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The Future Circular Collider (FCC) is a post-LHC project aiming at searches for physics beyond
the SM in a new 80–100 km tunnel at CERN. Running in its first phase as a very-high-luminosity
electron-positron collider (FCC-ee), it will provide unique possibilities for indirect searches of
new phenomena through high-precision tests of the SM. In addition, by collecting tens of ab−1

integrated luminosity in the range of cente-of-mass energies
√

s =90–350 GeV, the FCC-ee also
offers unique physics opportunities for precise measurements of QCD phenomena and of photon-
photon collisions through, literally, billions of hadronic final states as well as unprecedented large
fluxes of quasireal γ’s radiated from the e+e− beams. We succinctly summarize the FCC-ee
perspectives for high-precision extractions of the QCD coupling, for studies targeting QCD dy-
namics, and for SM and BSM studies through γ γ collisions.
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QCD and γ γ Studies at FCC-ee Peter Skands

1. Introduction

Electron-positron collisions at the FCC-ee not only provide unparalleled opportunities for elec-
troweak and beyond standard model (BSM) physics [1], but also offer a vast landscape of possibili-
ties for precise measurements of QCD phenomena and of photon-initiated processes. Beyond their
intrinsic value, such measurements will also leave an important legacy for any subsequent hadron
collider, much as that from LEP and other e+e− colliders provided crucial benchmark constraints
e.g. on the Monte Carlo parton radiation/fragmentation models used at the LHC. The FCC-ee work-
ing group WG51 aims at quantitatively exploring all such potentialities, with a view to informing a
CERN Yellow Report on FCC-ee physics in 2017. Briefly summarized, these are the WG5 physics
goals:

1. Determine the best achievable experimental and theoretical precision on the extraction of the
QCD coupling αs [2, 3].

2. Exploit the unique high-precision QCD physics opportunities in the clean e+e− environment,
with a view to improving future studies at pp colliders, including studies of QCD multijets, jet
substructure, quark-gluon discrimination, q,g,c,b,(t) parton-to-hadron fragmentations, colour
reconnections, multiparticle correlations, and rare hadron production and decays.

3. Assess photon-photon (γ γ) physics possibilities for SM and BSM studies.

4. Set goals for subdetector performance (including forward e± taggers for γ γ physics, particle
identification for hadronization studies, jet resolution requirements for precision QCD, etc.)
and experimental conditions so that systematic uncertainties are of similar magnitude as
statistical uncertainties.

5. Define experimental/phenomenological software needs to enable the measurements and pre-
cision interpretations.

6. Help evaluating the QCD impact on the rest of the FCC-ee physics program. In particular,
establish background event generators for QCD and γ γ processes.

With the exception of αs determinations, the target studies are only just beginning, hence the
points below are intended mainly as exhortations, highlighting some of the exciting possibilities.
To set the stage, Table 1 lists the expected event numbers per year and interaction point (IP), for
Z, W W, Z H, and tt at the FCC-ee (compared with ILC [4] and LEP in the bottom panel). In ad-
dition to accessing the previously unreachable Z H and tt̄ thresholds, both ILC and FCC-ee clearly
offer vastly increased statistics with respect to LEP, not only for Z but, in particular, the available
samples of W W events will increase from about 11 000 (per IP) integrated over the full LEP2 run-
ning period to tens of millions, enabling truly high-statistics e+e− →W+W− measurements for
the first time. This will be a highly fruitful testing ground, e.g. for colour reconnection studies
(likewise for tt̄ events), see e.g. [5], and for precision W-based extractions of αs, competitive with
the determinations at the Z pole.

