define asymmetries for exclusive f, production in
both p A and A A central processes. The ability of the LHC to
provide beams of protons and ions in either direction, means
that forward detectors like LHCb have an acceptance for p A
collisions at both positive and negative rapidities. We find a
large asymmetry for f> production through photon—-Odderon
fusion that is largely absent in the background Pomeron-
induced processes.

We have to emphasize that in the f, — 777~ decay
mode there is a large background coming from the direct
7T~ ultraperipheral photoproduction and the higher mass
tail of the p meson which can be produced via the photon—
Pomeron fusion with a quite large cross section. This back-
ground has no peak in the f> mass region but experimentally
it will strongly dilute the significance of the f> signal.

The outline of the paper is as follows. In Sects. 2 and 3
we give the formulae for the cross sections for exclusive
J> production in p A collisions as a function of the f> rapid-
ity arising respectively from Pomeron—Pomeron and Photon-
induced fusion processes. In Sect. 4 we note that the cross
sections have an asymmetry in rapidity; the cross sections
o (pA) and o (Ap), with interchanged proton and ion beams,
are not equal in the forward direction. In contrast the process
AA — A+ f> 4+ A is dominated by yy fusion, and there
is no asymmetry in rapidity. However, if we consider events
where one of the ions (A*) is broken then an asymmetry is
predicted to occur. Throughout the paper we therefore also

2 Note that in Table 3 of [19] the background caused by yy fusion was
underestimated by a factor of 5, but this contribution is still much lower
than the Pomeron—Pomeron term.

@ Springer

present formulae for the process AA — A + f, + A*. Note
that by A* we allow for the break up of the ion but not of the
constituent nucleons inside the ion. In Sect. 5 we consider the
y ¥y background and emphasize that an important background
to f» production in the w7~ channel is from p photopro-
duction. In Sect. 6 we perform numerical calculations to give
indications of the size of the cross sections and asymmetries
expected for pA — p+ fo+Aand AA — A+ fo+ A* by
making physically reasonable assumptions for the unknown
parameters. We consider both the Pomeron—Pomeron and the
photon-induced fusion mechanisms. The size of the Odderon
induced cross section is unknown. However, by using p A and
AA collisions and considering the asymmetry of the cross-
section with respect to rapidity, its effects can be enhanced.

2 Rapidity dependence of Pomeron—-Pomeron fusion

Letus start with the pure exclusive pp — p+ f>+ p reaction.
The cross section as a function of the rapidity of the f> meson
has the form

dO_CEP

1
rp 2 2 2 ,—2(y1—y2)
= d”p1d A(p1, p2,
dy 162 5/ p1d°p2|A(p1, p2, y)|7e
(D

where y; (y2) and y are the rapidities of the beam (target)
protons and f> meson respectively (y; > y > y7); and
p1 (p2) are the transverse momenta of the outgoing pro-
tons; 1] = — pf, th = — p%. The amplitude is dominated by
double Pomeron exchange and reads

A(p1, p2,y) = Cexp(Bt+ Bt) Pt (1—y) eap(tz)(y—yz)’
@)

where ap(t) is the Pomeron trajectory; B accounts for the
slope of the vertices and C is the product of the coupling con-
stants (two Pomeron—proton couplings times the Pomeron—
Pomeron-to- f> fusion constant). For the Pomeron trajectory
we use the simple form ap (1) = 1 +€+a'pt with a}) =0.25
GeV~2 and € = 0.0808 (corresponding to the Donnachie—
Landshoff (DL) parametrization [20,21]). After integra-
tion over the transverse momenta in (1) the cross section
becomes

o) e
dy 16273 4(B + o (y1 = ) (B +ap(y — y2))’
(3)

The only rapidity dependence comes from the denominator
of (3). Taking B = 8 GeV~2 (which is consistent with the
WA102 data [22]) we expect a rather weak y-dependence.
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At /s = 13 TeV the cross section increases by 1.3% going
from y = 2 to y = 5. This is negligible.

2.1 pA collisions

A stronger y dependence is expected in heavy ion collisions
when we account for the possibility of interaction of the f>
meson with the ion (or rather with the nucleons, N, in theion).
First we consider the exclusive process pA — p + f>» + A.
The probability of the above ‘secondary’ interaction is driven
by the o (f>N) cross section, which increases with energy,
that is with the f> rapidity as exp(2e(y — y»2)) (here the
rapidity of target ion y» < 0 is negative).

Besides this we have to account for the additional beam-
target inelastic interactions which populate the rapidity gap
and thus violate the ‘exclusivity’ condition. The correspond-
ing ‘gap survival probability’, S2, for the case of collisions
with a heavy ion was discussed in detail in [23]. It is con-
venient to calculate the value of S2 in impact parameter, b;,
space. For the case of survival against an additional proton-
ion interaction’

82y (br) = exp(—oii(pN) Ta(by)), )

where oo (pN) is the total cross section of the proton—
nucleon interaction and T4 (b) is the optical density of the
heavy ion,

Ta(b) =/ dz(pp(z, b) + pa(z, b)). (&)

In this simplified estimate we neglect the radius, 7y, of
the proton—nucleon interaction in comparison with the larger
heavy ion (A) radius and consider the fotal exclusive cross
section integrated over ¢ and .

