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1 Introduction

Ultra-peripheral collisions of ultra-relativistic lead ions are a tool for studying γ-nucleus or γγ

interactions at the LHC. Beams of lead ions at the LHC are a source of intense photon fluxes

with very high energies, due to the effect of Lorentz contraction and the fact that the equivalent

flux of almost real photons around lead ions is proportional to the square of their charge.

Since in ultra-peripheral collisions the impact parameter is greater than the sum of the nuclear

radii, hadronic interactions are suppressed and electromagnetic interactions dominate. Exper-

imentally, ultra-peripheral collision events are characterized by very low multiplicities in the

central rapidity region and rapidity gaps outside central rapidity.

In this thesis, photoproduction cross section measurements performed by ALICE (A Large Ion

Collider Experiment) in ultra-peripheral collisions are summarized. After a review of ultra-

peripheral physics in this section, the sub-detectors of ALICE used in ultra-peripheral anal-

yses are described in section 2. Section 3 contains a review of ALICE measurements of ρ0

photoproduction in Pb-Pb collisions at
√

sNN = 2.76 and 5.02 TeV, and section 4 summa-

rizes ALICE measurements of continuum γγ → e+e− photoproduction in Pb-Pb collisions

at
√

sNN = 2.76 TeV. ALICE measurements of J/ψ photoproduction in Pb-Pb collisions at
√

sNN = 2.76 TeV and in p-Pb collisions at
√

sNN = 5.02 TeV are discussed in section 5. In

section 6 detector upgrades for LHC run 3 and 4, and prospects for ultra-peripheral measure-

ments in run 3 and 4 are described. The last section contains a summary and conclusions.

1.1 Ultra-peripheral collisions

A collision of two ultra-relativistic ions is called ultra-peripheral, when the impact parameter

b is larger than the sum of the radii of the two ions, see figure 1.1. As a consequence the

interaction between the two ions is dominated by electromagnetic processes, while hadronic

interactions between the two ions are suppressed. For a review of ultra-peripheral physics see

[1–3] and the references therein. Ultra-peripheral collision are called coherent if the photon

is emitted coherently by all nucleons and incoherent if it is emitted by a fraction of all nuclei.

When the interaction is coherent (incoherent), the transverse momentum of the produced state

is small (large).

As shown in figure 1.2 there are two main ways in which ultra-peripheral collisions can proceed:

γγ interactions and γ-nucleus interactions, where in the latter case the nucleus may break up

due to additional photon exchanges. In this thesis we present ALICE measurements of ultra-

peripheral processes in Pb-Pb collisions at the LHC covering all three of these modes.
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Fig. 1.1: Schematic diagram of an ultra-peripheral collision of two ions [2]. In ultra-peripheral collisions
the impact parameter, b, is larger than the sum of the two radii, RA +RB.

Fig. 1.2: A schematic view of (a) an electromagnetic interaction where photons emitted by the ions
interact with each other, (b) a photon-nuclear reaction in which a photon emitted by an ion interacts with
the other nucleus, (c) photo-nuclear reaction with nuclear breakup due to photon exchange [2].

1.2 Equivalent photon approximation

A long time ago it was realized by E. Fermi [4, 5] and subsequently Weizsäcker and Williams

[6, 7] that the electromagnetic field around an ultra-relativistic nucleus can be described as a

flux of almost-real photons. In this so-called equivalent photon approximation, the number of

photons per unit area and per unit energy at a distance b from a given ultra-relativistic nucleus

with Lorentz factor γ is given by [1, 2, 8]

d3N(k,b)
dkd2b

=
Z2α

π2
k

(h̄c)2
1
γ2

[
K2

1 (x)+ γ
−2K2

0 (x)
]
, x = kb/γ h̄c , (1.1)
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where α ≈ 1/137 is the electromagnetic fine structure constant, and K1, K0 are modified Bessel

functions. For ultra-relativistic ions, i.e., γ � 1, the second summand can be neglected.

The equivalent photon flux in Equation (1.1) is given in the rest frame of the nucleus: the

Lorentz boost γ in the frame of the target nucleus is related to the Lorentz boost in the collider

center of mass frame, ΓCM, by γ = 2Γ2
CM− 1, and the Lorentz factor of a moving nucleus is

γ = EA/MA� 1 where EA and MA denote the energy and the mass of the nucleus, respectively.

Because the equivalent photon flux in Equation (1.1) is proportional to Z2, it is enhanced by a

factor of 822 = 6724 in Pb-Pb collisions compared with proton-proton collisions. The virtuality

of the photons around an ultra-relativistic nucleus is bounded by |q|2 < h̄c/RA [2] which for

lead nuclei translates into |q|2 ≈ (30MeV)2.

The photon flux for gamma-nucleus interaction is obtained by integrating equation (1.1) over

the two-dimensional impact parameter space:

dNγ

dk
=
∫

d2bP(b)
d3N(k,b)

dkd2b
, (1.2)

where P(b) is the probability for having no hadronic interaction at impact parameter b, see, e.g.,

[9, 10]. Similarly, the photon flux for two-gamma interactions is defined as

d2Nγγ

dk1dk2
=
∫

d2b1d2b2P
(
|b1−b2|

)d3N(k1,b1)

dk1d2b1

d3N(k2,b2)

dk2d2b2
. (1.3)

The probability for having no hadronic reactions is [9]

P(b) = exp
(
−σNNTAA(b)

)
, (1.4)

where σNN is the nucleon-nucleon interaction cross section, and TAA(b) is related to the so-

called nuclear thickness, TA(b),

TAA
(
|~b|
)
=
∫

d2rTA(~r)TA
(
~r−~b

)
, (1.5)

and the nuclear thickness is obtained by integrating over the nuclear density

TA
(
~r
)
=
∫

dzρA

(√∣∣~r∣∣2 + z2
)
. (1.6)

One parametrization of the nuclear density is due to Woods and Saxon [11],

ρA(r) =
ρ0

1+ exp
[
(r− rA)/a

] , (1.7)

where ρ0 is a normalization constant, rA is the nuclear radius, and the so-called skin depth a
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parametrizes the diffuseness of the nuclear surface. Equation (1.4) is motivated by the fact that

the number of nucleon-nucleon collisions follows a Poisson distribution with mean σNNTAA(b).

The equivalent photon fluxes in equations (1.2) and (1.3) can be used to relate cross section

in nucleus-nucleus collisions to elementary γ-nucleus and γγ cross sections, i.e., for γ-nucleus

processes we have

σ(AA→ AAV ) = 2
∫

dk
dNγ

dk
σ(γA→ AV ) , (1.8)

where the factor of two is there because the photons can be emitted by both nuclei. The photon

energy, k, is related to the final state meson rapidity, y, as

y = ln
k

2MV
, (1.9)

where MV is the mass of the produced vector meson. An example for such an interaction is the

photo-production of ρ0 mesons in Pb-Pb collisions, see section 3.

In two-photon interactions the final state rapidity Y and invariant mass W are related to the

photon energies k1 and k2 as follows

W =
√

4k1k2 , Y =
1
2

ln
(
k1
/

k2
)
, dk1dk2 =

W
2

dWdY , (1.10)

and this can be used to relate the cross section of a given two-gamma process in AA→ AAX

collisions to the cross section γγ → X as follows:

σ(AA→ AAX) =
∫∫ d2Nγγ

dWdY
σ(γγ → X)dWdY . (1.11)

In section 4, ALICE measurements of continuum photoproduction γγ → e+e− in Pb-Pb colli-

sions are described.

The nuclear form factor is the Fourier transform of the nuclear density. Since the Woods-Saxon

potential (1.7) cannot be analytically Fourier transformed, a good approximation, used e.g.by

STARLIGHT [9], is as follows, see also Fig. 1.3,

F
(

q =
√
|t|
)
=

4πρ0

Aq3

[
sin(qrA)−qRA cos(qRA)

] 1
1+a2q2 (1.12)

where q denotes the 4-momentum transfer q and t2 ≈ p2
T .

One way to obtain the cross section for γ-nucleus vector meson photo-production, γA→ VA, is

via a Glauber calculation, where γ p→ V p cross sections, e.g., measured at HERA, are used as

an input, see fig. 1.4. This method is used, e.g., in STARLIGHT [9, 10].
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Fig. 1.3: The electromagnetic form factor for gold [9]. The solid line is the exact result from Fourier
transformation of a Woods-Saxon potential, and the dotted line from equation (1.12).

Fig. 1.4: Total and elastic vector meson photoproduction measurements as a function of Wγ p at HERA
[12].

While the cross sections for γ-nucleus vector meson photo-production in Pb-Pb collisions are

only indirectly related to γ p → V p cross sections, i.e., using a Glauber model calculation, in

pA collisions the relation between them is more direct: for instance in exclusive vector meson

production off protons, the cross section measured in pA collisions is related to the γ p cross

section by multiplication with the photon flux, i.e.,

dσ
(

pA→V pA
)

dy
= k

dNγ

dk
σ
(
γ p→V p

)
, (1.13)
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where k is related to y as in equation (1.9). The photon can be emitted either from the proton or

from the nucleus. However, photon emission by the nucleus is strongly enhanced with respect

to that from the proton because of the large electric charge of the nucleus [13, 14]. The rapidity

y in the laboratory frame at which the vector meson, e.g., a J/ψ , is measured, is related to a γ p

energy Wγ p as follows,

W 2
γ p = 2EpMV exp(−y) (1.14)

where Ep is the energy of the proton beam. Therefore, by measuring vector meson production

in different rapidity intervals, different ranges in Wγ p can be probed.

1.3 Nuclear breakup in coincidence with photoproduction

In coincidence with vector meson photoproduction there may be so-called final state interactions

which lead to nuclear excitations, as shown in the Feynman diagrams in Figure 1.5. Experimen-

tally such interactions can be measured by detecting neutrons emitted from the excited nuclei,

e.g., in zero-degree calorimeters. Following the discussion in [15], we distinguish between two

Fig. 1.5: The dominant Feynman diagrams for vector meson production with nuclear excitation [15].

cases: (1) a general Coulomb excitation leading to the emission of at least one neutron, called

Xn, and (2) the emission of exactly one neutron corresponding to an excitation to the giant

dipole resonance of the nucleus, called 1N.

The probability for an excitation to any state emitting at least one neutron (Xn) is given, to

lowest order, by the following equation

P1st−order
Xn (b) =

∫
dk

d3n
dkd2b

σγA→A?(k) . (1.15)

Here, σγA→A?(k) denotes the cross section for nuclear excitation. It is obtained from experi-

mental data, see [16]. The dominant contribution to this cross section is due to the giant dipole

resonance which can be clearly seen at low energies in figure 1.6.

More precisely, equation (1.15) corresponds to the mean number of excitations at a given impact
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Fig. 1.6: Photo-nuclear absorption cross section as utilized for Au Coulomb dissociation calculations
[16].

parameter b. Using Poisson statistics, the probability PN for having exactly N excitations is

PN =
p(1)N

N!
e−p(1) , (1.16)

with p(1) denoting the probability for having one excitation. Therefore the probability for

emitting at least one neutron is given by the following expression,

PXn(b) = 1− exp
(

P1st−order
Xn (b)

)
, (1.17)

i.e., the probability for not emitting zero neutrons. When the integral over k in equation (1.15)

is truncated to include only the giant dipole resonance we obtain P1st−order
1n (b) which in turn can

be used to find the probability for emitting exactly one neutron,

P1n(b) = P1st−order
1n (b)exp

(
−P1st−order

1n (b)
)
. (1.18)

In events with mutual excitations of both nuclei, each excitation occurs independently, so the

probabilities (1.17) or (1.18) are multiplied. We distinguish four cases: (1) 0N0N — no neutron

emitted by any nucleus, (2) XN — at least one neutron emitted by any nucleus, (3) 0NXN —

no neutron emitted by one nucleus and at least on neutron emitted by the other nucleus, and (4)

XNXN — at least one neutron emitted by both nuclei. For calculating cross section for vector

meson photoproduction accompanied with neutron emission, the appropriate combination of

the probabilities in (1.17) and in (1.18) are included in the integration over impact parameter

space in equation (1.2).
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1.4 A flat MC generator for ρ0→ π+π−

Here we describe a method to generate 4-vectors of a given state X decaying into two daughter

particles, for instance, ρ0 → π+π−. As an input we use the rapidity Y , the transverse mo-

mentum pT , and the invariant-mass M of the state X . The 4-vector of X can be parametrized

as

v =
[
pT cosα, pT sinα, MT sinhy, MT coshy

]
, M2

T = M2 + p2
T (1.19)

where the angle α is uniformly distributed in [0,2π) and MT is called the transverse mass.

