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Searching for odderon (C = -1 partner of pomeron)

First introduced in the framework of asymptotic theories
L. tukaszuk and B. Nicolescu, Lett. Nuovo Cim. 8 (1973) 405

. . J. Kwiecinhski, M. Praszatowicz, PLB94 (1980) 413
Predicted in QCD as a colourless J. Bartels, Nucl. Phys. B175 (1980) 365

3-gluon bound state exchange J. Bartels, L. N. Lipatov, G. P. Vacca, PLB477 (2000) 178

A hint of the odderon was seen in ISR results (PRL54 (1985) 2180) as a very significant
difference between the differential cross sections of elastic pp and pp scattering in the
diffractive dip region at /s = 53 GeV (but non-negligible contribution from reggeons !)

The DO observation of a very shallow dip in pp (at 1.96 TeV) (PRD86 (2012) 012009)
compared to very pronounced dip measured by TOTEM (at 2.76, 7, and 13 TeV)

for pp elastic scattering (TOTEM Coll., EPJC79 (2019) 785, EPJC80 (2020) 91)

- provides evidence for the odderon exchange see C. Royon talk

It is of great importance to study possible odderon effects
in other reactions than pp elastic scattering:

— central J/V production in high-ener and pp collisions
/ P 9 9y PP Sce\gfer, Mankiewicz, Nachtmann, PLB272 (1991) 419

— photoproduction of £,(1270) and a,(1320),  Bzdaketal. PRD75(2007) 094023

exclusive neutral pseudoscalar mesons gerger, Donnachie, Dosch, Nachtmann, EPJC14 (2000) 673
— photoproduction and electroproduction of heavy C = +1 quarkonia
— observation of charge asymmetry in the n+ - production Ginzburg, Ivanov, Nikolaev,

— ultraperipheral proton-ion and ion-ion collisions EPJC5 (2003) 02
Harland-Lang et al., PRD99 (2019) 034011
Goncalves et al., EPJC79 (2019) 408
McNulty et al., arXiv:2002.05031

Nice review on odderon physics: C. Ewerz, arXiv: 0306137



Central Exclusive Production (CEP)
In proton-proton collisions at high energies

- S
pp,)+pp)->pp)+Xp)+pp,) !
We require large rapidity gaps between
p (p,) and X, p (p,) and X.

)

Exchange objects:
« P (C = +1) pomeron, should dominate for large s, s,
« O(C=-1) odderon
e R: sz,agR (C=+1)

WR, PR (C = -1) _\
« 7 (C =-1) photon

- reggeons

| hope to show you that CEP offers possibilities to study odderon effects.
In my talk | shall consider the exclusive processes:

pp->pp(¢p = KK)

pp—->pp (¢ = u"u)
pp-ppK KKK (via intermediate ¢¢ state)




Model for soft high-energy scattering:

Tensor pomeron and vector odderon
C. Ewerz, M. Maniatis, O. Nachtmann, Ann. Phys. 342 (2014) 31

« The main feature of the model is that the pomeron exchange (C = +1)
is described as effective spin 2 exchange (symmetric rank 2 tensor):

A (IP) 1 1 . o
ZA,EW,FL)\(Svt) — E (g,u&guk + Jur9vk — §g,uugm>\> (—ZSO/P) P (1)1
ap(t) = ap(0) + opt, ap(0)=1.0808, ap =0.25GeV 2
. _ 1 1
Ty ™ (0 p) = =i3Bpnn i (' = p)?) { S0 + Py + %+ p)u] = 39+ ) }

6]PNN = 1.87 GeV !

« The odderon exchange (C = -1 ) is described as effective vector exchange:
iAg?i)(s,t) — —z’gw% (—isab)a@(t)_l
0

’iTS@pp) (p'.p) = —i3Bopp Mo F1 (' — p)*) v,

where ng is a parameter with value ng = £1; My = 1 GeV is inserted for
dimensional reasons; ag(t) is the odderon trajectory ag(t) = ag(0) + ag t

4m? — 2.79t

» We take Fi(t) =
1 () (4m2 —t)(1 — t/m%)?’

m% = 0.71 GeV?




