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Searching for Odderon

Odderon (C = -1 partner of Pomeron)
L. tukaszuk and B. Nicolescu, Lett. Nuovo Cim. 8 (1973) 405

A hint of the Odderon was seen in ISR results (PRL54 (1985)2180) as a small
difference between the differential cross sections of elastic pp and pp scattering
in the diffractive dip region at /s = 53 GeV.

New data for pp elastic scattering at /s = 2.76 TeV of TOTEM collaboration:
Antchev et al. [TOTEM collaboration], arXiv:1812.04732, 1812.08610

- suggestion of presence of Odderon

- some last year analyses of Nicolescu et al.

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

- central J/Wand ¢ production in high-energy pp and pp collisions
A.Schafer, L.Mankiewicz, O.Nachtmann, PLB272 (1991) 419; A. Bzdak et al. PRD75 (2007) 094023
— photoproduction of ,(1270) and a,(1320), exclusive neutral pseudoscalar mesons
Berger, Donnachie, Dosch, Nachtmann, EPJC14 (2000) 673
— photoproduction and electroproduction of heavy C = +1 quarkonia

- the asymmetry in the fractional energy of charm versus anticharm jets, Brodsky et al.,

which is sensitive to Odderon-Pomeron interference PLB461 (1999) 114
- observation of charge asymmetry in the n+ - production Ginzburg, lvanov, Nikolaev,
— ultraperipheral proton-ion collisions Harland-Lang et al., arXiv:1811.12705 EPJC5 (2003) 02

Goncalves et al., arXiv: 1811.07622
Nice review on Odderon physics: C. Ewerz, arXiv: 0306137
Central Exclusive Production (CEP) of ¢¢ state offers a very nice way to look for
Odderon effects  THIS TALK based on P.L., Nachtmann, Szczurek, arXiv:1901.11490



Central Exclusive Production (CEP) in pp collisions

What can we hope to learn from CEP ?

(1) Properties and the coupling of the exchange objects

IP, O, IR, y to the external protons and the system X o (o)

(2) Properties of the system X.
Search for and characterisation of resonances,
e.g. glueballs (gluonic bound states)

From the theory point of view the topics (1) - (2) are,
mainly nonperturbative, QCD problems.

At the moment calculations of CEP reactions from first principles of QCD
are still too difficult for theorists.

We have to resort to models.



Tensor-Pomeron model for high-energy soft reactions

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

The main feature of the model is that the Pomeron exchange is described
as effective exchange of a symmetric rank 2 tensor:
1

A (PP 1 . .
ZALV,LA(‘S?t) — 4_8 (g,u/%gyA + JurGvk — §guugm>\) (_ZSO/HD) P(t)-1

L (' p) =T TPP (', p) = —i3BpnNFL((p) — p)?) {lm(p’ +p)y + 7@ +Dp)u] — ig,w(zﬂ’ +1b)}

2
ap(t) = ap(0) + apt
ap(0) =1.0808,  afp =0.25GeV ?
ﬁIPNN = 1.87 GeV !

pp elastic scattering (helicity amplitudes)
p(p1, 1) p (ps, s3)

(283, 254|T|251, 252) = (—i)u(ps, s3)il" "7 (ps, p1)u(py, s1)

x i AUPIVEX (g )

XU(p4, 84)iFg\DPP> (P4, p2)u(pe, s2)

P (2, 55) p (pa, 52) Only 5 out of 16 helicity amplitudes are independent, e.qg.

; 1( ? ) < | > ‘ . . . .

o5(s,t) = (++|T|+ —) ’/single—helicity—ﬂip amplitude



Tensor, vector, or scalar Pomeron ?

C. Ewerz, P. L., O. Nachtmann, A. Szczurek, Helicity in proton-proton elastic
scattering and the spin structure of the pomeron, PLB 763 (2016) 382

We choose our ansatze for three the effective IP propagators and IPpp couplings such

pp

that at high energies the ¢; and ¢;are the same for all three cases. This gives the same 0;,;.

