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Heavy ions at ultra relativistic energies:            
a (high intensity) photon source

Nucleus is charged (Ze)

At v close to c (Lorentz factor γA>>1), at a given impact parameter b the 
charged particle behaves as a high density photon cloud. It’s the 
Weizsäcker-Williams photon distribution that could be seen as the photon 
distribution function of the nucleus

The quasi-real photon of one of the nucleus/nucleon/charged particle can 
interact :
• With other photon of the other nucleus (photon-photon interactions)
• With the other nucleus (photonuclear interactions)

The Weizsäcker-Williams photon distribution requires that  the induced 
momentum in the nucleus reference system is not relativistic : Q < MAc
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zero at y=0 in Pb-Pb peripheral collisions due to the total destructive interference of the amplitudes
in this volume.

In conclusion, the study of in plane and out plane transverse momentum distribution of the coherent
J/y photo-production in nuclear Pb-Pb collisions would provide a 2D ”picture” of the heavy ion col-
lisions beating the record of i) resolution, ii) time exposure speed , iii) size of the two slit interference
experiment, iv) quantum mechanics interference of the J/y and v) to study experimentally the role of the
overlap volume in coherent photo-production. The theoretical evaluation of the destructive interference
is mandatory to be able to interpret properly the experimental results

Formulas for the presentation

Q ⇠ 2Mc

N(Eg ,b) =
Z2aQED

p2b2 x2K2
1 (x)

gA � 1

x =
Egb

g
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Weizsäcker-Williams photon distribution (EPA) 
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Photon flux (Z=82, b=14 fm) :  
0.025 photons/fm2 
2.5x1028 photons/m2

Modified Bessel Function 
of order unityPhoton flux
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Reminders from Janckson

Q ⇠ 2Mc

gA � 1

From Jackson

dI(w,b)
dw

=
1

p2
q2

c
1
b2 x2K2

1 (x)

avec aQED = e2/h̄c

dI(w,b)
dw

=
Z2aQEDh̄

p2b2 x2K2
1 (x)

x =
Egb
gA

Nombre de photons N(Egamma) = dn(Eg = h̄w)/dEg par energy unit :

dI
dw

dw = EgN(Eg)dEg

donc

dI(w,b)
dw

= N(Eg ,b)h̄Eg

et donc
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Exclusive J/psi photo-production

The photon has the same quantum numbers 
as the J/psi : JPC = 1- - 

Non-colour exchange, just photon gets mass

Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 3: (Upper panel) ALICE data (red symbols) on exclusive photoproduction of J/y off protons as a function
of the centre-of-mass energy of the photon–proton system Wgp, obtained in collisions of protons and lead nuclei
at

p
sNN = 5.02 TeV, including results from [19], compared to a power-law fit, to data from HERA[9, 11], to the

solutions from LHCb[39] and to theoretical models (see text). 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 Wgp is also displayed on the top of
the Figure, see text for details.

The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole
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with W0 = 90 GeV and N = 71.8±4.1 nb and d = 0.70±0.05.
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Coherence
For  t → 0, the wave functions becomes 
larger than the radius of the  of the 
source (nucleon or nucleus)

The interaction could have taken place 
in any region of the source (coherence 
interference). 

The amplitudes contributes coherently

In incoherent photo-production, cross-
sections (the square of the amplitudes) 
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For t ! 0, the wave length of the vector meson in the transverse plane is larger than radius of the source
and therefore

lT =
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In the particular case of A+A collisions , the photo emitter is unkwonwn and there is a competition of
two photo-production processes A+ g and g +A, therefore :

Eg(g +A) =
MJ/y

2
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We can develop further the expression of Wg p

W 2
g p = 2
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sNNmJ/ye±y
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t = (p1 � p3)
2 = m2

J/y �m2
T =

m2
J/y �m2

J/y � p2
T =

t =�p2
T

One ca also consider in the expression of Eg that pT ⌧ mJ/y

Eg =
mT

2
ey =

q
m2

J/y + p2
T

2
ey ⇡

mJ/y

2
ey +

p2
T

4mJ/y
ey ⇡

mJ/y

2
ey (3)

This expression is largely used in the literature and as a reminder the two approximation used is that
pT ⌧ pp0z and pt ⌧ mJ/y which are perfectly suitable for LHC energies and coherent production of J/psi
on nuclei or nucleon.

For t ! 0, the wave length of the vector meson in the transverse plane is larger than radius of the source
and therefore

lT =
h
pT

dsJy+p

dt
µ |F2G(t)|2 for |t|⌧ 1

Rs�����

A

Â
i=0

AmplitudeJy+p

�����

2

= A2 ⇥AmplitudeJy+p

A

Â
i=0

|AmplitudeJy+p|2 = A⇥AmplitudeJy+p

In the particular case of A+A collisions , the photo emitter is unkwonwn and there is a competition of
two photo-production processes A+ g and g +A, therefore :

Eg(g +A) =
MJ/y

2
e+yJ/y

Eg(A+ g) =
MJ/y

2
e�yJ/y

We can develop further the expression of Wg p

W 2
g p = 2

p
sNNEg =

p
sNNmJ/ye±y

7



Perturbative QCD calculation

Photons goes to c-cbar pair. Two gluon colourless 
interaction J/ψ is produced. The gluon distribution 
function G(x,Q2) is probed at leading order

At t ∼ 0, two gluon interactions in the proton 
interference constructively : coherent production (but in 
a nucleon de process is known as incoherent in the AA 
UPC jargon), and therefore the t distribution is given the 
two-gluon form factor of the nucleon, F2G(t), expected to 
be close to the EM form factor :  mean pT of the J/psi ∼
1/RN ∼ 250 MeV/c

Note. At 2nd order this scenario is completely difference, 
and quarks PDF also contribute, even dominate due to a 
cancellation of the gluon LO and NLO contribution.  See 
presentation de K. J. Eskola Hard Probes 2023.

l 
l 

l 
I 

structure function and in the general case 3 in the LLA QCD one obtains 

I M v , Fw( )-a(- _,)2<1' -lqfl'{ 2 J 4129'1 } m = 16'1r o:. · N t a: x,q ( _2 )3 sg,...- 2q,.p .. - p,.q11 + --p,.p .. 2q • 
(4) 

where: it= (lq2 l + m}t)/4 and :t = 4ij2 /JJ. 
The new two gluon form factor FJF(t) that is introduced in eq.(4} in compuison with 
eq.(3) takes into account the t-dependence of the amplitude and cha.racterizea the corre-
lations between two gluons inside a proton, (F},O(t = 0) = 1}. For a rough estimate one 
can put FNm·(t)- the electromagnetic pmton form factor, but etrid!y epeaking thie 
is a new function that should be measured at the experiment. 

3 Spin structure of the amplitude. 

Let us discuss in more detail the structure of the last curley bracket in eq.( 4). At la.rge 
energies in the proton rest frame the polarization vectors e!,l) = (eo, e., ea, e 11 ) of photons 
with definite helicities-..\ take the form: eL±t) = and eL0 l = + v 

The same vectors for are: and e(o) 
' (E- E, 0, 0} , where E is the photon energy. For transverse pola.rizations (i,j = ±1) 

one gets A1J = 5i,i· It is easy to see from eq.(4) that a longitudmal zero helicity heavy 
photon only a longitudinal In pa.rticular 

Ao,o = A 1,1 Jj;ii 
fflJ 

(5) 

but at t ::/=- 0 zero helicity J/'fl-meson can be produced by transverse photon also A±1 ,0 = 
A1,1 However the last amplitude is small in comparison to A1 ,1 , as for typical 

q"f ,...., 0.3GeV the ratio qf :s; 0.07. So we conclude that the amplitude in eq.(4) 
approximately consenes the belicity of the incoming photon and for large jq21 m} 
the Jong1tidinal cross section tTL :» uT (see eq.(5}). Within this accuracy there are no 
a.zimuthal correlations between initial leptons and the momentum of the J /W·meson. The 
distribution of p+p- coming from Jf"ii-decay is also flat for zero helicity J(lfl-meson and 
photon (i.e. for longitudinal part of deep inelastic cross section aL). Only for transverse 
photons one gets nontrivial azimuthal distribution 

1-sin2 6-cos2 r.p 

in the J j'ifl-rest frame, or 
IQrl 1--- cos2 r.p 

m 
in the proton rest frame for large s..,.P » m}; 
where Qr is the transverse momentum of muon from J and r.p is the azimuthal 
angle between tbe vector Qr and the plane of initial leptons ( e .....,. e1) scattering. 

3 Summing up nil the leading log contributions of the diagram• with the of an arbitrary 
number of additional PILI-tons (shown by shori-daahed line on fig. I). 

