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Introduction

* Central exclusive production (CEP) in proton-proton collisions at high energies,
p+p—->p+M+np, where M = n, n'(958)

should be due to Pomeron-Pomeron fusion. We require large rapidity gaps between M and
the outgoing protons.

 These processes are very interesting since they

o) p(p1) tell us something about the nature of the Pomeron.
P (Pa
~ With a scalar Pomeron CEP of n, ' mesons
C=+1p (and also f, with J°¢= 1**) is not possible.
---n,1 (k)
= P
C=+1 16 (J°C) = 0+ (0 - +)
p (py)

p(p2)

» We think that the best effective description of the Pomeron is to assume that it couples
to hadrons like a rank-2 symmetric tensor.
C. Ewerz, M. Maniatis, O. Nachtmann, “A model for soft high-energy scattering:
Tensor Pomeron and vector Odderon”, Ann. Phys. 342 (2014) 31

« CEP of n, n'(958) was discussed within the tensor-Pomeron approach
 P.L., O. Nachtmann, A. Szczurek, “Exclusive central diffractive production of scalar and
pseudoscalar mesons; tensorial vs. vectorial pomeron”, Ann. Phys. 344 (2014) 301
« PRD 112 (2025) 034016 - this talk



Introduction ——

« In the paper “Helicity in proton-proton elastic scattering and the spin or B
structure of the pomeron” Ewerz, Lebiedowicz, Nachtmann, Szczurek, s Stat+Syst. Error
PLB 763 (2016) 382 7 ensorpomeron
it was shown that a scalar Pomeron is not compatible i
with the measurement by STAR concerning the helicity structure
of pp elastic scattering.

Imr,

D4} =
Studying the ratio r, of single-helicity-flip to non-flip amplitudes L ]
2mp ¢s5(s,t) b 1
7“5(8 t) =t Im[b1 (5,8)+ b3 (s,8)] 0.05 er, 0
we found that STAR data T
[L. Adamczyk et al. (STAR Collaboration) PLB 719 (2013) 62] measured at 005 _Eiiifs'j"{ ol ~1]
Vs =200 GeV, 0.003 < |t| < 0.035 GeV? [+ fensorpomeron LA .
are compatible with the tensor-Pomeron ansatz 0 _ //) /
while they exclude a scalar character of the Pomeron: 'é' b " /f .
2 = -
i (s,t) = —m? [z + tan <72T(041p(t) = 1))} , 7 (5,0) = (—0.28 — i2.20) x 107 j ;M
PIPS (5, 4) = — & [z + tan (f(a,p(t) _ 1))} , rP5 (5,0) = —0.064 — i0.500 005} .
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 Problem with the vector Pomeron (C = -1):
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The tensor-Pomeron model and CEP

We consider the reaction p(pa, Aa) + PPy, Ao) — p(p1, A1) + M (k) + p(p2, \2)

The kinematic variables are

Q1 =Pa—DP1, q2=Db—DP2, k=aq +q,

th = q%, lo = q%, « four-momentum transfer squared from
wr = (pa — k)2 — (o1 — q2)2’ one of the proton vertices
uz = (py — k)z = (p2 — CJ1)27

s = (pa +pp)° = (p1 +p2 + k)?, « c.m. energy squared

51 = (pa + Q2)2 = (p1 + k>27

s2 = (po+ q1)° = (p2 + k)7,

1 1 1
V) = 1(81 —uy) = Z(pa +p1,q2+ k) = §(pa + p1, k),
1 1 1
vy = 1(82 —ug) = Z(pb +po,q1 + k) = §(pb + p2, k)
The amplitude is M{" = mBomn | pqrp-rescatioring

MESKI;%)\;[)\QM = (—i) a(p1, M\ )iTEPPI 71 (p1 D )u(Pas Aa)

. P .~ (PPM . P
>< ZA,EL1)V1,(X1B1 (2v1, 1) i ( ) a1 Br,a2 B2 (q1, q2) ,LA((XQ)ﬁg,,LLQVQ (2v, t2)

X U(p2, Ao )iDEPPI H2V2 (ps py)u(py, Ap)

l 2 - -
S72s /d2lt Mpp—)pp(sa —lt>ME;fppM(Sapt,17Pt,z)
Here p¢,1 and p¢ 2 are the transverse components of the momenta of the out-

going protons and l; is the transverse momentum carried around the pomeron
loop. Mz]?;i?ppM is the Born amplitude with py 1 = pt,1 — 1t and pr2 = pe.2+1s.
M pp—spp s the elastic pp scattering amplitude. 4

pp—rescattering .