The Donnachie-Landshoff (DL) model treats the Pomeron as effective vector exchange and
, . : Pp

gives a phenomenologically successful fit to 0;,; and da/dt :

Our ansatze are chosen such that ¢; and ¢; are as in the DL model.
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Vector exchange IP, has C = -1 than o;,; = — atot (not a viable option).

We are left with IP; and IPs (both correspond to C=+1 exchanges)
To decide between them we turn to the STAR experiment ( PLB 719 (2013) )
which measured the single spin asymmetry A, in polarised pp elastic scattering.
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.1 Only the tensor-Pomeron is compatible with the general

rules of QFT and the STAR experimental result




Other applications of the tensor-Pomeron model

YP - atm p Bolz, Ewerz, Maniatis, Nachtmann, Sauter, Schoning, JHEP 01 (2015) 151

There will be interference between y p = (p% » it ) p (IP exchange)
and y p = (f,(1270) » n*+ ) p (Odderon exchange) processes

and as a consequence i+ - charge asymmetries.

Photoproduction and low x DIS Britzger, Ewerz, Glazov, Nachtmann, Schmitt,
arXiv:1901.08524

A “vector Pomeron” cannot couple
in the total photoabsorption cross section o.,,,.

Central Exclusive Production

pp-=>ppX P.L., Nachtmann, Szczurek:
X: n, n, f Ann. Phys. 344 (2014) 301
00 PRD91 (2015) 074023
ntm, f, £ PRD93 (2016) 054015, and arXiv:1901.07788

n+mntmn, Pop° PRD94 (2016) 034017
P9 with proton diss. PRD95 (2017) 034036

K+K-, f, £, ¢ PRD98 (2018) 014001
pp PRD97 (2018) 094027
K+ K-K+K-, ¢¢ arXiv:1901.11490 |

For reactions investigated so far the tensor-Pomeron model works well






pp = pp (9P - K*K'K*K)

« The ¢(1020) is a narrow resonance and it can be easily identified in K+K- spectra

« Some modifications are needed to simulate 2 - 6 reaction with 4K in final state
(e.g. smearing of ¢ masses due to their resonance distribution)

oa—6 = [B(¢ — K+K—)]2/2 /2 Tosa(-s My, mx,) fo(mx,) fo(mx,) dmx, dmx,

with the branching fraction B(¢$(1020) — KT K~) = 0.492 [PDG]
and the spectral function of ¢ meson:

4m2 3/2 _m¢r¢
folmx,) = C (1— K)
¢ ¢ m?XZ (m?XZ — m¢) + mifé

Cy is found from the condition f2 fo(mx,)dmx, =1

« Any differential distribution can be calculated.

To include experimental cuts on produced kaons we perform the decays of

¢ mesons isotropically in the ¢ rest frames and then use relativistic
transformations to the overall c.m. frame



pp = ppd@ (¢- exchange continnum)

We consider the 2 —» 4 exclusive reaction:
p(pa7 )\a) + p(pb7 >\b) — p(pla Al) + gb(pSa )\3) + ¢(p47 )\4> —|_p(p27 )\2)

The Born-level amplitude (¢-exchange continuum) can be written as the sum

(¢p—exchange) p3ps __ (%) p3pa + ./\/l(a) P3p4
AaAp—=> A1 200 o AaAp—= A1 X200 AaAp—= A1 X200

with the #-channel amplitude:

ME)?M :(—’i)’a(pl, Al)zr,gbllpzp) (plapa)u(paa )\a) ZA(P) pv,enf <813, tl)
t)

(P . . .\ (P .
X AL 0 5, (P, —pa) iAD P10 () DT 00 o (pa,p
x (AP 2821202 (604 10) (pa, A2)iL PP (pa, py)u(py, M)

where p; = pg, — p1 — P3, Sij = (p; +pj)2, t1 = (p1 _pa>27 ty = (p2 —Pb>2

Absorptive corrections should be included

_ Born pp—rescattering
Mpp—mqucb — Mpp—>pp¢¢ + Mpp—>pp<b¢

M e (8, P1L,Pal) = S2 /koLMppOLZpM(S,pu — ki, Por + ki) ML (s, — k)

here k] is the transverse momentum carried around the loop



pp = ppd@ (¢- exchange continnum)

