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Introdu
tionThere is growing interest in ultraperipheral heavy ion 
ollisions(LHC).The pro
esses that full�l these 
ategories 
an be divided into:(a) photon-photon fusion (many examples: l+l−, M1M2, dijets or
γγ)(b) photoprodu
tion (examples: produ
tion of ve
tor mesons: ρ0,
φ, J/ψ)UPCs have usually simple �nal state in the measured midrapidityregion.Very forward/ba
kward region is not always of unterest.However, experimentally we have ZDC 
allorimeters. They 
anmeasure neutrons and also protons.Any extra photon ex
hange may lead to asso
iated nu
leusex
itation. Ex
ited nu
leus may emit: neutrons, protons, alphaparti
les or photons. May even go to �ssion.The Lorentz boost 
auses that those are emitted veryforward/ba
kward.Emissions strongly depend on:(a) me
hanism of photon-nu
leus intera
tions(b) photon energy 2 / 56



Introdu
tion
In general even Coulomb ex
itations alone (no midrapidity produ
tion) are possible.They lead to damping of the beams at the LHC.Neutron emission happens very frequently and it 
an be also easily measured.The ALICE 
ollaboration measured 
ross se
tion for a given number of neutrons(n = 1, 2, 3� 4, 5) in ZDC.Re
ently the ALICE 
ollaboration measured also protons.Also simultaneous measurement of neutrons and protons is possible.

3 / 56



Existing related approa
hes, programsRELDIS intranu
lear 
as
ade, not easily availableDPMJET-III, dual parton modelGEMINI++, Hauser-Feshba
h formalism for nu
lear 
as
adeEMPIRE, traditional nu
lear physi
s modelling, in
ludingequilibrium emissionHIPSE, Heavy Ion Phase-Spa
e Exploration, h+A, no photons!,preequilibrium model, for GANIL physi
s.STARlight (UPC), ex
itation in asso
iation with midrapidityemissionsonly 0n0n, 1n1n, Xn0n, XnXn 
ategoriesBeAGLE (virtual photons), relevant for EICGiBUU, BUU approa
h, 
an treat photons as proje
tilesNoon, parametrization of some �xed target data 4 / 56



Some basi
 formulae for Coulomb ex
itations in UPCsingle photon ex
hanges
σA1A2 1γ−→X1X2+kn =

∫ ∫ dbdω · 2πb · e−m(b)N(ω, b)σabs(ω)Pk(ω)m(b) =

∫ dω · N(b, ω)σabs (ω)multi photon ex
hanges
σA1A2 jγ−→X1X2+kn =

∫ dω1 . . . ∫ dωj ∫ 2πbdb · e−m(b)j !
( j
∏i=1N(ωi , b)σabs(ωi ))Pk(Σji (ωi)) 5 / 56



Flux of photonsN(ω, b) =
Z 2αem
π2β2 1

ωb2 ×
∣

∣

∣

∣

∣

∫ dχ χ2F (χ2+u2b2 )

χ2 + u2 J1(χ)

∣

∣

∣

∣

∣

2
.

χ = k⊥b u =
ωb
γβF (q2) = 1 − point-like modelF (q2) =

4π
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Some details
onsider emitting (1) and absorbing (2) nu
leusphoton �ux is asso
iated with emitting nu
leus, absorption 
rossse
tion is asso
iated with absorbing nu
leus.distinguish ~b, ~b1, ~b2In general are "independent", integrations: d2b d2b1.from geometry:b > 2RA (UPC), b1 > RA (UPC)equilibrium emission from Hauser-Feshba
h theory:property of equilibrated nu
leus:Eex
 < Eγ/A2spin: S ≈ 0 (may be too approximate for large Eγ/A2) 7 / 56



Flux of photons
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Figure: Point-like (left) versus realisti
 (right) photon �ux.
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Absorption 
ross se
tion
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Physi
s 
hanges gradually with energy:GDR, quasi deuteron, nu
leon resonan
es, partoni
 rea
tions. 9 / 56



Probability of emission of a given number of neutronsPk is in
lusive quantity !k is number of neutrons, there 
an be any other parti
le in thea

epted event.It 
an be formally de�ned as:Pk(Eγ) =
σ(γA → knA′;Eγ)

