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Preface

Coherent J/y photoproduction is a process in which a photon interacts with a target
hadron (either a proton or a nucleus) and produces a J/y meson. This can be achieved
in Ultra-Peripheral Collisions (UPC), where two ions or an ion and a proton collide with
large enough impact parameter, so that they do not interact strongly, but still can interact
electromagnetically.

Ultra-peripheral collisions of lead ions at the LHC measured with the ALICE detector
allow us to reach very low Bjorken x and the measurement of coherent J/y photopro-
duction cross section at such low Bjorken x enables us to examine effects such as gluon
saturation and shadowing.

A brief review of two articles on theoretical predictions for coherent J/y photoproduction
cross section in ultra-peripheral collisions within the colour-dipole model is presented in
Chapter 1.

In Chapter 2 are reviewed two articles concerning the measurement of the coherent J/y
photoproduction cross section in ultra-peripheral collisions by PHENIX at RHIC and
CMS at LHC. The third paper, by the ALICE collaboration, is the first paper to report a
measurement of coherent J/y photoproduction cross section in peripheral collisions.

Chapter 3 is dedicated to the analysis of coherent J/y photoproduction in ultra-peripheral
Pb-Pb collisions at centre-of-mass energy per nucleon /syy = 5.02 TeV measured with
the ALICE detector in the forward rapidity region. The J/y is reconstructed from its
decay into two muons. The main focus of this chapter is the extraction of the coherent
contribution to the overall J/y signal from the transverse momentum spectrum.

21






Chapter 1

Models of coherent J/y
photoproduction in AA collisions within
the colour-dipole model

Predictions for coherent J/y photoproduction cross section in AA collisions within the
colour-dipole model from two papers are reviewed in this chapter. First, the predictions by
T. Lappi and H. Méntysaari [1] are presented. Then the the predictions by V.P. Gonc¢alves
and M.V.T. Machado [2] are presented. A basic introduction into the theory of Ultra-
Peripheral Collisions (UPC) can be found in [3] and for an overview look into [4].

1.1 J/y production in ultra-peripheral Pb+Pb and p+Pb
collisions at energies available at the CERN Large
Hadron Collider

”J /y production in ultra-peripheral Pb+Pb and p+Pb collisions at energies available at
the CERN Large Hadron Collider” [1] is a paper by T. Lappi and H. Mintysaari.

In the dipole picture the virtual photon emitted by the lead nucleus fluctuates into a quark-
antiquark colour dipole which then can strongly interact with the target. The dipole model
is valid only for small Bjorken x, thus an x < 0.02 condition is required for the target
parton. The dipole-proton cross section can be parametrised like

dGgip
3 (bT,I‘T,xIpn) ZZN(YT,bT,X]p), (1.1)
d*br

where by is the impact parameter of the y-p collision, r7 is the transverse size of the
dipole, xp is the Bjorken variable of Deep-Inelastic Scattering (DIS) in a diffractive event
and )V is the imaginary part of the forward dipole-proton scattering amplitude.
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Chapter 1. Models of coherent J/y photoproduction in AA collisions within the
colour-dipole model

The dipole-proton amplitude N satisfies the Balitsky-Kovchegov (BK) evolution equa-
tion. The best approach would be to fit the initial conditions of the BK evolution equation
to the available data from DIS, solve the BK equation and use the computed dipole am-
plitude.

For this calculation it is necessary to know the impact parameter dependence of the am-
plitude. However, when the impact parameter dependence is added to the BK equation, it
leads to a non-physical growth of the size of the proton. Therefore, two phenomenological
dipole cross section parametrisations, including realistic impact parameter dependence,
were used.

First one is the I[IM [5] dipole cross section which includes the most important features
of the BK evolution. The values of the parameters for the cross section are taken from a
fit to HERA data [6]. The second model is a factorised approximation of the IPsat model
with eikonalised DGLAP (Dokshitzer—Gribov—Lipatov—Altarelli—Parisi) evolved gluon
distribution [7, 8].

In the IM model the impact parameter dependence is factorised as

dcgip
d?br

(br,rr,x) = 2Tp(bT)N(rT,x), (1.2)

Based on [9], the impact parameter profile function is chosen as

T,(br) = exp (—b*/2B,), (1.3)

where B, = 5.59 GeV 2.

In the IPsat model the impact parameter dependence is included in the saturation scale as

—dl;(bT,rT,x) =2 [1—exp (—=r?F(x,")Ty(br))], (1.4)

where r = |rz| and T, (br) is defined same as in Eq. 1.3, but with B, = 4.0 GeV 2. F(x,r)
is proportional to the DGLAP evolved gluon distribution and is equal to

1 , C , C
F(x,r) = 27er2_NcaS (Ho +ﬁ> xg (X,#o +r_2) ; (1.5)

where N¢ is the number of colours, C =4 and /.Lg =1.17 GeV? [8]. Following [10] Eq. 1.4
is replaced by a factorised approximation

I by, rr,x) & 2T, (br) [1 —exp (—PF(x,r))], (1.6)
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1.1. J/y production in ultra-peripheral Pb+Pb and p+Pb collisions at energies available
at the CERN Large Hadron Collider

where T, (br) and F (x, r) stay the same. This approximation transforms the IPsat parametri-
sation to the form of Eq. 1.2 with NV (r,x) = [1 —exp (—rzF (x, r))} and it is denoted as
fIPsat.

The quasi-elastic (coherent and incoherent) vector meson production cross section in nu-
clear DIS is

doVA—=VA _ R§(1 +B2)
dr 167

(| A(xp, 0%, A7) Py » (1.7)

where —Q? is the virtuality of the photon, A7 is the transferred momentum, 1+ B2 ac-
counts for the real part of the amplitude and the R, is a correction for the skewedness
effect (gluons in the target having slightly different x). The prescription for these factors
is taken from [11]

B = tan%, (1.8)
2223 (A +5/2)
Re = 2 Ta+4a) (19
where
dln A

The correction terms are important in the absolute normalisation of the cross section and
are necessary to describe HERA data.

For the coherent cross section the amplitude A is squared after averaging ,| (A)y |2, and
for the incoherent cross section the variance is used (|.A|*) — | (A)y | To compute the
average values the following formula is used [12]

A
(O((br ) = [ TT&briTa(bro] O{br). (L1

It is the average over the position of the nucleon in the nucleus. Ty is the Woods-Saxon
distribution with nuclear radius Ry = (1.12A1/ 3-0.86A"1/3 ) fm and surface thickness
d =0.54 fm.

The imaginary part of the scattering amplitude A4 is the Fourier transform of the dipole-
target cross section Ogjp, from impact parameter by to momentum transfer Ar, contracted
with the overlap between the vector meson and the virtual photon wave function.

dz . _ibr-Ar 40di
A(x]p,Qz,AT):/der/E/dsz[‘PV‘P](r,QZ,z)e by ATdZ—I;h:(bT,rT,xP). (1.12)
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Chapter 1. Models of coherent J/y photoproduction in AA collisions within the
colour-dipole model

The Boosted Gaussian and the Gauss-LC parametrisations [8] are used to describe the
overlap of the wave functions of the photon splitting into the quark-antiquark pair and of
this pair forming the vector meson.