The tensor-Pomeron model and CEP

The corresponding expressions for the effective proton vertex function and

"o D
propagator for the tensor-pomeron exchange: Py p/
1T (Ppp) (.. . 1 / / 1 / =
L (0 p) = —i3Benn F1(t) § 5 (0 + P)v + 9 (0" +p)u] = 19 (P + ¥) N
p
| 1 . i)
ZA(E?HA(2V1,27 t) = IurGvx + Gur9vk — 5 9urgrr (_Z 2V1,2 05]/?) p(t)=1 P
K, 81/1,2 2

L ' gl
where t = (p’ — p)? and Bpyny = 1.87 GeV~L. For simplicity we use for the L
pomeron-proton coupling the Dirac form factor Fj(t) of the proton.
The pomeron trajectory ap(t) is assumed to be of standard form

ap(t) = ap(0) + apt, ap(0) =1+ ep =1.0808, ap=0.25GeV ?

In addition to the PP fusion, we also consider the Pfor, forP, and for for
exchanges. Since P and fop (C = +1) are described as tensor exchanges, the
additional amplitudes, M®f2r)  AM(FeP) and AM(f2rf2r) - are treated similarly
to MPP). The effective for-proton vertex function and the for propagator
are similar to P. The important differences there are in the magnitude of the
coupling constant and in the parametrisation of the trajectory:

9
30pNN — 7‘}6\2;”) . Gfapp = 11.04
0

ap(t) = ag, (t) = ar, (0) + ap, t, ar,(0)=0.5475, o =0.9GeV "~



The tensor-Pomeron model and CEP

P.L., Nachtmann, Szczurek, Ann. Phys. 344 (2014) 301

We consider the annihilation of two “tensor-Pomeron
particles” giving a meson M, in the rest system of M,

[ — orbital angular momentum
S — total IPIP spin, we have S € {0,1,2,3,4}

J — total angular momentum (spin of produced meson)
P — parity of meson

5 5 and Bose symmetry requires [ — S to be even
q M —q
P "\NAAN\NSNANN P I]STN-S<T<I+S]P=(-1)
01010 +
For each value of (£,S) we can construct a covariant Lagrangian coupling. Z i
Let IP,,(x) be the effective field of the tensor Pomeron L ; 5 ; Z B
and x(x) the field of the pseudoscalar meson n and n'. 510 2’ : T
, , 2 10,1,2,3,4
Then we can construct two coupling Lagrangians IP-IP-M 4193456
corresponding to (£,5) = (1,1) and (3,3): ST 1234 -
9 . 310,1,2,3,4,5,6
/ / K UV (oa
rru(T) = L drPM [0p 1P, (2)] [05 IPx ()] g V777 x(2) 41014 +
0 2 |2,345,6
q" o 4 1 0,1,2,3,4,5,6,7,8
par () = = EEM 1142022 (9, 3 () [(Dya P (%) = Oy P () 5111456 =
o 3 1234,5,6,7,8
Oy (8'UJ3P'LL4V2(:U) — 0" P, (50))] 606 +
2 | 4,5,6,7.8
4| 2,3,4,5,6,7,8,9,10

Here My =1 GeV, and ¢%ppys, 9ppas are dimensionless coupling
constants, to be determined by comparison of theory and experiment.

From these Lagrangians we get easily the corresponding ‘bare’ vertex functions.




The tensor-Pomeron model and CEP

The PPM vertex, including a form factor, is

.~ (PPM . PPM . PPM
T (@,3) = (T (a1,62) lare T2 (@1,62) [bare ) Fla},3)
/
. PPM .
ngu,m)(%, q2) |bare = i Jep M

2M0 (gumgyApa + Juk€uipo + JurEvkpo —+ gl/)xg,u/-cpo) (Q1 - Q2)p(Q1 + Q2)U

/!
/1 (PPM . g
F,,L:(l/,fiA )(Q17 QQ) ‘bare = 1 ﬁéy {8I/>\p0' [QL’-{(_ZQ,LL - (Q1 ’ QQ)g/,m} + Eulpo [Q1/€CI21/ - (Q1 ’ q2>gw€]
+Evkpo [Q1)\Q2u - (C]1 : Q2)gu/\] + Eurpo [C]1AQ2V - (Q1 : (]2)91/A] }(Ch - Q2)p(Q1 + QQ)G
Here My =

1 GeV and gppys, 9ppys are dimensionless coupling constants
that should be fitted to experimental data.

The I',, . and I', _, bare vertices correspond to (I, S) = (1,1) and (3, 3),

respectively, as derived from the corresponding coupling Lagrangians.