« Qur ansatz for the effective propagator and proton vertex function

1

A (IP 1 . . -
ZAI(JJI/,LA(&t) — 4_8 (gMHgVA + Jur9vk — §guug/€)\> (—ZSO/ﬂg) P (t)—1

iTy, " (0, p) = —i3BpNNFi(1) { % Yu(® + P + (0" +p)ul - igw (¥ + 15)}

where Bpyy = 1.87 GeV 1 ap(t) = ap(0) + ajpt
ap(0) =1.0808,  afp =0.25GeV 2

« For the Pp¢ vertex we have
i) (1 1y — i Fu (K — k)?) {2a1p¢¢ T (K, —k) — bpos TP (K, —k)}

UVKEA UV KN UV K

with two rank-four tensor functions: Ewerz, Maniatis, Nachtmann, Ann. Phys. 342 (2014) 31

1
F/(JJOI/)mA(kla k2) — [(kl ) k2)gw/ — kZMklu} {klmk2)\ + k'2/<,k1>\ — §(k1 ) kz)gm}

Fffu)m)\(kl? ko) = (k1 - k2)(Guror + Gurguvr) + Guv (k1ckax + kockiy)
_klqu)\g,Lm - klyk2m9uA — kQMklAgwﬁ: — k2,uk1mgl/)\
_[(kl ) k2)g,u1/ - k2uk'11/] 9k

4m?2 —2.79¢ 1
’ Fay(t) =
a2 — o —ymzye MO =T

« Wetake Fi(t)=



Photoproduction of ¢(1020) meson

In this framework application of vector meson-dominance (VMD) model is straightforward
and do not lead to gaug2e-invariance problem.

m
Mapsapls,t) = ie—2 AFPO) (D1 2000 T (s, =0) = Do T (o —0)|

1 . o" — K
X3BPNN 2—8(—280431:) p()-1 (p2 + pb)" (P2 +pb)>‘ Oxony F1 () Fas (1)

With assumption (based on the additive quark model)
Ttot(H(€™),p) = 1ot (KT, p) + 010t (K™, p) — 04ot(7m,p) for transversely polarised ¢ (m = +1)
we get 2m3 apgg + bpoy = 4(2BpKK — Bprr) = 5.28GeV ™!
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pp = ppd@ (¢- exchange continnum)

In the high-energy approximation we can write
—exch
Mg\iA:—(;A?I;ieggqbpsM — 2(]?1 ‘l'pa)ul (pl ‘|‘pa)1/1 5>\1>\a Fy (t1> Fpr (t1>

. 2
< {VPSPlMlVl (813,151,]3757]93) Aglbzn (ﬁt) V/Pap2iztz <8247t27 _ﬁtap4) {Fqﬁ(ﬁ?)]

A 2
+ ypapLiiin (3147 tla _ﬁtupll) Aéqf)pQ (p\u) Vpapalizba (8237 t27ﬁU7p3) |:F¢ (ﬁi)} }
X 2(p2 + Pb) s (P2 + Db) s O x, Fi(t2) Far(ta)

where

1

Viwra (8,8, k2, k1) = 38PN (—isalp)*r -1 [2aﬂ3¢¢rfbou)m,\(kla ka) — quSgZ)FLQV)RA(k'l, 7432)]

The amplitude contains a form factor taking into account the off-shell
dependences of the intermediate ¢-mesons

A2 2

. pT—m
Fy(?) = exp <A2 ¢>

of f,E

where the cut-off parameter A,¢¢ g could be adjusted to experimental data.



pp - ppod (¢p-exchange continnum)

We should take into account the fact that the exchanged intermediate ob-
ject is not a simple spin-1 particle (¢ meson) but may correspond to a Regge
exchange, that is, the reggeization of the intermediate ¢ meson is necessary.

0o (%) —1
. . . S ¢
A () — AW (p) (exp(@¢(834)) 34) Eq. (3.21)

Sthr

where s34 = (p3 + p4)? = M?bqu Sthr = 4m(2b
We assume for the ¢ Regge trajectory (from Collins book)

ay(p?) = ag(0) + o p*
as(0) =0.1, of, =0.9 GeV~?

