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see talks by Antoni & Mariola

Nuclear reactionNuclear reaction

The quantities b
x
, b

y
 are the components of the b

1
 and b

2
 vectors which mark a point                    

(distance from first and second nucleus) where photons collide and particles are produced.

1
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● nonresonant proton exchange● nonresonant proton exchange

● s-channel tensor meson exchange – f2(1270) and f2(1950)● s-channel tensor meson exchange – f2(1270) and f2(1950)

+ diagram with photon vertices interchanged

● hand-bag mechanism (M. Diehl, P. Kroll, C. Vogt, Eur. Phys. J. C26 (2003) 567)● hand-bag mechanism (M. Diehl, P. Kroll, C. Vogt, Eur. Phys. J. C26 (2003) 567)

γγ γγ → p→ ppp    reactionreaction
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3

F1 and F2 are Dirac and Pauli form factors of proton, respectively;               
for real photons:  F1(0) = 1 and F2(0) = κp= 1.7928
F1 and F2 are Dirac and Pauli form factors of proton, respectively;               
for real photons:  F1(0) = 1 and F2(0) = κp= 1.7928

(anomalous magnetic 
moment of proton)
(anomalous magnetic 
moment of proton)

[M.Poppe, Int.J.Mod.Phys.A1 (1986) 545]

● Virtual protons are off-shell. We take the off-shell dependences into account           
via multiplication of “bare” amplitude by an extra form factor

● Virtual protons are off-shell. We take the off-shell dependences into account           
via multiplication of “bare” amplitude by an extra form factor

Our amplitude satisfied the gauge-invariance and the Bose-symmetry relations.    
   

Proton exchange contributionProton exchange contribution
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● Clearly, the proton exchange contribution is not sufficient to describe the Belle data 
[C.C.Kuo et al. (Belle Collaboration) Phys. Lett. B621 (2005) 41]

● Pauli-type coupling is very important, enhances the cross section considerably.  
Large interference effect of Dirac- and Pauli-type terms in the amplitude

● Clearly, the proton exchange contribution is not sufficient to describe the Belle data 
[C.C.Kuo et al. (Belle Collaboration) Phys. Lett. B621 (2005) 41]

● Pauli-type coupling is very important, enhances the cross section considerably.  
Large interference effect of Dirac- and Pauli-type terms in the amplitude

Comparison with Belle dataComparison with Belle data
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● Closer to the threshold energy the angular distributions become flatter and flatter

● We find dominance of the amplitudes ψ1 and ψ2. Contributions of ψ3, ψ4, ψ5, and ψ6, 
are suppressed in cosθ = ±1. This is clear from angular momentum conservation.

● Closer to the threshold energy the angular distributions become flatter and flatter

● We find dominance of the amplitudes ψ1 and ψ2. Contributions of ψ3, ψ4, ψ5, and ψ6, 
are suppressed in cosθ = ±1. This is clear from angular momentum conservation.

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppAngular distributionsAngular distributions

helicity terms (2s3 2s4 m1 m2)   
for  < 2s3 2s4 | T | m1 m2 >

unpolarized diff. cross section
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● f2 pp vertex● f2 pp vertex

● f2 propagator● f2 propagator

● f2γγ vertex

where a and b parametrise the so-called helicity 0 and helicity 2  f2→ γγ amplitudes

● f2γγ vertex

where a and b parametrise the so-called helicity 0 and helicity 2  f2→ γγ amplitudes
[C.Ewerz, M. Maniatis, O. Nachtmann, Annals Phys. 342 (2014) 31]

ff
22
 meson contribution meson contribution
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● We assume the same form for the form factors ● We assume the same form for the form factors 

Helicity amplitudes for Helicity amplitudes for γγ γγ → f→ f
22
 → p → ppp
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Here the model parameters (form factors, coupling constants) are fixed arbitrarily.

Only the ψ
1
 and ψ

2 
amplitudes (solid line in left panel) are favored by the Belle data.

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppAngular distributionsAngular distributions

favored by Belle data
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Due to different phase conventions we have:

[M. Diehl, P. Kroll, C. Vogt, Eur. Phys. J. C26 (2003) 567]

The qq → pp  transition form factors R
V
(s), R

A
(s) and R

P
(s) were determined 

phenomenologically. We neglect the term with R
V
(s) and assume 

[formula (45) of DKV]
We parametrize R

A
(s) = C

A 
/ s with C

A
 a parameter of dimension GeV2 which we shall determine 

from a fit to the Belle data.