σtotγA (Eγ)
(1)
an be 
al
ulated in a model.The probabilities full�l the 
ondition:

ΣkPk(Eγ) = 1, (2)for any energy.Can be easily 
al
ulated in the Hauser-Feshba
h approa
h.(see next slide from analyzing events from GEMINI++) 10 / 56



Probability of emission of a given number of neutrons
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Nu
leus de-ex
itation 
hannels from γA pro
esses
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those are from "low" energy rea
tions, Lepretre et al.Long tails at high photon energies for a given k 12 / 56



Two-
omponent modelIn our previous approa
h (Klusek-Gawenda et al.), we impli
itlyassumed P(Eex
 ;Eγ) ∝ δ (Eex
 − Eγ) , (3)where δ is the Dira
 delta fun
tion. Above P(Eex
 ;Eγ) 
an beinterpreted as a probability of populating equilibrated 
ompoundnu
leus with a given ex
itation energy Eex
 in a pro
ess initiated by thephoton with energy Eγ . It must be 
onstru
ted to ful�ll the followingprobabilisti
 relation:
∫ Eγ0 P(Eex
 ;Eγ) dEex
 = 1 . (4) 13 / 56



Two-
omponent modelIn order to better understand the situation, we 
onsider a simple modelin whi
h di�erent ex
itation energies Eex
 < Eγ (for the equillibratednu
leus) 
an be populated. We started with the somewhat a
ademi
step-like fun
tion:P(Eex
 ;Eγ) = 
onst(Eex
) = 1/Eγ (5)for Eex
 < Eγ , i.e. uniform population in ex
itation energy.Another option is to take the simple sinus-like fun
tion:P(Eex
 ;Eγ) =
π2Eγ

sin (πEex
/Eγ) (6)for Eex
 < Eγ . 14 / 56



Two-
omponent modelIn general, the bigger number of neutrons, the larger the fra
tion ofenergy 
arried by neutrons.P(Eex
 ;Eγ) = 
1(Eγ)δ (Eex
 − Eγ) + 
2(Eγ)/Eγ . (7)The probabilisti
 interpretation requires:
1(Eγ) + 
2(Eγ) = 1 . (8)In general, 
1 and 
2 may (should) depend on photon energy Eγ . As atrial fun
tion for further analysis, we propose
1(Eγ) = exp (−Eγ/E0) , (9)
2(Eγ) = 1− exp (−Eγ/E0) . (10)The parameter E0 
an be adjusted to the ALICE data. We suggestE0 ≈ 50 MeV to start with. 15 / 56



Two-
omponent modelThe full TCM formula for the probability of emitting a spe
i�ednumber of neutrons for a given photon energy is 
al
ulated by:Pk(Eγ) =

Eγ
∑Eex
(1− exp(−Eγ/E0)) 1Eγ

Nk(Eex
)Nev ∆Eex

+ exp(−Eγ/E0)Nk (Eγ)Nev .

(11)Here, the Nk (E ) is a number of events with k emitted neutrons for agiven Eγ or an ex
itation energy, and Nev is a total number of eventsfor a given energy. Both numbers are obtained from GEMINI++ eventgenerator. The ∆Eex
 is a 
hosen interval of ex
itation energy in adis
rete sum in (11). This is purely te
hni
al parameter to simplify the
al
ulations.The neutron emission probability ful�ll the following 
ondition:
∑k Pk E 1 (12) 16 / 56



Final results
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Photoabsorption in GiBUU approa
h
10 210 310 410

 [MeV]γE

10

210

310
 [m

b]
ab

s
σ

, 054907 (2013)89Phys. Rev. C 

GiBUU

Figure: Photoabsorption 
ross se
tion for γ+Pb rea
tion in energy range 10MeV- 100 GeV 
ompared with the total 
ross se
tion obtained with theGiBUU model. 18 / 56



γ +208 Pb in two models

Figure: Distribution of the primary mass and its ex
itation energy predi
tedin the naively adopted HIPSE (Eγ=200 MeV - top), and GiBUU(Eγ=200 MeV - middle and Eγ=2000 MeV - bottom.) 19 / 56



