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γγ FUSION IN HEAVY-ION COLLISIONS

Mariola Kłusek-Gawenda

Outline:

Equivalent Photon Approximation

γγ → `+`−

γγ → qq̄

γγ → M

γγ → γγ
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EQUIVALENT PHOTON APPROXIMATION

HEAVY-ION COLLISIONS

b

R1

R2

The strong electromagnetic field is a source of
photons that can induce electromagnetic
reactions in ion-ion collisions.
Electromagnetism is a long-range force, so
electromagnetic interactions occur even at
relatively large ion-ion separations.

Photon energy: ω = γ
b Virtuality: Q2 = 1

R2

1 Collision energy:
low energy processes:√

sNN < 10 MeV/nucleon;
intermediate energies:√

sNN = (10− 100) MeV/nucleon;
relativistic energies:√

sNN = (0.1− 100) GeV/nucleon;
ultrarelativistic energies:√

sNN > 100 GeV/nucleon;

2 Centrality vs. impact parameter :

central collisions: b≈ (0 fm +4b);
semi-central collisions: b≈ (5− 10) fm;
semi-peripheral collisions: b≈ (10− 12) fm;
peripheral collisions: b≈ (12 fm−(R1 + R2));
ultraperiperal collisions: b > (R1 + R2).
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bc = 

Glauber model←
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EQUIVALENT PHOTON APPROXIMATION

HEAVY-ION COLLISIONS

Cross section

A1

A2 A2

A1

X1

X2

γ

γ

σA1A2→A1A2X1X2 =

∫
σγγ→X1X2 (ω1, ω2)dω1 dω2 n(ω1)n(ω2)→ ...n(ω) =

∞∫
Rmin

2πbdb N(ω, b)...

=

∫
σγγ→X1X2 (Wγγ )N (ω1,b1) N (ω2,b2)

Wγγ

2
dWγγ dYX1X2 dbx dby d2b

=

∫
dσγγ→X1X2 (Wγγ )

d cos θ
N (ω1,b1) N (ω2,b2)

Wγγ

2
dWγγ dYX1X2 dbx dby d2b

×
d cos θ

dyX1 dyX2 dpt
× dyX1 dyX2 dpt

b1 b2

b
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EQUIVALENT PHOTON APPROXIMATION

EQUIVALENT PHOTON FLUX VS. FORM FACTOR

N (ω, b) =
Z 2αem

π2β2

1
ω

1
b2

×

∣∣∣∣∣∣∣∣
∫

dχχ2

F
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b2

)
χ2 + u2

J1 (χ)

∣∣∣∣∣∣∣∣
2

β = p
E , γ = 1√

1−β2
, u = ωb

γβ
, χ = k⊥b

point-like F
(

q2
)

= 1

N (ω, b) = Z2αem
π2β2

1
ω

1
b2 × u2

[
K 2

1 (u) + 1
γ2 K 2

0 (u)
]

monopole F
(
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)

= Λ2

Λ2+|q|2√〈
r2
〉

=
√

6
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realistic
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(
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=
4π
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HISTORY

HISTORY OF TWO-PHOTON PHYSICS

¶ Carl David Anderson (1905-1991) was an American
physicist. He is best known for his discovery of the
positron in 1932, an achievement for which he received
the 1936 Nobel Prize in Physics, and of the muon in
1936.

¹ 1970 - production of e+e− pairs was discovered in
collisions of virtual photons at the e+e− - storage ring
VEPP-2 in Novosibirsk

· L.D. Landau and E.M. Lifschitz,
Production of electrons and positrons by a collision of
two particles, Phys.Z.Sowjetunion 6 (1934) 244.
σ(A1A2 → A1A2e+e−) in the leading logarithmic
approximation

¸ H. Bethe and W. Heitler,
On the Stopping of fast particles and on the creation of
positive electrons, Proc.Roy.Soc.Lond. A146 (1934) 83
γA→ e+e−A

Theoretical papers devoted to the γγ fusion are
concerned with:

methods for extracting information on the
γγ → h transition from exp. data

effects connected with the production of
leptons

search for new physics
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HISTORY

EQUIVALENT PHOTON APPROXIMATION

s = (p1 + p2)2 = 2m2
e + 2E1E2 − 2p1 · p2

ŝ = (q1 + q2)2 = M2
X

qi = (pi − p′i )
2

IN THE C.M. FRAME OF e+e− :

p1=p2=p and E1 = E2 = E

s = 2m2
e + 2p2 + 2E2 = 4E2

ω1 = E − E ′1 = 1
2 (ω + p)