For a large and smooth nucleus the averaged amplitude is

d .
(Alxp, Q% A1)y = / ﬁdzrr d*bre T MW (r, 0%, 2)
x 2[1—exp{—2wB,AT\(b)N (r,xp) }]. (1.13)

At large transferred momentum —r = Az2 the cross section is strongly dominated by the
incoherent contribution. Therefore the incoherent cross section at large [f| is the total
quasi-elastic cross section which can be computed as the average value of the squared
amplitude <|A|2>N. This approach results in [10]

dz d7
(lal (e, 0% 80)) = 1674 [ @br [ drrder T 197 ¥](10%2)
S 2 I\ o—ByAT? 2B, ATy ()N ()N ()] BN ()N (r')Ta(b) )
<0 e (—oranoWo: o)

(1.14)

Following [13] the vector meson production cross section in nucleus-nucleus (or proton-
nucleus) collisions is factorised as the product of the photon flux generated by one of the
nuclei and the photon-nucleus cross section

oPA—I/VA _ /d yAHJ/y/A( ), (1.15)

where 64 /¥A is the photon-nucleus cross section, n(®) is the photon flux, ® = (My /2)e”
is the energy of the photon, My is the vector meson mass and y is the vector meson rapid-

ity.
In nucleus-nucleus collision both of the nuclei can act as the photon source, therefore

dGA 1A2—>J/ l[IA 143

& =n"2(y)o™ (y) + 1 (—y) o2 (—y). (1.16)

In proton-nucleus collision the proton can also act as the photon source, but as the gener-
ated photon flux is proportional to the square of the electric charge of the emitting particle,
the case when the photon is emitted from the nucleus dominates.

The Bjorken x of the probed gluon, denoted xp, is
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1.1. J/y production in ultra-peripheral Pb+Pb and p+Pb collisions at energies available
at the CERN Large Hadron Collider

x]psze_y/\/sNN. (117)

For forward and backward rapidity this means either a small energy photon scattering off
a large-x gluon or a large energy photon scattering off a small-x gluon. At mid rapidity
only a moderately small-x gluons are probed. The presented predictions should be most
reliable in this region.

A comparison of the predictions of coherent J/y photoproduction cross section with the
ALICE data [14, 15] can be seen in Fig. 1.1.

Pb+Pb —J/¥ +Pb+Pb, /sy =2.76 TeV

do/dy [mb]

N

%:

0

Figure 1.1: The coherent J/y photoproduction cross section prediction for Pb+Pb colli-
sions at \/syn = 2.76 TeV computed with the fIPsat and IIM parametrisations and the
Boosted Gaussian (thin blue lines) and Gauss-LC (thick black lines) wave functions com-
pared with the ALICE data ([14, 15]) [1].

The ALICE data seems to favour the fIPsat model over the IIM model. With regard to this,
the most important difference between the models is the impact parameter dependence.
The IIM parametrisation uses B, = 5.59 GeV 2, which comes from a fit to inclusive J /v
production and the IIM model is close to the value measured for the inclusive J/y pro-
duction. The IPsat parametrisation has smaller B,, = 4.0 GeV~2, which comes from a fit
to exclusive J/y production measured by HERA, therefore the fIPsat model is considered
more reliable for the exclusive J/y photoproduction.

The ALICE data also seems to favour the Gauss-LC wave function over the Boosted
Gaussian, therefore the fIPsat model with the Gauss-LC wave function is considered to
be the most reliable combination.
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Chapter 1. Models of coherent J/y photoproduction in AA collisions within the
colour-dipole model

The PHENIX collaboration has measured the coherent J/y photoproduction cross sec-

tion in Au+Au collisions at /syy = 200 GeV to be dcj/d—“;”” 11<035 =76+ 31 (stat) +
y|<0.

15 (syst) ub [16]. And the fIPsat dipole cross section parametrisation with the Gauss-LC
wave function predicts 109 ub.

The presented results are slightly higher than the measured values, but the rapidity de-
pendence is reproduced correctly. The fIPsat model with the Gauss-LC wave function
is consistently above all data points by a factor of approximately 1.4. Note that all the
parametrisations used are older than the ALICE data. They describe well the HERA data,
but no nuclear data were used to constrain them. The normalisation error is most likely
caused by the skewedness correction. The corrections is larger for ALICE data than for
HERA data, making it less reliable.

The prediction for the incoherent J/y photoproduction cross section can be seen in
Fig. 1.2.

2 -3 -2 -1 0 1 2 3 4
Y
Figure 1.2: The incoherent J/y photoproduction cross section prediction for Pb+Pb col-

lisions at /sNn = 2.76 TeV computed with the fIPsat and IIM parametrisations and the
Boosted Gaussian (thin blue lines) and Gauss-LC (thick black lines) wave functions [1].

The normalisation of the different models varies quite a lot again, but the rapidity depen-
dence remains very similar. Now the normalisation is larger for the fIPsat model, this is
due to different impact parameter parametrisation, see [10].

28



1.1. J/y production in ultra-peripheral Pb+Pb and p+Pb collisions at energies available
at the CERN Large Hadron Collider

In Fig. 1.3 is presented the prediction for the ¢ distribution of the J/y photoproduction at
mid rapidity (xp ~ 0.001).

4 ) .
100.00 0.05 0.20

Figure 1.3: The coherent (thick lines) and incoherent (thin lines) J/y photoproduction
cross section in lead-lead collision at /sy = 2.76 TeV as a function of momentum
transfer 7 at midrapidity y = O using the Gaus-LC wave function [1].

The ¢ distribution for incoherent J/y production cross section directly measures the spa-
tial distribution of partons (gluons) in the nucleon.

In Fig. 1.4 is presented the prediction for the rapidity dependence of the J/y photoproduc-
tion cross section in proton-lead collisions (the photon-nucleus scattering is required to
be coherent). The difference between the model’s normalisation is reduced, because the
dominant process is now the photon-proton scattering, which is constrained by HERA
data.

In Fig. 1.5 the incoherent J/y photoproduction cross section in lead-lead collision is
divided by Apy times the coherent J/y photoproduction cross section in proton-lead col-
lision, both at /syn = 2.76. Because in proton-lead ultra-peripheral collisions the main
process is a photon-proton collision, the above mentioned ratio is the nuclear transparency
ratio, which measures the absorption of the colour dipole as it propagates through the nu-
cleus.
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14¢

12}

10r

do/dy [ub]

%23 2 -1 0o 1 2 3 a4

Y
Figure 1.4: The J/y photoproduction cross section in proton-lead collisions at \/sNN =
5.02 TeV computed using the fIPsat and IIM parametrisations and the Boosted Gaussian
(thin blue lines) and Gauss-LC (thick black lines) wave functions. The proton is moving

in the negative y direction [1].
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Figure 1.5: The nuclear transparency ratio at /sy = 2.76 TeV computed using the fIPsat
and IIM parametrisations and the Boosted Gaussian (thin blue lines) and Gauss-LC (thick
black lines) wave functions. The proton is moving in the negative y direction [1].
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1.2 Vector Meson Production in Coherent Hadronic In-
teractions: An update on predictions for RHIC and
LHC

”Vector Meson Production in Coherent Hadronic Interactions: An update on predictions
for RHIC and LHC” [2] is a paper by V.P. Gongalves and M.V.T. Machado.

The coherent vector meson (V') photoproduction cross section in a hadron-hadron colli-
sion is given by

i dNy(w) do
G(hh—>Vh):2/ da)/dtTTt(Wyh,t), (1.18)

WOpmin

dn . . . . . .
where% is the equivalent photon flux, % (W,,h, t) is the differential cross section for

the process (yh — Vh), @ is the photon energy, Wi, = M /4y,m,, is the minimum photon
energy with My being the vector meson mass, ¥, is the Lorentz boost of a single beam, m,,
is the mass of a proton, th =2 ®,/snN 1s the c.m.s energy of the photon-hadron system

with /sNN is the c.m.s energy of the hadron-hadron system and ¢ = —A?, where A is the
transferred transverse momentum.

For ultra-peripheral collisions the equivalent photon flux of a nuclei can be approximated
as [17, 13, 18]

ANy (@) 2Z20m [ . . I S
o - 1o nKo(n)Kl(n)+7U(n), (1.19)

where Z is the charge of the hadron, o, is the fine-structure constant, Ko(7) and K; (1)
are the modified Bessel functions, 7 = @ (2R;)/y. with R, being the hadron radius and
U(7) = K? (7)) — K§ (7). The factor 2 in Eq. 1.19 takes into account that both nuclei can
act as the either the source or the target.

