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The clean photon  and  the dirty photon
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Can fluctuate into particle-antiparticle pairs, e.g., 𝑒!𝑒", 𝑞 $𝑞, 𝑒𝑡𝑐

JP = 1– à fluctuates to r, w, f, J/Y
(Vector meson dominance model)

γ =Cbare γbare +C
ρ
ρ +C

ω
ω +C

φ
φ +!+Cq qq

Photon wavefunction:

* I won’t talk about pomeron, dif. dis.



The photon as a probe

Real photons
High output lasers

σ(ΔE, Δp ~ ΔE)
RHIC, CERN (UPC)

Quasi real photons
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JLAB, EIC

σ(ΔE, Δp ≠ ΔE)Virtual photons



6

Atomic ionization by a-particles (1924)
Fermi’s method: 
(a) calculate energy content of time-dependent 
EM field of a-particle 

𝐼 𝜔 =
𝑐
4𝜋

𝑬(𝜔)×𝑩(𝜔)
(b) Multiply 𝐼 𝜔 	by	photoionization cross section

𝑃 𝑏 = 	/ 𝐼 𝜔, 𝑏 𝜎!" 𝜔 𝑑𝜔 = /
𝑁 𝜔, 𝑏
𝜔

𝜎!" 𝜔 𝑑𝜔

a-particle in a straight-line motion à  

𝑁 𝜔, 𝑏 =
𝑍𝑒𝑐
𝜋𝑣

𝑥
#
𝐾$# 𝑥 + 𝐾%#(𝑥) , 	 𝑥 =

𝜔𝑏
𝑣

v

E. Fermi, Z. Phys. 29, 315 (1924) 
E. Fermi Nuovo Cimento 2, 143 (1925)

wikipedia
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Lorentz contraction 
Weizsäcker & Williams: 
(a) Use Fermi’s method
(b) Include Lorentz contraction

𝑁 𝜔, 𝑏 =
𝑍𝑒𝑐
𝜋𝑣

𝑥
!
𝐾"! 𝑥 + 𝐾#!(𝑥)

v ~ c

C.F. Weizsäcker, Z. Phys. 88, 612 (1934) 
E.J. Williams, Phys. Rev. 45, 729 (1934)

𝑁 𝜔, 𝑏 = $%&
'(
𝑥

!
𝐾"! 𝑥 + "

)!
𝐾#!(𝑥) ,           𝑥 = *+

)(
 

Fermi Weizsäcker 
& Williams

Next 50 years à applications in atomic, nuclear, but mainly in particle physics
Known as the equivalent photon method and N the equivalent photon numbers
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Do antiparticles exist? (1930s) (Credit: Asimmetrie/INFN)

positron 
wikipedia

−𝛾" 𝑖𝜕" − 𝑒𝐴" +𝑚 𝜓 = 0

Search in cosmic rays à no QFT, no QED, 
no Feynman diagrams à brute force QM

Dirac (1930)

𝜓 = 𝜓! +𝜓" = 𝜓# +𝜓$ +⋯

−𝑖𝛾"𝜕" +𝑚 𝜓& = −𝑒 𝛾"𝐴" 𝜓%!$
Perturbation theory

W.H. Furry and J.F. Carlson, Phys. Rev. 44, 238 (1933)
L.D. Landau and E.M. Lifshitz, Phys. Zs. Sowjet. 6, 244 (1934)
H.J. Bhabha, Proc. R. Soc. London Ser. A 152, 559 (1935)
Y. Nishina, S. Tomonaga and M. Kobayashi, Sci. Pap. Inst. Phys. Chem. Res. 27, 137 (1935)
G. Racah, Nuovo Cimento 14, 93 (1937)

𝜎#!#" =
28
27𝜋

𝑍$𝑍%𝑒&

𝑚#

%

𝑙𝑛'
0.681𝛾
2 + 𝒪 𝑙𝑛%



low-energy (tidal)

€ 

nE2 >> nE1 >> nM1 =
v2

c2
nE1

high-energy (contraction)