The form factor in the central vertex is parametrised as

1 1
F(t1,t2) = A2 =0. 2
(17 2) 1_t1/A%1—t2/A%’ 0 0.5 GeV

Alternatively, we use

t t
F(tl,tg):exp( 1A_; 2)
E

where Ag is the cutoff parameter fitted to the experimental data.



Comparison with the WA102 data

* There exist measurements of n and n’ CEP in proton-proton collisions from the WA102 experiment

atc.m. energy W = 29.1 GeV. . Texp. = (3859 + 368) nb D. Barberis et al. (WA102 Collaboration)
, ' PLB 427 (1998) 398, PLB 467 (1999) 165;
n(958) 1 Oexp. = (1717£184) nb A Kirk, PLB 489 (2000) 29

For CEP of n" meson, the ratio of the cross sections by the WA102 exp. to that measured by the WA76
experiment at 12.7 GeV was determined: o(y/5 = 29.1 GeV)

o(v/s =12.7 GeV)

In Table we present the parameter sets used in the calculations. The ratios we obtained for CEP of n’ in
sets 1-6 are 1.5-1.2, respectively. The discrepancy may indicate a certain role of other (nonincluded)
processes, e.g. pp, WW, PrPRr, WrWRrRexchanges. To obtain a value of 0.7 for the ratio, we need g’rrm as in

sets 7 and 8. With set 7 and for W = 29.1 GeV, the IPIP term accounts for 39%, IPfxr + f2rIP for 9%, and IRIR for 22% of
the total cross section. For W = 12.7 GeV we obtain respectively 13%, 6%, and 61%. As W increases from 12.7 to 29.1 GeV,
the cross section of the IRIR exchange decreases by a factor of 4 and increases by a factor of 2 for the IPIP exchange.

=0.72£0.16

TABLEIL Parameters of the model determined from the fit to the WA 102 data at /5 = 29.1 GeV and the resulting cross sections with
absorption effects are presented. In the last column we present the ratio of the cross sections with (. ) and without (&g, ) absorption
EI‘LI:E'EIH‘ 1.’3 - ”ill'l"- ."II”H-I:-H’I'

Meson M Fit Gppa Jepa -"’;U‘:-.:.Lf _q{i_l,.__: M _r,r:,___: oM _:Jr}'.__:}.”__w Cutoft Parameter Fans (D) S-

i (958) I 2.7 1.2 W] 0 —10.0 {0 ,*"-.ﬁ 0.5 GeVv* .74 .60
2 2.7 1.2 ] ] =100 (0 Ap = 0.8 GeV 1.74 (.63
3 2.05 1.2 0 0 -10.0 0 Ap = 1.0 GeV 1.75 0.60
4 1.6 1.2 1.8 0 —10.0 )] Ap = 1.0 GeV 1.72 (.62
5 1.4 1.4 23 0 —10.0 0 Ap = 1.0 GeV .75 0.65
6 1.4 1.4 2.5 0 10.0 0 Ap = 1.0 GeV 1.75 0.63
T |.4 1.4 1.3 () =250 0 A = 1.0 GeV 1.75 (.66
8 1.4 1.4 2.15 0 25.0 0 Ap = 1.0 GeV .74 0.65

" A 1.8 1.8 0 0 10.0 0 Ap = 1.0 GeV 3,73 0.66
B 1.0 1.0 1.1 3.0 4.0 0 Ap = 1.0 GeV 3.55 0.73
O 1.0 1.0 1.1 3.0 —4.0) )] Ap = 1.0 GeV 3.64 0.67
D 1.0 1.0 1.7 4.0 —4.0 }] Ap = 0.8 GeV 3.66 0.73 3




Comparison with the WA102 data

* In the WA102 experiment also many distributions were measured.

The distribution in ¢pp, the angle between the transverse momenta of the outgoing protons:

fit C, all terms

3 3_ LA L ) B B B B 3_ | ey
S fpp-ppn : —— ol ]
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L L
0; .—.-_u'_q—:—..._._tég_,,/l/l/\—x\l\
0 50 100 150
¢, (deg)

* In order to describe these distributions we need both (I,5)-type couplings g’ and g”’ for IPIP - n (or n’).
The dominant contribution to the cross section is from the coupling (I,S) = (1,1).

 The shape of the ¢, distribution depends also on absorption corrections due to pp interactions.

* In the various fits the relative contributions of IPIP, IPf,r + f2&IP, and firf.r €exchanges are varied.
In fit A, we assume that the IPIP-exchange contribution is more important than in other fits.
In fit C, IPIP represents 40%, IPf;r + frIP accounts for 32%, and farfzr for 5%.
In fit D we have 25%, 48%, and 4%, respectively.
In all cases the interference terms between the different terms in the amplitudes play important role.

