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PRZYBLIŻENIE RÓWNOWAŻNYCH FOTONÓW

(Equivalent Photon Approximation)

b

R1

R2

Silne pole
elektromagnetyczne jest
źródłem fotonów, które
mogą wywołać reakcje
elektromagnetyczne
w zderzeniach jądro-jądro.

ZDERZENIA
ULTRAPERYFERYCZNE
(UltraPeripheral Collisions)
b > Rmin = R1 + R2
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σA1A2→A1A2X1X2 = ...

NAIWNIE⇒ ... =

∫
dω1 dω2 n(ω1)n(ω2)σγγ→X1X2(ω1, ω2)

BARDZIEJ
n(ω)=

∞∫
Rmin

2πbdb N(ω,b)

POPRAWNIE⇒ ... =

∫
N (ω1,b1) N (ω2,b2)S2

abs (b)

× σγγ→X1X2 (Wγγ)

× 2πbdb dbx dby
Wγγ

2
dWγγ dYX1X2

φ

b
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X
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JĄDROWY PRZEKRÓJ

CZYNNY

SYGNAŁ

TŁO PIONOWE

REZONANSE

INNE PROCESY
UPC

WZBUDZENIE EM
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STRUMIEŃ RÓWNOWAŻNYCH FOTONÓW

A CZYNNIK KSZTAŁTU

7 rozkład ładunku w jądrze

N (ω, b) =
Z 2αem

π2β2

1
ω

1
b2
×

∣∣∣∣∣∣∣∣∣
∫

dχχ2
F
(
χ2+u2

b2

)
χ2 + u2

J1 (χ)

∣∣∣∣∣∣∣∣∣
2

β = p
E , γ = 1√

1−β2
, u = ωb

γβ
, χ = k⊥b

I punktowy F
(
q2) = 1

N (ω, b) = Z2αem
π2β2

1
ω

1
b2 × u2

[
K 2

1 (u) + 1
γ2 K 2

0 (u)

]
I monopolowy F

(
q2) = Λ2

Λ2+|q|2√〈
r2
〉

=
√

6
Λ2 = 1 fm A1/3

CZYNNIK KSZTAŁTU
(form factor)

θ

E,p

Mc, 0

E′,p′

E′
N ,P′

q

RYS. : Elastyczne rozpraszanie elektron-jądro
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CZYNNIK KSZTAŁTU (form factor)
I realistyczny rozkład ładunku w jądrze

F
(

q2
)

=
4π
|q|

∫
ρ (r) sin (|q| r) rdr

q [GeV]
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|F
(q

)|
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410
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210

110

1 Au
197
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208

Form factor
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Monopole
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FIZYKA FOTONOWA W UPC

A1

A2 A2

A1

X1

X2

γ

γ

A A

V

IP/IR

A A

V

IP/IR

3 ρ0, J/ψ

√
sNN =

√
Z1Z2
A1A2

√
spp

3 ρ0ρ0, J/ψJ/ψ
3 π+π−, π0π0

3 cc̄, bb̄
3 e+e−, µ+µ−

3 γγ

3 π+π−π+π−

3 e+e−e+e−

3 µ+µ−µ+µ−

RelativisticHeavyIonCollider (197Au+197Au @
√

sNN = 130, 200 GeV),
LargeHandronCollider (208Pb+208Pb @

√
sNN = 2.76, 3.5, 5.02, 5.52 TeV,

129Xe+129Xe @
√

sNN = 5.44 TeV, 40Ar+40Ar @
√

sNN = 6.3 TeV).
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Zderzenia fotonów: Jest realna szansa na świetlny bilard!