Average ex
itation energy in γ+208Pb
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A-Z distributions, from preequilibrium
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A-Z distributions, after equilibrium
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Neutron multipli
ity
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Multipli
ities, GiBUU+GEM2
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Neutron and proton multipli
ities
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Neutron and proton multipli
ities
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Neutron multipli
ities from di�erent approa
hesTable: Total 
ross se
tions (in barn) for a �xed number of neutron in UPCfor rea
tion of 208Pb+208Pb with √sNN = 5.02 TeV. The integration is doneonly for energies Eγ > 200 MeV. The two-
omponent model (TCM) withGEMINI++ and 
onstant neutron probability equal to P(Eγ = 200 MeV)(
onst.) are 
ompared to the GiBUU with GEMINI++ and the GiBUU withGEM2 results. Here, only one photon ex
hange is taken into 
onsideration.TCM GiBUU+GEMINI++ GiBUU+GEM21n 2.294 1.308 1.1602n 3.210 1.553 1.2073n 2.513 1.160 1.1554n 3.324 1.325 1.1365n 2.940 1.156 1.079 27 / 56



Neutron multipli
itiesEγ TGC TGG2 TGG++ HGG++ EMPIRE ALICE
< Two Comp. Mod. HIPSE200
> 
onst. GiBUU2001n 98.79 97.23 97.37 113.21 98.90 108.4±3.902n 25.31 22.90 23.24 14.34 23.39 25.0±1.303n 6.03 4.23 4.24 4.24 3.91 7.95±0.254n 6.32 3.51 3.69 3.41 2.28 5.65±0.335n 4.91 2.49 2.56 2.79 1.05 4.54±0.44 28 / 56



Eγ TGC TGG2 TGG++ HGG++ EMPIRE ALICE
< Two Comp. Mod. HIPSE200
> 
onst. GiBUU2001p 6.59 13.18 12.54 5.25 2.36 40.4±1.62p 0.44 3.71 6.63 4.74 0.01 16.8±3.73p 0.01 2.35 3.40 4.60 0.01 6.8±2.2Pb 150.47 - 128.21 130.7 129.51 157.5±4.6Tl 5.86 - 0.75 7.24 0.001 40.4±1.6Hg 9.67 - 1.21 4.92 0.0007 16.8±3.7Au 2.43 - 0.29 4.25 0.00001 6.8±2.2 29 / 56



Nu
lear remnants in UPC
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General pi
ture for Eγ > 180 MeVPrimary 
ollision:
γ + N → N ′ + mesons pro
essLeads to (1p 1h) state. At higher energies parti
les (p or n) are emitted.Se
ondary 
ollisions:The outgoing nu
leon or mesons when passing nu
leus may 
reate (2p2h), (3p 3h) et
.Equilibrium emission:The presen
e of va
an
ies means ex
itation of the nu
leus. The ex
itednu
leus tends to equilibration and may emit neutrons or protons. For208Pb the emission of neutrons dominates.What is 
ontribution of the di�erent me
hanisms to the produ
tion ofneutrons or protons is to some extend an open question.In GiBUU the se
ondary emission is very large.We will dis
uss that it may not be so when 
omparing to ZDC data. 31 / 56



Upper limit for σ1p(idea)
The primary (unknown) 
ross se
tion for single nu
leon produ
tion
annot be bigger than (known) photon absorption 
ross se
tion.

σ1p(ω) + σ1n(ω) < σabsγA (ω) (13)for ea
h photon energy.
γp → p, n or γn → n, p happen in almost 100 % (baryon number
onservation). There is a small amount of hiperons.

32 / 56



Components of phooabsorption 
ross se
tionOur total photoabsorption 
ross se
tion is a sum of four di�erent
omponents (Klusek-Gawenda, et al.):1) giant dipole resonan
e, σGDRγA (ω),2) quasi deuteron me
hanism, σQDγA (ω),3) nu
leon resonan
e region,1 σresγA(ω),4) partoni
 region, σpartγA (ω),
σγA(ω) = σGDRγA (ω) + σQDγA (ω) + σresγA(ω) + σpartγA (ω) , (14)where ω is photon energy.As will be dis
ussed in the following, for lowest photon energies (GDR),pra
ti
ally no protons are emitted.1The �resonan
e� region in
ludes also non-resonan
e 
ontributions. 33 / 56



Single parti
le potentials

Pb208
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Shell model states, neutrons