J 

4 Concluding remarks. 

1. The differential cross section of a transverse photon ---1 diJfractive dissociation 
given by the amplitude eq.( 4) 

duTbP Jj'll + P) 
dt 

IMI' 
1611'".s2 

'rJ ' [ 2_, I Jl']' = IF,\.0 (t)]'"". umJ,(' •G(•,q') 
e.m. q 

(6) 

is of the same order (both from the numerical and parametrical points of views) as the 
.inela..i>tic Jj;; production [6] cross section. Putting Q• = i/4 and ZG(z,q::) = 2.5 one gets 
for real photon dissociation 

duT(t = 0) 
dt 

in agreement with the experimental value 

nb 
58 GeV2 

nb dubN:Jj'IIN) I•=•= 52±5±10GeV' 

extracted from 280GeV /c muon · iron coherent interactions [UJ. The width of the es-
senttal t-region is about 0.2 to 0.25 GeV2 . So integrated overt the cross section will be 
a(;N ---1 13nb, in agreement with the data [12]. 

2. In the framework of the vector dominauce mode1[13] (see fig.2) one can use the 
value of ol.lhN;//fiN) lt=O to estimate the total cross sedion of J/IP"-nucleon interaction. 
The result {111 utZM = 1.26 ±0.3lmb is too small in comparison to the data coming from 
the measurement of the A dependence of Jf'IJ photoproduction (a ioN= 3.5 ± 0.8mb) [14} 
which is more close to perturbative QCD calculations. 
In the Born approximation the two gluon exchange model [9] of the Pomeron gives 
tT+N = 4 -7mb[l5J for a reasonable value of J/lflradius Rto-
The reason that the qVDM is so small is the following. In perturbattve QCD the cross 
section is determined by the meson radius tTftN ex However in our reaction Jf!IJ-
meson is produced by a point like photon mostly through the small Rfl component of 
Jf'll-wave function4

. Therefore just after the photoproduction the radius Rfl < J(R"it) 
and the cross section o-(I!IN) ex is smaller than its normal value a("IJIN) ex 

3. The cross section of d1ffractive J/'11-electroproduction ts also not extreamely small. 
At the HERA energies even for large q2 one gets integrating over the region of q2 > 20GeV 2 

the value of uT( ep ---1 e' J and uT(ep ...... e' J fiJI +p) 55pb for q2 > 10GeV2 , 
that I hope can be measured at HERA or LHC experiments. To est1mate this cross sections 
tiLe values of the gluon structure functions XG(i,q2)=16 (at i = 7-10-\ q2 > 20GeV2 ) 
and iG(:t,q2)=13 (at :t = 4.5-10-4, q2 > 10GeV2 ) from reL [16} were used. 
Note that due to the a.ln; contributions the gluon denstty increases as iG(i, q2)ex z"'o"' 

·tuueeu, omy uue to the propagators ,.,_1,., 11 or lhe quarks get wme possib1hiiee to fly out 
from tbe initial pomt a (.11ee fig. I) in the impacl parameter plane. Without them (or in the caee when 
the mass m' in these propagators would be very large) only tbe point-like components of the J (W wave 
function contributea to the amplitudes fig.l and one gets a zero result do-T(-y .... Jj"l!)/dt ex 1/m'2 -o 0. 
This is a reHection of the fact thai the point-like colourleu cC-system is totally neutral. It not emit 
the gluom (I, l + Q) and thus does not interact at all. 
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Abstract. Cross section of diffractive J / ~  production in 
deep inelastic scattering in the Born and the leading-log 
approximations of perturbative QCD are calculated. 

I Introduction 

The process of J /7  j electroproduction arouses interest 
due to two reasons. First, it can be calculated within the 
perturbative QCD and second, its cross section is propor- 
tional to the gluon structure function. So, it is a good way 
to study the gluon distribution inside a proton [1, 2]. 

In the reactions of heavy-quark photoproduction 7N--, 
c6X, a popular approach is the "photon-gluon fusion" 
mechanism [3, 1, 4, 5] based on the subprocess 7g~cd. 
The amplitude and cross section of inelastic J~ 7 J produc- 
tion via the same mechanism was calculated in [6] and 
then discussed in [7]. This approach has been called [5] 
diffractive J~ 7 j production, as (in the first approximation) 
the cross section does not depend on energy and there is 
no flavour exchange. Strictly speaking, this is not a true 
diffractive process. There is a colour exchange in this case 
due to the colour of the gluon content in the target; as 

da 
a consequence, the inclusive J/qJ cross section ~zz ~const .  

at z ~  1, instead of the &(1 - z )  or 1/(1 - z )  behaviours that 
are usual for diffractive processes (z is the part of photon 
momenta carried away by the J /7  J meson). 

The goal of this paper is to consider the exclusive (in 
some sense elastic) diffractive J / ~  electroproduction that 
is described by the exchange of a colourless two-gluon 
system*; in the Born approximation by the diagrams in 
Fig. 1. In the leading-log approximation (LLA), instead of 
the simple two-gluon "pomeron" [9], one has to use the 
whole system of LLA ladder diagrams; for t -- 0 this repro- 
duces exactly the gluon structure function ~G(Y, ~2). 

* The model for elastic and diffractive J/~ production based on 
vector meson dominance and pomeron exchange was considered 
recently in [8]. 

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sec t ion- to  the square of the 
gluon structure function. Due to this fact, the reaction 
7*+N--*J/Tt+N feels the variation of 2G(Y, ~2) better 
than the inclusive J/~t' cross section, which depends on 
YG(Y, ~2) only linearly. Therefore, this process is one of 
the best ways to measure the role of absorptive correc- 
tions (pomeron cuts contributions) and to observe the 
saturation of gluon density predicted in the frame-work of 
perturbative QCD in 1-10]. 

In Sect. 2 we calculate the amplitude of diffractive J / 7  j 
photoproduction. In Sect. 3 we discuss the spin structure 
of this amplitude and correspondingly the distribution in 
azimuthal angle. In Sect. 4 the numerical estimates of the 
single and double diffractive dissociation cross sections 
are given. 

2 Amplitude of ~,* +p--,J/W+p 

The Born amplitude of 7*+p--*J/~+p reaction is de- 
scribed by the sum of the two diagrams in Fig. 1. As the 
binding energy of S-wave e6-quarks J /7  J system is small 
(much less than the charm quark mass me= m), one can 
follow I-6] and use the nonrelativistic approximation, 
writing the product of two propagators (k and k' in Fig. 1) 
and the J / 7  J vertex (i.e. J / 7  J wave function integrated 
over the relative momenta of c6^quarks k = k '  in J / 7  J 
rest-frame system) in the form g(k+m)Tu. The constant 

~ 7  

l +  

qJ 
k 

a b 

Fig. la, b. Feynman diagrams for diffractive J/7 J production 

M.G. Ryskin, Diffractive J/ψ electroproduction in LLA 
QCD, Z. Phys. C 57 (1993) 89, 
https://doi.org/10.1007/BF01555742
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Coherence in γ-A collisions
Coherence of the full distribution of gluon pairs in the nucleus increase 
the cross-section by a A2 factor
t distribution is given by the two-gluon distribution inside the nucleus, 
very close to the electromagnetic nucleus from factor

P P
PP

P

A

AA

A A A

γ

γ Q

Q

Q

QQ

Q
J/

J/

ψ

ψ

−

−
γ

−
J/ψ

2

2

,Υ

1

xxx

xx

1
21

,Υ

(a)

(b) (c)

x

xx −x

,Υ

Figure 9. Leading-twist diagrams for quarkonium production from nuclear targets.

in the diagrams of Fig. 9, is employed. There is a qualitative difference between the
interaction of a small dipole with several nucleons and a similar interaction with a single

hadron. For example, we consider an interaction with two nucleons. The leading-twist

contribution is described by diagrams where two gluons attach to the dipole. To ensure

that the nucleus remains intact, color singlet lines should be attached to both nucleons.

These diagrams, especially Fig. 9(b), are closely related to those describing diffractive

gluon densities measured at HERA and thus also to similar diagrams for nuclear gluon
shadowing [40].

