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Future Circular Colliders - FCC

• Many ongoing studies for FCCs in new 80-100 km circular tunnel, 
emphasis on new physics potential.

• However this also presents many new possibilities for studying 
forward physics in this higher energy regime.
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The Future Circular Colliders (FCCs) address some of the most
fundamental open issues in particle physics

Following the discovery of the Higgs boson by ATLAS and CMS at the LHC in 2012, coupled with the absence of

other phenomena, the particle physics panorama has become, surprisingly perhaps, very open. While the

Standard model could appear to be complete and the vacuum stable all the way to the Plank scale, several

undeniable observations tell us that there is more to the story. The nature of dark matter, the origin of the

baryon asymmetry in the universe, the mysteries lying behind the very small neutrino masses, are telling us

to keep looking for answers, which  require new phenomena. Are those to be found at higher energies, or

have they escaped detection because of very small couplings?

The design study of the accelerators that would fit in a new 80-100 km “circular” tunnel, called the “Future

Circular Colliders”, implements the recommendations of the European Strategy document approved by the

CERN council in May 2013. It was launched in a kick-off meeting held in University of Geneva on 12-15

February 2014, and aims at a Conceptual Design Report by 2018.

Two colliders in one
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!  FCC forward physics working group set up with the aim of 
exploring how this physics potential may be fully exploited.
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Effectively, the FCCs would be two colliders in one: the study comprises a high energy proton-proton collider

with a centre-of-mass energy of 100 TeV (FCC-hh), as well as a 90-400 GeV high luminosity e e   machine

(FCC-ee a.k.a. “TLEP”).  This ambitious complex would also allow the use of heavy ions and e-p collisions.  The

100 TeV proton machine constitutes the ultimate goal while the e e  machine provides a possible

intermediate step. This complex of machines bears promise of the most powerful search for new

phenomena, either directly at high energies or in rare processes, or through the most sensitive and precise

measurements of the Higgs boson and other Standard model particles. Either way, a sensitivity to a variety

of new phenomena at energy scales of 30 to 50 TeV can be achieved.
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• Three collision possibilities under consideration:
‣ Hadron-hadron (hh)
‣ Electron-positron (ee)
‣ Electron-proton (ep)

• ‘Hadron’ = proton and heavy ion.

• Aim of WG to consider all possibilities. Some selected examples 
follow…

http://fcc.web.cern.ch
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Cross section measurements
• Possibility to precisely measure      scattering cross sections at 
unprecedented energies!

extracted and applied as a function of the T2 track multi-
plicity and affects only the 1h category. The systematic
uncertainty is estimated to be 0.45% which corresponds
to the maximal variation of the background that gives a
compatible fraction of 1h events (trigger and pileup cor-
rected) in the two samples.

Trigger efficiency: This correction is estimated from the
zero-bias triggered events. It is extracted and applied as a
function of the T2 track multiplicity, being significant
for events with only one track and rapidly decreasing to
zero for five or more tracks. The systematic uncertainty is
evaluated comparing the trigger performances with and
without the requirement of having a track pointing to the
vertex and comparing the overall rate correction in the two
samples.

Pileup: This correction factor is determined from the
zero-bias triggered events: the probability to have a bunch
crossing with tracks in T2 is 0.05–0.06 from which the
probability of having n ! 2 inelastic collisions with tracks
in T2 in the same bunch crossing is derived. The systematic
uncertainty is assessed from the variation, within the same
data set, of the probability to have a bunch crossing with
tracks in T2 and from the uncertainty due to the T2 event
reconstruction efficiency.

Reconstruction efficiency: This correction is estimated
using Monte Carlo generators (PYTHIA8 [13], QGSJET-
II-03 [14]) tuned with data to reproduce the measured
fraction of 1h events which is equal to 0:216" 0:007.
The systematic uncertainty is assumed to be half of the
correction: as it mainly depends on the fraction of events
with only neutral particles in T2, it accounts for variations
between the different Monte Carlo generators.

T1 only: This correction takes into account the amount
of events with no final state particles in T2 but one or
more tracks in T1. The uncertainty is the precision with
which this correction can be calculated from the zero-bias
sample plus the uncertainty of the T1 reconstruction
efficiency.

