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A	versa=le	tool	for	a	forefront	research	in	par=cle,	nuclear,	atomic,	accelerator	and	applied	physics
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Comparison to other X-ray and Gamma-ray sources

“Can one make a technological leap of 
7 orders of magnitude to deliver similar 

fluxes to FELs in the Gamma-rays?”
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27,000 pulses/s 20 MHz

24 keV 18 MeV

1016 photons/s 3.6 x 1017 photons/s

1.4 mJ/pulse 5 mJ/pulse (laser)

38 W (J/s) 570 kW (kJ/s)

The Gamma Factory operates with MW electric 
power and 10s MJ of stored beam energy

Example (GF for nuclear physics app):

So far, the only facility currently providing 
such parameter space is the LHC
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Basic idea: Use the Doppler effect with ultra-relativistic ions

Absorption

Emission

In the lab frame In the ion frame

Excited ion Excited ion

Emission
Emission

Absorption Absorption Lorentz transformation

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 
Gamma Factory Proof of Principle LoI, M. W. Krasny et al 
https://cds.cern.ch/record/2690736/files/SPSC-I-253.pdf 

Concept:	Doppler	effect	with	rela=vis=c	par=ally-stripped	ions
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The	Gamma	Factory	Intensity	Leap
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The magnitude of the Gamma source intensity leap

Inverse Compton scattering

Gamma Factory

Cross-section Requirements

➢ Relatively “compact”
➢ Large laser system
➢ Low γ photon flux  

(109 ph/s)

➢ Unique Gamma-ray 
beam

➢ Modest laser 
requirements

➢ Ultrahigh γ photon flux 
(1016 ph/s)

➢ Transparent to 
accelerators

➢ Beam cooling 
capability

(LHC)

LINAC or LWFA

σ x 109 x 107 ph/s

Features

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 
M . W. Krasny “The CERN Gamma Factory proposal” 
https://indico.cern.ch/event/604619/contributions/2474166/ 

Compton backscatteringCompton backscattering

Tune laser frequency to resonant atomic transition —> ~every photon in the bunch interacts 

FEL with <400 MeV energy
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The	Gamma	Factory	in	the	Global	 -Source	Landscapeγ
55

Facility name MAMI A2 JLab Hall D ELSA MAX IV

Location Mainz Newport News Bonn Lund
Electron energy (GeV) 1.6 12 4.68 220
Max � energy (MeV) 1600 9200 2400 180
Energy resolution (MeV) 2–4MeV 30 12.5 0.3
Photon polarization  0.8  0.4 –
Max on–target flux (�/s) 108 108 5 ⇥ 106 4 ⇥ 106

Reference [519] [520] [521] [522]

TABLE XII. Bremsstrahlung tagged-photon facilities around the world.

Facility name ROKK-1M GRAAL LEPS HI�S ELI-NP SLEGS CLSa GF
Location Novosibirsk Grenoble Harima Duke Bucharest Shanghai Saskatoon CERN
Storage ring VEPP-4M ESRF SPring–8 Duke–SR linac SSRF 2.9GeV LHC

Laser–photon energy (eV) 1.17–4.68 2.41–3.53 2.41–4.68 1.17–6.53 1.50–1.52 0.117 (CO2) 0.117 (CO2) multiple
�–beam energy (MeV) 100–1600 550–1500 1500–2400 1–100 (158) 0.2–20 <22  15  400b

�E/E 0.01 – 0.03 0.011 0.0125 0.008 – 0.1 0.005 ⇠ 0.0011c ⇠ 10�4 – 10�6

Max on-target flux (�/s) 106 3⇥106 5⇥106 104 � 5⇥108 8⇥108 109 � 1010 1010d 1017d

a
Parameters of this facility are from Ref. [383].

b
For possibility of achieving higher energy, see Sec. 2.4.3 and 7.

c
energy spread of 2.9GeV electrons

d
the total photon flux

TABLE XIII. Parameters of existing and forthcoming Compton back-scattering �-ray sources around the world, from Refs. [523–
525]. These sources are based on photon scattering from beams of relativistic electrons circulating in storage rings.

measurement time for the purpose of an example. In or-
der to reach such an absorption rate, the thickness of the
13C target should be greater than the absorption length
l ⇡ 2 cm.

Appendix C: Other reviews and nuclear databases

An early review of photonuclear experiments with
Compton-backscattered gamma beams is given in
Ref. [527]. Throughout the present paper, we frequently
refer to a comprehensive review of nuclear photophysics
[181] conducted in the context of the Extreme Light In-
frastructure (ELI).

A comprehensive database of giant dipole resonances
(GDR) for many nuclei is maintained by the Russia
Lomonosov Moscow State University Skobeltsyn Insti-
tute of Nuclear Physics Center for Photonuclear Exper-
iments Data. The database, “Chart of Giant Dipole
Resonance Main Parameters,” can be accessed at http:
//cdfe.sinp.msu.ru/saladin/gdrmain.html.
The US National Nuclear Data Center maintained by

the Brookhaven National Laboratory provides databases
for gamma transitions in nuclei, for instance NuDat 2.8
or the Evaluated Nuclear Structure Data Files https:
//www.nndc.bnl.gov/ensdf.
A database called BrIcc [31] provides theoretical values

of internal conversion coe�cients: http://bricc.anu.
edu.au/index.php.
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Proof of principle experimental setup

γL = 96.3

2s → 2p1/2

(230.81 eV)

Up to 44 keV
1015 ph/s

2.5 uJ, 2.8 ps 
40 MHz rep rate

18.6 TeV

5 mJ/pulse 

> 20% excited ions

Pulse energy requirement

40 MHz rep rate

200 kW
5 mJ, 40 MHz

Pulse duration / spot size

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 
Aurélien Martens, et al. Phys. Rev. Accel. Beams 25, 101601 (2022)
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PoP	experiment	@	SPS	setup
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Expected performance of the PoP experiment at SPS

GF PoP

208Pb79+

18.652 TeV (SPS)

40 MHz

Up to 44 keV

1015 photons/s

0.2 uJ/pulse

7 W (J/s)

J. Bieroń, M. W. Krasny, W. Płaczek, S. Pustelny, Optical Excitation of Ultra-
Relativistic Partially Stripped Ions. ANNALEN DER PHYSIK 2022, 534, 2100250.

Produced 
photons

Ion 
beam

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 

Proposed parameters 
for GF PoP experiment

Proposed	parameters	&	status	of	the	PoP	experiment	@	SPS

8

29

Conclusions

Gamma Factory

▪ Proof of principle experiment starting 2027 to produce up to 44 keV photons at 1015 ph/s

▪ Gamma Factory in LHC various scenarios considered producing photons of 10s-100s MeV 

at up to 1017 ph/s 

Status of the optical systems for PoP experiment

• TI18 area, conversion to a laser lab in LS3

• Ultra low-phase noise laser and amplification chain procurement and commissioning

• Fabry-Perot Cavity with large gain factor pumped by 100W laser at IJCLab. After 

successful test transfer to CERN

• Laser beam delivery system testing, controls, integration and diagnostics at IP

• Demonstrate full remote end-to-end operation of laser beams and Fabry-Perot cavity

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 

8

Proof of principle experiment location

5 m
Laser 
room

Interaction 
region

E. Granados   |   PBC Annual Workshop 2024   |   25.03.24 



Physics	Highlights	with	Primary,	Secondary	and	Ter=ary	 ’sγ

Dis=nc=on		

Primary	photons:	energy	in	the	c.m.	of	Ion	+	 								 	

Secondary	photons:	energy	in	the	LAB	frame										 	

Ter=ary	photons:	energy	in	the	LAB	frame															

γ ω1 = (2γion) ωL

ω2 ≤ (2γion)2ωL

ω3 ≤ (2γion 1)2(2γion 2)2ωL

Physics	tasks	for	GF	can	be	generically	subdivided	into	2	classes:	

Class	1.	Tasks	that	can	only	be	done	at	the	GF		

Class	2.	Tasks	that	can	be	done	at	other	facili=es	(but	GF	do	beXer)

9



Nuclear	physics	opportuni=es	with	primary	 ’sγ

• Nuclear	spectroscopy	in	the	ion	beam,	isomers	

• Interac=on	of	atomic	and	nuclear	d.o.f.	

• Nuclear	clocks	(e.g.	with	Th-229	8eV	isomer)	

• Laser	cooling	of	ion	beams	

• Produc=on	of	higher	energy	 ’s:	use	GDR	at	~15	MeVγ

www.advancedsciencenews.com www.ann-phys.org

Table 2. Examples of low-energy nuclear transitions, sorted by energy, with the lower state being a stable or long-lived ground (or isomeric) state with
half-life Tg1∕2 and nuclear spin Ig. The excited state energy Ee and the dominant multipolarity 𝜆L are given together with the excited state spin Ie. T

rad
1∕2

corresponds to the calculated radiative half-life of the excited state. 𝛼(K∕L) is the internal conversion coefficient of the transition corresponding to the
K∕L-shell electrons. The 𝛼(K∕L) values are calculated or measured for neutral atoms. Nuclear parameters were taken from the ENSDF database[32 ]
unless otherwise specified.

Isotope Tg1∕2 Ee [keV] Ig Ie 𝜆L Trad1∕2 [s] 𝛼(K) 𝛼(L)

229Th 7880 y 0.008a) 5/2+ 3/2+ M1 5.19 × 103 – –
235U 7 × 108 y 0.076 7/2− 1/2+ E3 7.03 × 1023b) – –
201Hg stable 1.565 3/2− 1/2− M1 3.76 × 10−3 – –
205Pb 1.7 × 107 y 2.329 5/2− 1/2− E2 9.07 × 102 – –
181Ta stable 6.238 7/2+ 9/2− E1 4.34 × 10−4 – –
239Pu 2.4 × 104 y 7.861 1∕2+ 3∕2+ M1 2.04 × 10−7 – –
169Tm stable 8.410 1/2+ 3/2+ M1 1.07 × 10−6 – –
83Kr stable 9.406 9/2+ 7/2+ M1 2.80 × 10−6 – 14
187Os stable 9.756 1/2− 3/2− M1 9.01 × 10−7 – –
137La 6 × 104 y 10.560 7/2+ 5/2+ M1 1.04 × 10−5 – 93.2
45Sc stable 12.400 7/2− 3/2+ (M2) 1.96 × 102 362 54
235U -c) 13.034 1/2+d) 3/2+ M1 2.43 × 10−7e) – –
73Ge stable 13.284 9/2+ 5/2+ E2 3.1 × 10−3 299 666
57Fe stable 14.413 1/2− 3/2− M1 9.32 × 10−7 7.35 0.78
151Eu ≥ 1.7 × 1018 y 21.541 5/2+ 7/2+ M1 2.62 × 10−7 – 21.7
149Sm stable 22.507 7/2− 5/2− M1 2.24 × 10−7 – 22.2f)

119Sn stable 23.871 1/2+ 3/2+ M1 1.07 × 10−7 – 4.1
161Dy stable 25.651 5/2+ 5/2− E1 9.59 × 10−8 – 1.79f)

201Hg stable 26.272 3∕2− 5∕2− M1 4.61 × 10−8 – 55.9f)

129I 1.6 × 107 y 27.793 7∕2+ 5∕2+ M1 1.02 × 10−7 – 4.06
229Th 7880 y 29.190 5/2+ 5/2+ M1 3.26 × 10−8g) – 168f)

40K 1.2 × 109 y 29.830 4− 3− M1 5.47 × 10−9 0.26f) 0.023f)

201Hg stable 32.145 3∕2− 3∕2− M1 5.04 × 10−9h) – 30.8f)

237Np 2.1 × 106 y 33.196 5∕2+ 7∕2+ M1 9.92 × 10−9 – 131f)

125Te stable 35.492 1∕2+ 3∕2+ M1 2.15 × 10−8 11.69 1.602
189Os stable 36.200 3/2− 1/2− M1 1.09 × 10−8 – 15.6
121Sb stable 37.129 5∕2+ 7∕2+ M1 4.06 × 10−8 9.36 1.227
129Xe stable 39.578 1/2+ 3/2+ M1 1.25 × 10−8 10.27 1.41
233U 1.6 × 105 y 40.351 5∕2+ 7∕2+ M1i) 1.03 × 10−7 – 374f)

243Am 7364 y 42.20 5∕2− 7∕2− M1 6.43 × 10−9 – 110
229Th 7880 y 42.435 5/2+ 7/2+ M1 2.59 × 10−8 – 99.3f)

240Pu 6561 y 42.824 0+ 2+ E2 1.55 × 10−7 – 658
246Cm 4706 y 42.852 0+ 2+ E2 1.31 × 10−7 – 770f)

248Cm 3.5 × 105 y 43.400 0+ 2+ E2 1.22 × 10−7 – 724f)

234U 2.5 × 105 y 43.498 0+ 2+ E2 1.80 × 10−7 – 520
244Pu 8.1 × 107 y 44.2 0+ 2+ (E2) 1.23 × 10−7 – 560
242Pu 3.7 × 105 y 44.54 0+ 2+ E2 1.20 × 10−7 – 543f)

238U 4.5 × 109 y 44.916 0+ 2+ E2 1.26 × 10−7 – 444
236U 2.3 × 107 y 45.242 0+ 2+ E2 1.38 × 10−7 – 429
235U 7 × 108 y 46.103 7/2− 9/2− M1 7.15 × 10−10 – 40
183W ≥ 6.7 × 1020 y 46.484 1/2− 3/2− M1 1.73 × 10−9 – 6.46f)

232Th 1.4 × 1010 y 49.369 0+ 2+ E2 1.15 × 10−7 – 244
81Kr 2.3 × 105 y 49.57 7∕2+ 9∕2+ M1 9.41 × 10−9 1.117f) 0.169f)

235U -c) 51.697 1/2+d) 5/2+ E2 8.34 × 10−8e) – 226
230Th 7.5 × 104 y 53.227 0+ 2+ E2 8.08 × 10−8 – 166.8

(Continued)

Ann. Phys. (Berlin) 2022, 534, 2100284 2100284 (5 of 60) © 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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P-,	CP-Viola=on	with	Primary	Photons	
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Compton	scaXering	off	rela=vis=c	ions	at	LHC	( )	 	

Single-spin	asymmetry	circular	photon	polariza=on	—	clearly	parity-viola=ng	(PV)

γ ≈ 3000 ω2 = (2γion) ω1 ≲ 60 keV

11

to mutual stripping of the colliding PSI beams [96]. Can-
didate transitions for laser cooling can be selected from
those listed in Table II or from the original proposal in
Ref. [96].