 We found that the WA102 energy is too low for pinning down the IPIP contribution.

>
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« dominant IP-IP term

- large IP-f,r contribution

0.4
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Distribution in t, the momentum transfer squared
between incoming and outgoing proton.

Tpm = 2D M/

dP; = |dPt| = |Qt,1 — Qt,2| = |Pt,2 —Pt,1|
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do/dn_(ub)
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Predictions for the LHC experlments
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Now we come to our
predictions for the LHC
experiments where
subleading f,r contributions
should be negligible.

We choose W = 13 TeV.

Distributions in:
pseudorapidity of meson,
angle between the
transverse momenta of the
outgoing protons,
transverse momentum of
meson and proton.

The absorption effects are
more important at the LHC
than at the WA102 energy,
leading to a larger reduction
of the cross sections.
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Our fits which were practically
indistinguishable at the WA102
energy give clearly separated
predictions for LHC energies.

S 15 ; |
> | PP — PP 1’]’(958)
Q ﬁ =13 TeV
3 M. |<1.0
3 M
= I o]
Fg-:-‘ \;:‘ ———— get 2 1
5 N e et3
O
o

13



Predictions for the LHC experiments

TABLEIL The integrated cross sections in pb for CEP of # and
' in pp collisions for /s = 13 TeV for some kinematical cuts
on the pseudorapidity of the mesons. The results with absorption
effects are presented. In the calculations, we used the parameter
sets corresponding to the fits 1-6 for ' and to the fits A-D for p
from Table L

Meson M Cuts Parameter Set o, (b} 57
o (958) ] < 1.0 ! 0.66  0.40
2 0.72 (.42
3 0.59 ().30
4 0.37 0.40
3 0.30 0.42
§) 0.31 (.42
2.0 < 1y < 5.0 | 194 0.40
. 2.09 (.42
3 1.67 (.39
4 1.08 (.40
3 (.85 (.42
6 (.88 0.42
" | < 1.0 A 251 0.42
B 0.78 (.42
C 0. 78 (.42
D (.59 (.46
20 <y <50 A 558 042
B 1.81 (.43
C .81 (.43
D 1.42 ().46

* Cross sections to be expected in LHC
experiments (W = 13 TeV)
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Predictions for the LHC experiments

Cisek, Lebiedowicz, Schafer, Szczurek,
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results with the cut on n meson
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* One of the most prominent hadronic decay modes of the n meson is ni+n-n® with BR(n —» n+mn-1°) ~ 0.23.

* This is also the main decay mode for the w meson with BR(w - ni+n-m°) ~ 0.89.
In the case pp = ppw at LHC energy, the photoproduction (y-IP fusion) mechanism competes
with the diffractive w-strahlung mechanism.

Experimental observation of a sharp increase of the cross section when going to large rapidity would be
a clear signature of the n-strahlung production. The measurement of the relative contributions of the n
and w mesons in the same system n+1m-n® would provide very valuable information.

Such results could be obtained by the ALICE and LHCb Collaborations in experiments when the leading
protons are not detected and instead only rapidity-gap condistions are checked experimentally.
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Predictions for the LHC experiments

The channel where n’'(958) and f1(1285) resonances are to be observed is n+1m-n:

BR(n'(958) — mn+m-n) = 0.425 = 0.005
BR(f1(1285) -» n+mn-n) = 0.35 = 0.15 [from PDG]

CEP of f1(1285) was measured by the WA102 Collaboration [Barberis et al., PLB 440, 225 (1998)]
and the ratio of the cross sections is

Meson V'S [GeV] Cuts Texp [Nb]
o(v/s =29.1 GeV) 101 vs. 0.72 for n’ £1(1285) 12.7 xp | 02 6857 + 1306
~ L S d 29.1 Xl €02 6919 + 886

(/s = 12.7 GeV)

We predict larger cross sections for CEP of f1(1285) via the IPIP-fusion process than for the n’(958).
[Lebiedowicz, Leutgeb, Nachtmann, Rebhan, Szczurek, Phys.Rev.D 102 (2020) 114003]

For W = 13 TeV and |ym| < 1.0 and 2.5 we predict o[f1(1285)] ~14 and 34 pb, respectively.

Because of the possible influence of nonleading exchanges at low energies our predictions for cross
sections for the pp — ppfi reaction at LHC should be viewed as an upper limit, but we expect that they
should overestimate the cross sections by not more than a factor of 4.

For CEP of n'(958) we estimated 0 = 0.6 - 1.1 pb for |ym| < 1.0, and 1.5 - 2.8 ub for |ym| < 2.5.

