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We present a study of the central exclusive diffractive production of the f,(1285) and f,(1420)
resonances in proton-proton collisions. The theoretical results are calculated within the tensor-pomeron
approach. Two pomeron-pomeron-f; tensorial couplings labeled by (/, S) = (2,2) and (4,4) are derived.
We adjust the model parameters (coupling constants, cutoff constant) to the WA102 experimental data
taking into account absorption effects. Both the (1, S) = (2,2) and (4,4) couplings separately allow one to
describe the WA102 differential distributions. We compare these predictions with those of the Sakai-
Sugimoto model, where the pomeron-pomeron-f; couplings are determined by the mixed axial-
gravitational anomaly of QCD. We derive an approximate relation between the pomeron-pomeron-f
coupling constants of this approach and the (/,S) = (2,2) and (4,4) couplings. Then we present our
predictions for the energies available at the RHIC and LHC. The total cross sections and several differential
distributions are presented. Analysis of the distributions in the azimuthal angle ¢, between the transverse
momenta of the outgoing protons may be used to disentangle f- and 5-type resonances contributing to the
same final channel. We find for the f,(1285) a total cross section ~38 ub for \/s = 13 TeV and a rapidity
cut on the f, of |yy| < 2.5. We predict a much larger cross section for production of f(1285) than for
production of f,(1270) in the z*z~z" z~ decay channel for the LHC energies. This opens a possibility to
study the f(1285) meson in experiments planned at the LHC.
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I. INTRODUCTION

The central exclusive production of pseudovector, or
axial-vector, mesons with /9JP¢ = 0*1**, namely the
f1(1285) and f,(1420), was studied in proton-proton
collisions by the WA102 Collaboration for /s = 12.7
and 29.1 GeV [1-3]. The f(1285) and the f;(1420)
are well known but their internal structure (¢g, tetraquark,
or molecule) remains to be established. In [3] the branching
fractions of both mesons in all major decay modes were
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determined. The f(1280) was found to decay to nz*z~,
4z, KKr, and pYy while the f(1420) was found to decay
dominantly to KKr, including K*(892)K + c.c.; see [4]. In
[1,5] the ztz~n"2~ and #t7~7%2° mass spectra were
studied and a clear peak associated with the f,(1285)
meson in the J© = 11 pp wave was observed. Moreover,
both the f,(1285) and f,(1420) mesons are suppressed at
small glueball-filter variable dP, [3]. This behavior is
consistent with the signals being due to standard gg states
[6]. Recent analysis of the f(1285) — p°ztz~ decay
mode [7] favors a ¢gg content of the f;(1285). However,
a glue component for the f;(1285) is not excluded [8,9].
Though the f(1420) is well established experimentally,
its internal structure is debated in the literature; see, e.g.,
[10-14]. The study done in [12,14] proposes that the
f1(1420) may not be a genuine ¢g resonance, but the
manifestation of the K*(892)K and 7ay(980) decay modes
of the f(1285) resonance around 1420 MeV. In our paper
we shall treat the f(1285) and the f(1420) as separate
objects, we can say, as two effective resonances. We
emphasize that in this way, for most of our results, we
do not give any preference to the different views on the
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precise nature of the two f; objects. For some of our results
we assume that the f(1285) and the f,(1420) can be
described as suitable gg states. This assumption will then
be stated explicitly at the appropriate places. The f,(1510),
a third J¥ = 11 meson, is not well established; see [4]. The
cross section as a function of center-of-mass energy for
both the f,(1285) and the f(1420) mesons was found [3]
to be consistent with being produced via the double-
pomeron-exchange (i.e., PP-fusion) mechanism.

The pomeron (P) is an essential object for understanding
diffractive phenomena in high-energy physics. Within
QCD the pomeron is a color singlet, predominantly
gluonic, object. The spin structure of the pomeron, in
particular its coupling to hadrons, is, however, not yet a
matter of consensus. In the tensor-pomeron model for soft
high-energy scattering formulated in [15], on the basis of
earlier work [16], the pomeron exchange is effectively
treated as the exchange of a rank-2 symmetric tensor, as
also in the holographic QCD models in [17-22]. It is rather
difficult to obtain definitive statements on the spin structure
of the pomeron from unpolarized elastic proton-proton
scattering. On the other hand, the results from polarized
proton-proton scattering by the STAR Collaboration [23]
provide valuable information on this question. Three
hypotheses for the spin structure of the pomeron, tensor,
vector, and scalar, were discussed in [24] in view of the
experimental results from [23]. Only the tensor ansatz for
the pomeron was found to be compatible with the experi-
ment. Also some historical remarks on different views of
the pomeron were made in [24]. In [25] further strong
evidence against the hypothesis of a vector character of the
pomeron was given.

In the last few years a scientific program was undertaken
to analyze the central exclusive production (CEP) of light
mesons in the tensor-pomeron and vector-odderon model in
several reactions: pp — ppM [26], where M stands for a
scalar or pseudoscalar meson, pp — pprta~ [27,28],
pp = pnp’zt (ppp°n®) [291, pp — ppKtK~ [30],
pp = pploo.p°p® » nta~atx~) [311, pp— pppp
(321, pp — pp(¢p¢p —» K*K"KTK~) [33], and pp —
pp(¢p — KK, u"u~) [34]. Azimuthal angle correlations
between the outgoing protons can verify the PPM cou-
plings for scalar f(980), fo(1370), fo(1500), fo(1710)
and pseudoscalar 7, #(958) mesons [26,30]. The cou-
plings, being of nonperturbative nature, are difficult to
obtain from first principles of QCD. The corresponding
coupling constants were fitted to differential distributions
of the WA102 Collaboration [35-37] and to the results of
[38]. As was shown in [26], the tensorial PP f,, PPz, and
PPy’ vertices correspond to the sum of two lowest orbital
angular momentum—spin couplings, except for the
f0(1370) meson. In the tensor-meson case there are seven
possible PPf,(1270) couplings in principle; see the list of
possible PP f, couplings in Appendix A of [28]. In [39] a
study of CEP of the f,(1270) meson was presented.

The f,(1270) is expected to be abundantly produced in
the pp — pprtz~ reaction, and it was discussed in [39]
how to extract the PP f,(1270) coupling from RHIC and
LHC experimental results. We refer the reader to [40—44]
for the latest measurements of central 7z~ production in
high-energy proton-(anti)proton collisions. In [44] a study
of CEP of z77z~, KT K~, and pp pairs in pp collisions at a
center-of-mass energy of /s =200 GeV by the STAR
Collaboration at RHIC was reported. For the first (pre-
liminary) STAR experimental results measured at /s =
510 GeV see Ref. [45]. There are ongoing studies of CEP
of the z*7z~ 7"z~ channel.

In this article we consider diffractive production of axial-
vector f-type mesons in the pp — ppf; reaction within
the tensor-pomeron approach. As concrete examples we
shall consider CEP of the f(1285) and the f,(1420) via
the pomeron-pomeron-fusion mechanism. We shall give a
detailed discussion of various ways to write the PPf,
couplings. In the calculations we include the absorptive
corrections and show their role in describing the data
measured by the WA102 Collaboration [3]. We will try to
analyze whether our study could shed light on the non-
perturbative PP f| couplings. In the future the correspond-
ing PP f, couplings could be adjusted by comparison with
precise experimental data from both RHIC and the LHC.

We also consider the PPf| couplings that follow from
holographic models of QCD, in particular the Sakai-
Sugimoto model based on type IIA superstring theory
[46]. In the low energy regime this model is a gravitational
dual to large-N,. QCD, where glueballs are described by
fluctuations of a confining geometry [47-51], and the
pomeron can be represented by Reggeization of the tensor
glueball [18]. Quark degrees of freedom are introduced as
probe branes in this background and their gauge field
fluctuations are dual to mesons [52,53]. In [19] the PPy,
couplings were derived from the bulk Chern-Simons term,
which is uniquely fixed by requiring consistency of super-
gravity and the gravitational anomaly. Because of its
universal form, the structure of the resulting couplings
should be the same in all holographic models, although the
strength of the couplings may vary." In a similar calculation
as was done in [19], we derive the PP f; couplings relevant
for this study.

The four-pion channel, discussed in the past by the
WA91 [57] and WA 102 [1,5] Collaborations, seems to be a
good candidate for an f(1285) study in high-energy pp
collisions. The intermediate states that should be consid-
ered are the J¥ = 17 states p°p° and p° (7" 77)p yave- The
central z7 7~z 7~ system in proton-proton collisions was

'"The same bulk Chern-Simons action also accounts for the
anomalous coupling of pseudoscalar and axial-vector mesons to
photons and was used in recent studies [54—56] for calculating
hadronic light-by-light scattering contributions to the anomalous
magnetic moment of the muon in holographic QCD.
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measured also by the ABCDHW Collaboration at /s =
63 GeV at the CERN Intersecting Storage Rings (ISR); see
Ref. [58]. A spin-parity decomposition of the 4z, pzz, and
pp states as a function of M,, was performed with the
assumption that the dominant contributions arise from
JP =07 and 27 states. Five contributions to the four-pion
spectrum were identified: a 47 phase-space term with total
angular momentum J = 0, two pzz terms with J = 0 and
J =2, and two pp terms (J = 0, 2). Thus, an enhancement
observed in the region M,, ~ 1300 MeV for the J* = 2+
pp and prr terms was assigned to the f,(1270) meson and
for the J¥ = 0" pzz term to the f,(1370) meson [called
fo(1400) in [58]]. However, the J® = 1F and J* =0~
terms, possible in this process (e.g., via PP fusion), were
not considered in the spin-parity analysis. This may
invalidate the final conclusions of [58] where the enhance-
ment in the four-pion invariant mass region around
1300 MeV is attributed solely to the f,(1270) and the
f0(1400) with J = 2% and 0F, respectively. There is also
a clear experimental contradiction to these conclusions
from [58], because the f(1285) meson was seen in CEP in
the four-pion channel; see [1,3,5].

At high energies the PP fusion process is expected to be
dominant. For the relatively low center-of-mass energies of
the WA 102 and ISR experiments the secondary exchanges
may play an important role; see, e.g., [26,34]. That is,
at low energies we should discuss f; production from
WR-WR, PRPR> Pr-Pr: dor-dor, for-for: for-P, P-for
exchanges, in addition to the P-P exchange; see the
Appendix D for more detailed discussion. Clearly, this
would introduce many practically unknown parameters in
the calculations. In this article, therefore, we shall restrict
our discussions to the PP-fusion term, and we shall try to
understand the pp — ppf(1285) and pp — ppf,(1420)
reactions by comparing our results with the WA102
experimental data from [3]. Having fixed the parameters
of the model in this way we will give predictions for the
RHIC and LHC experiments. Because of the possible
influence of nonleading exchanges at low energies, these
predictions for cross sections at high energies should be
viewed as an upper limit, and we try to account for this by
emphasizing that our predictions may be scaled down by a
certain factor.

Some effort to measure central exclusive four pion
production at the energy /s = 13 TeV has been initiated
by the ATLAS Collaboration; see, e.g., [59,60]. In Fig. 55
of [60] a “preliminary” mass spectrum of the ztz~ 2"z~
system was shown. Resonancelike structures around
1300 MeV and 1450 MeV were seen there. As shown in
Fig. 56 of [60], there is a large contribution to 4z CEP via
the intermediate pp channel. In general, a few low-mass
resonances with different /¥ may contribute to this process,
such as the 17 resonance f(1285), the 2" f,(1270), the
0% fo(1370), the 0" f(1500), and the 0~ #(1405). Note
that in [5] the f,(1370) is found to decay dominantly to pp

while the f(1500) is found to decay to pp and oo. To
perform a full analysis we shall consider also the four-pion-
continuum contributions discussed in Refs. [31,61].

In Ref. [7] the decay process f;(1285) — p’z*n~ was
analyzed in the framework of the Nambu—Jona-Lasinio
model. The effective f,p°p° vertex, in the case when one of
the vector particles is off-mass shell, was obtained from an
anomalous (triangle quark f,p%y anomaly) f,p% vertex
[62]. It was found in [7] that the two p°-meson channel
f1 = p°p° = p’ztn~ gives a smaller contribution than
the axial-vector ai (1260)-meson plus pion channel
f1 = ntal - ataTp’. There is a large interference
between the above triangle-anomaly contributions and
the direct decay which is described by the quark box
diagram. It would be useful to measure experimentally the
rate of both the p°p° and p°z* 7z~ decay modes in order to
further clarify the situation.

An interesting proposal was discussed recently in
[63,64]: to study the anomalous isospin breaking decay
£1(1285) —» ztz=x° in CEP of the f,.