We cut off the region of small |t| and |u| where the hand-bag approach does not apply. 
We multiply the hand-bag amplitudes by a purely phenomenological factor:

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppHand-bag approachHand-bag approach

The γγ → pp amplitude factorizes into 
a hard γγ → qq subprocess and a matrix 
element describing the soft qq → pp transition.
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One can observe the dominance of the f
2
(1950) resonance term at low energies. 

We slightly underestimate the Belle data around W
γγ

= 2.6 GeV.

10

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppComparison with experimental dataComparison with experimental data
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Due to the large error bars of the OPAL and L3 data 
only the comparison of the model results with     
the Belle data gives significant information.

11

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppComparison with experimental dataComparison with experimental data
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Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppComparison with Belle dataComparison with Belle data
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● f2(1950) contribution dominates at low Wγγ ≡ Mpp and at z=0, ±1

● p-exchange contribution is concentrated mostly at larger Mpp and z= ±1

● cross section is concentrated at yp ≃ yp

● f2(1950) contribution dominates at low Wγγ ≡ Mpp and at z=0, ±1

● p-exchange contribution is concentrated mostly at larger Mpp and z= ±1

● cross section is concentrated at yp ≃ yp

13

z =cosθ

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppPredictions for nuclear reactionPredictions for nuclear reaction



16

14

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppPredictions for nuclear reactionPredictions for nuclear reaction

σ = 500 μb (CMS cuts), 160 μb (ATLAS cuts), 100 μb (ALICE cuts), 104 μb (LHCb cuts)

We predict 46 events for |y| < 0.9, pt >1 GeV, and Lint = 95 μb -1 (ALICE)                     
→  important background for coherent J/ψ → pp photoproduction

σ = 500 μb (CMS cuts), 160 μb (ATLAS cuts), 100 μb (ALICE cuts), 104 μb (LHCb cuts)

We predict 46 events for |y| < 0.9, pt >1 GeV, and Lint = 95 μb -1 (ALICE)                     
→  important background for coherent J/ψ → pp photoproduction
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● To describe the dynamics of the γγ → pp  process we take into account not only   
the non-resonant proton exchange contribution but also the s-channel tensor 
meson exchange contributions and the hand-bag mechanism.

● In our calculation of non-resonant contribution we have included both Dirac- and 
Pauli-type couplings of the photon to the nucleon and form factors for exchanged 
off-shell protons. We have found that the Pauli-type coupling is very important, 
enhances the cross section considerably, and cannot be neglected.

● We have shown that the Belle data for low γγ energies can be nicely described    
by including the f2(1950) resonance.

● Having described the angular distributions for the γγ →  pp  process we made 
predictions for Pb-Pb collisions. Both, the total cross section and several 
differential distributions including experimental cuts were presented. 

● We predict large cross sections (e.g., 100 μb for ALICE cuts, 500  μb for CMS cuts).
 
This opens a possibility to study the γγ →  pp  process in UPC at the LHC             
and may provide new information compared to the presently available data     
from e+e- collisions, in particular, if structures of ydiff distribution can be observed.

ConclusionsConclusions
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One can observe the dominance of the f
2
(1950) resonance term at low energies. 

We slightly underestimate the Belle data around W
γγ

= 2.6 GeV.

Helicity components of  Helicity components of  dσ/dσ/dcosdcosθθ for  for γγ → fγγ → f
22
→ p→ pppComparison with experimental dataComparison with experimental data

set A parameters set B parameters
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Hand-bag approachHand-bag approach
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● Above we listed also the sub-threshold f2(1270) resonance

● The meson masses, their total widths and branching fractions are taken from PDG

● Our knowledge about the f2(1950) resonance comes from the BES and the CLEO analyses      
for ψ(2S) → γf2(1950) → γpp

● Above we listed also the sub-threshold f2(1270) resonance

● The meson masses, their total widths and branching fractions are taken from PDG

● Our knowledge about the f2(1950) resonance comes from the BES and the CLEO analyses      
for ψ(2S) → γf2(1950) → γpp

● The charmonium states (ηc, χc0) have small total widths thus they will appear as narrow peaks 
[see e.g. P. Lebiedowicz and A. Szczurek, Phys. Lett. B772 (2017) 330] for γγ → γγ reaction

● The tensor mesons were also needed to describe the Belle data for γγ → ππ  processes          
[see e.g. M. Kłusek-Gawenda and A. Szczurek, Phys. Rev. C87 (2013) 054908]

● The tensor mesons were also needed to describe the Belle data for γγ → ππ  processes          
[see e.g. M. Kłusek-Gawenda and A. Szczurek, Phys. Rev. C87 (2013) 054908]

Resonances that may contribute to Resonances that may contribute to γγ γγ → p→ ppp    reactionreaction
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