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EQUIVALENT PHOTON APPROXIMATION
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The strong electromagnetic
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electromagnetic reactions
in ion-ion collisions.

ULTRAPERIHERAL COLLISIONS

b > Rmin = R1 + R2

b2

b

b1

(a)
V

SEMI-CENTRAL COLLISIONS

b ≤ Rmin

b2

b1

b

(b)
V

NEW THEORETICAL RESULTS IN UPC EDS BLOIS 2017 PRAGUE, 26-30 JUNE 2017 4 / 31



EDS BLOIS 2017

NEW THEORETICAL
RESULTS IN UPC

γ PHYSICS IN UPC

EPA
THEORY

FORM FACTOR

DOUBLE l+ l− PAIR
PRODUCTION

PHOTON-PHOTON
SCATTERING

PROTON-
ANTIPROTON
PRODUCTION

CONCLUSIONS

EPA THEORY

NUCLEAR CROSS SECTION
A1

A2 A2

A1

X1

X2

γ

γ

σA1A2→A1A2X1X2 = ...

NAIVELY⇒ ... =

∫
dω1 dω2 n(ω1)n(ω2)
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PHOTON FLUX & FORM FACTOR
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FIG. : Elastic scattering of electron-nucleus
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FORM FACTOR
I realistic charge distribution
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1. FOUR-LEPTON PRODUCTION
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d2b
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1
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AA→ AAe+e− - CALCULATIONS VS. DATA
â ALICE Collaboration (Abbas, E. et al.),

Charmonium and e+e− pair photoproduction at mid-rapidity in
ultra-peripheral Pb-Pb collisions at

√
sNN = 2.76 TeV,

Eur. Phys. J. C73 (2013) 2617
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Good description of single pair production⇒ two l+l− pair production
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AA→ AAe+e− & AA→ AAe+e−e+e−

σAA→AAe+e−e+e−
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AA→ AAµ+µ− & AA→ AAµ+µ−µ+µ−
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Similar like for electron-positron production: σµ+µ− ' 1000× σµ+µ−µ+µ−
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γγ → µ+µ−µ+µ− - SINGLE SCATTERING

⇑
A. van Hameren approach
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AA→AAµ+µ−µ+µ−

impact parameter Wγγ = M4µ
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↑ purely theoretical distribution ↑ DS ”strongly” dominates

It is difficult to isolate range of SS domination

*DS - double-scattering mechanism
*SS - a NEW single-scattering mechanism
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2. γ − γ ELASTIC SCATTERING
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Fermionic box LO QED - FormCalc.

The one-loop W box diagram - LoopTools.

We have compared our results with:
I Jikia et al. (1993),
I Bern et al. (2001),
I Bardin et al. (2009).

Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop

fermionic contributions in the ultrarelativistic limit

(ŝ, |̂t|, |û| � m2
f ). The corrections are quite small

numerically.
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VDM-REGGE CONTRIBUTION
γ

γ

γ

γ

IP, IR

V

V

Aγγ→γγ(s, t) =
3∑
i

3∑
j

C2
γ→Vi
AVi Vj→Vi Vj C

2
γ→Vj

≈
(

3∑
i=1

C2
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)
AVV→VV (s, t)

 3∑
j=1

C2
γ→Vj


i , j = ρ, ω, φ AVV→VV (s, t) = A (s, t) exp

(B
2 t
)

A (s, t) ≈ s

(
(1 + i) CIR

(
s
s0

)αIR(t)−1

+ iCIP

(
s
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)αIP(t)−1
)

Û C2
γ→Vi

= e
fVi

Û CIP, CIR - Donnachie-Landshoff
Û αIR (t), αIP (t) - trajectories
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2-GLUON EXCHANGE
16 diagrams⇒

γ

γ

γ

γ
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2­gluon exchange

W=10 GeV

3f = u ,d, s
4f = u, d, s, c

mu ' 0.15 GeV
md ' 0.15 GeV
ms ' 0.30 GeV
mc ' 1.50 GeV

Significant effect of c quark inclusion at z ≈ 0 (large ptγ ) - interference
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EXPERIMENTAL IDENTIFICATION OF PROCESSES?
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γ − γ Collider (the International e+e− Linear Collider) ?
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MESON EXCHANGE
γ(p1)