Internal gap covering T2: This correction takes into
account the events which could have a rapidity gap fully
covering the T2 ! range and no tracks in T1. It is estimated
from data, measuring the probability of having a gap in T1

and transferring it to the T2 region. The uncertainty takes
into account the different conditions (average charged
multiplicity, pT threshold, gap size, and surrounding
material) between the two detectors.
Central diffraction: This correction takes into account

events with all final state particles outside the T1 and T2
pseudorapidity acceptance and it is determined from simu-
lations based on the PHOJET and MBR event generators
[15,16]. Since the cross section is unknown and the uncer-
tainties are large, no correction is applied to the inelastic
rate but an upper limit of 0.25 mb is taken as an additional
source of systematic uncertainty.
Low mass diffraction: The T2 acceptance edge at j!j ¼

6:5 corresponds approximately to diffractive masses of
3.6 GeV (at 50% efficiency). The contribution of events
with all final state particles at j!j> 6:5 is estimated with
QGSJET-II-03 after tuning the Monte Carlo prediction with

TABLE IV. Summary of the measured cross sections with detailed uncertainty composition.
The " uncertainty follows from the COMPETE preferred-model " extrapolation error of
"0:007. The right-most column gives the full systematic uncertainty, combined in quadrature
and considering the correlations between the contributions.

Systematic uncertainty

Quantity Value el. t-dep el. norm inel " ) full

#tot (mb) 101.7 "1:8 "1:4 "1:9 "0:2 ) "2:9
#inel (mb) 74.7 "1:2 "0:6 "0:9 "0:1 ) "1:7
#el (mb) 27.1 "0:5 "0:7 "1:0 "0:1 ) "1:4
#el=#inel (%) 36.2 "0:2 "0:7 "0:9 ) "1:1
#el=#tot (%) 26.6 "0:1 "0:4 "0:5 ) "0:6

FIG. 1 (color). Compilation [8,20–24] of the total (#tot), in-
elastic (#inel) and elastic (#el) cross-section measurements: the
TOTEM measurements described in this Letter are highlighted.
The continuous black lines (lower for pp, upper for !pp) repre-
sent the best fits of the total cross-section data by the COMPETE
collaboration [19]. The dashed line results from a fit of the
elastic scattering data. The dash-dotted lines refer to the inelastic
cross section and are obtained as the difference between the
continuous and dashed fits.
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Luminosity-Independent Measurement of the Proton-Proton Total Cross Section at
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s

p ¼ 8 TeV

G. Antchev et al.*

(TOTEM Collaboration)
(Received 30 December 2012; published 3 July 2013)

The TOTEM collaboration has measured the proton-proton total cross section at
ffiffiffi
s

p ¼ 8 TeV using a

luminosity-independent method. In LHC fills with dedicated beam optics, the Roman pots have been

inserted very close to the beam allowing the detection of "90% of the nuclear elastic scattering events.

Simultaneously the inelastic scattering rate has been measured by the T1 and T2 telescopes.

By applying the optical theorem, the total proton-proton cross section of ð101:7$ 2:9Þ mb has been

determined, well in agreement with the extrapolation from lower energies. This method also allows

one to derive the luminosity-independent elastic and inelastic cross sections: !el ¼ ð27:1$ 1:4Þ mb;
!inel ¼ ð74:7$ 1:7Þ mb.

DOI: 10.1103/PhysRevLett.111.012001 PACS numbers: 13.85.Lg

Introduction.—The measurements at the ISR [1–3]
(for proton-proton), at the S !ppS [4] collider, and at the
TEVATRON [5,6] (for proton-antiproton) have provided
a clear evidence of the rise of the total cross section with
energy. The CERN Large Hadron Collider (LHC) with its
energy reach up to 14 TeVand an unprecedented dedicated
forward-detector system operated by the TOTEM collabo-
ration provides the unique opportunity to precisely deter-
mine !tot at various energies and thus the functional form
of the rise with energy.