€ 

nE2 ~ nE1 ~ nM1

50 years forward (1985): GSI, RHIC, CERN à UPC

n ω, b( ) = 2Z
2αω2

πγ2
K1
2 ωb

γ

⎛

⎝
⎜

⎞

⎠
⎟+
1
γ2
K0
2 ωb

γ

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥Sabsorption (b)

CB, Baur, 
NPA 442, 739 (1985)
Phys. Rep. B 163, 299 (1988)
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𝑣 ≪ 𝑐 𝑣	~	𝑐



Giant resonances in nuclei (1960s-1970s)

10

Experiment: 
g-response 208Pb

Smearing

Microscopic 
calculations

hydrodynamical models

theory

A. Bohr, B. Mottleson, J. Rainwater 
Nobel prize 1975



UPC excitation of giant resonances (1980s)

numerous new isotopes

ZP

ZT

GDR

n, p, a, 
fission, …

G. Baur and CB, Nucl. Phys. A482, 313 (1988)
Excitation of multiple giant resonances (prediction)
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R. Schmidt et al.,  PRL 70, 1767 (1993)
J. Ritman et al., PRL 70, 533 (1993)

Double giant dipole resonance
                                        (1990s)
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GDR
CB, V. Ponomarev, Phys. Reports 321, 139 (1999)

Experimentally found 

TAPS detector GSI 1993

Tests of nuclear microscopic theory

ZP

ZTDGDR GDR



Drnp

Few 
nucleons

~ 10 fm

~ 10 km
1057

nucleons

nucleus

neutron 
star

EM nuclear response and neutron stars 

CB, Zelevinsky, Nature 532, 448 (2016)

Duer et al., Nature 606,  678 (2022)
13



Neutron stars

K
∞
= 9ρ2

d2 E / A⎡⎣ ⎤⎦
dρ2

ρ0
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EOS of neutron stars
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EOS & Neutron stars

Pethick, Ravenhall, 
ARNPS 45 (1995) 429

E[ρ] Skyrmes diverge 
outside saturation density

Saturation neutron density
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Hyperons and neutron stars

Tolos, Fabbietti,  PPNP 112 103770 (2020)
17

Hyperons make the EoS softer à reduction of the mass

Hyperon “puzzle”
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dσ
dE γdΩ

=
1

E γ

dnl(E γ ,Ω)
dE γdΩl

∑ σγ +  a →  b +  c (E γ )

Theory

Applications to radiative capture (n,g) and (p,g) reactions in nuclear astrophysics 

€ 

σ b+c→a+γ =
2 2 ja +1( )

2 jb +1( ) 2 jc +1( )
k

bc

2

kγ
2 σγ +a→b+c

detailed balance

Baur, CB, Rebel, NPA (1986)Nuclear astrophysics
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Novae, Supernovae: r-processes

Aumann, Nakamura, 
Phys. Scr. T152 (2013) 014012
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Pigmy resonances &  Dipole polarizability

Wieland et al. 
PRL 102, 092502 (2009)                 

Rossi et al. 
PRL 111 (2013) 242503 

αD =
!c
2π2

σ
γ
E( )
E20

∞

∫ dE

=
8π
9

B(E1,Ex )
Ex

∫ dEx

σC ~ (!)
σ
γ
E( )
E20

∞

∫ dE
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Pigmy resonances

21



(g,n) or (n,g) cross sections in the r-process
Impact of pygmies on nucleosynthesis (??!)

