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Introduction

« Exclusive production of axial-vector f,(1285) meson (J*“ = 1**) in proton-(anti)proton collisions for

energy ranges available at the GSI-FAIR with HADES and PANDA
P. Lebiedowicz, O. Nachtmann, P. Salabura, A. Szczurek, PRD 104 (2021) 034031

P (Pa)

p(ps)
p(p2)

We shall learn from f; production

about the ppf; and wwf; coupling
strengths.
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The narrow width of the 7 meson allows to set a mass cut on the 77—
invariant mass and suppresses the multi-pion background efficiently.

Contribution Cross section (ub) [1] G. Alexander et al., Phys. Rev. 154 (1967) 1284
1| pp = pprtr atr a0 88 o= (88+14) ub [1], P=5.5 GeV  [2] S. Danieli et al., Nucl. Phys. B27 (1971) 157
o = (90 4+ 30) ub [2] for pp = pprTr~w at P = 6.92 GeV
2| pp = pprt (= wtrY) 0.18 estimates via double N* production (via 7¥ exchange)
pp — N(1440)N(1535) and pp — N(1535)N(1535)
3| pp — ppfi[— 7t n(— 7T 70)] 0.012 0 =3.2—12.4 nb, see (C7)—(C10), from VV — f; fusion mechanism

* We have estimated that HADES should allow the identification of f;(1285) in the m*rm n channel.

* n’(958) » ' n and can also be visible, this requires a careful analysis of the production mechanism
* In this talk | will discuss exclusive production of n and n’ mesons



Formalism

We study exclusive production of pseudoscalar meson in the reaction
P(Pa, Aa) + p(Po, Ao) = p(P1, A1) + p(p2, A2) + n(k)

where Py p, P12 and Agp, A2 = :I:% denote the four-momenta and helicities of
the nucleons, respectively, and k denotes the four-momentum of the n meson.

The cross section is as follows

o\pp — pp =
T M i) ] 20 G 28] () 288
1
X(QW)45(4) (1 +p2+k—pa — pb)i Z |Mpp—>ppn|2
p spins

including a statistics factor 1/2 due to identical particles appearing in the final
state. The complete amplitude is

Mpp—>ppn — Mpp—>ppn (p17p2) - Mpp—>ppn (p27p1>

The relative minus sign here is due to the Fermi statistics, which requires the
amplitude to be antisymmetric under interchange of the two final protons.
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=+xx  Existence is certain. « status of the N resonances (N*)

worE Ex:lstcucc 1*-, very likel}l'. - and their decays from PDG

ok Evidence of existence is fair.

® Evidence of existence 1s poor.

Basic production mechanisms for p1p2 — piphn
withM =m, o, n, p° w, ...

N n.. Mo
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In the calculations we can consider the amplitude
given by the sum of the contributions with

the intermediate protons, nucleon resonances and
the vector-meson exchanges (VV-fusion processes).



Formalism

oy (k) oy (k)
P (Pa) CN7 N*Q p(p1) P (pa) O° p1) | p(pa) o p(p1) p(pa) O p(p1)
(a) QQT: M (b) iM (c) LY (d) M
P () O p(p2) P (D) O p(p2) | plpe) C\N’ 0 p(p2) p(ps) oAl N*C\ P (p2)
S, () S ()
Mopp—sppy = Z Z (M(a)ij + MO @i M(d)ij> + diagrams with p(p1) <> p(p2)
i=N,N* j=M
(b)N; 7" N — . o . - (7 N
MAaAbfAl,\zn(Sah) = (—Z)U(phAl)ZF(nNNl/Q)(plaplf)@P(Nl/Q)(p%f)ZF( NNl/Q)(plf,Pa)u(Pa,)\a)

<A™ (g2) w(p2, A2)iT NN (p, py)u(py, Ap)

where p1f =po +q2 =p1+k, g2 =pp —p2, l2 = %
The amplitude (b) with the p°>-meson exchange is obtained by making the replacement
A (q) — Afﬁ/) (g2)
F(”NNT/Q)(pu,pa) — F(pNNf/Q)M(Plf,pa) :
LN (py,py) = TN (g, py)



Formalism

The pseudoscalar-meson—nucleon coupling Lagrangians can be written as

LinN = —927;7];[5 Nv57,0" (1®,)N

_ ) 1
Lynn = —gnnn N (WEA +(1— A)z—vmﬁ“) )N
my

where N and ® denote the nucleon and meson fields, respectively. The parame- M. Kirchbach and L. Tiator, On the coupling
ter A\ controls the admixture of the two types of couplings: psedoscalar (PS) (A = Efutcr?.eprﬂ]g.e'sa\ogotf (t ?ggrg;c?)lgc;n,

1) and pseudovector (PV) (A = 0). We take g2\ /41 = 14.0. For the nNN

coupling we take A = 0.504 and g,nN — gy = gynN/A = fonn/(1 — ) =4.03

[Kirchbach]. For the n” NN case we take A =1 (PS) or 0 (PV) and ¢,y vy = 2.