Applications

YP-natm-p Bolz Ewerz, Maniatis, Nachtmann, Sauter, Schéning, JHEP 01 (2015) 151

There will be interference between yp - (p%-n* n-)p (IP exchange)
and yp - (f,(1270)-n* n-)p (O exchange) processes and as a consequence n*n- charge

asymmetries.
Photoproduction and low x DIS

Britzger, Ewerz, Glazov, Nachtmann, Schmitt, PRD100 (2019) 114007
A “vector pomeron” cannot couple in the total photoabsorption cross section 0.

Helicity in proton-proton elastic scattering and the spin structure of the pomeron
Ewerz, P.L., Nachtmann, Szczurek, PLB 763 (2016) 382
Studying the ratio r5 of single-helicity-flip to non-flip amplitudes we found that the STAR data
[L. Adamczyk et al., PLB 719 (2013) 62] are consistent with the tensor pomeron model while
they clearly exclude a scalar pomeron. Vector pomeron is in contradiction to the rules of QFT.

CEP, pp->ppX, PL., Nachtmann, Szczurek:

X:. n n, f Ann. Phys. 344 (2014) 301
Jol4 PRD91 (2015) 074023
n+m, f, f, PRD93 (2016) 054015
n+mntm, Popo PRD94 (2016) 034017
P% with proton diss. PRD95 (2017) 034036
pp PRD97 (2018) 094027
K+ K- PRD98 (2018) 014001
K+ K-K+ K-, ¢¢ PRD99 (2019) 094034 « this talk
f,— - PRD101 (2020) 034008
¢ = K+ K-, u+ u- PRD101 (2020) 094012 « this talk

f;(1285), f;(1420) <« see O. Nachtmann talk



The reaction pp - pp (¢ =» K* K-)

P (pa) p(p) p (pa) p(p1)

P (ps) p(p2) P (Ps) p (p2)

at high energies (LHC) we expect this reaction to be dominated by the processes

P (Pa) p(p1)

p (py) p(p2)
important at lower energies (WA102)



Photon-pomeron fusion

e 2 - 4 exclusive reaction
P(Par Aa) + (Db Ap) = (D1, A1) + |[@(p34) = KT (p3) + K~ (pa)] + p(p2, A2)

where p, p, p12 and Agp, A1 2 = :I:% denote the four-momenta and helicities of
the protons and ps3 4+ denote the four-momenta of the K mesons, respectively

P (Pa) p(p)

« Kinematic variables
Y P34 =P3+Pa, QG =Pa—P1, G2=DPp— P2,

0]

Py LK s = (Pa+1b)* = (p1 + P2 + P34)?,
%i!‘w th=qi, ta=ds,
» (1) p(p2) s1=(p1+p3a)®, 2= (p2+ps)’
 Born-level amplitude

MOP) e = (=) AT (b1, pa)u(Pas M)

<A1 (q0) il 0 (g1) iAW P (1) iT0%) 5 (psa, 1) 1A P2 (paa) iU (ps, pa)

xiAF) B0 (50 £0) U(p2, )\2)ir((5ipp) (D2, pp)u(Py, Ap)

Model is formulated in terms of effective propagators and vertices.

The vertices are derived from Lagrangians for the couplings.

Inclusion of photons is straightforward and gauge invariance is guaranteed.

The Regge factors are incorporated in the effective propagators. 6



« Effective propagator and proton vertex function for the tensor pomeron

| 1 1 i

i)\ (s,t) = » (gwgm + Gurgvw — §9W9m> (—isalp)r !