This Letter presents the first luminosity-independent
measurement of the total proton-proton cross section at
the LHC at a center of mass energy

ffiffiffi
s

p ¼ 8 TeV. The
TOTEM collaboration has already measured the total
proton-proton cross section at

ffiffiffi
s

p ¼ 7 TeV and has dem-
onstrated the reliability of the luminosity-independent
method by comparing several approaches to determine
the total cross sections [7,8]. The method requires the
simultaneous measurements of the inelastic and elastic
rates, as well as the extrapolation of the latter in the
invisible region down to jtj ¼ 0 [see Eq. (3)]. This is
achieved with the TOTEM experimental setup which
consists of two inelastic telescopes T1 and T2 to detect
charged particles produced in inelastic pp collisions, and
Roman pot stations to detect elastically scattered protons
at very small angles.

The telescopes consists of two arms placed symmetri-
cally on both sides of interaction point 5 (IP5): the T1
telescope is based on cathode strip chambers (CSCs)
placed at$9 m and covers the pseudorapidity range 3:1 &
j"j & 4:7; the T2 telescope is based on gas electron

multiplier (GEM) chambers placed at$13:5 m and covers
the pseudorapidity range 5:3 & j"j & 6:5. The pseudora-
pidity coverage of the two telescopes allows the detection
of 95% of the inelastic events, including events with dif-
fractive mass down to 3.6 GeV. As the fraction of events
with all final state particles beyond the instrumented region
has to be estimated using phenomenological models, the
excellent acceptance in TOTEM allows a minimal depen-
dence on such models and thus small uncertainty on the
inelastic rate measurement.
Also, Roman pot (RP) stations are located symmetri-

cally on either side of the IP at distances of 215–220 m
from IP5. Each station is composed of two units separated
by a distance of about 5 m. A unit consists of 3 RPs, two
approaching the outgoing beam vertically and one hori-
zontally. Each RP is equipped with a stack of 10 silicon
strip detectors designed with the specific objective of
reducing the insensitive area at the edge facing the beam
to only a few tens of micrometers. The long lever arm
between the near and the far RP units has two important
advantages: the local track angles in the x and y projections
perpendicular to the beam direction can be reconstructed
with a precision of"10 #rad and a high trigger efficiency
(> 99%) can be achieved as the proton trigger selection
uses all RPs independently. A complete description of the
TOTEM detector layout is given in [9].
Data taking.—The analysis presented in this Letter is

performed on two data samples recorded in July, 2012
during two special LHC fills with $' ¼ 90 m optics.
This special optics is described in detail in [7,10]. It has
been successfully implemented and commissioned at the
new LHC energy of 8 TeV keeping unchanged its main
properties at the Roman pot stations located at 220 m: a
large effective length, Ly, parallel-to-point focusing in the
vertical plane and a very low effective length, Lx in the
horizontal plane. These settings optimize the detection of
elastic events and their separation from diffractive events.
Both data samples consist of events triggered on: (i) one

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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ppnents (partons) of the initial hadron. However the two Pomeron contribution
describes the absorptive correction and has the sign opposite to that of the

one Pomeron exchange. Therefore the t dependence of the whole amplitude
becomes steeper and the slope Bel increases for the case of αP (0) > 1, when

at larger energies the relative size of the two Pomeron cut increases.
Therefore the effective shrinkage of the diffractive cone is described by

the value of α
′eff
P which accounts for both- the growth of the radius of indi-

vidual Pomeron ( α′

P of the ’bare’ Pomeron trajectory) and the decrease of
optical density in the center of the disk (in comparison with the periphery)

because of absorptive effects which provide the radius growth with energy .
So α

′eff
P > α′

P .

3 The increase α
′eff
P with collisions energy

Fig. 1 shows measured values of the elastic t-slope Bel(s) ( NA8-Gatchina-
Cern [2],ISR [4], UA4 [5], CDF [6]) including new TOTEM result [7].