Our paper is organized as follows. In Sec. II we discuss
the formalism behind the axial-vector meson production
process in the tensor-pomeron approach. Section III
contains the comparison of our results for the pp —
ppf1(1285) and pp — ppfi(1420) reactions with the
WA102 experimental data [3]. We discuss the related
theoretical uncertainties. Then we turn to high energies
and show numerical results for total and differential cross
sections calculated for the RHIC and LHC experiments.
We compare the cross sections for the processes pp —
ppf1(1285) and pp — ppf,(1270) with both f, and f,
decaying to the z 7z~ z"z~ final state. The main results of
our study are summarized in Sec. IV. The details on the
coupling of an f; meson to two pomerons are given in
Appendixes A and B. In Appendix C we consider
the f; mixing angle and possible relations between the
PPf,(1285) and PPf;(1420) coupling constants. In
Appendix D we discuss subleading Reggeon exchanges.
In Appendix E we discuss general properties of the ¢,
azimuthal angular distributions for CEP of f- and y-type
mesons which can be used to disentangle their contribu-
tions as an addition to good mass measurements and partial
wave analyses.

II. FORMALISM

We study central exclusive production of f; in proton-
proton collisions

p(pa’/la) +p(ph9/1b) - p(plﬁ/ll) +fl(k’j') +p(p2’/12)’
2.1)

where p,,. p1o and 4,4, Ao =+4% denote the four-
momenta and helicities of the protons, and k and 1 = 0,
+1 denote the four-momentum and helicity of the
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p(p2)

FIG. 1. The Born-level diagram for the PP-fusion mechanism
for central exclusive diffractive production of an f-type meson
in proton-proton collisions.

f1 meson, respectively. Here f; stands for one of the
pseudovector mesons with JPC = 17" ie., f(1285)
or f1(1420).

In this section we shall take into account only the main
process, the PP-fusion mechanism, shown at the Born level
by the diagram in Fig. 1. We neglect here the Reggeon (e.g.,
for) exchanges which we discuss briefly in Appendix D.

The kinematic variables for the reaction (2.1) are

41 = Pa— D1 92 = P» — P2 k=q\+q,
h=q. =g mj =k
s = (pa+po) = (P1+ P2+ k)7,
s1=(Pa+q2)* = (p1 + k)%
s = (pp +q1)* = (p2 + k). (2.2)

For the kinematics see, e.g., Appendix D of [26].
The amplitude for the reaction (2.1) can be written as

M/l,,/lb—vl,/lzll = (5;4 (4)*M (2.3)

i
Aadp=A 2 f1?

where €,(4) is the polarization vector of the f; meson.
The Born-level PP-fusion amplitude for exclusive pro-
duction of an axial-vector meson f; can be written as

PP— o - (P
M (i)a(py AT (9 pa)u(Pas )

X iA(P)ﬂllJl,{llﬁl (Sl s tl )ZF((IET[;J((LZﬁzﬂ (ql , QZ)
x i AP piovs (52,1)

X ﬁ(szﬂz)iFﬁjv’ép)(Pz, Pu)u(pp. Ap).
(2.4)

Here A®) and T'PP7) denote the effective propagator and
proton vertex function, respectively, for the tensor-pomeron
exchange. The corresponding expressions, given in Sec. 3
of [15], are

A (P
IA/(w.)Kﬂ(S’ I)
1 1 Fory ap(f)—1
:ZS gukgu/l+gy/1.gux_§guvgl</l (—lS(XP) i ’ (25)

(P
T (p', p)

= _i3/)7PNNF1(t){% 1 (P’ + p)y + 7P+ p),

_igﬂy(ﬂ/+ﬂ)}’ (26)

where t = (p' — p)? and Ppyy = 1.87 GeV~!. For sim-
plicity we use for the pomeron-proton coupling the
electromagnetic Dirac form factor F(7) of the proton;
see also Chapter 3.2 of [65]. The pomeron trajectory ap(f)
is assumed to be of standard linear form (see, e.g., [65,60]),

ap(1) = ap(0) + dpt, (2.7)

ap(0) = 1.0808, ap =0.25 GeV=2.  (2.8)

The new and unknown main ingredient of the amplitude
(2.4) is the pomeron-pomeron-f, vertex I'""/1) which we
want to study in the present article. In [26,28,30-33,39] the
following strategy for constructing pomeron-pomeron-
meson (PPM) couplings was followed. First, one looked
at the possible couplings of two fictitious “real” pomerons
to the meson M. This was easily done using elementary
angular-momentum algebra; see Appendix A of [26]. Then
PPM couplings were written down corresponding to the
allowed values of orbital angular momentum / and total PP
spin S for a given meson M in question. Finally these
couplings were also used for the CEP reaction pp — pMp.
We follow this strategy also for CEP of an f; meson. Thus,
we investigate first the fictitious reaction

P(t,eM) +P(t,e?) - f(k,e), (2.9)
where P are “real pomerons” of mass squared ¢ > 0 and
with polarization tensors e(!) and ¢,

From the analysis of this type of reactions presented in
Appendix A of [26] we find that for the £, with J* = 1*
there are two independent amplitudes for the reaction (2.9),
labeled by (/,S) = (2.2) and (4,4). Convenient covariant
couplings leading to these amplitudes are easily con-
structed; see (AS) and (A7) in Appendix A. But these
constructions are not unique. In the Sakai-Sugimoto model
[52,53] the coupling of an I¢ = 0T, J¥ = 17 axial-vector
meson to two tensor glueballs is determined by the
gravitational Chern-Simons (CS) action describing axial-
gravitational anomalies; see (59) of [19]. Identifying the
tensor glueballs with the fictitious “real pomerons” of (2.9)
we have derived corresponding bare coupling Lagrangians
PP/, in (B3) and (B4) of Appendix B.
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For the fictitious on-shell process (2.9) the sum of the
Lagrangians of (AS5) and (A7) is strictly equivalent to the
sum of (B3) and (B4). The relation of the respective
coupling constants is given in (B13). But for the realistic
case where the pomerons have invariant masses ¢, <0
and in general #; # t, this equivalence no longer holds. But
we can expect that for small values |¢,], |£,| < 0.5 GeV? the
off-shell effects should not be drastic. And this, indeed, is
confirmed by the explicit study presented in Appendix B.

In the following we shall present the formulas using the
couplings (AS5) and (A7) of Appendix A. The formulas
using the couplings (B3) and (B4) of Appendix B are
completely analogues. Results will be shown for both types
of couplings.
|

From the coupling Lagrangians of Appendix A we obtain
the following PP f| vertex:

+—(PP . PP
’F;(d,pi.lfz (91.92) = (lr;(g,pg]jé) (91:92) lbare
. PP ~
FIT ) (q1.02) oare) ey, (4. 43.K2).
(2.10)

The T and T vertices in (2.10) correspond to (I, S) =
(2,2) and (4,4), respectively, as derived from the corre-
sponding coupling Lagrangians (AS5) and (A7) in
Appendix A. The expressions for these PPf, vertices’
are as follows:

/
/(PP 8prp 8
T 012) o= =g 01 = 02" (01 = ) R T (2.11)
T/ (PPA) — Gees, It t H3 Ha JoB
ZFK/Lpo',a (91, 92) Ibare = M (g1 —g2)" (g1 — 42)"*(q1 — q2)" (g1 — g2)"*K
0
1
X |:<9K/419/1/42 - Z‘g’d-gﬂlﬂ2> (gpﬂ380'[440(ﬂ —+ gzmggpmaﬂ) + (K’ /1) < (,0, 6) . (212)

In (2.11) and (2.12) My =1 GeV, k=g, + ¢,, T® is
defined in (A2), and gpp,. gpp;, are dimensionless
coupling constants. The values of these coupling constants
are not known and are not easy to obtain from first
principles of QCD, as they are of nonperturbative origin.
At the present stage the coupling constants gpp,, and gpp/,
should be fitted to experimental data.

For realistic applications we should multiply the “bare”
vertices (2.11) and (2.12) by a form factor F("P/1) which
we take in the factorized ansatz as

FEPI(q1.43.8%) = Fy(qi)Fu(g3) FEPI0(R2). (2.13)

*Here the label “bare” is used for a vertex as derived from a
corresponding coupling Lagrangian without a form-factor function.

*We are taking in (2.10) the same form factor for each vertex I'
and I'”. In principle, we could take different form factors for each
of the vertices.

For the on-shell meson we have F"P/U(m% ) =1. In
(2.13) we use

1

Fy (1) :1—7I/A%’ (2.14)

with A3 = 0.5 GeV?; see (3.34) of [15] and (3.22) in
Chapter 3.2 of [65]. Alternatively, we use the exponential
form given as

t+ 1
2
AE

F(Pﬂj’fl)(ll by, mj%l) = exp(

>, (2.15)

where we have set k> = m7 and the cutoff constant Ag

should be adjusted to experimental data.

In the high-energy and small-angle approximation, using
(D.18) in Appendix D of [26], the PP-fusion amplitude
reads
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(PP=f1)
Whady—=21 20 f

= i3BpynF1(1)(P1 + Pa)™ (1 + Pa)65,,

1 . " PP
X 3y (mimal) e N, L a2)

L
xz—sz(—lszafp) p(12)-1

X 3PpnnF1(82) (P2 + Pp) (P2 + )61y, (2.16)

For the PP f, vertex function we shall use in the following
the form (2.10) with the bare vertices either from (2.11)
and (2.12) (corresponding to the couplings discussed in
Appendix A) or those from (B8) and (B9) from Appendix B.

Note that the vertices (2.11) and (2.12) derived from the
coupling Lagrangians (AS5) and (A7) automatically are
divergence free; i.e., they satisfy

lrl(dpaoz(qlv 7:)(q1 + q2)* = 0. (2.17)

For the vertices derived from (B3) and (B4) this does not
hold. Thus, in calculations of cross sections with the
vertices (B8) and (B9) one has to use for the f| spin sum

k,k,

t (2.18)

9w T3

since the k,k, term will give a nonzero contribution. With
the vertices from (2.11) and (2.12) the k,k, term does not
contribute.

To give the full amplitude for the reaction (2.1)
we should also include absorption effects to the Born
amplitude:

M p p—rescattering

pp—=pprfi (2'19)

Moppppsy = l;p—mpfl

In our analysis we include the absorptive corrections
within the one-channel-eikonal applroach.4 For investiga-
tions of an eikonal model see, e.g., [72]. The main result of
[72] is that the absorption effects become more important at
higher energies; that is, the survival probability of large
rapidity gaps decreases with increasing energy. A two-
channel eikonal model was discussed in [73-75]. A more
sophisticated three-channel model was discussed in [76].

The amplitude including the “soft” pp-rescattering
corrections which we use in the present paper can be
written as

*We refer the reader to [67-70] for reviews of three-body
processes and details concerning the absorptive corrections in the
eikonal approximation which takes into account the contribution
of elastic pp rescattering. In Refs. [27,71] the one-channel-
eikonal approach was applied to four-body processes.

M pp—rescattering

Pp—ppf) (S’Pt,hpt,z)

oM ppp (8, =R )M (5Pt Pra)-

871
(2.20)

Here, in the overall center-of-mass (c.m.) system, p,; and
P2 are the transverse components of the momenta of the
outgoing protons and k, is the transverse momentum

: Born :
carried around the pomeron loop. M7T . is the Born

amplitude given by (2.3) and (2.16) with p,y =p,; — k,
and p;y =pssy +ki. M,,_,,, is the elastic pp scattering
amplitude given by (6.28) in [15] for large s and with the
momentum transfer ¢ = —k?. In practice we work with the
amplitudes in the high-energy approximation, i.e., assum-
ing s-channel helicity conservation as it is realized in
our model.

III. RESULTS

In this section we wish to present first results for the
pp — ppfi1(1285) and pp — ppf1(1420) reactions. We
will first discuss the pp — ppf, reactions at the relatively
low c.m. energy /s = 29.1 GeV and compare our model
results with the WA102 experimental data from [3]. We
shall try to fix the parameters of our model including at first
only the PP-fusion mechanism. Then we shall make
predictions for the experiments at the RHIC and LHC.
The secondary Reggeon exchanges should give small
contributions at high energies and in the midrapidity
region. However, they may influence the absolute normali-
zation of the cross section at low energies. Therefore, our
predictions for the RHIC and LHC experiments, obtained
in this way, should be regarded rather as an upper limit for
the pp — ppf; reactions, but, as discussed in Appendix D,
we expect that they should overestimate the cross sections
by not more than a factor of 4.

