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UPC and nuclear break-up

- Relativistic heavy ions are accompanied by
high photon fluxes due to their large
electric charge and the strongly Lorentz
contracted electric fields.

- At impact parameters large enough so that
no hadronic interactions occur, the 2)
photonuclear interactions can be seen:
these are Ultra-Peripheral Collisions
(UPCs)

- Because of the high photon flux, the UPC
events have a high probability to be
accompanied by additional photon
exchanges that excite one or both of the
ions b)
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UPC and nuclear break-up

- Experimentally, requiring mutual
Coulomb excitation along with VM
production may lead to a trigger with a
higher purity, allowing more events to be
collected than for the VM state by itself

- Neutron-differential studies are
considered as a promising tool to decouple
low-x and high-x contributions in vector
meson photo-production

- STAR and CMS used requirement on
forward neutrons in their UPC triggers

- ALICE measured event fractions of various
break-up scenarios

b)
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Formealism
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Photo-production cross section

- A photon from the field of one nucleus fluctuates
to a quark-antiquark pair and scatters elastically
from the other nucleus, emerging as a vector
meson.

« The cross section is sensitive to the vector
meson-nucleon interaction cross section )

- The photon energy k is related to the final state
object rapidity:

1
k= §ﬂfv exp(=£y)

b)



Photo-production with nuclear break-up

- Assuming that the sub-reactions are independent, the cross section
to produce a vector meson (or probability of any other photo-
production process) accompanied by a dissociation is

(AA = PALA) / P2BPp(b) P, (b) exp(—Pi (1))

- There are 3 independent probabilities in the formula
= The probability of the hard photoproduction process Pr(b)

= The probability of nuclear break-up with emission of i and j
neutrons from the first and second nucleus, respectively P;;(b)

= 'We expect the break-up probabilities to be independent
P(b) = PA(b) x P,(b)

= The probability of a hadronic interaction £z (b)
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Hadronic interaction probability =

« The collision is UPC, thus the hadronic interactions of
must be excluded

» The factor ex»(—Fu(b)) ensures that the reaction is £
unaccompanied by hadronic interactions o

« In this work we only consider the Coulomb break- N
up of the nucleus e N

Dislance??fm]
 For a hard sphere nucleus model, the hadronic _
interaction probability is 1 for b < 2R and is zero oS

-+ WS model

otherwise o8 Harg sphere

« More precisely one can calculating the probability of -
one or more hadronic interactions as a function of
impact parameter

Nuclear thickness T ,(f)
via Woods-Saxon density distribution

06—

0.2—

ol | R R
20 25
Impact parameter [fm1
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Photo-production cross section

- The probability for photo-production of vector meson or any other
object:
Bn(b, k)

Fr(b) :/ =

» The photon flux from a relativistic heavy nucleus is given by the
Weizsaecker-Williams approach:

oya—palk)

d*n(b k)  Z*a
dkd2b T2

kb 1 kb
k| K (—) + = Ki(— ]
KA + S RHE)
- If we combine the formulas we get

o(AA = PAAY) / 02 / gk 0N dkd% %) o aspa (R) Py (b) exp(— Prr (1)
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Photo-production with nuclear break-up

- For a single event the photon energy k is fixed and we can get rid of the
integral over k:

(b, k)
Al 2 )
(AA — PA A ‘k const /d bmﬂj(b) exp(—PH(b))

- And we can define a probability of the breakup in the event :

f d 2 b dB n(b k ) ex p ( . PH ( b) ) P’-’._} ( b) . Mt‘)diﬁ@rllB@sﬂal‘.l’nucti‘on.-i of the Second Kind for v € [0.4]

P(AA — 4{ 4, | _ dﬁ.dﬂab L \
k=const [ ]dedh(;? exp(—Lr (b)) o I'a\
Lo l!

- The mass and rapidity of the photo-produced object ::|
restricts the impact-parameter phase space via fast \ \
decrease of the Bessel function for x > 1 NS
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Coulomb excitation of the nucleus P,(6) = P(b) % P,(0)

 Let ’xu be the probability of nuclear break-up of one nucleus to a state
with any number (X) of neutrons (n). Under the assumption of a Poisson
distribution, the probability of having exactly L neutrons is:

(Pa(b))" x exp(=I%, (b))

Pin(b) = Ll

- Probability to have at least one neutrons than is:

Pxn(b) = 1 — exp(=Px, (b))

« where .(0) is the mean number of the Coulomb excitations of the
nucleus to any state which emits one or more neutrons.
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Coulomb excitation of the nucleus

Py, (b) is the mean number of the Coulomb excitations of the nucleus
to any state which emits one or more neutrons

En(b. k
R0 = [ar Sl )

» where 7,4-.4+xu(#) is an photo-nuclear cross section determined
mainly by data

 In a similar way mean number of the Coulomb excitations of the
nucleus to a state with N neutrons is:

Br(b, k
P = [ )

- such that: Py, (b) = > P, (b)
N=1
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Coulomb excitation of the nucleus

- Two neutron states can be produced either by direct two neutron
emission or by two emissions of one neutron;

« Contributions to the three neutron states are from three one
neutron emissions, one emission of three neutrons, or emissions of

one and two neutrons
Pi(b) = P (b) x exp(—Px,(b)).