The M NN* vertices involving spin-1/2 nucleon resonances are obtained

from the effective Lagrangians K. Nakayama, J. Speth, and T.-S. H. Lee,
n meson production in NN collisions,

PS _ 1 Phys.Rev. C65 (2002) 045210
LES . = tiginn- N* <75> (r®,)N + h.c.,

1/2F K. Nakayama, J. Haidenbauer, C. Hanhart,

B 1 and J. Speth, Analysis of the reaction pp -

'CEJ%N* = +ig NN+ N* < ) @nN + h.c., ppn near threshold, Phys. Rev. C 68 (2003)

1/2F V5 045201
571::]\\/”\,* _ 4 9nNN* [ Tw o' (T®,)N +h.c., L. P. Kaptari and B. K&mpfer, Di-electrons

1/2F my= +my V5V from n-meson Dalitz decay in proton-proton

GnN N~ B ~ collisions, Eur. Phys. J. A 33 (2007) 157

LNy =4I N+ (T ) gr, N + b, o

1/2F my* Fmy Y5 Y R. Shyam, n-meson production in nucleon-

nucleon collisions within an effective
where the upper (lower) sign and factor in bracket correspond to negative '(—)3595;30”19'a'1 model, Phys. Rev. C 75 (2007)
(positive)-parity resonances.



Formalism

The M NN /2 vertices involving spin-3/2 nucleon resonances can be written
as

Lowne = TN Geng () (”f) 9 (+®.)N + hec..

3/2F My
gnNN* 5« V5 v
,CnNN;‘/ZjF = 7777177, N**0,,(2) (1> 0"®,N + h.c.,

where ©,,,,(2) = g —(A(14+4%2)/24+2)7,7.. The choice of the so-called “off-shell
parameter” z is arbitrary and it is treated as a free parameter to be determined
by fitting to the data. We take A = —1 and z = —1/2 for simplicity.

The partial decay widths of nucleon resonances with J = 1/2; 3/2 could be
calculated by the Lagrangian couplings, as following

2
A N )
T m N *
2 3
dunn+ Py En Fmy
127 m%;, my-

I(Nijox = NM) = fiso

(N3 = NM) = fiso

where py = |py| and En denote the absolute value of the three-momentum and
energy of the nucleon in the rest frame of N*, respectively. The isospin factor
fiso is equal to 3 for decays into mesons with isospin one (7), 1 otherwise (n).
The absolute value of coupling constants gy nyn+ (M = 7,7n), could be deter-
mined by the experimental decay widths of I'(N* — NM) in the compilation
of PDG.



Formalism

Table 1: Coupling constants for the MNN* (M = m,n,n') vertices. The cou-

pling constants gysnyn+ are dimensionless.

The symbol “(—)” indicates the

negative sign of the gpsnn~ coupling constant. The hadronic Breit-Wigner pa-
rameters for N* resonances and the branching ratios (B) are taken from PDG.

N*JF Mass (MeV) | Width (MeV) | Decay channel B (%) [PDG] g NN /AT

N(1520)3/2~ 1515 110 TN 65 [60 + 5] 0.204
niN 0.08 [0.08 + 0.01] 3.945
TN 34.92 [30 £ 5]

N(1535)1/2~ 1530 150 TN 50 [42 + 10] 0.042
niN 42 [42.5 £ 12.5] 0.290
N 8 [17.5 £ 13.5]

N(1650)1/2~ 1650 125 TN 60 [60 £ 10] 0.037
niN 25 25 £ 10] (=) 0.076
TN 15 [39 4 19]

N(1700)3/2~ 1720 200 TN 12 [12 + 5] 0.021
nN 2 [seen] 0.916
TN 86 [> 89]

N(1710) 1/2"" 1710 140 TN 12,5 --- 20 [12.5+£7.5] | 0.101 --- 0.161
nN 30 --- 50 [30 £ 20] 2.021 --- 3.368
TN 57.5 -+ 30 [31 £ 17]

N (1720) 3/2+ 1720 250 TN 11 [11 £ 3] 0.002
niN 3[3+2 0.079
o N 86 [> 50]

N(1895)1/2 1900 120 N 5 [10 £ 3 0.0025
N 30 [30 = 15] 0.058
N 25 [25 + 15] 0.510
mr N 40 [45.5 £ 28.5]

N(1900)3/27 1920 200 N 10.5 [10.5 £ 9.5] 0.001
NN 8 [8 + 6] 0.064
N 6 [6+2] 9.862
mr N 75.5 [> 50]

N(2100) 1/27 2100 260 N 20 [20 £ 12] 0.138
nN 25 [25 + 20] 0.750
N 8 8+ 3| 0.942
N 47 [> 55]




Formalism

Each vertex obtained from the interaction Lagrangian is multiplied by a
phenomenological cutoff function

Fyunn(¢2,p%,p°) = Fap(¢*)Fe(p?) Fa(p?)

where ¢ denotes the four-momentum of the meson M = 7% n, 7/,
p’ and p are the four-momenta of the two baryons.