The nucleon density distribution in A is described by the
Woods-Saxon form [26]

0
1 +exp((r—R)/d)’

pN(r) = 6)

where the parameters d and R respectively characterise the
skin thickness and the radius of the nucleon density in the
heavy ion; r = (z, b). For 2%*Pb we take the recent results
of [27,28]

R, = 6.680 fm ,
Ry = (6.67 +0.03) fm ,

d, = 0.447 fm ,
d, = (0.55+0.01) fm.  (7)

3 We do not include the inelastic Glauber corrections since the effect of
inelastic shadowing is almost compensated by the effect of short-range
correlations in the wave function of the target nucleus [24,25].

The nucleon densities, p, are normalized to

/ pp(d°r = Z, / P (r)dr = Ny, (8)

for which the corresponding proton (neutron) densities are
po = 0.063 (0.093) fm 3.

Correspondingly the probability to preserve the exclusiv-
ity against f> N additional interactions with the target ion is
given by

S7n(b) = exp(—oiot (LN)Ta (b)), C))

where oyt (f2N) is the cross section of an f> meson inter-
acting with a nucleon, N, in the ion.

To calculate the rapidity dependence of f> production in
proton-A collisions we first compute the cross section for the
incoherent process, pA — p + f» + A*, where the outgo-
ing ion, A*, breaks up. This cross section is given by that
for the CEP in pN collisions, do*%iP /dy, times the num-
ber of nucleons in the ion at fixed b; (i.e., T4 (b)) times the
survival factors describing no additional pA and f> A inter-
actions (i.e., the survival against the production of additional
secondaries). Thus integrating over b; we have

do_incoh dUCEP
5;‘ = df’yp / d*bTa(b)S7,y(B)Soy(b),  (10)

where S?) 18 given by (4) and sz,z 18 given by (9). Strictly

speaking we should account for the gap survival factor, Sf,p,

in the proton-proton case as well. However in this case it

can be included in the constant C, that is into the dagfp /dt

value, which anyway should be taken from experiment.

The cross section for the coherent (‘elastic’) process,
pA — p+ f>» + Aisalittle more difficult to calculate. We
have first to calculate the amplitude, which is proportional to
the total number of nucleons ( f d?bT4 (b)) in the incoming
ion. After integration over the momentum g, transverse to
the incoming ion we obtain the factor § (b — b*), where b and
b* are the independent impact parameters of the contribut-
ing nucleons in the amplitude A and the complex conjugate
amplitude A*, respectively. Finally we obtain

do,c%h d CEP
PA dpy” 8n(B+ajp(y—y2))/dszj(b)S}zN(b)SiN(b),

dy
(11)

where the optical density T4 is now squared and the extra
dimension due to the extra T4 is compensated by the slope
of the NN cross section, 2(B + a/, (y — y2)). The details of
the calculation can be found in [23].

Note that the rapidity dependence is hidden in the energy/
rapidity behaviour of the slope 27 (B + o/, (y — y2)) and in
the cross section oo ( f2 N) that enters the survival factor (9).

@ Springer
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2.2 AA’ collisions

For f, production in ion-ion collisions, AA" — A+ fo+ A,
we have a third survival factor

S?QN’(bZ) = exp(—oiot (/2N T} (h2)), (12)

where N’ denotes a nucleon in the target ion, while T, (b;)
is the target ion optical density. As before, working in the b,
representation, the central incoherent (with respect to both A
and A’ ions) cross section for AA’ — A* + f» + A'* reads

incoh CEP
doyy _ dopy
dy dy
2, 2 / 2 2 2 Pz
X/d b1d"ba TA(b1)T 4 (b2) Sy, § (1) S,y (B2) Sy (11 = b2D),

13)

where the factor 512\/ v accounts for the rescattering of con-
stituent nucleons in the incoming beam and target ions.
(Recall that the incoherent cross section is normalised to
pure central exclusive pp collisions, which do not include
proton excitations. Therefore in the above process A* means
that the ion is broken but that the constituent nucleons in the
ion remain intact.) For ion-ion collisions the survival factor

Sy (B) = exp(—oit (NN)Qp a4/ (b)), (14)

with

Qax(b) = /dzbldzszA(bl)T;V(bz)M (b — by + b»).
(15)

As shown in [23] (see Fig. 4(right)) for the lead-lead interac-
tions Slz\,N, (b) >~ 6(b — 17 fm); that is, it is close to the form
of a @ function.

Correspondingly the coherent (with respectto A) AA” —
A+ fr+ A'* cross section is obtained by a similar relacement
in (11) leading to the form

do coh d(ICEP

AA )24 /
= 87 (B + —
dy dy 7T ( ap(y1 —y)
/ dzbldzszj(bl)T/;,(bz)S}%zN(bl)S}z,\,, (bz)S,%,N,(u?l — ba)).