In order to have the correct phase behaviour we introduced the function exp(i¢(ss34))
with

. ZE Sthr — S34 . zz
(s34) = 5 exp ( ) 5

Sthr

This procedure of reggeization assures agreement with mesonic physics in the ¢¢
system close to threshold, s34 = 4m?b (no suppression), and it gives the Regge
behaviour at large s34.



pp - ppod (¢p-exchange continnum)

. Regge formalism applies when |p?], [p?| < s34
At the threshold ( Mys = 2mgy) both 57| and P3| are not very small.

 Another idea of reggeization:
At Yagg = Yz — Y4 =0 (i.e. for [p?| ~ s34) reproduce meson physics,
suggested by Harland-Lang, Khoze, Ryskin.

We propose a formula for the ¢ propagator which interpolates between the
regions of low Yg;g, where we use the standard ¢ propagator, and of high Y 4ig
where we use the reggeized form:

P1p2 P1p2

~2
ae(p”)—1
834) ?
Sthr

A () — AW (p) F(Yair) + AP () [1 — F(Yairr)] (eXP(i¢(S34))

with a simple function Eq. (3.25)
F(Yair) = exp (—¢y|Yair|)

Here cy is an unknown parameter which measures how fast one approaches to
the Regge regime.



pp - ppod (¢p-exchange continnum)

i 103 E | I I | ! I | I | | | ! ! I | — 103 JE I | ! | I | I I I | I =
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 The distributions in ¢¢ invariant mass and in Y., the rapidity distance between

the two ¢¢ mesons, for the ¢-exchange continuum contribution

 The green solid line corresponds to the non-reggeized contribution.
The results for the two prescription of reggeization are shown by the black and
blue lines

 The absorption effects calculated at the amplitude level (pp nonperturbative
interactions) are included



Table 1: A list of resonances, up to a mass of 2500 MeV, that decay into a
vector meson pair. The meson masses m and their total widths I' are taken
from PDG. For 1(2100) and X (2500) the information is taken from BESIII
experiment (arXiv:1602.01523). In the columns: e indicates rather established
particles, (7) denotes the states that need further experimental confirmation.

Meson 1€ Jre m (MeV) ' (MeV) b K*YK*Y pYpY ww
e f1(1285) 0F1F+ 1281.9+0.5 | 227+ 1.1 Seen
e f0(1370) 0to*++ 1200 — 1500 | 200 — 500 Dominant | Not seen
. f0(1500) 0tot+ 1504 + 6 109 £+ 7 Seen
f2(1565) 0r2++ 1562 £+ 13 134 +8 Seen Seen
£2(1640) 0t2t+ 1639 + 6 99150 Seen
e fo(1710) 0tot++ 172312 139+ 8 Seen
77(1760) 0T0~* 1751 £ 15 240 + 30 Seen Seen
£2(1910) 0t2t+ 1903 + 9 196 + 31 Seen Seen
® £2(1950) 0t2t+ 1944 +12 | 472 £ 18 Seen
. f2(2010) 0t2++ 2011759 202 =+ 60 Seen
f0(2020) 0to++ 1992 + 16 442 + 60 Seen Seen
f0(2100) 0tot++ 2101 4 7 2247133 Seen (?)
7(2100) 00— 20503975 250*?)8*%21 Seen (?)
e 14(2050) 0t4t+ 2018 + 11 237 + 18 Seen
£5(2220) | 0T(2Fordatt) | 22311+ 3.5 | 2373 Not seen
17(2225) 0to—+ 2221113 185750 Seen (?)
e 12(2300) 0t2t+ 2297 + 28 149 + 40 Seen
£4(2300) Ot4t+ 2320 £ 60 250 4+ 80 Seen Seen
o £2(2340) 0t2t+ 2345130 322170 Seen
X (2500) 0r0—+ 24701107500 | 23075735 | Seen (7)