A2 . — 2
FM(QQ) = KgNN m‘;\/[ , Aynvy =1.0 GeV, Aynn =1.3 GeV
MNN* — 4
A%

F p2 = )
PP = G )T A

B — N, ik/2, AN - ]_0 GeV, AN* = 12 GGV

For spin-3/2 nucleon resonances (B = N ,,) we use the multidipole form:

3/2

. 2
A4 2 2 3
Fp(p?) = 5 B ( "b_b ) where I'g = T'g/V/21/3 — 1

(P2 —m%)2 + AL \ (p2 — m2)2 + m3I2

T. Vrancx, L. De Cruz, ). Ryckebusch, and P. Vancraeyveld, Consistent interactions for
high-spin fermion fields, Phys. Rev. C 84 (2011) 045201, arXiv:1105.2688 [nucl-th]



Formalism

ITp = nn reaction

The differential cross section is given by

do 1 |ky|1 5
A a{TY—

spins

where k; and k, are the c.m. three-momenta of the initial 7~
and the final » mesons, respectively.

T (kr) n (k,])/ o (kr) n (k:,,l
N ~ *+ —
~ p, N _ —
So mN T o
— —
ps p’ll,
p () n(p2)”  “p(p) n (p2)
3 r | T | ] T | | | I
i Tp—>1Nn Tp—onn
é 3l I/\\ total, model 1| | : m(f)del ITI -
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“Model 1” uses the PS-type couplings.

| “Model 2" assumes PV-type couplings

for the N(1710) resonance.

The N(1535) resonance gives a major
contribution.

| Complete result indicates a large interference
| effect between a different contributions, for
7| instance, between N(1535) and N(1650).

| For W > 1.65 GeV a large contribution is possible
1 from N(1710). However, there the reaction

mechanism is under debate.

10



Formalism

do/dQ (mb/sr)

0.4 ey 04 ey 04y ey 04 —————————
- Tp-—>mnn, Wn,p=1.498GeV 1 - Tp-—>mnn, Wn,p=1.525GeV 1 - Tp-—>mnn, Wn,p=1.571GeV 1 I Tp—Mnn, Wﬂ_p=1.67OGeV
[ —— model 1 i i i i &l 1 | i del 1
7——m0de12 N B H 7—11'103 | 7—m0e
0.3_ 1 0.3_ 0.3 __ odel 2 0'3, — — model 2
T - model w/o N(1710) L e model w/o N(1710)
0.2 4 02k ey = g ) Rttt SO s~ i
L y model 1
_;L‘__._.__._'_'_._'__‘___O,:!: — — model 2
[ et S i [ e model 1 w/o N(1520)
0.1 1 O —— Nas3s)
I | assinss IN) € 10
- 1 N(1520) x 10
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“Model 1” uses the PS-type couplings.
“Model 2” assumes PV-type couplings for the N(1710) resonance.

Data are from:
S. Prakhov et al., (Crystal Ball Collaboration), Measurement of mp - nn from threshold to pm = 747 MeV/c, Phys. Rev. C 72 (2005) 015203,
R. M. Brown et al., Differential cross sections for the reaction p - nn between 724 and 2723 MeV/c, Nucl. Phys. B 153 (1979) 89,

and at backward scattering region from:

N. C. Debenham et al., Backward mp reactions between 0.6 and 1.0 GeV/c, Phys. Rev. D 12 (1975) 2545




Formalism

The Lagrangians for vector meson-nucleon interactions are

— 0, 0"
Lonn = —apnn N |7 = 1y e | (TB)N
_ V@”
LoNN = _ngNN{’Yu — Kuw “u }@ZN
2mN

Ky: tensor-to-vector coupling ratio, ky = funNn/gvNN
We use 9opp = 3.0, K, =0.1
Jopp = 9.0, K, =10

The effective Lagrangians describing the interactions of the nucleon reso-
nance of J& =1/27, e.g. N(1535), with the nucleon and the meson p°:

1 v,,0%

Eonpe = g o (G

i) — fonn-ouwd” | (TBIN +he.