â serwis Amerykańskiego Stowarzyszenia na rzecz Postępu Naukowego
https://www.eurekalert.org/pub_releases/2016-05/
thni-pcp051916.php,

â M. K-G, P. Lebiedowicz and A. Szczurek,
Light-by-light scattering in ultraperipheral Pb-Pb collisions at energies available at the CERN
Large Hadron Collider,
Phys. Rev. C93 (2016) 044907,

â M. K-G, W. Schäfer and A. Szczurek,
Two-gluon exchange contribution to elastic γγ → γγ scattering and production of two-photons
in ultraperipheral ultrarelativistic heavy ion and proton-proton collisions,
Phys. Lett. B761 (2016) 399,

â M. K-G, R. McNulty, R. Schicker and A. Szczurek,
Measurements of light-by-light scattering in UPC of heavy ions at the LHC - smaller diphoton
collision energies,
w przygotowaniu /proceeding Meson2018, arXiv:1809.03823 [hep-ph]/.
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ROZPRASZANIE ŚWIATŁA NA ŚWIETLE

m Klasyczna teoria Maxwella
3 światło nie oddziałuje ze sobą

m Kwantowa teoria
3 oddziaływanie fotonów poprzez

fluktuacje kwantowe

HISTORIA

â O. Halpern, Scattering Processes Produced by Electrons in Negative
Energy States, Phys.Rev. 44 (1933) 855.2,

â H. Euler and B. Kockel, The scattering of light by light in the Dirac theory,
Naturwiss. 23, 246 (1935),

â A. Akhieser, L. Landau and I. Pomeranchuk, Scattering of light by light,
Nature 138 (1936) 206,

â W. Heisenberg and H. Euler, Consequences of Dirac’s Theory of
Positrons, Zeit. f. Phys. 98 (1936) 714,

â M. Born and L. Infeld, Foundations of the new field theory,
Proc. Roy. Soc. Lond. A144 (1934) 425.
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γ

γ

γ

γ

l σ(γγ → γγ) ∝ α4
em - bardzo mały przekrój czynny

l Problemy z wiązkami fotonów

m Lasery dużej mocy Nie udało się zmierzyć

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

m Zderzenia ultrarelatywistycznych ciężkich jonów
â D. d’Enterria and G. G. da Silveira, Phys. Rev. Lett. 111 (2013) 080405
â M. K-G, P. Lebiedowicz and A. Szczurek, Phys. Rev. C93 (2016) 044907

¬ wzmocnienie przekroju czynnego przez czynnik Z 4

 kwazi-rzeczywiste fotony
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ELASTYCZNE

ROZPRASZANIE γ − γ
DOBRZE ZNANE”BOXY”

γ

γ

γ

γ

γ

γ

γ

γ

W

W

WW

 (GeV)s

3
10 210 110 1 10 210

3
10

 (
p
b
)

σ

3
10

210

110

1

10

210

3
10

410

5
10

6
10

7
10

γγ → γγ

total

leptons
quarks

Wbosons

”Box” fermionowy LO QED ”Box” W
FormCalc. LoopTools.

|Mγγ→γγ |2 = α4
emf (̂t , û, ŝ)

MY DODAJEMYWKŁAD
VDM-REGGE

WYMIANA
2-GLUONOWA

ρ, ω, φ
⇒

γ

γ

γ

γ

IP, IR

V

V

. 16 diagrams
⇒

γ

γ

γ

γ

gg
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JĄDROWY PRZEKRÓJ

CZYNNY

SYGNAŁ

TŁO PIONOWE

REZONANSE

INNE PROCESY
UPC

WZBUDZENIE EM
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ELEMENTARNY PRZEKRÓJ CZYNNY
4 ”box’y”

4 VDM-Regge

4 wymiana
2-gluonowa

W = 10 GeV

z = cos θ ptγ = p sin θ

z
1 0.5 0 0.5 1

/d
z
 (

n
b
)

γ
γ

→
γ

γ
σ

d

6
10

5
10

410

3
10

210

110

1

boxes

VDMRegge

=4
f

2gluon exchange, n

=0.75 GeVgm

=0gm

W=10 GeV

γ
t

p
0 1 2 3 4 5

 (
n
b
/G

e
V

)
γt

/d
p

γ
γ

→
γ

γ
σ

d

8
10

710

6
10

5
10

410

3
10

210

110

boxes

VDMRegge

=4
f

2gluon exchange, n

=0.75 GeVgm

=0gm

W=10 GeV

θ = π
2 - ”box’y”, duże z (małe ptγ ) - VDM-Regge.
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LIGHT-BY-LIGHT γγ → γγ

IDENTYFIKACJA EKSPERYMENTALNA PROCESÓW?