For proton-proton collisions the photon flux is given by [19]

ANy(®)  Oem 20 \? 1 3 3 1
= 1+(1- nQ—— 4=~ 4 1.20
do o | U Aw) |Im et s Tags ) 120

where Q = 1+[(0.71GeV?) /02, ] and 02, = 0/[ 7 (1 - 200/ \/5w) | = (@/1)>.
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Within the colour dipole approach, the vector meson (V) production amplitude is calcu-
lated as [20, 21, 8]

A’Tfﬁ” (x, 0%, A) = / dz dr (PV*W) 7 1 Agg(x,1,A) (1.21)

where x is the Bjorken variable, Q? is the photon virtuality, z (1 —z) is the longitudinal mo-
mentum fraction of the quark (antiquark), r is the transverse size of the dipole, (¥V*¥) T.L
is the photon-vector meson wave function overlap and A is the dipole-target elastic scat-
tering amplitude, which is connected to the scattering amplitude A (x,r,b) by [8]

Agg(x,r,A) = i / d’be PA2N (x,r,b) | (1.22)

where b is the impact parameter. With Eq. 1.22 the amplitude for the exclusive vector
meson photoproduction can be expressed as

A?Z—Wh(x, 0%,A) — i/dz a2r dzbe—i[b—(l—z)r}A(‘Pé‘P)TZN(x,r,b), (1.23)

where the [i(1 —z)r]A factor arises from non-forward corrections to the wave functions [22].

The differential cross section for exclusive vector meson photoproduction is given by

dGT’L

) 1
o (V= VR = o JAT P (0, 07 AP (14 57), (1.24)

where f3 is the ratio of the real to imaginary part of the scattering amplitude. The skewedness
corrections are also taken into account, for details see [21, 8].

The scattering amplitude N (x,r,b) contains all information about the target and the
strong interaction physics. For the photon-nucleus collision the scattering amplitude can
be assumed to be given by [23]

N(x,r,b) = { 1 —exp [—%ATA(b) Gaip(*, r)] } , (1.25)

where T4 (b) is the nuclear profile function and o, (x,r) is the IIM [5] parametrisation
of the dipole-nucleon cross section.

For the photon-proton collision the scattering amplitude can be described by the MPS
[24] non-forward saturation model, which describes well the dependence on energy, pho-
ton virtuality and momentum transfer in HERA data. The dipole-target elastic scattering
amplitude in the MPS model is given by
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Agg(x,r,A) = 09 e BN (rQgu(x, 1)), %), (1.26)

where oy is the normalisation parameter, the B parameter has value B = 3.754 GeV 2
[24] and

1 A
Q% (x,t]) = QF (1 +clr]) (;) - (127)

The rapidity distribution of the coherent vector meson photoproduction can be computed
as

do [h+h—h®V ®h] dey(w)

a dw Orm=vh (@), (1.28)

where ® represents a rapidity gap.

The prediction for the rapidity distribution of J/y and T photoproduction cross section in
p+p collisions at /s = 7 TeV at the LHC is presented in Fig. 1.6.

At central rapidity the photoproduction cross section is ‘é—g(y =0) ~ 6.5 nb (18 pb) for
J/¥ (Y). In Tab. 1.1 are presented predictions for the integrated photoproduction cross
sections (production rates) assuming a luminosity ,ffﬁc =10" mb~ s

The prediction for the rapidity distribution of the p and J/y photoproduction cross sec-
tions in Au+Au collisions at /s = 200 GeV at RHIC is presented in Fig. 1.7. In Tab. 1.1
are presented predictions for the integrated photoproduction cross sections (production

rates) assuming a luminosity Zﬁﬁlﬁj“ =0.4mb s

In Fig. 1.8 is presented the prediction for the rapidity dependence of the ratio between the
J/w and p photoproduction cross sections. The presented prediction is without the correc-
tion for mutual nuclear excitation, which is rapidity dependent and for the integrated cross
section gives an overall suppression factor of 1/10 [25]. The presented ratio J/y/p should

have small sensitivity to the correction and at mid rapidity %50) / %y/q’) ~ 1.2 x 10°.

The prediction for the rapidity distribution of p and J/y photoproduction cross section in
Pb+Pb collisions at /syy = 2.76 TeV at the LHC is presented in Fig. 1.9.

At central rapidity the photoproduction cross section is fl—‘y’(y =0) ~ 3.8 mb (470 mb)

for J/y (p). And in Tab. 1.1 are presented predictions for the integrated photoproduction
cross sections (production rates) assuming a luminosity ff}blléb =0.42mb!s7 1,
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— —— Y (x 100)

Iy

Figure 1.6: Prediction for the rapidity distribution of J/y and Y photoproduction cross

section in p+p collisions at y/s = 7 TeV at the LHC [2].

Meson | RHIC (Au+Au) LHC (Pb+Pb) LHC (p+p)
p 609.7 mb (256.0) | 4276 mb (1796.0) —
Iy 0.51 mb (0.20) 20 mb (8.40) 63.70 nb (637.0)
T — — 0.18 nb (1.80)

Table 1.1: The integrated cross section (events rate/second) for vector meson photopro-

duction in p+p and A+A collisions at RHIC and LHC energies [2].
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Figure 1.7: Prediction for the rapidity distribution of p and J/y photoproduction cross
section in Au+Au collisions at /s = 200 GeV at the RHIC [2].
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Figure 1.8: Prediction for the rapidity dependence of the ratio between the J/y and p
photoproduction cross sections [2].
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Figure 1.9: Prediction for the rapidity distribution of p and J/y photoproduction cross
section in Pb+Pb collisions at /syy = 2.76 TeV at the LHC [2].
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Chapter 2

Previous measurements of coherent J/y
photoproduction in AA collisions

Results of several papers focusing on coherent J/y photoproduction in AA collisions
are reviewed in this chapter. To begin with, the PHENIX paper presenting first results
of J/y photoproduction in ultra-peripheral collisions, using Au+Au data at \/syy = 200
GeV [16], is discussed. Next, the coherent J/y photoproduction in ultra-peripheral PbPb
collisions at \/syy = 2.76 TeV with the CMS experiment [26] is presented. At last, the
ALICE paper reporting the first measurement of an excess in the yield of J/y at very low
pr in Pb—Pb collisions at /syy = 2.76 TeV [27] is reviewed.

2.1 Photoproduction of J/y and of high mass e"e™ in ultra-
peripheral Au+Au collisions at |/syy = 200 GeV

Photoproduction of J/y and of high mass e*e™ in ultra-peripheral Au+Au collisions at
v/SnN = 200 GeV” [16] is a paper by the PHENIX Collaboration, where are presented
the first results of heavy vector meson (J/y) production in UPC.

The analysed data were collected by the PHENIX detector at RHIC during the high-
luminosity Au+Au run in 2004. The data were selected by the UPC trigger:

1. Veto on coincident signals in both Beam-Beam Counters (BBC) to select exclusive-
type events, i.e. with a large rapidity gap on either side of the central arm.

2. EMCal-Trigger (ERT) with a 2x2 tile threshold at 0.8 GeV. The efficiency for
triggering at least one of the e is estimated to be € = 0.940.1.

3. Minimum of 30 GeV of energy deposited in one or both of the Zero Degree Calorime-
ters (ZDCs), in order to select events with forward neutron emission.
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Chapter 2. Previous measurements of coherent J/y photoproduction in AA collisions

The forward neutron emission is due to Coulomb excitation by the electromagnetic
fields of the accelerated ions. The probability of the Coulomb excitation can be fac-
torised, therefore it does not introduce any bias in the measurement, and it is 55%
+ 6% for the coherent J/y photoproduction. For the incoherent J/y photoproduc-
tion probability of forward neutron emission is &~ 100%, but in this case it is due to
nucleus break-up.

The complete trigger efficiency is estimated to be € = 0.9 0.1 from the second trigger
condition, as the contributions from the first and third conditions were calculated to be
negligible.