2.4.3. Production of higher-energy gamma rays

In principle, the GF concept can be extended to pro-
duce photons with much higher energies than 400MeV
that can be generated by scattering conventional laser
photons on relativistic PSI. This could be achieved by
replacing the optical laser source, which excites the elec-
tronic shells of the primary beam, with an X-ray laser
source driving nuclear transitions of the relativistic ions.
Suitable nuclear resonances include the so-called Giant
Dipole Resonances (GDR) which are discussed in Sec. 4.3.
We can envisage an e�cient excitation up to nuclear en-
ergies of ⇡15MeV, where the dipole response for stable
medium to heavy nuclei exhausts almost 100% of the
Thomas-Reiche-Kuhn sum rule. Much higher energies
would lead to particle loss and reduced radiative decay
of the nuclear excitation. In turn, 15MeV corresponds
to ⇡2.6 keV photon energy for the primary beam and
⇡87GeV photon energy for the secondary beam consid-
ering � = 2900.

X-ray free electron sources such as the LCLS [97],
SACLA [98] or the European XFEL [99] can easily cover
the region of interest of a few keV. In addition, since the
GDR is broad, the limited temporal coherence of the X-
ray source should not play an important role. The di�-
culty when envisaging such a setup is that the GF and the
X-ray facilities would need to be co-located, which is an
obvious limiting factor. This has been so far a major im-
pediment for other proposed combinations of relativistic
acceleration and coherent X-ray sources in nuclear quan-
tum optics [16–18]. However, this impediment might be
solved by using table-top plasma-driven sources [100].

Further opportunities for producing higher-energy
gamma rays may be a↵orded by scattering o↵ relativis-
tic beams of the secondary photons produced by the GF
itself. This is discussed in Sec. 7.2.

3. P - AND CP -VIOLATING COMPTON
SCATTERING OF PRIMARY PHOTONS FROM

STORED IONS

Searching for exotic signatures of violation of sym-
metry under spatial inversion P and time reversal T
in Compton scattering, �(~q) + N(~p) ! �(~q 0) + N(~p 0),
is a natural task for the GF. A clear distinction of
the GF (where photons are scattered from stored ion
beams) from existing gamma sources based on laser-light
backscattering from an electron beam is the possibility
to probe specifically hadronic P -violating, T -conserving
(PVTC) and P - and T -violating (PVTV) interactions
[101]. The experiment will consist in counting the num-

ber of the generated secondary photons as a function of
the circular polarization of the primary light.
We start this discussion with the case of the pro-

ton beam at the LHC. For the laser-photon energy of
⇠ 10 eV and the relativistic factor �p ⇡ 7000 (approx-
imately double that of the ion beam), the photon en-
ergy in the photon-proton c.m. frame of ⇠ 140 keV
can be reached. The theory of Compton scattering on
a nucleon at low energies with PVTC was laid out in
Refs. [102, 103], and the PVTV case was considered in
Ref. [104]. Long-wavelength photons only interact with
the bulk properties of the nucleon: its charge, mass, mag-
netic moment, and, in the case of a PVTV process, the
electric dipole moment (EDM). Additionally, polarizabil-
ities parametrize the response of the internal structure of
the nucleon (which also depends on PVTC and PVTV
interactions) to a quasistatic electromagnetic field. Pecu-
liar for PVTC and PVTV Compton processes, the e↵ect
of polarizabilities dominates over the respective ground-
state contribution, the opposite to the case of Compton
scattering without symmetry violation [104]. This opens
up a possibility to search for a new class of PVTV inter-
actions other than those generating the EDM. Disregard-
ing the e↵ects of the nucleon spin for this discussion, the
PVTC and PVTV signatures in the Compton scattering
process with circularly polarized incoming laser photons
are given by the ~S� · (~q + ~q 0) and ~S� · (~q � ~q 0) terms,

respectively, where ~S� = i~"�(~q) ⇥ ~"⇤�0(~q
0) is the photon

spin defined in terms of the initial and final photon polar-
ization vectors ~"�(~q) and ~"⇤�0, respectively. The presence
of such PVTC and PVTV terms leads to a single-spin
asymmetry [104]

A� ⌘
�+

� ��

�+ + �� = APVTC

� cos4
✓

2
+APVTV

� sin4
✓

2
, (5)

where �± stands for the di↵erential Compton cross sec-
tion with left/right circular polarization of the incident
photon. Asymmetries APVTC

� and APVTV

� encode the re-
spective polarizabilities. Importantly, both PVTC and
PVTV signals arise in the same observable, and the
only di↵erence is in its angular dependence. This fea-
ture follows from the fact that the P -even, T -odd vector
~S� projects onto either the P -odd, T -odd combination
(~q + ~q 0), or the P -odd, T -even combination (~q � ~q 0), so
that the single-spin asymmetry is purely PVTC in the
forward direction, purely PVTV in the backward direc-
tion, and a mixture of the two in between.
The size of the asymmetry A� in Eq. (5) depends on

the model used to generate APVTC

� and APVTV

� . For the
nucleon case, the relevant mechanism is due to parity-
violating couplings of lightest mesons, most notably the
pions.
The diagrams of Fig. 4 yield [102, 103]:

APVTC

� ⇠ 3⇥ 10�8

✓
h1

⇡

5⇥ 10�7

◆⇣ !

100MeV

⌘3

, (6)

where ! stands for the c.m. photon energy. A recent
measurement of the PV asymmetry in ~n+ p ! d+ � by

Both	=me-reversal	conserving	(TC) 	and	viola=ng	(TV)	 	present!∼ ⃗Sγ ⋅ ( ⃗q + ⃗q′ ) ∼ ⃗Sγ ⋅ ( ⃗q − ⃗q′ )

MG, 0803.0343

Access	P-odd	and	P,T-odd	nuclear	polarizabili=es



P-,	CP-Viola=on	with	Primary	Photons	
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Mo=va=on:	determina=on	of	4-quark	effec=ve	operators	that	explicitly	violate	P	or	P,T	
Complica=on:	these	operators	are	embedded	into	hadronic/nuclear	matrix	elements	
Requires	understanding	low-energy	nonperturba=ve	QCD		
Relevant	formalism:	chiral	EFT	that	supplanted	old	DDH	(PV	meson-mediated	nuclear	poten=al)

Desplanques, Donoghue, Holstein Annals Phys. 124 (1980) 449; 
De Vries, Epelbaum, Girlanda, Gnech, Mereghetti, 2001.09050
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to mutual stripping of the colliding PSI beams [96]. Can-
didate transitions for laser cooling can be selected from
those listed in Table II or from the original proposal in
Ref. [96].

2.4.3. Production of higher-energy gamma rays

In principle, the GF concept can be extended to pro-
duce photons with much higher energies than 400MeV
that can be generated by scattering conventional laser
photons on relativistic PSI. This could be achieved by
replacing the optical laser source, which excites the elec-
tronic shells of the primary beam, with an X-ray laser
source driving nuclear transitions of the relativistic ions.
Suitable nuclear resonances include the so-called Giant
Dipole Resonances (GDR) which are discussed in Sec. 4.3.
We can envisage an e�cient excitation up to nuclear en-
ergies of ⇡15MeV, where the dipole response for stable
medium to heavy nuclei exhausts almost 100% of the
Thomas-Reiche-Kuhn sum rule. Much higher energies
would lead to particle loss and reduced radiative decay
of the nuclear excitation. In turn, 15MeV corresponds
to ⇡2.6 keV photon energy for the primary beam and
⇡87GeV photon energy for the secondary beam consid-
ering � = 2900.

X-ray free electron sources such as the LCLS [97],
SACLA [98] or the European XFEL [99] can easily cover
the region of interest of a few keV. In addition, since the
GDR is broad, the limited temporal coherence of the X-
ray source should not play an important role. The di�-
culty when envisaging such a setup is that the GF and the
X-ray facilities would need to be co-located, which is an
obvious limiting factor. This has been so far a major im-
pediment for other proposed combinations of relativistic
acceleration and coherent X-ray sources in nuclear quan-
tum optics [16–18]. However, this impediment might be
solved by using table-top plasma-driven sources [100].

Further opportunities for producing higher-energy
gamma rays may be a↵orded by scattering o↵ relativis-
tic beams of the secondary photons produced by the GF
itself. This is discussed in Sec. 7.2.

3. P - AND CP -VIOLATING COMPTON
SCATTERING OF PRIMARY PHOTONS FROM

STORED IONS

Searching for exotic signatures of violation of sym-
metry under spatial inversion P and time reversal T
in Compton scattering, �(~q) + N(~p) ! �(~q 0) + N(~p 0),
is a natural task for the GF. A clear distinction of
the GF (where photons are scattered from stored ion
beams) from existing gamma sources based on laser-light
backscattering from an electron beam is the possibility
to probe specifically hadronic P -violating, T -conserving
(PVTC) and P - and T -violating (PVTV) interactions
[101]. The experiment will consist in counting the num-

ber of the generated secondary photons as a function of
the circular polarization of the primary light.
We start this discussion with the case of the pro-

ton beam at the LHC. For the laser-photon energy of
⇠ 10 eV and the relativistic factor �p ⇡ 7000 (approx-
imately double that of the ion beam), the photon en-
ergy in the photon-proton c.m. frame of ⇠ 140 keV
can be reached. The theory of Compton scattering on
a nucleon at low energies with PVTC was laid out in
Refs. [102, 103], and the PVTV case was considered in
Ref. [104]. Long-wavelength photons only interact with
the bulk properties of the nucleon: its charge, mass, mag-
netic moment, and, in the case of a PVTV process, the
electric dipole moment (EDM). Additionally, polarizabil-
ities parametrize the response of the internal structure of
the nucleon (which also depends on PVTC and PVTV
interactions) to a quasistatic electromagnetic field. Pecu-
liar for PVTC and PVTV Compton processes, the e↵ect
of polarizabilities dominates over the respective ground-
state contribution, the opposite to the case of Compton
scattering without symmetry violation [104]. This opens
up a possibility to search for a new class of PVTV inter-
actions other than those generating the EDM. Disregard-
ing the e↵ects of the nucleon spin for this discussion, the
PVTC and PVTV signatures in the Compton scattering
process with circularly polarized incoming laser photons
are given by the ~S� · (~q + ~q 0) and ~S� · (~q � ~q 0) terms,

respectively, where ~S� = i~"�(~q) ⇥ ~"⇤�0(~q
0) is the photon

spin defined in terms of the initial and final photon polar-
ization vectors ~"�(~q) and ~"⇤�0, respectively. The presence
of such PVTC and PVTV terms leads to a single-spin
asymmetry [104]
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where �± stands for the di↵erential Compton cross sec-
tion with left/right circular polarization of the incident
photon. Asymmetries APVTC

� and APVTV

� encode the re-
spective polarizabilities. Importantly, both PVTC and
PVTV signals arise in the same observable, and the
only di↵erence is in its angular dependence. This fea-
ture follows from the fact that the P -even, T -odd vector
~S� projects onto either the P -odd, T -odd combination
(~q + ~q 0), or the P -odd, T -even combination (~q � ~q 0), so
that the single-spin asymmetry is purely PVTC in the
forward direction, purely PVTV in the backward direc-
tion, and a mixture of the two in between.
The size of the asymmetry A� in Eq. (5) depends on

the model used to generate APVTC

� and APVTV

� . For the
nucleon case, the relevant mechanism is due to parity-
violating couplings of lightest mesons, most notably the
pions.
The diagrams of Fig. 4 yield [102, 103]:
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to mutual stripping of the colliding PSI beams [96]. Can-
didate transitions for laser cooling can be selected from
those listed in Table II or from the original proposal in
Ref. [96].

2.4.3. Production of higher-energy gamma rays

In principle, the GF concept can be extended to pro-
duce photons with much higher energies than 400MeV
that can be generated by scattering conventional laser
photons on relativistic PSI. This could be achieved by
replacing the optical laser source, which excites the elec-
tronic shells of the primary beam, with an X-ray laser
source driving nuclear transitions of the relativistic ions.
Suitable nuclear resonances include the so-called Giant
Dipole Resonances (GDR) which are discussed in Sec. 4.3.
We can envisage an e�cient excitation up to nuclear en-
ergies of ⇡15MeV, where the dipole response for stable
medium to heavy nuclei exhausts almost 100% of the
Thomas-Reiche-Kuhn sum rule. Much higher energies
would lead to particle loss and reduced radiative decay
of the nuclear excitation. In turn, 15MeV corresponds
to ⇡2.6 keV photon energy for the primary beam and
⇡87GeV photon energy for the secondary beam consid-
ering � = 2900.

X-ray free electron sources such as the LCLS [97],
SACLA [98] or the European XFEL [99] can easily cover
the region of interest of a few keV. In addition, since the
GDR is broad, the limited temporal coherence of the X-
ray source should not play an important role. The di�-
culty when envisaging such a setup is that the GF and the
X-ray facilities would need to be co-located, which is an
obvious limiting factor. This has been so far a major im-
pediment for other proposed combinations of relativistic
acceleration and coherent X-ray sources in nuclear quan-
tum optics [16–18]. However, this impediment might be
solved by using table-top plasma-driven sources [100].

Further opportunities for producing higher-energy
gamma rays may be a↵orded by scattering o↵ relativis-
tic beams of the secondary photons produced by the GF
itself. This is discussed in Sec. 7.2.