The 4-momenta of the two daughter particles can be generated as follows: (1) generate a 3-

vector ~p with length |~p|=
√

M2/4−m2 and a random uniformly distributed angle in the trans-

verse plane (x,y). Here, m denotes the mass of the daughter particle. The distribution of the θ

angle of ~p is determined by the combination of the spin of the mother particle and the type of

the daughter particles into which it decays. For instance, when a spin-1 particle decays into two

pions, the distribution in θ is given by:

dn
dcosθ

= 1− cos2
θ , for Spin1→ π

+
π− . (1.20)

Then, (2), tn the rest frame of X the 4-momenta of the two daughter particles are obtained as

v± =
[
±~p, M/2

]
, in the rest frame of v , (1.21)

and (3), in a final step, the 4-vectors of the daughter particles v± are boosted into the detector

center-of-mass frame using v.

This method is used by STARLIGHT, where the distributions of (M,Y, pT ) are derived from

numerical calculations. However one can use this method also with flat distributions for M, Y ,

and for pT , see section 3.
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2 The ALICE detector

Figure 2.1 shows a schematic view of the ALICE detector [17–19]. For a full description of the

ALICE experiment and its performance see [20, 21]. The central detectors are situated inside a

large solenoid magnet providing a B = 0.5 T field.

Fig. 2.1: The ALICE detector

For the ultra-peripheral analyses presented in this thesis the inner tracking system (ITS) and the

time projection chamber (TPC) are used for tracking in the central rapidity region, VZERO and

AD are used for vetoing on activity outside the central region, and the zero-degree calorime-

ters (ZDC) are used to detect neutrons emitted from lead ions. In addition, the forward muon

spectrometer is used for triggering on, and tracking of forward muons. Besides the vetoes on

VZERO and on AD, a positive trigger condition is needed. Such positive trigger conditions are

available thanks to the triggering capabilities of the two innermost layers of the ITS and of the

time-of-flight TOF detector, and are described below.

Figure 2.2 shows the pseudo-rapidity coverage of some of the detectors used in ultra-peripheral

analyses. Note that there is an almost continuous coverage in pseudo-rapidity between −7.0

and +6.5.
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Fig. 2.2: Pseudo-rapidity coverage of ALICE detectors used in UPC triggers. Note that ADA,ADC were
installed between LHC run 1 and run 2 and that the muon forward spectrometer and the zero-degree
calorimeters are not shown in this figure.

2.1 ITS

The inner tracking system (ITS) consists of six layers of silicon detectors arranged in a cylin-

drical fashion around the beam pipe with the innermost layer at a radius r = 3.9 cm and the

outermost layer at r = 43 cm. The two innermost layers are made of silicon pixel detectors

(SPD), the two middle layer are made of silicon strip detectors (SSD), and the two outermost

layers are made of silicon drift detectors (SDD). The six layers have a pseudo-rapidity accep-

tance of |η |< 0.9 w.r.t. a vertex at the nominal position at z = 0.

Besides being used for tracking and for precise vertex determination, the two innermost layers

(SPD) participate in the generation of UPC triggers. They are located at 39 and 70 mm from the

beam-pipe and use hybrid silicon pixel detectors with pixel size 50×425 µm2. The passage of

charged particles through a given pixel is provided as a binary output when the signal is above

a set threshold. As the two layers comprising the SPD are more close to the beam pipe than the

other four layer of the ITS, the pseudo-rapidity acceptance of the SPD, |η | < 2.0 for the inner

layer and |η | < 1.4 for the outer layer, is larger than the acceptance of the ITS as a whole.

For triggering purposes the pixels are combined into 1,200 so-called fast-or (FO) chips, 400 in

the inner and 800 in the outer layer, where the segmentation in the direction parallel to the beam

line is 20 FO chips, both for inner and for outer layer, and 20 (40) FO chips in the transverse

direction to the beam line in inner (outer) layer.

Using a powerful FPGA, a trigger can be generated from an arbitrary activity patters in these

FO chips. As part of UPC triggers two trigger conditions were used

– ≥ 2 FO chips fired (inner or outer layer)

– a topological SPD trigger selecting back-to-back activity, see figure 2.3, which requires a

4-fold coincidence between inner and outer layer FO chips.

During LHC run 2 the SPD topological trigger described above was generalized to arbitrary,

configurable opening angles and to two versions of forming the 4-fold coincidence, a more



14 C. Mayer

Fig. 2.3: SPD topological trigger selecting 4-fold coincidences of back-to-back activity in SPD FO chips.

narrow one and a more wide one.

In standard ALICE MC simulation the efficiency of active FO chips is assumed to be 100%,

while in reality this efficiency depends on the how many tracks pass a given fast-or chip. There-

fore a method was developed which evaluates this fast-or efficiency for low-multiplicity events

as a function of the number of tracks crossing a FO chip, using minimum-bias triggered events.

For the ultra-peripheral analyses described in the following sections, the efficiency for exactly

one track passing through a FO chip was used, given that the track multiplicity for the described

analyses is two, and therefore it is very unlikely that two tracks pass through the same FO chip.

2.2 TPC

The ALICE time-projection chamber (TPC) is the main tracking detector of the central barrel.

It is an 88m3 cylinder filled with a Ne-CO2-N2 gas mixture. This cylinder is divided into two

drift regions by the central electrode located at its axial center, where between the two end caps

and the central electrode there is a static electric field with 400 v/cm, see figure 2.4. When a

charged particle traverses the TPC the gas is ionized along its track, and the released electrons

drift in the electric field towards the end caps. At the end plates the electrons are amplified by

multi-wire proportional chambers which consist of 570,132 pads that form the cathode plane.

In this way, the transverse positions of a given track are determined by the projection to the end

caps along the beam axis, while the information about the z coordinates is obtained from the

measurement of the drift time. Because the gas in the TPC is at room temperature and subject

to changes in atmospheric pressure, the drift velocity is measured regularly during data taking

using a laser calibration system.

The TPC covers the full azimuth and |η | < 0.9 for full length tracks. For finding and recon-

structing tracks in the TPC, two-dimensional clusters in pad-row–time planes are used as an
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Fig. 2.4: Schematic view of the TPC field cage without readout chambers.

input, from which corresponding space points are reconstructed. The reconstruction of tracks

then proceeds using a Kalman filter, taking into account the magnetic field, multiple scattering,

energy loss in the gas, the removal of outliers, and distortions of the static electric due to the

build up of positive space charge at high interaction rates.

One of the advantages of using a Kalman filter for tracking is that a given track reconstructed in

the TPC can be followed through the ITS (and vice versa), improving the tracking precisions.

Figure 2.5 shows TPC track finding efficiencies and ITS–TPC matching efficiencies for Pb-Pb

collisions [21].

Fig. 2.5: Left: TPC track finding efficiency for primary particles in pp and Pb-Pb collisions (simulation).
The efficiency does not depend on the detector occupancy [21]. Right: ITS–TPC matching efficiency vs.
pT for data and Monte Carlo for Pb-Pb collisions.

Unlike in minimum-bias events, in ultra-peripheral events there are very few tracks in an oth-

erwise empty detector. For events consisting of two pions, figure 2.6 shows the resolution in
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two-pion invariant-mass at fixed pair-pT and the resolution in two-pion pair-pT at fixed invariant

mass.

Fig. 2.6: Left: Invariant mass resolution as a function of invariant mass at fixed pT of 2π system. Right:
pT resolution as a function of pT at fixed invariant mass of 2π system. Results are obtained based on
MC simulations. (Courtesy M. Poghosyan)

One of the advantages of using a time projection chamber is that the specific energy loss along

a given track provides excellent particle identification, down to very low transverse momenta,

see figure 2.7. For the ultra-peripheral analyses particle identification based on TPC dE/dx is

used to separate pions from electrons.

Fig. 2.7: TPC dE/dx vs. rigidity distribution for all events passing the offline trigger selection of events
with at least one Z > 1 track candidate. Left (right): Pb-Pb collisions in LHC run 1 (run 2). Only
negatively charged particles are shown.

2.3 TOF

The ALICE time-of-flight (TOF) detector is made of 1593 glass Multigap Resistive Plate cham-

ber (MPRC) detectors [22, 23], each with a sensitive area of 7.4×120 cm2. It covers pseudo-

rapidities between -0.9 and +0.9 and the full azimuthal angle, except the area in front of the
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PHOS detector. There are 152,928 read-out channels with time resolution of the order of 50 ps.

Its performance is reported in [24].

While the main use of TOF is for particle identification and precise event time determination,

see [25] and figure 2.8, for UPC purposes, TOF is used as part of UPC triggers.

Fig. 2.8: Distribution of β = v/c as measured by the TOF detector as a function of momentum for
particles reaching the TOF in Pb-Pb interactions [21].

For the purpose of TOF trigger generation, its 152,928 read-out channels are grouped into 72×
23 so-called maxi-pads. Based on activity patterns in these maxi-pads a trigger is generated.

For the ultra-peripheral triggers used to collect the data the analyses described in this thesis two

TOF trigger conditions were used:

– ≥ 2 TOF maxi-pads active (0OM2), and

– a topological TOF trigger selecting back-to-back activity patterns with opening angle

≥ 150◦ and 2 ≤ 6 active TOF maxi-pads (0OMU) [26].

2.4 VZERO

The ALICE VZERO detector [27] consists of two arrays of counters located on both sides of

the interaction point. Each of these arrays is made of 32 scintillators, where VZERO-A is

located at z = 330 cm on the opposite to the muon spectrometer, and VZERO-C is located at

z = −90 cm, see figure 2.9. The pseudo-rapidity coverage is 2.8 < η < 5.1 for VZERO-A

and −3.7 < η < −1.7 for VZERO-C w.r.t. a vertex at the nominal position at z = 0. Each

scintillator array is segmented into counters distributed in four rings, see figure 2.10.

The light generated in the scintillators made of BC-404 material is guided by wavelength shift-

ing fibers to photomultiplier tubes where it is converted into electrical pulses. These pulses
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Fig. 2.9: Position of the two VZERO arrays within the general layout of the ALICE experiment [27].

Fig. 2.10: Sketches of VZERO-A and VZERO-C arrays showing their segmentation. Scintillator thick-
nesses are 2.5 and 2 cm respectively. The scintillator segments on both sides of the dashed lines are
connected to the same PMT. [27].

are then preamplified and pulse-shaped (PASA) and then processed in its front-end electronics.

For this each signal is split into two paths, one amplified by a factor of 10 which is compared

against a fixed threshold and a second path which is not amplified and then used to measured

the integrated charge of the pulse in 25 ns intervals.

Besides providing a number of triggers based on the activity in the scintillators, the VZERO
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front-end electronics measures in each of the 64 channels the charge of the pulse, its lead-

ing time and the pulse width, i.e., the time over threshold. The time measurements are per-

formed using a custom ASIC developed at CERN, called high-performance time digital con-

verter (HPTDC) [28]. Figure 2.11 shows time correlations between VZERO-A and VZERO-C

where beam-beam and beam-gas activity regions can be clearly distinguished.

Fig. 2.11: Left: Weighted average time of flight of the particles detected in VZERO-C versus VZERO-A.
The dashed line intersection represents the time of the collisions at the interaction point, or the crossing
time of the background tracks at the vertical plane z ≈ 0 [27]. Right: Correlation between the sum
and difference of signal times in VZERO-A and VZERO-C [21]. Three classes of events – collisions
at (8.3 ns, 14.3 ns), background from Beam 1 at (-14.3 ns, -8.3 ns), and background from Beam 2 at
(14.3 ns,8.3 ns) – can be clearly distinguished.

One type of VZERO triggers is based on the time of a hit in a given VZERO channel: if the time

is in a window compatible with collisions (beam-gas), a so-called BB (BG) trigger is issued. As

part of ultra-peripheral triggers VZERO is used as a veto, i.e., the online requirement (during

data taking) is that there is no activity in the BB window in any VZERO channel. Then, offline,

one can further clean up the data sample by requiring no HPTDC time measurements (offline

veto).

2.5 AD

The Alice Diffractive (AD) detector was installed between LHC run 1 and run 2 [29]. It consists

of two assemblies of plastic scintillator pads located on both sides of the interaction point, at

about −20 m and +18 m, respectively. ADA is situated in the cavern at the A-side and ADC in

the LHC tunnel just next to the last LHC dipole magnet, near the wall separating the tunnel on

the C-side from the ALICE cavern, see figure 2.12.

Each station, ADA and ADC, consists of two layers of BC-404 scintillator pads where each

layer is made of four pads of dimension 181×216×25 mm3, arranged around the beam pipe.

In order to reduce background and electronic noise, coincidences between adjacent pads are

required, which provides a natural trigger for cosmic muons.
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Fig. 2.12: Drawings showing the positions of the ADC (left) and of ADA (right). ADC is located in
the LHC tunnel. It is using a small gap between the last dipole magnet and a flange that connects the
LHC beam pipe to a vacuum pump. ADA is fixed onto the concrete wall (gray) which limits the space
available for the ALICE experiment, and cannot be moved further away. (Courtesy T. Caudron)

The locations of ADA and ADC were carefully chosen in order to maximize the time differences

at which signals from beam-gas and from collisions arrive when the LHC runs with 25 ns bunch

spacing: the time-of-flight from the interaction point to ADC is TC = 65.2 ns and to ADA

TA = 56.6 ns.