The total number of events collected by the trigger was 8.5 millions, but only 6.7 millions
satisfied standard data quality assurance criteria. The event sample corresponded to an
integrated luminosity of %, = 141412 ub~!, computed from the minimum-bias trigger
events.

To enhance the amount of gamma-induced events the following global cuts were also
applied:

1. Standard off-line vertex cut |vtx;| < 30 cm to select collisions well centred in the
detector.

Normally the vertex position is obtained via timing information from BBC and/or
ZDC, but this does not work for UPC. By definition there are no coincidences in
the BBC and often there are also no coincidences in the ZDC. Therefore, for this
analysis the vertex position was reconstructed via the position of hits in the multi-
wire proportional chamber (PC) and of clusters in the electromagnetic calorimeter
(EMCal).

2. Only events with two charged particles. This criteria is used in order to select ex-
clusive processes characterised by only two isolated charged particles in the final
state.

It allows them to suppress non-UPC (mainly beam-gas and peripheral collisions)
reactions that also passed the UPC trigger, while loosing less then 5% of the signal.

Unlike in previous J/y measurements in Au+Au nuclear collisions, which have to deal
with large particle multiplicities, in UPC the detector environment is rather clean and no
strict electron identification cuts are needed. Instead, the following offline cuts were used:

1. Ring-Imaging Cherenkov detector (RICH) multiplicity ny > 2 selects e+ which fire
two or more tubes around the track within the ring radius.

2. Candidate tracks associated with an EMCal cluster with dead or noisy towers within
a 2x2 tile are excluded.
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collisions at ,/syy = 200 GeV

3. At least one of the two electron/positron tracks is required to have energy higher
then 1 GeV, because of the behaviour of the ERT (discussed above), which has a
0.8 GeV threshold with turn-on curve.

In order to identify coherent events a cut selecting only candidate e*e™ detected in oppo-
site arms of the detector was used. But after all the previous selections this cut affected
only one event.

Acceptance and efficiency corrections were obtained from the PHENIX GEANT3 simu-
lation with input from the STARLIGHT Monte Carlo.

The J/y were reconstructed by an invariant mass fit of the measured e*e™ pairs. The
invariant mass spectrum and fit can be seen in Fig. 2.1. After the analysis cuts no remain-
ing like-sign background was observed. The shape of the spectrum is consistent with the
two expected processes: the photoproduction of the eTe™ continuum (exponential) and
the J/w — ete™ decay (Gaussian).
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Figure 2.1: (a) Invariant mass distribution of e™e™ pairs with the fit of a dielectron con-
tinuum (exponential distribution) and a J/y (Gaussian) signal. The two additional dashed
curves indicate the fit results with the maximum and minimum continuum contributions
considered. (b) J/y invariant mass distribution after subtracting the fitted dielectron con-
tinuum signal [16].

The data is fitted with three free parameters: the exponential normalisation, the J/y peak
normalisation and width (the position has been fixed at the known J/y mass). The width
is consistent with the J/y width from MC.

Systematic uncertainties of the fit were obtained by changing the exponential shape of the
fit to a power law fit and by varying the slope parameter by +30. The total number of
J/y is calculated to be Nj/y =9.9 £4.1 (stat) = 1.0 (syst) and the number of ete” pairs
in the background continuum is N,+,- = 13.7 £ 3.7 (stat) £ 1.0 (syst) for a mass range
m,+, € [2.0,2.8] GeV/c?
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Chapter 2. Previous measurements of coherent J/y photoproduction in AA collisions

In Fig. 2.2 is shown an invariant mass vs. pr scatter plot. It can be seen that most of
the events outside the J/y peak have very low transverse momenta (pr < 100 MeV/c),
which is expected for the coherent background. Near the J/y mass peak there are also
higher pr events. Coherent J/y production can only yield events with pr < 200 MeV/c,
on the other hand incoherent J/y production can yield events with much higher pr. The
contribution of both processes is expected to be of the same order.

If the incoherent sample is assumed to correspond to events in the J/y mass window with
p% > 0.1 (0.05) GeV?/c?, it corresponds to approximately 4 (6) counts. This is about 40
(60)% of the total J / y events, which is compatible with the theoretical prediction. Limited
data statistics does not allow to obtain a better separation of the two contributions
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Figure 2.2: Scatter plot of e"e™ invariant mass on pr [16].

From the extracted yields were calculated cross sections for photoproduction at mid-
rapidity in UPC Au+Au collisions with forward neutron emission. For e*e™ pairs the
double differential cross section is calculated as

dee*e*—O—Xn Nete- 1 1

_ s @.1)
dy,dmg+ .- [y|<0.35,Am .+ ,— Acc-¢€- Errigg Lint Ay Amgie-
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and yields For oy,
dy7dme+ -

e

= 6423 (stat) £ 16 (syst) ub/(GeV /c?) for

ly|<0.35,Am, 4
m,:, € [2.0,2.8] GeV/c?.

For J/y the cross section is calculated as

doyyaxa| 1 Ny 1 .
dy  |jyj<03s BR Acc-€-&yigg-Lim Ay )
and yields dq/% | =76+ 31 (stat) = 15 (syst) ub.
y|<0.35

This result is compared with theoretical predictions in Fig. 2.3. The theoretical predic-
tions are in good agreement with the measured cross section within the large statistical
uncertainties. These uncertainties do not allow to draw a more detailed conclusions.
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Figure 2.3: Measurement results of the cross section for J/y + Xn at mid-rapidity in UPC
compared to theoretical predictions. The error bar (box) shows the statistical (systemati-
cal) uncertainties of the measurement. If possible the coherent and incoherent components
of the theoretical predictions are showed separately in (a) and summed up in (b) [16].

The measured cross section can also be compared to photonucleon J/y cross section
measured in e — p collisions at HERA. The results are compatible with a scaling of the
cross section with the number of nucleons in gold.

41



Chapter 2. Previous measurements of coherent J/y photoproduction in AA collisions

2.2 Coherent J/y photoproduction in ultra-peripheral PbPb
collisions at ,/syy = 2.76 TeV with the CMS experi-
ment

”Coherent J/y photoproduction in ultra-peripheral PbPb collisions at /syy = 2.76 TeV
with the CMS experiment” [26] is a paper by the CMS collaboration.

The data analysed in this paper were acquired by the CMS detector at the LHC in the
2011 PbPb run, corresponding to an integrated luminosity of 159 ub~!. The events are
selected by a UPC trigger with the following conditions:

1. Energy deposit in either of the Zero Degree Calorimeters (ZDCs) consistent with at
least one neutron.

2. No activity in at least one of the Beam Scintillator Counters (BSCs).
3. At least one single muon with pr over threshold.

4. At least one track in the pixel detector.

In order to suppress beam-gas interactions and non-UPC events the following offline cuts
are imposed:

1. The z position of the primary vertex is required to be within 25 cm of the beam spot
centre.

2. The length of the pixel clusters must be consistent with tracks originating from this
vertex. This removes beam background events which produce elongated clusters in
the pixel detector.

3. The time difference between hits in the two BSCs has to be smaller then 20 ns with
respect to the mean flight time between them (73 ns). This requirement removes
beam-halo events.

As mentioned above, one of the requirements of the UPC trigger is the presence of at
least one neutron in either of the ZDCs. The events analysed in this paper are classified
based on the number of neutrons deposited in the ZDCs. The detectors have a resolution
of about 20% for single neutron detection in PbPb collisions at /syy = 2.76 TeV and this
allows CMS to obtain a good resolution of zero, one ore multiple neutron events.

The coherent J/y cross section is measured with events which have at least one neutron
on one side of the interaction point and no neutron on the other side (X,0,). This is a
subset of the triggered events and it is well suited for rejection of non-UPC events due to
its asymmetric shape. Apart from this break-up mode also events in the X, X,, 1,0, and
1,1, break-up modes are recorded.
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In addition to the ZDC requirement, two other conditions are applied to reject non-UPC
events:

1. Events must have exactly two reconstructed tracks.

2. The Hadronic Forward (HF) calorimeter cell with the largest energy deposit is re-
quired to be below 3.85 GeV. This requirement ensures that the HF energy is con-
sistent with a photon-induced event.