1Participation in FCC-ee WG5 is open to anyone interested in studies of QCD and/or γ γ physics via the main
FCC-ee site: http://CERN.ch/FCC-ee (join us, subscribe).
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(2) Photon-photon physics at FCC-e(2) Photon-photon physics at FCC-e++ee--

■ Electromagnetic field of high-energy charge = equivalent photon flux.
    Weizsäcker-Williams (EPA) spectrum for e± beam:

■ Two-photon collisions provide complementary QCD, EW, Higgs, BSM
    physics opportunities, although with reduced lumis & energies:

• ℒgg(Wgg>0.1·E
e
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Figure 4: The corrected distribution of the emission angle ✓14 of the soft fourth jet in comparison
with the predictions of a) HERWIG++ and b) PYTHIA 8 and VINCIA. The thin solid lines correspond
to HERWIG++ with angular-ordering (q̃2), the thick solid lines to the dipole shower of HERWIG++
with ordering in p2

?dip, and the dash-dotted lines to ordering in q2
dip. VINCIA with ordering in p2

?ant

is shown with medium solid lines, ordering in m2
ant with dashed lines, and PYTHIA 8 is shown with

dotted lines. The error bars limited by the horizontal lines indicate the statistical uncertainties, while
the total uncertainties correspond to the full error bars. The ratio plots show the deviation of the
predictions from the data in units of the total uncertainty.

6.2 Difference in opening angles: ✓⇤

In Figs. 6 a) and b) we show the normalized distribution of the difference in opening angles between
the third and the fourth jet with respect to the second jet, ✓⇤ = ✓24 � ✓23. All models are seen to
provide an adequate description of the data, with the exception of the region around ✓⇤ ⇡ 0.07⇡
(second bin of Figs. 6 a) and b)), where the models predict somewhat fewer events than are observed.
The largest discrepancy in this region arises from the HERWIG++ q2

dip model.

We show the asymmetry as a function of the dividing point ✓⇤0 in the Figs. 6 c) and d). The largest
discriminating power is found for ✓0⇤ = 0.16⇡, where the q2

dip-ordered dipole shower of HERWIG++
generates a deviation of almost four standard deviations with respect to the data. The number of
events with large differences in the opening angles of the third and fourth jets is overestimated by
this non-coherent shower model. The p2

?dip-ordered HERWIG++ shower, based on the same shower
kernels, but respecting coherence due to the choice of evolution variable, gives a better description of
the asymmetry. This emphasizes the need for coherence in order to describe the data properly.
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OVERVIEW 
Future electron-positron machines provide a rich testing ground not 
only for precision EW and BSM physics, but also offer important and 
unique physics opportunities through large numbers of photon-photon 
collisions and literally billions of hadronic final states. The FCC-ee 
working group WG5 joins people who want to explore the potential, 
with a view to informing a CERN Yellow Report on FCC-ee physics in 
2017. Participation is open to anyone interested in studies of QCD 
and/or photon-photon physics at future ee colliders.  
To join or subscribe: fcc-ee-qcd@cern.ch 

WORKSHOPS 
A yearly workshop is organised to review the current state of the art, 
report on studies, and discuss potentials for new measurements. 
Registration and contributions are welcomed. 
• 2016: Nov 21-22 (CERN): Workshop on Jet Physics and 

Fragmentation from LHC to FCC-ee. (Registration soon on Indico.) 
• 2015: Oct 12-13 (CERN): Workshop on high-precision alphaS 

measurements from LHC to FCC-ee. Proceedings: 1512.05194.

Peter Skands & David d’Enterria 
FCC-ee WG5 Convenors
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PHYSICS GOALS 
1. Determine best achievable EXP & TH precision on αs: Z,W,t 

hadronic decays, widths, jet rates, event shapes,... 
2. Assess (B)SM photon-photon physics possibilities: Higgs, 

anomal. quartic gauge couplings, anomal. top,t e.m. moments,... 
3. Exploit unique high-precision QCD physics opportunities in 

e+e (with a view to informing future pp colliders): Multi-jets, jet 
substructure, Q/G discrimination, parton-to-hadron fragmentation 
(q,g,c,b,(t)), colour (re)connections, constraints on anno-2030 
MC models of QCD & EW phenomena, … 

4. Set goals for sub-detector performance (including fwd e± 
taggers for γγ physics, particle identification for fragmentation 
studies, jet resolution requirements for precision QCD, …) and 
experimental-conditions so that syst. ~ stat. uncertainties. 