. . 1 1

L) (p',p) = —i3BpnnFi(t) {5 (0" + D)y + 7 (0 H D)) = 79 (B 75)}

ap(t) = ap(0) + opt

h = 1. -1
where fpyy = 187 GeV ap(0) = 1.0808,  a/p = 0.25CeV 2

 For the P¢¢ vertex we have (in analogy to fayy vertex)

LoD (K k) = iFa (K — k)?) {2alp¢¢ Lo (K —k) = bipgg T32) (K, —k)}
) 1

sen (B, ko) = [(/ﬁ ck2)gu — kZ,uklz/} [/ﬁﬁ;km + karkix — 5(7@1 ' kQ)gnA]

FELQV)K‘,)\(k]J k2) — (kl ) kQ)(glMigVA —+ gu)\gz/ﬁz) =+ g,ul/(klka)\ + kQ&k1>\>
_kll/kQ)\g,uFo — klz/kagu)\ — kQ,ukl)\gws — k2uk1ﬁ:gl/)\

_[(kl ) kZ)g,uz/ — kQ,uklz/] 9r

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

The coupling parameters apgy, bpgyy and the cut-off parameter Aa%(b in

F(t) = 1_t/‘/1\g,%¢ are fixed from the process vp — ¢p. ,



* Photoproduction process
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Odderon-pomeron fusion
Born-level amplitude:

MO e = (=) AT (pr, po)u(pas M)
xiA O B0 (51 4) ifggﬂg(—%,p%) iAW) P25 (pg, ) iD KD (pg, py)

xiAB) B0 (s, 10) G (pa, )\2),L-P((517P;pp) (P2, Pp)u(Py, Ap)

P (pa) p(p1)

Effective propagator of C = -1 odderon and the Opp vertex

- A (O : No : e (1) —
A (s:1) = igu gz (<isalp) !

iT(PPP) (p', p) = —i3Bopy Mo F1((p — p)?) Yu

p(Ps) p(p2) In our calculations we shall choose as default values:
ap(0) =1.05, af =0.25GeV 2, ng = —1

Bopp = 0.1 X Benny ~ 0.18 GeV ™

For the PO¢ vertex we use an ansatz analogous to the Po¢ vertex:

(PO : 0 2
nglpﬁﬁ(—%,pw) = ¢ [2 aP0g¢ Ff)z)plag (P34, —q1) — brog FE,Q)plag (P34, —CI1)]

2 2 2
XFM(QQ)FM(Ql)F(¢)(p34)
The coupling parameters apgy, bpog and the cut-off parameter A%,P@ s 1N

Fuy(t) = —r could be adjusted to experimental data.
T—t/AZ .. 5



Absorption effects

;NQJ p(p)

p (ps) p(p2)

./\/l — MBorn +Mpp—rescattering
1
8m2s

here k. is the transverse momentum carried around the loop

Mpp—fr’escattering(S’ﬁlj_jpbj_) _ /d2]ZJ_MBOTn(S,ﬁ1J_ . EJ_,ﬁQJ_ + EJ_) M]P—e:cch. (S, _Ei)

pp—pp

These corrections (called as soft survival factor, <S2>) plays a crucial role,
reduce the value of cross section and change, e.g., the ¢,, dependence

10
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Comparison with WA102 data
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Different fusion processes were considered. Large interference effects.
The ¢,, distribution allow us to determine the respective coupling constants

apoy = —0.8 GeV™>,  bpgg = 1.6 GeV ™', A pyy = 0.5GeV?

We obtain the gap survival factor <S2> = 0.8 for the photoproduction term
and <S2> = 0.4 for the hadronic diffractive terms

11



Comparison with WA102 data
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0 0.5 1 e e a0

dP, (GeV) dP, (GeV)
dPy = |dP;|, dP:;=qt1 — qt,2 = Pt,2 — Pt1
R— do /d(dP:;< 0.2 GeV) WA102 experiment: Rexp. = 0.18 == 0.07
~ do/d(dP¢=0.5 GeV) R =0.71 (no odderon), R = 0.27 (with odderon)

- We find that two couplings apqgy and b]p@¢ are needed to describe ¢,, and dP,
« The WA102 data support the existence of odderon exchange !