The recorded muon tracks have to lie within the phase space region 1.2 < || < 2.4 and
1.2 < pr < 1.8 GeV to ensure good data quality. Furthermore, to ensure good identifica-
tion and track reconstruction the single muons are required to pass the following criteria:

1. More then four hits in the tracker and at least one is required to be in the pixel layer.
2. Track fit with x2 per degree of freedom less than three.

3. Transverse (longitudinal) impact parameter less then 0.3 (20) cm from the measured
vertex.

4. Dimuon pr < 1.0 GeV, rapidity interval 1.8 < |y| < 2.3 and mass interval
2.6 < m(utu™) < 3.5GeV.

No like-sign pairs are found after these selections. The muon quality criteria, after all
other selections, reject only one event from 518.

The acceptance and efficiency corrections are calculated from a STARLIGHT Monte
Carlo simulation folded with the full CMS simulation and reconstruction software.

With all the selection criteria mentioned above the pr and invariant mass distributions are
simultaneously fitted to extract the number of coherent J/y, incoherentJ/y and y + v —
(i events. The fit uses an unbinned maximum likelihood algorithm. The shapes of the
pr distributions are determined from the STARLIGHT MC. The invariant mass fit uses a
Crystal Ball model for the coherent and incoherent J/y and a second-order polynomial
to describe the background continuum from Y+ ¥ — p™u~ events. The fit constrains the
number of coherent J/y, incoherent J/y and Y+ 7y — ut ™ events to be the same in
both the pr and invariant mass distributions. The p7 and invariant mass fit of the X0,
break-up class can be seen in Fig. 2.4.

For events with py < 0.15 GeV (corresponding to coherent J/y production) in the rapid-
ity interval 1.8 < 1 < 2.3 the fit yields 207 4 18 (stat) coherent J/y candidates, 75+ 13
(stat) for incoherent J/y candidates (corresponding to events with py > 0.15 GeV) and
75 £ 13 (stat) for Y+ y background.

In addition, the data sample is studied in terms of two cases: i) neutrons emitted with
the same rapidity sign as the J/y or ii) neutrons emitted with the opposite rapidity sign
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Pb+Pb - Pb+Pb+J/y (X 0) 159 ub™ (2.76 TeV) Pb+Pb - Pb+Pb+J/y (X 0) 159 ub™(2.76 TeV)

S\ 1807\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7 ’;16 k\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
§ 160 cMS = § 140i+ CMS —+ CMS data E
S - pWH)<10Gev  J —eCMSdata ] 2 T Coherent J/y ]
g 140; 1.8< |y(u+u*)| <23 ' .‘ —Vy - IJ+P- E :’ 120:_' : == Incoherent J/LIJ {
2 120 { % e Total 12 7. —- Wy - W ]
T - o {1 £100f .- - Total B
& 100p- + 1 4 ¢ [l ]
- ] 80 : | 7
80F E o Le<hwl<23 ]
60F- E 60; + 2.6 < M(U'Y) < 3.5 GeV ]
40 * i = 40?} - E
20~ oy "’-.% - 201 | *H#‘**’ b bt =
ow%##—wt i i i g 0 v PR T ﬁ ‘ {\“‘Mﬂwﬁgﬂ
26 27 28 29 3 31 32 33 34 3. 0 0.10.2030405060.70.809 1
m(p) [GeV] p (LK) [GeV]

(a) (b)

Figure 2.4: Results of the simultaneous fit to dimuon invariant mass (a) and pr (b) spec-
trums for the X,,0,, break-up class. Only statistic uncertainties are shown and the data are
not corrected by acceptance and efficiencies. [26].

than the J/y. This study for the coherent case shows the same number of events in the
two classes (within statistical uncertainties), suggesting that the J/y photoproduction and
the neutron emission are independent processes. On the other hand, for the incoherent
case most of the events have the neutrons and the J/y with the same rapidity sign. This
suggests that the low-x and high-x contributions are decoupled and can be more easily
observed for the incoherent case.

In the X,,0,, break-up mode the coherent J /y photoproduction cross section for the dimuon
channel is calculated as

nnJ — nvYn 2'3
o ) By S a i) Ty (AE)TY 23

where B(J/y — u* ™) =5.9640.03(syst) % is the branching ratio, L, = 159+ 8(syst)ub~!
is the integrated luminosity, Ay = 1 is the size of the rapidity bin and (Ag)"/¥ =5.9+
0.5(stat)% is the acceptance times efficiency correction factor. N)C(;’gn is the coherent J/y
yield for prompt J/y candidates with pr < 0.15 GeV and it is given by

Nyield
NgB, = — 2.4
Xnon 1+fD ( )

where Nyielq is the coherent J/y yield extracted from Fig. 2.4 and fp is the feed-down
ratio from coherent y(2S) — J/y + X decay. There are not enough data to perform a
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2.2. Coherent J/y photoproduction in ultra-peripheral PbPb collisions at /syy = 2.76
TeV with the CMS experiment

coherent y/(2S) analysis, so the feed-down ratio has to be calculated from MC simula-
tions. STARLIGHT is used to simulate coherent y(2S) events and PYTHIA is used to
simulate the decay into J/y. This procedure gives fp = 0.018 £ 0.011(theo), together
with Ny;erq = 207 & 18(stat), mentioned above, the coherent J/y yield is calculated to be

Nf(ggn = 203 + 18(stat). Finally, the coherent J/y photoproduction cross section in the
Gcoh

X,,0,, break-up mode is dé‘—;o" (J/w) = 0.36 +0.04(stat) +0.04(syst) mb.

Pb+Pb — Pb+Pb+J/y 159 ub ™' (2.76 TeV)

—e— CMS data

CMS —o— ALICE data

I Impulse approximation
Leading twist approximation

doh / dy [mb]

——

-05 0 05 1 15 2 25 3 35
y

Figure 2.5: Differential coherent J/y cross section dependence on rapidity measured in
PbPb UPC at /syy = 2.76 TeV by ALICE and CMS. The vertical error bars include
the statistical and systematic uncertainties added in quadrature, and the horizontal bars
represent the range of the measurements in y. The impulse approximation and the leading
twist approximation calculations are also shown [26].
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Chapter 2. Previous measurements of coherent J/y photoproduction in AA collisions

In order to be able to compare this result with the the theoretical predictions and results
from the ALICE collaboration, the total coherent J/y cross section has to be calculated
from the X,,0, break-up mode. This is done with the STARLIGHT MC generator, which
can simulate the various break-up modes. The total coherent J/y cross section is then

d‘é—;oh(J/lll) = 1.82 £ 0.22(stat) £ 0.20(syst) £ 0.19(theo) mb. In Fig. 2.5 the CMS and
ALICE results are compared to theoretical calculations based on the impulse and leading
twist approximations.

The leading twist approximation is a calculation at the partonic level that includes a mech-
anism for nuclear gluon shadowing and it is in good agreement with the data. The impulse
approximation neglects all nuclear effects and it overpredicts the CMS result by more then
three standard deviations.

2.3 Measurement of an excess in the yield of J/y at very
low py in Pb—Pb collisions at /sy = 2.76 TeV

“Measurement of an excess in the yield of J/y at very low p; in Pb—Pb collisions at
Vsny = 2.76 TeV” [27] is a paper by the ALICE collaboration and it presents the first
measurement of an excess (with respect to the hadroproduction expectation) in the J/y
yield at very low transverse momentum (py < 0.3 GeV/c) for peripheral Pb—Pb collisions.
It is plausible that this excess is caused by the coherent photoproduction of J/y. However,
it had never been observed in non-UPC collisions and it raises several questions, e.g. how
the break-up of the nuclei influences the coherence requirements.