3. P - AND CP -VIOLATING COMPTON
SCATTERING OF PRIMARY PHOTONS FROM

STORED IONS

Searching for exotic signatures of violation of sym-
metry under spatial inversion P and time reversal T
in Compton scattering, �(~q) + N(~p) ! �(~q 0) + N(~p 0),
is a natural task for the GF. A clear distinction of
the GF (where photons are scattered from stored ion
beams) from existing gamma sources based on laser-light
backscattering from an electron beam is the possibility
to probe specifically hadronic P -violating, T -conserving
(PVTC) and P - and T -violating (PVTV) interactions
[101]. The experiment will consist in counting the num-

ber of the generated secondary photons as a function of
the circular polarization of the primary light.
We start this discussion with the case of the pro-

ton beam at the LHC. For the laser-photon energy of
⇠ 10 eV and the relativistic factor �p ⇡ 7000 (approx-
imately double that of the ion beam), the photon en-
ergy in the photon-proton c.m. frame of ⇠ 140 keV
can be reached. The theory of Compton scattering on
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Refs. [102, 103], and the PVTV case was considered in
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netic moment, and, in the case of a PVTV process, the
electric dipole moment (EDM). Additionally, polarizabil-
ities parametrize the response of the internal structure of
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state contribution, the opposite to the case of Compton
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respectively, where ~S� = i~"�(~q) ⇥ ~"⇤�0(~q
0) is the photon

spin defined in terms of the initial and final photon polar-
ization vectors ~"�(~q) and ~"⇤�0, respectively. The presence
of such PVTC and PVTV terms leads to a single-spin
asymmetry [104]
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� ��

�+ + �� = APVTC
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✓

2
+APVTV

� sin4
✓

2
, (5)

where �± stands for the di↵erential Compton cross sec-
tion with left/right circular polarization of the incident
photon. Asymmetries APVTC

� and APVTV

� encode the re-
spective polarizabilities. Importantly, both PVTC and
PVTV signals arise in the same observable, and the
only di↵erence is in its angular dependence. This fea-
ture follows from the fact that the P -even, T -odd vector
~S� projects onto either the P -odd, T -odd combination
(~q + ~q 0), or the P -odd, T -even combination (~q � ~q 0), so
that the single-spin asymmetry is purely PVTC in the
forward direction, purely PVTV in the backward direc-
tion, and a mixture of the two in between.
The size of the asymmetry A� in Eq. (5) depends on

the model used to generate APVTC

� and APVTV

� . For the
nucleon case, the relevant mechanism is due to parity-
violating couplings of lightest mesons, most notably the
pions.
The diagrams of Fig. 4 yield [102, 103]:
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where ! stands for the c.m. photon energy. A recent
measurement of the PV asymmetry in ~n+ p ! d+ � by
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the NPDGamma collaboration [105] obtained

h1

⇡ = (2.6± 1.2± 0.2)⇥ 10�7, (7)

with the first and second uncertainties being statistical
and systematic, respectively. This, together with the
maximum energy of 140 keV in this GF setting, makes
the PVTC asymmetry on a proton beam too small to be
observed.

Similarly, the PVTV pion-nucleon coupling ḡ0 gener-
ates PVTV polarizabilities, for example, via ⇡0 exchange
as shown in Fig. 5. This mechanism leads to an esti-
mate [104]

APV TV
� ⇠ ḡ0

✓
!

m⇡

◆2

. (8)

The natural size of ḡ0 is constrained by the neutron
EDM [106], ḡ0 . 10�11.

To access the PVTC and PVTV signatures via laser
backscattering at the GF, we therefore turn our attention
to systems in which i) the characteristic energy scale is
(ideally) comparable to the c.m. photon energy available,
i.e. 60 keV for the ion beam, and ii) the natural size of
symmetry violation is enhanced by the presence of par-
ity doublets, nearly degenerate pairs of states of opposite
parity [107]. We denote the average excitation energy of
the parity doublet by Epd ⇡ E1 ⇡ E2 and the energy
splitting within the parity doublet by �E = E2 � E1.
If the typical nuclear energy scale EN ⇡ 10MeV is

FIG. 4. Representative Feynman diagrams responsible for
generating PVTC polarizabilities. The square denotes the
PVTC pion-nucleon coupling h1

⇡, while the dotted vertex de-
notes the two-photon coupling to the pion.

FIG. 5. The ⇡0-pole contribution to the PVTV polarizabil-
ities. The square denotes the PVTV pion-nucleon coupling
ḡ0.

much larger than this splitting, an enhancement factor
R ⇠ EN/�E � 1 arises, and the expectation for the
size of the symmetry-violating asymmetries in the “po-
larizability regime” !  Epd is

APVTC

� ⇠ 10�8R

✓
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Epd

◆3

, (9)

APVTV
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✓
!
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry

APVTC

Ion spin
⇠ 10�8R

✓
!

Epd

◆2

. (11)

The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]

FOM = Rate⇥A2, (12)

and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is

� =
8⇡
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✓
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beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
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due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
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ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for
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for PVTV e↵ects), a backward-peaked component will
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the photon asymmetry. In contrast, the contribution
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pressed by an extra power of the photon energy, and in-
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tional to the cross section and fluxes of the colliding par-
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Isotope T1/2 E1 (keV) IP1 E2 (keV) IP2 �E (keV) R 108 APVTC
� FOM(s�1)

18F (1+) 109.77(5) min 1042 0+ 1081 0� 39 256 0.05 2.5⇥ 10�8

19F ( 12
+
) stable 0 1

2

+
110 1

2

�
110 91 15 2⇥10�3

20Ne (0+) stable 11255 1� 11258 1+ 3.2 3125 5⇥ 10�4 2.5⇥ 10�22

21Ne ( 32
+
) stable 2789 1

2

+
2795 1

2

�
5.7 1754 0.02 4⇥ 10�9

TABLE III. Parameters of the low-lying parity doublets in isotopes of fluorine and neon, from the ENSDF database [32].

Here Z and M are the charge and mass of the ion. The
cross-section is � ⇡ 3µb for the case of 19F. The event
rate is obtained as a product of the laser photon rate
of N� ⇡ 1025 per second, number of ions per bunch
NI/b ⇡ 1010 (see Table I), and the ratio of the process
cross section � to the cross section of the laser beam
S ⇡ (20µm)2:

Rate = NI/b ⇥N� ⇥
�

S
⇡ 1011 s�1. (14)

Here we assume that the time structure of the laser pulses
is matched to that of the ion bunches. Numerical esti-
mates of the FOM for the four ions under consideration
are summarized in Table III. These results indicate that
a promising candidate nucleus is 19F, for which a 10%
measurement of the asymmetry can be achieved with a
day of statistics accumulation.

A final note in this section concerns the background
not associated with symmetry-violating e↵ects. Final-
state interaction (FSI) due to electromagnetic rescatter-
ing will generate a non-zero phase of the Compton am-
plitude if even a tiny linear polarization component P
is present, leading to a false asymmetry due to a cor-
relation ~S� · [~q ⇥ ~q 0]. In Ref. [104] this background was

estimated as AFSI

� ⇠ ↵ !2

M2
N
P sin2 ✓ cos 2�. The maximal

degree of misalignment of circular polarization of laser
photons can reasonably be assumed to be P . 10�6,
and for !  60 keV the false asymmetry should be small.
The modulation with the azimuthal angle � can be used
to further suppress this undesired background: when
integrated over the full 2⇡ range, this non-symmetry-
violating background drops out of the asymmetry. The
above estimate relies on the assumption that the photon
energy lies below the inelastic threshold. For !  60 keV
this requirement suggests that a fully stripped ion beam
has to be used to avoid that atomic excitations and inter-
ferences thereof mimic the PVTC or PVTV signatures.
An additional PVTV-type correlation may be generated
by FSI on top of a PVTC signature. We expect this e↵ect
at the level 10�5 of PVTC or smaller.

The experiment at the GF will entail measuring the
flux of secondary photons depending on the circular po-
larization of the laser photons. The detector will have
to be 2⇡-symmetric in order to eliminate the cos 2�-
modulated electromagnetic background.

4. NUCLEAR PHYSICS WITH GF
SECONDARY-PHOTON BEAM ON FIXED

TARGETS

This Section addresses the opportunities provided by
the GF secondary beam for nuclear spectroscopy and
hadron physics in the energy range from a few to hun-
dreds of MeV. A wide variety of targets can be used
in conjunction with the GF secondary beam, benefiting
from the vast experience and infrastructure at CERN.
Apart from stable or long-lived nuclear species, unique
opportunities to use rare radioactive elements may be
opened by the close physical proximity to the Isotope
mass Separator On-Line facility (ISOLDE) [109], one of
the world’s leading sources of radioactive nuclides. Fur-
ther opportunities may be rendered possible by a dedi-
cated storage ring for rare isotopes discussed in Sec. 6.

Perhaps the most obvious application of the GF is nu-
clear spectroscopy, which will benefit from the narrow
spectral bandwidth achievable with collimated GF pho-
tons, their energy tunability and high intensities. Fig-
ure 6 displays a schematic overview of possible photonu-
clear reaction pathways following the absorption of an
impinging photon. Nuclear spectroscopy experiments
have been performed since the advent of betatron par-
ticle accelerators and Schi↵’s seminal paper from 1946
[110], proposing to use electron bremsstrahlung (con-
verted from energetic electron beams) to detect nuclear
resonance fluorescence (NRF) o↵ bound excited nuclear
states. NRF is discussed in Sec. 4.1 on gamma spec-
troscopy of narrow resonances at the GF.

As indicated in Fig. 6, in parallel to NRF, deexcita-
tion of an intermediate level may proceed not directly
towards the ground state of the excited nucleus, but via
� decay to a daughter nucleus (photoactivation). Al-
ternatively, an excitation into the continuum above the
particle-separation threshold will lead to subsequent de-
excitation via particle emission (neutrons, protons, ↵
particles), hence to photodissociation, addressed in more
detail in Sec. 4.4 or to photofission, discussed in Sec. 4.5.

In Fig. 7, possible strong (electric and magnetic) dipole
excitations in heavy, deformed nuclei are schematically
shown as a function of their excitation energy. We con-
centrate on dipole excitations since at the few MeV ener-
gies of interest, the gamma-ray wavelength is much larger
than the nuclear size. On the magnetic dipole (M1) side,
at lower energies, the orbital magnetic dipole excitation
corresponds in a simplistic geometric, macroscopic pic-
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with the first and second uncertainties being statistical
and systematic, respectively. This, together with the
maximum energy of 140 keV in this GF setting, makes
the PVTC asymmetry on a proton beam too small to be
observed.

Similarly, the PVTV pion-nucleon coupling ḡ0 gener-
ates PVTV polarizabilities, for example, via ⇡0 exchange
as shown in Fig. 5. This mechanism leads to an esti-
mate [104]
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The natural size of ḡ0 is constrained by the neutron
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To access the PVTC and PVTV signatures via laser
backscattering at the GF, we therefore turn our attention
to systems in which i) the characteristic energy scale is
(ideally) comparable to the c.m. photon energy available,
i.e. 60 keV for the ion beam, and ii) the natural size of
symmetry violation is enhanced by the presence of par-
ity doublets, nearly degenerate pairs of states of opposite
parity [107]. We denote the average excitation energy of
the parity doublet by Epd ⇡ E1 ⇡ E2 and the energy
splitting within the parity doublet by �E = E2 � E1.
If the typical nuclear energy scale EN ⇡ 10MeV is

FIG. 4. Representative Feynman diagrams responsible for
generating PVTC polarizabilities. The square denotes the
PVTC pion-nucleon coupling h1

⇡, while the dotted vertex de-
notes the two-photon coupling to the pion.

FIG. 5. The ⇡0-pole contribution to the PVTV polarizabil-
ities. The square denotes the PVTV pion-nucleon coupling
ḡ0.

much larger than this splitting, an enhancement factor
R ⇠ EN/�E � 1 arises, and the expectation for the
size of the symmetry-violating asymmetries in the “po-
larizability regime” !  Epd is
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry
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The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]

FOM = Rate⇥A2, (12)

and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is
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for low-energy Compton scattering (Thomson scattering)
is

� =
8⇡

3

✓
Z2↵~
Mc

◆2

. (13)Thomson	scaXering	CS

Laser	beam	cross	sec=on	 ≈ (20μm)2
NIons/bunch × Nbunches × Nγ ×

σ
S



Hadronic	P-,	CP-Viola=on	with	Primary	Photons	

12

13

Isotope T1/2 E1 (keV) IP1 E2 (keV) IP2 �E (keV) R 108 APVTC
� FOM(s�1)

18F (1+) 109.77(5) min 1042 0+ 1081 0� 39 256 0.05 2.5⇥ 10�8

19F ( 12
+
) stable 0 1

2

+
110 1

2

�
110 91 15 2⇥10�3

20Ne (0+) stable 11255 1� 11258 1+ 3.2 3125 5⇥ 10�4 2.5⇥ 10�22

21Ne ( 32
+
) stable 2789 1
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+
2795 1
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5.7 1754 0.02 4⇥ 10�9

TABLE III. Parameters of the low-lying parity doublets in isotopes of fluorine and neon, from the ENSDF database [32].

Here Z and M are the charge and mass of the ion. The
cross-section is � ⇡ 3µb for the case of 19F. The event
rate is obtained as a product of the laser photon rate
of N� ⇡ 1025 per second, number of ions per bunch
NI/b ⇡ 1010 (see Table I), and the ratio of the process
cross section � to the cross section of the laser beam
S ⇡ (20µm)2:

Rate = NI/b ⇥N� ⇥
�

S
⇡ 1011 s�1. (14)

Here we assume that the time structure of the laser pulses
is matched to that of the ion bunches. Numerical esti-
mates of the FOM for the four ions under consideration
are summarized in Table III. These results indicate that
a promising candidate nucleus is 19F, for which a 10%
measurement of the asymmetry can be achieved with a
day of statistics accumulation.

A final note in this section concerns the background
not associated with symmetry-violating e↵ects. Final-
state interaction (FSI) due to electromagnetic rescatter-
ing will generate a non-zero phase of the Compton am-
plitude if even a tiny linear polarization component P
is present, leading to a false asymmetry due to a cor-
relation ~S� · [~q ⇥ ~q 0]. In Ref. [104] this background was

estimated as AFSI

� ⇠ ↵ !2

M2
N
P sin2 ✓ cos 2�. The maximal

degree of misalignment of circular polarization of laser
photons can reasonably be assumed to be P . 10�6,
and for !  60 keV the false asymmetry should be small.
The modulation with the azimuthal angle � can be used
to further suppress this undesired background: when
integrated over the full 2⇡ range, this non-symmetry-
violating background drops out of the asymmetry. The
above estimate relies on the assumption that the photon
energy lies below the inelastic threshold. For !  60 keV
this requirement suggests that a fully stripped ion beam
has to be used to avoid that atomic excitations and inter-
ferences thereof mimic the PVTC or PVTV signatures.
An additional PVTV-type correlation may be generated
by FSI on top of a PVTC signature. We expect this e↵ect
at the level 10�5 of PVTC or smaller.

The experiment at the GF will entail measuring the
flux of secondary photons depending on the circular po-
larization of the laser photons. The detector will have
to be 2⇡-symmetric in order to eliminate the cos 2�-
modulated electromagnetic background.