* It would be very useful to measure the outgoing protons at the LHC 12
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Predictions for the pp -» pp K+K-reaction (ATLAS + ALFA)
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Different behaviour is seen for yIP and OIP contributions.
Due to the ALFA cuts on the leading protons the photoproduction term is strongly suppressed

For the ATLAS-ALFA kinematics the absorption effects lead to a large damping of the cross
section both for the purely diffractive and for the photoproduction mechanisms.

This effect could be verified in experiments at the LHC (ATLAS-ALFA, CMS-TOTEM) when both
protons are measured.

For the OIP-fusion process the complete result indicates a large (destructive) interference
effect of the two type of couplings, a and b, in the IPO¢ vertex » minimum aty ¢ =y; -y, =0

13



Predictions for the pp -» pp K+K-reaction (LHCbh)
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The reaction pp = pp p+u-

The amplitudes for the pp — ppu™ u~ reaction through ¢ resonance produc-
tion can be obtained from the pp — pp K+ K~ amplitudes with il“,(fKK) (ps3, pa)

replaced by @(pa, A)iDW "™ (p3, pa)v(ps, As)-

Here we describe the transition ¢ — v — u™ = by an effective vertex:

1 (ps)

’L.F,(;bu'u) (pg,p4) = ig¢u+u— Yk @ (pa4) 1

PRS-

The decay rate ¢ — p™p~ is calculated from the diagram i (pa)

1 2m2 4m? 1/2
F(¢_>M+N—):E’g¢u+ﬂ_’2m¢ <1+2'u> (1 M)

From the experimental values (PDG)

mg = (1019.461 4 0.016) MeV ,
(¢ — putp)/Ty = (2.8640.19) x 107%,
Ty = (4.249 +0.013) MeV

we get gpu+,- = (6.71£0.22) x 1077

1

Using VMD model we get  Ggutu- = —62% 7 <0, d4m/v5=0.0716 £0.0017

Jout - = (6.92 £ 0.08) x 1077

15



Predictions for the pp -» pp u+u-reaction (LHCb)
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We show the contributions from the vIP- and OP-fusion processes
and the continuum vy — pTu~ term.
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Predictions for the pp -» pp u+u-reaction (LHCb)
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do/dn_(pb)
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Predictions for the pp -» pp u+u-reaction (LHCb)
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Pep+y- > 0.8 GeV cut can be

helpful to reduce the yy = u+u-
continuum and y IP-fusion
contribution

In this case the absolute
normalization of the cross
section or detailed studies of
shapes of distributions should
provide a hint whether one
observes the O effect
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PL., O. Nachtmann, A. Szczurek, PRD99 (2019) 094034
P
P p

The reaction pp - pp(¢¢p -» K+K-K+K-)

P

[F}

s ¢R7 0

[P

P p

f,(2340) resonance; P p ) negligeable )
tensor glueball production

Some modifications are needed to simulate 2 - 6 reaction
(e.g. smearing of ¢ masses due to their resonance distribution)

026 = [B(¢p — K+K—)]2/ / O24(...,mx,, mx,) fo(mx,) fo(mx,) dnx, dnx,
2mi J2m

At high energies we expect this reaction to be dominated by IPIP fusion processes
We can expect resonances at low M, and Regge C = -1 exchanges at high Mgy,
Contributions: v : negligeable

on o (M2)*07Y | ay() =01+097

0: (M£¢)a@(£)_1 , ap(0) ~ 1.0 7

If ap(0) ~ 1.0, then O exchange will win for large M.
19



Comparison with WA102 Predictions for LHCb
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The small intercept of the ¢ reggeon exchange, a,(0) = 0.1 makes the ¢-
exchange contribution steeply falling with increasing Myx (and also |Y gift|).
Therefore, an odderon with an intercept ag(0) ~ 1 should be clearly visible in
these distributions if PO¢ coupling is of resonable size.
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Conclusions

| have shown you some applications of the tensor-pomeron and vector-odderon model to CEP.
It is effective model where some parameters have to be determined from experiment.