A. Comparison with the WA102 data

According to [3] the WA102 experimental cross sections
are as quoted in Table 1.” In [3] also the distributions in ||
and ¢, for the f,(1285) and f,(1420) meson production
at /s = 29.1 GeV were presented. Here, ¢ is the four-
momentum transfer squared from one of the proton vertices
[we have t = 1, or t,; cf. (2.2)], and ¢, is the azimuthal
angle between the transverse momentum vectors p,; and
D:» of the outgoing protons (see Fig. 12 in Appendix E).

Below we present three independent ways to fix the
PPf, coupling parameters in the pp — ppf;(1285)
reaction. First we assume that only one of the couplings

*Note that the cross sections for f;(1285) and f,(1420)
mesons quoted in Table 1 of [38] correspond to /s=12.7GeV
and not /s = 29.1 GeV as mentioned there.
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TABLE 1. Experimental results for total cross sections
of f; mesons in pp collisions measured by the WA102
Collaboration [3].

Meson /s [GeV] Cuts Oexp [Mb]

£1(1285) 12.7 lpul <02 6857 + 1306
29.1 lpul <02 6919 + 886

£1(1420) 12.7 lep] <02 1080 + 385
29.1 lpul <02 1584 + 145

Ippy, OF Gppy, [(1,S) = (2,2) term (2.11) or (1, S) = (4.4)
term (2.12)] contributes, and we make evaluations and
comparisons with the WAI102 experimental data; see
Figs. 2, 3 and Table II. Later we consider the combination
of two terms, the »' and x” couplings calculated with
the vertices (B8) and (BY); see Fig. 5. We will also show
to which values of gpp, and gpp, the (x',x") values

correspond. Then we follow the analogous procedure to fix
the PP, (1420) couplings; see Figs. 6, 7 and Table II.

In Fig. 2 we show the results for the f;(1285) meson
production for /s =29.1 GeV and for the Feynman
variable of the meson |xy | <0.2.° The WA102 data
points from [3] and our model results have been normalized
to the mean value of the total cross section

Oexp = (6919 £ 886) nb; (3.1)
see Table I. The experimental error of the total cross section
is about 12.8% (3.1) and is dominated by systematic
effects. Correspondingly the error bars quoted in Fig. 2
are assumed to be 12.8% of the cross section for each bin.

We show the results for different PPf; couplings
discussed in the present paper. The theoretical calculations
in the top panels of Fig. 2 correspond to the (/,S) = (2,2)
term (2.11) while those in the bottom panels to the (4,4)
term (2.12). We can see from the left panels of Fig. 2 that
the ¢ dependence of f; production is very sensitive to the
form factor F(P"/1) in the pomeron-pomeron-meson vertex.
The results with the exponential form (2.15) and Agp =
0.7 GeV describe the ¢ dependence better than (2.13) with
(2.14). The calculations with (2.15) give a sizable decrease
of the cross section at large |¢|. Therefore, in the following
we show the results calculated with (2.15). At r = 0 (here
t =1t or t,) all contributions vanish. Both the (/,S) =
(2,2) and (4,4) couplings considered separately allow one
to describe the WA 102 differential distributions.

To get the mean value of the total cross section (3.1)
we find the following: gpp, =4.89 in (2.11) for
Ap =0.7 GeV, gpp;, = 6.00 for Ap = 0.6 GeV, gpp,, =
10.31 in (2.12) for Ap = 0.7 GeV, gpp; = 12.90 for

®The Feynman-x variable is defined as x y; = 2p. 5/+/5 with
p..m the longitudinal momentum of the outgoing meson in the
center-of-mass frame.

A =0.6 GeV, x' =858 in (B8) for Ay =0.7 GeV,
and »' = 7.40 for Az = 0.8 GeV. Here we assumed the
value of coupling constants to be positive as we employ
them separately.

In [77] an interesting behavior of the ¢,,, distribution for
f1(1285) meson production for two different values of
|ty — 1| was presented. In Fig. 3 we show the ¢,
distribution of events from [77] for |t; — ;| < 0.2 GeV?
(left panel) and |t; — t,| > 0.4 GeV? (right panel). Our
model results have been normalized to the mean value of
the number of events. The results for Ay = 0.7 GeV in
(2.15) are shown. We have checked that for A = 0.6 GeV
the shape of the ¢, distributions is almost the same. An
almost “flat” distribution at large values of |¢; — 7,| can be
observed. It seems that the ([,S) = (4,4) term best
reproduces the shape of the WA102 data. As we will show
below in Fig. 4, the absorption effects play a significant
role there.

Note that in [77] also the number of events for the
f1(1285) meson for the two kinematical conditions
(a) |t — 1] <0.2 GeV? and (b) |t; — 15| > 0.4 GeV? was
given. The experimental ratio is R, = N,/N, ~ 8.6,
where N, and N, are the number of events from
Figs. 3(a) and 3(b) of [77], respectively. Then, we define
the ratio

R— 0(|t1 — lz| < 0.2 GeVz)
" o(|ty — 1] 2 0.4 GeV?)’

(3.2)

From our model using Ag = 0.7 GeV in (2.15) we get for
the (2,2) term (2.11) the ratio R = 8.6, while for the (4,4)
term (2.12) we get R = 5.6. If we use Ay = 0.6 GeV we
get R = 15.9 and R = 10.3, respectively. Therefore, for the
(2,2) term, Ap = 0.7 GeV is a good choice, while for the
(4,4) term we should use a bit smaller value. For the »’ term
given by (B8) and Ay = 0.7 GeV we get R = 13.2, while
for Ay = 0.8 GeV we get R = 8.8. For the (', x”) terms,
respectively, for x"/x' = —(6.25,3.76,2.44,1.0) GeV~2
and Ap = 0.7 GeV we get R = (7.6,10.5,11.9,13.2).

In Fig. 4 we show the results for the ¢,, distributions
for different cuts on |7; — 1,| without and with the absorp-
tion effects included in the calculations. The results for
the two (1, S) couplings are shown. The absorption effects
lead to a large reduction of the cross section. We obtain the
ratio of full and Born cross sections, the survival factor, as
(§%) = 0.5-0.7. Note that (S?) depends on the kinematics.
We can see a large damping of the cross section in the
region of ¢, ~ x, especially for [t; — 1,| > 0.4 GeVZ We
notice that our results for the (4,4) term have similar shapes
as those presented in [78] [see Figs. 3(c) and 3(d)] where
the authors also included the absorption corrections.

In [3] also the dP; dependence for both the f;(1285) and
the f,(1420) mesons was presented. Here, dP; (the so-
called “glueball-filter variable” [6,79]) is defined as
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FIG. 2. The [7] (left panels) and ¢,, (right panels) distributions for the pp — ppf,(1285) reaction at /s =29.1 GeV and
|xpa] <0.2. The results have been normalized to the mean value of the total cross section (3.1) from [3]. The error bars on the
data correspond to the error on 6., in (3.1). The separate individual contributions for the (I,S) = (2,2) [see Eq. (2.11)] (upper
panels) and (I, S) = (4,4) [see Eq. (2.12)] (lower panels) are presented. We show results obtained with the exponential form factor
(2.15) for A = 0.7 GeV (solid lines) and for A = 0.6 GeV (long-dashed lines). The dotted line in the top left panel is obtained
using (2.13) with (2.14). The absorption effects are included in the calculations. The oscillations in the left bottom panel are of numerical

origin.

dP, = q,1 — 42 = Pi2 —Pr1 dP, = [dP,|.  (3.3)
The experimental values for the cross sections in three dP;
intervals and for the ratio of f; production at small dP; to
large dP, are given there. In Table Il we show the WA102
data and our corresponding results for the different PP f
couplings. The small values of the experimental ratios for
the f(1285) and the f/(1420) as listed in the last column
may signal that these two mesons are predominantly ¢g
states [6]. From the comparison of the first four rows we see
again that the exponential form of the ¢ dependences in
the (1,S) = (2,2) PP, (1285) vertex is preferred. For the
(4,4) term an optimal value of the Ay parameter is in the

range of (0.6-0.7) GeV. There are also shown the results
obtained for the couplings (B8) and (B9) and for the ratio of
coupling constants from (3.4); see (B7) of Appendix B. For
comparison, the results for x”/»x' = —1.0 GeV~2 are also
presented. We use here the form factor (2.15) with
Ap =0.7 GeV.

Up to now, in Figs. 2, 3, and 4, we have shown the
contributions of the individual (/,S) terms (couplings),
calculated with the vertices (2.11) and (2.12), separately.

In Fig. 5 we examine the combination of two PPf,
couplings »’' and x” calculated with the vertices (B8) and
(B9), respectively. We can see that the best fit is for the ratio
%" /%' ~—1.0 GeV~? (see the red dotted lines on the top
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FIG. 3. The ¢,, distributions for f(1285) meson production at \/s = 29.1 GeV, |xp | < 0.2, and for [t; — 1,| < 0.2 GeV? (left
panel) and |t — t,| > 0.4 GeV? (right panel). The WA102 experimental data points are from Fig. 3 of [77]. The theoretical results have
been normalized to the mean value of the number of events. In the calculation we use here (2.15) with Ay = 0.7 GeV. The absorption

effects are included here.

panels), which roughly agrees with the preliminary analysis
performed in [80] [cf. Eq. (2.68) in [80]].

As discussed in Appendix B, the prediction for x”/x’
obtained in the Sakai-Sugimoto model is

(' [x = —(6.25---2.44) GeV~2 (3.4)

for Mggx = (949 ---1532) MeV. This agrees with the
above fit (' /x' = —1.0 GeV~2) as far as the sign of this
ratio is concerned, but not in its magnitude. Other than a
simple inadequacy of the Sakai-Sugimoto model, this could
indicate that the Sakai-Sugimoto model needs a more
complicated form of Reggeization of the tensor glueball
propagator as indeed discussed in [19] in the context of
CEP of 7 and ' mesons. It could also be an indication of the
importance of secondary Reggeon exchanges.

Fitting the mean value of the total cross section (3.1)
we find

—8.88,8.88 GeV‘z) forx" /%' =—1.0GeV~2,
-9.14,22.30 GeV‘2) oW |5 ==2.44GeV 2,
-9.22,34.67 GeV‘2) W' | ==3.76GeV~2,
~8.81,55.06GeV=2)  x"/x' =—6.25GeV~2.
(3.5)

—~
X
<
X
I
~—
—~ o~ o~

Taking into account the experimental errors (3.1) assumed
to be 12.8% of the cross section for each bin (see the
bottom panels of Fig. 5), we get an error of our result for
%" /%' = —1.0 GeV~? of about 6%. Thus the 1 standard
deviation (s.d.) interval is here

(. %") = (=8.35,8.35 GeV-2) --- (=9.41,9.41 GeV-2)
for x" /%' = —1.0 GeV~2, (3.6)

In the bottom right panel of Fig. 5 we show results
for the total ¢, distribution for the individual x" and x”
coupling terms and for their coherent sum. Here we take
(', ") = (—8.88, 8.88 GeV~2). The interference effect of
the »’ and x” terms is clearly seen there. As we see from
(B14) the »” term corresponds (approximately) to a super-
position of the (1, S) = (2,2) and (4,4) terms with opposite
signs. We expect then destructive interference of the two
(1, S) terms, and indeed, the x” contribution shows such a
behavior; i.e., there is a complete cancellation of the two
(1, S) terms for ¢, ~ 90°. Hence, the option »’ = 0, x” # 0
is clearly ruled out by the data for the ¢,,, distribution. In
fact, this option is also incompatible with the result (B7)
obtained in the Sakai-Sugimoto model, since it would
correspond to the limit Mg — 0 where the holographic
model ceases to have large-N. QCD as its infrared limit.

Summarizing our findings for f,(1285) CEP, we
have obtained a reasonable description of the WA102 data
with either a pure (/,S) = (2,2) or a pure (I, 5) = (4,4)
coupling, as well as with the »x',»” couplings with
parameters,

(1.S) = (2.2) term: gy, =4.89, ghp; =0,

Ap=0.7 GeV; (3.7)
(1,S) = (4,4) term: ghp, =0, oy, = 1031,
A = 0.7 GeV; (3.8)
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TABLE II.

Results of f;-meson production as a function of dP, (3.3), in three dP, intervals, expressed as a percentage of the total

contribution at the WA102 collision energy +/s =29.1 GeV and for |xp,| <0.2. In the last column the ratios of o(dP, <
0.2 GeV)/o(dP, > 0.5 GeV) are given. The experimental numbers are from [3]. The theoretical numbers correspond to the separate
individual coupling terms (1, S) = (2,2) and (4,4) [see (2.11) and (2.12), respectively] for different Ay parameters in the relevant type of
the PP f, form factor. The x" and »” results were calculated from (B8) and (B9), respectively. We show the results for the coupling range
given by Eq. (3.4) and the result for »” /x’ = —1.0 GeV~2 from our fit to the WA102 data. The absorption effects have been included in

our analysis within the one-channel-eikonal approach.