ω2 = E − E ′2 = 1
2 (ω − p)

ŝ = 4ω1ω2

p1 = (E1, p1)
p2 = (E2, p2)

p
′ 1
=
(E

′
1
, p

′ 1)
p
′ 2
=
(E

′
2
, p

′ 2)

q1 = (ω1, q1)

q2 = (ω2, q2)

π − θ1

FIG.: e+e− → e+e−X

d4σ(e+e− → e+e−X; s)
dE ′1dΩ′1dE ′2dΩ′2

=
(
αem

8π2

)2 1
q2

1q2
2

E ′1
E1

E ′2
E2
ρµµ
′

1 ρνν
′

2 Wµνµ′ν′

7 ραβi - the electron density matrix

7 Wµνµ′ν′ - the amplitude for forward elastic γγ scattering

dΩi = sin2 θi dθi dφi

Ignoring the dependence of the amplitude ραβi on the azimuthal angle:

d2σ(e+e− → e+e−X; s)
dω1dω2

= n(ω1)n(ω2)σ(γγ → X; W 2)
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LEPTONS PRODUCTION

PHOTON+PHOTON→ 2 LEPTONS

W (GeV)
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σ
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=
4πα2
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W 2
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2 ln

[
Wγγ
2m`

(
1 +

√
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4m2
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W 2
γγ

)]
×

(
1 +

4m2
`

W 2
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`

W 4
γγ

)
−

√
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4m2
`

W 2
γγ
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`

W 2
γγ
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LEPTONS PRODUCTION

PHOTON+PHOTON→ 4 LEPTONS
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KATIE - it is an event generator that is
specially designed to deal with initial
states that have an explicit transverse
momentum dependence, but can also
deal with on-shell initial states. KATIE
is a parton-level generator for hadron
scattering, but requires only a few
adjustments to deal with photon
scattering.
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QUARKS PRODUCTION

QUARKS PRODUCTION

© Q/Q̄ - heavy-quark/-antiquark
v mc = 1.5 GeV
v mb = 4.75 GeV

© q/q̄ - light-quark/-antiquark
v mu = 0.3 GeV
v md = 0.3 GeV
v ms = 0.5 GeV

© In contrast to dimuon production, the QQ̄
state cannot be directly observed
because of the quark confinement

FIG.: Current quark masses for all six flavors in comparison, as
balls of proportional volumes.
en.wikipedia.org

¶ 2→ 2 process (Born amplitude)

σγγ→QQ̄

(
Wγγ
)

= Nce4
Q

4πα2
em

W 2
γγ

{
2 ln

[
Wγγ
2mQ

(
1 +

√
1−

4m2
Q

W 2
γγ

)]

×

(
1 +

4m2
QW 2

γγ − 8m4
Q

W 4
γγ

)
−

√
1−

4m2
Q

W 2
γγ

(
1 +

4m2
Q

W 2
γγ

)}
γ

γ
Q̄

Q
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QUARKS PRODUCTION

· LO QCD corrections

+ +

+ +

+ +

¸ QQ̄qq̄ production
γ

γ

q̄

Q

Q̄

q γ

γ

Q

Q̄

q

q̄

¹ single-resolved mechanism
γ

γ
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Q
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γ

γ

Q

Q̄

g

X2h

 [GeV]γγW
0 20 40 60 80 100

) 
[n

b
]

c
c

→
γ

γ(
σ

­310

­210

­110

1

10

210

Born

QCD correct.

qqcc

1­resolved

 [GeV]γγW
0 20 40 60 80 100

) 
[n

b
]

b
b

→
γ

γ(
σ

­310

­210

­110

1

10

210
Born

QCD correct.

qqbb

1­resolved

JULY 14-22, 2023 BEZMIECHOWA GÓRNA 10 / 32

THE HENRYK NIEWODNICZAŃSKI

INSTITUTE OF NUCLEAR PHYSICS
POLISH ACADEMY OF SCIENCES



11/32

MESONS PRODUCTION

MESON PRODUCTION

Quantum numbers: Meson = qq̄

w S - spin

w L - the orbital angular momentum

w J - the total angular momentum; J = |L− S| to J = |L + S|,
w P - parity; P = (−1)L+1

w C - parity; |qq̄〉 = |q̄q〉 → C = +1, |qq̄〉 = −|q̄q〉 → C = −1

JPC = 0++, 0−+, 2++, 4++

3 scalar

3 pseudoscalar

3 tensor

3 4-spin meson

3 scalar

3 pseudoscalar

3 vector

3 tensor

3 4-spin meson
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MESONS PRODUCTION