The nature of these resonances is not understood at present and a tensor glueball has still
not been clearly identified. According to lattice-QCD simulations, the lightest tensor glueball
has a mass between 2.2 and 2.4 GeV.



pp = pp@@ via IP IP > f, - @@

« Now we consider the amplitude through s-channel f, meson exchange

« 1,(2010), £,(2300) and £,(2340) mesons could be considered as potential candidates
MI2009) 2924 = (—i) (py, A )T FPP Y (py poYu(pa, Aa) GAS) (s1,t1)

pivi,on 81

x AT FRf2) aabr.cabzopa ) g)) iA;{f,?w (p3a) iT 2000 PPars (py py)

X iAS:)BQMVQ (s2,t2) U(p2, A2 )iTEPPIH2V2 (o 1y )uu(pyy, Ap)

where s1 = (p1 + p3 + p4)?, s2 = (p2 + p3 + P4)?, @1 = Pa — P1, G2 = Db — P2,
t1 = q%, ta = g3, and p34 = q1 + g2 = p3 + pa.
Lebiedowicz, Nachtmann, and

« The IPIPf5 vertex, including a form factor, can be written as szczurek PRD93 (2016) 054015
7
(PP (PP f2)(1 (PP £f2) (5 (PP 2 2 2
ZF,EW,KZ)\),PU (Ch’ qQ) - ZPL%FGQ)\),(PU) |bare +ZZFLI/,/£2>\),/(OJU> (g1, qQ) ‘bare F fQ)(q17q27p34)
j=2

(PP 1 . (1 A
ZF/SV,/{)\J?p)G( ) = 27 ggp)pr MO R,W/Mll/l RnAa1A1 Rpoplal gulal g LA .qalllul 1 1

Ruun)\ — §g,uf-igz/>\ + §gu)\gw<; - Zguugri)\
« For the fop@ vertex we take (in analogy to fyy~y vertex)

. .2 0
ZFLf;,ff) (p?n p4) — Zﬁg)g}égbgb F/(,(,I/)IQA (p37p4> F/(f2¢¢) (p§4)

1 4

. 2
BRYARCELE T2 (03, pa) 0299 (p3))
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* We show results for two sets of parameters:
set A (left panel) g]Ple 9f2¢¢ £ (0 and set B (right panel) gPPngf2¢¢ =+ 0

 The interference of the continuum and resonance contributions depends on
subtle details (choice of the couplings for resonant term, reggeization)



3 20 i | I | I | | | I I I | I | 20 i | I | I | | | I I I | I |
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Ydiff Ydiff

- We have checked that the shapes of Y . distributions do not depend significantly on
the choice of the IP IP f, vertex coupling
. The distribution in Y . can be used to determine the f,(2340) —» ¢¢ coupling

— using results expected from LHC measurements, in particular, if they cover
a wider range of rapidities
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Here dP; is the “glueball-filter variable” dP; = q¢1 — qt,2 = Pt,2 — Pt,1;
dP; = |dP;| and ¢, is the azimuthal angle between the transverse momentum
vectors p¢,1, Pt,2 of the outgoing protons.

1

« Quite a different pattern can be seen for the Born case and for the case with absorption.

The ratio of full and Born cross sections is S; ~0.4 (WA102 kinematics).

« Glueball candidates should be prominent for dP, = 0.



pp = pp (9P - K*K'K*K)

S 102 = | I | | | | | | | | | | I | I = 7 103 E I | | | I | | | | ) | I | I | | E
= C pp — pp (00 = K'K'K'K), 1s=13TeV ] % - pp — pp (00 - K'K'K*K), \s=13TeV ]
= N 1 - i
. B |T]K| <2.5, P > (0.2 GeV, M4Ke (2.2,2.5) GeV g Q : B |T]K| <2.5, P > (0.2 GeV, M4Ke (2.2,2.5) GeV
< i — — ¢ exchange v@ 60 =5 N —— O¢exchange 3
b B R £,(2340) = RN Bl 1T BT £,(2340) ]
..8 10 B B e e tofal BN = Q/:H " - X total 1
i e R et et - =] !U =

i Born E 5 §

b il

‘U 1 - —]

S N\ =

:/ \ ]

107 F E

_1 | Il | | | | | 1 \’I _’I l | 1 l I | | _2 i | | | | | | | | | 1 l I\ | | l \l | l

oG 50 100 150 PG 0.5 1 1.5 >
0, (deg) dP, (GeV)

The ratio of full and Born cross sections is S; ~0.2 (LHC kinematics).