Signals from beam-gas from the same bunch are advanced w.r.t. collision signal by −2TA =

−130.4 ns and −2TC = −113.2 ns, respectively, see figure 2.13. This can be easily seen by

following one bunch, e.g., arriving from the C-side and traveling towards the A-side. When it

crosses ADC it may make a beam-gas signal. Following this bunch further to the interaction

point it may interact with another bunch coming from the opposite side. Therefore the time

difference between crossing ADC (beam-gas hit) and the signal in ADC from the collision is

2TC. When there are 25-ns spaced bunch trains in the LHC the minimum distance of any beam-

gas signal w.r.t. a signal from a collision is 5.4 ns on C-side and 13.2 ns on A-side.

When particles traverse the BC-404 plastic scintillators, light is generated. This light is col-

lected by two wavelength-shifting bars attached to both sides of each scintillator pad and then

transferred by clear optical fibers to photo-multiplier tubes (PMT). On the C-side, the PMTs are

located in the ALICE cavern while the scintillators are on the other side of the wall in the LHC

tunnel.

When the light produced in the scintillator is absorbed in the wavelength shifting bars, it may

be emitted at a different wavelength. The time behavior of this emission follows an exponential

distribution with a time constant of about 8.5 ns for the used wavelength shifting bars made of

the material EJ-280.

The electrical pulses from the PMTs are then transferred to the front-end-electronics, which is
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based on the one from VZERO, using about 50 m long signal cables. Like for the VZERO

detector the signal from a given PMT is split into two signal paths: in one path the signal is

amplified and then compared to a fixed threshold from which the time, and time over threshold

measurements are derived, while in the second signal path the signal is not amplified and its

charge is integrated in intervals of one bunch crossing, i.e., 25 ns. The main difference between

the VZERO and AD front-end electronics is that in AD coincidences between adjacent pads are

required which is not the case for VZERO.

ALI-PERF-112098

Fig. 2.13: Left: time measurement in ADC vs. time measurement in ADA in proton-proton collisions
for run 234039. The secondary spots corresponds to beam background interactions. For single bunches,
AD beam background arrives −2TA (−2TC) earlier than collisions, resulting in an excellent rejection of
beam background. Right: measured time in ADA versus measured time in ADC, obtained in Xe-Xe
collisions, illustrating the excellent separation between the main bunch (center) and satellite bunches 5
ns away from each another. The small asymmetric tails are due to secondary particles produced in the
material between the interaction point and the detectors. (Courtesy Jean-Pierre Revol)

The time resolution of AD depends on the high voltage (HV) gain settings of the PMTs and on

the mean multiplicity seen by the scintillator modules. Typically it is about 0.4 ns on A-side and

0.3 ns on C-side, see figure 2.14. Due to the excellent time resolution, beam satellite bunches

can be clearly distinguished, see 2.13 right.

Fig. 2.14: Measured AD time distributions in ns, for A side (left) and C side (right), in Xe-Xe run
280234, showing a time resolution of 380 ps and 320 ps for A side and C side, respectively.
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For adjusting and equalizing the gain of the PMTs, so-called gain curves are used, see figure

2.15. For the gain curves, the position of the 1-MIP peak in the charge distributions of a given

channel is determined for different HV values and then fitted to the function
(
HV/a)b. These

gain curves are updated 2–3 times per year, usually before the start of pp data taking in the

beginning of each year and then again before data taking with Pb-Pb, p-Pb, or Xe-Xe collisions

It is important to make these adjustments because it was found that the PMT response decreases

with time (aging) which needs to be compensated for.

Fig. 2.15: AD gain curves obtained at the beginning of 2018 pp data taking period; the three points at
the lowest high voltages were obtained from the 90% quantile of the charge distribution and converted
into equivalent 1-MIP values in a combined fit as explained in the text.

Whenever a given pulse in a channel rises about the fixed threshold, a time measurement is

made. If, in addition, (1) the time is inside a configurable timing window and (2) there is co-

incidence between adjacent pads, a trigger is generated. There are two, independently config-

urable time windows, called beam-beam (BB) and beam-gas (BG) windows. The BB window

is adjusted to trigger on collisions and the BG window to trigger on beam-gas events. Figure

2.16 shows for each of the 16 channels the charge vs. raw time measurements: as the threshold

is fixed, the time measurements of larger pulses are earlier than for smaller pulses. This time-

slewing effect is corrected for during reconstruction. In addition, the vertical lines in figure

2.16 indicate the position of the BB window. It can be seen that the signals of all channels are

aligned and inside the BB window. In particular, when AD is used as a veto in UPC triggers it is

especially important that the tails of the pulses are as much as possible within the BB window.

Figure 2.17 shows a comparison of detection efficiencies for single diffraction with VZERO

only and with AD and VZERO. Because AD is located at larger distances to the interaction

point compared to VZERO it is sensitive to activity at larger pseudo-rapidities |η |, see also

figure 2.2.
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Fig. 2.16: Charge vs. HPTDC time in ns for a Pb-Pb run taken in 2018, and for the 16 AD channels.
Vertical lines indicate the position of the beam-beam time window.

Fig. 2.17: A-side detection efficiency for A-side single diffraction at
√

s = 13 TeV, as a function of
diffracted mass (left); C-side detection efficiency for C-side single diffraction at

√
s = 13 TeV, as a

function of diffracted mass (right). Comparison with and without AD is shown. Efficiencies at 14 TeV
are not expected to be significantly different from efficiencies at 13 TeV. (Courtesy E. Calvo)

2.6 ZDC

For detecting neutrons emitted by lead nuclei in ultra-peripheral collisions, a set of two neutron

zero-degree calorimeters (ZDC) are used. They are located along the beam line in the LHC

tunnel at a distance of about 114 m on both sides of the interaction point. At each side of the

interaction points are two ZDCs: one for detecting neutrons and one for detecting protons.

The ZDCs consist of metal plates into which quartz optical fibers are embedded. The material

of these plates is a tungsten alloy for the neutron ZDCs and brass for the proton ZDCs. When a

high-energy particle crosses the ZDC, it may produce light due to the Cherenkov effect which is

then guided by the optical fibers to photo-multiplier tubes where it is converted into an electric

signal. The amplitude of these signals is proportional to the energy of the incoming neutrons
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(or protons). For neutrons with |η | > 8.8 the detection probability in the ZDC is 99% [30].

Figure 2.18 shows the correlation between signals in the two neutron ZDCs where it can be

seen that the resolution is good enough to measure single neutron emission. The fact that for

Pb-Pb collisions,single neutron peaks are distinguishable helps in calibrating the signals from

the photo-multiplier tubes, as it provides an absolute energy reference.

Fig. 2.18: Correlation between signals in the two neutron zero-degree calorimeters [21]. Single electro-
magnetic dissociation events produce a signal in only one of the calorimeters. Mutual dissociation and
hadronic interactions populate the interior of the plot and can be distinguished from each other by the
signal in ZEM.

2.7 Muon spectrometer

The ALICE forward muon spectrometer [31] consists of three components, a front absorber,

a tracking system, and a trigger system, see figure 2.19. The conical front absorber is made

of carbon, concrete and steel equivalent to 10 interaction lengths. It is there in order to sup-

presses all particles except muons coming from the interaction vertex. In addition, there is a

conical absorber made of tungsten, lead and steel, that surrounds the beam pipe at small an-

gles (Θ < 2◦) and shields the spectrometer from secondary particles produced in interactions of

primary particles in the beam pipe.

The muon tracking system consists of five tracking stations, each one made of two planes of

Cathode Pad Chambers. A 7.2 interaction-length iron wall is placed after the tracking stations.

This iron wall is followed by the muon trigger system, which is made of four planes of Resistive

Plate Chambers arranged in two stations. A dipole magnet is positioned at about 7 m from the

interaction vertex and generates a magnetic field of 3 Tm (field integral). Due to this magnetic

field, the momenta of muon tracks can be measured.
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Fig. 2.19: Main components of the ALICE muon spectrometer.

The muon trigger system provides single-muon and dimuon triggers with a configurable pT

threshold, where due to the coarse grain of the trigger spatial information the pT threshold

is an approximate value. The pseudo-rapidity coverage of the ALICE muon spectrometer is

2.5 ≤ η ≤ 4 and its acceptance extends down to zero transverse momenta.
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3 Low-mass vector meson production

3.1 ρ0 photoproduction in Pb-Pb collisions at√sNN = 2.76 TeV

ALICE has measured for the first time the cross section of coherent ρ0 photoproduction at

mid-rapidity in ultra-peripheral Pb-Pb collisions at the LHC [32–34]. For the measurement

of the coherent photoproduction cross section the decay channel ρ0 → π+π−, which has a

branching ratio of almost 100% [35], was used. The measurement was done at mid-rapidity,

|y(π+π−)| < 0.5, which translates into equivalent photon-nucleus energies in the range 36 <

WγN < 59 GeV with 〈WγN〉= 48 GeV. Compared to previous measurements, e.g., at STAR [36],

this corresponds to an increase of the corresponding photon-nucleus energy range by about a

factor four.

3.1.1 Data sample and MC simulations

Two data samples were used which were collected with two different trigger conditions:

1. TOF only trigger: The trigger condition for this sample was ≥ 2 TOF maxi-pads fired.

This is a minimum bias like trigger. In contrast to other minimum bias triggers based on

coincidences between VZERO-A and VZERO-C, this trigger does include events with

rapidity gaps due to UPC.

2. TOF+SPD+VZERO trigger: In addition to the TOF trigger described above, two or more

fired SPD fast-or chips were required and a veto in both VZERO-A and in VZERO-C.

The integrated luminosity for both data samples was determined to be 48+3
−2 mb−1 and 214+14

−11 mb−1,

respectively, using the cross section for triggering on at least one neutron in the ZDC detectors.

The cross section for triggering on at least one neutron on the ZDC was measured in a van der

Meer scan [37] and found to be 371.4 ± 0.6(stat.)+24
−19(syst.) b [30].

In order to correct for trigger and detector inefficiencies, the STARLIGHT MC generator was

used [10]. In addition, MC simulations with flat distributions in invariant-mass, pair transverse

momentum, and in pair rapidity were used, see section 1.4. This has the advantage that MC

sampling in invariant mass is uniform and therefore statistical fluctuations at the tails of the

distribution are avoided. Using the flat MC simulation is justified because (1) at mid-rapidity

the distribution in rapidity is approximately flat, and (2) acceptance×efficiency is approximately

flat in pT for small pair pT .

3.1.2 Event selection and analysis cuts

Figure 3.1 shows an event display of an ultra-peripheral ρ0 candidate event, consisting of two

oppositely charged tracks in an otherwise empty detector. Besides the trigger selection the

following cuts were applied



ALICE UPC cross section measurements 27

Fig. 3.1: Event display of a typical ultra-peripheral ρ0 candidate event showing two oppositely charged
tracks in an otherwise empty detector.

– The VZERO-A and VZERO-C detectors were required to be empty.

– A primary vertex within ± 10 cm of the interaction point along the beam direction was

required

– Exactly two tracks were required having at least 70 (out of a maximum of 159) space

points in the TPC with Kalman filter χ2 < 4, and having at least one hit in SPD with ITS

Kalman filter χ2 < 36 (this is a fiducial cut). In addition the distance of closest approach

(DCA) to the vertex of each track was limited to DCAz < 2 cm and DCAxy < 0.0182 + 0.035p1.01
T

with the transverse momentum pT in units of GeV/c [21].

– Pion PID using TPC dE/dx for both tracks was performed using the deviation from the

Bethe-Block parametrization of the energy loss of pions in the TPC in terms of number of

sigmas: ∆σ2
π+ +∆σ2

π− < 16, see fig. 3.2 where the circle shows the used selection and the

entries in the upper right part of this figure are due e+e− pair production via two-photon

interactions.

In order to select mostly coherently produced ρ0 mesons, pion pair pT < 150 MeV/c was

required, and to avoid edge effects, the pion pair rapidity was restricted to |y| < 0.5. For the

signal, events with opposite-sign pairs of tracks were used, i.e., π+π−, and like-sign pair events,

π+π+ and π−π−, were subtracted. The fraction of like-sign events was found to be 2%.
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Fig. 3.2: Identification of π± using TPC dE/dx. Left: TPC dE/dx vs. track momentum; Right: nor-
malized deviations (number of σs) from the pion Bethe-Bloch parametrization for π− vs. π+. In both
cases pions are clearly separated from electrons. For the analysis, the cut indicated in the figure on the
right-hand side is used.

3.1.3 Extraction of the coherent photoproduction cross section

The signal extraction proceeds in two steps, 1) fitting the invariant-mass distribution corrected

for efficiency and acceptance, and 2) subtraction of the contribution of incoherent ρ0 production

using the pion pair pT distribution.

