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Separating coherent and incoherent vector 
meson production

■ Large t range required for coherent 
photoproduction to measure GPDs
◆ Parton distributions as a function of 

transverse position within the nucleus
◆ Fourier transform ds/dt to F(b)
◆ Accurate Fourier transform requires         

0 < |t| < ~0.18 GeV2 range
■ Requires ~500:1 rejection of 

incoherent background
■ Today: focus on:

◆ heavy nuclei like gold and lead
◆ Small |t| (t< 0.01-0.02 GeV2)

2Plots from EIC White Paper



Incoherent photoproduction without nucleons
■ Strikman et al.: in LHC PbPb UPCs, ~7%  of incoherent J/y

come w/o neutrons

■ BEAGLE simulations
◆ nucleon-free fraction depends on |t|

✦ Expected – nuclear breakup depends on available energy

◆ Rejection < ~ 1/50 at large |t|

■ Large theoretical uncertainties from intranuclear cascade models

■ Nucleon-free modes radiate only ~ MeV photons

◆ Only half are Lorentz boosted

◆ Large uncertainties on                                                                            
# of photons, energies

◆ We need to know these                                                        
distributions!

3Plot from Wan Chang presentation at Pavia meeting



Current calculations

■ The incident dipole scatters from a single nucleon, causing it to 
recoil.  

■ This introduces an intra-nuclear cascade, which causes the 
nucleus to break up.
◆ This is a microscopic model.

■ What is the region of validity (i. e. minimum |t|) of these 
cascade models?

4BEAGLE, https://wiki.bnl.gov/conferences/images/4/47/ERD17_EICRD-2019-06.pdf



Incoherent recoil
■ UPC data, from STAR and others 

is well fit by the assumption that, in 
incoherent photoproduction, a 
single nucleon recoils.
◆ Clearly seen for |t|>~0.1 GeV2

■ ds/dt well fit by dipole form factor.
◆ Exponential does not describe the 

data. 

■ |t|=pT
2 + pz

2; 
◆ Well above threshold (i. e. at 

smaller Bjorken-x), pz is 
subdominant
✦ |tmin| = pz

2 is small

■ Assume single nucleon recoil for
the rest of the talk

5STAR, Phys. Rev. C96, 054904 (2017)



Incoherent photoproduction with nucleon emission
■ Neutron emission is most common

◆ 208Pb->207Pb+n, etc.
■ Can also have proton emission

◆ 208Pb->207Tl+p
■ Could also have breakup into multi-nucleon clusters
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Minimum energy for neutron emission

Lead-208
208Pb 207.976627 Daltons
207Pb 206.975872 Daltons

Neutron 1.00867108 Daltons
207Pb+n 207.984543 Daltons

DE -0.0079160 Daltons

DE -7.38 MeV

P(single N) 118 MeV/c

Gold-197
197Au 196.966569 Daltons
196Au 195.96657 Daltons

Neutron 1.00867108 Daltons
196Au+n 196.975241 Daltons

DE -0.00867238 Daltons

DE -8.07 MeV

P(single N) 122 MeV/c
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Both reactions are endothermic.  There is a threshold for 
single neutron emission.  This should not be a surprise – these 
elements are stable.

Assuming that a single (on-shell) nucleon is recoiling, then substantial 
momentum transfer is required – 118 and 141 MeV/c respectively.

What is the minimum energy for a heavy nucleus to emit a neutron?
Energy balance only (not worried about thresholds…)



Minimum energy for proton emission

Lead-208
208Pb 207.976627 Daltons
207Tl 206.975872 Daltons
Proton 1.00727647 Daltons
207Tl+p 207.9846954 Daltons
DE -0.00806846 Daltons
DE -7.57 MeV
P(single N) 118 MeV/c

Gold-197
197Au 196.966569 Daltons
196Pt 195.964952 Daltons
Proton 1.00727647 Daltons
196Pt+p 178.984701 Daltons
DE -0.0056592 Daltons
DE -5.27 MeV
P(single N) 99 MeV/c
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These reactions are also endothermic, with a threshold for 
single proton emission.  The required energy for gold-197 to emit 
protons is lower than the energy required to emit neutrons.

Breakup into heavier fragments might be possible.