Meson dP, < 0.2 GeV 0.2 <dP, £0.5 GeV dP, > 0.5 GeV Ratio

f1(1285) Experiment [3] 3+1 35+2 61 +4 0.05 £0.02
(2,2), A3 = 0.5 GeV? 1.5 30.3 68.1 0.02
(2,2), A = 0.6 GeV 2.6 43.9 53.5 0.05
(2,2), A = 0.7 GeV 2.0 37.1 60.9 0.03
(4.4), Ay = 0.6 GeV 2.5 43.7 53.7 0.05
4.4), Ap =0.7 GeV 1.9 36.8 61.3 0.03
*', Ap = 0.7 GeV 2.0 37.5 60.5 0.03
', Ap = 0.8 GeV 1.7 325 65.8 0.03
(', x"), Ay = 0.7 GeV:
X" [x = —6.25 GeV~? 3.7 559 404 0.09
»" /%' = —=3.76 GeV~? 3.2 54.1 42.7 0.08
X" [x = =244 GeV~? 2.8 50.1 47.1 0.06
x"/x' =—1.0 GeV~2 2.4 41.8 55.8 0.04

f1(1420) Experiment [3] 242 38+2 60 +4 0.03 £0.03
(2,2), A} = 0.5 GeV? 1.6 30.7 67.7 0.02
(2,2), A = 0.6 GeV 2.7 443 53.0 0.05
(2,2), A = 0.7 GeV 2.0 37.5 60.5 0.03
(2,2), A = 0.8 GeV 1.6 32.7 65.7 0.02
4.4), Ap = 0.6 GeV 2.6 44.0 534 0.05
4.4), Ap = 0.7 GeV 2.0 37.1 60.9 0.03
x', Ag = 0.7 GeV 2.0 37.8 60.2 0.03
', Ap = 0.8 GeV 1.7 33.0 65.3 0.03
(', "), Ag = 0.7 GeV:
»" /%' = —6.25 GeV~? 3.7 56.2 40.1 0.09
»"[x' = —=3.76 GeV~ 33 54.2 425 0.08
»"[x' = =2.44 GeV~? 29 50.3 47.8 0.06
X" /x =—1.0 GeV~? 24 444 532 0.04

x' term only: |x'| =858, x”" =0,

Ap = 0.7 GeV; (3.9)
(") term: x' = —8.88, x” = 8.88 GeV~2,
Ag = 0.7 GeV. (3.10)

As discussed in (3.6) the purely statistical errors on the
coupling parameters (3.7)—(3.10) are estimated to be
around 6%.

It is also interesting to compare the results (3.7) and (3.9)
with the approximate relation (B14) for »” =0 and
k* = m7 . We note that we see no way to fix the overall
sign of the f| couplings from experiment. The states |f)
and —|f) are clearly equivalent from quantum mechanics.
Of course, relative signs of couplings have physical
significance, for instance, the relative sign of g’ﬂj,nj,f1 and

gpp s, - Keeping this in mind we compare the absolute values

of the left-hand side (L.h.s.) and right-hand side (r.h.s.) of
(B14). With m; = (1281.9 £0.5) MeV [4] we get

MZ
=057, =
my,

gﬁwumf,

}{/

0.61.

(3.11)

This shows that the approximate relation (B14) is here
satisfied to an accuracy of around 10%.

Using (B14) we can also see to which values of gpp ¢, and
gppy, the (', ") values of (3.10) roughly correspond. With
(3.10) and setting t; = t, = —0.1 GeV? in (B14) we get
(3.12)

Gops, =042, ghp, = 1081,

Thus, (5, »”) from (3.10) corresponds practically to a pure
(1,S) = (4,4) term, and the values for gpp,, from (3.8) and
(3.12) agree to within 5% accuracy.
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FIG. 4. The ¢, distributions for f;(1285) meson production at /s = 29.1 GeV,
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xpp] £0.2, and for |t; —1,| < 0.2 GeV? (left

panels) and for |¢; — ;] > 0.4 GeV? (right panels). In the calculation here we use (2.15) with A = 0.7 GeV. The top panels show the
results for the (1, §) = (2.2) term and gpp, = 4.89 [see Eq. (2.11)] and the bottom panels show the (1, S) = (4,4) term and gpp, =
10.31 [see Eq. (2.12)]. The long-dashed black lines represent the Born results and the solid black lines correspond to the results with the
absorption effects included. The dotted red lines represent the ratio of full and Born cross sections on the scale indicated by the red

numbers on the right-hand side of the panels.

Now we present a comparison of our theoretical results
also for the f(1420) meson with relevant data from the
WA102 experiment [3]. In Fig. 6 we show the |7| (left
panels) and ¢,, (right panels) distributions for /s =
29.1 GeV and |xf | < 0.2. The WA102 data points from
[3] and our model results have been normalized to the mean
value of the total cross section

Oexp = (1584 £ 145) nb; (3.13)
see Table I. The experimental error bars are assumed to be
9.2% corresponding to the error of 6.y, in (3.13).

From Fig. 6 we can see that the (1, S) = (2,2) term is

sufficient to describe the WA 102 data. We have checked that
the shape of ¢, distributions almost does not depend on the

choice of the cutoff parameter Ag, in particular for the
(1,8) = (2,2) term. Taking into account the results listed in
Table II we conclude that Ay = 0.7 GeV is an optimal
choice. To get the mean value of the total cross section (3.13)
we find (assuming positive values of the coupling constants):
gfpvnwf,(mzo) =2.06 in (2.11) for Ay = 0.8 GeV, 2.39 for
Ag = 0.7 GeV, 2.94 for A = 0.6 GeV, gEF/D[F"f,(1420) =4.20
in (2.12) for Ay = 0.7 GeV, 5.24 for Ay = 0.6 GeV, »' =
5.081in (B8) for Ay = 0.7 GeV, and 4.39 for A, = 0.8 GeV.

In Fig. 7 we show the results for »' plus x” terms
calculated with the vertices (B8) and (B9) and for different
values of %" /. As for the f(1285) CEP a reasonable fit is
obtained for x” /x' = —1 GeV~2. Fitting the mean value of
the total cross section (3.13) we find for the f;(1420)
meson
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FIG. 5. The ¢,, distributions for f,(1285) meson production at \/s = 29.1 GeV. Results for the (', ") term calculated with the
vertices (B8) and (B9) are shown. We use here the form factor (2.15) with Ay = 0.7 GeV. In the top panels the theoretical results have
been normalized to the mean value of the number of events from [77]. In the bottom panels we compare the theoretical curves with the
WA102 data from [3]. Here the results have been normalized to the mean value of the total cross section (3.1) and the error bars on the
data have been calculated as in Fig. 2. In the bottom right panel we show the results for (x/,x”) = (—8.88,8.88 GeV~2) for
the individual »" and x” coupling terms and for their coherent sum. The x” contribution has been enhanced by a factor of 10 for
better visibility. The absorption effects are included in the calculations.

—5.23,5.23GeV~2) forx"/x'=-1.0GeV~2,

5.40, 13.18G6V_2) o' | ==2.44GeV2,
5.44,20.45GeV~2)  x"/x'=-3.76GeV~2,
—5.19,32.44GeV™2)  x"/x'=-6.25GeV~2.
(3.14)

/

(
//:(_
=1
(

It is interesting to see whether the couplings PP £ (1285)
and PPf(1420) are similar or very different. Reasonable
fits are obtained for the f(1420) with parameters
(1.S) = (2.2) term: gl = 2.39,

Ag = 0.7 GeV;

9pes, =0,
(3.15)

(1,S) = (4,4) term: gpp, =0, gpp; = 4.20,
Ap = 0.7 GeV; (3.16)
¥ termonly:  |}'| =5.08, x" =0, Ap=0.7GeV;
(3.17)

(") term: x' = =523, x" =5.23 GeV~2,
A = 0.7 GeV, (3.18)

with statistical errors on the coupling parameters around
5% [cf. (3.13)].
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FIG. 6. The [f| (left panels) and ¢,, (right panels) distributions for the pp — ppf(1420) reaction at /s =29.1 GeV and
|xf ] <0.2. The theoretical results and the WA 102 data points from [3] have been normalized to the mean value of the total cross
section (3.13). The error bars on the data correspond to the error on 6y, in (3.13). The separate individual coupling contributions for
different cutoff parameters are shown. The absorption effects are included in the calculations. The oscillations in the left bottom panel

are of numerical origin.

Here we get for the comparison of (3.15) and (3.17) with
(B14), using m;, = (1426.3 +0.9) MeV from [4],

, 2
X M
gﬂjﬂ ’ =047, =049 (3.19)
m
1

Clearly, the agreement here is quite satisfactory. Using in
(B14) t; =t, = —0.1 GeV? we find that (3.18) should
roughly correspond to

oy, = —0.30, (3.20)

Ippy, = 5.14.
As for the f,(1285) we find that for the f,(1420) the
(', x") term with x” /%' = =1 GeV~2 corresponds practi-
cally to a pure (I,S) = (4,4) coupling. The values of
Qluénmfl from (3.16) and (3.20) agree here to an accuracy of
around 20%.

We can also compare the relative strength of the
coupling constants found for the f;(1285) and f,(1420)
with theoretical expectations assuming that these two f
mesons are separate gg states with mixing as parametrized
in (CI).

In Appendix C we derive the ratio of the coupling
constants for the two axial-vector mesons resulting from
the assumption that the pomeron couples only to the flavor-
SU(3) singlet components, which would be the case in the
chiral limit for couplings that are exclusively determined by
the axial-gravitational anomaly (as in the Sakai-Sugimoto
model). For f;-mixing angles that are often considered in
the literature, namely ideal mixing (¢, = 0°) and ¢, 2 20°,
the ratio of all couplings for f;(1420) over those for
f1(1285) would then be given uniformly by a factor
1/v/2 =0.71 and >1.44, respectively.

However, from (3.7) and (3.15), (3.8) and (3.16), (3.10)
and (3.18), we get
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FIG. 7. The ¢,, distributions for the pp — ppf;(1420)
reaction at /s =29.1 GeV and |xp | <0.2. The theoretical
results and the WA 102 data points from [3] have been normalized
to the mean value of the total cross section (3.13). The meaning of
the lines is as in Fig. 5.

glppfl(mzo) 049 gﬁéuwfl(mzo) 041 %gr;fl(mzo) 0,59
— Y ’ - Y. ’ 1.1 — Y ’
gI[P’[P’f,(IZSS) gﬁg’[@f|(1285) Xppy, (1285)
(3.21)
respectively.

If at the WA102 energy of /s =29.1 GeV only PP
fusion contributes to the CEP of both f; mesons, this
means that pomerons do not couple predominantly to the
flavor-SU(3) singlet components that are involved in the
axial-gravitational anomaly. However, if the breaking of
the SU(3) flavor symmetry by the strange quark mass has a
large effect for PPf; couplings, this presents a problem
for the chiral Sakai-Sugimoto model. The discrepancy
could, however, be partly due to important contributions
from subleading Reggeon exchanges at WA102 energies.
Another possibility [12,14] would be that the f(1420) is
not a separate resonance, but rather the manifestation of
the opening of additional decay channels in the tail of
the f,(1285).

To summarize, we have seen in this section that PP
fusion with suitable PPf; couplings can give a reasonable
description of the WA102 data. We have also seen that with
the distributions explored it is very hard to discriminate
between the various possible couplings, that is, to see which
combination of coupling constants is preferred experimen-
tally. In addition, we have the problem that at the relatively
low c.m. energy of /s =29.1 GeV subleading Reggeon
exchanges may still be rather important. This topic will be
dealt with in Appendix D.

In the next sections we shall show our results for RHIC
and LHC energies where subleading Reggeon exchanges
should be negligible, at least, for the midrapidity region.
For these results we shall use the PPf; couplings as
determined in the present section. But we must emphasize
that our results for the RHIC and LHC obtained in this way
should be considered as upper limits of the cross sections. If
at the WA102 energies there are important contributions
from subleading Reggeon exchanges, the cross sections at
the RHIC and LHC energies could be significantly smaller.
As we discuss in Appendix D, we estimate that the
reduction could be by a factor of up to 4 relative to the
predictions given below.

B. Predictions for the LHC experiments

Now we wish to show our results (predictions) for
the LHC.