One can see clearly that the value of α
′eff
P does grow with energy. Fitting

the ln s dependence of Bel by the second order polynomial

Bel = B0 + b1 ln(s/s0) + b2 ln
2(s/s0) (4)

we get
b1 = (−.22± .17)GeV −2 and b2 = (.037± .006)GeV −2

with good χ2/NoF = 7.5/5 while fit with the linear function is unac-
ceptable χ2/NoF = 37.8/6. In all fits we use s0 = 1 GeV2. Recall that the

coefficient b2 (and the analogous coefficient c2 in the expression for the total
cross section in sect.4) does not depend on the value of s0. Changing s0 we

only re-define the coefficients B0 and b1 . Moreover at a given beam energy
the value of 2α

′eff
P = dBel/d(ln(s/s0)) is also independent on the scale s0.

Note that in the case of s0 = 1 GeV2 the value of b1 is consistent with zero.

The exclusion of this parameter and the fit with the function

Bel = B0 + b2 ln
2(s/s0) (5)

4

• (High) energy dependence of the diffractive dissociation cross 
sections, the shrinkage of the diffractive cone… ?
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Low    physics

• Higher           lower          increased sensitivity to saturation/BFKL 
effects.

s ) x )

Brief Review of Saturation Physics

⇤

Yuri V. Kovchegov

Department of Physics, The Ohio State University, Columbus, OH 43210, USA

We present a short overview of saturation physics followed by a sum-
mary of the recent progress in our understanding of nonlinear small-x evo-
lution. Topics include McLerran–Venugopalan model, Glauber–Mueller ap-
proximation, nonlinear BK/JIMWLK evolution equations, along with the
running-coupling and NLO corrections to these equations. We conclude
with selected topics in saturation phenomenology.

PACS numbers: 12.38.-t, 12.38.Bx, 12.38.Cy, 12.38.Mh

1. Introduction

Saturation physics is built on an observation that small Bjorken-x part
of the wave function for an ultrarelativistic hadron or nucleus contains an
intrinsic hard scale, the saturation scale Q

s

[1]. This scale characterizes
the typical size of color charge density fluctuations in the small-x wave
functions [2, 3, 4]. The number of partons in the proton or nuclear wave
function grows at small-x, as shown in Fig. 1, leading to a high density of
quarks and gluons inside the proton. This high density leads to large color
charge fluctuations, and, therefore, to a large value of Q

s

.
In fact, a detailed calculation shows that the saturation scale grows as

Q

2
s

⇠ A

1/3
✓
1

x

◆
�

, (1)

where A is the atomic number of the nucleus. The numerical value of the
inverse power of Bjorken-x is approximately � ⇡ 0.2� 0.3. From Eq. (1) we
conclude that at small enough value of x and/or for large enough nucleus

⇤
Based on the lectures presented at the LIV

th

Cracow School of Theoretical Physics

QCD meets experiment in Zakopane, Poland in June 2014 and on the overview talk

given at the QCD Evolution Workshop in Santa Fe, NM in May 2014.
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by the nonlinear evolution. Hence nonlinear small-x evolution is unitary!
Another feature is that the saturation scale, as the characteristic of the
transition into the saturation region, is growing with rapidity: in Fig. 7 we
clearly have Q

s

> Q

s0 with Q

s0 the initial value of the saturation scale. A
more careful analysis leads to Q

2
s

⇠ (1/x)� ⇠ e

�Y scaling of the saturation
scale with decreasing Bjorken x or increasing rapidity, justifying the claim
we made in Eq. (1). The solution of the BK/JIMWLK evolution for the
dipole amplitude has another important property known as the geometric
scaling [28]: the dipole amplitude turns out to be a function of only one
variable, N(x?, Y ) = N(x?Q

s

(Y )), over a broad range of the dipole sizes
x? [1, 21, 23].

We summarize this discussion of the nonlinear small-x evolution with a
map of high-energy QCD in Fig. 8. There we plot the action of the QCD

Geometric
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BFKL

Fig. 8. A map of high-energy QCD.

evolution equations in the (lnQ2
, ln 1/x) plane. The DGLAP evolution

equation, implementing renormalization group flow, evolves PDF toward
large Q

2 with approximately fixed values of x. The linear BFKL evolution
equation evolves the unintegrated gluon distribution (or dipole amplitude)
toward low-x, but eventually stops being applicable due to violation of uni-
tarity. The nonlinear BK/JIMWLK equations take over the BFKL evolu-
tion at low-x preventing the unitarity violation and guiding the system into
the saturation region.