4. NUCLEAR PHYSICS WITH GF
SECONDARY-PHOTON BEAM ON FIXED

TARGETS

This Section addresses the opportunities provided by
the GF secondary beam for nuclear spectroscopy and
hadron physics in the energy range from a few to hun-
dreds of MeV. A wide variety of targets can be used
in conjunction with the GF secondary beam, benefiting
from the vast experience and infrastructure at CERN.
Apart from stable or long-lived nuclear species, unique
opportunities to use rare radioactive elements may be
opened by the close physical proximity to the Isotope
mass Separator On-Line facility (ISOLDE) [109], one of
the world’s leading sources of radioactive nuclides. Fur-
ther opportunities may be rendered possible by a dedi-
cated storage ring for rare isotopes discussed in Sec. 6.

Perhaps the most obvious application of the GF is nu-
clear spectroscopy, which will benefit from the narrow
spectral bandwidth achievable with collimated GF pho-
tons, their energy tunability and high intensities. Fig-
ure 6 displays a schematic overview of possible photonu-
clear reaction pathways following the absorption of an
impinging photon. Nuclear spectroscopy experiments
have been performed since the advent of betatron par-
ticle accelerators and Schi↵’s seminal paper from 1946
[110], proposing to use electron bremsstrahlung (con-
verted from energetic electron beams) to detect nuclear
resonance fluorescence (NRF) o↵ bound excited nuclear
states. NRF is discussed in Sec. 4.1 on gamma spec-
troscopy of narrow resonances at the GF.

As indicated in Fig. 6, in parallel to NRF, deexcita-
tion of an intermediate level may proceed not directly
towards the ground state of the excited nucleus, but via
� decay to a daughter nucleus (photoactivation). Al-
ternatively, an excitation into the continuum above the
particle-separation threshold will lead to subsequent de-
excitation via particle emission (neutrons, protons, ↵
particles), hence to photodissociation, addressed in more
detail in Sec. 4.4 or to photofission, discussed in Sec. 4.5.

In Fig. 7, possible strong (electric and magnetic) dipole
excitations in heavy, deformed nuclei are schematically
shown as a function of their excitation energy. We con-
centrate on dipole excitations since at the few MeV ener-
gies of interest, the gamma-ray wavelength is much larger
than the nuclear size. On the magnetic dipole (M1) side,
at lower energies, the orbital magnetic dipole excitation
corresponds in a simplistic geometric, macroscopic pic-
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the NPDGamma collaboration [105] obtained

h1

⇡ = (2.6± 1.2± 0.2)⇥ 10�7, (7)

with the first and second uncertainties being statistical
and systematic, respectively. This, together with the
maximum energy of 140 keV in this GF setting, makes
the PVTC asymmetry on a proton beam too small to be
observed.

Similarly, the PVTV pion-nucleon coupling ḡ0 gener-
ates PVTV polarizabilities, for example, via ⇡0 exchange
as shown in Fig. 5. This mechanism leads to an esti-
mate [104]

APV TV
� ⇠ ḡ0

✓
!

m⇡

◆2

. (8)

The natural size of ḡ0 is constrained by the neutron
EDM [106], ḡ0 . 10�11.

To access the PVTC and PVTV signatures via laser
backscattering at the GF, we therefore turn our attention
to systems in which i) the characteristic energy scale is
(ideally) comparable to the c.m. photon energy available,
i.e. 60 keV for the ion beam, and ii) the natural size of
symmetry violation is enhanced by the presence of par-
ity doublets, nearly degenerate pairs of states of opposite
parity [107]. We denote the average excitation energy of
the parity doublet by Epd ⇡ E1 ⇡ E2 and the energy
splitting within the parity doublet by �E = E2 � E1.
If the typical nuclear energy scale EN ⇡ 10MeV is

FIG. 4. Representative Feynman diagrams responsible for
generating PVTC polarizabilities. The square denotes the
PVTC pion-nucleon coupling h1

⇡, while the dotted vertex de-
notes the two-photon coupling to the pion.

FIG. 5. The ⇡0-pole contribution to the PVTV polarizabil-
ities. The square denotes the PVTV pion-nucleon coupling
ḡ0.

much larger than this splitting, an enhancement factor
R ⇠ EN/�E � 1 arises, and the expectation for the
size of the symmetry-violating asymmetries in the “po-
larizability regime” !  Epd is

APVTC

� ⇠ 10�8R

✓
!

Epd

◆3

, (9)

APVTV
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✓
!
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry

APVTC

Ion spin
⇠ 10�8R

✓
!

Epd

◆2

. (11)

The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]

FOM = Rate⇥A2, (12)

and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is

� =
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry
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The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]
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and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is
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Isotope T1/2 E1 (keV) IP1 E2 (keV) IP2 �E (keV) R 108 APVTC
� FOM(s�1)

18F (1+) 109.77(5) min 1042 0+ 1081 0� 39 256 0.05 2.5⇥ 10�8
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TABLE III. Parameters of the low-lying parity doublets in isotopes of fluorine and neon, from the ENSDF database [32].

Here Z and M are the charge and mass of the ion. The
cross-section is � ⇡ 3µb for the case of 19F. The event
rate is obtained as a product of the laser photon rate
of N� ⇡ 1025 per second, number of ions per bunch
NI/b ⇡ 1010 (see Table I), and the ratio of the process
cross section � to the cross section of the laser beam
S ⇡ (20µm)2:

Rate = NI/b ⇥N� ⇥
�

S
⇡ 1011 s�1. (14)

Here we assume that the time structure of the laser pulses
is matched to that of the ion bunches. Numerical esti-
mates of the FOM for the four ions under consideration
are summarized in Table III. These results indicate that
a promising candidate nucleus is 19F, for which a 10%
measurement of the asymmetry can be achieved with a
day of statistics accumulation.

A final note in this section concerns the background
not associated with symmetry-violating e↵ects. Final-
state interaction (FSI) due to electromagnetic rescatter-
ing will generate a non-zero phase of the Compton am-
plitude if even a tiny linear polarization component P
is present, leading to a false asymmetry due to a cor-
relation ~S� · [~q ⇥ ~q 0]. In Ref. [104] this background was

estimated as AFSI

� ⇠ ↵ !2

M2
N
P sin2 ✓ cos 2�. The maximal

degree of misalignment of circular polarization of laser
photons can reasonably be assumed to be P . 10�6,
and for !  60 keV the false asymmetry should be small.
The modulation with the azimuthal angle � can be used
to further suppress this undesired background: when
integrated over the full 2⇡ range, this non-symmetry-
violating background drops out of the asymmetry. The
above estimate relies on the assumption that the photon
energy lies below the inelastic threshold. For !  60 keV
this requirement suggests that a fully stripped ion beam
has to be used to avoid that atomic excitations and inter-
ferences thereof mimic the PVTC or PVTV signatures.
An additional PVTV-type correlation may be generated
by FSI on top of a PVTC signature. We expect this e↵ect
at the level 10�5 of PVTC or smaller.

The experiment at the GF will entail measuring the
flux of secondary photons depending on the circular po-
larization of the laser photons. The detector will have
to be 2⇡-symmetric in order to eliminate the cos 2�-
modulated electromagnetic background.

4. NUCLEAR PHYSICS WITH GF
SECONDARY-PHOTON BEAM ON FIXED

TARGETS

This Section addresses the opportunities provided by
the GF secondary beam for nuclear spectroscopy and
hadron physics in the energy range from a few to hun-
dreds of MeV. A wide variety of targets can be used
in conjunction with the GF secondary beam, benefiting
from the vast experience and infrastructure at CERN.
Apart from stable or long-lived nuclear species, unique
opportunities to use rare radioactive elements may be
opened by the close physical proximity to the Isotope
mass Separator On-Line facility (ISOLDE) [109], one of
the world’s leading sources of radioactive nuclides. Fur-
ther opportunities may be rendered possible by a dedi-
cated storage ring for rare isotopes discussed in Sec. 6.

Perhaps the most obvious application of the GF is nu-
clear spectroscopy, which will benefit from the narrow
spectral bandwidth achievable with collimated GF pho-
tons, their energy tunability and high intensities. Fig-
ure 6 displays a schematic overview of possible photonu-
clear reaction pathways following the absorption of an
impinging photon. Nuclear spectroscopy experiments
have been performed since the advent of betatron par-
ticle accelerators and Schi↵’s seminal paper from 1946
[110], proposing to use electron bremsstrahlung (con-
verted from energetic electron beams) to detect nuclear
resonance fluorescence (NRF) o↵ bound excited nuclear
states. NRF is discussed in Sec. 4.1 on gamma spec-
troscopy of narrow resonances at the GF.

As indicated in Fig. 6, in parallel to NRF, deexcita-
tion of an intermediate level may proceed not directly
towards the ground state of the excited nucleus, but via
� decay to a daughter nucleus (photoactivation). Al-
ternatively, an excitation into the continuum above the
particle-separation threshold will lead to subsequent de-
excitation via particle emission (neutrons, protons, ↵
particles), hence to photodissociation, addressed in more
detail in Sec. 4.4 or to photofission, discussed in Sec. 4.5.

In Fig. 7, possible strong (electric and magnetic) dipole
excitations in heavy, deformed nuclei are schematically
shown as a function of their excitation energy. We con-
centrate on dipole excitations since at the few MeV ener-
gies of interest, the gamma-ray wavelength is much larger
than the nuclear size. On the magnetic dipole (M1) side,
at lower energies, the orbital magnetic dipole excitation
corresponds in a simplistic geometric, macroscopic pic-
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the NPDGamma collaboration [105] obtained

h1

⇡ = (2.6± 1.2± 0.2)⇥ 10�7, (7)

with the first and second uncertainties being statistical
and systematic, respectively. This, together with the
maximum energy of 140 keV in this GF setting, makes
the PVTC asymmetry on a proton beam too small to be
observed.

Similarly, the PVTV pion-nucleon coupling ḡ0 gener-
ates PVTV polarizabilities, for example, via ⇡0 exchange
as shown in Fig. 5. This mechanism leads to an esti-
mate [104]
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✓
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m⇡
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. (8)

The natural size of ḡ0 is constrained by the neutron
EDM [106], ḡ0 . 10�11.

To access the PVTC and PVTV signatures via laser
backscattering at the GF, we therefore turn our attention
to systems in which i) the characteristic energy scale is
(ideally) comparable to the c.m. photon energy available,
i.e. 60 keV for the ion beam, and ii) the natural size of
symmetry violation is enhanced by the presence of par-
ity doublets, nearly degenerate pairs of states of opposite
parity [107]. We denote the average excitation energy of
the parity doublet by Epd ⇡ E1 ⇡ E2 and the energy
splitting within the parity doublet by �E = E2 � E1.
If the typical nuclear energy scale EN ⇡ 10MeV is

FIG. 4. Representative Feynman diagrams responsible for
generating PVTC polarizabilities. The square denotes the
PVTC pion-nucleon coupling h1

⇡, while the dotted vertex de-
notes the two-photon coupling to the pion.

FIG. 5. The ⇡0-pole contribution to the PVTV polarizabil-
ities. The square denotes the PVTV pion-nucleon coupling
ḡ0.

much larger than this splitting, an enhancement factor
R ⇠ EN/�E � 1 arises, and the expectation for the
size of the symmetry-violating asymmetries in the “po-
larizability regime” !  Epd is
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry
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The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]
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and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is
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We list a few known examples of parity doublets in light
nuclei in Table III. Given that the photon energy in the
center-of-momentum of the laser photon and the stored
beam is constrained to be below 60 keV, while the typi-
cal nuclear excitations reside at a few MeV, we can still
operate in the polarizability regime. The enhancement
due to the small energy splitting within a doublet comes
in linearly, whereas energy suppression appears quadrat-
ically or cubically. Because of this, one should aim at
the smallest energy denominator in Eqs. (9), (10) mak-
ing 18,19F and 21Ne promising candidates.
Until now, these nuclei were only used for looking for

PVTC signals. If a small PVTV component is present
additionally to the parity mixing (PV is a prerequisite
for PVTV e↵ects), a backward-peaked component will
arise. Note that due to a quadratic energy suppression
rather than cubic for PVTC, the PVTV signal will have
an additional enhancement with respect to the PVTC
case, adding to the motivation for looking for such tiny
asymmetries.
The longitudinal polarization of the relativistic ions

(those that have non-zero spin) will allow to address the
spin-dependent PVTC and PVTV polarizabilities. Fol-
lowing Ref. [102] for the PVTC case worked out for the
polarized proton, we expect the PV longitudinal single-
spin asymmetry

APVTC

Ion spin
⇠ 10�8R

✓
!

Epd

◆2

. (11)

The lower power of energy in this estimate suggests that
if using a polarized ion beam is a viable option the PVTC
e↵ects Compton scattering might be easier to access than
the photon asymmetry. In contrast, the contribution
of PVTV spin polarizabilities to this observable is sup-
pressed by an extra power of the photon energy, and in-
volving the ion spin does not o↵er better sensitivity to
PVTV.
The figure of merit (FOM) is defined as [108]

FOM = Rate⇥A2, (12)

and corresponds to the inverse time necessary for an ob-
servation of the asymmetry. Above, the rate is propor-
tional to the cross section and fluxes of the colliding par-
ticles, and A denotes the asymmetry. The cross section
for low-energy Compton scattering (Thomson scattering)
is

� =
8⇡

3

✓
Z2↵~
Mc

◆2

. (13)Thomson	scaXering	CS

Laser	beam	cross	sec=on	 ≈ (20μm)2
NIons/bunch × Nbunches × Nγ ×

σ
S

:	10%	measurement	of	a	 	asymmetry	in	one	day19F 10−7
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FIG. 20. The parallel spectroscopy configuration.

FIG. 21. The gamma factory configurations suitable for the pump-probe experiments: a) su�ciently large angle of collision
between the laser and the ion beam allows for the laser temporal profile to be imprinted into the gamma-ray pulses; b) X-ray
probe pulse can be selected and energy-tuned using a small-angle X-ray mirror.
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Par=cle	produc=on	in	the	nuclear	range

• 	photonuclear	reac=ons	at	astrophysical	energies:		

reversed	astrophysical	 	processes	—>	nucleosynthesis.	

• 	reac=ons	for	 -clustering	in	heavy	nuclei:		

nuclear	analog	of	BCS	superconduc=vity	&	boson	condensa=on	

• 	reac=ons	and	mono	energe=c	neutron	source	(e.g.	on	C-13)	

• PVTC	resonance	excita=on	and	hadronic	PV:	un=l	now	studied	only	in	 -decay	mode

(γ, α), (γ, p), (γ, n)

(α, γ), (p, γ), (n, γ)

(γ, α) α

(γ, n)

γ

14



Hadronic	and	Nuclear	Physics	Highlights:	
Secondary	Photons	( )	on	Fixed	Targetω2 = 40 keV − 400 MeV

Par=cle	produc=on	in	the	nuclear	range

• 	photonuclear	reac=ons	at	astrophysical	energies:		

reversed	astrophysical	 	processes	—>	nucleosynthesis.	