All amplitudes are formulated in terms of effective vertices and propagators for the exchanged
objects respecting the standard crossing and charge conjugation relations of QFT

and the power-law ansatze from the Regge model.

pp = pp ¢
« WA102 data give an indication for odderon-exchange contribution

« We have presented distributions which are sensitive to the O-exchange contributions
(P, kiir Yair F@pidity distance between the K* and K)

- To observe a sizeable deviation from photoproductiona p, ., > 0.8 GeV cut
on transverse momentum of the u*tu- pair seems necessary

pp = pp ¢¢
* The ¢¢ invariant mass distribution has a rich structure

(resonances at low Mgy, continuum terms at higher Mgy, interference effects)
 The O-exchange contribution should be distinguishable from other contributions
in the region of large four-kaon invariant masses and for large rapidity distance between

the ¢ mesons

In principle CEP of ¢ and ¢¢ offers the possibility to determine the IPO¢ coupling
(at least, to derive an upper limit on the odderon contribution).

We are looking forward to many checks of the model in CEP at the LHC.
Comparison with ‘exclusive’ data expected from LHC experiments should be very valuable

for clarifying the status of the odderon.



Cross sections in nb for CEP of single ¢ in pp collisions

Table 1: The integrated cross sections in nb for the CEP of single ¢ mesons

pp = pp K*K

pp = pp Ut

in pp collisions with the subsequent decays ¢ — KTK~ or ¢ — utu~.

The

results have been calculated for /s = 13 TeV in the dikaon/dimuon invariant
mass region M3z, € (1.01,1.03) GeV and for some typical experimental cuts. The
ratios of full and Born cross sections (S?) (the gap survival factors) are shown.

Cuts Contributions | o(B°™) (nb) o) (mb) | (9?)

k| < 2.5, pr.k > 0.1 GeV ~PP fusion 60.07 55.09 0.9
OP fusion 21.40 6.44 0.3
AP and QP 58.58

K| < 2.5, pr.x > 0.2 GeV, ~P fusion 1.07 0.24 0.2

0.17 GeV < |py1l, |py2| < 0.5 GeV | OP fusion 2.10 0.61 0.3
~PP and QP 0.70

2.0 <ng <45, pr,xk > 0.1 GeV ~P fusion 43.18 40.07 0.9
OP fusion 16.73 4.70 0.3
~vP and OP 43.28

2.0 <ng <45, pr, gk > 0.3 GeV ~P fusion 3.09 2.57 0.8
OP fusion 6.57 1.64 0.3
~P and OP 4.24

2.0 < g < 4.5, pr.x > 0.5 GeV +P fusion 0.93x 1071 | 0.66 x 10~ | 0.7
QP fusion 0.88 0.16 0.2
~P and OP 0.24

2.0 <1, <4.5, pru > 0.1 GeV AP fusion | 23.93 x 107 | 20.96 x 10~° | 0.9
OP fusion 10.06 x 1073 | 3.02x 1073 | 0.3
P and OP 21.64 x 1073

2.0 <n, <4.5, pr, > 0.5 GeV ~P fusion 1.21 x 1073 | 0.85x1073 | 0.7
OP fusion 1.49 x 1073 0.45 x 1073 | 0.2
P and QP 1.07 x 1073

2.0 <n, <4.5, pr, > 0.1 GeV, ~P fusion 0.70 x 1073 | 041 x1072 | 0.6

Ptptp- > 0.8 GeV OP fusion 2.46x107% | 0.561x 107 | 0.2
7P and OP 0.91 x 1073
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