Absorption effect leads to significant modification of these distributions.
This effect could be verified in future experiments when both protons are measured,
e.g. by the ATLAS-ALFA and CMS-TOTEM experimental groups.



pp = pp (9P - K*K'K*K)
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Table 1: The integrated cross sections in nb for the pp — pp(4K) reaction.
The absorption effects are included here.

Vs, TeV | Cuts Total | ¢ exchange | f2(2340) (set B)
13 nx| <1, prx > 0.1 GeV 2.11 0.83 2.00
13 nK| < 2.5, pr > 0.1 GeV | 16.16 8.30 12.80
13 nKx| < 2.5, prx > 0.2 GeV 5.75 2.67 4.47
13 2 < g <45, prx >02GeV | 3.06 1.26 2.62




Continuum with Odderon exchange

« The amplitude as for exchange, but we have to make:
’LA%) (p) — iAig)(SSAL,ﬁQ)
i) (' k) = iUy 0 (K )

 Our ansatz for the effective propagator of C = -1 Odderon g

L (—isap)e®=1 My =1GeV

: k?/* O,
we shall assume representative values for Odderon parameters
no = —1,ap =0.25 GeV™2, ag(0) = 1.05 "
RA T

b+ K A
« For the IPO¢ vertex we use an ansatz analogous to [P¢¢ vertex: ,{;\\C N by

(K, k) = bpog T (K, k)}

erff}?}fb) (k/, k,) — ’I,F(P@¢) ((k -+ k,)2, le, kQ) |:2 CLP@gb FLOV)FLA

In practical calculations we take the factorized form for the IPO¢ form factor

FUEOO ((k+ k)2, K2, k%) = F((k+ K)?) F(K?) FTO (k%)

1 PO
F(k?) = . FUPP9)(0,0,m3) = 1
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Bonn = 0.1 BpNN
(educated guess, TOTEM)
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« WA102 data from PLB489 (2000) 29

« Other mechanisms were also considered.
The WA102 data support the existence of Odderon exchange !

« The ¢,, distribution allow us to determine the respective coupling constants
apos and bprog (here we show our preliminary results, set | and set II)

« Strong interference of y IP and O IP



pp > ppP
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Rget 1 = 0.33, Rget 11 = 0.24 - our preliminary results

« We find that two couplings @¢ro¢ and bros are needed

* |t would be very useful to measure the outgoing protons at the LHC



Return to pp = pp @@
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An upper limit for the Odderon exchange has
- been established based on the WA102 data

This process (y exchange continuum) turned out to be small




pp = pp (9P - K*K'K*K)
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The small intercept of the ¢ reggeon exchange, ay(0) = 0.1 makes the ¢-
exchange contribution steeply falling with increasing Myx and |Ygig|. There-
fore, an Odderon with an intercept a(0) ~ 1.0 should be clearly visible in these
distributions.



Conclusions

 The tensor-Pomeron and vector-Odderon model was applied to many reactions.

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

 The pp = pp K*K-K*K- reaction have been studied in the context of identifying
Odderon exchange.
We find from our model that the Odderon exchange contribution should be
distinguishable from other contributions for large rapidity distance between
the ¢ mesons and in the region of large four-kaon invariant masses
(outside of the region of resonances)

 The ¢¢ invariant mass distribution has a rich structure (continuum, resonances,
interference effects) which strongly depends on kinematical cuts.
¢¢ seems to be a favorable channel for the search for tensor glueball

« Comparison with ‘exclusive’ data expected from LHCb, ALICE, CMS+TOTEM,

ATLAS+ALFA, and STAR experiments should provide further information on CEP
and should be very valuable for clarifying the status of the Odderon