Interesting is also CEP of n(1295) seen in the n+1m-n channel [PDG]. The f1(1285) and n(1295) are close in
mass. The distributions in the azimuthal angle ¢,, may be used to disentangle f; and n-type resonances.

In preliminary ATLAS-ALFA data for the pp —» ppmn+mn-n+1- reaction
[R. Sikora, Phd Thesis, Report numbers: CERN-THESIS-2020-235] measured at W = 13 TeV
a narrow peak consistent with the f1(1285) resonance was observed in the My, distribution.

BR(f1(1285) - 2n+2mn-) = 0.109 = 0.006 [from PDG]

16



pp — pp f1(1285)

Model:

IP-IP fusion only.

Agreement with
the WA102 data
with IPIPf; coupling
(1,S) = (4,4)

Using subleading
exchanges only, we
found that they allow
a description of

W = 12.7 GeV data
but then one misses
the data for W = 29.1
GeV by a factor of 5.
This is due to the
energy dependence of
the subleading
contributions.

This means that the
dominant contribution
at W =29.1 GeVis
most probably related
to the IP-IP fusion.
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FIG. 3. The ¢,, distributions for f,(1285) meson production at /5 = 29.1 GeV, [xz | < 0.2, and for |t; — 1, < 0.2 GeV* (left

panel) and |1, — t;| = 0.4 GeV- (right panel). The WA 102 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 Ag = 0.7 GeV. The absorption

effects are included here. [Figs from Lebiedowicz et al., Phys.Rev.D 102 (2020) 114003]
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Conclusions

We have discussed CEP of n and n’ mesons in proton-proton collisions.

Data exist from the WA102 experiment at c.m. energy 29.1 GeV and, hopefully,
will be collected in the future by the LHC experiments.

Observation of CEP of any one of the mesons n, n’, f1(1285) at the LHC
would not be compatible with a scalar character of the Pomeron.

Comparison of CEP of n and n’ at WA102 and at LHC will allow us to determine the
strengths of non-leading Reggeon exchanges (IPf.r + f2rIP and farf2R).

We wish the experimentalists good luck for the measurement of n, n’, and f1(1285)
mesons at low/intermediate (HADES, CBM, SIS100) and high (LHC) energies.

Thank you for your attention !
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Applications of the tensor-pomeron approach

« A model for soft high-energy scattering: Tensor Pomeron and vector Odderon

Ewerz, Maniatis, Nachtmann, Ann. Phys. 342 (2014) 31

Helicity in proton-proton elastic scattering and the spin structure of the soft pomeron
Ewerz, Lebiedowicz, Nachtmann, Szczurek, PLB 763 (2016) 382

Central Exclusive Production (CEP), pp - p p X, Lebiedowicz, Nachtmann, Szczurek:

X:. n n, f Annals Phys. 344 (2014) 301 PRD112 (2025) 034016
p%and - continuum PRD91 (2015) 074023 JHEP 06 (2026) 015

n+n- continuum, f£,(1270) » ntn- PRD93 (2016) 054015, PRD101 (2020) 034008
mtm-ntmn, popo PRD94 (2016) 034017

P% with proton diss. PRD95 (2017) 034036

pp PRD97 (2018) 094027

K+K- PRD98 (2018) 014001

@ » KtK-, utu- PRD101 (2020) 094012 odderon exchange

09 - K*K- K+K-, £2(2340) PRD99 (2019) 094034 _

f,(1285), f1(1420) PRD102 (2020) 114003 [with Leutgeb and Rebhan]

K* K -continuum vs f>(1950) Lebiedowicz, PRD103 (2021) 054039

Bremsstrahlung and CEP of photon, Lebiedowicz, Nachtmann, Szczurek
nm-nny PRD 105 (2022) 014022

pp-ppy PRD 106 (2022) 034023; PRD107 (2023) 074014

np-npy PRD 109 (2024) 094042; PRD 110 (2024) 094028
pp = ppyy PLB 843 (2023) 138053

Photoproduction and low x DIS Britzger, Ewerz, Glazov, Nachtmann, Schmitt, PRD100 (2019) 114007
and low x DVCS Lebiedowicz, Nachtmann, Szczurek, PLB835 (2022) 137497

Yp - ntm-p Bolz, Ewerz, Maniatis, Nachtmann, Sauter, Schéning, JHEP 01 (2015) 151
interference between yp — (p%-n+n-)p (pomeron exch.) and yp = (f,(1270)-nr+m-)p (odderon exch.)

Many CEP reactions were considered using the tensor-Pomeron approach involving
subleading Reggeon exchanges.
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