(16)

Recall that rapidity dependence is hidden in the energy/
rapidity behaviour of the oy (f2N) cross section that enters
the survival factors (9, 12).

We note that the values of the integral in (10) and (13)
can be treated as effective numbers of nucleon-nucleon pairs
(nucleons from the heavy ion) that produce the f> meson.
The same is true for the factor 877 (B +a/, (y; — y)) times the
integral (i.e. the whole r.h.s expression, except for the factor

@ Springer

dcrgfp/dy) in Egs. (11) and (16)). See [23] and sect. 6.1
of [19] for more discussion of the formulae in this section.

2.3 Missing information in the survival factors

Unfortunately the cross section oo ( f2 V) is not known. One
possibility is to assume that it is equal to the pion-proton cross
section described by the Donnachie-Landshoff parametriza-
tion [20,21]

oot (f2N) = ao(s/1 GeV?)© (17)

with o9 = 13.6 mb and € = 0.0808. Another possibility
is to say that oio((f2N) = oiot(pN) where the p-proton
cross section is extracted from the p meson diffractive pho-
toproduction data [29] in the framework of the Vector Dom-
inance Model (VDM) [30,31]. This gives ¢ = 0.055 and
o9 = 15.7 mb, which defines the VDM form of oo (2 N).
However even this value (which is a bit smaller in the relevant
energy region) can be an overestimate. It is not excluded that
the wave function of the f> meson produced via Pomeron—
Pomeron fusion has not at the outset its normal configu-
ration, but rather is represented by the small size, 7, of
the quark—antiquark pair which has a lower cross section
(0 x asz(fz), see [32,33]) than that of the finally formed
meson in its ‘equilibrium’ state. Therefore in our numerical
estimates we will use also the absorptive cross section with
oo = 15.7/2 mb, half the value of that given for the p meson
by VDM.

2.4 Including secondary Reggeon contributions

Besides f> production by Pomeron—Pomeron fusion there
are production amplitudes in which one or both Pomerons in
the amplitude (2) can be replaced by a secondary Reggeon®
of the form

Ar(p1, p2, y) = Crexp(B't1+B" 1) ORID1=Y) Jop@2)(y=y2)
(18)

After the integration over the tranverse momenta (analogous
to going from (2) to (3)) we find that the rapidity dependence
is now is suppressed by the factor exp((ct r, — 1)(y1 — y)) or
exp((ap, — 1)(y — y2)), due to a smaller intercept ag (0) =
af,(0) ~ 0.5. Hence it is negligible for a large rapidity inter-
val y; — y. However in the forward direction, for example at
a rapidity of 5 where the rapidity difference y; — y is 3.5-
4.5, the interference of secondary Reggeon with Pomeron
exchange may affect the rapidity distribution of the produced

4 Sometimes the secondary Reggeon, R = fa, is said to lie on the
so-called P’ trajectory.
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/> meson enlarging the cross section at larger |y|. The effect
may be more important if for some reason the ‘Pomeron—
Pomeron— f>’ vertex is much smaller than the ‘Pomeron-
R — f>’ vertex. Such a situation may occur if it happens
that the f> CEP follows a pattern of a purely perturbative
expectation, derived for the case of the 277 state formed by
the heavy quarks, see e.g. [34,35].

The contribution of secondary Reggeons should be clearly
seen in the rapidity y-distribution as a fast growth of the
cross section as y increases towards the higher end of rapidity
interval.

Note that within the perturbative approach a heavy 21+
quarkonium is produced by fusing gluons from the colliding
Pomerons; for a review see e.g. [36]. An important property
of the perturbative CEP mechanism [37] is that in the for-
ward proton limit the centrally produced state should obey
the so-called JF€=0"" selection rule (J; is the projection
of its spin onto the collision axis). If the zero helicity dipho-
ton (digluon) transition to the 27+ quark—antiquark state is
suppressed (which is true only in the non-relativistic quark
approximation) then we could expect the suppression of the
tensor state CEP in the proton-proton collisions. Though a
priori being far from obvious, it was shown (see e.g.[38,39])
that even in the case of light quarks, the helicity zero ampli-
tude for the yy coupling of the gg tensor mesons remains
numerically small, and this was experimentally confirmed by
the BELLE collaboration [40] in the high-statistics measure-
ment of the dipion production in photon—photon collisions.

It is quite intriguing that while the f>(1270) CEP was
clearly seen in the ISR measurement at /s = 62 GeV using
the Split Field Magnet spectrometer [41,42], the f> signal
disappears in the study with the Axial Field spectrometer at
the same energy but when the protons were scattered nearly
forward [43,44]; that is here we are close to J, = 0 kinemat-
ics. A vanishing of the f> signal at low momentum transfer to
scattered protons was observed also in the E690 fixed target
experiment at the Tevatron at /s = 40 GeV (see e.g. [45).5
A further indication along this line follows from the prelim-
inary LHCb measurement [47] of dipion central production
in pPb collisions at 8.16 TeV. While the f> signal is clearly
seen when no special exclusivity requirement is imposed,
it is strongly suppressed when there is no observed activ-
ity in the forward region. Such a peculiar behaviour of the
f2(1270) CEP at low momentum transfers certainly needs
further detailed investigation in particular at the LHC ener-
gies with the dedicated forward proton detectors TOTEM
and ALFA. Thus in comparison with the Pomeron—Pomeron
CEP amplitude (2) the Pomeron-R term most probably has
a constant factor Cg about a factor 1 to 4 larger than C.