The amplitude for coherent quarkonium photoproduction is proportional to the

generalized gluon density of the target, GA(x1, x2, t, Q2
eff), which depends on the light-

cone fractions x1 and x2 of the two gluons attached to the quark loop, as shown in the

top parts of the diagrams in Fig. 9. The momentum fractions satisfy the relation

x1 − x2 =
m2

V

s(qq)N
≡ x . (8)

If Fermi motion and binding effects are negligible, x2 # x1. The resolution scale,

Qeff , is large, Q2
eff ≥ m2

Q where mQ is the heavy quark mass. Numerical estimates of
J/ψ photoproduction give Q2

eff ∼ 3 − 4 GeV2 [48, 49], reflecting the relatively small

charm quark mass and indicating that this process bridges the nonperturbative and

perturbative regimes. On the other hand, the bottom quark mass is very large on the

scale of soft QCD. In this case, hard physics dominates and the effect of attaching more

19

A.J. Baltz et al., The Physics of Ultraperipheral 
Collisions at the LHC, Phys Rep 458 (2008 )171 
https://arxiv.org/abs/0706.3356

Nucleus form factor

In the nuclear rest frame, for light vector meson production at midrapidity the limit

lc ! RA holds at RHIC and LHC so that

dσγA→V A

dt
= |CV |2

dσV A→V A

dt
. (19)

The exclusive photo-nuclear scattering amplitude is thus proportional to the amplitude

for elastic vector meson scattering. If two vector meson states, V and V ′, contribute

then non-diagonal transitions, V ′A → V A, have to be considered in GVDM [69]. The

more general expression for the scattering amplitude,

MγA→V A = CV MV A→V A + CV ′ MV ′A→V A , (20)

is then needed.

The t-dependence of the differential cross section for coherent elastic scattering off

a heavy nucleus is primarily determined by the nuclear form factor, F (t),

dσγA→V A

dt
= |F (t)|2

dσγA→V A

dt

∣∣∣∣∣
t=0

, (21)

where F (t) is the Fourier transform of the nuclear density distribution The elastic cross

section at t = 0 is related to the total cross section, σtot, by the optical theorem,

dσV A→V A

dt

∣∣∣∣∣
t=0

=
σ2

tot

16π

(
1 + ε2

)
. (22)

The GVDM describes all available data at intermediate energies, see e.g. Fig. 13

from Ref. [70]. Hence vector meson production is very useful for checking the basic

approximations of UPC theory.

2.3.2. Cross sections in heavy-ion colliders The first calculations of exclusive vector

meson production at heavy-ion colliders were made in Ref. [72]. The model is briefly

described here. The total photo-nuclear cross section is the convolution of the photon

flux with the differential photo-nuclear cross section, integrated over the photon energy,

σAA→AAV =
∫ ∞

0
dk

dNγ(k)

dk

dσγA→V A

dt

∣∣∣∣
t=0

∫ ∞

−tmin

dt |F (t)|2 . (23)

Here −tmin = (M2
V /2k)2 is the minimum momentum transfer squared needed to produce

a vector meson of mass MV . The nuclear form factor, F (t), is significant only for

|t| < (h̄c/RA)2. Thus only photons with k > M2
V RA/2h̄c can contribute to coherent

production.

The expression for dNγ/dk in Eq. (6) corresponds to the photon flux at the center

of the target nucleus, r = b. The flux on the target surface will be higher near the
photon-emitting projectile, b − RA < r < b and lower further away, b < r < b + RA.

In coherent interactions, where the fields couple to the entire nucleus or at least to

the entire nuclear surface, a better estimate of the total flux is obtained by taking the

average over the target surface

dNγ(k)

dk
= 2π

∫ ∞

2RA

db b
∫ R

0

dr r

πR2
A

∫ 2π

0
dφ

d3Nγ(k, b + r cos φ)

dkd2r
. (24)

26

pT,J/psi∼ 1/RA, for lead ∼ 30 MeV
9
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Coherent photo production 
in A+A UPC
The sum of two different amplitudes :

where λC(A) is the Compton wavelength of the ion. xmax is 4×10−3, 3×10−4,
1.4× 10−4 for O, Sn, Pb ions, respectively. Here and also throughout the rest
of the paper we use natural units, i.e., h̄ = c = 1.

b>R +R

Z

Z

1 2

Fig. 1. A fast moving nucleus with charge Ze is surrounded by a strong electro-
magnetic field. This can be viewed as a cloud of virtual photons. These photons can
often be considered as real. They are called “equivalent” or “quasireal photons”. In
the collision of two ions these quasireal photons can collide with each other and with
the other nucleus. For very peripheral collisions with impact parameters b > 2R,
this is useful for photon-photon as well as photon-nucleus collisions.

The collisions of e+ and e− has been the traditional way to study γγ collisions.
Similarly photon-photon collisions can also be observed in hadron-hadron col-
lisions, see Fig. 1. Since the photon number scales with Z2 (Z being the charge
number of the nucleus) such effects can be particularly large. This factor of
>∼ 6000 (corresponding to Au, Z = 79) is the reason why the name “gold
flashlight” [9] has been used to describe very peripheral (AuAu) collisions at
RHIC.

Similarly the strong electromagnetic field can be used as a source of photons
to induce electromagnetic reactions in the second ion, see Fig. 1. Since the
ion, which is hit by these photons, is moving in the collider frame the photon-
hadron invariant masses can become very high. In the rest frame of one of the
ions (sometimes called the ”target frame”) the Lorentz factor of the other ion
is given by γion = 2γ2lab−1, where γlab is the Lorentz factor in the collider (cm)
frame. The maximum photon energy in this frame is 500 TeV for the LHC
and 600 GeV for RHIC.

This high equivalent photon flux has already found many useful applications in
nuclear physics [10], nuclear astrophysics [11,12], particle physics [13] (some-
times called the “Primakoff effect”), as well as, atomic physics [14]. Previous
reviews of the present topic can be found in [15–18].

The theoretical tool to analyze very peripheral collisions is the equivalent
photon method. This method is described in Chap. 2. The equivalent photon

6

G. Baur et al., Coherent gamma-gamma and gamma-A 
interactions in very peripheral collisions at relativistic 
ion colliders, Phys Rep 364 (2002) 359 
https://arxiv.org/abs/hep-ph/0112211
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Imaging the heavy ion collision 5

with W0 = 90 GeV and N = 71.8±4.1 nb and d = 0.70±0.05.

g J/y
c J/y

A little bit of kinematics

g + p ! J/y + p

t = (p1 � p3)
2 = (p2 � p4)

2

t = (p1 � p3)
2 = (pg � pJ/y)

2

t = (p1 � p3)
2 = m2

1 �2E1E3 +2~p1~p3 +m2
3

t = (pg � pJ/y)
2 = M2

J/y �2EgEJ/y +2~pg~pJ/y

Let us consider transverse momentums equal to zero

t = M2
J/y �2EgEJ/y +2Eg pJ/y||

t = M2
J/y �2EgMJ/y cosh(yJ/y)+2EgMJ/y sinh(yJ/y)

t = M2
J/y �2EgMJ/ye(�yJ/y )

Si t = 0

Eg =
MJ/y

2
eyJ/y

Eg(g +A) =
MJ/y

2
e+yJ/y

Eg(A+ g) =
MJ/y

2
e�yJ/y

If pJ/y,T 6= 0 we can write

t = M2
J/y �2EgEJ/y +2Eg pJ/y||

t = M2
J/y �2EgMJ/y,T cosh(yJ/y)+2EgMJ/y,T sinh(yJ/y)

t = M2
J/y �2EgMJ/y,T e(�yJ/y )

t = M2
J/y �2EgMJ/ye(�yJ/y ) +2EgMJ/ye(�yJ/y )�2EgMJ/y,T e(�yJ/y )
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dn(Eg ,b)
dEg

=
1

h̄Eg

dI(w,b)
dw

et donc

dn(Eg ,b)
dEg
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Z2aQED

Egp2b2 x2K2
1 (x)
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b
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At y=0, both contributions are identical.

If rapidity is not equal to zero, gamma 
energies are different, and relative 
contribution (γ+A)/ (A+γ) are not unity 
and it depends strongly on impact 
parameter.



Ultra Peripheral Collisions 

• Coincidence with a heavy ion bunch crossing in a collider (very short time window 
coincidence)

• Veto on the full detector
• Except for produced particles. For instance, the two tracks in the rapidity range 

where the J/psi (VM or dilepton) is measured.
• No identification of the heavy ions after the collision.
• In some cases, detection of neutrons evaporated from the heavy ions
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Photoproduction of J/ψ and high-mass e+e− in UPC Au+Au at√sNN = 200 GeV 5

Au

e

Au*
Au

e

+

Au*

−

Fig. 3. Lowest order Feynman diagrams for J/ψ (left) and dielectron pair (right) production in γγ and γA
processes accompanied by Au Coulomb excitation in ultra-peripheral Au+Au collisions.

at low minv ! 10 MeV/c2 [17]. Several calculations exist for multiple e± pair production within
QED [17] or solving the semi-classical Dirac equation [24]. Themain interest of such coherent γγ
collisions is that one can test QED in a very strong field regime (Zαem ≈ 0.6) where perturbative
calculations are expected to break [25].