Here we consider only the PP fusion with the coupling
parameters found in Sec. III A from the comparison with
the WA102 data.

In Table III we have collected cross sections in ub for the
reactions pp — ppf(1285) and pp — ppf,(1420) at
/s = 13 TeV. We show results for some kinematical cuts
on the rapidity of the mesons, |yy| < 2.5, and also with an
extra cut on momenta of leading protons 0.17 GeV <
|pyp| <0.50 GeV that will be applied when using the
ALFA subdetector on both sides of the ATLAS detector.
We also show results for larger (forward) rapidities and
without a measurement of outgoing protons relevant for the
LHCb experiment. The calculations have been done in the
Born approximation and with the absorption corrections
included. For the f(1285) we show the individual results
for the (1,5) = (2,2) and (4,4) terms with gpp, . =

(1285)
4.89 in (2.11) and g (1355 = 1031 in (2.12); see (3.7)

and (3.8), respectively. For the (»/,x") terms, (B8) plus
(B9), we use (3.5). We have taken here the form factor
(2.15) with A = 0.7 GeV. For the f(1420) we show the
results for the (,S) = (2,2) term with gpp, = 2.39 [see
(3.15)] and the (', x") option from (3.14). As we see from
comparing the last two columns of Table III the absorption
effects lead to a sizable reduction of the cross sections
compared to the Born results.

In Fig. 8 we show our predictions for the pp —
ppf1(1285) reaction for /s = 13 TeV, |yy| < 2.5, and
for the cut on the leading protons of 0.17 GeV <
|py.pl <0.50 GeV. Here the distribution of p,, does
not require, whereas those of ¢,,, ||, and dP, do require
the detection of the leading protons. The results calculated
with the vertices (2.11) [(2,2) term], (2.12) [(4,4) term], and
(B8) plus (B9) [x”/x' = —1 GeV? and —2.44 GeV?] give
quite similar distributions. The contribution with x” /%’ =
—6.25 GeV? gives a significantly different shape in the
distributions of ¢, and of the transverse momentum of
the f(1285).
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TABLE IIL

The integrated cross sections in ub for CEP of f| mesons in pp collisions for y/s = 13 TeV for some kinematical cuts on

the rapidity yy; of the meson, and also when limitations on the outgoing protons are imposed. The results for the (I, S) = (2,2) and (4,4)
terms calculated from (2.11) and (2.12), respectively, and for the »’ plus x” terms calculated with the vertices (B8) plus (B9) are shown.
The parameter values for (', x”) are taken from (3.5) for the f(1285) and from (3.14) for the f(1420). We have taken here the form
factor (2.15) with Az = 0.7 GeV. The results without and with absorption effects are presented.

Meson Cuts Contribution Parameters OBom [Ub] Caps (1]
£1(1285) lym| < 1.0 2,2) Eq. (3.7) 36.11 14.83
4.4 Eq. (3.8) 32.95 13.82
(o, ") o' [x = —6.25 GeV~? 27.17 18.63
(o', x") W' [x = =2.44 GeV~2 34.25 17.54
(o, ") o' [x = —1.0 GeV2 36.27 16.56
lym| < 2.5 2,2) Eq. (3.7) 90.63 37.54
4.4) Eq. (3.8) 83.97 34.01
(o, ") /% = —6.25 GeV~ 69.08 45.79
(o) X' = =2.44 GeV~? 86.05 43.44
(o, ") X" /% = —1.0 GeV~? 91.47 41.00
lym| < 2.5, 0.17 GeV < |p, | < 0.50 GeV 2,2) Eq. (3.7) 19.37 6.46
4.4 Eq. (3.8) 18.07 6.06
(o', x") »'[n = —6.25 GeV2 11.64 7.14
(o, ") o' [ = —2.44 GeV~? 16.71 7.10
(o', x") ' [/x' = —1.0 GeV~2 19.71 7.09
20 <yy <45 2,2) Eq. (3.7) 46.63 18.89
4.4 Eq. (3.8) 43.58 18.07
(o, ") '/ = —6.25 GeV~?2 35.32 23.13
(', ") #' /% = —2.44 GeV2 44.28 22.14
(o, ") o' [x = —1.0 GeV2 46.52 20.50
£1(1420) lym| < 1.0 2,2) Eq. (3.15) 8.80 3.66
(!, %) X' /¥ = =1.0 GeV~? 8.75 4.10
lym| < 2.5 ((/2,23/) Eq. (3.15) i 22.22 9.20
x, % *"[x' = —-1.0 GeV~ 22.16 9.85
lym| < 2.5, 0.17 GeV < |p, | < 0.50 GeV 2,2) Eq. (3.15) 5.14 1.77
(o, ") o' [x = —1.0 GeV2 4.65 1.67
20 <yy <45 2,2) Eq. (3.15) 11.37 4.68
(o) o' [x = —1.0 GeV~2 11.35 492

In all cases the absorption effects are included. Inclusion
of absorption effects modifies the differential distributions
because their shapes depend on the kinematics of outgoing
protons. We have checked numerically that the absorption
effects decrease the distributions mostly at higher values of
the variables ¢, and dP, and at smaller values of p, ), and
|£|. The measurement of such distributions would allow one
to better understand absorption effects. This could be tested
in future experiments at the LHC, when both protons are
measured, such as ATLAS-ALFA and CMS-TOTEM. The
GenEx [81,82] and GRANIITTI [83] Monte Carlo event
generators could be used in this context.

Now we discuss one of the most prominent decay modes
of the f,(1285), the decay f,(1285) —» "z n"z~. This
four-pion decay channel seems well suited to measure the
f1(1285) meson in CEP. However, the f;(1285) is rather
close in mass to the f,(1270) which also decays into four
pions. In principle, the f,(1285) and f,(1270) decays will

interfere in the four-pion final state. Note that this inter-
ference could be used to determine the relative sign of the
f1 and f, production times decay amplitudes. But the
interference terms will drop out in the total decay rates.
In PDG [4] the following branching fractions are listed:

BR(f1(1285) —» ntantn™) = (11.2700)%,  (3.22)

BR(f>(1270) » ztn ntn~) = (2.8 £0.4)%. (3.23)
Note that ['(f,(1270)) = 186.773Z MeV, T'(f,(1285)) =
(22.7+1.1) MeV. Thus we have TI'(f,(1270))>
L (f1(1285)).

In the following, for CEP of the f;(1285) meson, we
assume the (/, S) = (2,2) coupling and Az = 0.7 GeV; see
(3.7) and o, in Table II1. For CEP of the f,(1270) meson
the cross section is 6,,_,,r,(1270) = 11.25 pub with the
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The differential cross sections for the f;(1285) production at /s = 13 TeV and |yy| < 2.5. The results for (/,S) = (2,2),

(4,4), and (, ") contributions are shown. Here we use for the (2,2) and (4,4) terms (3.7) and (3.8), respectively. For the (x', x”') terms
we use (3.5). The absorption effects are included in all the calculations.

parameters from Ref. [39]: (g[(,f[g,fz,gg[g,fz) = (—4.0,16.0),

A3 =0.5 GeV2. The absorption effects are taken into
account in the calculation. We obtain the integrated cross
sections for /s = 13 TeV and |yy| < 2.5, including the
PDG branching fractions (3.22) and (3.23), as follows:

O pp—ppfi(1285) X BR(f1(1285) — n* 2= n~) = 4.20 ub
(3.24)

and

O pp—ppfr(1270) X BR(f2(1270) — n* 2z~ 7~) = 0.32 b,

(3.25)

respectively. Thus we predict a large cross section for the
exclusive axial-vector f(1285) production compared to the

production of the tensor f,(1270) meson in the z* 7z~ 7"z~
channel. Even if we scale down the f; cross section by a
factor of 4, it will still be larger than our result for the f, cross
section. In addition, T(f,(1270)) > T'(f,(1285)), so
f1(1285) will be seen as a sharp peak on top of a smaller
bump corresponding to the f,(1270).

C. Predictions for the STAR
experiment at RHIC

The STAR experiments at RHIC measure CEP reactions
at /s = 200 GeV [44] and at /s = 510 GeV [45]. It has
the possibility to observe the outgoing protons at least
in a certain phase space region. We shall present the
predictions of our model for the cut on the rapidity of
the meson |yy| < 0.7 and for limitations on the outgoing
protons, for /s = 200 GeV,
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TABLE IV. The integrated cross sections in nb for CEP of f| mesons in pp collisions for the STAR experiments for |yy| < 0.7 and
when in addition limitations on the outgoing protons are imposed; see Eq. (3.26) for /s = 200 GeV and Eq. (3.27) for /s = 510 GeV.
The parameter values for (', x”) are taken from (3.5) for the f(1285) and from (3.14) for the f,(1420). We have taken here the form
factor (2.15) with Az = 0.7 GeV. The results without and with absorption effects are presented.

/s [GeV] Meson Cuts Contribution Parameters OBom [Nb] Oaps [Nb]
200 f1(1285) lym| < 0.7, and Eq. (3.26) 2,2) Eq. (3.7) 204.2 127.5
4.4) Eq. (3.8) 163.7 103.1
(o, ") o' |x = —6.25 GeV~?2 88.5 76.1
(', ") o' [x = =244 GeV~? 178.8 122.8
(o, 5" ' /x = —1.0 GeV™2 210.5 136.4
200 f1(1420) lym| < 0.7, and Eq. (3.26) 2,2) Eq. (3.15) 50.0 31.3
(o, ") /5 = —1.0 GeV~2 50.3 31.9
510 f1(1285) lym| < 0.7, and Eq. (3.27) 2,2) Eq. (3.7) 127.5 27.8
44 Eq. (3.8) 111.5 27.0
(o, ") ' [n = —6.25 GeV 98.9 89.4
(', ") x'[x' = —2.44 GeV~? 41.0 29.6
(o, 5") X" /x =—1.0 GeV~2 90.3 26.3
510 f1(1420) lym| < 0.7, and Eq. (3.27) 2,2) Eq. (3.15) 30.7 6.8
(o, %) %" /% = —1.0 GeV~2 21.3 6.2
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FIG. 9. The differential cross sections for the f;(1285) production at /s = 200 GeV for |yy| < 0.7 and with cuts on the leading
protons specified in (3.26). The meaning of the lines is the same as in Fig. 8. The absorption effects are included in all the calculations.
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FIG. 10. The differential cross sections for the f(1285) production at /s = 510 GeV for |yy| < 0.7 and with cuts on the leading
protons specified in (3.27). The meaning of the lines is the same as in Fig. 8. The absorption effects are included in all the calculations.

(Prp +0.3 GeV)? + p?, < 0.25 GeV?,
0.2 GeV < |p, ,| <0.4 GeV,

Py > —0.2 GeV, (3.26)

as specified in Eq. (6.1) of [44], and for /s = 510 GeV,

(Prp+0.6 GeV)? + p2, < 1.25 GeV?,
0.4 GeV < |p,,| < 0.8 GeV,

pyp > —0.27 GeV, (3.27)

as specified in [45].

In Table IV we give the analog of Table III but for the
STAR experiments.

In Fig. 9 we show as an example various predictions for
f1(1285) CEP at /s = 200 GeV, at |yy| < 0.7, and with
extra cuts on the leading protons (3.26). The experimental
cuts have crucial influence on the shape of the differential
distributions. In particular, the result that the distributions
(nearly) vanish for certain values of the variables ¢, ,, p; u»
and dP; is caused by the specific cuts (3.26).

In Fig. 10 we show our predictions for f(1285) CEP at
Vs =510 GeV, |yy| < 0.7, and with extra cuts on the
leading protons (3.27). The suppression of the differential
cross sections do/d¢,, close to 90° is due to the specific
cuts (3.27) applied to the forward scattered protons. The
general situation for do/d¢,, and do/dt at /s =
510 GeV is similar to that of /s =200 GeV but there
are some noticeable differences due to the different cuts
on the outgoing protons. A clear difference is seen for
the option x”/x' = —6.25 GeV~2. This is due to the
kinematics-dependent absorption effects.

IV. CONCLUSIONS

In this paper, we have discussed in detail the exclusive
central production of the pseudovector f(1285) and
f1(1420) mesons in proton-proton collisions. The calcu-
lations for the pp — ppf1(1285) and pp — ppf(1420)
reactions have been performed in the tensor-pomeron
approach [15]. In general, two PPf; couplings with
different orbital angular momentum and spin of two
“pomeron particles” are possible, namely (I, S) = (2,2)
and (4,4). We have presented explicitly amplitudes and
formulas for the PP f vertices as derived from correspond-
ing coupling Lagrangians. Two different approaches for the
PPf, coupling have been considered.