Fits to the invariant-mass spectrum One parametrization of the ρ0 invariant-mass distribu-

tion at two-pion rapidity y = 0 is due to Söding [38] and consists of the sum of two amplitudes:

dσSoeding

dmππ

=
∣∣∣A ·BW

(
mππ ;mρ0,Γ(mππ)

)
+B
∣∣∣2 , (3.1)

where A denotes the strength of a relativistic Breit-Wigner amplitude,

BW
(
mππ ;mρ0,Γ(mππ)

)
=

√
mππmρ0Γ(mππ)

m2
ππ −m2

ρ0 + imρ0Γ(mππ)
, (3.2)

having a mass-dependent width

Γ(mππ) = Γρ0
mρ0

mππ

(
m2

ππ −4m2
π

m2
ρ0−4m2

π

)3/2

. (3.3)

The constant amplitude B describes non-resonant pion-pair production. While in reality the

non-resonant pion-pair production is not constant, it is a good approximation in the kinematic

range for which this formula is being used which is from the threshold at 2mπ to Mρ0 +5Γρ0 .
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The fit of Equation (3.1) to the data results in

Mρ0 = 761.6±2.3(stat.)+6.1(syst.)MeV/c2 ,

Γρ0 = 150.2±5.5(stat.)+12.0
−5.0(syst.)MeV/c2 ,

|B/A| = 0.50±0.04(stat.)+0.10
−0.04(syst.)

(
GeV/c2)−1/2

,

where the systematic errors were were obtained by varying the track selection, fitting method

and fit ranges. The mass and the width of ρ0 are consistent with the values reported by the

PDG [35], however the ratio of the non-resonant to the resonant amplitude, |B/A|, is lower

compared to the earlier measurement by STAR [36, 39, 40] in Au collisions, where values

|B/A| = 0.81 – 0.89
(
GeV/c2)−1/2 for 〈WγN〉 in the range 7 – 12 GeV [36, 39, 40] were

measured. One explanation for the lower value of |B/A| observed by ALICE is, see [32], that

is may indicate that the non-resonant contribution is more strongly absorbed in heavy nuclei at

high energies, as had been previously suggested [41].

Another parametrization, due to Ross and Stodolsky [42] is

dσRS

dmππ

= f ·BW
(
mππ ;mρ0,Γ(mππ)

)(mρ0

mππ

)k

(3.4)

using either the mass-dependent width from Equation (3.3), or

Γ̃(mππ) = Γρ0

(
m2

ππ −4m2
π

m2
ρ0−4m2

π

)3/2

, (3.5)

i.e.
dσRS′

dmππ

= f ·BW
(
mππ ;mρ0, Γ̃(mππ)

)(mρ0

mππ

)k

. (3.6)

The fit of Equation (3.6) to the data results in

Mρ0 = 769.2 ± 2.8(stat.) +8.0
−5.2(syst.) MeV/c2 ,

Γρ0 = 156.9 ± 6.1(stat.)+17.3
−5.9(syst.) MeV/c2 ,

k = 4.7 ± 0.2(stat.)+0.8
−0.6(syst.) ,

where as before the systematic errors were were obtained by varying the track selection, fitting

method and fit ranges.

Also in this case the mass and width of ρ0 obtained from the fit are in agreement with the

values reported by the PDG. The parameter k, which parametrizes the deviation from a pure

Breit-Wigner shape, can be compared to measurements on proton targets at HERA: ZEUS mea-
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sured k = 5.13 ± 0.13 averaged over all momentum transfers [43] and k ≈ 6 for t = 0, while

H1 reported k = 6.84 ± 1.00, averaged over all momentum transfers [44]. The fact that k is

smaller for Pb targets than for proton targets indicates that the invariant-mass distribution for

Pb-targets deviates less from a pure Breit-Wigner resonance. Note that this is consistent with

the fit parameters obtained using the Söding formula.

The yield is extracted from the resonant part of Equation (3.1), i.e., setting B = 0 and integrating

between the threshold, 2mπ , and Mρ0 + 5Γρ0 . These integration limits were used in order to

be compatible with earlier measurements at HERA and by the STAR experiment at RHIC.

In addition, they are justified by the range of validity of the description of the invariant-mass

spectrum by the Söding formula (3.1).

Figures 3.3 and 3.4 show two-pion invariant-mass spectra corrected for efficiency×acceptance,

together with fits, using linear and logarithmic y-axes, respectively.
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Fig. 3.3: Pion pair invariant-mass distribution corrected for efficiency and acceptance, together with fits
of a Söding and a Ross-Stodolsky parametrization The resonant part of the Söding parametrization which
is used for extracting the ρ0 the yield is shown separately.

Subtraction of the incoherent ρ0 production The cut on pair transverse momentum ensures

that mostly coherently produced ρ0s are selected. However there is a small contamination by

incoherent UPC ρ0 production. Therefore, in a second step, this contamination is estimated

using the pion-pair transverse momentum spectrum.

The incoherent contribution to events with pT < 0.15 GeV/c was determined in two different

ways:

1. by fitting the sum of two exponential functions in p2
T to the pT histogram and integrating
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Fig. 3.4: Pion pair invariant-mass distribution corrected for efficiency and acceptance, like in Fig. 3.3
but with a logarithmic y-axis. There is a small bump near the f2 mass indicating two-photon production
of the f2 meson.

them over the interval [0,0.15] GeV/c, and

2. by using STARLIGHT-generated templates fitted to the pT distribution, see Fig. 3.5.

For this, pT -templates for coherent and incoherent ρ0 production are obtained from a

STARLIGHT MC simulation and then fitted to the two-pion transverse-momentum dis-

tribution obtained from data.

In both cases the relative number of incoherent events with pT < 0.15 GeV/c is 5.1%.

The two-pion transverse-momentum distribution shows a clear peak at pT < 150 MeV/c, con-

sistent with coherent photoproduction, and a high-pT tail which is very well described by

STARLIGHT.

However, the coherent peak in data is slightly shifted towards lower two-pion transverse mo-

menta in data compared to the STARLIGHT prediction. This has been observed before at lower

collision energies by STAR [45]. The two-pion transverse momentum distribution is related to

the Fourier transform of the nuclear profile function which can be modeled by a Wood-Saxon

function (1.7). In fact, STAR has obtained the nuclear profile function by a one-dimensional

Fourier transform from the diffraction pattern, see Figures 3.6.

The form factor of the nuclear profile function used in STARLIGHT is obtained from elastic

electron-nucleus scattering data which probes the nuclear charge density only, while the ρ0

couples both to protons and to neutrons. However the current limit on the difference of the

neutron and proton radii of 208Pb, called “neutron skin”, of 0.3 fm [46] does not fully account
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for the difference between the STARLIGHT prediction and the data.

The coherent peak in the two-pion transverse-momentum distribution can be parametrized as

an exponential distribution with slope b,

dN
dt

∝ exp
(
−bt

)
, (3.7)

where t =−p2
T . Note that the slope b is expected to be proportional to the square of the nuclear

radius, R2. ALICE has measured this slope and found b = 428 ± 6(stat.) ± 15(syst.) GeV2/c2.

In order to avoid interference effects at very low t, the region below |t| < 0.002 GeV2/c2 was

excluded from the fit of equation (3.7) to the data. We have verified that acceptance×efficiency

is flat for small pT . Therefore the systematic error on the slope b was obtained from the dif-

ference between STARLIGHT generated events at generator level and after passing through the

full detector simulation.

The corresponding measurement of the the slope b by STAR in Au-Au collisions is reported in

[36] where b = 388 ± 24 GeV2/c2 was found. The slopes found in ALICE and in STAR are

compatible within errors if one takes into account the different sizes of Au and Pb nuclei from

which an increase in b by ≈4-8% in Pb w.r.t. Au is expected.

Table 3.1 summarizes the systematc error taken into account for the cross section for the

SPD+TOF+VZERO triggered sample:

– The integrated luminosity was deterimined using the cross section for triggering on at

least one neutron in the ZDC, see [30] from where its systematic error was taken.

– The systematic error on the trigger efficiency is obtained by comparing the trigger effi-

ciency in MC simulation with the trigger efficiency obtained from a data sample triggerd

by ZDC only, see [47]. In addition there is a correction for TOF trigger dead time due to

late particles whose systematic uncertainty was estimated to be ±1.3%.

– The systematic error on the normalized yield Nyield is obtained by varying the fit method

(χ2 vs. log likeligood fitting) and fit ranges

– In order to determine the systematic error on track selection, three other track selections

have been used in addition to the default track selection described above: accepting tracks

reconstructed only in the ITS in addition to global ITS-TPC tracks, using only tracks

recontructed in the TPC, and using the default track selection with a stronger requirement

on the TPC.

– The contamination with continuum γγ → µ+µ− was treated as an systematic errror. It

was estimated to be 5% using two different methods: STARLIGHT simulation and mea-

suring the number of γγ → e+e− events.
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– The systematic uncertainty of the relative number of incoherent events was determined to

be ±0.7% by using different track selections.

– Events with one or more additional SPD tracklets were rejected. The relative number of

rejected events in MC was taken as the systematic error for this cut.

– The data sample taken with a TOF only trigger allows to estimate relative number of

coherent events cut by the VZERO veto which is found to be 10%. The systematic error

is determined from the estimated hadronic contamination, i.e., from events which have a

signal in the ZDCs.

Table 3.1: Summary of the systematic error in the cross section calculationfor the SPD+TOF+VZERO
trigger sample.

Variable Systematic error
Luminosity +6.5

−5.1 %
Trigger efficiency +3.8

−9.0 %
Trigger dead time correction ±1.3%
Signal extraction +0.8

−1.4 %
Track selection +3.7

−3.0 %
Particle ID +0.0

−5.0 %
Incoherent contribution ±0.7%
SPD tracklets ±0.5%
VZERO offline selection +0.0

−3.1 %
Total +9.2

−11.2 %

The total systematic error for the combined TOF-only and SPD+TOF+VZERO-triggered sam-

ple is obtained using the method described in [48], carefuylly disentangling correlated and

uncorrelated errors.
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Fig. 3.5: The two-pion transverse momentum spectra with a fit of STARLIGHT generated templates for
coherent and incoherent ρ0 production. Left: linear y-axis, right: logarithmic y-axis.

The number of ρ0s obtained from the fit to the invariant-mass spectrum is corrected for
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Fig. 3.6: Left: the one-dimensional Fourier transformation of the measured diffraction pattern shown a a
black histogram. The Wood-Saxon functional form with R = 6.38 fm and a0 = 0.535 fm is shown with
a blue curve [45]. Right: the unnormalized distribution for the −t value of ρ mesons generated with
Starlight is shown with blue markers to compare them with the same distribution extracted from data.

– incoherent events with pT < 0.15 GeV/c ( fincoh)

– events which have one or more additional SPD tracklet ( fSPD)

– number of coherent ρ0 events lost by the VZERO veto ( fVZERO)

in the following way:

Ncoh
ρ =

Nyield

1+ fincoh + fSPD + fVZERO
, (3.8)

with fincoh = 0.051 ± 0.007, fSPD = 0.030 ± 0.005, and fVZERO = −0.100+0.031
−0.000.

Using the corrected coherent yield, the integrated luminisity and the used rapidity interval, the

differential (in rapidity) cross section at mid-rapitity is obtained as follows

dσ

dy
=

Ncoh
ρ

Lint ·∆y
. (3.9)

Combining the two data samples, the cross section for coherent ρ0 photoproduction was found

to be ∣∣∣∣dσ

dy

∣∣∣∣
y=0

= 425±10(stat.)+42
−50(sys.) mb . (3.10)

Figure 3.7 shows a comparison of the measured cross section with model predictions. The mea-

sured cross section is in agreement with STARLIGHT [9, 10] and the calculation by Goncalves

and Machado (GM) [49] while the GDL (Glauber-Donnachie-Landshoff) prediction [50, 51] is

about a factor of two above the data. For a more recent calculation of the cross section of ρ0

photoproduction, which appeared after the ALICE measurement was published, see [52]. In

this more recent calculation, the includsion of nucleon shadowing in the calculation improves
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Fig. 3.7: Comparison of the measured coherent UPC ρ0 cross section at mid-rapidity with model pre-
dictions.

the agreement with data.
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3.1.4 Extrapolation from mid-rapidity to the total photoproduction cross section

The cross section measured at mid-rapidity, |y(π+π−)| < 0.5, can be extrapolated to the total

cross section by extrapolation. For this extrapolation to the total cross section, both STARLIGHT

and the GDL model were used. The deviation of these two ways of extrapolation from their

mean is about 8% and was added to the systematic error. In this way the total cross section for

coherent ρ0 photoproduction was obtained to be

σ
(
Pb+Pb→ Pb+Pb+ρ

0)= 4.2±0.1(stat.)+0.5
−0.6(sys.) b at

√
sNN = 2.76 TeV . (3.11)

The total cross section is shown in figure 3.8 as a function of
√

sNN where STAR measurements

at different
√

sNN in Au-Au collisions and the ALICE measurement in PbPb collisions are

compared to STARLIGHT and GDL predictions.
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Fig. 3.8: Comparison of the total coherent UPC ρ0 cross section (i.e., extrapolated to full rapidity) with
model predictions, together with earlier measurements by STAR in Au-Au collisions.