2 EXPERIMENTAL

At RHIC energies, the production cross section for vector mesons (ρ, φ, J/ψ, ϒ) in UPC Au+Au
is large and accounts for as much as∼10% of the total σAuAu≈ 7 b nuclear cross section [26,27].
Measurements of coherent photonuclear production of the ρ meson [28] as well as γγ production
of low-mass e± pairs [29] have been performed by the STAR collaboration. The PHENIX anal-
ysis presented here aims at similar measurements but at higher invariant masses.

Detailed knowledge of the experimental signatures of coherent UPC events is a basic pre-requisite
to setup an efficient UPC trigger and to define the reconstruction and analysis cuts used in the
present work. The typical characteristics of UPC Au+Au events are:

1. Low central multiplicities: typical values are (well) below ∼15 particles.

2. Low total transverse momentum (“coherence condition”): pT < 2!c/R ≈ 50 MeV/c or
pT ∼ minv/γ≈ 30 MeV/c.

3. Large probability of multiple electromagnetic interactions (γ-exchanges shown in Fig. 3)
leading to (single or double) nucleus Giant-Dipole-Resonance (GDR) excitation followed
by Xn neutron(s) decay. Typical probabilities are P1n ∼30-50% (J/ψ) or P1n ∼20% (ρ)
which factorize out when determining the UPC cross-sections [25, 30].

4. Zero net charge: even number of charged tracks of opposite signs.

5. Narrow dN/dy peaked at mid-rapidity (narrower for larger minv).

Property 3. is the most useful for UPC tagging and trigger purposes.

2.1 PHENIX setup and luminosity

The data presented here were collected with the PHENIX detector at BNL RHIC during the 2004
high luminosity Au+Au run at√sNN = 200 GeV (Run-4). The gold beams had 45 or 56 bunches

Probability of a secondary heavy ion excitation 
is very high at RHIC and LHC energies
In additions, neutron evaporation depends on 
the centrality in UPC



Pioneering J/psi UPC 
Measurement at RHIC

Phenix Collaboration, Photoproduction of J/psi and of high mass e+e- in ultra-peripheral Au+Au 
collisions at 200 GeV,  Physics Letters B 679 (2009) 321-329, ArXiv: 0903.2041 DOI: 
10.1016/j.physletb.2009.07.061
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Fig. 2. Left: a) Invariant mass distribution of e+e− pairs fitted to the combination
of a dielectron continuum (exponential distribution) and a J/ψ (Gaussian) signal.
The two additional dashed curves indicate the fit results with the maximum and
minimum continuum contributions considered in this analysis (see text). b) J/ψ
invariant mass distribution after subtracting the fitted dielectron continuum signal
in a).

E2 > 1 GeV) cause a sharp drop in the efficiency for me+e− < 2 GeV/c2, we
include only pairs with me+e− ≥ 2 GeV/c2 in the analysis.

The invariant mass distribution is fitted with a continuum (exponential) curve
combined with a Gaussian function at the J/ψ peak, as shown by the solid
curve in Figure 2 a). Simulations based on events generated by the starlight
MC (see last paragraphs of Section 3) processed through geant have shown
that the shape of the measured continuum contribution is well described by an
exponential function dN/dme+e− = A · ecme+e− . Those simulations allow us to
fix the exponential slope parameter to c = −1.9±0.1 GeV−1c2. The combined
data fit is done with three free parameters: the exponential normalisation (A),
the J/ψ yield and the J/ψ peak width (the Gaussian peak position has been
fixed at the known J/ψ mass of mJ/ψ = 3.097 GeV/c2 [38]). Figure 2 b) shows
the resulting invariant mass distribution obtained by subtracting the fitted
exponential curve of the dielectron continuum from the total experimental
e+e− pairs distribution. There is a clear J/ψ peak, the width of which (σJ/ψ ∼
155 MeV/c2) is consistent with the J/ψ width from our full MC.

The J/ψ and continuum yields and the corresponding statistical errors are cal-
culated from the fit. The dashed curves in Figure 2 a) show the maximum and
minimum e+e− continuum contributions considered, including both the statis-
tical and systematical uncertainties. The systematic uncertainties were deter-
mined varying the dielectron continuum subtraction method using a power-law
form instead of an exponential function and by modifying the corresponding
fitted slope parameters by ±3σ. The propagated uncertainty of the extracted
yields was estimated to be one count in both cases. The total number of J/ψ’s
is: NJ/ψ = 9.9 ± 4.1 (stat) ± 1.0 (syst), and the number of e+e− continuum

12

assumed independent and added in quadrature) are consistent with a scal-
ing of the photonuclear cross section with the number of nucleons in gold
(A = 179): σ(γ + Au → J/ψ) = Aα σ(γ + p → J/ψ) with αcoh = 1.01 ±0.07,
and αincoh = 0.92 ±0.08, respectively 5 .
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Fig. 4. Cross section of J/ψ + Xn production at midrapidity in UPC
Au+Au collisions at

√
sNN = 200 GeV compared to theoretical calculations:

starlight [12,25,37], Strikman, et al. [14], Goncalves-Machado [42], and Kope-
liovich, et al., [27]. The error bar (box) shows the statistical (systematical) uncer-
tainties of the measurement. When available, the theoretical calculations for the
coherent and incoherent components are shown separately in a), and summed up in
b).

5 Summary and Conclusions

We have presented the first exclusive photoproduction of J/ψ → e+e− and
high-mass e+e− pairs ever measured in nucleus-nucleus (as well as hadron-
hadron) interactions. The measurement has been carried out by the PHENIX
experiment in ultra-peripheral Au+Au interactions at

√
sNN = 200 GeV tagged

by forward (ZDC) neutron detection from the (single or double) Au" dissocia-
tion. Clear signals of J/ψ and high mass dielectron continuum have been found
in the data. We have observed 28 e+e− pairs in me+e− ∈ [2.0,6.0] GeV/c2 with
zero like-sign background. Their pT spectrum is peaked at low pT ≈ 90 MeV/c

5 Note, for comparison, that repeating the same exercise for the photoproduced ρ in
the STAR UPCmeasurement [20], σ(γ+Au → ρ+Au) = 530±19 (stat)±57 (syst) µb
for 〈WγN 〉 ∼ 12.5 GeV, and taking the experimentally-derived value σ(γ + p →
ρ + p) = 9.88 µb from [25], yields αcoh = 0.75 ± 0.02 closer to the A2/3-scaling
expected for soft particle production.
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J/psi photo-production Pb-Pb UPC at LHC 

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration
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Figure 1: Left: Invariant mass distribution of l+l� pairs. The dashed green line corresponds to the background.
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momentum distribution of J/y candidates in the range quoted in the figure (around the J/y nominal mass).
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Coherence : A2 .  dσγ+p/dpT 

Incoherence A . dσγ+p/dpT 
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J/ψ in UPC collisions with ALICEFirst measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0

50

100

150

200

250

300

350

)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0000,0.0007) ∈T

2p| < 0.8y|

-31
+28 = 569 ψJ/N

 

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0

50

100

150

200

250

)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0007,0.0016) ∈T

2p| < 0.8y|

-25
+26 = 551 ψJ/N

 

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0

50

100

150

200

250

)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0016,0.0026) ∈T

2p| < 0.8y|

-24
+24 = 511 ψJ/N

 

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0
20
40
60
80

100
120
140
160
180
200
220

)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0026,0.0040) ∈T

2p| < 0.8y|

-22
+23 = 469 ψJ/N

 

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0

20

40

60

80

100

120

140

160

180

)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0040,0.0062) ∈T

2p| < 0.8y|

-20
+21 = 388 ψJ/N

 

2.5 3 3.5 4 4.5
)2c (GeV/µµm

0

20

40

60

80

100

120

140

160

180

200)2 c
C

ou
nt

s 
pe

r 2
5 

(M
eV

/

 
 = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 6 ± = 233 intUPC, L

2c
2GeV(0.0062,0.0121) ∈T

2p| < 0.8y|

-51
+21 = 401 ψJ/N

 

Figure 1: Invariant-mass distributions for different p2
T intervals with the global fit described in the text shown with

the blue line. The exponential part of the fit model, representing the γγ → µ+µ− background, is shown in red.
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ALICE Collaboration, Measurement of the t-dependence of 
coherent J/ψ photoproduction at midrapidity in ultra-
peripheral Pb–Pb collisions at 5.02 TeV,  Physics Letters B 817 
(2021) 136280

First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Imaging the nucleus in UPC

ρ0 meson coherent photo production 
in Au-Au at RHIC energies
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Nuclear Heavy Ion Collisions
• Coincidence with a heavy ion bunch crossing in a collider
• Particle measured at mi-rapidity region (several units of rapidity around y=0 at the LHC)
• Additional physics selection conditions (vertexing, reduction of EM processes 

contamination, rejection of beam-gaz, …)
• Determination of the centrality (VZERO for ALICE)
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ALICE Collaboration, Centrality 
Determination of Pb-Pb collisions 
at 2.76 TeV with ALICE Physical 
Review C 88 (2013) 4, 044909, 
arXiv : 1301.4361 [nucl-ex]
DOI:10.1103/PhysRevC.88.04490
9 

NBD-Glauber fit allows to determine the impact 
parameter distribution associated to each 
centrality bin

Centrality determination with ALICE ALICE Collaboration

Fig. 10: (Color online) Distribution of the sum of amplitudes in the VZERO scintillators. The distribution
is fitted with the NBD-Glauber fit (explained in the text) shown as a line. The centrality classes used in
the analysis are indicated in the figure. The inset shows a zoom of the most peripheral region.