) = (2 0) + Do) e, ),
Rb) = 1PA0)+ 285 0)Ph o)+ POy e 1)

+ Fulfills the unitarity condition: y~p_ ) p )

N=1



Photo-nuclear cross section
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(b, k)

- e

UfyA—)A'+Nn(k:)

- Giant dipole resonance (GDR) peak via Lorentz line fit (Breit-Wigner)
- Black points via scaling of proton/neutron cross sections
- Regge model parametrization for high energies
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Photo-nuclear cross section Rt = [ ar e i)

« The GDR excitations produce mainly final states with one or two neutrons and
were investigated in detail by various experiments.

- The partial cross sections, up to 10 neutrons and up to 140 MeV measured at Saclay

GE 10
“':;_ Nucl. Phys. A159, 561 (1870) Nucl. Phys. A367, 237 (1981)
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Neutron multiplicity

- Saclay used the partial cross sections to extract the average and the
dispersion of the number of neutrons as a function of the incident energy

- Fitted to a logarithm and extrapolated to higher energies

« Comparison with RELDIS model in rather good agreement

N neutrons

ucl. Phys. A159, 561 (1970)
ucl. Phys. A390, 221 (1982)
10

xtrapolation Log(Ey}

- RELDIS

L1
10*
k [MeV]
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Neutron multiplicity

» The branching ratios to each partial cross section are computed from the
fit by extrapolating the arithmetic average and dispersion, and using a
Gaussian approximation for the shape

het
o

50

g L = - . g
E 0.18 Nucl. Phys. A431, 573 (1984) % = 10 E
£ Unfolded with € = 0.7 3 TE - 3
0161 —E, =199 MeV S 40— -
0.14F —E, = 390 MeV E = _|
0.12f f— — 10°
0.1f- — =
0.081— = _
0.06—
C 10°
0.04F
0.02
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25 3
Neutron multiplicity
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Neutron energy

- Very few measurement exist for the spectra of
secondary particles from mono-energetic source of
photons

- Nevertheless one may have confidence in the accuracy
of the evaluated spectra in case when the agreement
between calculated and measured channel cross section
(y, n) (y, 2n) is good

- This is because the energy dependence strongly
influences the relative population of various product
nuclides when multi-particle production is possible
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Neutron energy

- The emission spectra of the secondary particles was part of the
“Photonuclear Data for Applications” project by International Atomic
Energy Agency

- Tables are available in Evaluated Nuclear Data File (ENDF) format
https://www-nds.iaea.org/exfor/endf.htm
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https://www-nds.iaea.org/exfor/endf.htm

Particle generation

- Neutron is generated in the rest frame with energy generated using the
ENDF table and isotropic angular distribution

» Then it is boosted by the [ of the beam either to positive or negative
direction

Counts
Probability

II‘\IIlI\\‘\\IlII\lII
980 1000 1020 1040 1060
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Particle generation

- Neutron is generated in the rest frame with energy generated using the
ENDF table and isotropic angular distribution

» Then it is boosted by the [ of the beam either to positive or negative

direction
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mplementation
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Code notes https://github.com/mbroz84/noon

- Whole generator is rather small ROOT based utility

= Class ~1000 lines + two macros and ENDF

> Inherited from TObject

» Using TF1, TH1D, TH2D, TGraph, TClonesArray, TTree, etc...
« To run you need an input = the k distribution

» Invariant mass and rapidity distribution you just predicted for a current
photo-production process since you are a skilled phenomenologist

= You can run together with STARIlight

= Generator can produce flat neutron multiplicity distribution and run
standalone like that

» Interface mode = do it in other custom way within a framework you use
at your experiment
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Code notes https://github.com/mbroz84/noon

Output:
o It can produce a TTree with TParticles

> You can import the TClonesArray with TParticles to your framework
after every event

Units to communicate with outside world are GeV
> The input mass should be in GeV

= QOutput TParticle momenta are in GeV

Works for 2°8Pb only for the time being

= Near future: 197Au, 129Xe, 238U

Only coherent photon-pomeron process

= Near future: Two Photon process

s Medium term: Incoherent process
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Example of possible applications

- Can use theory predictions as a function of rapidity for the cross section of the
coherent photonuclear production of a vector meson, together with the mass
distribution of the vector meson to produce neutron multiplicities in a selected

* 7 INPUT
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e e — /d b O'f.,,AﬁVA(’y) Jr]dkM)UWAAVA(y)

dy dkd2b
= 7001 = 6 r
% - Hot-spot model + ngn % Hot-spot model i+ ngn
800F —— 5
N I-’_'_.,,.--"""'-r h‘1""---..‘.‘_‘_‘.‘ T
i jf-"‘“"ﬁ R — 4ar o e
400" e i
i - rIJ I o s W LLI
- 3 _rrlj 1LH_
= S e N
- . 0nXn 2 :,_.—'I_r'_rr —-0nXn .__L‘—._L
200} = XnXn [ — XnXn ]
foof t s S S
L I i e aa iy
| " |
D-v—f—l_f_ [T ' Y