Impact: r-process abundances
●Calculation for

T = 109 K, Nn = 1020 cm-3, 𝞽 = 2.3 s
●Under some conditions, PDR can 

enhance production in some regions

GDR+PR
GDR

Giant dipole Pygmy dipole
22

Goriely, PLB 436, 10 (1998)



Neutron skins measurements

CB, Liu, Sagawa,  
PRC 85, 014321 (2012)

Radii from spin-dipole resonances
Krasznahorkay et al., PRL 82, 3216 (1999)

Antiprotonic atoms
Trzcinskaet al., PRL 87, 082501 (2001)

23

Mean field calculations



EOS + symmetry energy 

Skyrme ρ0 E0 K∞ J L Ksym
SLy5 0.161 -15.99 229.92 32.01 48.15 -112.76
Skxs20 0.162 -15.81 201.95 35.50 67.06 -122.31
SkI5 0.156 -15.82 255.57 36.63 129.27 -155.94

S = 1
2

∂2 E / A( )
∂δ2

δ=0

= J+Lx + 1
2
Ksymx

2 +O x3( ),

L = 3ρ0
dS(ρ)
dρ

ρ0

, δ =
ρn −ρp
ρ

, x =
ρ−ρ0( )
3ρ0

E
A

ρ⎡⎣ ⎤⎦=
E
A

ρ0⎡⎣ ⎤⎦+
1
18
K

∞

ρ−ρ0
ρ0

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

2

+S
ρn −ρp
ρ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

2

+!

For ρ ~ ρ0 and δ ~1 ⇒ p =
Lρ0
3

L crucial for 
neutron matter

24



Density functional models
For the nucleon-nucleon 
interaction 

V(ri ,rj ) =Vij
NN +Vij

Coul

Vij
Coul = −

e2

4
τ ij
2 + τ ij
ri − rji, j=1

A

∑ ,

τij = τi + τ j

V
ij

NN = t0 (1+ x0Pij
σ )δ(ri − rj )+

1
2
t1(1+ x1Pij

σ )[
!
k ij
2δ(ri − rj )+δ(ri − rj )

!
k ij
2 ]+

t2 (1+ x2Pij
σ )
!
k ijδ(ri − rjj )

!
k ij +

1
6
t3(1+ x3Pij

σ )ρα
ri + rj
2

&

'
((

)

*
++δ(ri − rj )+

iW0

!
k ijδ(ri − rj )(

!
σ i +
!
σ j )
!
k ij, ti , xi , α, W0

are 10 Skyrme 
parameters 

E[ρ]= Φ T+Vij
Coul +Vij

NN Φ
25



+ pairing

HF + BCS
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1
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- 
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0 
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1 
δ r1 − r2( ), ρ0 = 0.16 fm, α =1

η =

0, "volume"pairing
1, "surface"pairing
1/2, "mixed"pairing

3 

4 
5 

6 
5 
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Correlation between symmetry energy & neutron skin 

Δrnp Numerous EDF 27



Dipole polarizability & neutron skin

Experiment:

EFT:
Hebeler et al., 
PRL 105, 161102 (2010)

Δrnp ~ 0.156 fm
Δr#$	~	0.17	fm

28

Tamii et al.,  
PRL 107, 062502 (2011) 

Reinhard, Nazarewicz, 
PRC 81, 051303(R) (2010)



Dipole polarizability & neutron skin

αD =
!c
2π2

σ
γ
E( )
E20

∞

∫ dE

=
8π
9

B(E1,Ex )
Ex

∫ dEx

Δrnp

29

Tamii et al.,  
PRL 107, 062502 (2011) 



n-skin from PV e- scattering J. Roca-Maza, PRL (2011)
Asymmetry vs. n-skin

𝐴'( =
𝑑𝜎) − 𝑑𝜎*
𝑑𝜎) + 𝑑𝜎*

𝐴!" 𝑄# 	~ $(%!