12



Formalism

(o) oo g1 =Pa —P1, G2=Db—DP2, k=q +¢
1
P (Pa) P (Pa) 1 t1 =q3, to=q3, m% = k2
PN SN 5= (pa+ ) = (91 +p» + K)?, c.m. energy squared
I W/D'--mn s1=(p1+k)?  s2=(p2+k)?
" </
p (o) (pp)
l p(p2) n p(p2)
The VV-fusion amplitude (VV = p°p°, ww) is
Moppsppn = MigaZpm?™ + MEPSY — (p1, Ay ¢ p2, A2)
V'V fusion N — .
Mg\aAb—»\l)\in = (=i)a(pr, \)iTY PP (p1, pa)u(Pa, Aa)
iAWV (g1 1) T (qu, g2) IAY) V22 (5, 1)

X u(pa, Ag)iFprp) (P2, po)u(py, Av)

Here ~F(VV77) and T'(VPP) are the VVny and Vpp vertex functions, respectively,
and AV is the propagator for the reggeized vector meson V.

The VVn vertices are derived from an effective Lagrangians

g v oo
Lopn = ﬁ Euvap (au@pa ‘Pf) Dy
p

gww v (0%
Lo = WZ Euvap (01O 0°DP) ©,

13



Formalism

The VVn vertex, including form factor, with ¢;, p and g2, v the momenta
and vector indices of the incoming V' mesons, is given by
.gvvn
=ig " cuap aias FVV (63, K
my
In our case, the form factor should be normalised to 1 at F(VV7) (0, m%/, m%)
consistent with the kinematics at which the coupling constant gy, is deter-
mined; this is, from the radiative meson decays V' — 17y in conjunction with the
VMD assumption. We use, therefore, the form factor
2 2
Ay A mi,

TV (g1, 2)

(V) (t1, ¢, m727) —

and Ay = Ay mon = 1.3 GeV motivated by analysis of the yp — np reaction.

The form factor Fy nyn(t) describing the ¢-dependence of the V-proton cou-
pling can be parametrised as

A2
Fynn(t) = VéVN mv
Ay yn —t
where Ay yny > my and t < 0. We take Ay yn = 1.4 GeV for both p°- and w-

proton coupling. From the Bonn potential model [Machleidt] A ,yn = 1.4 GeV
and A, nyn = 1.5 GeV are required for a fit to NN scattering data.

Here :

F(V n>(Q1aQ2)q

YA%
F/(J,I/ 77)(

q17QQ) ql2/ =0

14



Formalism

The standard form of the vector-meson propagator:

A (V . qu.49v V), 2 . ququ V), 2
AL) =i (g + 2B ) AP - i A

AV (1) = (t —m¥)~?

For higher values of s; and s, we must take into account reggeization effect.

~ _ av(ti)—l
AV () = AV (s, 1) = AV (1) (expuqﬁ(si)) i )

Sthr
o ZE Sthr — S¢ . ZE
Cb(SZ) ~ 9 exp <7> 5

Sthr

where s, is the lowest value of s; possible in the MN system: s¢p, = (my,+m,)?

We use the linear form for the vector meson Regge trajectories :
ay(t) =ay(0)+ait, ay(0)=0.5, of =0.9CGeV?

see e.g.

Lebiedowicz, Nachtmann, Szczurek, Central
exclusive diffractive production of K+K-K+K- via
the intermediate ¢¢ state in proton-proton
collisions, Phys.Rev.D 99 (2019) 9, 094034

15



Results yp — np and yp - n’(958)p reactions
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Crystal Ball Collaboration, E.F. McNicoll et al., PRC 82 (2010) 035208
CBELSA/TAPS Collaboration, V. crede et al., PRC 80 (2009) 055202

Coupling constants obtained from radiative decay rates n’ -» Vy and V - ny
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Reggeized V-meson exchange mechanism is dominant at higher energies
and forward angles.
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Results (p p - p p n)

I|IIII|IIII|IIII
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To restore the energy dependence of the cross section for the N and N(1535) contributions via the p°>~-meson exchange,
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the relevant amplitudes were multiplied by the suppression function:

£(5) = exp (—

S_
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Results (pp - p p n)
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total
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WA102, Phys.Lett. B 467 (1999) 165
A. Kirk, Phys. Lett. B 489 (2000) 29

4 4.5

5 55
s (GeV)

| pp — PPN

Data:

G. Agakishiev et al., (HADES Collaboration), Study of exclusive one-pion and one-

eta production using hadron and dielectron channels in pp reactions at kinetic
beam energies of 1.25 GeV and 2.2 GeV with HADES, Eur. Phys. ). A 48 (2012) 74