The J/y was measured in the forward region via its dimuon decay channel. The data
used in this analysis were measured by the ALICE detector at the LHC and corresponds
to approximately 17 x 10® minimum-bias (MB) pu triggered Pb-Pb collisions, which
translates into an integrated luminosity of %y ~ 70 ub~!. The Silicon Pixel Detector
(SPD) provides the coordinates of the primary vertex. The minimum-bias (MB) trigger
requires a signal in both of the VO detectors. The dimuon opposite-sign trigger, used in
this analysis, requires at least one pair of opposite-sign track segments in the muon spec-
trometer triggering system, each with a pr above the 1 GeV/c threshold. The beam and
electromagnetic background were reduced by VO and Zero Degree Calorimeter (ZDC)
timing information and by a minimum energy level required in the neutron ZDC (ZNA,
ZNC). The energy thresholds were ~ 450 GeV and ~ 500 GeV for the ZNA and ZNC,
respectively. This corresponds to an energy threshold approximately three standard devi-
ations below the energy deposited by a 1.38 TeV neutron. The centrality was determined
from a fit to the VO amplitude distribution. The 90% most central collision were used for
this analysis and for these the MB trigger was fully efficient. For each centrality class, the
average number of participant nucleons <Npart> and average value of the nuclear overlap
function were calculated from a Glauber model.

46



2.3. Measurement of an excess in the yield of J/y at very low py in Pb—Pb collisions at
\/SNN = 2.76 TeV

In Fig. 2.6 the raw pr distribution of opposite sign dimuons (without combinatorial back-
ground subtraction) can be seen for the invariant mass range 2.8 < my+,- < 3.4 GeV/c?
and the 70-90% centrality class.

o —
2 F ALICE, Pb-Pb \s, = 2.76 TeV
© SE 25<y<4
S 39 sl o 2.8<my, <3.4GevVic?
O - 70-90%
Q- —
£ 25+
S r
> L
o _ L 4
O 20
5 r
X i5F
5 OS dimuons (data)
- —— Coherent photoproduced J/y
O _| 1 1 |_|—H L | L | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | | |
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P, (GeV/c)

Figure 2.6: Opposite sign dimuon pr distribution for the invariant mass range
2.8 <my+y- <34 GeV/c? and the 70-90% centrality class. Vertical bars represent sta-
tistical uncertainties. The red line represents the pr distribution of coherently produced
J/w in Pb—Pb UPC as predicted by the STARLIGHT MC generator and folded with the
muon spectrometer response function [27].

There is a significant excess of dimuons at very low pr in this centrality class, such an
excess has not been observed in the like-sign dimuon pr distribution, neither in proton-
proton collisions.

To extract the number of J/y the invariant mass distribution was fitted with a Crystal Ball
function or a pseudo-Gaussian function describing the signal. The tails for the J/y signal
functions were fixed using MC simulations and two or three functions were considered to
describe the background. In addition, the fit range and the bin width were varied to check
the impact on the signal extraction process.

In Fig. 2.7 a typical invariant mass fit can be seen for the pr range 0-0.3 GeV/c and
centrality classes 0-10% (top) and 70-90% (bottom). The extracted number of J/y is the
average of the results from making every combination of all the signal and background
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Chapter 2. Previous measurements of coherent J/y photoproduction in AA collisions
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Figure 2.7: Opposite sign dimuon invariant mass distribution for py range 0-0.3 GeV/c
and centrality classes 0-10% (top) and 70-90% (bottom). Vertical bars represent statistical
uncertainties [27].
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2.3. Measurement of an excess in the yield of J/y at very low py in Pb—Pb collisions at
\/SNN = 2.76 TeV

shape functions as well as different fitting ranges. The systematic uncertainties are ob-
tained from the RMS of the results.

In each centrality class and p7 range the R44 was obtained using this formula:

NJ/t/f

Rl/l/i/w _ AA 2.5)
hJ hi/y’ :
BRj/y—1+1- X Nevents X (A x S)AA/W X (TAA) X Opp /v

where NXA’I is the measured number of J/y, BR; Jy—1+1- 18 the branching ratio, Neyents 18

the number of MB events used for normalisation, (.4 x 8)2% ¥ is the acceptance and ef-

ficiency (assuming pure hadroproduction), (Ta) is the average nuclear overlap function

and GI};pJ/ ¥ is the proton-proton inclusive J /w production cross section.

In Fig. 2.8 the J/y R44 dependence on <Npart> is shown. There is a strong increase in
the Ra4 at low pr (0-0.3 GeV/c) for the most peripheral Pb—Pb collisions, which is not
predicted by any of the transport models that described well the previous measurements.

As mentioned earlier, a possible explanation of this excess is J/y photoproduction. At
LHC energies the photoproduction cross section is comparable to the hadronic J/y cross
section. Also, the shape of the pr distribution, where the excess is observed, is similar to
that of coherent J/ y photoproduction. Thus, assuming that coherent J/y photoproduction
is the cause of this excess, the corresponding cross section can be calculated using Eq. 2.3
and Eq. 2.4. For the 70-90% centrality class the cross section per unit rapidity is calculated
tobe 59 £ 11 (stat)ﬂO (uncor. syst) £ 8 (cor. syst) ub.

In Pb—Pb UPC at /syy = 2.76 TeV the incoherent yield in the 0.3-1 GeV/c pr range
should be about 30% of the coherent yield in the 0-0.3 GeV/c pr range. If the behaviour
is the same in peripheral collisions, the expected contribution to the total number of J/y
from the incoherent J/y photoproduction should amount to 23% (4%) in the 70-90%
(50-70%) centrality class in the 0.3-1 GeV/c pr range. Unfortunately the significance
of the analysed data sample does not allow to confirm the presence of the incoherent
contribution in this pr range.

The probability of a coincidence of a MB collision and a coherent J/y photoproduction
in UPC satisfying the dimuon trigger in the same bunch crossing has been calculated. For
the analysed data sample only one random coincidence is expected for the full centrality
range.

A calculation was made to determined the expected J/y photoproduction cross section.
As arough estimate all the protons (charges) in the source and all the nucleons in the target
were considered to contribute to the cross section as in UPC, even though the fact that
the nuclei also undergoes a hadronic interaction may influence the coherence conditions.
Two different models were used for the calculation, a vector dominance model and a
perturbative QCD model. Both of them result in an approximately 40 ub cross section for
the 70-90% centrality class, which is of the same order as the measured value.
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Figure 2.8: The Ras for J/y production as a function of <Npan> fro three pr ranges in
Pb—PDb collisions at /syy = 2.76 TeV. [27].

For the most peripheral collisions only a few nucleons (Npa¢ = 11) interact hadronically,
hence the interaction is close to ultra-peripheral and the comparison of the cross section
is reasonable. A proposed, but not investigated, hypothesis is that only the spectator nu-
cleons would interact coherently with the photon. In this case, the p7 distribution would
get wider with increasing centrality.
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Chapter 3

Data analysis

The analysis focuses on measuring the J/y decay in the dimuon decay chanel in the
forward rapidity region.

In the coherent J/y photoproduction analysis one of the key steps is to determine the
coherent contribution to the overall J/y signal. One of the ways in which this can be
achieved is to fit the pr spectrum by MC distribution templates, which correspond to all
involved processes. This method is the main focus of this chapter.

3.1 Data

The analysed data were recorded during the LHC Run 2 in Pb+Pb ultra-peripheral colli-
sions at y/syy = 5.02 TeV with ALICE, more specifically by the forward muon calorime-
ter. Within the analysis, Monte Carlo data were used to extract the contributions of differ-
ent dimuon production processes and they served to test the analysis procedure as well.

The Monte Carlo data were simulated with the STARLIGHT MC generator and folded
with the ALICE detector response. The following processes were considered coherent
J /v photoproduction, incoherent J/y photoproduction, feed-down contribution from co-
herent y(2S) photoproduction, feed-down contribution from incoherent y(2S) photopro-
duction and Yy background events producing dimuons.