(1) In the first approach, two independent PPf; cou-
pling constants, gpp,, and gpp,, that correspond to
the (1,S) = (2,2) and (I, S) = (4,4) couplings [see
Egs. (2.11) and (2.12), respectively], not known
a priori as they are of nonperturbative origin, have
been fitted to existing data from the WA102 experi-
ment. A reasonable agreement with the WA 102 data
can be obtained with either a pure (1, S) = (2,2) ora
pure (1, S) = (4,4) coupling.

(2) The second approach is based on holographic QCD,
namely the (chiral) Sakai-Sugimoto model, where the
pomeron-pomeron-f; couplings (B3) and (B4) are
obtained from a Chern-Simons action representing the
mixed axial-gravitational anomaly of QCD. This also
involves two coupling constants, with a prediction for
their ratio in terms of the Kaluza-Klein mass scale of
the model as given by (3.4). Comparing the ¢,,
distribution for different values of this ratio confirms
the sign of this ratio as predicted by the Sakai-
Sugimoto model, but not its magnitude. However,
freely fitting the magnitude of the couplings, reason-
able agreement with the WA 102 data is again obtained.
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Assuming that the WA 102 data are already dominated by
pomeron exchanges, we have presented various predictions
for experiments at the RHIC and the LHC. The total cross
sections and several differential distributions for the
pp — ppf1(1285) reaction have been presented. In
ouropinion the 7z~ 7"z~ channel seems the best to observe
f1(1285) for both the RHIC and the LHC experiments. We
have shown that independent of the PP f, coupling decom-
position the cross section for the pp — pp(f,(1285) -
atx mtx”) reaction is much larger than for the pp —
pp(f2(1270) - ntz~ntz~) reaction. As the f,(1285)
has a much narrower width than the f,(1270) it would be
seen in the mass distribution as a narrow peak on a somewhat
broader bump corresponding to the f,(1270).

The question can be asked if CEP of the f(1285) and
f1(1420) mesons may be confounded in experiments
with CEP of 5-type mesons which are nearby in mass.
The f,(1285) and the 7(1295) are close in mass. For
the f1(1420) we have the 1(1405) and the 7(1475) as
potential background candidates.’

Let us first discuss the f(1285) and #(1295) issue. These
two mesons have a common decay mode () but only the
£1(1285) decays to 47 and KK [4]. Thus, concentrating in
an experiment on these latter final states there can be no
confusion between the f(1285) and the 7(1295).

For the f,(1420) and the nearby f,(1405) and 5(1475)
mesons things are more complicated. The channel where the
£1(1420) is to be observed is KK, and this channel is also
prominent for the 7(1405) and 7(1475) decays. Thus, here
experimentalists will have to rely on precise mass measure-
ments and partial-wave analyses in order to distinguish
f1- and #-type resonances. Now we discuss that the
distributions in the azimuthal angle ¢,,, between the trans-
verse momenta of the outgoing protons may also be used to
disentangle f and # contributions. In Appendix E we show
that for CEP of an 5-type meson at high energies /s the ¢, ,
distribution must vanish for ¢,,, = O and ¢,,, = z. For CEP
of an f; meson there is no such restriction and, indeed, the
¢ pp distributions measured by the WA 102 Collaboration are
nonzero for ¢,, =0 and ¢,, = =; see Figs. 2, 5, and 6.

Our predictions can be tested by the STAR Collaboration
at RHIC and by all collaborations (ALICE, ATLAS, CMS,
LHCb) working at the LHC.

In all cases considered we have included absorption
effects. We have found that the absorption effects strongly
depend on kinematics, i.e., also on experimental cuts, as
well as on the type of the PPf, coupling used in the
calculation. Different tensorial couplings discussed in the
present paper lead to different dependences on ¢ and ¢,
which are crucial for the size of absorption effects. The
effect of absorption was not the primary aim of this study;

"We thank a referee for raising this question and for pointing
out Ref. [84] where some puzzles of 7(1475) and f,(1420)
production and decay reactions are discussed.

therefore, the discussion of this point was kept rather short
in our present paper.

To summarize, we think that a study of CEP of the axial
vector mesons f; should be quite rewarding for exper-
imentalists. We have analyzed in detail the results of the
WA102 experiment which worked at /s = 29.1 GeV, and
we have shown that we get a good description of the results
with the pomeron-pomeron fusion mechanism. Such stud-
ies could be extended, for instance by the COMPASS
experiment [85,86], where presumably one could study the
influence of Reggeon-pomeron and Reggeon-Reggeon
fusion terms. At high energies, at RHIC and LHC,
pomeron-pomeron fusion is expected to dominate. We
have given predictions for CEP of f; mesons there.
Comparing them with future experimental results should
allow a good determination of the PPf; coupling con-
stants. These are nonperturbative QCD parameters. Their
theoretical calculation is a challenge. The holographic
methods applied to QCD already give some predictions
here, as we have shown in our paper. We can envisage a
fruitful interplay of experiment and theory in this field in
the future leading finally to a satisfactory picture of the
couplings of two pomerons to the axial vector f; mesons
studied here and, quite generally, to single mesons.
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APPENDIX A: THE COUPLING OF AN f;-TYPE
MESON TO TWO POMERONS

Here we study the coupling of a meson f; with I¢JF¢ =
0T 17 to two tensor pomerons. We use the relations for the
tensor pomeron from [15,26].

In Appendix A of [26] the fictitious reaction of two “real
spin-2 pomerons” annihilating to a meson was studied. This
was done in order to get an idea what type of pomeron-
pomeron-meson (PPM) couplings we would have to expect.
Looking at Table 6 of [26] we see that for the production of a
JP = 17 meson we can have the following values of angular
momentum / and total spin S of the two tensor pomerons:

(1,S) =(2,2),(4,4). (A1)

We find only these two possibilities.
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The task is now to construct PP f; coupling Lagrangians
which, applied to the above “real spin-2 pomeron” anni-
hilation, give the (1, S) = (2,2) and (4,4) amplitudes. We
emphasize that such constructions are not unique. We give
in our paper, in this and the following Appendix, two
possibilities for such constructions and we discuss their
relations. Here we shall rely on the experience gained with
the construction of pomeron-pomeron-meson couplings in
[15,24,26-34]. We want to couple two spin 2 pomeron
fields P, to the f; vector field U, which is, in equations,
conveniently represented by an antisymmetric second-rank
tensor field 9,Up — d3U,. The [ values of the couplings
should be reflected by [ derivatives. Using these heuristic
principles it is not difficult to write down PP f; couplings
which fulfill all required properties.

In the following we shall first construct the PPf
coupling corresponding to (/,S) = (2,2). For this we
define the following rank 8 tensor function:

(8) —

F;c/l,pg,ﬂy,a/j = Yxp9uc€ivap + Gap9uc€rvap + IxoGup€avap

=+ gﬂagypekuaﬂ + gkpg/dgavaﬂ + gD'Kg/M.EpI/aﬁ
=+ 9p29ux€ovap + 9629ux€pvap — GxaGup€Eovap

= 9xA9uc€pvap — Ixu9ps€ivap — 9au9po€xvap

+ (). (A2)

For the Levi-Civita symbol we use the normalization
€123 = +1.

It can be checked that I'® satisfies the following
relations:

(8) (8)

®

8
I_‘/(c/l,),zm,;w,ozﬂg’dL = 0’
(8)
Fld,pa,yu.aﬁgpﬂ = 0’
(8) _
FK&,/)H,yu,a/igMy =0. (A4)

Now we define the PPf; coupling corresponding to

(1,S) = (2,2) as follows:
gﬁlﬂlf] < <
e, (3) = 30ty (Pua(2)(3,0,)P,e()

X (aa U/} (x) - 8/3 Ua (x))r(8) K/I,pomb.aﬁ‘ (AS)

Here P;(x) is the effective field of the pomeron and
U,(x) the field of the f, meson. Furthermore we have
introduced, for dimensional reasons, in (A5) a factor M| 2
with My =1 GeV, and then gpp, is a dimensionless
coupling constant. The asymmetric derivative has the form

0 u= (i, — 5ﬂ. The P effective field satisfies the identities

lpld(x) = Pix(x)v
gM[FDKﬂ(x) =0.

From (AS) we get the “bare” PPf, vertex (2.11).
Now we shall set up the PP f| coupling corresponding to
(1,S) = (4,4):

(A6)

Q%Pf
A —
24‘32-M3( K/l(x)(

X (aaU/i(x) - 8/}Ua(x))

ﬁé’ﬂ:"fl (x) M 8#2 8#3 8#4)Pﬂﬂ(x))

KApouv.aff — * Akpouv.af FK/l.ﬁp,yv.a/} X F(IO) KApO i3 a0 (A7)
—_1® _1®) —_1® . (A3) )
Y kApoypaf —  poxiuvaf O KApouv.fa’ Here we define the rank 10 tensor function
|
(10) _ 1 1
KAPO iy popizfia afp i, Goy, — Zg’dgﬂlﬂz YousEopsap — Zgﬂﬁgﬂzlmaﬂ
+keoD)+@poo)+(kelpo a)] + (k, ) < (p,o-)}
+ all permutations of py, uy, s, fa. (A8)
(19 (A8) has the following properties:
(10) _ ~(10) _ -(10)
FKlsﬂﬂ,m#zmmaﬁ - Fﬂwwmzmm,aﬁ - rKﬁﬁﬂ»#lﬂzﬂ}ﬂm“ﬁ
_ (10) _ (10
T pokAppopspsaff T _Fkl,/mumzusmsﬂa’ (A9)
10 . .
il.,ga.uluzusm.aﬂ is totally symmetric in py, po, s, fa, (A10)
(10) v
Kﬁ-ﬂﬁsﬂlllzmmﬂﬂgx =0,
(10) 6 _
Kﬁvﬂﬂvﬂlﬂzﬂzm-aﬂgp =0. (Al 1)

In (A7) gppy,

114003-
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APPENDIX B: DIFFERENT FORMS FOR THE
PPf; COUPLING AS OBTAINED IN
HOLOGRAPHIC QCD

In (A5) and (A7) of Appendix A we have given a
possible form for the PP f, couplings. In the holographic
framework another form is obtained. In the Sakai-Sugimoto
model [52,53], the coupling of singlet pseudoscalar and
axial-vector mesons to two tensor glueballs is determined
by the gravitational CS action (describing axial-gravita-
tional anomalies), as given in Eq. (59) of [19],

N,

Seg D ——C Bl
S = 153672 (BI)

dSXGMNPQRTr(AM)RNpSTRE%.

The (singlet component of the) axial-vector meson is

contained in Tr(A,) = A,(,O) = U,(x)y(Z), leading to

N. [N
38477,'2 Tf/dsxeﬂypgA/(‘())RZuSTRpaTSa (Bz)

where Z refers to the holographic direction.

Five-dimensional gravitons correspond to four-dimen-
sional tensor glueballs, and their coupling to f is obtained
by expanding this term to second order in transverse-
traceless metric perturbations and integrating over radial
wave functions. Using the same notation as in Appendix A
we derive the coupling Lagrangians,

Scs D

Leg(x) = }f’Ua(x)eaﬁy‘sPZ(x)aé[FDW (x), (B3)
14 (x) = 2"V (x)e7(0, P ()
x (050,P%(x) = 050" P, (x)), (B4)
where
4,
BTN, (55)
VNI
27.434 N
o TN YN, (86)

ME /N2

and N is a normalization constant that we leave undeter-
mined because of the ambiguities [19] in the Reggeization
of the tensor glueball into pomerons (it would be unity for a
purely flavor-singlet axial-vector meson when P, was
replaced by the tensor glueball 7, normalized as in [48]).

The Sakai-Sugimoto model has two free parameters, a
Kaluza-Klein mass scale Mgyx and the dimensionless
"t Hooft coupling 4 at this scale. Both A and the normalization
N drop out of the ratio between the two PPf; couplings,

1!
.631
x' _5 63 ' (B7)

Usually [52,53] Mk is fixed by matching the mass of the
lowest vector meson to that of the physical p meson, leading
to Mgk = 949 MeV. However, this choice leads to a tensor
glueball mass which is too low, My =~ 1487 MeV. The
standard pomeron trajectory (2.7) corresponds to a tensor
glueball mass of M7= 1917.5 MeV, whereas lattice
gauge theory [87] indicates a tensor glueball mass M ~
2400 MeV (oreven higher [88]). The corresponding choices
for Mgy give ¥ /%' = —{6.25,3.76,2.44} GeV~2, which
motivates the range (3.4) considered in the main text.