W = 10 GeV

4 ”box’y”

4 VDM-Regge

4 wymiana
2-gluonowa

W = 50 GeV W = 200 GeV

γ
t

p
0 1 2 3 4 5
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p
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2gluon exchange, n

=0.75 GeVgm

=0gm
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γ
t

p
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/d
p

γ
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→
γ

γ
σ

d

8
10
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6
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3
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VDMRegge

=4
f

2gluon exchange, n

=0.75 GeVgm

=0gm

W=200 GeV

Zderzacz γ − γ (the International e+e− Linear Collider) ?
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JĄDROWY PRZEKRÓJ CZYNNY

208Pb

208Pb

γ γ

γ

γ

A

A

γ

γ

γ

γ

A

A

ULTRAPERYFERYCZNE ZDERZENIA JĄDER OŁOWIU

AA→AAγγ
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AA→AAγγ - FORM FAKTOR
ï realistyczny

ï monopolowy
parametr zderzenia Yγγ = 1

2

(
yγ1 + yγ2

)

 (fm)mb
0 500 1000 1500 2000

 (
p
b
/f
m

)
m

)/
d
b

γ
γ

P
b
P

b
→

(P
b
P

b
σ

d

1

10

210

3
10

410
realisticF, monopoleF

boxes

VDMRegge

>5.5 GeVγγ W

=5.5 TeV, UPC NNs

 γγY
4− 2− 0 2 4

 (
p
b
)

γ
γ

)/
d
Y

γ
γ

P
b
P

b
→

(P
b
P

b
σ

d

210

3
10

410

5
10

6
10

realisticF, monopoleF

boxes

VDMRegge
>5.5 GeVγγ W

=5.5 TeV, UPC NNs

↑ rozkład czysto teoretyczny Yγγ 6= yγ

σmonopole
σrealistic

↗ dla większych wartości zmiennych kinematycznych
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liczba zliczeń

 (GeV)γγM
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1
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)
γ

γ
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N

/d
M
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=5.5 TeV, UPC
NN

s

γγPbPb→PbPb

1=1 nbint                     L

|<2.5
γ

η>5.5 GeV, |γγW

kilkadziesiąt zliczeń / GeV

Wγγ = Mγγ

 (GeV)γγM
10 20 30 40 50

 (
p
b
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e
V

)
γ

γ
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d
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γ
γ

P
b
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b
→

(P
b
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b
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3
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5
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realisticF, monopoleF

boxes

VDMRegge

>5.5 GeVγγ W

=5.5 TeV, UPCNNs

VDM-Regge dominuje dla Wγγ > 30 GeV

σ(PbPb→PbPbγγ) [nb] @ LHC (
√

sNN = 5.5 TeV) & FCC (
√

sNN = 39 TeV)

”box’y” 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

L Eγ > 3 GeV 16 692 18 400 17 18
Eγ > 5 GeV 4 800 5 450 9 611

H Eγ > 3 GeV, |yγ | < 2.5 183 210 8E-2 9E-2
Eγ > 5 GeV, |yγ | < 2.5 54 61 4E-4 7E-4

C pt,γ > 0.9 GeV, |yγ | < 0.7 (ALICE cuts) 107
pt,γ > 5.5 GeV, |yγ | < 2.5 (CMS cuts) 10

F Wγγ > 5 GeV 6 169 882
C Eγ > 3 GeV 4 696 268 574
C
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AA→AAγγ - WYNIKI ATLAS

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

7 ptγ > 3 GeV

7 |ηγ | < 2.4

7 Mγγ > 6 GeV

7 ptγγ < 2 GeV

7 Aco < 0.01

4 γγ → γγ - przewidywania naszej grupy

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

4 obserwacja 13 przypadków

ATLAS⇒ σ = 70± 20(stat.)±17(syst.) nb

nasz wynik⇒ σ = 49± 10 nb

PRL (2013)/(2016)⇒ σ = 45± 9 nb
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PIERWSZY EKSPERYMENTALNY POMIAR

RYS. : Przypadek z rozpraszania foton-foton /atlas.web.cern.ch/

ë Tryger to dwustopniowy system filtrowania danych
¬ elektronika - rejestracja sygnału
 farma serwerów (40 tys. rdzeni), algorytmy filtrujące