> We are grateful to Mike Albrow for bringing our attention to this
phenomenon, see also [46].

3 Rapidity dependence of photon-induced f>
production

C-even mesons can be produced in exclusive events either
via the fusion of two C-even objects (Pomeron—Pomeron) or
two C-odd objects (y-Odderon or y — R where R = p or w).
The photon flux, N, , radiated by the lead ion is quite large -
it is enhanced by a Z? = 822 factor and is a strong function
of photon energy (rapidity). In b; space, which is convenient
to account for the survival factors S2, the photon flux outside
the heavy ion® reads [48,49]

SNy 22O b K2 Comnb,) (19)
dxd?b, — xmip Cv) RIS

Here K (z) is the modified Bessel function of the first kind; x
is the nucleon momentum fraction carried by the photon; b,
is the b; position of the f> production vertex with respect to
the centre of the ion; and m,, is the nucleon mass. For large z
the function K (z) o e~ * decreases exponentially. However
the values of x relevant for central f> production at the LHC
are very small

x ~mpe /s ~107 (20)

Note that z = 1 corresponds to b, 2 200 fm. Thus the
dominant contribution has a logarithmic dzby / b)z, structure
and comes from very large b, starting at b, = Ra (2Rx
for AA collisions) and up to b, ~ 1/xm, for the case of
proton-ion (ion-ion) collisions; R4 is the ion radius.

3.1 Photon—-Odderon fusion

Our particular interest is in f> production by y-Odderon
fusion so let us discuss this first. For the large values of b,
mentioned above we can neglect the survival factors with
respect to the ion which emits the photon. Hence we can put
the survival factors

Sin =Sin =Spyby) =1 @1)

and write the CEP cross section just as the product of the
photon flux times the Odderon induced, opgg, cross section

doodd dN

= — D D 22
& & oodd(yD — f2D), (22)

where D denotes the proton in the case of pA collisions or
the ion A" in the AA’ case.

6 For small b, < R4 the contribution to the exclusive cross section is
strongly suppressed by the gap survival factors S2.

@ Springer
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Recall that the lead ion A radiates the photon coher-
ently and is not destroyed (otherwise we lose the large fac-
tor Z = 82). On the other hand it is better to select the
events of incoherent interactions with the ion A’. In this way
we suppress the background caused by yy — f> fusion.
The incoherent events can be selected by observing the sig-
nal in the rapidity interval close to the A’ ion or by looking
for the events with a relatively large transverse momentum
of the f> meson, say, p; 5, > 0.3 — 0.4 GeV. (Recall that
D1,y is still quite small due to the large values of b, ; there-
fore p;,y, is almost equal to the momentum transferred to
Al).

Since the Odderon intercept, oodd, iS very close to 1
[5,6,50], the rapidity dependence of the photon—Odderon
fusion cross section in pA collisions is completely driven
by the behaviour of the photon flux dN/dy. In the AA’
case the gap survival factor S}2‘2 nv also has an effect.

Indeed, the semi-exclusive y A" — f> A* cross section reads

o(yA' = fA") = oowulyp = fop) / d*bT4 (b)ST, N (b)
(23)

where A* denotes the ion A’, after it was broken by the inco-
herent interaction, and S?.z v 18 given by (12).

3.2 y-R fusion

Of course the Odderon exchange in (22, 23) can be replaced
by C-odd secondary Reggeon R = w (or R = p) exchange.
We get exactly the same expressions (Egs. (22) and (23)).
The only difference is that the ‘elementary’ cross section
or(yp — fap) (which replaces ooqq in Eqgs.(22, 23)) now
depends on the f>-proton energy, that is on the rapidity of
the f> meson as

or(yp — fap) o exp2(ag — D(y1 = y)). (24)

This leads to a strong rapidity dependence of the sec-
ondary Reggeon-exchange contribution. At LHC energies
this contribution is completely negligible at central rapidi-
ties (that is, y close to O in the laboratory frame) but
may reveal itself in the forward region where the differ-
ence |y; — y| becomes smaller and the exponential increase
towards 1.

Besides this there may be interference between different
contributions. The interference between the Pomeron and the
Odderon is small since the Pomeron-exchange amplitude is
mainly imaginary while the Odderon-exchange is real. On
the other hand secondary Reggeon-exchange can interfere
with both the Pomeron and the Odderon amplitudes. How-
ever below we will neglect the interference effects in our
simplified numerical estimates.