The bare vertices obtained from the coupling
Lagrangians (B3) and (B4) read as follows:
irﬁi)a,a(Ql 9q2)|bare :%leaﬁyé(Q?¢/y¢/p/gg/ﬂ+Qggk/algﬂﬂgp/y)
X RK)»K%/R/)O'/IIOJ ’ (Bg)
iFZESU,a(Cll ’ QZ) |bare

= 5" €aros(01 — 02)°101, 20 — (41 * 42) 90y |RSF R
(B9)

Here we define the tensor [unrelated to the Riemann tensor
in (B1)]

- 1 1 1

R/wld = ngcgul —+ Egylgwc - Zg;wglcll' (BIO)

In (B8) and (B9) we have taken out explicitly the traces in
(x4) and (po). The momenta and vector indices for these
vertices are oriented and distributed as in (2.11) and (2.12).

Now we consider the reaction (2.9), the fusion of two
“real pomerons” (or two glueballs) of mass m giving an f
meson of mass squared k>:

P(q1. €M) + P(g.€@) - fi(k.€),

q1+q =k, q1 = 5 = m*. (B11)

Here g, g,, and ¢V, ¢? are the momenta and the
polarization tensors of the two “real pomerons,” k and €
are the momentum and the polarization vector of the f;. We
know from the results of Table 6 in Appendix A of [26] that
there are two independent amplitudes for the reaction
(B11). Thus, for the reaction (B11) we expect to find an
equivalence relation of the form

cs T Les =Lops, + Lopy, (B12)
between the Lagrangians (B3), (B4), and (AS), (A7). Of

course, the respective coupling parameters must then
satisfy certain relations which we determined as
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/%(2) o M%(kz _ 2m2)

/ —— R
9ppy, = =X k2 22 ’

2M}

Jopy, = X" 2 (B13)
The proof of (B12) and (B13) is given at the end of this
Appendix. We note that the relation (B13) involves k2, the
invariant mass squared of the resonance f;. For a narrow

resonance of mass m £, We can set kK= m]%l = const. Then

(B13) gives a linear relation of the couplings (x’, x”) and
(9pps - 9ppy,) With constant coefficients. For a broad

resonance k> varies. Then we see from (B13) that for
constants (x',x") the couplings gpp,, and gpp, contain
additional form factors depending on k> and vice versa.
The strict equivalence relation (B12) does not hold any
more for the scattering process (2.1) where two pomerons
with invariant masses #; < 0 and ¢, < 0, and in general
1y # t,, collide to give an f; meson; see Fig. 1. But for
small |7;| and |7,| we can expect the following approximate
equivalence to hold:
2 2012
g/ z_}{/%_}{//]Wo(k _[1_t2)
PPf K2 212 ’
2M3
0
gﬁé’ﬂ:"f] ~ }{// k2 .

The reverse reads

(B14)

. K . KK =1 —1)
* X —Gppy, M2 = ppf, T oaml

(B15)

Again, taking, e.g., gpp,, and gpp,, as constants x’ and x”
will contain suitable form factors and vice versa.

We have made a numerical investigation of the above
equivalence relations, (B14) and (B15), for the case

. - .
PRf,(1285) = 0 setting

2
My (1285)

' = _g/P[F"fl(IZSS) —M(z) ) (B16)

In Fig. 11 we show, in a two-dimensional plot, the ratio

JZG}{’/dPudPt,z
d26(2,2)/dpt,1 dp:a

R(pi1sPi2) = (B17)

for the pp — ppf,(1285) reaction at /s = 13 TeV and
lym| < 2.5. The ratio 1 occurs at p,; = p,,. In the limited
range of transverse momenta of the outgoing protons, p;; <
0.6 GeV and p,, < 0.6 GeV, both approaches give similar
contributions. The deviations from the ratio 1 are here less
than about 15%. The same remains true for larger p, , p;,,

PP — PP f1(1285)
Vs =13 TeV, IyMI <25

R(pt,l’ pt,2)

1

0.8

0.6

P, (GeV)

04

0.2

0 0.2 04 0.6 0.8 1
p,, (GeV)

FIG. 11. The ratio R(p;;.p;») (B17) for the pp—
ppf1(1285) reaction. The calculation was done for /s =
13 TeV and with the cut on |yy| < 2.5. No absorption effects
were included here.

provided |p,; — p;»| < 0.4 GeV. But clear differences can
be seen if one p, is large and the other one is small. We note
that by adjusting the ; , dependent form factors we could,
presumably, obtain the ratio R(p, ;. p,,) in (B17) even closer
to 1 for a larger range of p,; and p,,.

At the end of this Appendix we give the proof of (B12)
and (B13). For this we study the reaction (B11) in the rest
system of f (k, €) choosing the direction of ¢, as the 7 axis.

We have then
L\/k2 L\/k2
0= () o= (4F)
|q1]es —|q1les

(VY
)
= (q1 + q2)* = 4(m* + |q1[*),

0
1
B == /m P =5 Ve,

We shall evaluate the 7 -matrix elements for (B11) in the
basis

(B13)

(f1(k, €M) TIP(qy, ™)), P(gr.€5™)),  (B19)

M M o
where €™ and eg D) eg 2 are polarization vectors and

tensors, respectively, corresponding to definite eigenvalues
of the angular momentum operator J,. In detail we choose
for the f,

(M)

1

(M==%1) _ + i

€ = F e 1e5),
\/Z( 1 2)

eM=0) — ;. (B20)
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Here the J, eigenvalues are M. For the pomeron (1) we
define the four-vectors

1 0
fﬂ)_qET( . )
2 \e; Lie,

1 [ lqi
= (1), (B21)
m \ e3qi
and the polarization tensors 61 (M, = .,2) with
eigenvalues M, of J, as
2
€s v _Ii‘rﬂ)ﬁru’
1
e = 7—()(?”)(?” + 20 ),
0 -
e(l v _ )(Tﬂ)(lp \/;Z]M Ov _i__)(lﬂ)(-l&-v’
61 \/_(Zlﬂ —u _|_}(1ﬂ Ou)’
-2 .
M = i (B22)
For the pomeron (2) we define the four-vectors
1 0
tu
- :F_ . )
") V2 (el + lez)
1 [ |l
0
= (), (B23)
m\ —esq,

and the polarization tensors eéM D as in (B22) but with

everywhere replaced by y,. The e; (M2l are then the

polarization tensors to the elgenvalues M, of (—J,) where
M, e {-2,...,2}.

Now the stage is set for the evaluation of the 7 -matrix
elements (B19) using either the couplings (AS5) plus (A7) or
(B3) plus (B4). From angular momentum conservation only
the elements with

can be different from zero. The calculations are straightfor-
ward but a bit lengthy. We shall only give the results. For this
we define two “reduced” amplitudes (M |72 |M, M,) and
(M|TWY|M,, M,); see Table V.

From the Lagrangians (AS5) plus (A7), respectively,
the vertices (2.11) plus (2.12), we obtain for the matrix
elements (B19)

(f1(k, €M) T|P(gy, ™), P(gs, e5)))

— kz\/§|q1|2
gP[FDf] M%m

(K2)2]qy*

+ SR e

Ieps, V3Mim?

(M|T®2 M, M,)

(M|TUY M, My).  (B25)

TABLE V. The matrix elements (M|T??|M,,M,) and
(M|T%|M,, M,). Matrix elements not listed are zero.

M M, My, (MITEP|M M) (MITHY M, M,)

1 2 1 -1 0
L0 e+ 4af) !
L0 e i) !
1 -1 -2 -1 0
-1 1 2 1 0
-0 — i (2 + g ) -1
S s 0+ 41 ) -1
-1 -2 -1 1 0

Note that the (I, S) = (2,2) coupling gives an amplitude
proportional to |g;|?, the (I, S) = (4,4) term an amplitude
proportional to |g;|*, as it should be for these values of the
orbital angular momentum /.

Now we consider the Lagrangians (B3) plus (B4) giving
the vertices (B8) and (B9), respectively. Here we get for the
matrix elements (B19)

(F1(k, ™) | TP (g1, M), P (g5, ™))
k2 —2m? N
=[xt V2L 3y 722, )
2 m
2K% gy |* 4
+ 5" M|TED M, M,). B26
g (MITE1M M) (B26)

Equating the expressions (B25) and (B26) we arrive at the
relations (B13) which are, therefore, proved.

APPENDIX C: THE f; MIXING ANGLE AND
RELATIONS BETWEEN THE PPf,(1285) AND
PPf;(1420) COUPLING CONSTANTS

The different magnitude of the coupling constants for the
PPf,(1285) and PP, (1420) interactions can be expected
to be related to the internal structure of the mesons.

A commonly used model® is given by

uii +dd .
1285) = cos —sing,ss,
fl( ) ¢f \/z d)f
uii + dd
1420) = sin + cos ¢SS, Cl1
fi( ) br NG or (C1)

with a mixing angle ¢, parametrizing the deviation from
“ideal” mixing (¢, = 0°), where the heavier f; meson
would be purely ss.

$This assumes that f1(1420) is a genuine ¢g resonance, which
has been contested, however, in [12,14]. Alternatively, the less well
established meson f| (1510) might appear in place of the f; (1420).
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Ideal mixing is often assumed as a first approximation to
account for the fact that f;(1420) decays dominantly into
KKr [4]. Radiative processes, however, indicate a
deviation from ideal mixing of about ¢, ~+20° [55]
which is consistent with the LHCb result [89] of ¢, =
+(24 + 3)° and with other results pointing to a range of
+(20---30)° [90,91].

In the chirally symmetric Sakai-Sugimoto model the
PPf, couplings come exclusively from the axial-gravita-
tional anomaly which involves only the flavor-singlet
combination (ui + dd + s5)/+/3. The assumption that this
also holds true in real QCD would give

B \/zsinq’rf +cos gy
B V2 cos ¢p—singy ' (€2)

glumpfl (1420)

gI[P’IP’fl(1285)

and likewise for the couplings ¢”, »/, and x”. Ideal mixing
thus corresponds to

gEP’[FDf,(MZO) 1
R =—, (C3)
gawumfl(uss) ¢p=0° V2
while ¢, ~ +20° gives ratios larger than unity,
g/
PR/ (1420) ~ 1.44. (C4)
gp[pf](lzgs) ¢ p=+20°

But due to mass effects, the relation (C2) is expected to
be only qualitatively correct. And, indeed, we have seen in
(3.21) that the WA 102 data violate (C3) or (C4) by a factor
of about 1.5 or 3, respectively. If we blame this violation on
the subleading Reggeon exchanges we get an indication
that the true PP f; couplings could differ from those given
in (3.7) and (3.15) by a factor of this magnitude.

However, the assumption that the pomeron couples only
to the above flavor singlet ¢gg combination is questionable
since it is based on the assumption of exact flavor SU(3)
symmetry. In fact, the SU(3) flavor symmetry is known to
be violated, also for diffractive processes. For instance, the
pomeron coupling to pions is different (larger) than that for
kaons (see, e.g., [65]). The same is true for the coupling of
the pomeron to po, w, and ¢ vector mesons; see [27,34].

APPENDIX D: DISCUSSION OF
SUBLEADING EXCHANGES

In the main text we have assumed that the pomeron-
pomeron fusion is the dominant reaction mechanism at the
top WA102 energy /s = 29.1 GeV [3]. In fact, the WA102
Collaboration measured f(1285) and f;(1420) also at the
significantly lower energy /s = 12.7 GeV.

For a complete theoretical discussion of all results
of the WA102 experiment we should consider also the
lower energy and include subleading Reggeon-exchange

contributions to f; CEP. We list here the possible fusion
reactions leading to an f; meson and involving such
Reggeons:

Pfow + forP = f1. (D1)
forfor = f1s (D2)
arraom = f1. (D3)
wrog = f1, (D4)
prPr = f1. (D5)
Prpr = [1. (D6)

Let us now discuss the effective couplings for these
processes, taking as a model the results of Appendix A;
see (A2)—(A7). Following [15] the f,r and a,r Reggeons
will be treated as effective second rank symmetric traceless
tensors, the wg, pr, and ¢ as effective vectors.

Our coupling Lagrangians for (D2) and (D3) are then as
in (AS) and (A7) but with the replacements

/ / I I
gepsy 7 Ipwfwfi gepsy 7 Ifamfmfi (D7)

and

gﬁ])"]fl - g;mamfl ’ gg’ﬂj’f] - ggZR“ZR.f} ’ (Ds)
respectively. All these couplings must be real. For the
process (D1) there are more coupling possibilities than the
analogs of (AS5) and (A7), since P and f,r are distinct.
Indeed, using the methods of Appendix A of [26], we find
here six independent couplings.

