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

Heavy Ion
(A2) Ta>1

Quasi real photon

Nucleus is charged (Ze)

At v close to ¢ (Lorentz factor y,>>1), at a given impact parameter b the
charged particle behaves as a high density photon cloud. It’s the
Weizsacker-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 Weizsacker-Williams photon distribution requires that the induced
momentum in the nucleus reference system is not relativistic : @ < Mj,c

J.D. Jackson Classical Electrodynamics, section 15.4, 274 edition Wiley S




Weizsacker-Williams photon distribution (EPA)

Modified Bessel Function

Photon flux of order unity
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Photon flux (Z=82, b=14 fm) :
0.025 photons/fm?
2.5x1028 photons/m?2

A
x

*K#(x) ~1forx <1

E, < %A ~ 1.5(40) GeV at RHIC(LHC)

J.D. Jackson Classical Electrodynamics, section 15.4, 274 edition Wiley




Exclusive J/psi photo-production
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Y+p—J/y+p
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A little bit of kinematics

Energy - Momentum
Conservation

2 2
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Coherence

For t — O, the wave functions becomes h
larger than the radius of the of the )LT = —
source (nucleon or nucleus) pr

The interaction could have taken place doy v+pr or ‘ t] < i
in any region of the source (coherence At R,
interference).
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Amplitude;,,, ,| =A" x Amplitude,,, ,
i=0

In incoherent photo-production, cross- y

sections (the square of the amplitudes)

The amplitudes contributes coherently A

A
. | Amplitude,,, . , > = A x Amplitude Jytp
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Perturbative QCD calculation

do'(yp— J/¥ +p) M|

di 16mws?

Fig. 1a, b. Feynman diagrams for diffractive J/¥ production

M.G. Ryskin, Diffractive J/\r electroproduction in LLA
QCD, Z. Phys. C 57 (1993) 89,
https://doi.org/10.1007/BF01555742
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Photons goes to c-cbar pair. Two gluon colourless
interaction J/\ is produced. The gluon distribution
function G(x,Q?) is probed at leading order

At t ~ O, 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, FR4(t), expected to
be close to the EM form factor : mean p; of the J/psi ~
1/Ry~ 250 MeV/c

Note. At 274 order this scenario is completely difference,
and quarks PDF also contribute, even dominate due to a
cancellation of the gluon LLO and NLO contribution. See
presentation de K. J. Eskola Hard Probes 2023.



Coherence in y-A collisions

Coherence of the full distribution of gluon pairs in the nucleus increase
the cross-section by a A= factor
A

t distribution is given by the two-gluon distribution inside the nucleus,
very close to the electromagnetic nucleus from factor 1st order

at dt | _

Nucleus form factor

_ ~ A.J. Baltz et al., The Physics of Ultraperipheral
Pry/psi™~ 1/Rp, for lead ~ 30 MeV Collisions at the LEC, Phys Rep 458 (2008 )171
https://arxiv.org/abs/0706.3356
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Coherent photo production \

in A+A UPC

The sum of two different amplitudes :

A+y—=J/W+A EA+y) =

Y+A—=J/W+A E/(y+4)=

At y=0, both contributions are identical.

If rapidity is not equal to zero, gamma //
energies are different, and relative

contribution (y+A)/ (A+y) are not unity
and it depends strongly on impact

parameter.

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




Ultra Peripheral Collisions

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

e 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

Au*

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

$os

Au*
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J/psi photo-production Pb-Pb UPC at LHC

Coherence : A*- do,,,/dp;
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J/\rin UPC collisions with ALICE
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Ima,gmg the nucleus in UPC
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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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Measurement of an excess in the yield of J/\r at
very low pT in Pb-Pb collisions at .76 TeV
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ALICE Collaboration, Measurement of an excess in the dominated by detector effects

yield of J/\r at very low pr in Pb-Pb collisions at 2.76 TeV, * AtLHC, calculations by J(_)akim Nystran.d, showed that
Physical Review Letters 116 (2016) 222301, coherent photo-production cross-section becomes
https://arxiv.org/abs/1509.08802 comparable to hadronic J/psi photo-production.




Removing hadronic contamination

Two main ingredients :

 Hadronic proton-proton
differential cross-section

« HEvolution of the nuclear
modification factor at low pT
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Scale of Ras evolution much larger than 1/R,
Peripheral collisions Ras evolutions is flat
Apparatus resolution is a key point
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J/\r photo-production in nuclear collisions
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Enhancement at very low pq
R, reaches 7!