• 	reac=ons	for	 -clustering	in	heavy	nuclei:		

nuclear	analog	of	BCS	superconduc=vity	&	boson	condensa=on	

• 	reac=ons	and	mono	energe=c	neutron	source	(e.g.	on	C-13)	

• PVTC	resonance	excita=on	and	hadronic	PV:	un=l	now	studied	only	in	 -decay	mode

(γ, α), (γ, p), (γ, n)

(α, γ), (p, γ), (n, γ)

(γ, α) α

(γ, n)

γ
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• Nucleon	resonances	—	due	to	limited	energy	only	 	resonance	is	accessible	
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QCD	Highlights:		
Secondary	Photons	in	Colliding	Mode	on	proton/ion	beam		

( )s ≤ 100 GeV

≈ (Mγ,0,0,Mγ) (ω2,0,0, − ω2)

s ≤ 4Mpγω2 ≈ 100 GeV
γ

7000
⋅

ω2

400 MeV

37

beams share the same cryostat. Due to the magnet de-
sign, the strength of the magnetic field guiding each beam
is the same (rigidity of both beams is the same). The
LHC can operate in proton-proton, ion-ion, or ion-proton
collision mode.

FIG. 26. The LHC layout. Adapted from [363]. The sepa-
ration between the beams is exaggerated here (in reality it is
20 cm). IP: interaction points.
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FIG. 27. The typical LHC interaction point (IP) configu-
ration compared to a 1/� cone of gamma-radiation. The
diameter of the beams in this picture is 4�x,y (at the IP
�x,y ⇡ 19 µm). The beams are separated by 10�x ⇡ 0.2 mm
horizontally in order to avoid stripping of the PSI due to col-
lisions with counter-propagating ion or proton beam.

The secondary photons produced at the GF can them-
selves be directed onto a relativistic beam, for instance
the counter-circulating beam of the LHC (see Fig. 27),

thus benefiting from another Lorentz boost of photon en-
ergy (for secondary photons in the frame of the counter-
circulating ions/protons) or two Lorentz boosts (for ter-
tiary photons in the lab frame). This possibility, that
may be realized at a later stage of the GF program, may
open additional physics opportunities. We briefly discuss
some of them here.

7.1. Photoabsorption structure functions

Via scattering secondary photons from the GF head-
to-head o↵ a proton or ion beam, one can study polarized
and unpolarized inclusive structure functions at high en-
ergies.
For secondary photons with energy ! in the laboratory

frame and a proton beam with a relativistic factor �p
up to ⇡ 7000 from the LHC, the highest invariant mass
amounts to

p
s =

p
4Mp�p!  108GeV

r
�p

7000
·

!

400MeV
. (28)

The total photoabsorption cross section can be written
in terms of inclusive structure functions familiar in the
context of inelastic electron scattering [341]. Those sur-
viving for real photons are F1,3 and g1,5, and denoting
the photon circular polarization ⇠ = ±1 and the proton
helicity h = ±1/2, we write

�(⇠, h) =
8⇡2↵

s�M2


F1 � 2h⇠g1 +

⇠

2
F3 + 2hg5

�
. (29)

The structure functions Fi, gi are functions of s. The
first two terms in Eq. (29) conserve parity, while the last
two terms are parity-violating.
High-energy behavior of scattering amplitudes is gov-

erned by Regge theory and is economically described by t-
channel exchanges. The leading contribution to the spin-
averaged structure functions F1 at asymptotically high
energies is identified in QCD with exchanges of gluons
which combine into colorless compounds, while quark-
antiquark (meson) exchanges are suppressed [364]. The
well-known pomeron that has quantum numbers of the
vacuum and couples equally to particles and antiparti-
cles (C-parity even), is identified with the colorless two-
gluon exchange. An exchange of a colorless three-gluon
state leads to a C-odd odderon which couples to parti-
cles and antiparticles with an opposite sign. Predicted
nearly five decades ago [365], this elusive kind of interac-
tion of hadrons has just recently been observed in Teva-
tron/LHC data [366]. While not accessible with the in-
clusive photoabsorption cross section by Furry’s theorem
(structure functions are the imaginary part of the forward
Compton amplitude), the odderon can contribute to ex-
clusive channels, e.g. photoproduction of axial vector
mesons, or in parity-violating asymmetries, as outlined
below. This would be the first observation of the odd-
eron in electromagnetically induced scattering processes.

Shoot	the	secondary	photon	on	the		
counter-moving	proton/ion	beam

Accessible	energies

Possibility	to	study	inclusive	and	exclusive	processes	at	(sub)	asympto=c	energies:	

Inclusive	structure	func=on	—	novelty:	parity	viola=ng	SF	with	real	photons	

Vector	meson	photoproduc=on,	wide-angle	Compton	scaXering	—	access	GPD’s,	TMD’s

15



Inclusive	structure	func=ons		(inclusive	cross	sec=on)	
Photon	(circular)	polariza=on	 ,	proton	helicity	ξ = ± 1 h = ± 1/2

σ(ξ, h) =
8π2α

s − M2 [F1 − 2hξg1 +
ξ
2

F3 + 2hg5]
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Photon	(circular)	polariza=on	 ,	proton	helicity	ξ = ± 1 h = ± 1/2

Unpolarized	structure	func=on	 	-		
pomeron,	Regge,	nuclear	shadowing,	…

F1
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Out[� ]=

Figure 51.5: Summary of hadronic, “p, “d, and ““ total cross sections, and ratio of the real to
imaginary parts of the forward hadronic amplitudes. Corresponding computer-readable data files
may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI –
IHEP, Protvino, August 2019.)
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√s10 GeV 100 GeV

γp
γd

σ(ξ, h) =
8π2α

s − M2 [F1 − 2hξg1 +
ξ
2

F3 + 2hg5]

147.8 ± 4.6µb, ↵R = 0.5 (fixed), AP = 62.0 ± 2.3µb,
↵P = 1.102± 0.007 and M2

0 = 0.52± 0.04GeV2.
In the HERA kinematical region the total �⇤p cross-

section is related to F2(x,Q2) by

��⇤p
tot (s,Q

2) ' 4⇡2↵QED

Q2
F2(x,Q

2) (7)

where s ' Q2/x. For Q2 larger than 1 GeV2 the HERA
data on F2 seems to be well described by DGLAP evo-
lution. Parametrising F2 ⇠ Ax�� at small x the e↵ec-
tive intercept � is observed to grow from 0.11 ± 0.02 at
Q2 = 0.3GeV2 to 0.18±0.03 at Q2 = 3.5GeV2, 0.31±0.02
at 35 GeV2 and increases with increasing Q2 [29, 30, 32].
The value 0.4 was found at the highest Q2 motivating
suggestions of a new hard pomeron [16, 33].

Here, we first assume Ap
1 to be Q2 independent in our

chosen kinematics with Q2 < 0.5GeV2. That is, we con-
jecture

(�A � �P )
�⇤p(s,Q2) =

✓
M2

0

M2
0 +Q2

◆
(�A � �P )

�p(s, 0)

(8)
at large s and small Q2 with the same value of M2

0 in
both Eqs.(6) and (8) and Q2 independent values of the
spin Regge intercepts ↵i at this low Q2.

Second, we assume that the isoscalar deuteron asym-
metry Ad

1 can be taken as zero in first approximation.
The deuteron data on Ad

1 are consistent with zero in each
experiment in our chosen kinematics [6, 7, 34, 35] (as
well as in gd1 measurements at deep inelastic Q2 and low
x < 0.03 [19]). This means that we set the normalisation

factors N (0)
i = Ng = 0 in Eq.(1).

Third, we take �tot from a fit to unpolarised data. We
assume that the errors on �tot can be neglected compared
to the errors on Ap

1. For the total photoproduction cross-
section we take

(�A + �P ) = 67.7 s+0.0808 + 129 s�0.4545 (9)

(in units of µb), which provides a good Regge fit for
p
s

between 2.5 GeV and 250 GeV [11]. The s+0.0808 contri-
bution is associated with gluonic pomeron exchange and
the s�0.4545 contribution is associated with the isoscalar
! and isovector ⇢ trajectories.

Our best fit of form (�A � �P ) ⇠ Ns↵ including all
data is

(�A � �P ) = (35.3± 3.6) s�0.69±0.04 µb (10)

for
p
s � 2.5 GeV corresponding to an e↵ective Regge

intercept

↵a1 = +0.31± 0.04 (11)

– see Fig. 1. The �2/ndf for the fit is 0.98. Statistical and
systematic errors for each data point have been added in
quadrature.

To convert the fit results in Eqs. (9-11) into a predic-
tion for the asymmetry Ap

1 as a function of x, it is impor-
tant to note that s ' Q2/x at large centre-of-mass energy

FIG. 1. Regge fit to (�A��P ) = Ap
1 (�A+�P ) with spin data

from the CLAS [4], COMPASS [5], GDH [8], HERMES [7],
and SLAC E-143 [6] experiments with Q2 < 0.5GeV2.

and take into account that experimental measurements
in di↵erent x bins are typically taken at di↵erent Q2 val-
ues. For example, the COMPASS measurements using
a 160 GeV muon beam at hxi = 0.000052 were taken
at hQ2i = 0.0062 GeV2 whereas their measurements at
hxi = 0.0020 were taken at hQ2i = 0.33 GeV2 [5], a factor
of 53 greater in Q2. Within each x bin taken separately,
Q2 was varied over a more limited factor of about 5 and
the experimental uncertainties too large to make definite
conclusions about possibleQ2 dependence within individ-
ual x bins. All of our COMPASS points with Q2 < 0.5
GeV2 are in the range

p
s between 11 and 15 GeV. One

expects Ap
1 to vanish in the small x limit, which follows

in this data when all points are shifted to the same Q2 by
dividing out the factor (Q2)↵a1�1.0808 ⇠ (Q2)�0.77 from
Eqs. (9-11).

IV. DISCUSSION

It is very interesting that the intercept in Eq.(11) is
close to the value found in deep inelastic scattering, viz.
↵a1(Q

2) = 0.22 ± 0.07 at Q2 = 3GeV2 in Eq.(4). Our
new low Q2 value signifies either the presence of a hard
exchange, perhaps involving an a1 hard pomeron cut, or a
curved Regge trajectory instead of just a simple straight-
line a1 Regge trajectory.
More valuable experimental input could come from the

proposed future electron-ion-collider which could extend
the experimental data up to

p
s values between 40 GeV

and 140 GeV [36, 37] – that is, up to an order of mag-
nitude higher in

p
s than the present highest centre-of-

mass energy COMPASS data. Estimates for the expected
asymmetries are given in [3]. The fit values in Eqs. (10,
11) suggest low Q2 asymmetries Ap

1 = (1.7± 0.5)⇥ 10�3

at
p
s = 40 GeV and Ap

1 = (2.5±1.0)⇥10�4 at
p
s = 140

GeV.

3

Polarized	structure	func=on	 	-		
HE	part	of	the	GDH	sum	rule	(axial	vector	Regge)	
Highest	energies	(low	Q2)	-	COMPASS

g1

Gerasimov-Drell-Hearn	sum	rule

IGDH ≡ ∫
∞

0

dν
ν [σ(1,1/2) − σ(1, − 1/2)] = 2π2κ2 α

M2

Anomalous	magne=c	moment	 	(spin	precession)	
<—>	spin-dependent	photoabsorp=on	at	HE

κ
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F3	-	photon	polariza=on		
(PV	component	of	the	𝛾	WF)	
Parity-Conserving	 :	C+,	P+	(pomeron)	
Parity-Viola=ng	 :	C-,	P-	(odderon)

F1
F3

σ(ξ, h) =
8π2α

s − M2 [F1 − 2hξg1 +
ξ
2

F3 + 2hg5]

2

PV	structure	func=ons:	No	real	photon	data	available;	electron	data	scarce	

Usually	need	p	AND	an=-p	data	to	access	odderon	(C-)

With	PV	signature	(photon	polariza=on)	can	access	C-		
without	necessity	of	an=par=cles	—	LHC	self-sufficient

Lukaszuk, Nicolescu, 1973  
D0+TOTEM, 2012.03981
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FIG. 3: (a) Schematic definition of the characteristic points in the TOTEM di↵erential cross section data. A represents the
vertical distance between bump and dip. (b) and (c) Characteristic points in (b) |t| and (c) d�/dt from TOTEM measurements
at 2.76, 7, 8, and 13 TeV (circles) as a function of

p
s extrapolated to Tevatron center-of-mass energy (stars). On (c), a

multiplication factor indicated in parenthesis is applied in order to distinguish the di↵erent fits. Filled symbols are from
measured points; open symbols are from extrapolations or definitions of the characteristic points.

to allow interpolation to the the t-values of the D0 mea-
surements in the range 0.50  |t|  0.96 GeV2. The fit
gives a �2 of 0.63 per dof [38]. The first exponential in
Eq. (1) describes the cross section up to the location of
the dip, where it falls below the second exponential that
describes the asymmetric bump and subsequent fallo↵.
This functional form also provides a good fit for the mea-
sured pp cross sections at all energies as shown by the
fitted functions in Fig. 1.

We evaluate the pp extrapolation uncertainty from
Monte Carlo (MC) simulation in which the cross section
values of the eight characteristic points are varied within
their Gaussian uncertainties and new fits given by Eq. 1
are performed. Fits without a dip and bump position
matching the extrapolated values within their uncertain-
ties are rejected, and slope and intercept constraints are
used to discard unphysical fits [39]. The MC simulation
ensemble provides a Gaussian-distributed pp cross sec-
tion at each t-value. However, the dip and bump match-
ing requirement causes the mean of the pp cross section
ensemble distribution to deviate from the best-fit cross
section obtained above using Eq. 1 with the parameters
of Ref. [38]. For the �2 comparison with the D0 mea-
surements below, we choose the mean value of the cross
section ensemble at each t-value with its corresponding
Gaussian variance.