For the process (D4) we can rely on the general analysis
of two real vector particles giving an f; with J® = 17 in
Appendix B of [26]. From Table 8 there we find that there
is only one possible coupling, (,S) = (2,2), for this on-
shell process. A convenient coupling Lagrangian is easily
written down

1 <~ o

‘C;)Rwﬂfl (X) = ngRmel (a)RKﬂ (X) aﬂ al/a)[Rpa(x))
0
X (0,Up(x) = 95U, (x)) g g™, (DI)
where
Oy (X) = Oy (X) — 0;0R,(X) (D10)

and g, ., r, 18 a dimensionless coupling constant. Similar
coupling ansitze apply to the processes (D5) and (D6).

114003-24



CENTRAL EXCLUSIVE DIFFRACTIVE PRODUCTION OF AXIAL- ...

PHYS. REV. D 102, 114003 (2020)

The vertex following from (D9) reads as follows:

WR v

2 WRWR f1

ir(wlRw]Rf 1)
M

pva (‘hx [72) |bare =

(91— 92)P (91 — 42) " €Acap kP

X (q1x 6% — 41 ) (45 8pv — 4206%) + (@1 > @2, pt 2 v) |

This vertex function satisfies the relations

Lwa (g1, 42) = T (g2, 1),
F;%ﬁwwf') ((]1 s 512)97 =0,
T2z (g1, q2) g5 = 0,

T (g1, ) (g, + ¢2)* = 0.

We shall use in the following the coupling (D9) and the
vertex function (D11) for @ Reggeons as well as @ mesons.

As for the case of the PP f; coupling we find it useful to
consider the analog of the reaction (B11) here, the fusion of
two real @ mesons giving an f; state

(D12)

o(qr, ")) + w(gy. €8™) = f1(k, ™). (D13)

For our purpose we consider fictitious @ mesons of arbitrary
mass m > 0 and a fictitious f; of mass VK2 > 2m. We shall
work again in the rest system of the f; and choose the
kinematics as in (B18). The polarization vectors e™)
(M ==+£1, 0) for the f, are taken as in (B20). The
polarization vectors for the @ mesons are taken as follows:

(M) (M) (My) :XgMz)

e =0 e (D14)

with M, M, € {£+1,0} and)(EM‘) and;((zM2> asin (B21) and

(B23), respectively.
After a straightforward calculation we find

(1 (k€M) T (g, M), (g5, ™))

4gw opf
= el g,
X {8u.1[0m, 00Mm,.-1 + Om, 16m,.0) = Om.—110m, 00m, 1
+ Opm, ~10Mm,0)}- (D15)

(D11)

Note that the amplitude (D15) is proportional to |g;|* as
it should be since it is derived from the (I,S) = (2,2)
coupling (D9). Furthermore, the amplitude (D15) vanishes
for m = 0 as it must be due to the Landau-Yang theorem
[92,93]. Indeed, we can consider the production of an f
meson by two virtual photons of mass squared g> > 0. For
this we use the standard vector-meson-dominance (VMD)
ansatz for the coupling of the photons to the @ mesons
[see, e.g., (3.23) of [15] ], which then fuse to give the f;. In
this case we get for the amplitude the same expression as in

(D15) with m replaced by 1/g* and multiplied with the
appropriate VMD factor times a vertex form factor

F(q*. q*. k*)

(e—AWZ)) Fl@.¢.@).  (Dl6)

w

where A!)(g?) is the transverse part of the @ meson
propagator [cf. (3.2)—(3.4) of [15]]. All gauge invariance
relations for these amplitudes are satisfied due to (D12) and
the amplitudes vanish for ¢*> — 0 in accord with the
Landau-Yang theorem.

A different ansatz for the wpwgr f; coupling is obtained
in the holographic approach [94],

‘C,S)iw[mfl (x) = }{wgaﬂyéUa(x)a)[Rﬂ<x>8ya)R5(x)7 (D17)
CS(wpw >
lF;on N IRf])(ql s QZ)|bare = }{(ugayup(ql - q2)/ (D18)

with x,, a dimensionless parameter. For the vertex function
(D18) we find the relations

rglls(l(waRf'l)<ql’ q2> _ I—‘S”S()Smwuuefl)(qb C]l); (D19)
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CS . n
FﬂuogwaRfl)(QI ’ 42)ql14 = ”{weayupq;llqlz 7& O’

CS(wporfi)

Fﬂ”“ (QI’ 612)6112/ - _i}(wgtmupqqqg 7& 0; (DZO)

CS(wpw
F;mg “ Rf'>(611,612)(611 +g2)*

= _i}{a)gayup(ql + qZ)a(CII - QZ)p # 0. (D21)

For the process (D13) we find here

(f1(k, ™) T (g, €M), 0(gy, ™))

Al s s s Sy 15
= Xy " {61,160, 000y —1 + O1,.16m,.0)

— Op.-1[00m, 00m,.1 + Om, —16m,0}-

(D22)

With constant x,, these amplitudes diverge for m — 0.
Here we cannot use the usual VMD relations to relate these
amplitudes to the ones for the fusion of two virtual or real
photons giving an f; meson. Because of (D20) the
corresponding amplitudes for y*y* — f; would not satisfy
the necessary gauge invariance relations.

Vector-meson dominance is, in fact, realized in holo-
graphic QCD (for an extensive discussion in the Sakai-
Sugimoto model see [53]). The coupling to virtual or real
photons involves bulk-to-boundary propagators which
correspond to sums over an infinite tower of massive
vector mesons. In place of the constant x, one obtains
an asymmetric transition form factor that does satisfy the
Landau-Yang theorem and which has been studied in [55],
where good agreement with available data from the L3
experiment [95,96] on single-virtual yy* — f; has been
found.

Clearly the inclusion of all these subleading exchanges
(D1)—~(D6) would introduce many new coupling parameters
and form factors and would make a meaningful analysis of
the WA102 data practically impossible. However, for the
analysis of data from the COMPASS experiment, which
operates in the same energy range as previously the WA 102
experiment, it could be very worthwhile to study all the
above subleading exchanges in detail. In addition, one also
has to keep in mind that there should be a smooth transition
from Reggeon to particle exchanges when going to very
low energies. Clearly, all these topics deserve careful
analyses, but they go beyond the scope of the present paper.

Here we shall only discuss some rough estimates
of subleading contributions at the WA102 energy of
Vs =29.1 GeV.

At the relatively low energies of the WA102 experiment
the subleading Reggeon exchanges are not excluded
a priori. Among those, the ww — f; and p°p° — f,
exchanges are the most probable ones. We know how
the @ and p° couple to nucleons. However, the coupling of
ww — fand p°p° — £ is less known. Future experiments
at HADES and PANDA will provide new information there.
The p°p° — £, coupling constant can be obtained from the

decays: f; — py and/or f; — nta~wtx~. This issue will
be discussed elsewhere. The uncertainties related to form
factors preclude, however, strict predictions. Fortunately,
the following (almost model independent) observation
explains the situation. It seems rather obvious that the
Reggeized-vector-meson-exchange or Reggeon-Reggeon-
exchange contributions cannot exceed the experimental
data of the WA102 Collaboration [3]. According to our
estimates we find, using subleading exchanges only, that
they allow a description of the /s = 12.7 GeV data (see
Table I) but then one misses the data for \/s = 29.1 GeV
by a factor of at least 5. This is due to the energy
dependence of the subleading contributions. This means
that the dominant contribution at /s = 29.1 GeV is most
probably related to the double-pomeron-exchange contri-
bution considered in our paper.

To make this statement quantitative we proceed as
follows. Let M be the amplitude for the PP — f; fusion
as calculated in the present paper with which we could fit
the WA 102 data for /s = 29.1 GeV. We assume now that
the true PP — f fusion amplitude is x M (x > 0) and that
the Reggeon amplitude is similar in structure to the
pomeron amplitude and given by y M. We must have then,
precluding a complete sign change of the amplitudes,

x+y=1 (D23)
From the above estimates of the Reggeon contributions
alone we get

ly[> < 0.20. (D24)
For maximal constructive interference of pomeron and
Reggeon contributions we get

y <1020 = 0.45,
x=1-y>0.55. (D25)

For destructive interference we would get x > 1. The result
(D25) is the basis for the estimate that the true PPf,;
couplings may be up to a factor of 2 smaller than the ones
obtained in our present paper from the comparison of the
WA102 data at /s = 29.1 GeV to our theory neglecting
the reggeons.

APPENDIX E: THE ¢,, DISTRIBUTIONS
FOR CEP OF f;- AND 7-TYPE MESONS
AT ¢,,=0 AND =

Here we discuss general properties of the ¢, distribu-
tions for CEP of f; mesons (2.1) and for the analogous
reaction with #-type mesons

P(Pasta) +P(Ppdp) = p(p1.A) +n(k)+p(p2.dy). (EL)
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Di2

QSPP

»

Dt

FIG. 12. Definition of the angle ¢,, (0 < ¢, < 7).

Recall that ¢, is the azimuthal angle between the trans-
verse momenta of the two outgoing protons in the overall
c.m. system (Fig. 12). For the following arguments we
work in this c.m. system.

For ¢,, = 0 and z the reaction (E1) is planar (Fig. 13).
We choose the reaction plane as the xz plane of our
coordinate system. Note that this plane is a symmetry
plane for our reaction and we shall exploit this in the
following.

In (2.1) and (E1) we have written our reactions in terms of
protons with definite helicities 1, 4,, 4,4, € {1/2,—1/2}.
Here we shall use protons with spin 2 = £1/2 in the y
direction, orthogonal to the reaction plane. We have

. 0), = %up(p, 1/2)) + 2 p(p. ~1/2))).
A==%£1/2, P =p.ps.P1.P2- (E2)

Now we consider a reflection S on the xz plane. S can be
written as a parity transformation, P, times a rotation R, (7)
by 7 around the y axis

S = Ry(m)P. (E3)
For the proton states (E2) this gives
U(s)lp(p.4)), = ¢™(p(p.2)),. (E4)
D1 xA
P2 E
Pa > < Py I >
= < . 2
(a) k
41

Pa . /pb
—

2

(b)

FIG. 13. Sketch of CEP reactions with (a) ¢,, =0 and
(b) ¢,, = 7 and definition of the x and z axes.

Assumption.

Now we assume that at high energies there is s-channel
helicity conservation of the protons in (El) and, more
strongly, helicity independence. That is, we assume

(p(P1: 1), P(P2,22) ()T | p(Pas Aa)s P(Ps Ap))

0(5/1]1“5/12%. (ES)

In our calculations for CEP reactions of f| we always
used this high-energy approximation for the protons.
Transforming to the states (E2) we also get there

(P(p1:21). P(P2. 42) ()| T |p(Par ) P(P1s A0))

& 07,1,9%3, (ES)

The next step is to apply to the 7 -matrix element (E6) a
reflection transformation S (E3). With (E4) and (E6) we get
for the pseudoscalar 5

(P(P1:41)s P(P2: ) n(K)| T | p(pas Aa)s P(Pos )y
= (=) exp[in(Zy — A4 + 4 — 4)]

X (p(p1.41): P(p2: ). 0T | p(pas 2a)s P(Ps A1),
=0. (E7)

This proves that under the above assumption the distribu-
tion in ¢, must vanish for ¢,,, = 0 and = in CEP of 7-type
mesons.

The ¢, distributions in CEP of the  of mass 548 MeV
and 7’'(958) were studied in the WA 102 experiment [35] and,
using our theoretical framework, in [26]; see Fig. 14 there.
The experimental distributions vanish for ¢,, = 0, but at
¢pp =7 a small residual different from zero is visible.
According to our results this must be due to contributions
violating our assumptions concerning the helicities.

Finally we return to f| production (2.1). For an f| meson
with JP = 1% we can use the Wigner basis with the f,
polarization vectors e, e e, Under the reflection S we
have the following transformation properties:

US)If1(k, ex)) = =|f1 (k. ex)),
US)If1(k.ey)) = |f1(k.€))),

US)If1(k.e;)) = —|f1(k.e;)). (E8)
Using now the same argumentation as for #-type mesons
above we conclude that for ¢,,, = 0 and 7 the produced f
must have the polarization in the y direction, that is,
transverse to the reaction plane.

To summarize, in this Appendix we have shown the
following theorem. Assuming s-channel helicity conserva-
tion and helicity independence for CEP of #- and f/-type
mesons the ¢,,, distributions must vanish for ¢,,, = 0 and
z for the # case and the f must be polarized transversely to
the reaction plane for these ¢,, values.
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