@ Springer

4 Asymmetry

The differential cross-sections for exclusive f> production
described above exhibit very different dependencies with
rapidity. That resulting from Pomeron—-Pomeron fusion is
rather flat, while photon—Odderon production has a strong
dependence due to the photon flux. For proton-ion collisions
this can be usefully encoded in an asymmetry, A, defined as

_ a(pA) —a(4p)

AP = oA Foap)

(25)

where o (pA) and o (Ap) denote the cross sections measured
in runs with interchanged proton and ion beams (at the same
Yh)-

In pp collisions and A A collisions (where the ions remain
intact) the asymmetry is absent (A=0). However in ion-ion
collisions we can have asymmetry by selecting events where
one ion (A*) is broken while the other one (A) remains intact:

o(A*A) — o (AA™)

A(AA*) = ) o (AAn

(26)

4.1 Pomeron—Pomeron fusion

Due to the small value of o, , we may neglect the small rapid-
ity dependence of the 7-slopes and hence the proton—nucleon
amplitude (2) has no asymmetry. However, an asymmetry
appears after we account for the survival factors S2 in (10).
Indeed, the probability to have no additional interactions of
the f> meson with the nucleons inside the heavy ion decreases
when the cross section o,y increases (see (9)); i.e., when
the rapidity difference y — y, (or y; — y) becomes larger.
This means that we expect a larger cross section (10) in the
case when the forward f> goes in the direction of the ion. Let
us denote this case as (pA) so the corresponding asymmetry,
A, is positive.

For ion-ion collisions the situation is a bit more compli-
cated. We have the survival factors S 22 n and S]% v from both
sides (both ions). However in (16) the optical density T4 (b1)
is squared. That is the typical values of T4 (b1) in the unbro-
ken ion are larger than, T4/ (b3), in the ion that was destroyed.
Therefore the factor S?-z y (b1) becomes more important and
the f, meson would prefer to fly in the direction of the unbro-
ken ion (which interacts coherently).

4.2 Photon—Odderon fusion

For photon induced processes the cross section is propor-
tional to the photon flux N, (19), which increases with x
decreasing. This effect is stronger than that caused by the $°
factors. Therefore now the cross section is larger when the f>
meson goes in the direction opposite to the ion that was not
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destroyed and ‘coherently’ radiates the photon. This leads to
a negative asymmetry A.

4.3 Fusion with a secondary Reggeon

Recall that for proton—ion collisions at the LHC the energy
per nucleon for the lead beam is about 2.5 times smaller than
the proton beam energy. This leads to an additional asym-
metry. Since the R-exchange cross section decreases with
energy (that is with the rapidity difference) the R-exchange
contribution is larger for kinematics in which the f> meson
goes in the ion direction; hence adding some positive com-
ponent to the asymmetry A(pA).

5 Backgrounds

When searching for the Odderon contribution in exclu-
sive f, production we face two obvious sources of back-
ground. These arise from the production of the f, meson by
Pomeron—Pomeron fusion and yy fusion. In the next Sec-
tion we will give indicative estimates of the size of the con-
tribution arising from Pomeron—Pomeron fusion using the
formalism that we developed in Sect. 2. We first discuss the
background from yy and y-Pomeron fusion.

5.1 yy fusion

It must be mentioned that Odderon exchange can be replaced
by the photon exchange. Such a photon—photon fusion con-
tribution can be calculated with rather good accuracy based
on the known f> — yy decay width. This gives

J ) 0.23nb
oQep(yp = fa+p7) _ S, 0. @)

dt 2]

where p* indicates that we allow the proton to dissociate into
some low mass state p* (since on this side we are looking for
the ‘incoherent’ process). For this reason we omit the proton
form factor in (27).

Practically it is impossible to distinguish here between the
photon and the Odderon exchanges. Formally in the case of a
photon we have an extra 1/t factor in (27) and may expect a
steeper 7-dependence. On the other hand we do not know the
F 3)/% 5 (t) form factor and already we have selected not too
small |¢|. Note that the trivial 'y contribution will have the
same y-behaviour as that for Odderon exchange. Integrating
over the 0.3 < p; 5, < 1 GeV, it must be normalized to
o ~ 0.3 —0.4nbinstead of opga(yp — f2p) = 1 nb which
will be used for the numerical estimates in Sect. 6. The value
taken for the cross section opgq is discussed in Sect. 6.1.

5.2 y-Pomeron fusion

For photon-induced production, the f, peak is placed on the
top of a large background coming from the tail of p(770)
meson ultraperipheral photoproduction (the p meson is pro-
duced via the photon—Pomeron fusion with a rather large
cross section). In particular, taking o (yp — pp) =~ 10 ub
measured at HERA [51], we expect the p-photoproduction
induced 777~ cross section, in the interval M(f>) +
'(f2)/2, to be 0 ~ 270 nb. How does this compare with
f» — m T~ production via Odderon exchange? There are,
at present, no data for o (yp — f2p), but experimental lim-
its of 16 nb [52] indicate that the value is much smaller than
from the tail of the p resonance. We discuss this further in
Sect. 6.1.