γ(p2)

γ(p3)

γ(p4)
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γ(p4)

pt

γ(p1)
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γ(p3)
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π0

η
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ηc(1S)
ηc(2S)

f0(500)
f0(980)
a0(980)
f0(1370)
χc0(1P)

f2(1270)
a2(1320)
f ′2(1525)
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a2(1700)

f4(2050)
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 (
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b
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γγ → γγ

fermionic contributions
leptons
quarks
mesonic contributions
scalars
psudoscalars
tensors

(2050)
4

f

s−channel diagrams (leading to peaks at
√

s ∼= mM )

t− and u−channels (leading to broad continua)

ó P. Lebiedowicz, A. Szczurek,
The role of meson exchanges in light-by-light scattering,
arXiv:1705.06535 [hep-ph], Phys. Lett. B - in print
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AA→AAγγ - FORM FACTOR
ï realistic

ï monopole
Wγγ = Mγγ number of count
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s
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­1=1 nbint                     L

|<2.5
γ

η>5.5 GeV, |γγW

↑ VDM-Regge dominates for Wγγ > 30 GeV ↑ several events / GeV

σmonopole
σrealistic

↗ for larger values of kinematic variables
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AA→AAγγ - TOTAL CROSS SECTION [NB]

EXCLUSIVE PRODUCTION OF PHOTON PAIRS; UPC
at LHC (

√
sNN = 5.5 TeV) and FCC (

√
sNN = 39 TeV)

boxes VDM-Regge
cuts Frealistic Fmonopole Frealistic Fmonopole
Wγγ > 5 GeV 306 349 31 36
Wγγ > 5 GeV, pt,γ > 2 GeV 159 182 7E-9 8E-9
Eγ > 3 GeV 16 692 18 400 17 18
Eγ > 5 GeV 4 800 5 450 9 611
Eγ > 3 GeV, |yγ | < 2.5 183 210 8E-2 9E-2
Eγ > 5 GeV, |yγ | < 2.5 54 61 4E-4 7E-4
pt,γ > 0.9 GeV, |yγ | < 0.7 (ALICE cuts) 107
pt,γ > 5.5 GeV, |yγ | < 2.5 (CMS cuts) 10√

s = 39 TeV, Wγγ > 5 GeV 6 169 882√
s = 39 TeV, Eγ > 3 GeV 4 696 268 574

⇒ σ = 306 nb

â D. d’Enterria and G. G. da Silveira,
Observing light-by-light scattering at the Large Hadron Collider,

Phys. Rev. Lett. 111 (2013) 080405 ⇒ σ = 35± 7 nb

Erratum: Phys. Rev. Lett. 116 (2016) 129901⇒ σ = 370± 70 nb
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AA→AAγγ - THEORETICAL PREDICTIONS VS. EXPERIMENT

â ATLAS Collaboration (Aaboud, Morad et al.),
Evidence for light-by-light scattering in heavy-ion collisions
with the ATLAS detector at the LHC,
arXiv:1702.01625 [hep-ex], CERN-EP-2016-316

M. Guzik talk

7 ptγ > 3 GeV

7 |ηγ | < 2.4

7 Mγγ > 6 GeV

7 ptγγ < 2 GeV

7 Aco < 0.01

4 γγ → γγ - using our calculations

4 background:
4 γγ → e+e−
4 gg → γγ
4 γγ → qq̄

4 13 events were observed

ATLAS⇒ σ = 70± 20(stat.)±17(syst.) nb

from ours model⇒ σ = 49± 10 nb

PRL (2013)/(2016)⇒ σ = 45± 9 nb
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AA→AAγγ - CORRELATION IN RAPIDITY

boxes VDM-Regge - t-channel

↑ dominates in midrapidity ↑ larger yγ

ê ATLAS |η| > 8.3

ê CMS |η| > 8.5
ZDC ? VDM-Regge can be difficult to measure...
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AA→AAγγ - FCALS REGION
4 boxes

4 2-gluon exchange

4 background

¬ Mγγ > 10 GeV

­ ptγ = (1, 2) GeV

® y1/2 = (−8, 8)