Spherical Woods-Saxon Hamiltonian
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Shell model states, protons
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1p emissionIt is obvious that the 
ross se
tion for 1p emission must be smallerthan the photoabsorption 
ross se
tion for any ω. Then the absolutelymaximal estimation of the one-proton 
ross se
tion in UPC 
an beapproximated as:max{σAA→1p} = max{σQDAA→p} + max{σresAA→p}
+ max{σpartAA→p} , (15)where 
ross se
tions for one-side 1p emission (forward or ba
kward) inUPC 
an be obtained asmax{σQDAA→1p} ≈

∫ N(ω, b)σQDγA (ω) d2bdω ,max{σresAA→1p} ≈
∫ N(ω, b)σresγA(ω) d2bdω ,max{σpartAA→1p} ≈
∫ N(ω, b)σpartγA (ω) d2bdω . (16)Similar equation 
an be written for one-neutron pre-equilibriumemissions. 37 / 56



1p emissionIf we apply parametrizations of di�erent γPb photoabsorption
omponents in (15) max{σQDAA→p} = 12.62 b,max{σresAA→p} = 39.31 b,max{σpartAA→p} = 34.29 b. (17)Adding maximal values for ea
h 
omponent we get: max(σAA→1p) =85 b whi
h is only about two times bigger than the 
ross se
tionmeasured by the ALICE 
ollaboration.The estimation above is an absolute upper limit. Not only protons butalso neutrons 
an be produ
ed in γ + N 
ollisions. 38 / 56



A simple Sum RuleNot only protons but also neutrons 
an be produ
ed in γ +N 
ollisions.Then for di�erent rea
tion me
hanisms (i) following simple sum rulemust be ful�lled:
σ

(i)
γA(ω) > Z (σ(i)

γp→pX (ω) + σ
(i)
γp→nX (ω)

)

+N (σ(i)
γn→nX (ω) + σ

(i)
γn→pX (ω)

)

, (18)where i numerates individual pro
esses. Sin
e for the di�erent distin
tme
hanisms the relative produ
tion of protons and neutrons isapproximately known one 
an set upper limit on σAA→p(i). Thisestimation in
ludes produ
tion of nu
leon resonan
es and their de
ay.The maximal value of the 
ross se
tion 
an be therefore lowered. Thisrequires more detailed analyses. We shall dis
uss all three 
ontributionsone by one. 39 / 56



Quasi deuteron me
hanismWe start from quasi-deuteron 
ontributions. We assume the simplestform:
σQDγA→1p(ω) = Cp × σQDγA (ω) (19)and �t Cp to the existing data (Heidelberg bremsstrahlung). We �ndCp ≈ 0.3. Then σQDAA→1p ≈ 3.5 b, mu
h less than the ALICE result.
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tion for γ+208Pb→ p and our simple �t result. The giantdipole resonan
e, quasi deuteron, nu
leon resonan
es and partoni

omponents are shown. The experimental points (Dahmen 1971). 40 / 56



Resonan
e regionTherefore we 
onsider also the resonan
e region. A representativeexample of the rea
tion to be 
onsidered are:
γ + p → ∆+ → pπ0, P = |〈32 , 12 |12 , 12 , 1, 0〉|2 =

23 ,
γ + p → ∆+ → nπ+, P = |〈32 , 12 |12 ,−12 , 1, 1〉|2 =

13 ,
γ + n → ∆0 → nπ0, P = |〈32 ,−12 |12 ,−12 , 1, 0〉|2 =

23 ,
γ + n → ∆0 → pπ−, P = |〈32 ,−12 |12 , 12 , 1,−1〉|2 =

13 . (20)There are other nu
leon resonan
es (not visible in γA 
ollisions) and afew 
ontinuum 
ontributions like:
γ + p → π0 + p,
γ + p → π+ + n,n 0 nn p (21)whi
h start at 180 MeV. The N N rea
tions 
an be treatedmi
ros
opi
ally in
luding meson-ex
hange 
urrents and 
hannel
oupling. This treatment starts to be almost impossible already forN N rea
tions. Therefore mi
ros
opi
 treatment is limited onlyto some energy windows.
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Resonan
e regionAnother strongly populated �nal state is ex
lusive ve
tor mesonprodu
tion V :
γ + p → V + p,
γ + n → V + n. (22)where V = ρ0, ω, φ, J/ψ 2. The γN → VN rea
tions 
an besu

essfully 
al
ulated either within Regge approa
h, withintensor-pomeron model or dipole model approa
h. However, the