Clearly, in order to separate out a pure f> signal it would
be desirable to perform the partial wave analysis selecting a
JP = 2% state. However with such a large contribution from
other partial waves it would be difficult and require very large
statistics. A possible way to avoid the serious p background
would be to seek events for the f» meson via its 7%7° and
K K decay modes.

6 Numerical estimates

To get an impression for the size of the cross sections and
asymmetries we present in Figs. 1, 2, 3 and 4 the results
of some numerical calculations. These plots are shown for
illustration. Unfortunately, as mentioned, we do not know the
size of the Odderon-photoproduced cross section, oogq; nor
the values of the required couplings, like

YO — fa, ¥yR— f, (28)

where P, O and R denote Pomeron, Odderon and Reggeon,
respectively. Also we do not know the cross section oy (f2 V)
where N is a nucleon. Therefore we plot the contributions of
the different components separately. We consider ‘13 TeV’
kinematics, that is the proton beam has 6.5 TeV energy while
the energy of the nucleon in the lead ion is 2.56 TeV.

PP — f», PR — f5,

6.1 Input assumptions and notation for the curves in the
figures

The cross section for the photoproduction of the f> meson by
Odderon-exchange is the largest unknown in our predictions
concerning the proposed search for the Odderon in pA and
AA collisions. A reasonable rough estimate is

oodd(yp — fap™) ~ 1—10nb. (29)

Expectations based on lowest-order QCD give values in the
region of 1 nb, whereas HERA data [52] give an upper limit of

@ Springer
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16 nb. For our numerical estimates below we will normalize
our predictions to 1 nb; these are then easy to scale up or
down as appropriate.

To evaluate the cross section of central f> production via
Pomeron—-Pomeron fusion we normalize the first factor, C,
in (2) to be in agreement with the CMS data [53]. Thus we
take

do(f2)/dy =1pub at y=0. (30)

In such a form it will be easy to recalculate the result expected
in the case of another value of C or do (f>)/dy. For the R-
contribution we put Crx = 2C and ag(0) = 1/2 in (18).
Thus the ratio of the fusion amplitudes is given by

2/y/s N /1GeV2. (31)

The absorptive cross section oo (f2N) is chosen in three
different ways: via the VDM approach (17) with o9 = 15.7
mb, with a twice smaller op = 15.7/2 mb (taking e = 0.055),
and with no absorption inside the heavy ion (op = 0).

The y-Odderon induced cross section is normalized to
o(y + p— fo+ p*) =1 nb. We use the VDM to evaluate
the Reggeon contribution. It gives

5/1/s N /1GeV2, (32)

where here the R-Reggeon is w, p.

To search for the Odderon we have to keep one ion unbro-
ken in order to have coherent photon radiation. Therefore we
consider AA* and/or Ap final state configurations. However
the A*A* contribution (with both ions incoherent) is also
shown in Fig. 1 by the dashed curve for comparison.

Note that, to enlarge the statistics, in our estimates we
allow also some low mass excitations of the nucleons. That
is, when discussing CEP processes we bear in mind CEP*
(which includes low mass excitations similar to [19]). In all
the figures the rapidity of the f> meson is defined to be pos-
itive if the f> is going in the direction of the proton for p A
collisions and in the direction of A* for the AA* case.

PR amplitude
PP amplitude

y R amplitude
y O amplitude

6.2 Results for the cross section and the asymmetry

The figures are based on the parameters described above.
Figs. 1 and 2 show the contributions to the cross section
do/dy for the process AA — A + f, + A*, while Fig. 3
shows the results for pA — p* + f» + A. The contributions
to the asymmetries in f rapidity for the respective processes
are compared in the two plots of Fig. 4.

We start with the discussion of Fig. 1. It shows the exclu-
sive production of the f> (y = —5.5 to 5.5) in PbPb col-
lisions. Assuming (22) with coq¢ = 1 nb, the Odderon-
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Fig. 1 Indicative predictions for the photon- and Pomeron-induced
cross sections for the (incoherent) process AA — A+ fo + A asa
function of the f> rapidity for \/syny = 5.12 GeV. In this plot the f>
absorptive cross section oo (f2/V) in the heavy ion is calculated from
(17) withop = 15.7/2 mb and € = 0.055. The dashed curve for (A*A*)
is shown only because this process serves as a possible background to
the Pomeron-induced (AA*) contribution. The shaded band indicates
the region predicted to be excluded for the Odderon signal if we were
to use the upper limit for o (yp — f2 p) of 16 nb found at HERA [52],
rather than 1 nb

induced cross section’ in the forward region is an order-
of-magnitude larger than that driven by Pomeron—Pomeron
fusion. Secondary Reggeons (shown by dot-dashed curve for
y -induced production) may noticeably enlarge (about 2 times
at y = 4) the cross section in the forward region, where the
suppression of the amplitude, exp((y; — y)/2) is not too
strong, while the coupling to the secondary Reggeon may be
quite large, see (32).