Npart and dNch/dh and to detector acceptance and resolution.

The Glauber Monte Carlo defines, for an event with a given impact parameter b, the correspond-
ing Npart and Ncoll. The particle multiplicity per nucleon-nucleon collision is parametrized by
a NBD. To apply this model to any collision with a given Npart and Ncoll value we introduce
the concept of “ancestors”, i.e. independently emitting sources of particles. We assume that
the number of ancestors Nancestors can be parameterized by Nancestors = f ·Npart +(1� f ) ·Ncoll.
This is inspired by two-component models [33, 34], which decompose nucleus–nucleus col-
lisions into soft and hard interactions, where the soft interactions produce particles with an
average multiplicity proportional to Npart, and the probability for hard interactions to occur is
proportional to Ncoll. We discuss the independence of the fit results of this assumption below
(Sec. 4.2.1).

To generate the number of particles produced per interaction, we use the negative binomial
distribution

Pµ,k(n) =
G(n+ k)

G(n+1)G(k)
· (µ/k)n

(µ/k+1)n+k
, (5)

which gives the probability of measuring n hits per ancestor, where µ is the mean multiplicity
per ancestor and k controls the width. For every Glauber Monte Carlo event, the NBD is sam-
pled Nancestors times to obtain the averaged simulated VZERO amplitude for this event, which
is proportional to the number of particles hitting the hodoscopes. The VZERO amplitude dis-
tribution is simulated for an ensemble of events and for various values of the NBD parameters
µ , k, and the Nancestors parameter f . A minimization procedure is applied to find the parame-
ters which result in the smallest c2, also shown in Fig. 10. The fit is performed for VZERO
amplitudes large enough so that the purity of the event sample and the efficiency of the event
selection is 100%. That leaves a very broad range in the amplitude values that can be fitted to
extract parameters f , µ and k directly from the data. The amplitude, above which we have 90%
of the hadronic cross section, defines the AP. The quality of the fit is good, as the c2/NDF is
approximately unity for all fits. We note that the high multiplicity tail, which is quite sensitive
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Measurement of an excess in the yield of J/ψ at 
very low pT in Pb–Pb collisions at 2.76 TeV

Excess in the yield of J/y at very low pT ALICE Collaboration

nucleons hNparti and average value of the nuclear overlap function were derived from a Glauber model
calculation [21].

J/y candidates were formed by combining pairs of opposite-sign (OS) tracks reconstructed in the geo-
metrical acceptance of the muon spectrometer and matching a track segment above the 1 GeV/c pT thresh-
old in the trigger chambers [10]. In Fig. 1, the pT distribution of OS dimuons, without combinatorial
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Fig. 1: (Color online) Raw OS dimuon pT distribution for the invariant mass range 2.8 < mµ+µ� < 3.4 GeV/c2 and
centrality class 70–90%. Vertical error bars are the statistical uncertainties. The red line represents the pT distri-
bution of coherently photoproduced J/y as predicted by the STARLIGHT MC generator [22] in Pb–Pb ultra-
peripheral collisions and convoluted with the response function of the muon spectrometer. The normalization of
the red line is given by the measured number of J/y in excess reported in Table 1 after correction for the y(2S)
feed-down and incoherent contributions (see text).

background subtraction, is shown for the invariant mass range 2.8 < mµ+µ� < 3.4 GeV/c2 in the cen-
trality class 70–90%. A remarkable excess of dimuons is observed at very low pT in this centrality
class. Such an excess has not been observed in the like-sign dimuon pT distribution, neither reported in
previous measurements in proton-proton collisions [23–28].

The raw number of J/y in five centrality classes (0–10%, 10–30%, 30–50%, 50–70% and 70–90%) and
three pT ranges (0–0.3, 0.3–1, 1–8 GeV/c) was extracted by fitting the OS dimuon invariant mass dis-
tribution using a binned likelihood approach. Two functions were considered to describe the J/y signal
shape: a Crystal Ball function [29] and a pseudo-Gaussian function [30]. The tails of the J/y signal
functions were fixed using Monte Carlo (MC) simulations for both hadronic [8] and photoproduction hy-
potheses [15]. Depending on the pT range and centrality class under study, two or three functional forms
were used to describe the background under the J/y signal peak. In addition, the fit range was varied. It
has also been checked that changing the invariant mass bin width does not significantly modify the re-
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ALICE Collaboration, Measurement of an excess in the 
yield of J/ψ at very low pT in Pb-Pb collisions at 2.76 TeV, 
Physical Review Letters 116 (2016) 222301, 
https://arxiv.org/abs/1509.08802

• Very low pT excess of J/psi in peripheral Pb-Pb 
collisions at the LHC

• Enhancement for pT < 250 MeV/c
• Expected transverse momentum resolution of the 

apparatus is about 150 MeV/c, the enhancement is 
dominated by detector effects

• At LHC, calculations by Joakim Nystrand, showed that 
coherent photo-production cross-section becomes 
comparable to hadronic J/psi photo-production.

Excess in the yield of J/y at very low pT ALICE Collaboration
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Fig. 2: (Color online) Invariant mass distributions of OS dimuons in the pT range 0–0.3 GeV/c. The centrality
classes are 0–10% (top) and 70–90% (bottom). Vertical error bars are the statistical uncertainties.
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Removing hadronic contamination
Two main ingredients :
• Hadronic proton-proton 

differential cross-section
• Evolution of the nuclear 

modification factor at low pT

18

Scale of RAA evolution much larger than 1/RA
Peripheral collisions  RAA evolutions is flat
Apparatus resolution is a key point  

7.3. Modélisation de la contribution hadronique à basse impulsion transverse 101
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Figure 7.3 : Ajustement de la distribution du R
h J/Â
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pT dans 2.5 < yµµ < 4 à l’aide d’une fonction s’apparentant au Wood-

saxoon pour les collisions centrales (0% à 50%). L’incertitude sur chaque
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J/ψ photo-production in nuclear collisions
• Enhancement at very low pT

• RAA reaches 7!
• Coherent J/psi photo-production is 

the only plausible origin
• In agreement with first calculations

Excess in the yield of J/y at very low pT ALICE Collaboration
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Fig. 3: (Color online) J/y RAA as a function of hNparti for 3 pT ranges in Pb–Pb collisions at
p

sNN = 2.76 TeV.
See text for details on uncertainties. When assuming full transverse polarization of the J/y in Pb-Pb collisions, as
expected if J/y are coherently photoproduced, the RAA values increase by about 21% in the range 0 < pT < 0.3
GeV/c.
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Cent. (%) NJ/y
AA Nh J/y

AA Nexcess J/y
AA ds coh

J/y/dy (µb)
0–10 339±85±78 406 ± 14 ± 55 < 251 < 318
10–30 373±87±75 397 ± 10 ± 61 < 237 < 290
30–50 187±37±15 126 ± 4 ± 15 62 ± 37 ± 21 73 ± 44 +26

�27 ± 10
50–70 89±13±2 39 ± 2 ± 5 50 ± 14 ± 5 58 ± 16 +8

�10 ± 8
70–90 59±9±3 8 ± 1 ± 1 51 ± 9 ± 3 59 ± 11 +7

�10 ± 8

Table 1: Raw number of J/y (NJ/y
AA ), expected raw number of hadronic J/y (Nh J/y

AA ) and measured excess in the
number of J/y ( Nexcess J/y

AA ), all three numbers in the pT range (0–0.3) GeV/c, and J/y coherent photoproduction
cross section in Pb–Pb collisons at

p
sNN = 2.76 TeV, with their statistical and uncorrelated systematic uncertainties.