&'(! #
)) %
)*+ %

Abrahamyan et al, 
PRL 108, 112502 (2012)

Howowitz et al, 
PRC 85, 032501(R) (2012)

𝜌% 𝑟 = 𝑞& 𝜌'( 𝑟 + 𝑞) ∫𝑑*𝑟′ 𝐺+
&𝜌) + 𝐺+)𝜌& 	

𝑞& = 0.0721, 	 𝑞) = 0.0721,𝐹& =
1
𝑄&

.𝑑𝑟
𝑠𝑖𝑛 𝑄𝑟
𝑄𝑟

𝜌& 𝑟

30



Adhikari et al, PRL 129, 042501(2022)

𝐹 𝑄# 	~	1 −
1
6
𝑞# 𝑟# 𝑟% 	≅ −6

𝑑𝐹 𝑄%

𝑑𝑄%

n-skin from e- PV scattering 48Ca o PREX & CREX: 
measurement of parity 
violating asymmetry

o Determine n-skin and/or L 
by comparison to 
predictions from DFT

(Rn – Rp)48Ca = 0.121 ± 0.025 fm
48Ca

31

Rn - Rp = 0.33 ± 0.17 fm

Adhikari et al, PRL 126, 172502 (2021)

too large value for Pb 



Electromagnetic response of the hypertriton

32

𝑑𝜎!
𝑑𝐸

=
16𝜋"

9ℏ𝑐
𝑛(𝐸)

𝑑𝐵(𝐸)
𝑑𝐸

𝑛 𝐸 =
2𝑍#$𝛼
𝜋

𝐸𝑐
𝛾ℏ𝑣$

$

=
%

&
𝑑𝑏𝑏 𝐾'$ +

1
𝛾$
𝐾%$ 𝑇(𝑏)

𝑥 = 𝐸𝑏/𝛾𝑣

First-order perturbation theory

𝑑𝐵(𝐸)
𝑑𝐸

=
1
ℏ

𝜇
2𝐸

𝑔. 𝑠. 𝒪(' 𝐸, 𝑙 $

𝑔. 𝑠. 𝒪(' 𝐸, 𝑙 = −1 ) 𝑒*++
4𝜋

=
%

&
𝑑𝑟	𝑟𝑢,...(𝑟)𝑢(,)(𝑟)

𝑢(,) 𝑟 → 2𝜇01/𝜋ℏ$𝑘𝑒23!𝑠𝑖𝑛 𝑘𝑟 + 𝛿)



Electromagnetic response of the hypertriton

33

𝑑𝐵(𝐸)
𝑑𝐸

=
1
ℏ

𝜇
2𝐸

𝑔. 𝑠. 𝒪(' 𝐸, 𝑙 $

𝑑𝐵(𝐸)
𝑑𝐸

= 𝐶 𝐵0
𝐸"/$

𝐸 + 𝐵0 5

Analytical model:

𝐸678 =
3
5
𝐵0

- Excellent agreement < 4% difference
- FSI small

CB, Sustich 
Phys. Rev. C 46 (1992) 2340



EM response of the hypertriton

34

1.5 GeV/nuc. '(H incident on 12C, 120Sn, 208Pb
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Pair production with capture

𝜎 =
33𝜋
10

𝑍𝛼 )

𝑚*
+

1
𝑒+,-. − 1 ln𝛾 − 2.051

Electron capture à beam loss at CERN

Experiment
R. Bruce et al, Phys. Rev. ST Accel. Beams 12, 071002 (2009)

Theory and calculation:  
Electromagnetic physics at relativistic heavy ion colliders,
 for better and for worse 
G. Baur and CB, Nucl. Phys. A505, 835 (1989)

Z

Z

e- Z-1

K-shell capture. Only 20% 
capture in higher orbitals.

CB, Baur,  Phys. Rep. B 163, 299 (1988)

e+

36



CERN (LEAR): 1996
9 events

37

G. Baur et al.,  Phys. Lett. B 368, 251 1996 

First anti-atom (1996)

FERMILAB: 1998
57 events

NY Times, January 5, 1996

CB, G. Baur, Phys. Rev. D 58, 034005 (1998)

G. Blanford et al., Phys. Rev. Lett. 80, 3037 (1998)

Theory:

G. Baur, Phys. Lett. B 311,  343 (1993)
Theory:



Why antihydrogen?
• QFT à CPT à Matter and antimatter are symmetric
    This assumes point like elementary particles (quarks and leptons).   Experimentally < 10-16 cm.