3.1.5 Nuclear breakup in coincidence with ρ0 photo-production

The ACLIE zero-degree calorimeters (ZDC) have an excellent detection probability of 99%

for neutrons with |η | > 8.8 [30]. Figure 3.9 shows the neutron spectrum in the ZDC for the

events selected for this analysis. Peaks corresponding to 0,1, and several neutrons are clearly

separated. The fit shown in this figure consists of a sum of Gaussian function, where the mean

of the nN Gaussian is n times the mean of the 1N Gaussian and the width of the nN Gaussian is
√

n times the width of the 1N Gaussian.

Three Different classes of events are considered using the ZDC neutron distributions:
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Fig. 3.9: Energy deposit in the Zero-Degree Calorimeters. The curves correspond to Gaussian fits for 0,
1, 2, 3, or 4 neutrons entering the calorimeter.

– 0N: no neutron in the ZDC, i.e, calorimeter energy less than 600 GeV

– 1N: exaclty one neutron in the ZDC, i.e., calorimeter energy between 600 GeV and 2000

GeV, and

– XN: one or more neutron in the ZDC, i.e., calorimeter energy above 2000 GeV.

As there are two ZDCs, one on each side of the interaction point, out of these three classes of

events for a single ZDC the following combinations were considered:

– 0N0N: no neutron detected in any ZDC,

– XN: at least one neutron detected in any ZDC,

– 0NXN: no neutron detected in one ZDC and at least one neutron detected in the other

ZDC,

– XNXN: at least one neutron detected in both ZDCs.

Note that some of the fractions shown in table 3.2 are correlated, i.e., the fractions for 0N0N

for XN should add up to 100%; likewise the sum of 0NXN and of XNXN should be equal to

XN. Because the fraction of incoherent events was estimated and subtracted independently for

each case the correlated fraction add up to 100% only within statistical errors. The fraction

shown in table 3.2 are consistent with STARLIGHT and GDL predictions within three standard

deviations.
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Table 3.2: The number of events that satisfy various selections on the number of neutrons detected in
the ZDCs. 0N0N corresponds to no neutrons emitted in any direction; XN to at least one neutron emitted
in any direction; 0NXN to no neutrons in one direction and at least one neutron in the other direction;
XNXN to at least one neutron in both directions.

Selection Number of events Fraction STATLIGHT GDL
All events 7293 100 %
0N0N 6175 87.4±0.4(stat.)+0.4

−1.9(sys.) % 79 % 80 %
XN 1174 16.1±0.4(stat.)+2.2

−0.5(sys.) % 21 % 20 %
0NXN 958 13.1±0.4(stat.)+0.9

−0.3(sys.) % 16 % 15 %
XNXN 231 3.2±0.2(stat.)+0.4

−0.1(sys.) % 5.2 % 4.5 %

3.2 ρ0 photoproduction in Pb-Pb collisions at√sNN = 5.02 TeV

The cross section for coherent ρ0 photoproduction in ultra-peripheral collisions of lead ions has

also been measured in LHC run 2 at a higher collision energy [53].

The trigger for ultra-peripheral events used in this analyis consists of vetoes on VZERO and

on AD and of a topological requirement in SPD. This topological SPD trigger requires a 4-fold

coincidence in SPD with a back-to-back topology, see figure 2.3. The event selection is as

follows

– require exactly two good tracks

– pair-pT < 0.2 GeV/c

– pair-rapidity
∣∣y(π+π−)

∣∣ < 0.5

The resulting acceptance×efficiency w.r.t. two-pion invariant mass for the trigger and event

selection is shown in figure 3.10 right.
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Fig. 3.10: Acceptance×efficiency w.r.t. two-pion invariant-mass [53].

A correction for the shadowing of ultra-peripheral events by the used vetoes was applied: when
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there are soft electromagnetic dissociaion processes in coincides within the timing windows of

the veto detectors proper ultra-peripheral events are shadowed by the veotes, i.e., lost because

there is no ultra-peripheral trigger. This effect was estimated by using an unbiased trigger,

observing the strength of veto shadowing as a function of interaction rate, and then applying a

correction to the observed ρ0 yield.

The invariant-mass spectrum is corrected for acceptance×efficiency and then the sum of three

amplitudes is fitted to it, see figure 3.11: a relativistic Breit-Wigner amplitude, BW (ρ0), see

equation (3.2), for ρ0, a constant amplitude, B, describing non-resonant pion pair production,

and an additional Breit-Wigner amplitude, BW (ω), describing the process ω → π+π−:

dσ

dmππ

=
∣∣∣A ·BW (ρ0)+B+Ceiα ·BW (ω)

∣∣∣2 +N ·pol6 . (3.12)

The background from continuum γγ → µ+µ− production is fixed to a STARLIGHT MC tem-

plate, and any remaining backgrounds are modelled by a polynomial of degree 6.

The mass of the omega (ω) meson is 782.65 ± 0.12 MeV/c2 and its branching ratio into two

pions is 1.53+0.11
−0.13% [35]. Although this branching ratio is small, the available statistics in the

LHC run 2 data sample is sufficient for detecting the interference between ρ0 and ω in the

invariant mass spectrum as a kink around the ω mass. In the fit, the mass and width of ρ0 are
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Fig. 3.11: Two-pion invariant-mass spectrum, corrected for acceptance×efficiency, together with a fit of
the sum of three amplitudes to the data, see equation (3.12) [53].

fixed to their known values which were taken from [35], and as before the yield is obtained by

integrating the resonant part for ρ0 in equation (3.12), i.e., setting B, C,and N to zero, in the

interval
[
2mπ , Mρ0 +5Γρ0

]
.

In the two-pion transverse momentum spectrum, shown in figure 3.12, the first and the second
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diffractive peak can be clearly seen. As for the run 1 analyis, the shape of the coherent peak

is more narrow in data as in the STARLIGHT MC simulation. While in the run 1 analyis

the contamination with continuum γγ → µ+µ− was treated as a systematic error, here it is

subtracted using a template generated by STARLIGHT.
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Fig. 3.12: Shown is the Two-pion transverse momentum distribution, together with templates for co-
herent and incoherent ρ0 production and for continuum γγ → µ + µ− production, all generated by
STARLIGHT. The fitted template for incoherent ρ0 production is used to subtract the constribution of
incoherent ρ0 production below pT < 0.2 GeV/c, [53].

As a result, the following cross section for coherent ρ0 photoproduction in Pb-Pb collision at
√

sNN = 5.02 TeV at mid-rapidity is obtained

dσ

dy

∣∣∣∣
y=0

= 448±2(stat.)+38
−75(syst.) mb . (3.13)

Figure 3.13 compares this measurement with a number of model predictions: STARLIGHT

[10], a Color Dipole Model (CDM) [54, 55], and a prediction due to Guzey, Kryshen, and

Zhalov (GKZ) [56]. The STARLIGHT prediction is compatible with the measurement within

1σ , while all other models shown in Figure 3.13 over-estimate the measured cross section.
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Fig. 3.13: Comparison of the measured cross section at mid-rapidity with model predictions:
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4 γγ processes in Pb-Pb collisions at√sNN = 2.76 TeV

4.1 Low-mass continuum dielectron photoproduction

For the two data samples used for tho ρ0 analysis described in section 3, ALICE also has

measured the cross section for continuum γγ → e+e− photoproduction [32]. For this mea-

surement, events with e+e− pairs in the kinematic range 0.6 ≤ M
(
e+e−

)
≤ 2.0 GeV/c2, and∣∣η(π+)

∣∣ < 0.9 and
∣∣η(π−)

∣∣ < 0.9 were used, and the cuts for particle identification were mod-

ified to select dielectron events; otherwise the same cuts as for the ρ0 analysis were applied.

The corrections for trigger efficiencies and for detector acceptance were obtained using STARLIGHT

events processed through the full ALICE detector simulation. As a result, the following cross

section for continuum γγ → e+e− photoproduction was measured

σ

(
0.6≤ M

(
e+e−

)
≤ 2.0GeV/c2,

∣∣η(e±)
∣∣< 0.9

)
= 9.8±0.6(stat.)+0.9

−1.2(syst.)mb . (4.1)

This measurement is compatible with the prediction by STARLIGHT which for the same kine-

matic range given σ = 9.7 mb. As a check it was verified that the cross sections obtained for the

two used data samples, TOF-only triggered, and SPD+TOF+VZERO-triggered, are compatible.

4.2 High-mass continuum dielectron photoproduction

In LHC run 1 there were two periods with Pb-Pb collisions: one in the end of 2010 and one in the

end of 2011. The analyses described so far, i.e., coherent ρ0 photoproduction and γγ → e+e−

photoproduction at e+e− invariant masses below 2 GeV/c2, are based on data taken in 2010.
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For the Pb-Pb run in 2011 the ultra-peripheral trigger in ALICE was modified in order to trigger

on higher invariant-mass two-track events such as J/ψ → e+e− and high-mass dielectron pho-

toproduction. This was achieved by modifying the trigger condition in TOF: while before the

TOF trigger requirement was that ≥ 2 TOF maxi-pads are active, for this analysis a topological

trigger condition in TOF was used.

This topological TOF trigger, see section 2.3, requires that between between 2 and 6 TOF maxi-

pads are fired and that the opening angle of at least one pair of fired TOF maxi-pads exceeds

150◦. As a consequence the invariant-mass of two-track final states is biased towards higher

invariant-masses above about 2 GeV/c2.

The measurement of two-photon photoproduction of electron pairs described below is published

in [47]. The trigger for ultra-peripheral events consisted of the following three requirements:

(1) at least two hits in the SPD detector; (2) the TOF topological trigger described above and in

section 2.3, a veto on VZERO-A and on VZERO-C. About 6.5× 106 events were selected by

this trigger, corresponding to an integrated luminosity of Lint = 21.7+0.7
−1.1µb−1.

The integrated luminosity was determined in two ways: in a van der Meer scan [37] where

σ = 4.10+0.22
−0.13(sys) b was found [57]. An alternative method based on using neutrons detected

in the two ZDCs was also used, see section 3.1.1 and [30]. The difference between these two

methods is about 3% which is consistent within one signal of the errors quoted above.

For this analysis the following cuts were applied, quoting [47]:

– a number of reconstructed tracks 1 ≤ NTRK ≤ 10, where a track is defined with loose

criteria: more than 50% of findable clusters in the TPC fiducial volume and at least 20

TPC clusters, matching with those found in the ITS;

– a reconstructed primary vertex;

– only two good tracks passing tighter quality cuts: at least 70 TPC clusters, at least 1

SPD cluster and rejection of tracks with a kink. Moreover the tracks extrapolated to the

reconstructed vertex should have a distance of closest approach (DCA) in the longitudinal

beam direction DCAL ≤ 2 cm, and DCAT ≤ 0.0182+ 0.0350/p1
T .01 cm in the plane

orthogonal to the beam direction, where pT is in units of (GeV/c);

– at least one of the two good tracks selected with the tight track selection with pT ≥ 1 GeV/c;

this cut reduces the background while it does not affect the genuine leptons from J/ψ de-

cay and from two-photon e+e− photoproduction;

– the VZERO trigger required no signal within a time window of 25 ns around the collision

time in any of the scintillator tiles of both VZERO-A and VZERO-C. The time width of

the trigger windows are limited by the design of the VZERO front-end electronics which

is operated at the frequency of the LHC clock, i.e., 40 MHz. In the offline analysis the
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event selection criteria consisted in an absence of a reconstructed signal in any of the

VZERO scintillator tiles. The time windows in the offline analysis are enlarged to 40 ns

and 60 ns around the collision time in VZERO-A and VZERO-C, respectively, and were

chosen in order to maximize the vetoing efficiency;

– the dE/dx for the two tracks is compatible with that of electrons or muons; Figure 4.1

shows the TPC dE/dx of the positive lepton candidate as a function of the dE/dx of the

negative lepton candidate, for J/ψ candidates in the invariant mass range between 2.8 and

3.2 GeV/c2. It is worth noting that the TPC PID resolution does not allow to distinguish

between muons and charged pions;

– the two tracks have same or opposite charges, depending on the analysis

– invariant mass either between 2.2 and 2.6 GeV/c2 or between 3.7 and 10 GeV/c2, exclud-

ing the J/ψ and Ψ(2S) resonances.

Fig. 4.1: dE/dx of the positive lepton versus the negative one, as measured by the TPC for J/ψ
candidates in the ultra-peripheral Pb-Pb collisions at

√
sNN = 2.76 TeV in the invariant mass range

2.8 < M < 3.2 GeV/c2 −0.9 < η < +0.9 [47]. Muon pairs and electron pairs are clearly separated,
with the latter showing higher dE/dx values.

The systematic errors are summarized in table 4.1, and include systematic errors for the inte-

grated luminosity, trigger dead time, signal extraction, trigger efficiency, acceptance×efficiency,

and electron particle identification.