A correlated systematic uncertainty also applies to the cross section. In the most central classes, an upper limit
(95% CL) on the J/y yield excess and on the cross section is given.

function of pT in a given centrality class was used:

dNh J/y
AA

dpT
= N ⇥

dsh J/y
pp

dpT
⇥Rh J/y

AA ⇥ (A ⇥ e)h J/y
AA . (3)

The factor N is fixed by normalizing the integral of Eq. (3) in the pT range 1–8 GeV/c to the number of
J/y measured in the same range, where the hadroproduction component is dominant. The second term
is given by the fit of the J/y pT-differential cross section measured in pp collisions [26] using Eq. (2).
The third term is a parametrization of the Rh J/y

AA as a function of pT from the ALICE measurements
in Pb–Pb collisions at 2.76 TeV [8, 10]. These measurements are available in three centrality classes
(0–20%, 20–40%, 40–90%). To calculate the hadroproduction component in the 10–30% (30–50%)
centrality class, parameterizations obtained in both 0–20% and 20–40% (20–40% and 40–90%) were
considered. A Woods-Saxon like parametrization, which describes the prediction of transport models on
J/y production in heavy-ion collisions at low pT [2, 3], was used in all the centrality classes:

Rh J/y
AA (pT) = R0

AA +
DRAA

1+ exp
⇣

pT�p0
T

spT

⌘ . (4)

R0
AA, spT and DRAA are free parameters of the fit while the p0

T parameter was either unconstrained or fixed
to MJ/y to force an evolution of Rh J/y

AA at very low pT in agreement with the predictions of the transport
models [2, 3]. In addition, a first order polynomial and a constant were used in the most peripheral class.
Two fitting ranges in pT were considered, either 0-8 or 1-8 GeV/c since the first bin could be biased by
the presence of the very low pT J/y excess. Finally, the last term in Eq. (3) is a parametrization of the
acceptance times efficiency of hadronic J/y ((A ⇥ e)h J/y

AA ) – determined from MC simulations of the
muon spectrometer response function – with either a third-order polynomial or the ratio of two Lévy–
Tsallis functions. Simulations were performed with an embedding technique where MC J/y particles
are injected into real events and then reconstructed [8]. The results of the various parameterizations are
averaged in a given range in pT and centrality and the RMS of the results is included in the systematic
uncertainty on the expected number of hadronic J/y .

The excess in the number of J/y measured in the pT range 0–0.3 GeV/c after subtracting the hadronic
component is given in the fourth column of Table 1. The statistical uncertainty is the quadratic sum
of the uncertainties on the measured number of J/y in the pT ranges 0–0.3 and 1-8 GeV/c. The latter
is used in the normalization factor of Eq. (3). The systematic uncertainty is the quadratic sum of the
uncertainties on the signal extraction in 0-0.3 GeV/c (see Table 1) and on the parametrization of the
hadronic component (13.0%, 12.5% and 12% in the 70–90%, 50–70% and 30–50% centrality classes,
respectively, see Table 1). The significance of the excess is 5.4s , 3.4s and 1.4s in the 70–90%, 50–70%
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J/ψ photo-production in nuclear collisions

• 1.6 x103 coherent photo-produced J/ψ in 70-90% for 0.76 
nb-1 integrated luminosity 

• 5σ in 30-50% centrality bin (Npart ~100)
• 1.4σ “signal” in 10-30% centrality bin (Npart~220)

ALICE Collaboration, Photoproduction of low-pT J/ψ from 
peripheral to central Pb−Pb collisions at 5.02 TeV
Physics Letters B 846 (2023) 137467
arXiv :2204.10684 [nucl-ex]
DOI: 10.1016/j.physletb.2022.137467

20
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Figure 1: J/y nuclear modification factor as a function of hNparti measured in the rapidity range 2.5 < y < 4
for three transverse momentum intervals. The vertical bars are the statistical uncertainties and the uncorrelated
systematic uncertainties are represented as boxes. The centrality-correlated systematic uncertainties are shown as
filled boxes at unity. Data are compared with predictions from Ref. [26], shown as bands.

order not to double-count the uncertainties on the pp cross section and on the Pb–Pb Ae , those were
disregarded in the fit to the RAA. Each combination of different parametrizations and fit ranges results
in a different hadronic J/y distribution as a function of pT, which is then integrated in the pT interval
0–0.3 GeV/c. The final numbers of expected hadronic J/y , defined as the averages of the obtained values,
are listed in Table 2 (fourth column) together with the raw measured numbers of J/y (third column). For
the expected hadronic yields, the statistical uncertainty comes from the statistical uncertainty on N ,
which derives from the statistical uncertainty on the J/y raw yield in 1–8 GeV/c. The systematic uncer-
tainty of the expected yields is taken as the quadratic sum of the standard deviation of the results obtained
using different parametrizations and fit ranges, and the average of the individual systematic uncertainties
for the variations (including contributions from all factors in Eq. 2).

The estimated number of hadroproduced J/y is subtracted from the measured raw signal to obtain the
number of J/y in excess (fifth column of Table 2). The measured number of J/y exceeds the hadronic
production by 24s in the 70–90% centrality class, 16s in 50–70%, 5.6s in 30–50% and 1.4s in 10–
30%. A 95% confidence interval when combining all uncertainties is provided in the centrality class
0–10% where no significant excess is observed within the current experimental uncertainties.

Assuming that the underlying process for the J/y excess is photoproduction, the number of coherently
photoproduced J/y in 0 < pT < 0.3 GeV/c can be extracted after correcting the excess yield for the
fractions of J/y from incoherent photoproduction ( fI) and from the decay of coherently photoproduced
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Table 2: Average number of participants, measured number of J/y , estimated number of hadronic J/y , differ-
ence between these two quantities and resulting J/y cross section for coherent photoproduction in the transverse
momentum interval 0–0.3 GeV/c for the listed centrality classes. The first quoted uncertainty corresponds to the
statistical uncertainty, the second to the centrality uncorrelated systematic uncertainty; in addition, a correlated
systematic uncertainty of 6.6% applies to the cross section in all centrality classes. For the 0–10% centrality class,
the quoted values correspond to a 95% confidence level interval.

Centrality
class

hNparti N
J/y
raw N

J/y
hadro N

J/y
excess dsJ/y

coh /dy (µb)

0–10% 357.3±0.8 8351±762±312 8713±86±873 < 2406 (95% CL) < 230 (95% CL)
10–30% 225.0±1.2 9624±571±278 8274±60±742 1350±574±792 145±62±85
30–50% 109.0±1.1 4280±225±105 2562±23±178 1718±226±207 179±24±22
50–70% 42.7⌥0.7 2763±98±68 674±8±40 2089±98±79 216±10±12
70–90% 11.3±0.2 1758±57±32 138±3±9 1620±57±33 167±6±12

Table 3: Systematic uncertainties on the coherent J/y cross section (notation is the same as in Table 1).

Source Value (%)
Branching Ratio 0.5*

N
excess
J/y 2–58.7

fI 2.9*
fD 1.1*

Tracking eff. 0–0.5 + 3*
Trigger eff. 0–0.5 + 3.6*

Matching eff. 1*
MC input 0.1*

pT selection 2*
Centrality limits 0.2–7

Lint 2.5*

y(2S) ( fD) as described in Ref. [7]. Those fractions were measured in UPC collisions at the same
center-of-mass energy, although in a slightly different pT interval, pT < 0.25 GeV/c [7]. They were
therefore recomputed for pT < 0.3 GeV/c. The corresponding values and systematic uncertainties are
fI = 0.089±0.034 and fD = 0.066±0.013. In the following it was assumed that these fractions are the
same in UPC and hadronic collisions and that they do not depend significantly on the collision centrality.
The first assumption seems realistic for fD, although fI might vary if the coherence is incomplete in the
presence of hadronic interactions.

Finally, the cross section is obtained by correcting the excess yield for the branching ratio to OS dimuons,
for the Ae factor estimated by means of STARlight [46] simulations embedded into data for each cen-
trality class, taking into account that the coherently photoproduced J/y mesons are expected to be trans-
versely polarized, and by normalizing to the integrated luminosity and the width of the rapidity range.
The systematic uncertainties are summarized in Table 3. The uncertainties on the number of excess J/y
are discussed above. The contributions from the Ae are the same as in Table 1, except for the one on the
STARlight MC input, which is obtained as described in Ref. [7]. An additional systematic uncertainty
of 2% due to the transverse momentum resolution was estimated by comparing the Ae obtained with or
without the pT selection at 0.3 GeV/c. The systematic uncertainty on the luminosity mainly originates
from the uncertainty of the reference V0 trigger cross section measured with van der Meer scans [43].
The uncertainties on fI and fD are estimated as described in Ref. [7].