What is the minimum energy for a heavy nucleus to emit a proton?
Energy balance only (neglecting potential energy barriers)



Minimum energy for nucleon emission
■ Nucleon emission from 208Pb and 197Au is

endothermic.
◆ The required energies are 7-8 MeV, except 

for proton emission from 197Au, for which 
the threshold energy is 5.3 MeV.

■ For a recoiling on-shell nucleon, this is 
◆ p ~ 100-120 MeV/c
◆ |t|> 0.01 (GeV/c)2

✦ Approaches first diffractive minimum
■ Nucleon emission cannot occur at lower 

energy transfer
■ The small phase space should lead to a 

slowish turn-on above threshold.
■ Implications for both the EIC and UPCs

9STAR, Phys. Rev. C96, 054904 (2017)

Region where incoherent 
background subtraction is
questionable



Excitations without nucleon emission

■ Excited nuclei may de-excite by photon emission.
■ There are (very roughly) two energy ranges

◆ For E> ~ 1-5 MeV, complex excitations and decays are possible
✦ Pygmy resonances and, at higher energies, giant dipole resonances

• These may lead to nucleon emission...
✦ Excited states may decay by multi-photon emission

• Thermal emission, at T ~ 0.6 MeV
• <Eg> ~ 3T
• Expect a handful of photons (more detailed calculations possible)

◆ For lower energies, we must consider specific nuclear states
✦ Excitation generally involves a single particle-hole pair

• Below twice the pairing gap (12/√A ~ 1 MeV) we must consider 
transitions between specific nuclear states
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Final states for photonic de-excitation

■ For E< 1-5 MeV, the final state is a well defined quantum state

◆ Energy, spin, parity

✦ Better described in terms of nuclear shells than in terms of proton 

and neutron positions and momentum, which are known only 

probabilistically

✦ For single nucleon recoil, E=1 MeV corresponds to p=43 MeV/c

• t = 0.0018 (GeV/c)2

■ The Pomeron has (in most models) JPC=0++, limiting change in 

nuclear spin to that due to the Pomeron angular momentum

◆ If pT=100 MeV/c then  Lmax=700 MeV-fm, or 3.5 hbar

◆ If pT=30 MeV/c  then Lmax=200 MeV-fm, or 1 hbar
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208Pb
■ No low-lying nuclear states
■ First state, 2.6 MeV, corresponds to pT= 70 MeV

◆ No accessible incoherent excitation for pT < 70 MeV/c
✦ Marginally accessible: 3 hbar angular momentum needed.

12From https://nds.iaea.org/relnsd/vcharthtml/VChartHTML.html



Low-energy excitations of 208Pb

■ No accessible nuclear states for 208Pb for E < 2.6 MeV
◆ The 2.6 MeV state is marginal due to angular momentum

■ Proton/neutron emission is energetically forbidden in this 
energy range.

■ There is no accessible nuclear excitation for E<2.6 MeV
◆ Assuming single nucleon recoil, there is no incoherent

photoproduction for p<70 MeV/c
■ For higher energies, up to ~ 5 <MeV, there are only a handful of 

accessible states
◆ Angular momentum limits accessibilty
◆ Continuum emission seems problematic; only specific energy

transfers are allowed
◆ This is a difficult transition region

■ At energies well above 5 MeV, statistical approaches should be 
adequate. 13



Nuclear structure of 197Au
■ Many excited states below 1 MeV

14From https://nds.iaea.org/relnsd/vcharthtml/VChartHTML.html

7.3 s half-life
(Inaccessible due to L)

T1/2= 1.92 ns
gbct = 118 m

g-ray
g-ray
g-ray



Low-energy excitations of 197Au
■ As with 208Pb,  single nucleon emission is energetically 

disallowed for E< 5 MeV/c

■ There are a handful of possible EM transitions, involving 

specific energy transfers.

■ The lowest lying state, at E= 77 keV, is long-lived.  If 

produced, it will not be observable.  Their excitations will 

look like coherent photoproduction.

■ Transitions at 269 and 279 keV may be observed via fast 

photon emission.

■ Other soft transitions may be disfavored/disallowed due to 

the limited available angular momentum.

■ Details complicated up to 5 MeV; at higher energies 

statistical approach to photon emission is likely adequate
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What does ds/dt look like for incoherent 
photoproeduction?