K. Teilab, (HADES Collaboration), w and n meson production in p + p reactions at

Ewn = 3.5 GeV, Int. J. Mod. Phys. A 26 (2011) 694

K. Teilab, Ph.D. thesis: The production of n and w mesons in 3.5 GeV p+p
interaction in HADES, Frankfurt U., 2011. Available at https://hades.gsi.de/node/4

F. Balestra et al., (DISTO Collaboration), Exclusive n production in proton-proton
reactions, Phys. Rev. C 69 (2004) 064003

Model results:

o (pb)
Vs (GeV) | total | N(1535) | N | V'V fusion
2.748 101.48 117.74 4.36 4.96
2.978 115.65 | 116.31 8.17 6.33
3.46 99.96 83.58 11.92 6.77
4.0 76.14 56.32 11.48 6.26
5.0 35.92 22.34 7.61 4.96
8.0 5.19 0.19 2.56 2.41

From WAT02 at v/5 = 29.1 GeV | 0oy = (3.86 £ 0.37) b
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Results (pp-p
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Results (p p
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Results (pp = p p n)

pp — pp M, Vs =3.46 GeV
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Results (p p = p p n’(958))
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« Data: Experiment SATURNE-213 F. Balestra et al. (DISTO Collaboration) PLB 491 (2000) 29
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The ratio of total cross section for n” and nis R = 0pp—ppn' /Tpp—sppy = (0.83 £ 0.117573) x 1072
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Results (p p = p p n’(958))
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Results (pp - p p n’'(958))
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WA102, Phys.Lett. B 467 (1999) 165
A. Kirk, Phys. Lett. B 489 (2000) 29

05
cos6,, cosf, . cosf, .
o (ub) for model a (model b)

Vs (GeV total N (1895) N V'V fusion
2.078 1.09 (1.09) | 0.35 (0.50) | 0.02 (0.03) | 0.25
3.46 2.69 (2.28) | 0.43 (0.62) | 0.45 (0.22) 1.12
4.0 3.19 (2.38) | 0.33 (0.48) | 1.11 (0.40) 1.37
5.0 3.13 (2.05) | 0.14 (0.20) | 1.53 (0.49) |  1.33
8.0 1.92 (1.16) | 0.01 (0.02) | 1.11 (0.35) 0.81
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From WA102 at /s = 29.1 GeV | 0exp =

(1.72 +£0.18) ub
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Results (p p = p p n’(958))
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Results (p p = p p n’(958))

pp = pp N, Vs =3.46 GeV IY(1?95)
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Conclusions

« We have given predictions for experiments at FAIR energies.

» Comparison of the full model (including nucleonic contributions, N* resonances, VV-fusion processes and
interferences between them) with ongoing experimental results from HADES, PANDA, SIS100
(both total cross-section and differential distributions) should help to learn more about the production
mechanism of n, n’, f,. We shall learn about the coupling strengths nNN, n°’NN, nNN*(1535), n’NN*(1895),

mNN*, p°NN*, ppM, wwM etc. The production of n and n’ mesons in pp collisions is of particular
importance because of their coupling to baryonic resonances.

- We are looking forward to first experimental results on the production of n, n’, and f,(1285) mesons in
pp@4.5 GeV with HADES.

Thank you for your attention 07



VV-fusion mechanism (p p = p p fi)

P(Pas Xa) + (D5, Ao) = p(p1, A1) + fL(k, Ap,) + p(p2, A2)
Pa,b, P1,2 and )\a,b, )\172 =+

p(p)

P (pa) Q1 =DPa—P1, G@=Dv—D2, k=q+q
LN
R 1) th=qi, ta=g5, m} =k
Vi »- .- (Pa +pb)* = (p1 +p2 + k)?, cm. energy squared
8. /r' =(p1+k)? s2=(p2+k)?
p(m)
p(p2)
. . ) (VV fusion) (pp fusion) (ww fusion)
VV-fusion amplitude: M, ™" = MJ" . D+ M

V'V fusion . o
MY ISon = (=) (€)1, AT ) (p1, pa)u(pas Aa)
AV (s, ) i3I (g1, g2) IAT) V242 (59, )

ViU

X (P2, A2 )iT VPP (pa, py)u(py, Av)

Ry

LR (p',p) = iU P (0 p) = —igv iy Fyan (8) | — ig—0ou(p = )"
P

Gopp = 3.0, K, =061, Gupp =9.0, £k, =0
Ky: tensor-to-vector coupling ratio, ky = funn/gv NN
A2 —m?
FVNN(t) — Vé\/N Vv
AN —t

%: the four-momenta and helicities of protons
kE and Ay, = 0,£1: the four-momentum and helicity of the f; meson

The standard form of the vector-meson propagator:

2y - 9udv AWV (2
Q) lq2+i€ L (q)

qudv A(V)
q2+ie> T (

iAY) (q) = (—guy +

A (@) -

2
= (t —my)
For higher values of s; and sy we must take into account reggeization:

SN av(t)-1
A(V)( t:) — A(V)(Sz, t;) = A( )( t:) (eXp(igb(Si)) SSz )
thr

S; ™
2

b(s;) = geXp <M

Sthr

where sy, is the lowest value of s; possible here: sy, = (my, + my, )?
We use the linear form for the vector meson Regge trajectories :

av(t) =ay(0)+ait, ay(0)=0.5, af, =0.9 GeV 2

For the proton-antiproton collisions we have
w(p2, M2 )iT PP (po, py)ulpo, M) = 0(ps, Ap)iTSL PP (pa, py)v(pa, A2)

= —U(pg’ AQ)ZF(VPP) (p27pb)u(pba )‘b)

M (vv fus10n)

(VV fusion)
pp—ppM -M

pp—ppM

V'V f1 coupling , corresponds to (1, S) = (2,2)

/ _1 PG o — 9.U Kp o Avaf
Lyvy, (z) = M49VVf1 (VHA(@ O Ov Vpa(x))( oUs () B a(x))g g e
0
Via(x) = 0, Va(x) —0\Vi(z), Uy (x) and V,,(x) are the fields of the f; and the

vector meson V', My =1 GeV and gyyy, is a dimensionless coupling constant

29vv
zFS,fol) (q1,2) = M4fl
0

X(q1rx 6%, — 43 Grp) (G5 Gov —
xFVVI (g}, g3, k%)
satisfies gauge invariance relations: waa ! 1)(ql )q) =0 I‘Lya )(ql,qQ) g5 =0

and Fl(wafl)(ql, 2)k* =0

A} Ay
Fy(q2)Fy(¢3)F(m2) = v -
V((h) V(Q2) ( f1> AL+ (b —m2)2 AL + (ty — m2)?
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420 0",) + (q1 < g2, pu > V)]

F(val)(q Q2a mfl)

with F(m7, ) =1



Results

do/dQ (nb/sr)

15—

Ul

10

| WYP
B °

—
r 'Yp—)fl(1285)p—>(1’]7l',+7|:')p
=2.35GeV
CLAS data
Eq. (C7)
Eq. (C10)

Eq. (C11) { {

CLAS data:

250 ‘ — |
i vp—f(1285)p
200} -0.8<cos0<0.9 _|
e CLAS data
total
— — pexchange
150 ® exchange 7]
interference term |
Ay =1GeV
2 2.5 3 3.5 4 4.5 5
W,, (GeV)

dc/dQ (nb/sr)

c (nl;)

The ppf; coupling constant is extracted from the radiative decay rate
fi = p° using the VMD approach.

S———71 77
[ Jp= 10 IR=E T from PDG :  T(f1(1285) — 7p°) = 1384.773%5 1 kev
[+ ClAsdu from CLAS :  T(f1(1285) — 7p°) = (453 £ 177) keV 4mmm we use
Lol = Eq. (C9) | We consider decay f; = p% —= m*my taking p° mass distribution.
I—— & We estimate the cotoff parameter A, in the f;pp form factor:
I ppf1(k5;2;> ki, kz) ppf1(k2 O,mffl) = Fp(k;z))ﬁp(o)F(m%) = Fp(k’i)ﬁp(o)
;r‘rlissing * H 7(q) 0. Ti(k]
I gxccgzr;%i's” N \ Photoproduction process: MNS 2y - === =
| == I o% w
[ttt i ' P (pe) pim
! 035 0 e ! We assume Juwwf, = 9ppf, based on arguments from the quark model
cosd and VMD. We assume A, = A, = Av and Aoww = Awwv = Avw.
500 Reggeization effect included
: S The t-channel V-exchange mechanism play a crucial role in
400K YP—>f(1285>p o reproducing the forward-peaked angular distributions, especially at
i . g&;cd‘z‘:fog higher energies. From the comparison of differential cross sections
i total to the CLAS data we estimate:
300 § e total, no reggeization
; AgellGey (C7) : Ayyy = 1.35 GeV for Ay = 0.65 GeV, |gyy s, | = 20.03
L vay = U.9 Ge
2000 H+ lg, ., | =849 - (C9) : Aynn = 1.01 GeV for Ay = 0.8 GeV, |gyvy | = 12.0
- (C10) : Aynny = 0.9 GeV for Ay = 1.0 GeV, |gyvy,| = 8.49
100/ ] (C11) : Aynn = 0.834 GeV for Ay = 1.5 GeV , |gyvy, | = 6.59
1 (C11) is excluded due to small Avw, we stay with (C7) - (C10)
O L1 1 | T
2 25 3 35 4 45 5
W.,, (GeV) * Missing N* resonances and s/u-channel proton exchange