The coherent J/y photoproduction cross section at
p

sNN = 5.02 TeV as a function of hNparti is shown
in Figure 2. Empty boxes correspond to the uncorrelated systematic uncertainties. The correlated sys-
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Figure 2: J/y coherent photoproduction cross section as a function of hNparti at forward rapidity in Pb–Pb collisions
at
p

sNN = 5.02 TeV. The vertical bars are the statistical uncertainties and the uncorrelated systematic uncertainties
are represented as boxes. The centrality correlated systematic uncertainties are quoted in the legend. Results are
compared with theoretical calculations from Ref. [33] (GG-hs), Ref. [32] (IIM S2 and S3, and GBW S2 and S3)
and from Ref. [35] with updated Glauber calculations from Ref. [56] (VDM). The figure shows the integral of the
cross section measurement as well as the corresponding theoretical model values in each centrality interval. Note
that the most central bin, where only an upper limit is given, is half the size of the other intervals. Therefore, to
evaluate the centrality dependence of J/y coherent photoproduction, both data and theory have to be multiplied by
a factor of two.

tematic uncertainty amounts to 6.6%, independent of centrality, and is quoted in the legend.

The result is compared with theoretical calculations that use an effective description based on UPC color
dipole models. The GG-hs calculations [33] are based on models representing subnucleonic degrees
of freedom as hot spots, whose number increases with increasing photon-target center of mass energy.
The calculation is extended from protonic to nuclear targets using Glauber–Gribov formalism (GG) [33].
The photon flux is estimated in the same way as in the UPC case, but the integral is limited to the
impact parameter range of the selected centrality class. The calculation from Ref. [56] is based on a
vector dominance model, in which the photon fluctuates into a vector meson component that propagates
through the nucleus and fragments into an on-shell vector meson. In this model, which will be referred
to as VDM in the following, the photon flux is modified with respect to the one used in UPC calculations
by considering only the photons that reach the geometrical region of the target nucleus outside of the
overlap region. In the GBW calculation, the light cone color dipole formalism is used, while the IIM
calculation is based on the Color Glass Condensate approach [32]. The GBW and IIM calculations
provide two scenarios. In the first one (called S2 in Ref. [32]), the photon flux is modified in a similar
way as for the VDM model. However, in contrast with the latter, an effective area is used in building
the flux, which disregards the region of nuclear overlap. This prevents the flux and the resulting cross
section from being progressively reduced towards more central collisions. In the second scenario (S3),
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Characterizing photo-production source form 
factor in  AA nuclear collisions 

1. Measuring yield and the mean pT as a function of centrality :

If only spectator contributes to the photo-producitoin in peripheral AA collisions, 
mean pT should increase with centrality

2. High precision measurement of the “heavy ion collision” form factor

21



UPC versus Peripheral Collisions
UPC PC

Impact parameter not defined (2R,∞) Impact parameter range well defined : Δb ∼ ± 1 fm 

Softer photon spectrum Harder photon spectrum

Hadronic free Hadronic contamination

Reaction plane cannot be measured Reaction plane can be measured (at least ψ2)

Total transverse momentum Transverse momentum can be decomposed in in-
plane and out of plane

No hot matter is formed Quarkonium could be suppressed by the hot medium

Small interference effect Larger interference effect

Centrality selection

Reaction plane determination
tin : pT square in the direction of b
tout : pT square in the transverse plane perpendicular to b 22



Proposal : “Imaging of Heavy Ion Collisions”
• Study of the |tin|- and |tout|- dependences of 

coherent J/ψ photo-nuclear production in Pb-Pb at 
5 TeV

• Utilization of ψ1 for discriminating between beam 
directions? 

• Measurement of “heavy ion collision form factor”  
F(tin,tout) 

• High Momentum resolution (1%) 
• Image of the heavy ion collision at first stages
• Measuring the role of the overlap region
• Challenge : reach high |t|  at least until sqrt(-t) 

200-300 MeV/c (femtoscopic resolution) 
• Apparatus resolution is crucial : Alice e+e-, LHCb

in

ou
t

23

Formalism to be constructed



Conclusions and perspective
• Excellent results obtained by the ALICE collaboration concerning J/ψ photonuclear 

production. 

• Recently, J/ψ “coherent” photo nuclear is surprisingly observed in semi-central collisions 
(i.e. 30-50%).

• Understanding “coherent” J/psi photo-production is semi-central heavy ion in a challenge.

• In peripheral collisions large statistics of “coherent” photonuclear J/ψ will become 
available at the LHC

• Studying J/ψ photo-production with respect to the reaction plane in peripheral collisions 
should allow to imaging the first stages of the heavy ion collisions via the measurement of 
the 2D form factor F(tin,tout)

• ALICE e+e- and LHCb are competitive the best for these measurements

• At mid-rapidity, destructive interference between target nuclei will be observed.
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Egp2b2 x2K2
1 (x)
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x2K2
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Eg <
3gA

b

Eg <
3gA

R
⇠ 200 GeV at the LHC

|yJ/y |/ 4.8

g +A ! J/y +A
A+ g ! J/y +A

g +A ! J/y +A and A+ g ! J/y +A Interference

dn(Eg ,b)
d lnEg

= 2p
Z b2

b1

Z2aQED

p2b2 x2K2
1 (x)bdb ⇡ 2Z2aQEDDb

pb
x2K2

1 (x)

Exclusive J/y photoproduction g + p ! J/y + p

s(g + p ! J/y + p) = N

 
Wg p

W0

!d

• Parity inversion switches the photon emitter nucleus with the target nucleus
• The parity of the J/ψ is negative 
• Amplitudes has a relative phase of π at y=0
• Destructive interference between the J/ψ produced from each nucleus
• For yJ/ψ =0 and pT,J/ψ =0, total destructive interference : dσ/dpT

2dy(pT=0, y=0)=0 

• For LHC UPC, average b about 50 fm for J/ψ production very low transverse 
momentum 4 MeV/c

Spencer R. Klein and Joakim Nystrand, Interference in 
Exclusive Vector Meson Production in Heavy Ion Collisions, 
Phys. Rev. Lett. 84 (2000) 2330, https://arxiv.org/abs/hep-
ph/9909237
Spencer Klein, Private communication

6 Ginés MARTINEZ

t =�
p2

J/y,T

2
!!!!!!

s = (p1 + p2)
2 = (p3 + p4)

2

s = (p1 + p2)
2 = (pg + pN)

2

s =W 2
g p

s = (p1 + p2)
2 = m2

1 +2E1E2 �2~p1~p2 +m2
2

s = (pg + pN)
2 = M2

N +2EgEN +2Eg pN

s = M2
N +2Eg

⇣
EN + pN

⌘

Si EN � MN

s = M2
N +2Eg

⇣
EN + pN

⌘
=

M2
N +2EgsNN

At the LHC, 2EgsNN > MN for Eg > 1 MeV so

Wg p =
p

2EgsNN

Finally the x-Bjorken probed in the proton is

x =
M2

J/y

W 2
g p

=

x =
M2

J/y

2EgsNN
=

x =
M2

J/y

2 MJ/y
2 e(yJ/y )sNN

=

x =
MJ/y

sNN
e�yJ/y

Interference

n
1� cos(~pJ/y~b)

o

References
[1] ALICE Collaboration, Measurement of the t-dependence of coherent J/y photoproduction at

midrapidity in ultra-peripheral Pb–Pb collisions at
p

sNN= 5.02 TeV, submitted to PLB, internal
link

[2] ALICE Collaboration, Coherent J/psi and y’ photoproduction at midrapidity in ultra-peripheral
Pb-Pb collisions at

p
sNN= 5.02 TeV, Under IRC Review (Round:1), internal link

6 Ginés MARTINEZ

t =�
p2

J/y,T

2
!!!!!!

s = (p1 + p2)
2 = (p3 + p4)

2

s = (p1 + p2)
2 = (pg + pN)