γN → VN∗ pro
esses were not 
arefully studied within mi
ros
opi
models, but they also lead to sizable produ
tion of protons or neutrons.The 
ross se
tion for γ + p → ρ0 + p only weakly depends on energyand is 100-200 µb. The 
orresponding 
ontribution to γ + A → p istherefore about 0.8-1.6 mb, whi
h 
onstitutes sizable fra
tion of the
γ + A absorptive 
ross se
tion. This inelasti
 
ross se
tion is of thesame order of magnitude as γ + A → ρ0 + A.2The p/n proportions there are di�erent than for ∆ resonan
es dis
ussed above. 42 / 56



Resonan
e regionOur estimation here has advantage that it exhausts by 
onstru
tion theabsorption 
ross se
tion for pro
esses on individual nu
leons. For thesake of simpli
ity, assuming that the ∆ resonan
es are representativefor the whole �resonan
e� region, we write:
σresAA→1p ≈

(23 ZA +
13 NA)σresAA ,

σresAA→1n ≈
(13 ZA +

23 NA)σresAA . (23)We 
an see that even in
luding the quasi-deuteron and resonan
eregions we are not able to understand the ALICE result for one protonemission. 43 / 56



De
omposition of the partoni
 
omponentTherefore we 
onsider also the highest energy, �partoni
�, 
omponent.The produ
tion of protons or neutrons is subje
ted to the me
hanismof nu
leon remnant fragmentation (see e.g. LEPTO). The HERA dataon leading neutron and proton produ
tion in γ∗p 
ollisions showed thatwe did not fully understand the underlying physi
s before the HERAresults. New me
hanisms were proposed in 1990 (Holtmann, Sz
zurek,Nikolaev) Combining the 
onventional at that time and �new�me
hanisms requires a hybrid approa
h for �xed target experiments(Sz
zurek et al.). Sin
e in the 
urrent paper we are interested just inproton and neutron produ
tion, we should used here su
h a hybridmodel. 44 / 56



De
omposition of the partoni
 
omponentWe have to 
onsider �rst elementary γp or γn 
ross se
tions. Thepartoni
 
ross se
tion on proton 
an be de
omposed into a sum of three
omponents, named for brevity di�ra
tive, Sullivan and hadronization:
σγp→p = σdi�γp→p + σSull .γp→p + σhadrγp→p ,
σγp→n = σdi�γp→n + σSull .γp→n + σhadrγp→n . (24)In an analogous way for produ
tion for s
attering on neutron:
σγn→p = σdi�γn→p + σSull .γn→p + σhadrγn→p ,
σγn→n = σdi�γn→n + σSull .γn→n + σhadrγn→n . (25) 45 / 56



Di�ra
tive 
omponentThe di�ra
tive 
omponents 
an be estimated as:
σdi�γp→p ≈ 0.1 σγp→p ,
σdi�γn→n ≈ 0.1 σγn→n . (26)This means:
σdi�AA→p ≈ ZAσpartAA ,

σdi�AA→n ≈ NA σpartAA . (27)The remaining di�ra
tive 
omponents for p → n and n → p are smalland 
an be ignored in our simple estimation. For the so-
alled Sullivanpro
esses 3 one has
σSull .γp→p = σSull .γn→n = 0.35 13σγp→p ,
σSull .γp→n = σSull .γn→p = 0.35 23σγp→p . (28)3The Sullivan pro
esses are the only known to us explanation of the GottfriedSum Rule violation for deep inelasti
 s
attering. 46 / 56



Sullivan pro
esses
Combining the results for UPC

σSullAA→p ≈
(ZA0.3523 +

NA 0.3513) σpartAA ,

σSullAA→n ≈
(ZA0.3513 +

NA 0.3523) σpartAA . (29)
47 / 56



Hadronization 
omponent, summaryAssuming only light u, d quarks and antiquarks in p and n andu(x) ∝ d(x) (SU(2) symmetry of quark distributions) we get
σhadrγn =