2
γ

y
­5 0 5

1
γ

y

­5

0

5

®

Wγγ = Mγγ

 (GeV)γγM
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γ
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b
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b
→

P
b
P

b
σ

d

­410

­3
10

­210

­110

1

10

210

3
10

410 boxes
=0.75 GeVgm

2­g exch.
=0gm

2­g exch.
­
e+PbPbe→PbPb

=5.5 TeVNNs

<2 GeV
γ

t
>10 GeV, 1<pγγM

<4.7
2

<­2.5, 2.5<y
1

­4.7<y

⇓ ⇓
σ [nb] σ [nb]

7.307 boxes 0.063
1.234 mg = 0 0.092
0.260 mg = 0.75 GeV 0.017

46 474.000 e+e− 763.000

Small probability to distinguish photons from electrons in FCALs.
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PROTON-ANTIPROTON PRODUCTION

3. PROTON-ANTIPROTON PAIR PRODUCTION

γ(p1, λ1) + γ(p2, λ2)→ p(p3, λ3) + p̄(p4, λ4)

γ(p1)

γ(p2)

p(p3)

p̄(p4)

pt

γ(p1)

γ(p2)

p̄(p4)

p(p3)

pu

Mp−exchange
λ1λ2→λ3λ4

= (−i) ε1µ(λ1)ε2ν (λ2)

×ū(p3, λ3)
(

iΓ(γpp)µ(p3, pt )
i( 6pt + mp)

t − m2
p + iε

iΓ(γpp) ν (pt ,−p4)

+iΓ(γpp) ν (p3, pu)
i( 6pu + mp)

u − m2
p + iε

iΓ(γpp)µ(pu ,−p4)
)

v(p4, λ4)

γ(p1)

γ(p2)

p(p3)

p̄(p4)
ps

f2

Mf2(1270),f2(1950)

λ1λ2→λ3λ4
= (−i) ε1µ(λ1) ε2ν (λ2) iΓ(f2γγ)µνκλ(p1, p2) i∆

(f2)

κλ,αβ
(ps)

×ū(p3, λ3)iΓ(f2pp̄)αβ (p3, p4) v(p4, λ4)

γ(p1)

γ(p2)

p(p3)

p̄(p4)

q

q̄

â M. Diehl, P. Kroll, and C. Vogt,
Two-photon annihilation into baryon anti-baryon pairs,
Eur. Phys. J. C26 (2003) 567

Free parameters: off-shell form factors, the coupling constants.

NEW THEORETICAL RESULTS IN UPC EDS BLOIS 2017 PRAGUE, 26-30 JUNE 2017 26 / 31



EDS BLOIS 2017

NEW THEORETICAL
RESULTS IN UPC

γ PHYSICS IN UPC

EPA
THEORY

FORM FACTOR

DOUBLE l+ l− PAIR
PRODUCTION

PHOTON-PHOTON
SCATTERING

PROTON-
ANTIPROTON
PRODUCTION

CONCLUSIONS

PROTON-ANTIPROTON PRODUCTION

γγ → pp̄ - RESULTS VS. DATA

| cos θ| < 0.6 + hand-bag model
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Good description of σ(W ) data⇒ dσ
dz ?
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ANGULAR DISTRIBUTIONS
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without hand-bag with hand-bag model
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AA→ AApp̄ PRELIMINARY RESULTS

Wγγ = Mpp̄ yp
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Cross section ∼ mb

Can be studied by ALICE, ATLAS, CMS group?
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CONCLUSIONSI EPA in the impact parameter space
I Realistic charge distribution in the nucleus
I Calculations for ultrarelativistic heavy-ion collisions
I 4-leptons production

I DS mechanism for e+e−e+e− production:
σtot very strongly depends on pt,min or ye range

I DS and (a new) SS mechanism for µ+µ−µ+µ−

production:
it is difficult to isolate a region where SS dominates

I σAA→AAl+ l−
∼= 1000× σAA→AAl+ l− l+ l−

I Light-by-light scattering
I 4 subprocesses (only boxes are important for

experimental limitations for nuclear collisions)
I we get measurable cross section
I our predictions are compatible with ATLAS result

I Proton-antiproton production
I 4 subprocesses (good agreement with Belle data)
I Nuclear cross section ∼ mb THANK YOU
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