For much more detailed presentations of saturation physics we recom-
mend the review articles [1, 29, 30, 31, 32, 33] along with the book [34].

Y. Kovchegov, arXiv:1410.7722

• eh: DIS (geometric scaling…), photoproduction…
• hh: photoproduction, particle production in heavy ion collisions, jet 
studies (BFKL)….

x

• ee: BFKL effects in          …�(��)
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Central Exclusive Production

XQ?

x2

x1

Seik Senh

p
2

p
1

fg(x2, · · · )

fg(x1, · · · )

Figure 1: The perturbative mechanism for the QCD–induced exclusive process pp ! p +
X + p, with the eikonal and enhanced survival factors shown symbolically. perhaps edit

this...

[pb] µ+µ� e+e�

�EPA 0.795 0.497

S2

� · �EPA 0.751 0.477

S2

soft

· S2

� · �EPA 0.704 0.444

ATLAS 0.628± 0.032± 0.021 0.428± 0.035± 0.018

Table 1: bubbleeerrrrr

2

• Lower gluon           larger    . Caveat: survival factor will be 
significantly smaller at this higher       .
• (Very) first estimate for SM Higgs: 

x ) �
p
s

�FCC/�LHC ⇠ 10

! Potentially huge gain in rate. But relies on gluon PDF and      in 
unprobed regions. Important uncertainties.

• Jet production: expect similar gain in rate, also for non-exclusive 
diffractive jets.

S2
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“Exploratory” physics
• Higher           larger mass reach, for e.g. anomalous coupling studies.
• Light-by-light scattering: study by d’Enterria and Silveira (arXiv:
1602.08088):                  event increase from LHC to FCC (                   ).
• Study of d’Enterria and Telles (arXiv:1510.0814):      observations of 
the                           and                         processes anticipated in ee.
• 750 GeV resonance studies in      fusion (hh/ee).

26

Other processes of interest

12

p p

pp

γ

γ
W

W

W

Figure 9: Diboson production through the two-photon exchange. Intact protons leave the interaction scattered at small angles ! 20mrad.

V. MEASURING THE pp → pWWp PROCESS IN THE STANDARDMODEL

Before discussing the possibility of observing anomalous couplings, we will mention how to discover the SM pWWp process
at the LHC.

A. The pp → pWWp signal

The total cross section of the exclusive process pp → pWWp where the interaction proceeds through the exchange of two
quasi-real photons shown in Figure 9 is 95.6 fb and this value has to be corrected for the survival probability factor 0.9.
The cross section is rather modest in comparison to the inelastic production which is about three orders of magnitude higher

(at
√

s = 14TeV, the NLO W+W− cross section is 111.6 pb, produced via quark-anti-quark annihilation qq̄ → W+W−

(∼ 95%) and also via gluon-gluon fusion gg → W+W− (∼ 5%)). A substantial amount of luminosity has therefore to be
collected to have a significantWW sample. It can only be accumulated when running at high LHC instantaneous luminosities
L = 1033 − 1034 cm−2s−1. Under such running conditions, the two-photon events must be selected with the forward proton
tagging detectors.
TheW boson decays hadronically (∼ 68%) or leptonically (∼ 32%). The hadronic or semi-leptonic decays in which at least

one jet is present could be mimicked by the QCD dijets or non-diffractiveWW production, overlaid with other minimum bias
interactions leading to a proton hit in the forward detectors. For simplicity, we focus on the W decays only into electrons or
muons in the final state. This in turn means that also only the leptonic decays of the τ lepton (∼ 35%) are considered. Semi-
leptonic decays of the W s will be considered in a further study. About ∼ 6% of the total WW cross section is retained for
the analysis. About 1800 events are produced with two leptons in the final states for 30 fb−1, an integrated luminosity which
corresponds approximately to the 3 first years of running. We will see further that taking into account the forward detector
acceptance, and the electron/muon reconstruction efficiencies, the expected number of events drops down to 50 events.