We scale the pp extrapolated cross section so that the
optical point (OP), d�/dt(t = 0), is the same as that
for pp̄. The cross sections at the OP are expected to be
equal if there are only C-even exchanges. Possible C-odd
e↵ects [37] are taken into account below as systematic
uncertainties. Rescaling the OP for the extrapolated pp
cross section would not itself constrain the behavior away
from t = 0. However, as demonstrated in Refs. [40, 41]
the ratio of the pp and pp̄ integrated elastic cross sec-
tions becomes one in the limit

p
s ! 1. The parts of

the elastic cross sections in the low |t| Coulomb-nuclear
interference region and in the high |t| region above the
exponentially falling di↵ractive cone that do di↵er for pp

10�2

10�1

d�
/d

t
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G
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FIG. 4: Comparison between the D0 pp̄ measurement at 1.96
TeV and the extrapolated TOTEM pp cross section, rescaled
to match the OP of the D0 measurement. The dashed lines
show the 1� uncertainty band on the extrapolated pp cross
section.

and pp̄ scattering contribute negligibly to the total elas-
tic cross sections. Thus, to excellent approximation, the
integrated pp and pp̄ elastic cross sections in the exponen-
tial di↵ractive region should be the same, implying that
the logarithmic slopes should be the same. As this is the
case within uncertainty for the pp and pp̄ cross sections
before the OP normalization, we constrain the scaling
to preserve the measured logarithmic slopes. We assume
that no t-dependent scaling beyond the di↵ractive cone
(|t| � 0.55) is necessary.

To obtain the OP for pp at 1.96 TeV, we compute the
total cross section by extrapolating the TOTEM mea-
surements at 2.76, 7, 8, and 13 TeV. A fit using the func-
tional form [42] for the s-dependence of the total cross
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The apparent frame dependence of the energy distribution
of photons, could be easily avoided by using momentum
or energy fractions. It is useful to use per-nucleon ener-
gies, and hence the corresponding x = ω/EN = ω/(γmN )

with dx/x = dω/ω. Then Eq. (4) becomes the standard
parton-model expression, with WW photons as partons of
the nucleus.

From the plethora of processes which involve WW pho-
tons, a few are indicated in Fig. 1. They include pure QED
processes, like pair production of dileptons, as well as low-
energy nuclear reactions, such as electromagnetic excitation
of one of the ions, say into a giant resonance state. From
the realm of high-energy nuclear interactions we mention
the diffractive coherent and incoherent photoproduction of
vector mesons. Also of interest are generic photoabsorption
processes with multiparticle production containing for exam-
ple jets as a probe of nuclear partons.

Electromagnetically induced cross sections can be very
large, owing to the long range of the interaction.

Strong interactions are of finite range, and thus require two
nuclei to have geometric overlap. Once nuclei do come close
enough, though, an interaction happens with probability of
one – the defining property of strong interactions indeed. If
we want predict a cross section without strong interactions
between ions, i.e. without additional production of particles,
we need to take the constraint of no additional interaction into
account. For example, for the process of coherent diffractive
vector meson production, we would use an effective photon
flux

σ (A1A2 → A1A2V ; s) =
∫

dωN eff
A1
(ω)

×σ (γ A2 → V A2; 2ω
√
s)+ (1 ↔ 2), (5)

for which we simply multiplied in impact parameter space
by the probability of no interaction between the ions:

Nef f (ω) =
∫

d2b Psurv(b)N (ω, b) . (6)

This probability, in analogy to the absorptive corrections in
diffractive production processes [8] is called the rapidity gap
survival probability, where here a survival against strong
interactions is meant. The latter is essentially the square of
the elastic (strong-interaction) S-matrix of ions, and amounts
in practice to the geometric cutoff [9]:

Psurv(b) = S2
el(b) = exp

(
− σNN TA1A2(b)

)

∼ θ(|b| − (R1 + R2)).

For a discussion of the accuracy of the last approximation, see
e.g. [10] for the case of dilepton production. Notice that the
survival probability breaks the factorization of the photon-
flux representation of cross sections. The effective flux of Eq.
(6) can only be used in reactions involving a single photon
exchange. For photon-photon fusion reactions the analogous
procedure of including absorptive corrections can be applied
to the b-space formulation of the cross section, but the result
will not involve the flux of Eq. (6) but rather an effective
photon-photon luminosity. We finally note, that the size of the
photon source controls the maximal photon energy attainable
at a certain collision energy, roughly ωmax ∼ γ /RA. Clearly,
WW photons also play a role in proton-proton collisions,
where much higher photon energies can be achieved than
in nucleus-nucleus collisions, however with a much reduced
coupling/intensity. Finally proton-nucleus collisions offer an
excellent opportunity to access photoproduction on the pro-
ton, exploiting the nucleus as the photon source.

The rest of this paper will be devoted to a biased choice of
electromagnetically induced processes to which the author
has contributed. We will start from ultraperipheral collisions
(UPCs) at high energies. Much additional information on the

Fig. 1 Some photon induced processes in (ultra-)peripheral heavy ion
collisions. From left to right: 1. lepton pair production via γ γ -fusion;
2. electromagnetic excitation of one of the ions, e.g. into a giant dipole
resonance; 3. coherent diffractive photoproduction of a vector meson;

4. Incoherent diffractive photoproduction - one of the nuclei breaks
up; 5. a generic inelastic photon-nucleus process with multiple particle
production in the final state
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Fig. 2. Differential cross section versus rapidity for coherent J/ψ production in ultra-
peripheral PbPb collisions at √sN N = 2.76 TeV, measured by ALICE [32,33] and CMS 
(see text for details). The vertical error bars include the statistical and systematic 
uncertainties added in quadrature, and the horizontal bars represent the range of 
the measurements in y. Also the impulse approximation and the leading twist ap-
proximation calculations are shown (see text for details).

we obtain the total coherent J/ψ photoproduction cross section 
dσ coh/dy(J/ψ) = 1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb.

In Fig. 2, the coherent J/ψ photoproduction cross section is 
compared to recent ALICE measurements [32,33], to calculations 
by Guzey et al. [19,34] based on the impulse approximation, and 
to results obtained using the leading twist approximation (see be-
low). The data from ALICE and CMS show a steady decrease with 
rapidity.

The leading twist approximation prediction is obtained from 
Ref. [19] and is in good agreement with the data. It is a cal-
culation at the partonic level that uses a diffractive proton PDF 
as an input, following the leading twist approximation which is 
based on a generalization of the Gribov–Glauber nuclear shadow-
ing approach [52]. The theoretical uncertainty band for the leading 
twist approximation result shown in Fig. 2 is 12% and is due to 
the uncertainty in the strength of the gluon recombination mech-
anism. This uncertainty is uncorrelated with the photon flux un-
certainty. The nuclear gluon distribution uncertainty is largest at 
mid-rapidity where x ∼ 10−3 in the nuclear gluon distribution. 
At forward rapidity, integrating over all possible emitted neutron 
configurations, there is a two-fold ambiguity about the photon di-
rection. In this region, the measurements are mostly sensitive to 
x ∼ 10−2 [32].

The data are also compared to the impulse approximation re-
sult that uses data from exclusive J/ψ photoproduction in γ + p
interactions to estimate the coherent J/ψ cross section in γ + Pb
collisions. The impulse approximation calculation neglects all nu-
clear effects such as the expected modification of the gluon density 
in the lead nuclei compared to that of the proton. This calculation 
overpredicts the CMS measurement by more than 3 standard de-
viations in the rapidity interval 1.8 < |y| < 2.3, when adding the 
experimental and theoretical uncertainties in quadrature.

The cross section for vector meson photoproduction in ultra-
peripheral PbPb collisions is given by the sum of two cross section 
terms, since photons can be emitted by either of the colliding 
Pb nuclei. Each term is the product of three quantities: the pho-
ton flux, the integral over squared nuclear form factor F A(t) and 
the forward differential cross section dσ /dt(t = 0) of γ + p →
J/ψ +p, where t is the momentum transfer from the target nucleus 

squared. The F A(t) is the Fourier transform of the matter density 
ρ(t), while the elementary cross section dσ /dt has been measured 
by various collaborations [5–9], as described in Section 1. The im-
pulse approximation result shown in Fig. 2 is performed by Guzey 
et al. using the methods they describe in Ref. [34] with a pQCD 
motivated parametrization [53] of exclusive J/ψ data in γ + p in-
teractions which incorporates very recent LHC results [8,9]. Thus, 
in the impulse approximation there is an experimental uncertainty 
associated to fitting the measured elementary cross section data 
to the parametrization [53] and this uncertainty is at the 4% level 
for the relevant photon–proton center-of-mass energies discussed 
in this analysis. In addition, there are two theoretical uncertain-
ties in the impulse approximation calculation. The first theoretical 
uncertainty is due to the matter density distribution and is es-
timated to be 5% based on studies of several matter distribution 
densities [34]. The second theoretical uncertainty is due to the 
uncertainty in the photon flux and is estimated to be 5%. This is 
dominated by the treatment of the photon flux factor for the case 
when the PbPb collisions take place at small impact parameters 
∼2R A . These two uncertainties are correlated and so to be conser-
vative the combined theoretical uncertainty is taken to be 10%.

The data are also consistent with the central value of the 
EPS09 global fit from 2009 (not shown), which has large uncer-
tainties [26]. Other calculations of the coherent J/ψ cross section 
are not considered because the theoretical uncertainties are not 
available.

7. Summary

The coherent J/ψ photoproduction cross section in ultra-
peripheral PbPb collisions at √

sN N = 2.76 TeV, in conjunction 
with at least one neutron on one side of the interaction point 
and no neutron activity on the other side, is measured to be 
dσ coh

Xn0n
/dy(J/ψ) = 0.36 ± 0.04 (stat) ± 0.04 (syst) mb in the rapid-

ity interval 1.8 < |y| < 2.3. This measurement is extrapolated to 
the total coherent J/ψ cross section, resulting in dσ coh/dy(J/ψ) =
1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb in the measured 
rapidity interval. These results complement recent measurements 
on coherent J/ψ photoproduction in ultra-peripheral PbPb colli-
sions at √sN N = 2.76 TeV by the ALICE collaboration. An impulse 
approximation model prediction is strongly disfavored, indicating 
that nuclear effects expected to be present at low x and Q 2 values 
are needed to describe the data. The prediction given by the lead-
ing twist approximation, which includes nuclear gluon shadowing, 
is consistent with the data. In addition, we observe that, in con-
trast to coherent J/ψ events, the vast majority of incoherent J/ψ
candidates are in the configuration when the J/ψ and the emitted 
neutrons are in the same rapidity hemisphere (high-x component).
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Figure 4: Di↵erential cross-section as a function of rapidity for coherent J/ production compared
to di↵erent phenomenological predictions [1,4,31,36,37]. The measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties, respectively.

luminosity of about 10µb�1, is measured to be 4.45±0.24±0.18±0.58mb, where the first
uncertainty is statistical, the second is systematic and the third is due to the luminosity
determination. The measurement uses J/ mesons reconstructed in the dimuon final state
with pT < 1GeV and 2.0 < y < 4.5, where muons are detected within the pseudorapidity
region 2.0 < ⌘ < 4.5. The cross-section is also measured in five J/ rapidity intervals and
the results are compared to predictions from di↵erent phenomenological models. Future
measurements with di↵erent mesons and larger data samples will further constrain these
models.
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Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.
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The apparent frame dependence of the energy distribution
of photons, could be easily avoided by using momentum
or energy fractions. It is useful to use per-nucleon ener-
gies, and hence the corresponding x = ω/EN = ω/(γmN )

with dx/x = dω/ω. Then Eq. (4) becomes the standard
parton-model expression, with WW photons as partons of
the nucleus.

From the plethora of processes which involve WW pho-
tons, a few are indicated in Fig. 1. They include pure QED
processes, like pair production of dileptons, as well as low-
energy nuclear reactions, such as electromagnetic excitation
of one of the ions, say into a giant resonance state. From
the realm of high-energy nuclear interactions we mention
the diffractive coherent and incoherent photoproduction of
vector mesons. Also of interest are generic photoabsorption
processes with multiparticle production containing for exam-
ple jets as a probe of nuclear partons.

Electromagnetically induced cross sections can be very
large, owing to the long range of the interaction.

Strong interactions are of finite range, and thus require two
nuclei to have geometric overlap. Once nuclei do come close
enough, though, an interaction happens with probability of
one – the defining property of strong interactions indeed. If
we want predict a cross section without strong interactions
between ions, i.e. without additional production of particles,
we need to take the constraint of no additional interaction into
account. For example, for the process of coherent diffractive
vector meson production, we would use an effective photon
flux

σ (A1A2 → A1A2V ; s) =
∫

dωN eff
A1
(ω)

×σ (γ A2 → V A2; 2ω
√
s)+ (1 ↔ 2), (5)

for which we simply multiplied in impact parameter space
by the probability of no interaction between the ions:

Nef f (ω) =
∫

d2b Psurv(b)N (ω, b) . (6)

This probability, in analogy to the absorptive corrections in
diffractive production processes [8] is called the rapidity gap
survival probability, where here a survival against strong
interactions is meant. The latter is essentially the square of
the elastic (strong-interaction) S-matrix of ions, and amounts
in practice to the geometric cutoff [9]:

Psurv(b) = S2
el(b) = exp

(
− σNN TA1A2(b)

)

∼ θ(|b| − (R1 + R2)).

For a discussion of the accuracy of the last approximation, see
e.g. [10] for the case of dilepton production. Notice that the
survival probability breaks the factorization of the photon-
flux representation of cross sections. The effective flux of Eq.
(6) can only be used in reactions involving a single photon
exchange. For photon-photon fusion reactions the analogous
procedure of including absorptive corrections can be applied
to the b-space formulation of the cross section, but the result
will not involve the flux of Eq. (6) but rather an effective
photon-photon luminosity. We finally note, that the size of the
photon source controls the maximal photon energy attainable
at a certain collision energy, roughly ωmax ∼ γ /RA. Clearly,
WW photons also play a role in proton-proton collisions,
where much higher photon energies can be achieved than
in nucleus-nucleus collisions, however with a much reduced
coupling/intensity. Finally proton-nucleus collisions offer an
excellent opportunity to access photoproduction on the pro-
ton, exploiting the nucleus as the photon source.