The cross section for γγ → e+e− can be obtained as follows

σ
(
γγ → e+e−

)
=

Nγγ(
Acc×Eff

)
·Lint

. (4.2)
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Table 4.1: Summary of the contributions to the systematic error of the γγ cross section measurement.

Source γγ (low) γγ (high)

Luminosity +5
−3% +5

−3%

Trigger dead time ±2.5% ±2.5%

Signal extraction ±1% ±4%

Trigger efficiency +3.9
−9.0% +3.9

−9.0%

Acc×Eff ±0.3% ±0.3%

e/µ separation ±1.7% ±4.0%

For the low dielectron invariant mass region 186± 13(stat.)±4(sys.) dielectron events were

found, and the product of acceptance and efficiency was estimated to be 5.6%. Thus the mea-

sured cross section is for this case

σ

(
2.2≤ M

(
e+e−

)
≤ 2.6GeV/c2,

∣∣η(e±)
∣∣< 0.9

)
= 154±11(stat.)+17

−11(syst.)µb . (4.3)

For the high dielectron invariant mass interval 93± 10(stat.)±4(sys.) dielectron events were

found, and the product of acceptance and efficiency was determined to be 4.73%. This results

in the following cross section measurement,

σ

(
3.7≤ M

(
e+e−

)
≤ 10.0GeV/c2,

∣∣η(e±)
∣∣< 0.9

)
= 91±10(stat.)+10

−8(syst.)µb . (4.4)

No like-sign events were found in both cases.

The cross section measurements in (4.3), (4.4) are to be compared with predictions by STARLIGHT

of σ = 128µb, and σ = 77µb, respectively. While both measured cross sections are about 20%

above the prediction by STARLIGHT, both are fully compatible with the predictions within 1.0

and 1.5 sigma, respectively.

Figure 4.2 shows the measured γγ → e+e− cross section w.r.t. dielectron invariant mass, to-

gether with the prediction by STARLIGHT for both considered invariant mass ranges. Like-

wise, figure 4.3 shows dielectron pair-pT distributions, along with STARLIGHT predictions.

Note that the broadening of the transverse momentum distributions with increasing dielectron

invariant mass is correctly described by STARLIGHT.
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Fig. 4.2: ALICE measurement of coherent γγ → e+e− photoproduction in e+e− invariant-mass ranges
below (left) and above (right) the J/ψ and Ψ(2S) resonances, compared to STARLIGHT [47].
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Fig. 4.3: e+e− pair-pT distributions for γγ → e+e− photoproduction in e+e− invariant-mass ranges
below (left) and above (right) the J/ψ and Ψ(2S) resonances, compared to STARLIGHT [47]. Note that
the broadening of the pair-pT distribution with increasing e+e− invariant-masses is correctly described
by STARLIGHT.

4.3 Low- and high-mass continuum dielectron photoproduction

Figure 4.4 summarizes the ALICE measurements of γγ→ e+e− cross sections at
√

sNN = 2.76 TeV.

The range in dielectron invariant mass is from 0.6 to 10 GeV/c2, excluding the region around

the J/ψ and Ψ(2S) resonances. It would be very interesting to repeat this analysis for Pb-Pb

data taken at
√

sNN = 5.02 TeV.
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Fig. 4.4: ALICE measurement of coherent γγ→ e+e− photoproduction in the e+e− invariant-mass range
from 0.6-10 GeV/c2 compared to STARLIGHT.

5 High-mass vector meson production

In this section, ALICE measurements of J/ψ photoproduction in ultra-peripheral Pb-Pb colli-

sions at
√

sNN = 2.76 TeV and in p-Pb collisions at
√

sNN = 5.02 TeV are summarized.

5.1 J/ψ photoproduction in Pb-Pb collisions at√sNN = 2.76 TeV

ALICE has measured J/ψ photoproduction in Pb-Pb collisions at
√

sNN = 2.76 TeV, at forward

rapidities using the muon forward spectrometer [58], and in the central barrel [47]. The first

measurement was performed in the forward rapidity region −3.6 < y < −2.6 and allows us to

constrain the nuclear gluon distribution at Bjorken-x ≈ 10−2, while the measurement at mid-

rapidity probes the region x = MJ/ψ/
√

sNNe±y ≈ 10−3. In the following, we focus on the

measurement in the central barrel.

The ultra-peripheral trigger and the event and track selection used in this analysis are the same

as for the high-mass γγ → e+e− photoproduction measurement described in section 4.2. In

addition to the cuts in section 4.2, a cut on pair-pT < 200 MeV/c was used. In the following

we call data samples with this additional cut “coherent enriched”. The integrated luminosity for

the used data sample is Lint = 23.0+0.7
−1.2 µb−1.

Combining electron and muon pairs, figure 5.1 shows the invariant mass distribution for 2.2 < M <

6.0 GeV/c2 for opposite-sign (OS) and like-sign (LS) pairs. The J/ψ resonance is clearly visible

as a peak on top of a continuum due to γγ continuum production of dilepton pairs.
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Fig. 5.1: Invariant mass distribution for ultra-peripheral Pb-Pb collisions at
√

sNN = 2.76 TeV and
−0.9 < y < 0.9 for events satisfying the event selection described in section 4.2, in the invariant mass
interval 2.2 < M < 6 GeV/c2 [47]. Coherent dielectron and dimuon candidates are summed together.

Using STARLIGHT generated J/ψ events passed through the full ALICE detector simulation,

acceptance×efficiency was determined. Small variations in detector performance during the

data taking period were taken into account by computing the luminosity-weighted average.

The average values for the combined acceptance and efficiency for J/ψ → e+e−(µ+µ−) were

found to be 2.71% (4.57%). The trigger efficiency obtained from MC was measured using a

data sample collected in a dedicated run triggered by the ZDCs only, by replaying the ultra-

peripheral trigger condition offline.

Fig. 5.2: Di-muon (left) and dielectron (right) pT distribution for ultra-peripheral Pb-Pb collisions at√
sNN = 2.76 TeV at −0.9 < y < 0.9 for for events satisfying the event selection in the invariant mass

interval 3.0 < M < 3.2 GeV/c2 and 2.2 < M < 3.2 GeV/c2 respectively [47]. The data points are fitted
summing six different Monte Carlo templates: coherent J/ψ production (black), incoherent J/ψ produc-
tion (red), J/ψs from coherent Ψ(2S) decay (light blue), J/ψs from incoherent Ψ(2S) decay (violet), γγ

(green), and J/ψ produced in peripheral hadronic collisions (gray). The solid histogram (blue) is the sum.
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The yield of coherently producted J/ψs was determined by fitting the pair-pT distributions for

the e+e− and µ+µ− final states to a number of templates, see figure 5.2:

– coherent J/ψ photoproduction;

– incoherent J/ψ photoproduction;

– J/ψ from coherent Ψ(2S) decay;

– J/ψ from incoherent Ψ(2S) decay;

– two-photon production of continuum pairs (γγ):

– J/ψ produced in peripheral hadronic collisions.

The first five of these templates were obtained from STARLIGHT MC simulations, while the

template for J/ψs produced in peripheral hadronic collisions was obtained from [59]. For the

correction to the yield for feed-down from Ψ(2S) decaying into J/ψs we refer to [47].

As a result we obtain dcoh
J/ψ

/dy = 2.27± 0.14(stat.)+0.30
−0.20(syst.) mb for the dimuon channel and

dcoh
J/ψ

/dy = 3.19± 0.50(stat.)+0.45
−0.31(syst.) mb for the dielectron channel. The weighted average

of the dimuon and the dielectron cross sections, shown in figure 5.3, is

dcoh
J/ψ

dy

∣∣∣∣∣
y=0

= 2.38+0.34
−0.24(stat.+ syst.) mb. (5.1)

The measured cross section is compared to six different models, RSZ-LTA [51] based on

the leading twist approximation, STARLIGHT [9, 10], AB [60] using a number of different

parametrization of the nuclear wave function, GM [49], CSS [61], and LM-fIPSAT [62].

The model AB-MSTW08 does not include nuclear effects and over-estimates the measurement.

The models STARLIGHT, GM, CSS and LM use a Glauber approach to calculate the number of

nucleons contributing to the scattering, and there are partonic models, where the cross section

is proportional to the nuclear gluon distribution squared (AB-EPS08, AB-EPS09, AB-HKN07,

and RSZ-LTA).

The measured coherent J/ψ cross section at mid-rapidity is found to be in good agreement

with the model AB-EPS09, which takes into account nuclear gluon shadowing according to the

EPS09 parametrization. Those models which include no nuclear gluon shadowing are inconsis-

tent with the measured results, as are those which use the Glauber model to incorporate nuclear

effects.
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Fig. 5.3: Measured differential cross section of coherent J/ψ photoproduction in ultra-peripheral Pb-
Pb collisions at

√
sNN = 2.76 TeV and at −0.9 < y < 0.9 [47]. The error is the quadratic sum of the

statistical and systematic errors. For the ALICE measurement at forward rapidities see [58].

5.2 J/ψ photoproduction in p-Pb collisions at√sNN = 5.02 TeV

ALICE has measured for the first time exclusive J/ψ photoproduction off protons in ultra-

peripheral proton-lead collisions at the LHC at
√

sNN = 5.02 TeV [63, 64].

A typical event displays of a J/ψ → µ+µ− candidate event in an ultra-peripheral collision

detected in the forward muon spectrometer is shown in figure 5.4.

In proton-lead collision, exclusive J/ψ production off protons is enhanced w.r.t. production off

lead ions because the equivalent photon flux around the lead ions is much larger than around

protons [13, 14].

The LHC provided proton-lead collisions in two collision modes, i.e., with two directions for

the proton beam. For the case in which both muons from the J/ψ decay are measured in the

muon forward spectrometer [63], these two modes correspond to 2.5 < y < 4.0 (p-Pb), called

forward, and−3.6 < y <−2.6 (Pb-p), called backward, in terms of J/ψ rapidities y measured in

the laboratory frame. The equivalent γ p energy ranges are 21 < Wγ p < 45 GeV for y < 0, and

577 < Wγ p < 952 GeV for y > 0, which exceeds the energy range of previous measurements at

HERA, see figure 1.4.

Another way in which exclusive J/ψ photoproduction off protons in ultra-peripheral proton-
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Fig. 5.4: Event display of an ultra-peripheral J/ψ → µ+µ− candidate event measured in the forward
muon spectrometer.

lead collisions can be measured in ALICE is by analyzing events in which one muon is detected

in the muon forward spectrometer and the other muon is detected in the central barrel [64].

For both directions of the beams the corresponding J/ψ rapidity ranges are −2.5 < y < −1.2,

called semi-backward, and 1.2 < y < 2.7, called semi-forward, and correspond to equivalent

γ p energy ranges of 41 < Wγ p < 87 GeV for y > 0 and 287 < Wγ p < 550 GeV for y < 0.

Finally, exclusive J/ψ photoproduction can be measured in the central barrel alone [64], i.e.,

|y| < 0.8 corresponding to an equivalent γ p energy range of 106 < Wγ p < 235 GeV. In this

case, both e+e− and µ+µ− final states are available thanks to the PID capabilities of the ALICE

TPC.

The trigger for the measurement at forward rapidities required two oppositely charged tracks in

the muon spectrometer and a veto on VZERO-A beam-beam interactions. In the p-Pb config-

uration beam-induced backgrounds were suppressed by requiring in addition at least one hit in

VZERO-C and adding a veto on the VZERO-A beam-gas trigger. The integrated luminosity for

both configurations is L = 3.9 nb−1± 3.7% (syst.) for p–Pb and L = 4.5 nb−1± 3.4% (syst.)

for Pb–p data.

For the semi-forward measurement the trigger required one muon in the forward muon spec-

trometer, at most 4 cells active in VZERO-C, a veto on VZERO-A and at least one fast-or chip

active in either inner or outer layer of SPD and at most 7 fast-or chips active in the outer layer

of SPD. For the Pb-p data taking period, additional requirements on VZERO were added to

the trigger In order to reduce beam-induced backgrounds [64]. The integrated luminosity is

3.1 nb−1 for the p-Pb period and 3.7 nb−1 for the Pb-p period.

The trigger for the measurement at mid-rapidity required a veto in both, VZERO-C and in

VZERO-A, and a topological trigger requirements both on TOF and on SPD selecting back-
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to-back activity patterns. The integrated luminosity for the central rapidity data samples is

2.1 nb−1 in p-Pb and 4.8 nb−1 in Pb-p. In order to increase the size of the central rapidity data

sample the p–Pb and Pb–p data samples have been analyzed together, taking into account the

inversion of the rapidity sign.

Figure 5.5 shows dimuon invariant mass spectra after event and track selection [64]. The

J/ψ peak is clearly visible in both data sets, and is well described by a Crystal Ball parametriza-

tion [65], which yields masses and widths in agreement with the Monte Carlo simulations. The

dimuon continuum is well-described by an exponential as expected from two-photon production

of continuum pairs.