PION-PAIR PRODUCTION

FIG.: The quark structure of the pion.
en.wikipedia.org

¶ the Born term matrix elements for non-resonant pion pair production
π+(pπ+)

π−(pπ−)

π+(pπ+)

π−(pπ−) π−

π+

+ +

γ(q1, λ1)

γ(q2, λ2)

γ(q1, λ1)

γ(q2, λ2) γ(q2, λ2)

γ(q1, λ1)

¶ ρ± meson exchange

ρ±(κ)

π0(p1)

π0(p2)

π+(k1)

π−(k2)

π±(κ2)

γ(q1, λ1)

γ(q2, λ2)

ρ±(κ)

π0(p1)

π0(p2)

π+(k1)

π−(k2)

γ(q1, λ1)

γ(q2, λ2)

Continuum

M (λ1, λ2) =Mt (λ1, λ2) +Mu (λ1, λ2) +Mc (λ1, λ2)
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MESONS PRODUCTION

s-channel γγ →resonances

 [GeV]π π = Mγ γW
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√
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γγ
4 −m2

π√
m2

R
4 −m2

π

FJ
(

Wγγ ,R
)

FJ
(

Wγγ ,R
)

- the Blatt-Weisskopf form factor

M (λ1, λ2) =

√
64π2W2

γγ×8π(2J+1)
(

mR
Wγγ

)2
ΓRΓR

(
Wγγ

)
Br (R→γγ)Br

(
R→π+/0π−/0

)
W2
γγ−m2

R
+imRΓR

(
Wγγ

) eiϕR

×
√

2δλ1,λ2


Y 0

0 (θ, φ); for f0
Y 2
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Y 0
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)2
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R

)
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MESONS PRODUCTION

pQCD mechanisms

¸ Brodsky-Lepage perturbative mechanism

π

π

π

π

π

π

π

π

π

π

M (λ1, λ2) =

1∫
0

dx

1∫
0

dy φπ
(

x , µ2
x

)
Tλ1λ2

H

(
x , y , µ2

)
φπ
(

y , µ2
y

)
F pQCD (s)

3 x, y - fractional momentum of hadron carrying by q or q̄
3 φπ - parton distribution amplitude

3 µx/y = min
(

x/y , 1− x/y

)√
s(1− z2)

3 T
λ1λ2
H

(
x, y, µ2

)
- a hard-scattering amplitude

3 FpQCD (s) - form factor

¹ Handbag mechanism

A+− = A−+ = −4παem
s2

tu
R2π (s)

γ

γ

q

q̄

π

π

+ M. Diehl, P. Kroll and C. Vogt, ”The Handbag contribution to γγ → ππ and KK ”,
Phys. Lett. B532 (2002) 99;

+ M. Diehl and P. Kroll, ”Two-photon annihilation into octet meson pairs: Symmetry relations in the handbag approach ”,
Phys. Lett. B683 (2010) 165.
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MESONS PRODUCTION

TOTAL CROSS SECTION FOR THE γγ → ππ
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+ M. K-G and A. Szczurek, ”π+π− and π0π0 pair production in photon-photon and in ultraperipheral ultrarelativistic heavy
ion collisions ”,
Phys.Rev. C87 (2013) 054908
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MESONS PRODUCTION

ANGULAR DISTRIBUTIONS FOR THE γγ → ππ
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MESONS PRODUCTION

 (GeV)γ γW
2.5 3 3.5 4

)- π + π 
→ γ γ(σ

) 
/ 

0 π 0 π 
→ γ γ(σ

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

hand-bag

our result

| < 0.6θBelle - |cos 

Our results prove that the correct description of the high-energy cross section requires to take
into account both

the Brodsky-Lepage and
handbag mechanisms.

The black solid line represents only the handbag model result, which is independent of θ and is

constant (= 1
2 ).
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LIGHT-BY-LIGHT SCATTERING

LIGHT-BY-LIGHT SCATTERING
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LIGHT-BY-LIGHT SCATTERING

LIGHT-BY-LIGHT SCATTERING

m Maxwell classical theory
3 light doesn’t interact with each other

m Quantum theory
3 interaction of photons through quantum

fluctuations

l σ(γγ → γγ) ∝ α4
em '

(
1

137

)4
→ very small

l Photon beams
7 High-power lasers

â K. Homma, K. Matsuura, K. Nakajima,
PTEP 2016 (2016) 013C01
Testing helicity-dependent γγ → γγ
scattering in the region of MeV

4 Ultrarelativistic heavy-ion collision

m Cross section∝ Z 4;
Pb-Pb collisions⇒ 824 ≈ 45× 106

m Quasi-real photons

Boxes WELL-KNOWN

γ

γ

γ

γ

γ

γ

γ

γ

W

W

WW

Fermionic boxes (LO QED) W Box
FormCalc. LoopTools.

|Mγγ→γγ |2 = α4
emf (t̂ , û, ŝ)

VDM-Regge WE ADD 2-gluon exch.