The dependence of the predictions on the f> absorption
cross section is shown in Fig. 2. Of course larger absorption
leads to a smaller cross section of f> meson production, as
seen from the figure. Note that for the y-induced component
we have stronger absorption. Indeed, for Pomeron—Pomeron
fusion the major contribution comes from the region by, by ~
R4, see (16). That is the f> is created on the periphery of
both ions where the optical density T4 (b) is not large. On the
contrary for the y-induced component we deal with large b, ;
that is, there is practically no absorption by the ion A, but the
integral over the parameter b, (b in (23)) covers the whole
transverse area of the ion A*. Hence in the survival factor
(12) we have a much larger optical density 74+. Therefore
the dependence of the y-induced curves on oy is greater.

7 For comparison we also show by the shaded band the upper limit of
the Odderon-exchange signal if we were to use the HERA H1 limitof 16
nb [52] for the f> photoproduction cross section via Odderon exchange.
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Fig. 2 The shift of the A+A— A4 +A* A+A—> A+f+A*
continuous curves show the — — —
effect of changing oo (foN) '% L Vs=5.12TeV '% L Vs=5.12Tev Q@q&o//
from 0 to the VDM form of (17) ; 5| ; ol
with oo = 15.7 mb and o 107 o 107
€ = 0.055. The dashed curves .8 C _8 r
show the possible effect of i oy e00? i
including a secondary Reggeon S~ E _ej°“da - L
contribution. Note that the two | ———====
plots, showing respectively the 10 Yo= 0mb 10 Z
Pomeron- and photon-induced S~ Locondany 29 C G
contributions to —_— C y
AA - A+ fr + A* have the i 0g=15.7 mb r 0o = 15.7mb
same scale I I
1F 1E
E P - P fusion(AA") E Y- O fusion(AA™)
A A I R IR R Y Y A I E N U
4 -2 0 2 4 4 -2 0 2 4
Rapidity Rapidity
p+A— p+f2+A cross section and its rapidity dependence. Note also that for
) W& W 1ot N) = 0inFig. 2a, thatis when S = 1 the cross sec-
g 107\/7=8.16Tev 6@69N .tot(.fZ ) : g . WhER S /N .
= 3 *O\Qci\\\&\\\ tion increases with rapidity, while it decreases if we take the
o E \X\i\\\ » ndaryReaee | VDM form given by (17) with 6p=15.7 mb and € = 0.055.
~— C ,// . . .
-8 C - 3 Do —— The contributions to the cross section for the process
- H W
§ P - P fusion . eg‘g/ pA — p+ f» + A are plotted in Fig. 3. Here we take
i3 § S 09 = 15.7/2 mb and €=0.055 in (17), and take the pA col-
C § = lisions to have an energy /syny=8.16 GeV. For this process
i \\\\ we have no enhancement of the y -induced contributions, that
B % ) . . .
i § ¥ - O fusion previously was observed in Fig. 2, due to the large transvs:rse
£ % surface of the target A*. Therefore the Odderon contribu-
C § tion is expected to be a few times smaller than that due to
:§<‘ Pomeron—Pomeron fusion.
102 § N Figure 4 shows that the asymmetry of the Pomeron-

4 -2 0 2 4
Rapidity

Fig. 3 Indicative predictions of the Pomeron—Pomeron fusion and y-
Odderon fusion contributions to the cross section for pA — p+ f2+A
as a function of the f, rapidity for ./syy = 8.16 GeV. The dashed
curves show the effect of including a secondary Reggeon contribution.
The effect of changing the absorptive cross section oy (f2N) has a
smaller effect than that for AA’ collisions which was shown in Fig. 2.
Here we take o1o¢ (f2 V) from (17) with g = 15.7/2 mb and € = 0.055.
The shaded band indicates the region predicted to be excluded for the
Odderon signal if we were to use the upper limit for o (yp — fap) of
16 nb found at HERA [52], rather than 1 nb

The dashed curves in Fig. 2 show the possible effect of
adding the secondary Reggeon amplitude. Again the effect
is stronger in the y-induced case since we expect a larger
¥ R f> coupling for the fusion with a secondary Reggeon, see
(31) and (32).

Figure 2 clearly illustrates the importance of the survival
factors with respect to the f> additional interactions with
the nucleons in the heavy ion, both on the value of the

induced cross section is small. Without secondary Reggeons
it is caused by the non-zero slope, ', of the Pomeron trajec-
tory (and gives a small negative asymmetry A(AA*) < 0)
while the energy dependence of the absorptive cross section
gives a small positive asymmetry (A(AA*™) > 0). Recall
that without the f> absorption the secondary Reggeon con-
tributions do not produce an additional asymmetry. For the
photon-induced component we observe in the forward region
(y > 0) a large negative asymmetry that already by y = 3
is close to -1 due to the growth of the photon flux (19) as
x o« e~ decreases.

For pA collisions, the same qualitative behaviour of
the asymmetry is observed as in AA collisions, although
the asymmetry for the Pomeron-induced process is slightly
smaller, and the photon-induced asymmetry approaches -1
at slightly larger rapidities, as seen by comparing the plots in
Fig. 4.