The dimuon pair-pT distributions shown in figure 5.5 have clear peaks at low pair-pT corre-

sponding to coherent photoproduction. In order to extract the number of exclusive J/ψ can-

didates, the pair-pT distribution have been fitted to a number of templates, including exclu-

sive J/ψ production, γγ → µ+µ−, γ +Pb and non-exclusive background, where the pT shapes

for the J/ψ in γ p, γγ → µ+µ−, and coherent J/ψ in γPb components were obtained using

STARLIGHT [10]. The templates for non-exclusive J/ψ candidates were obtained from data

by requiring events to have more than two hits in the VZERO-C counters and the same event

selection as before.

Fig. 5.5: Left: Invariant mass distribution for events with two oppositely charged muons, for both for-
ward (top panel) and backward (bottom panel) dimuon rapidity samples; Right: Transverse momentum
distribution for events with two oppositely charged muons, for both forward (top panel) and backward
(bottom panel) dimuon rapidity samples [63].

For the semi-forward and central analysis, the invariant mass spectra for the event and track
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selections in [64] are shown in figure 5.6. As for the forward analysis the J/ψ peak, which is

clearly visible in all considered data data sets, is well described by a Crystal Ball parametriza-

tion [65], and yields masses and widths in agreement with the Monte Carlo simulations. The

dimuon continuum is described by an exponential function, as expected from two-photon pro-

duction of continuum pairs.

Fig. 5.6: Mass distributions of selected dileptons for the dielectron (upper left) and dimuon (upper right)
samples for the central analysis and dimuon samples for the semi-forward (lower left) and semi-backward
(lower right) analyses. In all cases the data are represented by points with error bars. The solid blue line
is a fit to a Crystal-Ball function plus an exponential distribution, where this last contribution is shown
by a dotted red line [64].

Like for the forward analysis, a number of templates were fitted to the pair-pT spectra for the

central and semi-forward data samples shown in figure 5.7. These templates were obtained from

STARLIGHT generated events passed through the full detector simulation, except the templates

for non-exclusive J/ψ production which werefg obtained from data.

Having extracted the number of exclusive J/ψ candidates from the pair-pT template fits, a cor-

rection for feed-down from form Ψ(2S) was applied, following the procedure described in

[47, 58]

Nexcl.
J/ψ

=
NJ/ψ

1+ fD
, (5.2)

where the correction for the feed-down is 2% for the semi-forward and semi-backward analysis,
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Fig. 5.7: Transverse momentum distributions of dileptons around the J/ψ mass for the dielectron (upper
left) and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward
(lower left) and semi-backward (lower right) analyses. In all cases the data are represented by points
with error bars. The blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo
templates for J/ψ coming from exclusive photoproduction off protons or off lead and continuous dilepton
production respectively. The red (dashdot) line is a template for dissociative and hadronic background
obtained from data. The solid black line is the sum of all contributions [64].

4% for the central analysis and between 7.9% and 11% for the forward and backward analyses.

The cross sections for exclusive J/ψ production off protons are then obtained as follows,

dσ

dy
=

Nexcl.
J/ψ

ε×A ·BR(J/ψ → l+l−) ·L ·∆y
, (5.3)

where ∆y denotes the rapidity interval, the branching ratios of J/ψ decaying into muon and

electron pairs, BR(J/ψ → l+l−) are taken from [35], and efficiency×acceptance is obtained

from MC simulation.

Using equation (1.13), cross sections (5.3), i.e., Pb scattering off protons, can be related to

photoproduction cross sections off protons. Using STARLIGHT, the photon flux, kdNγ/dk, has

been computed in impact parameter space and convoluted with the probability of no hadronic

interaction for each considered rapidity interval. Likewise, mean Wγ p energies were com-

puted for each rapidity interval by averaging Wγ p with the photoproduction cross section from
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STARLIGHT.

As a result, in figure 5.8 the energy dependence of exclusive J/ψ photoproduction off protons is

shown as a function of Wγ p. The error bars shown in this figure are computed as the quadratic

sum of the statistical and the total systematic uncertainties, where the total systematic uncertain-

ties have two contributions: one due to the measurement procedure and a second contribution

due to the uncertainty in the photon flux. The ALICE data points cover the Wγ p range from 24 to

Fig. 5.8: (Upper panel) ALICE data (red symbols) on exclusive photoproduction of J/ψ off protons as a
function of the center-of-mass energy of the photon–proton system Wγ p, obtained in collisions of protons
and lead nuclei at

√
sNN = 5.02 TeV, including results from [63], compared to a power-law fit, to data

from HERA [66, 67], to the solutions from LHCb [68] and to theoretical models. The uncertainties
are the quadratic sum of the statistical and systematic uncertainties. (Lower panel) Ratio of the models
shown in the upper panel to the power law fit through the ALICE data points. The Bjorken-x value
corresponding to Wγ p is also displayed on the top of the Figure [64].

706 GeV, which corresponds about to three orders of magnitude in Bjorken-x, from ≈ 2×10−2

to ≈ 2×10−5.

Following similar analyses at HERA [69], a power-law function,

f
(
Wγ p; N,W0,δ

)
= N

(
Wγ p

W0

)δ

, (5.4)
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was fitted to the ALICE data with W0 = 90 GeV. Both, the statistical and the systematic errors

were taken into account in this fit, using a technique due to H1 [70]. Performing a χ2 fit of (5.4)

to the ALICE data,

N = 71.8±4.1 nb ,and (5.5)

δ = 0.70±0.05 (5.6)

were obtained. The value of the exponent, δ , is compatible to earlier measurement by ALICE

using the forward and backward data points alone [63]; it is also compatible to measurements

at HERA [66, 67].

LHCb measured the exclusive production of J/ψ in pp collisions, where the photon source can

not be identified because of the symmetry of the collision system. In order to extract the photo-

production cross section further assumptions are needed. LHCb reported for each measurement

the two solutions, W+ and W−, [68] shown in figure 5.8, which agree with the ALICE mea-

surements.

The ALICE measurements in figure 5.8 were also compared to a number of theory predictions:

– CCT [71]: This model is based on the color dipole approach. It takes into account the

energy dependence of geometrical fluctuations of the proton structure in the impact pa-

rameter plane.

– JMRT NLO [72]: There are two predictions by the JMRT group. One of these is based

on leading-order (LO) result from [73] while the second prediction also includes next-to-

leading order (NLO) corrections. The parameters of both models have been determined

by a fit to the same data set. As both models predict a very similar energy dependence,

only the NLO prediction is shown.

– STARLIGHT [10]: The STARLIGHT prediction relies on a power-law fit to fixed target

and to HERA data.

– NLO BFKL [74]: the BFKL evolution of HERA values (HERA Fit 2) with a photopro-

duction scale of M2 = 2.39 GeV2.

– CGC [75], a color dipole model.

All these models predictions, which are based on different physics assumptions, agree with the

ALICE measurements within the current experimental uncertainties.
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6 Outlook on LHC run 3 and 4

6.1 ALICE upgrades for LHC Run 3 and 4

Currently the ALICE experiment is being upgraded in view of the upcoming runs 3 and 4 of

the LHC. According to the ALICE Upgrade LoI [76], the foreseen interaction rate in Pb-Pb

collisions in Run 3 and Run 4 is 50 kHz. The precise filling scheme is not yet available but

bunch trains with either 50 ns or 25 ns minimum bunch spacing will certainly be used.

During run 3 and run 4, ALICE will take data both in triggered mode and in continuous readout

mode [77, 78]. In continuous readout mode there are no longer significant trigger and dead-time

inefficiencies. Thus, ALICE will be able to integrate most of the delivered luminosity. Unlike

in run 1 and 2, no trigger capabilities will be available in the central detectors. Therefore, the

only way to collect ultra-peripheral events, which are characterized by rapidity gaps on both

sides of the central rapidity region, is in continuous readout mode.

The inner tracking system, which in LHC runs 1 and 2 consisted of 6 layers of silicon-based

detectors, being completely rebuilt, using newer silicon detector technologies and will have 7

layers. Whereas in run 1 and 2 the innermost layer was at a radial distance of 39 mm to the

interaction point, the innermost layer in the upgraded ITS will between 22.4 and 26.7 mm away

in the radial direction from the interaction point. Figure 6.1 shows the improvement in vertex

pointing resolution and in momentum resolution expected for the upgraded ITS and central

barrel.

Fig. 6.1: Expected pointing resolution of the upgraded ALICE ITS (left); Expected momentum resolu-
tion of the ALICE upgraded central barrel (right); Taken from [79].

The time projection chamber is being upgraded in order to be able to cope with an interaction

rate of 50 kHz in Pb-Pb collisions [80]. This is going to be achieved by replacing the multi-wire

proportional chambers at the end plates of the TPC with a read-out based on so-called GEMs

(Gas Electron Multiplier) [81].
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The vetoes used in ultra-peripheral triggers in LHC run 1 and 2 will be replaced by requirements

on the Fast Interaction Trigger (FIT) detector [82], which consists of the upgraded T0, VZERO,

and AD detectors.

AD upgrade

The upgrade of AD, called Forward Diffraction Detector (FDD), is foreseen to proceed in the

context of the FIT [82] detector, which originally included upgraded version of the T0 and

VZERO detectors, only.

For the FDD, the locations, sizes, and the segmentation of the plastic scintillators will be the

same as for AD. Also the way the light is extracted from the scintillator using wavelength

shifting bars followed by clear fibers will be the same as for AD.

Due to a combination of (1) having large pulses, because mostly showers of secondary particles

are seen by AD/FDD and (2) the fact that the time constant of the wavelength shifting bars used

in AD is rather long, τWLS ≈ 8.5 ns, typical pulses in Pb-Pb collisions in run 2 have been found

to be considerably longer than one bunch crossing (25 ns). As a consequence, triggers following

a large pulse can be shadowed because a pulse may not return below the threshold before the

next pulse arrives.

Because this shadowing effect increases with increasing interaction rate, FDD wavelength shift-

ing bars with a smaller time constant will be used, such as Nanostructured Organosilicon Lu-

minophores (NOL), which have high photo-luminescence quantum yields and decay times τWLS

down to 1 ns, to be compared to the 8.5 ns for the present EJ-280 AD wavelength shifters.

Fig. 6.2: Left: pulse shapes for different time constants τWLS in the wavelength shifting bars. The solid
lines are fits of log-normal pulse function (6.1) to the simulated data. Right: pulse widths w.r.t. pulse
width for 8.5 ns time constant for pulses with the same charge.

The effect of using wavelength shifting bars with shorter time constants on the pulse width

can be estimated in the following way: input are GEANT4 [83] simulations for different time

constants τWLS in the wavelength shifting bars where a minimum ionizing particle is hitting
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the center of an FDD module, and the photons created in the scintillator are individually traced

through the scintillator, the wavelength shifting bars and the clear fibers.1 To the time distribu-

tion of these photons at the end of the clear fibers, a so-called log-normal pulse shape function

is fitted,

f (t; t0,τ,σ) = exp

(
−
(

ln(t− t0)−µ
)2

2σ2

)
(6.1)

see figure 6.2 left. Using these log-normal functions for simulations with different time con-

stants in the wavelength shifting fibers, one can then relate the width of a pulse for a time

constant of 8.5 ns to the width of a pulse with the same integral, i.e., charge, with a smaller time

constant. This simple simulation indicates that the width of pulses can be reduced by more than

a factor of ≈ 3 when using materials for the wavelength shifting bars with time constants less

than 8.5 ns.

For maximum light collection efficiency, the absorption spectrum of the wavelength shifting

bars needs to be matched to the emission spectrum of the scintillator. Therefore, using differ-

ent wavelength shifting bars makes it necessary to use a different scintillator material which

better matches the absorption spectrum. For FDD, the scintillator material matched to the fast

wavelengths shifting bars made of NOL-38 will be BC-420.

Fig. 6.3: Comparison of scintillation light wavelength spectra between BC-404 (left) and BC-420 (right).

In figure 6.3, emission spectra of the scintillator materials used in AD and in FDD are shown

and in figure 6.4 the different absorption and emission spectra of the wavelength shifting bars

are shown. Note that for FDD the overlap between absorption and emission is larger than for

AD, indicating that the relative number of multiple absorptions is higher than for AD. However

the effect of multiple re-absorptions on the pulse length is smaller than for AD given that the

time constant is of the order of 1 ns.

1The GEANT4 simulations were performed by I. Monzon.
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Fig. 6.4: Absorption and emission spectra as a function of wavelength, for wavelength shifter EJ-280
produced by Saint-Gobain, presently used in the AD (left), and NOL-38, produced by LuminoTech,
Moscow (right).