γ

γ

γ

γ

IP, IR

V

V

γ

γ

γ

γ

gg
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LIGHT-BY-LIGHT SCATTERING
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total
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W­bosons

Fermionic box LO QED - FormCalc.

The one-loop W box diagram - LoopTools.

© Jikia et al. (1993)

© Bern et al. (2001)

© 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, |t̂|, |û| � m2
f ). The

corrections are quite small numerically.

JULY 14-22, 2023 BEZMIECHOWA GÓRNA 20 / 32

THE HENRYK NIEWODNICZAŃSKI

INSTITUTE OF NUCLEAR PHYSICS
POLISH ACADEMY OF SCIENCES



21/32

LIGHT-BY-LIGHT SCATTERING

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
γ→Vi

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
s0

)αIP(t)−1
)

Û C2
γ→Vi

= e
fVi

Û CIP, CIR - Donnachie-Landshoff

Û αIR (t), αIP (t) - trajectories
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LIGHT-BY-LIGHT SCATTERING

MESON EXCHANGE
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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)

+ P. Lebiedowicz and A. Szczurek, ”The role of meson exchanges in light-by-light scattering”,
Phys. Lett. B772 (2017) 330
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LIGHT-BY-LIGHT SCATTERING

2-GLUON EXCHANGE

16 diagrams⇒

γ

γ

γ

γ

gg

z = cos θ ; θ - scattering ^ ptγ = p sin θ
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p
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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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LIGHT-BY-LIGHT SCATTERING

EXPERIMENTAL IDENTIFICATION OF PROCESSES?
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γ − γ Collider? the International e+e− Linear Collider or the Compact Linear Collider
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LIGHT-BY-LIGHT SCATTERING

AA→AAγγ - ATLAS RESULTS

â ATLAS Collaboration (M. Aaboud et al.),
Evidence for light-by-light scattering in heavy-ion collisions with the ATLAS detector at the LHC,
Nature Phys. 13 (2017) 852
Phys. Rev. Lett. 123 (2019)* 052001

7 ptγ > 3 GeV

7 |ηγ | < 2.4

7 Mγγ > 6 GeV

7 ptγγ < 2 GeV

7 Aco < 0.01

4 γγ → γγ - Our results

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

4 13 events
59 events (2019)*

ATLAS⇒ σ = 70± 20(stat.)±17(syst.) nb

(2019)*⇒ σ = 78± 13(stat.)±7(syst.)±3(lumi.) nb

Our result⇒ σ = 51± 0.02 nb
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LIGHT-BY-LIGHT SCATTERING

AA→AAγγ FOR Mγγ < 5 GEV ?
CONTINUUM RESONANCES BACKGROUND
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sum

ó P. Lebiedowicz, A. Szczurek,
Phys. Lett. B772 (2017) 330,
The role of meson exchanges in light-by-light
scattering

ó M. K-G, A. Szczurek, Phys. Rev. C87 (2013) 054908;
π+π− and π0π0 pair production in photon-photon
and in ultraperipheral ultrarelativistic heavy-ion
collisions
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LIGHT-BY-LIGHT SCATTERING

UPC OF AA...

ALICE cuts
4 boxes

4 bkg

4 mesons

LHCb cuts
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Total nuclear cross section [nb]

Energy Wγγ = (0− 2) GeV Wγγ > 2 GeV
Fiducial region ALICE LHCb ALICE LHCb

Boxes 4 890 3 818 146 79
π0π0 bkg 135 300 40 866 46 24
η 722 573 568 499
η′(958) 54 241 40 482
ηc (1S) 9 5
χc0(1P) 4 2
ηc (2S) 2 1
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SEMICENTRAL COLLISION

SEMICENTRAL HEAVY-ION COLLISIONS

â From ultraperipheral to semicentral collisions→ dilepton sources
â γγ fusion mechanism