'LD
|
W
|
[\S]
I
L
=
-
[\S]
w

< B
|
W
|
[aS]
I
N
=
-
(a1
w



Counts

107

1072

Number of neutrons (beam 2)

10°°

107

5
% 05 1 15 2 25 3 35 4 45 5 19

Number of neutrons (beam 1)

Michal Broz - 15.9.2020 - Tteti miniworkshop

difrakce a ultraperiferalnich srazek

Example of possible applications
- Can run as an STARIight afterburner

 An interface to STARlight is provided through the ROOT class TStarlight, so
that to each event one can add the neutrons produced by the generator

- Itis then trivial to pass these neutrons (along with the particles produced by
STARIight) through the detailed simulation of the experiments

= Probability
TT HN-‘

<

-2 e

| %
Nl
n

STARIlight + ndn

pPlyl< 1.0
— OnXn
— 1nXn

Ll g L1l 1 L1 I LIl 1 1 1 1
5 10 15 20 25 30 35 40 45 50
Number of neutrons (beam 1)
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Summary

Neutrons from nuclear break-up which can pile-up a photo-
production event are widely used on present HEP experiments for
both, triggering and physics

STARIlight and phenomenologists can predict the event fractions for
various break-up scenarios, but no Monte Carlo generator
producing the emission neutron was on the market up to now

We collected the available methods used to predict the break-up
probability, expanded them using additional experimental data and
nuclear modeling and made a Monte Carlo generator of the
neutrons from nuclear break-up

Generator is a ROOT based tool which can run in several ways
according to the user needs

Generator is public, available on

27
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Outlook

- An updated version of n8n will appear on GitHub soon
- Extended by 197Au, 29Xe and 238U nuclei
= Nuclear break-up in yy interactions
= Framework for easy management of cross section datasets

 Coupling to STARIlight within ALICE framework is being
tested

- An extension by a model for forward neutrons in
incoherent interactions is foreseen

- An extension to electron-Ion collision systems is being
discussed

28 H
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Backup
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Neutron emission in UPC

E ! "ALICE Pb-Pb |5 = 276 TeV
experiments
. 10’3; 1N SN AW
o ALICE studied the event e e

ZDC neutron energy {GeV)

multiplicities in various cases of

. . f 0 Selection ~ Number of events Fraction STARLIGHT GDL
neutron emission for p® and _
All events 7293 100 %

IP(QS) On0n 6175 84.740.4(stat.) 104 (syst.) % 70 % 80 %

Xn 1174 16.140.4(stat.) "2 2 (syst.) % 21 % 20 %

OnXn 958 13.140.4(stat.) Ty (syst.) % 16 % 15 %

XuXn 231 3.240.2(stat.) F)H (syst.) % 5.2 % 4.5 %

Data Fraction STARLIGHT RSZ

On On 20 71 )% 66% 70%

Xn 8 (2973MH% 34% 30%

On Xn 7 (2573N% 25% 23%

Xn Xn 1 48 9% 7%
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Neutron emission in UPC
experiments

« STAR required signal compatible with at o :
least one neutron in both neutron ZDCs in o — ortimxano ¢
the trigger for p° i 1

® data XnXn

« STAR p° cross sections are published for 2

{XnXn) [mb]
T
|
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dy
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Neutron emission in UPC

experiments
o _ QfUtFo POty 188K (276 TeV)
« CMS coherent J/y cross section is E oms T Cus data ;
measured for the case when the J / y s r B Impulse approximation .
mesons are accompanied by at least :3 i -eading fuistapproxmaton -
one neutron on one side of the d: E
interaction point and no neutron 5F E
activity on the other side (Xnon) af =
 UPC trigger also selects the XnXn, 3t -
1non, and 1n1in break-up modes. o 3
- In the end the cross section is scaled 1 s
from Xnon to total T I AT S PP PP PO Mo

050 05 115 2 25 3 35
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Hadronic interaction probability

« In this work we only consider the Coulomb break-up of the nucleus.

 The factor exp(—Pr(b)) ensures that the reaction is unaccompanied by
hadronic interactions

- The mean number of projectile nucleons that interact at least once we can

write as: o B
Pr(b) = / 27T (7 — B)(1 — exp(—oxnTp(7))

- here we use nuclear thickness function 7,7 = / dzpa(V |71 + 22)

- and nuclear density for a nucleus A at distance s from its center is
modeled with a Woods-Saxon distribution for symmetric nuclei

P0
1 4+ exp(== RWS)

pa(s) =



Nucleus break-up probabilities
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Probability

80 80 100
Impact parameter [fm]
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Normalization ratio
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