R. Dickson et al. (CLAS Collaboration), PRC 93 (2016) 065202

Possible N(2300) contribution
- postulated in Y.-Y. Wang et al., PRD 95 (2017) 096015
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Results (pp - p p f1)

No data for the pp - pp f, and pp — pp f, reactions

S 102 3 T T T T ‘ T 1 T T ‘ T T E S 102 E T T T T I T T T T | T T T T
= [ pp—ppf(1285) 1= [ pp—ppf(1285) at low energies
N ] N
- VV fusion 7 3 vV
%l Bg. Ay A eyl |0 1 VNti0 seggeization -« Integrated cross section for VV- f1 fusion with
105 g (C7), 065GeV, 1.35Gev, 20.03' 3 10f . , 9
A (C9), 08GeV, 101GeV, 120 ] g E different parameters.
. e (C10), 1.0GeV, 09GeV, 8.49 [
il 1; | In our procedure of extracting the model
: parameters from the CLAS data the dominant
sensitivity of cross section is on coupling constants
1 1/ not on the cut-off parameters in form factors.
107F 107 ¢
B ,'I'i,IPf on (Unper imit) E Reggeization effect must be included, it reduces
i ¥ beilasd PP | - cross section by a factor of 1.8 already for HADES
72 L 1 | )l L 1 1 1 1 L 1 1 1 1 L L k 1 Il .. | | L i | | | | | | | | | | | | | | L
10=g 4 5 6 7 g 1073 1 < ¢ 7 2

/s (GeV) /s (GeV)

HADES: /s = 3.46 GeV
PANDA: /5 = 5.0 GeV
SIS100: /s = 7.61 GeV

o(pp — ppfi) = 0.04 — 0.15 ub
o(pp — ppf1) = 0.41 — 2.07 ub
o(pp — ppfi) = 0.33 — 1.84 ub

Diffractive contribution (IPIP fusion) is very small for the HADES and PANDA energy range - IPIP-fusion contribution
should be regarded as an upper limit [PL, Leutgeb, Nachtmann, Rebhan, Szczurek, PRD 102 (2020) 114003].

If at the WA102 c.m. energy (29.1 GeV) there are important contributions from subleading Reggeon exchanges

(IP far, f2rIP, farf2ir, @2r @2r, WRWR, PR PR, €LC.) the IPIP contribution could be smaller (by a factor of up to 4).

Barberis et al. (WA102 Collaboration), PLB 440 (1998) 225: pp — ppf1(1285) |
/s = 12.7 GeV

Vs =29.1 GeV

Oexp = (6.86 £ 1.31) b
Oexp = (6.92 +0.89) b 30




' ' imulati i — 3.46 GeV
Results Optimal observation channel of f,(1285) Simulations for HADES experiment for +/s e
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= = : ]
2 [ 243 13 1 1 é i 1 ]
© 40000 n = ! 3001 ¢
i 5001 g 200( -
20000}~ . i 1 L
I | I | 100 .
1 + 2 + 3 ] . 1 + 2 + 3 ! - 2+ 3
AR . L - . . [ L PR IR SR SRS M ]
8.4 O 6 0 8 1 1.2 8.8 l 1 2 1.4 1.6 8.8 1 1.2 1.4 1.6
M_. . (GeV) M. ormo (GEV) M (GeV)
Contribution Cross section (ub)
1| pp = pprta wtn 7° 88 o= (88+14) ub [1], P = 5.5 GeV
o = (90 + 30) ub [2] for pp — pprTrn~w at P = 6.92 GeV
2| pp = pprt (= ata—m0) 0.18 estimates via double N* production (via 70 exchange)
pp — N(1440)N(1535) and pp — N(1535)N(1535)
3| pp — ppfil— 7Tr n(— ntamY)) 0.012 o = 3.2 —12.4 nb, see (C7)—(C10), from VV — f; fusion mechanism
The narrow width of the  meson allows to set a mass cut on the 77~ 7" [1] G. Alexander et al., Phys. Rev. 154 (1967) 1284
invariant mass and suppresses the multi-pion background efficiently. [2] S. Danieli et al., Nucl. Phys. B27 (1971) 157
Experimental data for P = 24 GeV (/s = 6.84 GeV ) [3] Blobel et al., NPB 135 (1978) 379
o(pp — pprtr—wtr—aY) = (660 & 130) ub [3]; o(pp — pprtn~w) = (200 £ 40) ub [4] [4] Blobel et al., NPB 111 (1976) 397
and our predictions for f;(1285) signal at SIS100 (/s = 7.61 GeV ) BR(w(782) — 7r+7r 70) = (89.3 £0.6) %