The rest of this paper will be devoted to a biased choice of
electromagnetically induced processes to which the author
has contributed. We will start from ultraperipheral collisions
(UPCs) at high energies. Much additional information on the

Fig. 1 Some photon induced processes in (ultra-)peripheral heavy ion
collisions. From left to right: 1. lepton pair production via γ γ -fusion;
2. electromagnetic excitation of one of the ions, e.g. into a giant dipole
resonance; 3. coherent diffractive photoproduction of a vector meson;

4. Incoherent diffractive photoproduction - one of the nuclei breaks
up; 5. a generic inelastic photon-nucleus process with multiple particle
production in the final state
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Fig. 2. Differential cross section versus rapidity for coherent J/ψ production in ultra-
peripheral PbPb collisions at √sN N = 2.76 TeV, measured by ALICE [32,33] and CMS 
(see text for details). The vertical error bars include the statistical and systematic 
uncertainties added in quadrature, and the horizontal bars represent the range of 
the measurements in y. Also the impulse approximation and the leading twist ap-
proximation calculations are shown (see text for details).

we obtain the total coherent J/ψ photoproduction cross section 
dσ coh/dy(J/ψ) = 1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb.

In Fig. 2, the coherent J/ψ photoproduction cross section is 
compared to recent ALICE measurements [32,33], to calculations 
by Guzey et al. [19,34] based on the impulse approximation, and 
to results obtained using the leading twist approximation (see be-
low). The data from ALICE and CMS show a steady decrease with 
rapidity.

The leading twist approximation prediction is obtained from 
Ref. [19] and is in good agreement with the data. It is a cal-
culation at the partonic level that uses a diffractive proton PDF 
as an input, following the leading twist approximation which is 
based on a generalization of the Gribov–Glauber nuclear shadow-
ing approach [52]. The theoretical uncertainty band for the leading 
twist approximation result shown in Fig. 2 is 12% and is due to 
the uncertainty in the strength of the gluon recombination mech-
anism. This uncertainty is uncorrelated with the photon flux un-
certainty. The nuclear gluon distribution uncertainty is largest at 
mid-rapidity where x ∼ 10−3 in the nuclear gluon distribution. 
At forward rapidity, integrating over all possible emitted neutron 
configurations, there is a two-fold ambiguity about the photon di-
rection. In this region, the measurements are mostly sensitive to 
x ∼ 10−2 [32].

The data are also compared to the impulse approximation re-
sult that uses data from exclusive J/ψ photoproduction in γ + p
interactions to estimate the coherent J/ψ cross section in γ + Pb
collisions. The impulse approximation calculation neglects all nu-
clear effects such as the expected modification of the gluon density 
in the lead nuclei compared to that of the proton. This calculation 
overpredicts the CMS measurement by more than 3 standard de-
viations in the rapidity interval 1.8 < |y| < 2.3, when adding the 
experimental and theoretical uncertainties in quadrature.

The cross section for vector meson photoproduction in ultra-
peripheral PbPb collisions is given by the sum of two cross section 
terms, since photons can be emitted by either of the colliding 
Pb nuclei. Each term is the product of three quantities: the pho-
ton flux, the integral over squared nuclear form factor F A(t) and 
the forward differential cross section dσ /dt(t = 0) of γ + p →
J/ψ +p, where t is the momentum transfer from the target nucleus 

squared. The F A(t) is the Fourier transform of the matter density 
ρ(t), while the elementary cross section dσ /dt has been measured 
by various collaborations [5–9], as described in Section 1. The im-
pulse approximation result shown in Fig. 2 is performed by Guzey 
et al. using the methods they describe in Ref. [34] with a pQCD 
motivated parametrization [53] of exclusive J/ψ data in γ + p in-
teractions which incorporates very recent LHC results [8,9]. Thus, 
in the impulse approximation there is an experimental uncertainty 
associated to fitting the measured elementary cross section data 
to the parametrization [53] and this uncertainty is at the 4% level 
for the relevant photon–proton center-of-mass energies discussed 
in this analysis. In addition, there are two theoretical uncertain-
ties in the impulse approximation calculation. The first theoretical 
uncertainty is due to the matter density distribution and is es-
timated to be 5% based on studies of several matter distribution 
densities [34]. The second theoretical uncertainty is due to the 
uncertainty in the photon flux and is estimated to be 5%. This is 
dominated by the treatment of the photon flux factor for the case 
when the PbPb collisions take place at small impact parameters 
∼2R A . These two uncertainties are correlated and so to be conser-
vative the combined theoretical uncertainty is taken to be 10%.

The data are also consistent with the central value of the 
EPS09 global fit from 2009 (not shown), which has large uncer-
tainties [26]. Other calculations of the coherent J/ψ cross section 
are not considered because the theoretical uncertainties are not 
available.

7. Summary

The coherent J/ψ photoproduction cross section in ultra-
peripheral PbPb collisions at √

sN N = 2.76 TeV, in conjunction 
with at least one neutron on one side of the interaction point 
and no neutron activity on the other side, is measured to be 
dσ coh

Xn0n
/dy(J/ψ) = 0.36 ± 0.04 (stat) ± 0.04 (syst) mb in the rapid-

ity interval 1.8 < |y| < 2.3. This measurement is extrapolated to 
the total coherent J/ψ cross section, resulting in dσ coh/dy(J/ψ) =
1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb in the measured 
rapidity interval. These results complement recent measurements 
on coherent J/ψ photoproduction in ultra-peripheral PbPb colli-
sions at √sN N = 2.76 TeV by the ALICE collaboration. An impulse 
approximation model prediction is strongly disfavored, indicating 
that nuclear effects expected to be present at low x and Q 2 values 
are needed to describe the data. The prediction given by the lead-
ing twist approximation, which includes nuclear gluon shadowing, 
is consistent with the data. In addition, we observe that, in con-
trast to coherent J/ψ events, the vast majority of incoherent J/ψ
candidates are in the configuration when the J/ψ and the emitted 
neutrons are in the same rapidity hemisphere (high-x component).
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Figure 4: Di↵erential cross-section as a function of rapidity for coherent J/ production compared
to di↵erent phenomenological predictions [1,4,31,36,37]. The measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties, respectively.

luminosity of about 10µb�1, is measured to be 4.45±0.24±0.18±0.58mb, where the first
uncertainty is statistical, the second is systematic and the third is due to the luminosity
determination. The measurement uses J/ mesons reconstructed in the dimuon final state
with pT < 1GeV and 2.0 < y < 4.5, where muons are detected within the pseudorapidity
region 2.0 < ⌘ < 4.5. The cross-section is also measured in five J/ rapidity intervals and
the results are compared to predictions from di↵erent phenomenological models. Future
measurements with di↵erent mesons and larger data samples will further constrain these
models.
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Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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the amplitude, which can be restored from analyticity

σ (x, r) → (1 − iρ(x))σ (x, r) , ρ(x) = tan
(π∆IP

2

)
, (15)

It is related to the energy dependence of the amplitude
through the effective intercept

∆IP =
∂ log

(
⟨V |σ (x, r)|γ ⟩

)

∂ log(1/x)
. (16)

We also neglected the finite longitudinal momentum transfer.
Taking the latter into account, the amplitude will no longer be
related to the gluon density of the target, but to a generalized,
or skewed parton density. At low values of x , one can however
use ordinary “diagonal” partons and multiply the latter by a
factor:

Rskewed = 22∆IP+3
√

π
· Γ (∆IP + 5/2)

Γ (∆IP + 4)
, (17)

which again is controlled by the effective intercept ∆IP. The
diffractive cross section then receives a correction factor

K = (1 + ρ2(x)) · R2
skewed. (18)

For the dipole cross section a large amount of models are
available. We use among others a recent fit [34] to combined
HERA structure function data, which uses the ansatz

σ (x, r) = σ0

(
1 − exp

[
−π2r2αs(µ

2)xg(x, µ2)

3σ0

])
, (19)

with

µ2 = C/r2 + µ2
0. (20)

We have also tried alternative parametrizations of Refs. [35–
38].

In Fig. 7 we compare our results to the available data
on diffractive J/ψ photoproduction. A good agreement is
obtained in the energy range of W = 30–200 GeV, in which
data predominantly originate from HERA. We will see that
it is this range of energy which is most important for the
calculations in UPCs.

3.2 Coherent and incoherent diffractive photoproduction on
the nuclear target

Let us briefly recapitulate the color dipole approach to coher-
ent photoproduction on the nucleus, which is a variant of
Glauber-Gribov multiple scattering theory. It sums up mul-
tiple scatterings of a color-dipole within the nucleus, see a
typical diagram in Fig. 5.

A general amplitude, at finite momentum transfer, for the
process γ Ai → V A f can be written as

A(γ ∗Ai → V A∗
f ;W,∆) = 2i

∫
d2B exp[−i∆B]

Fig. 6 A Feynman diagram for the γ ∗ p → V p process. The photon
splits into a qq̄ color dipole of size r. The interaction is described by
the (unintegrated) gluon density of the proton

Fig. 7 Total cross section for the exclusive photoproduction γ p →
J/ψp as a function of γ p-cms energy W . The results for three different
dipole cross-sections are shown. See Ref. [19] for more details on the
data points

×⟨V |⟨A∗
f |Γ̂ (b+, b−)|Ai ⟩|γ ⟩

= 2i
∫

d2B exp[−i∆B]

×
∫ 1

0
dz

∫
d2rψ∗

V (z, r)ψγ (z, r)

×⟨A∗
f |Γ̂ (B − (1 − z)r,B+ zr)|Ai ⟩. (21)

We introduced the notation:

r = b+ − b−, b = (b+ + b−)/2 ,

B = zb+ + (1 − z)b− = b − (1 − 2z)
r
2

(22)

The main task is now the evaluation of the nuclear averages
of the dipole scattering amplitude (or profile function in the
standard terminology of Glauber-theory).

Let us start with the case of coherent diffraction, Ai = A f .
The diffractive amplitude is now

A(γ ∗Ai → V Ai ;W,∆) = 2i
∫

d2b exp[−ib∆]

123

γ V

Physics	mo=va=on:		
unintegrated	gluon	density	in	the	nucleon/GPDs/TMDs	
Depending	on	exclusive/semi-inclusive,		
kinema=cs	and	flavor

to ϕas(α). However, recent BaBar data covering the range up to Q2 ∼ 40 GeV2 show the
increase of Q2Fγ∗γπ0(Q2) for Q2 ! 10 GeV2. To explain this increase, the scenarios were
proposed in which the pion DA does not vanish at the end-points, e.g., ϕflat
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Figure 3.4. Lowest-order pQCD factorization for γ∗γ → π0 transition amplitude and for the pion
electromagnetic form factor.

Another classic application of pQCD to exclusive processes is the pion electromagnetic
form factor, see figure 3.4, right. With the asymptotic pion DA ϕas

π (α), the hard pQCD
contribution to Fπ(Q2) is (2αs/π)(0.7GeV2)/Q2, which is less than 1/3 of the experimental
value. Taking wider DAs formally increases the size of the one-gluon-exchange contribution,
but it is dominated then by the regions where the gluon virtuality is too small to be treated
perturbatively. So, in this case we deal with the dominance of the competing soft mechanism
which is described by nonforward parton densities, exactly in the same way as the proton
form factor F p

1 (t) discussed in the previous section.

3.2.6 Hard electroproduction processes

An attempt to use perturbative QCD to extract new information about hadronic struc-
ture is the study of deep exclusive photon [274] or meson [569, 572] electroproduction
reactions. In the hard kinematics when both Q2 and s ≡ (p + q)2 are large while the mo-
mentum transfer t ≡ (p − p′)2 is small, one can use pQCD factorization which represents
the amplitudes as a convolution of a perturbatively calculable short-distance amplitude
and nonperturbative parton functions describing the hadron structure. The hard pQCD
subprocesses in these two cases have different structure, see figure 3.5. Since the photon
is a pointlike particle, the deeply virtual Compton scattering (DVCS) amplitude has the
structure similar to that of the γ∗γπ0 form factor: the pQCD hard term is of zero order in
αs (the handbag mechanism), and there is no competing soft contribution. Thus, we can
expect that pQCD works from Q2 ∼ 2GeV2. On the other hand, the deeply virtual meson
production process is similar to the pion EM form factor: the hard term has a O(αs/π) ∼ 0.1
suppression factor. As a result, the dominance of the hard pQCD term may be postponed
to Q2 ∼ 5− 10GeV2.

Figure 3.5. Lowest-order factorization for deeply virtual photon and meson production.
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The apparent frame dependence of the energy distribution
of photons, could be easily avoided by using momentum
or energy fractions. It is useful to use per-nucleon ener-
gies, and hence the corresponding x = ω/EN = ω/(γmN )

with dx/x = dω/ω. Then Eq. (4) becomes the standard
parton-model expression, with WW photons as partons of
the nucleus.

From the plethora of processes which involve WW pho-
tons, a few are indicated in Fig. 1. They include pure QED
processes, like pair production of dileptons, as well as low-
energy nuclear reactions, such as electromagnetic excitation
of one of the ions, say into a giant resonance state. From
the realm of high-energy nuclear interactions we mention
the diffractive coherent and incoherent photoproduction of
vector mesons. Also of interest are generic photoabsorption
processes with multiparticle production containing for exam-
ple jets as a probe of nuclear partons.

Electromagnetically induced cross sections can be very
large, owing to the long range of the interaction.

Strong interactions are of finite range, and thus require two
nuclei to have geometric overlap. Once nuclei do come close
enough, though, an interaction happens with probability of
one – the defining property of strong interactions indeed. If
we want predict a cross section without strong interactions
between ions, i.e. without additional production of particles,
we need to take the constraint of no additional interaction into
account. For example, for the process of coherent diffractive
vector meson production, we would use an effective photon
flux

σ (A1A2 → A1A2V ; s) =
∫

dωN eff
A1
(ω)

×σ (γ A2 → V A2; 2ω
√
s)+ (1 ↔ 2), (5)

for which we simply multiplied in impact parameter space
by the probability of no interaction between the ions:

Nef f (ω) =
∫

d2b Psurv(b)N (ω, b) . (6)

This probability, in analogy to the absorptive corrections in
diffractive production processes [8] is called the rapidity gap
survival probability, where here a survival against strong
interactions is meant. The latter is essentially the square of
the elastic (strong-interaction) S-matrix of ions, and amounts
in practice to the geometric cutoff [9]:

Psurv(b) = S2
el(b) = exp

(
− σNN TA1A2(b)

)

∼ θ(|b| − (R1 + R2)).