ë Weryfikacja teorii zaproponowanej > 80 lat temu
ë Kolejne badania - listopad-grudzień 2018

ULTRAPERYFERYCZNE ZDERZENIA M. KŁUSEK-GAWENDA WARSZAWA, 22.11.2018 18 / 40

atlas.web.cern.ch


M. KŁUSEK-
GAWENDA

ULTRAPERYFERYCZNE
ZDERZENIA

EPA

LIGHT-BY-LIGHT

γγ → γγ
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b < 2× RPb

RYS. : cds.cern.ch/record/
2646475

UPC

RYS. : cds.cern.ch/record/
2646921
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AA→AAγγ - WYNIKI CMS
ó CMS Collaboration,

Measurement of light-by-light scattering in ultraperipheral PbPb collisions
at
√

sNN = 5.02 TeV,
CMS-PAS-FSQ-16-012
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 = 5.02 TeV, UPC
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 1

bµ = 390 intL

CMS preliminary data
7 Etγ > 2 GeV

7 |ηγ | < 2.4

7 Mγγ > 5 GeV

7 ptγγ < 1 GeV

7 Aco < 0.01

4 obserwacja 14 przypadków

CMS⇒ σ = 122± 46(stat.)±29(syst.) nb

nasz wynik⇒ σ = 103± 0.034 nb

Mγγ < 5 GeV ??
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Mγγ < 5 GEV⇒ TŁO PIONOWE
ó M. K-G, A. Szczurek,

π+π− and π0π0 pair production in
photon-photon and in ultraperipheral
ultrarelativistic heavy ion collisions,
Phys. Rev. C87 (2013) 054908

ë Wγγ ∈ (2mπ − 6) GeV
ë całkowity przekrój czynny

& rozkłady kątowe
ë jednocześnie dla

γγ → π+π− & π0π0
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|; W=0.8025 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

50

100

150

200

250

300

(600)0f

(1270)2f

)
2

=6 GeV
πγ

Born (B

)
2

=4 GeV
πγ

Born (B

)
2

=6 GeV
πγ

SUM (B

)
2

=4 GeV
πγ

SUM (B

|; W=1.1525 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

50

100

150

200

250

300

350

400

450

500

(1270)2f

)
2

=6 GeV
πγ

Born (B

)
2

=4 GeV
πγ

Born (B

)
2

=6 GeV
πγ

SUM (B

)
2

=4 GeV
πγ

SUM (B

|; W=1.4975 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

10

20

30

40

50

60

70

(1270)2f

)
2

=6 GeV
πγ

Born (B
)

2
=4 GeV

πγ
Born (B

)
2

=6 GeV
πγ

SUM (B

)
2=4 GeVπγ

SUM (B

|; W=2.45 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

3.5

(1270)2f

(1950)2f
(2050)4f(1710)0f

hb

pQCD

)2

=6
 G

eV

π
γ

S
U
M

 (B

)
2

=4 GeV
πγ

SUM (B

|; W=2.65 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

(1270)2f

(1950)2f(2050)4f

hb

pQCD

SUM

|; W=2.95 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

(1270)2f

hb

pQCD

SUM

|; W=3.25 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(1270)2f

hb

pQCD

SUM

|; W=3.65 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

(1270)2f

hb

pQCD

SUM

|; W=4.05 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

hb

pQCD

SUM

 [GeV]π π = Mγ γW
0 1 2 3 4 5 6

) 
[n

b
]


π 

+
π 

→ 
γ 

γ(
σ

210

110

1

10

210

3
10

ALEPH

Belle

CELLO

CLEO

Two Gamma

Mark II

VENUS

2
=4 GeVπγB

2
=6 GeVπγB

 [GeV]π π = Mγ γW
0 1 2 3 4 5 6

) 
[n

b
]