B. Diffractive and γγ dilepton background

The clean two-leptonic signature of the two boson signal process γγ → W+W− → ll̄νν̄ can be mimicked by several
background processes which all have two intact protons in the final state. They are the following:

1. γγ → ll̄ - two-photon dilepton production

2. DPE→ ll̄ - dilepton production through double pomeron exchange

3. DPE→ W+W− → ll̄νν̄ - diboson production through double pomeron exchange

The Double Pomeron Exchange (DPE) production of dileptons and dibosons is described within the factorized Ingelman-
Schlein model where the hard diffractive scattering is interpreted in terms of the colorless pomeron with a partonic structure.
Cross sections are obtained as a convolution of the hard matrix elements with the diffractive parton density functions measured
at HERA [22]. Dileptons in DPE are produced as Drell-Yan pairs, probing the quark structure of the pomerons. The exchange is

• Exclusive              production: sensitive to                         process.
• Detailed study of arXiv:0912.5161: potential to probe anomalous 
gauge couplings.
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is introduced for all quartic couplings a = aW
0 /Λ2, aZ

0 /Λ2, aW
C /Λ2, aZ

C/Λ2. The unitarity condition (22) for couplings
aW
0 /Λ2 = 10−5 and 10−6GeV2 is illustrated in Figure 6. First we see that couplings without the form factors violate uni-
tarity already at TeV energies. On the other hand, employing the form factors as described above justifies the non-violation of
the unitarity of events inside the AFP acceptance (W ! 2TeV) if the resulting limits on neutral couplings a0 are of the order of
10−6GeV−2. For the charged couplings aC the unitarity condition is less strict due to N = 4 in Equations (22) and (23).

B. Anomalous triple gaugeWWγ couplings

In this section, we discuss the implementation of the triple gaugeWWγ couplings (TGC). The TGC have already been quite
well constrained at LEP. The effective Lagrangian involving trilinear boson couplings with a photon will be introduced and used
to study the sensitivities to the coupling parameters in two-photon events. Note that the lowest dimensional triple gauge boson
operator ZZγ is of dimension six, the effect of this coupling in two-photon events will be the subject of a further study. First,
the effective Lagrangians describing the triple gauge couplings are introduced before evaluating the anomalous cross section.

1. Effective triple gauge boson operators

The most general form of an effective Lagrangian LWWγ involving two charged vector bosons W and one neutral vector
boson has only seven terms which have the correct Lorentz structure (see [16, 17] for details). This is because only seven out
of the nine helicity states of theW pair production can be reached with the spin-1 vector boson exchange. The other two states
have bothW spins pointing in the same direction with an overall spin 2.
Further more, only three out of the seven operators preserve the P−, C− and T− discrete symmetries separately. We restrict

ourselves to study this subset of operators. They are the following

L/gWWγ = i(W+
µνWµAν − WµνW+µAν) + iκγW+

µ WνAµν + i
λγ

M2
W

W+
ρµWµ

νAνρ (25)

where the tensor isWµν = ∂µWν − ∂νWµ, gWWγ = e is the trilinear coupling in the SM model whose strength is fixed by the
charge of theW , and κγ and λγ are the anomalous parameters, and their values are 1 and 0 in the SM, respectively. They can be
related to the magnetic µW and electric QW moments of theW+ by

µW =
e

2mW
(1 + ∆κγ + λγ)

QW =
e

m2
W

(∆κγ − λγ) (26)

where∆κγ ≡ κγ − 1 describes the deviation of the parameter from the SM value. (it is straightforward to verify that (25) gives
the SM trilinear Lagrangian (8) for κγ = 1 and λγ = 0. Our convention differs from the one in [16] by a factor of -1).
The current best 95% CL limits on anomalous couplings come from the combined fits of all LEP experiments [18].

−0.098 < ∆κγ < 0.101 − 0.044 < λγ < 0.047 (27)

The CDF collaboration presented the most stringent constraints onWWγ coupling measured at hadron colliders [19]

−0.51 < ∆κγ < 0.51 − 0.12 < λγ < 0.13 (28)

analyzing the Wγ events in parton-parton interactions. Even though the LEP results are more precise than the results from the
hadron collider, there is always a mixture of γ and Z exchanges present in the process e+e− → WW from which the couplings
are extracted. The two-photonWW production at the LHC has the advantage that pureW − γ couplings are tested and no SM
Z exchange is present.