For a discussion of the accuracy of the last approximation, see
e.g. [10] for the case of dilepton production. Notice that the
survival probability breaks the factorization of the photon-
flux representation of cross sections. The effective flux of Eq.
(6) can only be used in reactions involving a single photon
exchange. For photon-photon fusion reactions the analogous
procedure of including absorptive corrections can be applied
to the b-space formulation of the cross section, but the result
will not involve the flux of Eq. (6) but rather an effective
photon-photon luminosity. We finally note, that the size of the
photon source controls the maximal photon energy attainable
at a certain collision energy, roughly ωmax ∼ γ /RA. Clearly,
WW photons also play a role in proton-proton collisions,
where much higher photon energies can be achieved than
in nucleus-nucleus collisions, however with a much reduced
coupling/intensity. Finally proton-nucleus collisions offer an
excellent opportunity to access photoproduction on the pro-
ton, exploiting the nucleus as the photon source.

The rest of this paper will be devoted to a biased choice of
electromagnetically induced processes to which the author
has contributed. We will start from ultraperipheral collisions
(UPCs) at high energies. Much additional information on the

Fig. 1 Some photon induced processes in (ultra-)peripheral heavy ion
collisions. From left to right: 1. lepton pair production via γ γ -fusion;
2. electromagnetic excitation of one of the ions, e.g. into a giant dipole
resonance; 3. coherent diffractive photoproduction of a vector meson;

4. Incoherent diffractive photoproduction - one of the nuclei breaks
up; 5. a generic inelastic photon-nucleus process with multiple particle
production in the final state
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Fig. 2. Differential cross section versus rapidity for coherent J/ψ production in ultra-
peripheral PbPb collisions at √sN N = 2.76 TeV, measured by ALICE [32,33] and CMS 
(see text for details). The vertical error bars include the statistical and systematic 
uncertainties added in quadrature, and the horizontal bars represent the range of 
the measurements in y. Also the impulse approximation and the leading twist ap-
proximation calculations are shown (see text for details).

we obtain the total coherent J/ψ photoproduction cross section 
dσ coh/dy(J/ψ) = 1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb.

In Fig. 2, the coherent J/ψ photoproduction cross section is 
compared to recent ALICE measurements [32,33], to calculations 
by Guzey et al. [19,34] based on the impulse approximation, and 
to results obtained using the leading twist approximation (see be-
low). The data from ALICE and CMS show a steady decrease with 
rapidity.

The leading twist approximation prediction is obtained from 
Ref. [19] and is in good agreement with the data. It is a cal-
culation at the partonic level that uses a diffractive proton PDF 
as an input, following the leading twist approximation which is 
based on a generalization of the Gribov–Glauber nuclear shadow-
ing approach [52]. The theoretical uncertainty band for the leading 
twist approximation result shown in Fig. 2 is 12% and is due to 
the uncertainty in the strength of the gluon recombination mech-
anism. This uncertainty is uncorrelated with the photon flux un-
certainty. The nuclear gluon distribution uncertainty is largest at 
mid-rapidity where x ∼ 10−3 in the nuclear gluon distribution. 
At forward rapidity, integrating over all possible emitted neutron 
configurations, there is a two-fold ambiguity about the photon di-
rection. In this region, the measurements are mostly sensitive to 
x ∼ 10−2 [32].

The data are also compared to the impulse approximation re-
sult that uses data from exclusive J/ψ photoproduction in γ + p
interactions to estimate the coherent J/ψ cross section in γ + Pb
collisions. The impulse approximation calculation neglects all nu-
clear effects such as the expected modification of the gluon density 
in the lead nuclei compared to that of the proton. This calculation 
overpredicts the CMS measurement by more than 3 standard de-
viations in the rapidity interval 1.8 < |y| < 2.3, when adding the 
experimental and theoretical uncertainties in quadrature.

The cross section for vector meson photoproduction in ultra-
peripheral PbPb collisions is given by the sum of two cross section 
terms, since photons can be emitted by either of the colliding 
Pb nuclei. Each term is the product of three quantities: the pho-
ton flux, the integral over squared nuclear form factor F A(t) and 
the forward differential cross section dσ /dt(t = 0) of γ + p →
J/ψ +p, where t is the momentum transfer from the target nucleus 

squared. The F A(t) is the Fourier transform of the matter density 
ρ(t), while the elementary cross section dσ /dt has been measured 
by various collaborations [5–9], as described in Section 1. The im-
pulse approximation result shown in Fig. 2 is performed by Guzey 
et al. using the methods they describe in Ref. [34] with a pQCD 
motivated parametrization [53] of exclusive J/ψ data in γ + p in-
teractions which incorporates very recent LHC results [8,9]. Thus, 
in the impulse approximation there is an experimental uncertainty 
associated to fitting the measured elementary cross section data 
to the parametrization [53] and this uncertainty is at the 4% level 
for the relevant photon–proton center-of-mass energies discussed 
in this analysis. In addition, there are two theoretical uncertain-
ties in the impulse approximation calculation. The first theoretical 
uncertainty is due to the matter density distribution and is es-
timated to be 5% based on studies of several matter distribution 
densities [34]. The second theoretical uncertainty is due to the 
uncertainty in the photon flux and is estimated to be 5%. This is 
dominated by the treatment of the photon flux factor for the case 
when the PbPb collisions take place at small impact parameters 
∼2R A . These two uncertainties are correlated and so to be conser-
vative the combined theoretical uncertainty is taken to be 10%.

The data are also consistent with the central value of the 
EPS09 global fit from 2009 (not shown), which has large uncer-
tainties [26]. Other calculations of the coherent J/ψ cross section 
are not considered because the theoretical uncertainties are not 
available.

7. Summary

The coherent J/ψ photoproduction cross section in ultra-
peripheral PbPb collisions at √

sN N = 2.76 TeV, in conjunction 
with at least one neutron on one side of the interaction point 
and no neutron activity on the other side, is measured to be 
dσ coh

Xn0n
/dy(J/ψ) = 0.36 ± 0.04 (stat) ± 0.04 (syst) mb in the rapid-

ity interval 1.8 < |y| < 2.3. This measurement is extrapolated to 
the total coherent J/ψ cross section, resulting in dσ coh/dy(J/ψ) =
1.82 ± 0.22 (stat) ± 0.20 (syst) ± 0.19 (theo) mb in the measured 
rapidity interval. These results complement recent measurements 
on coherent J/ψ photoproduction in ultra-peripheral PbPb colli-
sions at √sN N = 2.76 TeV by the ALICE collaboration. An impulse 
approximation model prediction is strongly disfavored, indicating 
that nuclear effects expected to be present at low x and Q 2 values 
are needed to describe the data. The prediction given by the lead-
ing twist approximation, which includes nuclear gluon shadowing, 
is consistent with the data. In addition, we observe that, in con-
trast to coherent J/ψ events, the vast majority of incoherent J/ψ
candidates are in the configuration when the J/ψ and the emitted 
neutrons are in the same rapidity hemisphere (high-x component).
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Figure 4: Di↵erential cross-section as a function of rapidity for coherent J/ production compared
to di↵erent phenomenological predictions [1,4,31,36,37]. The measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties, respectively.

luminosity of about 10µb�1, is measured to be 4.45±0.24±0.18±0.58mb, where the first
uncertainty is statistical, the second is systematic and the third is due to the luminosity
determination. The measurement uses J/ mesons reconstructed in the dimuon final state
with pT < 1GeV and 2.0 < y < 4.5, where muons are detected within the pseudorapidity
region 2.0 < ⌘ < 4.5. The cross-section is also measured in five J/ rapidity intervals and
the results are compared to predictions from di↵erent phenomenological models. Future
measurements with di↵erent mesons and larger data samples will further constrain these
models.
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Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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Figure 6: Measured differential cross section of the coherent J/y (left) and y 0 (right) photoproduction in Pb–Pb
UPC events. The error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations are
also shown. The green band represents the uncertainties of the EPS09 LO calculation.
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the amplitude, which can be restored from analyticity

σ (x, r) → (1 − iρ(x))σ (x, r) , ρ(x) = tan
(π∆IP

2

)
, (15)

It is related to the energy dependence of the amplitude
through the effective intercept

∆IP =
∂ log

(
⟨V |σ (x, r)|γ ⟩

)

∂ log(1/x)
. (16)

We also neglected the finite longitudinal momentum transfer.
Taking the latter into account, the amplitude will no longer be
related to the gluon density of the target, but to a generalized,
or skewed parton density. At low values of x , one can however
use ordinary “diagonal” partons and multiply the latter by a
factor:

Rskewed = 22∆IP+3
√

π
· Γ (∆IP + 5/2)

Γ (∆IP + 4)
, (17)

which again is controlled by the effective intercept ∆IP. The
diffractive cross section then receives a correction factor

K = (1 + ρ2(x)) · R2
skewed. (18)

For the dipole cross section a large amount of models are
available. We use among others a recent fit [34] to combined
HERA structure function data, which uses the ansatz

σ (x, r) = σ0

(
1 − exp

[
−π2r2αs(µ

2)xg(x, µ2)

3σ0

])
, (19)

with

µ2 = C/r2 + µ2
0. (20)

We have also tried alternative parametrizations of Refs. [35–
38].

In Fig. 7 we compare our results to the available data
on diffractive J/ψ photoproduction. A good agreement is
obtained in the energy range of W = 30–200 GeV, in which
data predominantly originate from HERA. We will see that
it is this range of energy which is most important for the
calculations in UPCs.

3.2 Coherent and incoherent diffractive photoproduction on
the nuclear target

Let us briefly recapitulate the color dipole approach to coher-
ent photoproduction on the nucleus, which is a variant of
Glauber-Gribov multiple scattering theory. It sums up mul-
tiple scatterings of a color-dipole within the nucleus, see a
typical diagram in Fig. 5.

A general amplitude, at finite momentum transfer, for the
process γ Ai → V A f can be written as

A(γ ∗Ai → V A∗
f ;W,∆) = 2i

∫
d2B exp[−i∆B]

Fig. 6 A Feynman diagram for the γ ∗ p → V p process. The photon
splits into a qq̄ color dipole of size r. The interaction is described by
the (unintegrated) gluon density of the proton

Fig. 7 Total cross section for the exclusive photoproduction γ p →
J/ψp as a function of γ p-cms energy W . The results for three different
dipole cross-sections are shown. See Ref. [19] for more details on the
data points

×⟨V |⟨A∗
f |Γ̂ (b+, b−)|Ai ⟩|γ ⟩

= 2i
∫

d2B exp[−i∆B]

×
∫ 1

0
dz

∫
d2rψ∗

V (z, r)ψγ (z, r)

×⟨A∗
f |Γ̂ (B − (1 − z)r,B+ zr)|Ai ⟩. (21)

We introduced the notation:

r = b+ − b−, b = (b+ + b−)/2 ,

B = zb+ + (1 − z)b− = b − (1 − 2z)
r
2

(22)

The main task is now the evaluation of the nuclear averages
of the dipole scattering amplitude (or profile function in the
standard terminology of Glauber-theory).

Let us start with the case of coherent diffraction, Ai = A f .
The diffractive amplitude is now

A(γ ∗Ai → V Ai ;W,∆) = 2i
∫

d2b exp[−ib∆]

123

γ V

Physics	mo=va=on:		
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Depending	on	exclusive/semi-inclusive,		
kinema=cs	and	flavor

to ϕas(α). However, recent BaBar data covering the range up to Q2 ∼ 40 GeV2 show the
increase of Q2Fγ∗γπ0(Q2) for Q2 ! 10 GeV2. To explain this increase, the scenarios were
proposed in which the pion DA does not vanish at the end-points, e.g., ϕflat

π (α) = 1.

α__________
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(1 −     )(1 −     )

p

p

p

2

2

pp

Figure 3.4. Lowest-order pQCD factorization for γ∗γ → π0 transition amplitude and for the pion
electromagnetic form factor.

Another classic application of pQCD to exclusive processes is the pion electromagnetic
form factor, see figure 3.4, right. With the asymptotic pion DA ϕas

π (α), the hard pQCD
contribution to Fπ(Q2) is (2αs/π)(0.7GeV2)/Q2, which is less than 1/3 of the experimental
value. Taking wider DAs formally increases the size of the one-gluon-exchange contribution,
but it is dominated then by the regions where the gluon virtuality is too small to be treated
perturbatively. So, in this case we deal with the dominance of the competing soft mechanism
which is described by nonforward parton densities, exactly in the same way as the proton
form factor F p

1 (t) discussed in the previous section.

3.2.6 Hard electroproduction processes

An attempt to use perturbative QCD to extract new information about hadronic struc-
ture is the study of deep exclusive photon [274] or meson [569, 572] electroproduction
reactions. In the hard kinematics when both Q2 and s ≡ (p + q)2 are large while the mo-
mentum transfer t ≡ (p − p′)2 is small, one can use pQCD factorization which represents
the amplitudes as a convolution of a perturbatively calculable short-distance amplitude
and nonperturbative parton functions describing the hadron structure. The hard pQCD
subprocesses in these two cases have different structure, see figure 3.5. Since the photon
is a pointlike particle, the deeply virtual Compton scattering (DVCS) amplitude has the
structure similar to that of the γ∗γπ0 form factor: the pQCD hard term is of zero order in
αs (the handbag mechanism), and there is no competing soft contribution. Thus, we can
expect that pQCD works from Q2 ∼ 2GeV2. On the other hand, the deeply virtual meson
production process is similar to the pion EM form factor: the hard term has a O(αs/π) ∼ 0.1
suppression factor. As a result, the dominance of the hard pQCD term may be postponed
to Q2 ∼ 5− 10GeV2.

Figure 3.5. Lowest-order factorization for deeply virtual photon and meson production.
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Class-1	task	—	only	feasible	with	GF	@	LHC:	Colliding	beams	+	Energy	+	Rates



Summary

• The	Gamma	Factory	@	LHC:	a	unique	gamma	source		

• Unprecedented	photon	flux,	wide	energy	range,	high	energy	resolu=on,	100%	polarized	

• A	wide	range	of	physics	tasks	with	photons	from	40	keV	to	3.2	TeV	

• Will	deliver	crucial	insights	in	atomic,	nuclear,	hadronic,	par=cle	physics,	BSM	searches	

• Will	allow	to	achieve	significant	improvement	in	“conven=onal”	physics	tasks:	
spectroscopy,	photonuclear	reac=ons	on	stable	and	radioac=ve	isotopes,	nuclear	
structure,	QCD	in	the	perturba=ve/non-perturba=ve	regime,	…	

• Will	for	the	first	=me	allow	to	study	processes	that	could	not	be	studied	before,	e.g.	
Compton	scaXering	with	P/CP	viola=on	(non-EDM	P,CP-V	em	observable);		PV	inelas=c	
structure	func=ons	and	odderon	without	an=par=cles;	produc=on	of	VHEGR	in	the	lab
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