23σhadrγp ,

σhadrγn = σhadrγp (30)for valen
e and sea dominan
e, respe
tively. The 
ontributions with 1por 1n from that 
omponent is estimated as
σhadrγp→p = 0.7 σhadrγp ,

σhadrγp→n = 0.3 σhadrγp ,

σhadrγn→n = 0.7 σhadrγn ,

σhadrγn→p = 0.3 σhadrγn . (31) 48 / 56



Hadronization 
omponentThe hadronization 
omponent 
an be found by solving the set ofEq.(30) and Z · σhadγp + N · σhadγn ≈ σhadγA , (32)where the hadronization 
omponent 
an be approximated as
σhadrγA ≈ 0.55 σpartγA . (33)No shadowing e�e
ts are in
luded above. It would redu
e somewhatour estimate.Finally, we get for the hadronization 
omponent:

σhadrAA→p =

(ZA0.7 · 0.55 +
NA 0.3 · 0.55) σpartAA ,

σhadrAA→n =

(ZA0.3 · 0.55 +
NA 0.7 · 0.55) σpartAA . (34) 49 / 56



Short summary of all regionsIn our approa
h we assume that p → p and p → n transitionshappened in 100 % and similarly for n → n and n → p transitions. Athigh energies one may expe
t a small energy dependent redu
tion (lessthan 5 %) due to hiperon produ
tion, whi
h we negle
t in the 
urrentestimation.Finally, 
ombining the di�erent 
omponents, we get the followingestimate:
σAA→1p = 38 b ,
σAA→1n = 44 b . (35) 50 / 56



Di�erent photon energy regionsTable: Maximal 
ontributions of pre-equilibrium emission of p and nseparately for di�erent me
hanisms (regions).
σ [b℄ quasideuteron nu
l. resonan
es partoni
proton 3.786 18.269 15.561neutron 3.786 21.041 18.729One 
an see that the biggest 
ontributions 
ome from the resonan
eand partoni
 regions. Not all models on the market in
lude the partoni

ontributions. We note that it is impossible to des
ribe the ALICE datafor proton produ
tion without this high-energy 
omponent. 51 / 56



Protons from Hauser-Feshba
h approa
h
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Short summary of neutron emissionIn order to understand neutron and proton emissions by the nu
leusex
ited in UPC one has to understand well:Photon indu
ed intranu
lear 
as
ade in a broad range of photonenergy.Preequilibrium emissions is also very important.The latter lead to initial 
onditions for equilibrium emission(GEMINI++ in our 
ase).Multipole photon ex
hanges give extra 
ontributions of the orderof 10 % for n = 3, 4, 5. 53 / 56



Preequilibrium, et
.ZDC results allow testing mi
ros
opi
 models of preequilibrium.No mi
ros
opi
 model 
an explain proton multipli
ities.GiBUU mi
ros
opi
 model predi
ts many neutrons and protons inthe preequilibrium phase.Proton ZDC measures huge 
ross se
tion for one proton emission.We have estimated maximal 
ross se
tions for 1p and 1n emissionfrom rea
tions on nu
leus 
onstituents (quasi-deuteron, nu
leonresonan
es, rea
tions on partons in protons and neutrons).The 
ross se
tion is very 
lose to the 1p 
ross se
tion measured bythe ALICE 
ollaborationDi�erent rea
tion me
hanisms parti
ipate. High-energy
omponent seems very important ! 54 / 56



Nu
leon emission in e+A 
ollisions at EIC
The 
ross se
tion for p or n emission from the nu
leus: (s
hemati
ally)
σ(eA → e ′A∗ → p, n) =

∫ dωedQ2 d2NdωedQ2σ(γ∗A → A∗ → p.n)(36)where the photon �ux reads:d2NdωedQ2 =
αem
πωeQ2 ((1− ωeEe )(1− Q2minQ2 ) +

ω2e2E 2e ) . (37) 55 / 56



Nu
leon emission in e+A 
ollisions at EICAbove: Q2min = m2eω2e/[Ee(Ee − ωe)] ,Q2max = 4Ee(Ee − ωe) .
ωe is energy in laboratory frameEex
 = ωA is photon energy with respe
t to the nu
leus.
ωA > ωeTwo options to be studied:(a) untagged 
ase (Q2 ≈ 0, as for UPC) ;,(b) tagged 
ase (Q2 > 0, new) ;. 56 / 56