2. Anomalous cross section

The effect of the two anomalous couplings is different. The total cross section is much more sensitive to the anomalous
coupling λγ . As shown in Figure 7, the SM cross section σSM = 95.6 fb is a global minimum with respect to the λγ parameter.
For ∆κγ the minimum also exists but for large negative values which have already been excluded by experiments. The last
term proportional to λγ in (25) does not have a dimensionless coupling. With simple dimensional consideration we see that

• Observation possible with fairly small lumi, and possibility to extend 
limits on anomalous couplings by orders of magnitude.              

W+W� �� ! W+W�

s )
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γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

Fig. 1. Diagram of elastic γ γ → γ γ collisions in ultraperipheral proton and/or ion inter-
actions. The initial-state photons are emitted coherently by the protons and/or nuclei,
which survive the electromagnetic interaction.

photons from microwave waveguides/cavities [10] or high-power lasers [11], as well
as at photon colliders [2] where energetic γ beams can be obtained by Compton-
backscattering laser-light off e+e− beams. In [12] we demonstrated that one can
detect elastic γ γ scattering using the large (quasi)real photon fluxes of the protons
and ions accelerated at TeV energies at the CERN Large Hadron Collider (LHC).
In this work, we summarize the results of [12] and extend the study for the energies
of the Future Circular Collider (FCC), a new facility proposed for BSM searches
in a new 80–100 km tunnel to be constructed at CERN [13].

2. Theoretical setup

All charges accelerated at high energies generate electromagnetic fields which,
in the equivalent photon approximation (EPA) [14], can be considered as γ beams
of virtuality −Q2 < 1/R2, where R is the radius of the charge, i.e.Q2 ≈ 0.08 GeV2

for protons (R ≈ 0.7 fm), and Q2 < 4·10−3 GeV2 for nuclei (RA ≈ 1.2A1/3 fm, for
mass number A > 16). The photon spectra have a typical E−1

γ power-law fall-off
up to energies of the order of ωmax ≈ γ/R, where γ is the Lorentz relativistic
factor of the proton or ion. Although the γ spectrum is harder for smaller charges
–which favours proton over nuclear beams in the production of heavy diphoton
systems– each photon flux scales with the squared charge of the beam, Z2, and
thus γ γ luminosities are extremely enhanced, up to Z4 = 5·107 in the case of Pb-
Pb, for ion beams. Table 1 summarizes the relevant parameters for ultraperipheral
p-p, p-Pb, and Pb-Pb collisions at the LHC and FCC. Two-photon center-of-mass
(c.m.) energies at the FCC will reach for the first time the multi-TeV range.

Photon-photon collisions in “ultraperipheral” collisions (UPCs) of proton [15]
and lead (Pb) beams [16] have been experimentally measured at the LHC [17, 18,
19]. The UPC final-state signature in this work is the exclusive production of two

photons, AB
γ γ−−→ A γ γ B, with the diphoton final-state measured in the central

detector, and the hadrons A,B = p,Pb surviving the electromagnetic interaction
scattered at very low angles with respect to the beam. The very same final-state
can be mediated by the strong interaction through a quark-loop in the exchange
of two gluons in a colour-singlet state, AB

g g−→ A γ γ B [20]. Such “central exclu-
sive production” (CEP), observed in pp̄ at Tevatron [21] and searched for at the

O(5� 35) pp� PbPb

�� ! H ! bb �� ! W+W�
5�

��
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Summary and outlook

• FCC Forward physics working group:

‣ Explore full physics potential of FCCs for forward physics and 
diffractive measurements in ee, hh and eh modes.
‣ Motivate additional detectors/IPs: very forward detectors for low     
and roman pots to detect intact protons.

• The higher energy and the possibility for ee and eh (as well as hh) 
collisions offered by the FCCs provides a very strong physics case.
• While some studies performed, still a lot of concrete work to be done.

• Contributions strongly encouraged!

• Aim to provide contribution to FCC design study outlining physics 
case and presenting necessary detectors/running scenarios.