â Invariant mass
â SPS (NA60 data)
â RHIC (STAR data)
â LHC (ALICE data)

â Low-PT dilepton spectra
â RHIC (STAR data)
â LHC (ALICE data)

â Acoplanarity
â LHC (ATLAS data)
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SEMICENTRAL COLLISION DIELECTRON

DIELECTRON INVARIANT-MASS SPECTRA - RHIC

4 γγ-fusion

4 thermal radiation

4 hadronic cocktail

3 centrality classespt >0.2 GeV,

|ηe|<1

|ye+e− |<1
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,ρ, in­medium 
­
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The coherent emission dominates for the two peripheral samples

and is comparable to the cocktail and thermal radiation yields in semi-central collisions.
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SEMICENTRAL COLLISION DIELECTRON

EPA in the impact parameter space - the pair transverse momentum P`
+`−

T is neglected

σA1A2→A1A2`
+`− =

∫
N (ω1, b1) N (ω2, b2) δ(2)(b− b1 − b2)

∫
d2b1d2b2d2b dy`+ dy

`−dp2
t,`

dσ(γγ → `+`− ; ŝ)

d(−t̂)

ë kt -factorization

dNll

d2P`+`−
T

=

∫
dω1

ω1

dω2

ω2
d2q1t d

2q2t
dN(ω1, q2

1t )

d2q1t

dN(ω2, q2
2t )

d2q2t
δ

(2)(q1t + q2t − P`
+`−

T )σ̂(γγ → `
+
`
−)
∣∣

cuts
,

ë Exact calculation

dσ[C]

d2P`+`−
T

=

∫
d2Q

2π
w(Q; bmax, bmin)

∫
d2q1

π

d2q2

π
δ

(2)(P`
+`−

T − q1 − q2)

∫
dω1

ω1

dω2

ω2

× Ei

(
ω1, q1 +

Q

2

)
E∗j
(
ω1, q1 −

Q

2

)
Ek

(
ω2, q2 −

Q

2

)
E∗l
(
ω2, q2 +

Q

2

) 1

2ŝ

∑
λλ̄

Mλλ̄ik Mλλ̄†
jl

dΦ(`+
`
−) .

The factorization formula is written in terms of the Wigner function:

Nij (ω, b, q) =

∫
d2Q

(2π)2
exp[−ibQ] Ei

(
ω, q +

Q

2

)
E∗j
(
ω, q−

Q

2

)
=

∫
d2s exp[iqs] Ei

(
ω, b +

s

2

)
E∗j
(
ω, b−

bs

2

)
,

N(ω, q) = δij

∫
d2b Nij (ω, b, q) = δij Ei (ω, q)E∗j (ω, q) =

∣∣E(ω, q)
∣∣2 ,

N(ω, b) = δij

∫
d2q

(2π)2
Nij (ω, b, q) = δij Ei (ω, b)E∗j (ω, b) =

∣∣E(ω, b)
∣∣2 .
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SEMICENTRAL COLLISION DIMUON

ACOPLANARITY - ATLAS DATA

From central to peripheral collisions
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A successful description of ATLAS data by γγ-fusion alone

A correct normalization and shape of the distributions

pt >4 GeV,

Mµ+µ− =(4-45) GeV,

|ηµ|<2.4
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CONCLUSION
γγ → X1X2

W (GeV)
0 2 4 6 8 10 12 14

 (
n
b
)

σ

3−10

2−10

1−10

1

10

210

310

410

510

610

­
µ+µ

­
e+e

­
τ+τ

pp

bb

cc

0
ρ

0
ρ

­
π+π

0π0π

γγ

m EPA in the impact parameter space

m Ultraperipheral & semicentral heavy-ion collisions

m Multidimensional integrals→ differential cross
section

m Description of experimental data for UPC and
semicentral events

m Predictions focused on experimental acceptance

m Collaboration - theoreticians and experimenters

Thank you

Photon collisions: Photonic billiards might be the
newest game!, EurekAlert!
Ultraperipheral collisions of lead nuclei at the LHC
accelerator can lead to elastic collisions of photons with
photons.

Creation without contact in the collisions of lead and
gold nuclei , EurekAlert!
Semicentral or central collisions of lead nuclei in the LHC
produce QGP and a cocktail with contributions of other
particles. Simultaneously, clouds of photons surrounding
the nuclei collide, resulting in the creation of `+`− pairs
within the plasma and cocktail, and in the space around
the nuclei.
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https://www.eurekalert.org/news-releases/503969
https://www.eurekalert.org/news-releases/525821
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