[ BR(n — ntn—7%) = (22.92 £ 0.28) %

o(pp = ppfil—= 7ta n(—= 7t 7)) = 0.03 - 0.15 ub " BR(f1(1285) — 7w n) = (35 & 15) % 31



the values of small |t,| and |t,|
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P T & N — = ———
2 o0 = pof (1285} — ol = [ peoefd289) total | & 0ap pp—ppf (1285 are not accessible kinematically
{s=3.46Gev ~ ——- ppfusion = [ (s=346Gev  ——- pp fusion ~ =3.46 GeV ] .
@ +° — O fusion <& [ E A — o fusion o e « HADES and PANDA experiments
o L interference 172} interference + i 1 1
E ook Ay=065GeV | S o1 i % — have a good opportunity to study
< w1 2 19 interference physics of large four-momentum
L® o < o _~—]  transfer squared |t, ,| - probes
ok ] ' P corresponding form factors at
100 Pl — ] '
S —— | relatively large values of |, |
- et 1 and far from their on mass-shell
| I e | values tio=mj
oM e e i ] 0 — at where they were normalised
PR SR Rrar | - L . . s s . 0A0 :
0 05 1 15 2 T 05 0 0.5 1 0 50 100 150 p°p°- and ww-fusion processes
_t (GeV?) cosh,, ¢ (deg) have different kinematic
’s s dependences. Both terms play
(\/‘\ T T T T T T T [ T T T T T T T T ] — 5 _, LA S s S s S —TT —TT ,_/\ % T —TT T —TT T ™ T . . . . .
> w00l PP PRI -t _:3 oD pp £,(1285) ] 3 L b5 — pp £(1285) similar role. With increasing c.m.
ST =s0Gev  —— ppfusion - {5=5.0 GeV total 1~ | 5=50GeV energy the averages of |t, |
) A interference 1 @ 2 —— pp fusion 1™ T fotal | decrease (damping by form factors)
= - Ay=065Gev { & F\ @0 fusion 1= - —— pp fusion ] ping by |
= 3000 Ay =135 Gev| S MTRREECATS 186  f-=— @ fusion - hence the ww term becomes
=) o le 1=2003 | < 10 interference | .
B L v, Do) 1 more important
o = ]+ We predict a strong preference for
20000 o ] the outgoing nucleons to be
! ' 05 _ 4 produced with their transverse
1000~ u .~ =71 momenta being back-to-back,
1 X% 7] | _
1 /N e | do/ddyy at ¢pp =
1/ U o T oy e il ]
K 0.5 1 1.5 2 % 50 100 150
2 de P11
-t (GeV?) ¢pp( g)

fps is the angle between k and Pa

P21 32



Results Vs = 3.46 GeV (top) and 5.0 GeV (bottom)

l————————————

P iy T T T T [ T T T T T T T T [ T T F . ] P e, T T T T | T T T T .
2 | eporeen S| PO — ol = 0 pp—ppf(1289) * Since f,(1285) and n(1295) are
: s = 3.46 GeV o ls=346Gev —— ppfusion e | V5=346GeV close in mass and both decaying
= m— = interference S TR to m*n'n channel, care must be
B [o----- ©o fusion B I © L ®o fusion taken for potential overlap of
= interference o o interference .
v these resonances with each other
0.5 0.05 o in the measurement
) - <74 * n(1295) has about 2 times larger
e L 1 total width than f1(1285)
- - 1 * Inorder to distinguish both
B et 1 resonances the distribution in
s 0 — azimuthal angle may be used
ke M (N O SO (TR N [ PRI B P -
% 50 100 150 % 0 50 100 150 DL
0, (deg) ¢ (deg)
” P dpp (0 < Ppp < M)
S R e L L S I T T T T 1 T T T S 1.5———— T T T T |
3 [ ppoppM total 13 | pp=>ppM(958) total 1= " pp — pp f,(1285)
o Vs=5.0GeV ~ ——- pp fusion o Vs=50GeV ~ ——- pp fusion e | Vs=50GeV Dol
a g T T oo fusion 4 & o EEEEES 0o fusion = r total 1
%_ interference =) interference g_ L —— pp fusion i . .
B - 19 i % - ®O fusion | + With the couplings of V to protons
=] |1 = o) interference

1 we see that the helicity flipping
] tensor coupling of the p to the
protons is large whereas the

0.5 o tensor coupling of the w is small
T (taken to be zero)
I | + Athigher energies, available in
Iy ] the future at PANDA and SIS100,
T~ — ww fusion giving n(1295) should
0 (deg) dominate over pp fusion
pPp

* The distribution for n(1295)
should (nearly) vanish for
¢pp =0 and 7
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