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Abstract

The first measurement of neutron emission in electromaguligsociation 0f°8Pb nuclei at the
LHC is presented. The measurement is performed using thgomedero Degree Calorimeters
of the ALICE experiment, which detect neutral particlesseldo beam rapidity. The measured
cross sections of single and mutual electromagnetic dissme of Pb nuclei at/Syy = 2.76 TeV
with neutron emission arésingie emp = 187.2+ 0.2 (stat.) '138 (syst.) b andomutual EMp = 6.2+
0.1 (stat.)+0.4 (syst.) b respectively. The experimental results anepared to the predictions from
a relativistic electromagnetic dissociation model.

*See Appendix A for the list of collaboration members
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In ultra-peripheral collisions the two interacting nuatellide at an impact parameter larger than the sum
of the nuclear radii and hence the interaction is purelytedetagnetic. The equivalent photon method,
proposed by Fermi [1] in order to treat the moving electronedig field of a charged particle, was
later extended by Weizsacker and Williams to collisionsilra-relativistic electrons and protons with
nuclei [2, 3]. As beam energy increases, the photon spediardens and the flux is enhanced, due to the
increase of the Lorentz contraction of the Coulomb field. édwer the photon flux is proportional 73,
with Z the charge number of the emitting nucleus. Therefore therelmagnetic interactions become
dominant in ultra-relativistic collisions of heavy-iongwo processes, the bound-free pair production
and the electromagnetic dissociation (EMD), have attcaspecial attention in the last years, since they
provide stringent limits on the beam lifetime in heavy-iailiders [4]. As predicted [5], the excitation
and subsequent decay of the Giant Dipole Resonance (GDRMmiision of one or two neutrons from
colliding Pb nuclei occurs in-60% of EMD events at the LHC. This can be exploited to meashwe t
luminosity at heavy-ion colliders by detecting forward tveas [6].

This Letter reports the first measurement of the electromtagdissociation cross section®¥fPb nuclei
at,/Syn = 2.76 TeV via neutron emission, performed using the Zerar@=galorimeters (ZDCs) of the
ALICE experiment [7] at the Large Hadron Collider (LHC). TE®Cs are ideally suited to tag EMD
interactions, since the resulting neutrons from the GDRagdese emitted very close to beam rapidity
and are the most abundant particles produced in these pascedhe data were collected using the
neutron ZDCs (ZNA and ZNC), located 114 m away from the Intéoa Point (IP) at the so-called A
and C sides of the ALICE detector. Each ZN is placed at zeroedegith respect to the LHC beam axis
and is used to detect neutral particles at pseudo-ragidiifie> 8.7. For the present analysis two small
forward electromagnetic calorimeters (ZEM1 and ZEM2)cpthon the A side at 7.35 m from the IP
(4.8 < n <5.7), are also used to tag hadronic interactions.

The experimental results are presented and compared teetivab predictions of the Relativistic ELec-
tromagnetic DISsociation (RELDIS) model [5], which is dgstd to describe electromagnetic interac-
tions between ultra-relativistic nuclei including singled double virtual photon absorption, excitation
of giant resonances, intra—nuclear cascades of producidrisaand statistical decay of excited residual
nuclei. Above the GDR region photon-induced reactions mmore complicated leading to multiple
(>3) emission of neutrons [8]. RELDIS accurately reprodutes ¢éxperimental observation and also
predicts further increase of the mean number of neutronsoatite width of their multiplicity distri-
bution as photon energy increases [9]. Calculations basdti® model provide a good description of
neutron emission in electromagnetic dissociation of Pk &irthe CERN SPS [10] and of Au ions at the
Relativistic Heavy lon Collider (RHIC) [11].

During the,/syn = 2.76 TeV Pb-Pb data taking in 2010, an EMD run was performagljiring a min-
imum energy deposit in at least one of the two ZNs3x 1P events were collected). The energy
thresholds were-450 GeV for ZNA and~500 GeV for ZNC and were placed approximately three stan-
dard deviations below the energy deposition of a 1.38 Te\raruln this dedicated run only the ZDCs
were read—out. The trigger was set to tag neutrons emitt&&MB as well as hadronic interactions
(see Figure 1). Following a common convention we define afesiBMD a process where at least one
neutron (1n) is emitted by a given Pb nucleus disregardiedate of the other nucleus. Mutual EMD
events, where at least 1n is emitted by both Pb nuclei, anebhedevents were selected offline requiring
a minimum signal in both ZNs.

In the 2010 Pb-Pb run ZNs were used as the ALICE luminometevji¢ing different logical combina-
tions of signals (ZDC triggers). In particular during a bes@paration van der Meer (vdM) scan [12],
a cross sectiowyM - e = 371.4+ 0.6 (stat.) T93 (syst.) b was measured for the (ZNA OR ZNC)
trigger, tagging single EMD plus hadronic interactions.e Hystematic error of5.2%+ 6.4% can be
decomposed as follows:.3%%6 uncertainty coming from the vdM scan analysis [13], dated by the
calibration of the distance scale during the scaB%-+ 4.7% uncertainty coming from the measurement
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Fig. 1: Energy deposition in ZNC versus ZNA for single EMD plus hadeeevents. The 1n signal is at 1.38 TeV.
The events where at least 1n is detected by both ZNs are as=htd mutual EMD and hadronic processes.

of the beam intensity, dominated by the beam current tram&fis scale [14] and by the non-colliding
(ghost) charge fraction in the LHC beams [15, 16].