Different parts of the MC data sets were used for the signal extraction process and differ-
ent for the testing of the analysis procedure.
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Chapter 3. Data analysis

3.2 Models for signal extraction

3.2.1 Transverse momentum spectrum

From the STARLIGHT generated Monte Carlo data samples were created RooFit Proba-
bility Density Function (PDF) templates for each of the respective processes to be able to
fit the pr spectrum of real data.

For the incoherent J/y production with proton dissociation there was no MC sample and
therefore the following parametrisation was used [28]

do

o = Npa(L+ (bpa/npa)lt) =", (3.1)

where N, is the normalisation parameter, ¢ is the transverse momentum squared, n,; = 3.56
and bpg = 1.7 GeV 2, which are values based on [28].

The fitting model for the pr fit consists of a sum of the coherent J/y, incoherent J/y,
incoherent J /y with proton dissociation, feed down from coherent y(2S5), yy background
templates and the incoherent J/y production with proton dissociation distribution from
Eq. 3.1. The feed-down contribution from the incoherent y(2S) photoproduction was
found to be negligible and therefore was omitted from the fitting model.

3.2.2 Invariant mass spectrum

To describe the J/y signal in the invariant mass spectrum, the Crystal Ball function [29]
was used.

fx;a,nx,0) = e 2

n 2 - —n -
n _la® n X—X X—X
= |— | e 2| ——|of- for — < -«
[« [« o o
(3.2)

It is composed from a Gaussian core with a power law times an exponential tail, which is
descried by the parameters o and n.

> —o

The dimuon background in the invariant mass spectrum was described using the following
formula [30].

foaA tar,a,a3) = & 14ai(x—1)?+ay(x—1)> +az(x—1)4 for x<t
(3.3)
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3.3. Results

The simple exponential model for background is modified by a fourth order polynomial,

which mainly manifests in the smaller invariant mass region to describe the decrease in
the detector efficiency.

3.3 Results

Global cuts applied to all data were that the dimoun pair had rapidity (—4 <y < —2.5)
and pr (pr < 3 GeV/c). For the transverse momentum distributions a cut on the J/y
invariant mass window was done (2.5 GeV/c? < m < 3.5 GeV/c?).

The pr fit to real data with its correlation matrix can be seen in Fig. 3.1 and the number
of events for the individual processes can be seen in Tab. 3.1.

Transverse momentum fit
Rapidity: -4.0<y<-2.5
o Data N,

m— Model
mmmm Coherent J/{
s |ncoherent J/{
s [ncoherent J/ + proton disoc. N

J/y from coherent Y(2S) decay
s CoONtinUUM Yy to pup

X?INDF: 0.737
This thesis

Events / (0.02)

W(2S)(coh)

Ny cony

Ny aisoey 0229  -0.047
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Figure 3.1: Fit to the transverse momentum spectrum of real data with a correlation ma-

trix.

Process | Ny; \/N fit | ONgy
Nijyieon | 8218 91 | 690
Ny jytincon) | 954 | 31 | 105
Nys)con) | 782 | 28 | 131
Ny, | 2834 53 | 632
N y(disoc) | 1926 | 44 | 71

Table 3.1: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to real data.
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Chapter 3. Data analysis

Even thought the y? value of the fit is good and the fit optically seems good, there is a
very strong anticorrelation between the coherent J/y production contribution and the yy
background contribution. This transfers to the standard deviations of the estimated num-
ber of events. The expected value for a statistical error is the square root of the original
value. From Tab. 3.1 is clear that the standard deviations are significantly larger.

The same analysis was done on Monte Carlo data in Fig. 3.2 with the number of events
in Tab. 3.2.

Transverse momentum fit
Rapidity: -4.0<y<-2.5
° Data Ny
m— Model
mmm— Coherent J/{
s |ncoherent J/{
= Incoherent J/y + proton disoc. N
J/y from coherent (2S) decay
s CONtiNUUM Yy to Up
X?/NDF: 0.604
This thesis

Events / (0.02)

' (2S)(coh)

10?

NJ/w(th) -0.043 0.253

N/ aisoc) 0.227  -0.043

N

3/ (incoh)

|
. “]Illl
HIIM\

Figure 3.2: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix.

||| 5

y 3 vy Nyesicon  Norgeony  Norggaisoy  Nangincon)
GeVic
pT [f 1

Process | #entries | Ny | /Ny | ony,
Ny yeony | 8241 [8652 93 | 693
Ny y(incony | 959 961 | 31 | 105
Nyas)(con) | 781 855 | 29 | 130

Nyy 2844 2397 49 | 633
N y(diso) | 1926 | 1885 | 43 71

Table 3.2: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data.

When the fitted values are compared with the true input values, it can be seen that there are
events from the ¥y background, which are falsely identified as the coherent J/y events.

The fit behaviour is the same as for real data, therefore the same effect is expected to be
present there as well. To examine this behaviour more closely a systematic analysis in
which every contribution is one by one fixed to the input value was conducted.
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3.3. Results

The pr fit to Monte Carlo data and its correlation matrix with the coherent J/y contribu-
tion fixed can be seen in Fig. 3.3 and the number of events for the individual processes
can be seen in Tab. 3.3.

Transverse momentum fit
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Figure 3.3: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix. The coherent J/y contribution is fixed in the fit.

Process | #entries | Ny, | /Ny | ong,
Ny y(con) | 8241 | 8241 | fixed | fixed
Ny /y(incon) | 959 945 | 31 | 101
Ny@s)con) | 781 902 | 30 | 103
Nyy 2844 [ 2766 | 53 | 117

N y(disor) | 1926 | 1887 | 43 71

Table 3.3: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data with the
coherent J/y contribution fixed.

With the coherent contribution fixed, most of the ¥y events are classified correctly and the
standard deviation of the Ny, is significantly smaller then before but still a factor of two
larger than expected.
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Chapter 3. Data analysis

The pr fit to Monte Carlo data and its correlation matrix with the incoherent J/y contri-
bution fixed can be seen in Fig. 3.4 and the number of events for the individual processes
can be seen in Tab. 3.4.

Transverse momentum fit
Rapidity: -4.0<y<-2.5
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Figure 3.4: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix. The incoherent J/y contribution is fixed in the fit.

Process | #entries | Ny | /Nyt | Ong,
N /y(con) 8241 8649 93 670
N /w(incon) 959 959 | fixed | fixed
Nys)con) | 781 857 | 29 | 103

Ny, 2844 | 2398 | 49 | 617
Nyytaisoe) | 1926 | 1886 | 43 | 55

Table 3.4: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data with the
incoherent J/y contribution fixed.

Fixing the incoherent J/y contribution does not yield any significant changes in the fit
behaviour. Only the standard deviation in the number of dissociative events slightly de-
creases, which is caused by the fact that dissociative contribution has a correlation factor
of -0.622 with the incoherent J/y contribution.

56



3.3. Results

The pr fit to Monte Carlo data and its correlation matrix with the coherent y/(2S) contri-
bution fixed can be seen in Fig. 3.5 and the number of events for the individual processes
can be seen in Tab. 3.5.

Transverse momentum fit
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Figure 3.5: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix. The coherent y(2S) contribution is fixed in the fit.

Process | #entries | Ny | /Ny ONy
Ny (con) 8241 | 8898 | 94 546
NJ /1y (incon) 959 998 32 82
Nys)con) | 781 781 | fixed | fixed
Nyy 2844 2193 47 528
N /1y (disoc) 1926 | 1876 | 43 69

Table 3.5: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data with the
coherent y/(2S) contribution fixed.

Fixing the coherent y(2S) feed-down contribution makes the flow of events from the yy
background to the coherent J/y production even higher.
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Chapter 3. Data analysis

The pr fit to Monte Carlo data and its correlation matrix with the yy background contri-
bution fixed can be seen in Fig. 3.6 and the number of events for the individual processes
can be seen in Tab. 3.6.