■ Changes to ds/dtincoherent prominent up to near first diffractive 
minimum.
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the Good-Walker picture
■ The Good-Walker picture relates the incoherent photoproduction 

cross-section to event-by-event fluctuations in the target.
◆ Coherent cross-section is sensitive to average nuclear configuration
◆ Incoherent cross-section probes fluctuations

✦ Nuclear positions and subnuclear (gluonic) fluctuations
■ Generally, small t -> large distance scales and vice versa

◆ Fluctuations should disappear  for p<<hbar/RA  (see only net charge)
■ How can nuclear fluctuations ’know’ whether there are accessible 

lighter nuclear states?
◆ Good-Walker probes the instantaneous nuclear configuration.  How 

does the nucleus then figure out what state to end up in?
■ The solution to these conundra is likely tied to the fact that the 

nucleon positions are not eigenstates of the nuclear levels. 
Nuclear shell levels are; these should be used instead at low |t|
◆ The hydrogen atom analogy is valuable.
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Caveats and concerns
■ Can a recoiling nucleon emit bremsstrahlung g w/o breakup?

◆ eA->eVgA
✦ Probably not, but merits investigation

■ Breakup into A>1 fragments might also be possible.
■ Strictly speaking, Good-Walker applies only for stable final states. 

◆ Miettinen and Pumplin, “Coherent Production on Nuclei Does Not 
Measure Total Cross-Sections for Unstable Particles,” Phys. Rev. Lett. 
42, 204 (1979).

◆ Caneschi and Schwimmer, “Diffractive Production on Nuclei and Total 
Cross-Sections of Unstable Particles, Nucl. Phys. B133, 408 (1978).

18



Some approaches to calculation and experiment
■ An intranuclear cascade model could be used to find the final 

state in terms of nucleon positions, etc., and then the overlap with 
different final states, but this is not the natural approach

■ It may be better to consider the final state directly from the matrix 
elements
◆ s ~ |<A*| P |A>|2, where P is the Pomeron excitation (with JPC=0++)

■ Relevant data would help! 
◆ Small high-resolution EM calorimeter 

✦ Downstream of STAR at RHIC or ALICE at the LHC
✦ Typical photon energy ~ 1 MeV*Lorentz boost: 

• 100 MeV at RHIC, 3 GeV at the LHC 
• Good resolution is required to resolve lines. This may be hard in such 

a high-radiation environment
◆ Install a HPGe detector in Jlab Hall D (or CLAS?), to look for 

excitation g-rays coincident with vector meson production
✦ Drawback: tmin is pretty high since the beam energy is low
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Conclusions - I
■ Nucleon emission from 208Pb or 197Au is endothermic.  It requires 

an energy transfer to the nucleus greater than 5-8 MeV.  
◆ For single-nucleon recoil, no nucleon emission for |t|< 0.01 (GeV/c)2

■ For no-nucleon emission, multi-photon statistical deexcitation 
models only work for |t|>~ 0.01 (GeV/c)2

■ For lower momentum transfers, excitations can occur only to 
specific excited states.
◆ For 208Pb, the lowest state is at 2.6 MeV 

✦ For single nucleon recoil, t< 0.04 (GeV/c)2

✦ No incoherent photoproduction for softer interactions
◆ 197Au has an excited state at 77 keV which lives long enough to be 

unobservable at colliders.  It is indistinguishable from coherent 
photoproduction.  States at 269 and 279 keV could be observable 
with optimized photon detectors.
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Conclusions- II
■ Current models of incoherent photoproduction implicitly 

assume that t is relatively large (|t| > 0.04 ) so that nuclear 
positions are well defined. They may run into trouble for |t| < 
0.01 (GeV/c)2. At lower |t|, energy conservation limits breakup 
via the emission of neutrons and protons.

■ At lower |t|, one also needs to consider the nuclear excitations 
of the target, which limit photon emission to specific de-
excitations.

■ The nuclear shell structure has implications for the Good-
Walker approach.  At low |t| nucleon positions within the 
nucleus are not well defined; nuclear shells should be 
considered instead.

■ In the low |t| region (and in a transition region), we need new 
approaches to calculate incoherent photoproduction.
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