In December 2018 a first module for the FDD has been assembled, with a scintillator made out

of BC-420 and wavelength shifting bars made of NOL-38. Since no test beams are available at

CERN until the start of run 3, the new module is being tested using cosmic muons. For these

tests, a copy of the AD front-end electronics, which is located at the Meyrin site of CERN, is

used. In figure 6.5 distributions of width (time over threshold) vs. charge (integral over a pulse)

for an AD and an FDD module are compared. Due to the effect of time-slewing, larger pulses

have larged widths. However, it can be clearly seen that for the same charge the pulses from the

FDD module are shorter than the pulses from the AD module. This first successful test of an

FDD module indicates that the pulses from the new FDD module are indeed shorter than pulses

from AD modules.

Fig. 6.5: Left: pulse width vs. charge for an AD module; Right: pulse width vs. charge for an FDD
module. For these measurements, The PMT gains and the fixed thresholds were equalized.

The front-end electronics for the FDD will be based on the one which is being developed for

FIT. This will allow to operate FDD in continuous readout mode, which is important for ultra-

peripheral physics, given the absence of triggering capabilities in all central detectors in run 3

and 4, as discussed above.
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6.2 Prospects for UPC measurements in LHC Run 3 and 4

An outlook on ultra-peripheral measurements in the forthcoming runs 3 and 4 of the LHC can

be found a recent LPCC report, see section 10 in [84]. Here we summarize prospects for UPC

measurements in LHC run 3 and 4 for Pb-Pb collisions. For other collision systems like p-Pb

and collisions using other ions species besides Pb, we refer to the LPCC report.

The total acceptance×efficiency for ultra-peripheral events in ALICE is determined by the

tracking efficiencies and the geometrical acceptances of the inner tracking system [79], of the

time projection chamber [80, 81], and of the Muon Spectrometer [85]. In particular there will

be no trigger inefficiencies anymore.

Table 6.1 shows acceptance cuts used in the LPCC report for estimating the yields of a number

of ultra-peripheral processes in LHC runs 3 and 4, where the acceptances called “central 1”

and “forward 1” correspond to the ones for ALICE. For these estimates, STARLIGHT is used

as a baseline. However, since STARLIGHT does not include nuclear shadowing, a rapidity-

dependent nuclear shadowing correction following [56] for the heavy quarkonium J/ψ , Ψ(2S)

and ϒ(1S) was applied. This correction reduces the cross sections and rates obtained from

STARLIGHT by factors of 0.42, 0.475 and 0.77 for the J/ψ , Ψ(2S) and ϒ(1S) respectively.

Table 6.1: Table of toy-model acceptance cuts for the different experiments [84].

Condition Central 1 Central 2 Forward 1 Forward 2

Narrow Wide Narrow Wide

Rapidity |η |< 0.9 |η |< 2.4 2.5 < η < 4.0 2 < η < 5

e/π/µ pseudo-rapidity |η |< 0.9 |η |< 2.4 2.5 < η < 4.0 2 < η < 5

Table 6.2: Table of cross sections and numbers of events in 13 nb−1 integrated luminosity for the differ-
ent mesons in Pb-Pb collisions [84]. B, M and K denote 109, 106 and 103 respectively. Both the rates
and cross sections include the relevant branching ratios. The cross sections and toy-model acceptances
are determined using STARLIGHT [10]. For the J/ψ , Ψ(2S) and ϒ(1S), rapidity-dependent nuclear
shadowing cross sections have been applied following the approach in [56].

Meson σ All Central 1 Central 2 Forward 1 Forward 2

ρ → π+π− 5.2b 68 B 5.5 B 21 B 4.9 B 13 B

ρ ′→ π+π−π+π− 730 mb 9.5 B 210 M 2.5 B 190 M 1.2 B

φ → K+K− 0.22b 2.9 B 82 M 490 M 15 M 330 M

J/ψ → µ+µ− 1.0mb 14 M 1.1 M 5.7 M 600 K 1.6 M

Ψ(2S)→ µ+µ− 30µb 400 K 35 K 180 K 19 K 47 K

ϒ(2S)→ µ+µ− 2.0µb 26 K 2.8 K 14 K 880 2.0 K
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As a result, table 6.2 shows cross sections together with estimated yields for Pb-Pb collisions in

LHC runs 3 and 4 for an integrated luminosity of 13 nb−1. The large expected number of events

for high-mass vector mesons J/ψ , Ψ(2S) and ϒ(1S) should allow tomographic measurements

from which information on the nuclear wave function can be obtained. In the π+π− channel

the range of invariant masses above 2 GeV/c2 will become accessible.

Fig. 6.6: Pseudo-data projections for the nuclear suppression factor by ALICE and CMS measured
with the photoproduction of three heavy vector mesons in Pb-Pb ultra-peripheral collisions are shown
[84]. The pseudo-data points are derived from EPS09-based photoproduction cross section projections
following the method described in [86].

Finally, figure 6.6 shows pseudo-data projections for the nuclear suppression factor by ALICE

and CMS measured with the photoproduction of three heavy vector mesons in Pb-Pb ultra-

peripheral collisions. For ρ0 nuclear shadowing is about a factor of 2 stronger than in the

approach based on the Glauber model and the vector meson dominance model [52].
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7 Summary and conclusions

In this thesis, ALICE measurements on photoproduction of ρ0→ π+π− and of continuum pro-

duction of γγ → e+e− in ultra-peripheral collision of lead ions at
√

sNN = 2.76 TeV at the LHC

[32] are summarized. The cross section for ρ0 photoproduction at mid-rapidity is compared

to a number of model predictions, and is found to be compatible with the prediction by the

STARLIGHT model [10], while all other models over-estimate the measured cross section. The

fact that the GDL (Glauber-Donnachie-Landshoff) prediction [50, 51] is about a factor of two

above the data may be explained by the presence of nuclear shadowing [56].

The ALICE cross section measurement of γγ → e+e− in Pb-Pb collisions at
√

sNN = 2.76 TeV

[32, 47], measured at mid-rapidity in different ranges of dielectron invariant mass in the range

between 0.6 and 10 GeV/c2, is compatible with the predictions of STARLIGHT. This cross sec-

tion depends on the photon flux, which is well known, and on the process γγ → e+e− which

is calculable using perturbative QED. The fact that the model predictions agree with the mea-

surements indicates that our current understanding of the theory are sufficient in order for the

prediction to be compatible with the measurements. In particular it sets constraints on QED

calculations that in include higher-order of αEM [87, 88], e.g., in [89, 90], a reduction in the

two-photon cross section of up to 30% compared with leading-order calculations has been pre-

dicted.

In addition to the cross section for continuum photoproduction of lepton pairs, ALICE has

also measured cross section for J/ψ photoproduction in Pb-Pb collisions at
√

sNN = 2.76 TeV

[47, 58]. The measured coherent J/ψ cross section at mid-rapidity is found to be in good agree-

ment with the model AB-EPS09, which takes into account nuclear gluon shadowing according

to the EPS09 parametrization. Those models which include no nuclear gluon shadowing are

inconsistent with the measured results, as are models take into account nuclear effects by the

Glauber model. The predictions from a calculation using the leading twist approximation (RSZ-

LTA) are about 3 sigma below our measurement. However, the deviation from the upper limit

of this model is only 1.5 sigma.

ALICE has measured the photoproduction of J/ψ mesons off protons in p–Pb interactions at
√

sNN = 5.02 TeV in different intervals of rapidity, using the muon forward spectrometer, the

central barrel and a combination of both [63, 64]. The different intervals in rapidity probe Wγ p

energies from 24 to 706 GeV, corresponding to about three orders of magnitude in Bjorken-x,

from ≈ 2× 10−2 to ≈ 2× 10−5. All considered models, which are based on different physics

assumptions, are are compatible with the data within current uncertainties. However, it is in-

teresting that, although the model predictions around and above 1 TeV are not very precise, all

tend to be lower than then power-law fit in this region. This energy range will be reachable with

the nebw LHC data from Run 2 and the data to be collected in Run 3 and Run 4.
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In the upcoming runs 3 and 4 of the LHC, the higher LHC luminosity and the upgrade of

ALICE will allow us to collect significantly more UPC events than during runs 1 and 2. In

particular the use of continuous readout [78] will eliminate most of the limitations due to trigger

inefficiencies. As explained in section 5, continuous readout is the only way in run 3 and 4 in

which ultra-peripheral events can be collected in ALICE, since none of the central detectors

will have trigger capabilities anymore.

The estimated number of events for light meson production are very large: we expect to collect

billions of ρ0 and ρ ′ events and hundreds of millions on φ mesons. In addition to precise cross

section measurements, the expected rates for J/ψ , Ψ(2S) and ϒ(1S) should be sufficient for

multi-differential, tomographic measurements from which information about the nuclear wave

functions can be obtained. For final states of π+π−, dipion invariant masses above 2 GeV/c2

will come into reach.

The following list of measurements of vector meson photoproduction which will become pos-

sible in LHC runs 3 and 4, which is partially taken in part from [78], shows that there are many

new opportunities to improve our understanding of photo-nuclear interactions producing heavy,

light, and multiple vector mesons.

– Extend substantially the x range for coherent J/ψ photoproduction on nuclei using infor-

mation on the impact parameter distribution in peripheral and ultra-peripheral collisions

provided by forward neutron production

– Measure with high enough statistics coherent ϒ(1S) production in γ-p and γ-A scattering

to check the expectation of the 20% reduction of the coherent cross section, which would

allow one to probe gluon shadowing at a factor of≈ 10 higher Q2 than in J/ψ production.

– Study coherent production of two pions with masses above 1 GeV/c2 to study an interplay

of soft and hard dynamics as a function of M(ππ) and pT (π).

– Measure the production of heavier 2π , 4π and other resonances on ion targets, and search

for the photoproduction of the observed exotic mesons.

In addition to the γγ processes described in this thesis in section 4, i.e., continuum dielectron

production, it would be very interesting to also measure the continuum production of proton

anti-proton pairs with large statistics. Another interesting γγ process is light-by-light scattering,

which recently has been measured for the first time by ATLAS and by CMS [91–93]. In run

3 and 4 ALICE might be able to measure light-by-light scattering for diphoton energies Mγγ

below ≈ 3 GeV. For such low Mγγ the light-by-light scattering cross section is large, however

there is also a large contribution from pseudo-scalar resonances such as η , η ′(958) decaying

into two photons. For some ideas on how to disentangle these, see [94].
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8 Author’s contribution

Section 1

– I developed and implemented a MC generator for spin-1 particles decaying into π+π−

with flat distributions for invariant-mass, pair transverse momentum, and pair rapidity,

see section 1.4. This generator was used, together with STARLIGHT, in the ρ0 analy-

ses and has the advantage that the sampling in invariant mass is uniform, i.e., statistical

fluctuations at the tails of the invariant mass distribution are avoided.

Section 2

– AD detector:

– I was part of the test of AD detector modules in a PS test beam, where I helped to

get the front-end electronics to work and then analyzed the data.

– I adapted the FPGA firmware from VZERO to AD, which involved, e.g., adding

coincidences between adjacent pads.

– I adapted and extended the detector control system which is based on the one for

VZERO to AD.

– I develped a correction for ADC saturation, which is performed in a calibration pass,

and allows to use AD as a new centrality estimator in ALICE.

– I took care about the calibration of the AD detector which involved making HV gain

curves, doing the channel timing equalization, and the set-up of beam-beam and

beam-gas timing windows.

– I extended and fixed bugs in the offline code for AD reconstruction and MC simula-

tion

– Day-to-day taking care of detector operations

– I developed the topological SPD triggers which were used in UPC triggers in ALICE,

including MC studies and verification of the implementation in the SPD FPGA. Without

these triggers only a fraction of the data could have been collected.

– I contributed to the understanding of the effect of imposing vetoes on activity in VZERO

and AD online vs. offline.

Section 3

– I performed the analysis for the measurement of the cross section of coherent ρ0 photo-

production at mid-rapidity in Pb-Pb collisions in LHC run 1
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– Determination of the integrated luminosity for UPC triggered events: due to late particles

there is a tail in TOF activity after minimum-bias collisions which can shadow UPC

events. When this is not taken into account, the luminosity for ultra-peripheral triggers is

severely biased. For the first data sample used in the ρ0 analysis at
√

sNN = 2.76 TeV the

correction for TOF trigger dead time was ≈ 1 and for the 2nd data sample it was ≈ 5.

– I developed and implemented a correction for the SPD fast-or chip efficiency which was

used in MC simulations used for the ρ0, J/ψ and γγ → e+e− analyses.

Section 4

– I performed the measurement of the cross section of coherent γγ→ e+e− cross section at

mid-rapidity in Pb-Pb collision in LHC run 1 in the e+e− invariant-mass range from 0.6

to 10 GeV/c2.

Section 5

– I estimated efficiency×acceptance for J/ψs decaying in the central rapidity region

– I estimated the luminosity for the data sample used in the J/ψãnalysis in Pb-Pb collisions.

Section 6

– I contributed to the upgrade of AD for LHC runs 3 and 4, including analyzing data com-

paring a new FDD module with an AD module and developing a strategy for how to use

the FIT front-end electronics for FDD.

– I contributed to the estimates for the expected yield of various UPC processes in Pb-Pb

collisions for LHC runs 3 and 4 (table 6.2)
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