0
π 

0
π 

→ 
γ 

γ(
σ

210

110

1

10

210

3
10

Crystal Ball

Bellee
xc

hange

ρ+

sum

|; W=0.61 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

2

4

6

8

10

12

14

16

18

20

(600)0f

(1270)2f
exchangeρ

exchangeρ+

sum

|; W=1.05 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

10

20

30

40

50

60

(980)0f

(1270)2f

exchangeρ+

sum

|; W=1.55 GeVθ|cos

0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

5

10

15

20

25

30

35

(1565)2f

(1270)2f

(1710)0f

|; W=1.94 GeVθ|cos

0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

2

4

6

8

10

12

14

(1950)2f

(1270)2f

(2050)4f

hb

|; W=2.34 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

3.5

4

(2050)4f

hb

(1270)2f

(1950)2fpQCD

|; W=2.75 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

hb

pQCD

|; W=3.15 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

hb

pQCD

|; W=3.65 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

hb

pQCD

|; W=4.05 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

hb

pQCD

ULTRAPERYFERYCZNE ZDERZENIA M. KŁUSEK-GAWENDA WARSZAWA, 22.11.2018 22 / 40



M. KŁUSEK-
GAWENDA

ULTRAPERYFERYCZNE
ZDERZENIA

EPA

LIGHT-BY-LIGHT

γγ → γγ
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|; W=0.8025 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

50

100

150

200

250

300

(600)0f

(1270)2f

)
2

=6 GeV
πγ

Born (B

)
2

=4 GeV
πγ

Born (B

)
2

=6 GeV
πγ

SUM (B

)
2

=4 GeV
πγ

SUM (B

|; W=1.1525 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

50

100

150

200

250

300

350

400

450

500

(1270)2f

)
2

=6 GeV
πγ

Born (B

)
2

=4 GeV
πγ

Born (B

)
2

=6 GeV
πγ

SUM (B

)
2

=4 GeV
πγ

SUM (B

|; W=1.4975 GeVθ|cos

0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

10

20

30

40

50

60

70

(1270)2f

)
2

=6 GeV
πγ

Born (B
)

2
=4 GeV

πγ
Born (B

)
2

=6 GeV
πγ

SUM (B

)
2=4 GeVπγ

SUM (B

|; W=2.45 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

3.5

(1270)2f

(1950)2f
(2050)4f(1710)0f

hb

pQCD

)2

=6
 G

eV

π
γ

S
U
M

 (B

)
2

=4 GeV
πγ

SUM (B

|; W=2.65 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

(1270)2f

(1950)2f(2050)4f

hb

pQCD

SUM

|; W=2.95 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

(1270)2f

hb

pQCD

SUM

|; W=3.25 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(1270)2f

hb

pQCD

SUM

|; W=3.65 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

(1270)2f

hb

pQCD

SUM

|; W=4.05 GeVθ|cos
0 0.1 0.2 0.3 0.4 0.5 0.6

| 
[n

b
]

θ
)/

d
|c

o
s


π 

+
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

hb

pQCD

SUM

 [GeV]π π = Mγ γW
0 1 2 3 4 5 6

) 
[n

b
]


π 

+
π 

→ 
γ 

γ(
σ

210

110

1

10

210

3
10

ALEPH

Belle

CELLO

CLEO

Two Gamma

Mark II

VENUS

2
=4 GeVπγB

2
=6 GeVπγB

 [GeV]π π = Mγ γW
0 1 2 3 4 5 6

) 
[n

b
]

0
π 

0
π 

→ 
γ 

γ(
σ

210

110

1

10

210

3
10

Crystal Ball

Bellee
xc

hange

ρ+

sum

|; W=0.61 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

2

4

6

8

10

12

14

16

18

20

(600)0f

(1270)2f
exchangeρ

exchangeρ+

sum

|; W=1.05 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

10

20

30

40

50

60

(980)0f

(1270)2f

exchangeρ+

sum

|; W=1.55 GeVθ|cos

0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

5

10

15

20

25

30

35

(1565)2f

(1270)2f

(1710)0f

|; W=1.94 GeVθ|cos

0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

2

4

6

8

10

12

14

(1950)2f

(1270)2f

(2050)4f

hb

|; W=2.34 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

3

3.5

4

(2050)4f

hb

(1270)2f

(1950)2fpQCD

|; W=2.75 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.5

1

1.5

2

2.5

hb

pQCD

|; W=3.15 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

hb

pQCD

|; W=3.65 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

hb

pQCD

|; W=4.05 GeVθ|cos
0 0.2 0.4 0.6 0.8

| 
[n

b
]