• Finite size superstrings of 10-33 cm to achieve unification at 1019 GeV (Planck mass).
CPT fails at 1019 GeV or perhaps at lower energies (as curled-up dimensions decrease the 
unification energy)

The CPT theorem rests on a foundation 
which is unsound at the Planck length. 

The symmetry of matter and antimatter 
must rest on experimental evidence.

à Antihydrogen experiments at CERN: 
ATHENA, ATRAP, ALPHA, GBAR, PUMA, 
etc.

38



Production of exotic Atoms Bertulani,  Ellerman,  PRC 81, 044910 (2010)

𝑍 + 𝑍 → (𝑍 + 𝜇!) + 𝑍 + 𝜇"
 → (𝑍 + 𝜋!) + 𝑍 + 𝜋"
 → ⋯

Ingredients:
1. Perturbation theory
2. LO + NLO 

Ψ" =
2𝜋𝑎"

𝑒+,/" − 1

$/+
𝑒!1𝒌"3𝒓𝒗 +Ψ567 	

Ψ! =
𝑍𝑚𝛼 (

𝜋

$/+

1 +
𝑖
2 𝑍𝛼 𝜶 M

𝒓
𝑟 𝑒! -8. 9	𝑢

3. Virtual photons expanded in multipoles (E1, E2, ⋯)
4. Bound state wavefunction for 𝜇!, 𝜋!,⋯

Ψ+*,= -.
	#09 ∫𝑑𝑞

1𝑒2𝒒4𝒓 #6
:7;82𝜸4 𝒒:𝒌;
𝒒:𝒌; 9 <9:=;9

Z

Z

e-

𝜇!, 𝜋!, ⋯

𝑍 + 	𝜇", 𝜋", ⋯
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Production of exotic Atoms
• Production dominated by 

electric dipole (~70%), 
but electric quadrupole has 
a substantial contribution (~30%)

• Production probability maximum at 
     impact parameters 
     𝑏	~	𝑎:,,,⋯=  (Bohr radius)
     e.g., 𝑏	~	255	𝑓𝑚	for muons

p + p	à	(p+µ-)	+p
𝑠!! = 5	TeV

40



ℓ-

ℓ-

Free pair production

41

σ	~	200	𝑘𝑖𝑙𝑜𝑏𝑎𝑟𝑛𝑠

Because of Dirac (and cosmic rays): 
Lifshitz (1934), Bhabha (1935), Racah (1937), Nishina, 
Tomonaga, Kobayashi (1935), Landau (1934) 

at the LHC (107 pairs/second)

Coulomb distortions important for large Z
CB, Baur, Phys. Rep. 163, 299 (1988)

Baur et al., Phys. Rep. 364, 359 (2002)

Higher order corrections and multiple pair production
(Credit: Asimmetrie/INFN)

Cosmic rays experiments difficult

Laboratory experiments difficult and inconclusive
for many decades 



ℓ-

ℓ+

CMS collaboration, JHEP 1201, 052 (2012)

ATLAS collaboration, PLB 777, 303 (2018)

Free pair production

42



Light-by-light scattering in UPCs

43

s ~ 108 larger than in pp or e+e- collisions, although tiny (400 nb) 

- Box might contain virtual charged particles (q,ℓ,W) from the SM.

-  New charged particles (s-particles, monopoles, unparticles,...)

~ 𝒪(a4)
Kłusek-Gawenda, Lebiedowicz, Szczurek,  PRC 93, 044907 (2016)

First proposed in 
Electromagnetic physics at relativistic heavy ion colliders, for better and for worse 
G. Baur and CB, Nucl. Phys. A505, 835 (1989)

𝜎⊡→>>?? = 2.54
𝑍5𝛼@

𝑚*
$ 𝑙𝑛"𝑥 −

3
2
𝑙𝑛$𝑥 +

3
2
𝑙𝑛𝑥 −

3
4

𝑥 =
𝛾

𝑅𝑚*



ATLAS collaboration,
Nature Physics 13, 852 (2017)

Light by light scattering

44



gg à bound states 
e+e- à gg rate = a2. . overlap probability / interaction time
                       = 𝛼+	. 𝜓 0 +/𝑚*

( 	. 𝑚*e+

e-

a

𝜓 0 +/𝑚*
(

Δ𝑡 = 1/𝑚*

a

Γ	~	𝛼! 𝜓 0 !/𝑚"
!