Recall, however, the possibility mentioned in Sect. 2.4
that the Pomeron—Pomeron fusion background may be sup-
pressed. The dominant Pomeron-induced background will

@ Springer



288 Page 10 of 11

Eur. Phys. J. C (2020) 80:288

Fig. 4 Predictions for the
Pomeron—Pomeron and

0.2

A+A— A+ +A”

p+A— p+f2+A

y-Odderon fusion contributions [ \/s=5.12TeV

to the asymmetry as a function

——57=785mb

—_—
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of the rapidity of the f, meson
produced in the process

AA — A+ fr+ A" (thatis
(26) plotted in the left-hand
diagram) and in the process
pA — p+ fo+ A (thatis (25)
plotted in the right-hand
diagram). We also show the
effect of changing oo (f2N)
from O to forms given by (17)
with g = 15.7/2 or 15.7 mb
and € = 0.055. The effects of
including secondary
Reggeon-exchange terms only

|
o
N

P - P fusion

y - O fusion

0 . R

P - P fusion

-

change the predictions within
the limits of the o predictions

1 2

then be caused by fusion with a secondary Reggeon. In such
acase there will be alarge positive asymmetry in Fig. 4 (right)
since when the p beam energy is larger than the energy of
the nucleon in the ion, the dominant diagram is that where
the secondary Regeeon couples to the ion A and thus the f>
meson goes in the direction of ion.

In summary, assuming an Odderon cross section ocggg = 1
nb in (22), the exclusive f> photo-production cross-section
in the forward region for AA — A + f> + A* processes
is expected to be an order-of-magnitude larger than for
Pomeron—Pomeron fusion in AA collisions already at y = 2
where the secondary Reggeon(s) contribution is still small.
Now the major background is caused by the trivial yy — f>
process of Sect. 5.1. Thus in the AA case we have a chance
to observe the Odderon signal in the f» — 7%7° mode if
the corresponding opgq cross section exceeds 0.3-0.5 nb.8

In pA collisions the expected Odderon signal is a factor
of 5 smaller than that due to Pomeron—Pomeron fusion. The
asymmetries A(pA) and A(AA*) are predicted to be similar
in all photo-produced processes, and are largely absent in
Pomeron—Pomeron fusion.

7 Conclusions

The dependence of the cross section on the rapidity of a
centrally produced meson is studied in proton — heavy ion
(pA) and in heavy ion-ion (A A) interactions in (semi) exclu-
sive processes (CEP*). We consider the contributions due to
production by Pomeron—Pomeron, Pomeron—-Reggeon, y-
Odderon, yp and yw fusion. The presence of a secondary

8 Note that the yy — f> contribution can be well controlled. The
f>» — yy width is well known while the photon flux for the particular
kinematics of the experiment can be monitored via the pure QED 1~
pair production process.
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Reggeon is found to be noticeable in the forward direction
of the produced meson, especially when the meson rapidity
becomes close to that of the heavy ion. Recall that with LHC
kinematics the rapidity of a heavy ion beam is about one unit
smaller than that for the proton beam. Thus in the forward
direction the rapidity difference between the nucleon N in the
ion and the produced meson is not large and the contribution
of the secondary Reggeon is not sufficiently suppressed.

We emphasize that the additional interactions of the pro-
duced meson with the nucleons in the ion fills the rapidity
gap and destroys the exclusivity of the events. This effect is
encoded in the gap survival factors. Since the cross section
of an additional interaction depends on the meson—nucleon
energy, this leads to an additional rapidity dependence of
the CEP* cross section. However, all these effects are much
weaker than the rapidity dependence of the photon flux emit-
ted by the heavy ion. As an example we present estimates of
the cross section for C-even f; meson. The CEP of a C-
even f, meson can arise from the fusion of either two C-odd
exchanges or two C-even exchanges. That is respectively y -
Odderon or Pomeron—Pomeron fusion. The difference in the
rapidity behaviour of these two contributions to f» produc-
tion helps to extract the Odderon signal.

Of course, the Odderon couplings are not known. How-
ever reasonably justified values (by matching with lowest-
order QCD calculation [19]) provide estimates which show
that, in the process AA — A + f» + A*, the Odderon-
induced signal may exceed by a few times the Pomeron-
induced background. On the other hand for pA collisions,
pPA — p+ f> + A, the expected Odderon signal is a few
times smaller than that due to the Pomeron—Pomeron back-
ground.

A particularly interesting possibility to reveal the differ-
ence between the two production mechanisms is to measure
the forward—backward asymmetries (25) or (26), correspond-
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ing to the interchange of the proton and the ion or of the
broken (A*) and unbroken (A) ions. We see from Fig. 4 that
for y-Odderon fusion the asymmetry approaches its maxi-
mum value in the forward direction, unlike the behaviour for
Pomeron—Pomeron fusion where the asymmetry is less than
about 0.1.
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