,(\T Transverse momentum fit

8 10° o Rapidity: -4.0<y<-2.5

= [ ] Data N

a y(@)(con)
1] — \Model

§ m—— Coherent J/{

w = |ncoherent J/§

= |ncoherent J/ + proton disoc.
J/y from coherent (2S) decay
s CONtiNUUM Yy tO PR NJ/w(coh)
X?/NDF: 0.603
This thesis

102

N/ aisoc)

N

ullv |||

Figure 3.6: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix. The yy background contribution is fixed in the fit.
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Process | #entries | Ny, | /Ny | ong,
Nijyion | 8241 |8172] 90 | 127
Nj Jw(incoh) 959 944 31 102
Nyos)con) | 781 | 906 | 30 | 108

Ny, 2844 | 2844 | fixed | fixed
Ny yidioe) | 1926 | 1887 | 43 | 71

Table 3.6: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data with the yy
background contribution fixed.

With the yy background contribution fixed, most of the coherent J/y events are classified
correctly and the standard deviation of the Ny () is significantly smaller.
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3.3. Results

The pr fit to Monte Carlo data and its correlation matrix with the incoherent J/y with
proton dissociation contribution fixed can be seen in Fig. 3.7 and the number of events
for the individual processes can be seen in Tab. 3.7.
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Figure 3.7: Fit to the transverse momentum spectrum of Monte Carlo data with a cor-

relation matrix. The incoherent J/y with proton dissociation contribution is fixed in the
fit.

Process | #entries | Ny; \/ N ONy;

N3y (con) 8241 8635 93 693
N; Y (incoh) 959 924 30 81

Ny (25)(con) 781 872 30 127

Nyy 2844 2408 49 634

Ny y(disoc) 1926 1926 | fixed | fixed

Table 3.7: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to Monte Carlo data with the
incoherent J/y with proton dissociation contribution fixed.

Fixing the incoherent J/y with proton dissociation contribution does not bring any sig-
nificant change to the fit results.
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Chapter 3. Data analysis

From the above results it is clear that fixing either the coherent J/y contribution or the yy
background contribution significantly improves the fit. On the other hand fixing the other
contributions does not meaningfully improve the fit.

The invariant mass fit can be used to be able to fix the yy background contribution in real
data. This procedure was first tested on Monte Carlo data, the invariant mass fit can be
seen in Fig. 3.8.

;; 1600~ Invariant Mass fit
3 - Rapidity: -4.0<y<-2.5
3 — ] Data
5 1400 — Model
'2 - — Signal J/Y
$ - Signal y(2S)
o 1200+ = Background
: X2/NDF: 0.750
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800[—
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400—
200 ¢
>
0 L Doy oowePe0i9000%00%00000s00bennsetennttnnges
2 2.5 3 35 4 45 5

m [GeV/c?]

Figure 3.8: Fit to the invariant mass spectrum of Monte Carlo data.

The invariant mass fit gives for the background in the J/y invariant mass windows Ny, =
3010 + 51. To constraint the Yy background in the pr distribution a -5% and +4% range
from the N,y value was used. The pr fit to Monte Carlo data with this limitation and
its correlation matrix can be seen in Fig. 3.9 and the number of events for the individual
processes can be seen in Tab. 3.8.

The constrains helped to identify the correct number of coherent J/y events as well as
lower the standard deviation of the extracted number of events. However the fit did not
find a stable solution for the number of yy events within the parameter limits. The Ny =
2859 + 258 is the value of the lower limit of the parameter.
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3.3. Results

Transverse momentum fit
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Figure 3.9: Fit to the transverse momentum spectrum of Monte Carlo data with a correla-
tion matrix. The number of Yy events is constrained based on the invariant mass fit.

Process | #entries | Ny | /Ny | Ong,
Niyieony | 8241 | 8155 90 | 157
N yineory | 939 | 943 | 31 | 102
Nyasyeon | 781 | 908 | 30 | 109
Ny, 2844 | 2859 | 53 | 258

N ylaioe) | 1926 | 1887 | 43 | 71

Table 3.8: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the p7 fit to Monte Carlo data. The number
of vy events is constrained based on the invariant mass fit.

The same procedure was repeated for real data. However, in the Monte Carlo invariant
mass data sample there was no contribution from the incoherent J/y production with
proton dissociation, because Eq. 3.1 describes only the transverse momentum distribu-
tion. To account for this difference with respect to real data, the contribution from the
incoherent J/y production with proton dissociation was subtracted from the number of
background events obtained from the invariant mass fit to real data which can be seen in
Fig. 3.10.
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Chapter 3. Data analysis
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Figure 3.10: Fit to the invariant mass spectrum of real data.

The invariant mass fit gives for the background in the J/y invariant mass windows Ny
= 3279 £ 110. To constraint the yy background in the pr distribution the -5% and +4%
range from the Ny, value was used again. In the invariant mass spectrum can be seen also
the y(2S) peak. The y/(2S5) is not the object of this analysis, however it might be analysed
in the future. The pr fit to real data with this limitation and its correlation matrix can be

seen in Fig. 3.11 and the number of events for the individual processes can be seen in
Tab. 3.9.

Process | Ny | /Ny | ong,
Ny y(con) | 7918 89 175
NJ Y (incoh) 945 31 102
Ny 2s)(con) | 813 29 110
Nyy 3115 56 294

Ny y(disoc) 1927 44 71

Table 3.9: The number of events for given process, its square root (expected statistical
uncertainty) and the standard deviation from the pr fit to real data. The number of yy
events is constrained based on the invariant mass fit.

The procedure once again lowered the standard deviation of the number of extracted co-
herent J/y and yy background events. And again the fit took the value of the lower limit
for the number of yy events which is Ny, = 3115 & 294.

62



3.3. Results

Transverse momentum fit
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Figure 3.11: Fit to the transverse momentum spectrum of real data with a correlation
matrix. The number of yy events is constrained based on the invariant mass fit.

With the Ny, parameter taking the lower limit value each time, this procedure has to be
carefully tested to make sure of its validity. Dependence on bin width, fit range, sample
size and other things have to be examined.

Another solution for constraining the number of yy events is, instead of using one fit to
limit the other, to do a simultaneous fit to both invariant mass and transverse momentum
spectra. This technique will be tested in the future.

Once the coherent J/y photoproduction yield is verified to be extracted correctly, the
next step in the analysis to be able to compute the differential cross section from Eq. 2.3
is to determine the acceptance and efficiency correction factor, work on this step has just
started.
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Summary

In the first chapter of this Research project are reviewed two theoretical papers on pre-
dictions for coherent J/y photoproduction within the colour-dipole model in nucleus-
nucleus and proton-nucleus ultra-peripheral collisions at RHIC and LHC.

In the second chapter are discussed two papers concerning the measurement of the coher-
ent J/y photoproduction in ultra-peripheral collisions by PHENIX at RHIC and by CMS
at LHC. And also a paper by the ALICE collaboration which is the first paper reporting
the coherent J/y photoproduction measured in peripheral collisions.

The third chapter is devoted to the analysis of coherent J/y photoproduction in ultra-
peripheral Pb-Pb collisions at a centre-of-mass energy per nucleon /syy = 5.02 TeV
measured with the ALICE detector in the forward rapidity region. The J/y is recon-
structed from its dimuon decay channel.

The main work was devoted to the extraction of the coherent contribution from the overall
J/y signal. This was done by fitting the transverse momentum spectrum with RooFit PDF
templates based on STARLIGHT Monte Carlo simulations. However this method resulted
in yy background events being falsely identified as coherent J/y events. Therefore a
constraint on the number of Yy background events in the transverse momentum spectrum
was applied. The constraint was obtained from a fit to the invariant mass spectrum. This
method was successfully tested on Monte Carlo data and therefore was used for real data
as well. However it will be further studied to make certain of its viability.

An alternative constraining method is to use a simultaneous fit instead of limiting one fit
with another. This method will be implemented in the near future. Work on determining
the acceptance times efficiency correction factor has started in order to be able to soon
calculate the coherent J/y photoproduction cross section.
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