RECIPE: 
• replace  electrons by quarks
• get rid of |ψ(0)|2 
van Royen, Weisskopf, Nuovo Cimento A 50, 617 (1967)
Appelquist, Politzer,  PRL 34, 365 (1975) 

Example:  parapositronium (S = 0) 

45
CB, PRC 79, 047901 (2009)Exploring Widths of various Mesons at CERN:
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𝜎,,- 𝜔$, 𝜔% = 8𝜋% 2𝐽 + 1
Γ-⟶,,

𝑚-
𝛿 𝜔$𝜔% ⟶𝑚-

%

gg à bound states 
Detailed balance + Fermi’s golden rule F. Low,  Phys. Rev. 120, 582 (1960)

𝜎--→--8? =	>
𝑛$ 𝜔$
𝜔$

𝑛# 𝜔#
𝜔#

𝜎66? 𝜔$, 𝜔# 𝑑𝜔$𝑑𝜔#

EPA method: G. Baur and CB,  Nucl. Phys. A505, 835 (1989)

Or calculate corresponding Feynman diagrams and use Weisskopf-Royen projection

!𝑢𝐴𝑣 → 2𝑚A 	𝑡𝑟
𝐴
2
𝜓 0

!𝑢𝐴𝑣 → 2𝑚A 	𝑡𝑟
-𝝐. 𝝈
2
𝐴 𝜓(0)

J=0 

J=1 

CB, F. Navarra, NPA 703 (2002) 861 



J/!

ℓ-

ℓ-
r0, J/𝜓, 𝜓(2s), ... 

Goncalves, CB, PRC65, 054905 (2002)
Adeluyi, CB, PRC 85, 044904 (2012); C 85, 044904 (2012)

:
𝑑𝜎34→64

𝑑𝑡
789

=
16𝜋*𝛼:Γ;;
3𝛼𝑀6

< 𝑥𝑔4 𝑥, 𝑄= =

Gluon uncertainty for nPDF
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Vector meson production (direct, unresolved)

gluons

Direct dominant over resolved (photon 𝑞X𝑞 content)



ALICE collaboration, 
PLB 718, 1273 (2013)
Eur. Phys. J. C73, 2617 (2013)

CMS collaboration, 
PLB 772 489 (2017)

J/𝜓 production & PDFs

LHCb collaboration, 
JHEP 10, 167 (2018)
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The future was bright



Search for New Physics (SUSY particles)

0»
ggdW

dL GeV200>ggW

-+® 11
~~ ccgg (assuming                   )011

~~ cc ®±

But GeV7.67
1
~ >±cM

for

(LHC) 

(unlikely?) 

MSSM
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Baur et al., Phys. Rep. 364, 359 (2002)



Beyond the Standard Model

H®ggHiggs:

Papageorgiu, PRD 40, 92 (1989) 

nb1»s at the LHC 
bb®gg

Swamped by 

background 

Extra dimensions (Kaluza-Klein):

graviton®gg
)LEPII()LHC( gravitongraviton ®® -+>> eessgg

Ahern, Norbury, Poyser, PRD 62, 116001 (2000) 
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Searching for axionlike particles with low masses

Goncalves, Martins, Rangel, Eur. Phys. J C 81, 522 (2021)



Conclusions 
• Ultraperipheral Collisions (UPC) source of the strongest EM fields

• UPCs à antihydrogen, atomic and nuclear structure, giant 
resonances

• UPCs à (n,g), (p,g), (a,g) for astrophysics

• UPCs à exotic meson production

• UPCs à parton distribution functions

• UPCs à Pygmy resonances, hypernuclei and neutron stars
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