θ
)/

d
|c

o
s

0
π 

0
π 

→ 
γ 

γ(
σ

d

0

0.05

0.1

0.15

0.2

0.25

0.3

hb

pQCD

 (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 

ULTRAPERYFERYCZNE ZDERZENIA M. KŁUSEK-GAWENDA WARSZAWA, 22.11.2018 23 / 40



M. KŁUSEK-
GAWENDA

ULTRAPERYFERYCZNE
ZDERZENIA

EPA

LIGHT-BY-LIGHT

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

UPC of AA...?
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WYMIANA MEZONÓW @ UPC
eksperyment pseudorapidity inne warunki
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Rozdzielczość energetyczna modyfikuje sygnał rezonansowy

ULTRAPERYFERYCZNE ZDERZENIA M. KŁUSEK-GAWENDA WARSZAWA, 22.11.2018 26 / 40



M. KŁUSEK-
GAWENDA

ULTRAPERYFERYCZNE
ZDERZENIA

EPA

LIGHT-BY-LIGHT

γγ → γγ
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AA→AAγγ @ MIDRAPIDITY
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Świetlność: dN
dt = σL

Run 5: LAr−Ar
int = (3− 8.8) pb

ULTRAPERYFERYCZNE ZDERZENIA M. KŁUSEK-GAWENDA WARSZAWA, 22.11.2018 29 / 40



M. KŁUSEK-
GAWENDA

ULTRAPERYFERYCZNE
ZDERZENIA

EPA

LIGHT-BY-LIGHT

γγ → γγ

JĄDROWY PRZEKRÓJ

CZYNNY

SYGNAŁ

TŁO PIONOWE

REZONANSE

INNE PROCESY
UPC

WZBUDZENIE EM
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AA→ AAe+e−

â M. K-G and A. Szczurek,
Double scattering production of two positron–electron pairs in
ultraperipheral heavy-ion collisions,
Phys. Lett. B763 (2016) 416,

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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â M. K-G and A. Szczurek,
Photoproduction of J/ψJ/ψ mesons in peripheral and semicentral heavy
ion collisions ,
Phys. Rev. C93 (2016) 044912,

â ALICE Collaboration (Jaroslav A. et al.),
Measurement of an excess in the yield of J/ψ at very low pT in Pb-Pb
collisions at

√
sNN = 2.76 TeV,

Phys. Rev. Lett. 116 (2016) 222301.
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â M. K-G, M. Ciemała, W. Schäfer and A. Szczurek
Electromagnetic excitation of nuclei and neutron evaporation in ultrarelativistic ultraperipheral
heavy ion collisions,
Phys. Rev. C89 (2014) 054907
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¶ Eγ < 40 MeV - σGDR
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¸ Eγ = (100− 1000) MeV - σnucleon resonances

¹ Eγ = (1− 8) GeV - σlow−energy
nucleon continuum

º Eγ > 8 GeV - σhigh−energy
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PROCESY EKSKLUZYWNE
Produkcja ρ0 w UPC
z emisją neutronów
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WSTĘPNE OBLICZENIA - K. Mazurek
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I Szczegółowa analiza rozpraszania γγ → γγ

w zderzeniach jąder ołowiu przy energii LHC
I Podprocesy:

I ”Box” (znany)
I VDM-Regge (nowy)
I wymiana 2-gluonowa (nowy)
I rozpad mezonów
I tło pionowe

I Obliczenia jądrowe: EPA w przestrzeni b
I Otrzymaliśmy mierzalny przekrój czynny
I Nasze wyniki inspiracją dla grup badawczych
I Grupa ATLAS/CMS zaobserwowała 13/14

przypadków potwierdzających rozpraszanie światła
na świetlne w UPC

I Wzbudzenia elektromagnetyczne (!)

Dziękuję za uwagę
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XeXe→ XeXeµ+µ− @
√

sNN = 5.44 GEV

Deformacja jądra

IFJ PAN Particle Physics Summer Student Programme, IV edycja,
Łukasz Rudyk (AGH), Michał Kluz (AGH),
Di-muon production with ALICE and ATLAS experiments in ultra-peripheral
Xe-Xe collisions
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