The energy spectrum for the ZNA is shown in Figure 2, for ev@mtvhich there is a signal in at least one
of the two ZNs (not filled area) or for events in which ZNA is fireshaded area). The selection of events
with signal in ZNA is performed offline using the timing infoation provided by a TDC. In the first case
a pedestal peak centeredeat= O is visible, which corresponds to events where no signagtisaled by
the ZNA and the trigger is fired by the ZNC. As can be inferredrigure 2 the TDC selection rejects
only events in the pedestal. The width of the pedestal pes#taged to the noise of electronic modules.
In the energy spectrum a pronounced 1n peak at 1.38 TeV ismgrdsut also 2n, 3n, 4n... peaks are
clearly identified. The requirement of a signal in the TDCtfa ZNA and the ZNC, respectively, allows
to calculate two different estimates of the number of evéwois single EMD plus hadronic processes.
The average of the two results is then calculated (the difiee between the response of the ZNA and
the ZNC is about 2%).

A second event selection requires a signal in one of the ZNisnbt in the other one. In this way
hadronic events, which mostly lead to disintegration ohbmtlliding nuclei, are rejected. In this case
the mutual EMD events are also removed from the spectrum faréfore the selected process is the
single EMD minus the mutual EMD. The energy spectrum is showRigure 3 together with the fit
obtained by summing four Gaussians. The curve for the 1n paakhree free parameters, while the
following Gaussians describing tfif8 peak have a constraint both on the mean valiue(uin =ix uln,

wherep, is the mean value faf" neutron peak) and on the width, (oin = \/I X aln d) +0o ped,

whereai, is the width of thei™ neutron peak andpeq is the width of the pedestal peak). The relative
energy resolutioroy,/ i, of the 1n peak at 1.38 TeV is 21% for the ZNA and 20% for the ZNC, i
agreement with expectations from beam tests at the CERN BR%Mfd Monte Carlo extrapolation to

LHC energies. Similarly to the previous analysis we madeatlezage of the ZNA and the ZNC results,
which difference is about 2%. The contamination from beasielual gas interactions, estimated via
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the observed rates with non-colliding beams, is of the oodl&% and is considered in the systematic
uncertainty.
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Fig. 2: ZNA energy spectrum requiring signal over threshold in ZNAZbIC (not filled area) superimposed to

ZNA energy spectrum requiring signal in ZNA (shaded ared)e Tirst peak centered & = 0 corresponds to
pedestal events.

Table 1: Cross sections (barn) fqysyny = 2.76 TeV Pb-Pb interactions (systematic errors are daedhiay the
vdM cross section errors).

Physical Process Data RELDIS
single EMD + | 194.6+0.3 stat."151 Syst. | 192.9+9.2
hadronic
single EMD - | 181.2:0.3 stat."{75 syst. | 179.7:9.2
mutual EMD
mutual EMD 6.2+0.1 stat.£0.4 syst. 5.5+0.6
hadronic 7.5+0.1stat. oo syst. | 7.740.4

single EMD | 187.2£0.2 stat.' ;37 syst.| 185.2:9.2

The cross sections, listed in Table 1 (first two rows), areuwated using the (ZNA OR ZNC) cross
section measured during the vdM scadloc = agﬁ,“,QOR zne X Nproo/Nznaorzne, WhereNproc is the
number of events in the sample of the selected procesBlaibr zne is the number of events collected
with the same trigger as used to determid¥ o~ The calculated values are corrected for the ZN
detection probability (98.7% 0.04%(stat.)+ 0.1%(syst.)), estimated from a Monte Carlo simulation
using RELDIS as event generator. The systematic errorsjmdted by the uncertainties of the cross
sections measured during the vdM scan, take also into attoermifference between the response of
the ZNA and the ZNC (2%), the uncertainty due to the fitsl@o) and the difference between the beam-
gas background in the vdM fill with respect to the analysed4illL%).

The predictions of the RELDIS model fqysyy = 2.76 TeV Pb-Pb EMD interactions are also shown
in Table 1. The agreement between data and model predidsamsnarkable. In calculations of the
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Fig. 3: ZNA energy spectrum requiring signal over threshold in ZN4& hot in ZNC, rejecting thus neutron
emission on the opposite side. The dashed lines represeniriple fits of the different peaks (1n, 2n,...), while
the continuous line is the sum of all the contributions.

EMD cross sections various approximations of the total ghiogorption cross sections on lead are used,
leading to 5% uncertainties in the predicted values [5]. sEherrors include the difference between
RELDIS and other theoretical predictions [18].