Thank you for your attention!
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The distribution in dP; and in ¢, for the central exclusive ¢¢ production
at /s = 29.1 GeV and |rp 4s| < 0.2. The results for scalar, pseudoscalar and
tensor resonances without (the thin lines) and with (the thick lines) absorptive
corrections are shown. Because here we are interested only in the shape of the
distributions we normalised the differential distributions arbitrarily to 1 nb for
both cases, with and without absorption corrections.
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IP IP M couplings

[ — orbital angular momentum

S — total spin, we have S € {0,1,2,3,4}

P. L., O. Nachtmann, A. Szczurek,
Annals Phys. 344 (2014) 301;
Phys. Rev. D93 (2016) 054015

In table we list the values of / and P of mesons which can
be produced in annihilation of two “real tensor pomerons”.

For each value of /, S, J, and P we can construct a covariant
Lagrangian density coupling L' the field operator for the
meson M to the pomeron fields and then we can obtain

the “bare” vertices corresponding to the / and S.

The lowest (/,S) term for a scalar meson J = 0** is (0,0)
while for a tensor meson /™ = 2*"is (0,2).

There, | is related to the number of derivatives in L'
thus giving an indication of the angular momentum
barrier in the production of M.

J — total angular momentum (spin of the produced meson)
P — parity of meson
and Bose symmetry requires [ — .S to be even

[

»

I—S[<J<Ii+8

0

2,34
0,1,2,3.4,5,6

4
2,3,4,5,6
0,1,2,3,4,5,6,7,8

1.5.6
2,3.4,5,6,7,8

DN OW RN OIWR RN OIWR NN O

6
4,5,6,7,8
2,3.4,5,6,7,8,9,10




IP-IP-f, couplings

In order to write the corresponding formulae of vertices in a compact and

convenient form we find it useful to define the tensor 1 1 1
R,u,un;)\ - §g,tmgv>\ + §gu>\gw~c - Zg,uugmk

P (PP f2)(1 . ”
ql\‘ v ZF( f2)(1) _ 2% ggzsl);phMO Ruvulvl Rixasns Rpaplal g g>\1p1 g7t

BV K, po
—

q2 (PP f)(2 2t (2 o o
/ P ZFLV,HA{Q;}; )(‘ha q2) = _ﬁo gngPfQ ((Q1 *q2) Ruvpia Rixng,” — Q1py qgl Ruvpsa Riro,
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H1 (e% o
— 41 420, R,uuploz RK,)\’M]_ + d1p1 9204 R,LLVK})\)RpO' pron

(PP f3)(3 2i (3 a o
ZFLu,mAf,Qp)a( )(C]1, q2> - = gEP%PfQ ((Q1 ) QQ) R,prloz Rn)\al + q1p, qIQL1 RMV/MOZ RI%)\O'l
My

+ qllll 420, Ruupla RnAula + q1p, 920, RuunA)Rpg pLoa

(PP fs)(4 T (4
ZF;(W,,{){Z)OE )(Qb Q2) - _ﬁo ggszfg (q(fél qgl R,Lw,uun Rm)\oq)q + q<211 (ﬁbl R,uI/OL1>\1 Rm}\/um)RVl)\lpa
(PP ) (5) 2t ) o o

t UV KN, pO ((h? QQ) - _W gﬂ?ﬂ?f2 (C‘Ii“ Q51 Ruuula R,g)\ula + 41 42 R,u,uula Rn)\yl
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- 2(Q1 : QZ) RuynA>Q1a1 goxn, Ral)\lpg

(PP f3)(6 i(6 A
ZF/(LI/,E)\JL;Q/))O(' )(Q1, Q2) = ﬁg ggp)ﬂDh (Q?l q ! qgl 42p, R/u/,ul vy RmAa1A1

[0 A M1 14
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We can associate the couplings j = 1, ..., 7 with (/,S) values:
(0,2), (2,0) - (2,2), (2,0) + (2,2), (2,4), (4,2), (4,4), (6,4), respectively.

see P. L., O. Nachtmann, A. Szczurek, Phys. Rev. D93 (2016) 054015
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