Coherent J/psi photo-production is
the only plausible origin

In agreement with first calculations

M. B. Gay Ducati and S. Martins,
Heavy meson photoproduction in
peripheral A A collisions, Phys. Rev.
D97 no. 11, (2018) 116013, :
https://arxiv.org/abs/1804.09836

ALICE Collaboration, Measurement of an excess in the yield of J/\Ir
at very low pr in Pb-Pb collisions at 2.76 TeV, Physical Review
Letters 116 (2016) 222301, https://arxiv.org/abs/1509.08802




Raa

/Ay (uo)

R
coh

do_

<10

J /1|f Ippqqup;’qqgotion in nuclear collisions

s e

p, < 0.3 GeV/c
- 0.3<p_<1GeV/c % Data|

T fr—
} Data| |

1< p, < 2 GeV/c

Jhp —utu,25<y <4
¢ Data |

ALICE, Pb-Pb s, = 5.02 TeV

Model
Model
Model

. 7 7 7 7
Centrality | (Npar) Nt N Y Noxcbes do. Y /dy (ub)
class

0-10% 357.34+£0.8 | 8351 £762+312 | 871386873 | <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 | 428042254105 | 2562 +234+178 | 1718 =226 £207 179+£24+£22
50-70% 42.7F0.7 2763 =98 =68 674 £ 8140 2089 +98+79 216 £10£12
70-90% 11.3+£0.2 1758 £57+32 138+3+9 162057 £33 1676412

700||||||||||||||

[ I T 17T I T 17T ]
E ALICE, Pb-Pb {5,,=5.02TeV  [&]Data .
600 — --IIMS2  —IMS3
- Jp = utw,25<y <4 --GBWS2 —GBWS3 ]
500 | p.<0.3 GeV/c --- GG-hs —
”  Cent. corr. syst. uncert. = 6.6% VDM ]
400 [— —
300 "= I
m ]
200 =2 w==a —
=— B 5
100 —
O :I 11 1 I | I I I | I I | I | I I | I | I I | I | I I I | I I 11 :

0 50 100 150 200 250 300 350 400

<Npart>

» 1.6 x10% coherent photo-produced J/{ in 70-90% for 0.76
nb! integrated luminosity
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ALICE Collaboration, Photoproduction of low-pT J/\r from
peripheral to central Pb-Pb collisions at 5.02 TeV

Physics Letters B 846 (2023) 137467
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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 A A collisions,
mean pT should increase with centrality

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



UPC versus Peripheral Collisions

Impact parameter not defined (2R,«~) Impact parameter range well defined : Ab ~ £ 1 fm

Softer photon spectrum Harder photon spectrum

Hadronic free Hadronic contamination
Reaction plane cannot be measured Reaction plane can be measured (at least y,)

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

Total transverse momentum

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

Small interference effect Larger interference effect

Centrality selection

ti, : py square in the direction of b
Reaction plane determination tout : Py square in the transverse plane perpendicular to b

R




Proposal : “Imaging of Heavy Ion Collisions”

« Study of the |t |- and |t.,;|- dependences of
coherent J/\r photo-nuclear production in Pb-Pb at
o TeV

» Utilization of {r, 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| atleast until sqrt(-t)
200-300 MeV/c (femtoscopic resolution)

« Apparatus resolution is crucial : Alice e+e-, LHCb

Formalism to be constructed

3



Conclusions and perspective

Excellent results obtained by the ALICE collaboration concerning J/\r photonuclear

production.

Recently, J/\r “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/\r will become
available at the LHC

Studying J/\r 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(ti,,tout)

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

At mid-rapidity, destructive interference between target nuclei will be observed.
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Y+A—J/yw+Aand A+ 7y — J/w+A Interference

Parity inversion switches the photon emitter nucleus with the target nucleus
The parity of the J/\r is negative
Amplitudes has a relative phase of m at y=0

Destructive interference between the J/\f produced from each nucleus

For y4,,=0 and pg 4., =0, total destructive interference : do/ dp~dy(pT=0, y=0)=0

. 1
{1—003(]3]/1,,19)} Pijy,T ™~ b

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

For y#0 :

: : . Spencer R. Klein and Joakim Nystrand, Interference in
- the amplitudes are different : partial P y 1

Exclusive Vector Meson Production in Heavy Ion Collisions,

destructive interference :
: : . Phys. Rev. Lett. 84 (2000) 2330, hitps: : bs/hep-
- The photon energies are different : relative ph7§908§3*7€ ( ) ps://arXIv.org/abs/nep

phase is not necessarily T

Spencer Klein, Private communication
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The mterference effeot 111 nuclear collisions
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Four different hypothesis of photo-
productions

Small differences in peripheral
collisions

Clear signal of destructive
interference at very low py (O -
100 MeV/c?)

Tiny effect in the 0-300 MeV/c?
integrated cross-section


https://arxiv.org/abs/1705.01460