2

s =W 2
g p

s = (p1 + p2)
2 = m2

1 +2E1E2 �2~p1~p2 +m2
2

s = (pg + pN)
2 = M2

N +2EgEN +2Eg pN

s = M2
N +2Eg

⇣
EN + pN

⌘

Si EN � MN

s = M2
N +2Eg

⇣
EN + pN

⌘
=

M2
N +2EgsNN

At the LHC, 2EgsNN > MN for Eg > 1 MeV so

Wg p =
p

2EgsNN

Finally the x-Bjorken probed in the proton is

x =
M2

J/y

W 2
g p

=

x =
M2

J/y

2EgsNN
=

x =
M2

J/y

2 MJ/y
2 e(yJ/y )sNN

=

x =
MJ/y

sNN
e�yJ/y

Interference

n
1� cos(~pJ/y~b)

o

pJ/y,T ⇠ 1
b

References
[1] ALICE Collaboration, Measurement of the t-dependence of coherent J/y photoproduction at

midrapidity in ultra-peripheral Pb–Pb collisions at
p

sNN= 5.02 TeV, submitted to PLB, internal
link 27

For y≠0 :
- the amplitudes are different : partial 

destructive interference
- The photon energies are different : relative 

phase is not necessarily π
   

https://arxiv.org/abs/hep-ph/9909237
https://arxiv.org/abs/hep-ph/9909237
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FIG. 2. Expected p⊥ spectra for reconstructed φ and J/ψ mesons at y=0 with (a,d) gold beams

at RHIC, (b,e) silicon beams at RHIC and (c,f) calcium beams at LHC. The solid histograms include

interference, while the dotted ones do not. Because of the smaller impact parameters production

is peaked at higher p⊥ in (b,e) than in (a,d). Because of the smaller impact parameters in (b,e),

the interference dip extends to higher p⊥ than in (a,d). In (c,f), the energies are higher, leading to

higher impact parameters, pushing the interference dip to lower p⊥. The figure is normalized so

that, without interference dn/dp2⊥ = 1 at p⊥ = 0; the rates are given in Ref. [1].

12

Spencer R. Klein and Joakim Nystrand, Interference in 
Exclusive Vector Meson Production in Heavy Ion Collisions, 
Phys. Rev. Lett. 84 (2000) 2330, https://arxiv.org/abs/hep-
ph/9909237

RHIC

LHC

28

Solide line : with intereference effect
Dash line : without intereference effect



The interference effect in nuclear collisions
• Four different hypothesis of photo-

productions
• Small differences in peripheral 

collisions
• Clear signal of destructive 

interference at very low pT (0 – 
100 MeV/c2)

• Tiny effect in the 0-300 MeV/c2 
integrated cross-section

W. Zha, S.R. Klein et al., Coherent J/ψ photoproduction in 
hadronic heavy-ion collisions, Phys. Rev. C 97 (2018) 
044910, https://arxiv.org/abs/1705.01460
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cleons, the state is likely to be a↵ected by the violent
hadronic interactions, leading to the destruction of coher-
ent Pomeron emission. In addition, the losses of longitu-
dinal momenta for nucleons involving in hadronic inter-
actions are significant, leading also to a decease of photo-
production cross-section. Finally, to determine whether
the participating nucleons act coherently, one needs to
examine the time ordering of the hadronic interaction
and the coherent process. These interactions can be or-
dered in terms of the formation time, i.e. h̄/MJ/ for the
coherent J/ production and RA/�c for the hadronic in-
teractions, which turn out to be of the same order. To
make things even more complicated, time ordering is not
Lorentz invariant, which means the Feynman diagrams
of all possible time orderings need to be summed up in
order to obtain the correct cross-section [19]. Since a full
solution to the time ordering problem is currently un-
available, two limiting scenarios for the Pomeron emis-
sion are considered as well. The first is to ignore the
hadronic interactions, and assume that the entire nucleus
acts coherently in emitting Pomerons. The second is to
take only the spectator nucleons as the coherent emitter.
These two scenarios should bracket the actual case.

In the end, four di↵erent coupling scenarios are con-
sidered for the coherent J/ production: (1) Nucleus
(photon emitter) + Nucleus (Pomeron emitter), short
for “N+N” here; (2) Nucleus + Spectator (“N+S”);
(3) Spectator + Nucleus (“S+N”) and (4) Spectator +
Spectator (“S+S”). The collision geometry and the den-
sity of spectators are simulated by the optical Glauber
model [20].

The transverse momentum of coherently produced J/ 

is equal to the sum of the perpendicular momenta (~k?)
of the incoming photon and Pomeron [21]. The photon

perpendicular momentum (~k�?) spectrum is given by the
equivalent photon approximation [12]:

d2N�

d2~k�?
= K0

F 2
� (~k�)~k

2
�?

(~k2�? + !2
�/�

2
c )

2
(9)

where K0 is the dimensionless normalization factor. The
Pomeron perpendicular momentum (~kP?) spectrum is
given by the nuclear form factor of the emitter:

d2NP

d2~kP?
= N0F

2
P (~kP ) (10)

where N0 is the normalization factor with dimension
GeV�2.

For J/ with pT < h̄/b, it is impossible to distinguish
which nucleus emits the photon, and which emits the
Pomeron. Due to the negative parity of J/ , the signs
of the two amplitudes are opposite, leading to destruc-
tive interference. This INT2N e↵ect has been studied in
detail by Klein and Nystrand [21] for the vector meson
production in UPCs, and verified by the STAR measure-
ments of coherent ⇢0 production [22]. We follow the same
strategy as in [21] for coherent J/ production:

�(pT , y, b) = A2(pT , y, b) +A2(pT ,�y, b)

� 2A(pT , y, b)A(pT ,�y, b)⇥ cos(~pT ·~b)
(11)

where A(y, pT , b) is the amplitude for J/ production
at rapidity y with transverse momentum pT . Unlike in
the UPCs, the impact parameters of HHICs can be re-
lated to the collision centrality, usually determined ex-
perimentally by measuring event activities in certain ra-
pidity ranges, using the Glauber model [23]. This makes
it possible to compare the measured pT spectra of co-
herent J/ production in di↵erent centrality classes to
the theoretical calculations for corresponding impact pa-
rameter ranges to study the INT2N e↵ect di↵erentially.

 (GeV/c)
T

p
0 0.05 0.1 0.15 0.2 0.25

]
-2

 [(
G

eV
/c

)
2 T

dN
/d

p

0

0.2

0.4

0.6

0.8

1

1.2

1.4
(c) Pb+Pb @ 2.76 TeV 2.5 < y < 4.0

Nucleus + Nucleus

 (GeV/c)
T

p
0 0.05 0.1 0.15 0.2 0.25

0

0.2

0.4

0.6

0.8

1

1.2

1.4
(d) Pb+Pb @ 2.76 TeV 2.5 < y < 4.0

Spectator + Spectator
 (GeV/c)

T
p

0 0.05 0.1 0.15 0.2 0.25

]
-2

 [(
G

eV
/c

)
2 T

dN
/d

p

0

0.2

0.4

0.6

0.8

1

1.2

1.4
(a) Au+Au @ 200 GeV |y| < 1.0

Nucleus + Nucleus

w/o interference
70-80%
40-50%
0-10%

 (GeV/c)
T

p
0 0.05 0.1 0.15 0.2 0.25

0

0.2

0.4

0.6

0.8

1

1.2

1.4
(b) Au+Au @ 200 GeV |y| < 1.0

Spectator + Spectator

w/ interference
70-80%
40-50%
0-10%

FIG. 1. The dN/dp2T distributions of coherent J/ for dif-
ferent centrality classes with the “N+N” (panel a and c) and
the “S+S” (panel b and d) scenarios. The top two panels
are for Au+Au collisions at

p
sNN = 200 GeV at mid-rapidity

(|y| < 1), while the bottom two for Pb+Pb collisions at
p
sNN

= 2.76 TeV at forward rapidity (2.5 < y < 4.0). The black
curves represent the calculations without INT2N, while the
red ones with peak structures denote results with INT2N. All
the distributions are normalized such that the maximum val-
ues are equal to 1.

Figure 1 shows the dN/dp2T distributions for coherent
J/ in di↵erent centrality bins with the “N+N” (panel
a and c) and “S+S” (panel b and d) scenarios. The top
two panels show the predictions for Au+Au collisions atp
sNN = 200 GeV at mid-rapidity (|y| < 1), while the

bottom two are for Pb+Pb collisions at
p
sNN = 2.76

TeV at forward rapidity (2.5 < y < 4.0). The red lines
with peak structures include INT2N, while the black ones
do not. Without the INT2N e↵ect, the shapes of the
coherent J/ pT spectra show negligible dependence on
the collision centrality when both the photon and the
Pomeron couple to the entire nucleus. However, for the
“S+S” scenario, sizable di↵erences show up due to the
di↵erent density profiles of the spectators, and the di↵er-
ences grow larger towards more central collisions. On the
other hand, when the INT2N e↵ect is included, a signifi-
cant suppression of the coherent J/ production at very
low pT is seen, as expected. As the impact parameter
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