A third event selection is performed to select mutual EMD hadronic events requiring a minimum en-
ergy deposition in both ZNs. To disentangle the two procedbe ZEMs are used to select events with
no signal in any ZEM or a signal in at least one of the two ZEMspectively. The energy threshold for
each ZEM is about 10 GeV. Figure 4 shows the ZNA energy specton the mutual EMD (continuous
line) and hadronic (dashed line) event selection. The nmedstross section for the mutual EMD and
hadronic processes are calculated, as in the previoussialging the vdM (ZNA OR ZNC) cross sec-
tion. The contamination of hadronic events in the mutual Eé&inple and of mutual EMD events in the
hadronic sample is evaluated from simulations using, @smdy, RELDIS and HIJING[19], combined
with a simple fragmentation model as event generator [20le ZEM trigger efficiencies for mutual
EMD and hadronic event selection are 96.a94.1%(stat.) &= 0.6%(syst.) and 92.4% 0.3%(stat.)

+ 1.0%(syst.). The measured cross sections and the ZEM tréffieiencies for the two processes are
inserted in a system of equations in two variables, wheraittkmowns are the true mutual EMD and
the true hadronic cross sections, respectively. The drtta@lues are corrected for the estimated ZN
detection probability for mutual EMD (95.7% 0.07%(stat.)+ 0.5%(syst.)) and for hadronic (97.0%
+ 0.2%(stat.)+ 3%(syst.)) events. The final cross section results are suiredeand compared to the
RELDIS predictions in Table 1 (third and fourth rows).

The single EMD cross section listed in Table 1 (last row) isnested from previous measurements,
making an average of the (single EMD + hadronichadronic and the (single EMB mutual EMD) +
mutual EMD cross sections.

For the single EMD minus mutual EMD event selection the mesasiractions of 1n, 2n and 3n events
with respect to the total number of events is estimated €rahl The table contains also the relevant
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Fig. 4: ZNA energy spectrum for mutual EMD (no signal in any ZEM, doabus line) and hadronic (a signal in
at least one of the two ZEMs, dashed line) event selectioer.ifi$ert shows an expanded view of the low energy
region.

expectations for the ratios based on the calculations WghRELDIS model. The 1n and 2n emission
channels give the main contribution (63%), confirming thitlEprocesses proceed predominantly via
GDR excitation and subsequent decay by neutron emissiorcording to RELDIS, 3n emission is
mostly induced by energetic-@0 MeV) equivalent photons and frequently accompanied higson of
protons and pions. The measured 1n and 2n yields are mudr tdoRELDIS predictions compared to
the 3n yields. This can be explained by the fact that RELDIS aleeady tuned by comparison with 1n
and 2n data on photoabsorption on lead [5] and on EMD of 30 A @e¥ nuclei [10]. Unfortunately,
the data on neutron emission induced by photons above 140dvieabsent, while according to RELDIS
almost half of 3n events is due to such energetic photonsMB Ealculations the native photonuclear
reaction model of RELDIS can be replaced by the GNASH codg [Riis providing slightly different
results for 1n and 2n yields. On the basis of this differeheetiheoretical uncertainties listed in Table 2
are estimated.

Table 2: Neutron emission fractions for single EMD minus mutual EMgess in,/Syy = 2.76 TeV Pb-Pb
interactions.

Ratio Data(%) RELDIS(%)
1n/Ngt | 51.5+0.4 stat.+0.2 syst.| 54.2+2.4
2n/Nyt | 11.6+0.3 stat.+-0.5 syst.| 12.7+0.8
3n/Ngt | 3.6+£0.2 stat.£0.2 syst. 5.440.7
2n/1ln | 22.5+0.5 stat.+0.9 syst.| 23.5+2.5

Our 2n to 1n ratio of 22.5% in single EMD can be compared to #ilaesof 19.7% reported for Pb-Pb
collisions at 30 A GeV at the CERN SPS [10]. As predicted by RE, the observed weak increase
of the 2n to 1n ratio with collision energy is due to additibBa events produced by more energetic
equivalent photons at the LHC.

Finally, Figure 5 presents total and partial EMD cross sestifor emission of one and two neutrons
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Fig. 5: Total single EMD cross sections and partial EMD cross sestfor emission of one and two neutrons as
a function of the effective Lorentz factggs. The closed symbols are our data, while the open symbolssept
the results obtained at CERN SPS [10] at 30 GeV. The RELDISigtiens [10] for total, 1n and 2n EMD cross
sections are shown as solid lines.

measured by ALICE compared to CERN SPS data [10]. The restilise RELDIS model are also
shown for a wide range of the projectile effective Lorerdetbr y calculated in the rest frame of the
collision partner. As seen, both data sets are successfesigribed by the model despite of six orders-
of-magnitude span af.

In summary a first measurement of electromagnetic dissogiat \/Syv = 2.76 TeV Pb-Pb collisions
was performed at the LHC by detection of the emitted neutwatisthe ALICE ZDCs. The measurement
tests the theoretical predictions used for estimationeahblosses. The RELDIS model predictions are
in a very good agreement with our experimental results. Teéasurements reported here establish exper-
imentally the EMD cross section scale for the first time at Lét@rgy. We finally note that the ALICE
ZDC detectors, calibrated through these results, providgossibility of a direct absolute measurement
of the LHC beam luminosity.
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