5. Define experimental/phenomenological software needs to 
enable the measurements and precision interpretations. 

6. Help evaluating QCD impact on rest of FCC measurements. 
Establish background event generators for QCD & γγ processes.
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LOTS OF TOPICS FOR STUDY ACROSS ALL PHYSICS GOALS 
ONLY A SMALL SELECTION / FEW EXAMPLES SHOWN HERE
The only free parameter in (massless) QCD. 
Least well known of all interaction couplings: 

Impacts all pp cross sections, coloured 
BSM, GUTs (running), vacuum stability, …  
High-precision ee determinations from 
event shapes, jets, and hadronic Z & W 
decays (R ratio) → expect FCC-ee δαs < 0.3%

�↵ ⇠ 10�10 ⌧ �GF ⇠ 10�7 ⌧ �GN ⇠ 10�5 ⌧ �↵s ⇠ 10�3

+ Higgs known  
→ can do SM fit for αs 

Large numbers of multi-jet events (with good detector resolution) allow 
sensitive studies of coherence effects: multiple soft (but perturbative) 
emissions. + Observables targeting details of quark & gluon jet 
(sub)structure, going beyond the LL level. + Non-perturbative colour 
(re)connection effects → precision jet structure

(based on 400k Z→hadrons)

OPAL 2015

EPJC 75(2015)571 

The region of multiple hard resolved jets occupies a small fraction of 
the total phase space in hadronic Z decays. With “only” 1M events in 
total, measurements at LEP had large (> 10%) uncertainties. This 
interesting corner of phase space can be fully explored at an FCC-ee.

Eγ/Ee

Higgs: γγ → H ⇒ 100 H/ab-1

Can also produce ττ, WW, γγ10/16FCC-ee Physics Workshop, CERN June 2014                                                           David d'Enterria (CERN)

(2) Photon-photon physics at FCC-e(2) Photon-photon physics at FCC-e++ee--

■ Electromagnetic field of high-energy charge = equivalent photon flux.
    Weizsäcker-Williams (EPA) spectrum for e± beam:

■ Two-photon collisions provide complementary QCD, EW, Higgs, BSM
    physics opportunities, although with reduced lumis & energies:

• ℒgg(Wgg>0.1·E
e
) ~ 10-2 ℒ

e+e-

• ℒgg(Wgg>0.5·E
e
) ~ 0.4·10-3 ℒ
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Soft bremsstrahlung γ spectrum

==

(Main reason for Compton-backscattered

 laser-photons at PLC: Eg~E
e
, ℒgg ~ 0.8·ℒ

e+e-
)

QCD: σ(γγ → hadrons) ~ ln(s)      
vs 1/s for ee→ hadrons 
⇒ γγ rate higher at high s  
(even with 102-103 L penalty) 
Direct + VMD + “hadron”-induced 
+ access to BFKL dynamics? (t-channel)
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Figure 23: Comparison to ALEPH jet resolution measurements [62] (black points) at the Z pole. VIN-
CIA is shown in thin blue lines, with shaded light-blue bands representing the perturbative uncertainty
estimate. The middle pane on each plot illustrates the relative composition of the VINCIA uncertainty
band. For comparison, the PYTHIA8 result is shown with a thick red line with open circles. The
yellow bands in the bottom panels represent the experimental uncertainties on the measurement.

55

LEP 2: 4 jets 
@ 200 GeV

Durham kT Jet resolution scale

LEP: 5 Jets

(ECM scaling)Hard Perturbative Region (kT≥5GeV)

LEP: 6 Jets

Jet 1
Jet 2

Jet 3
Soft Jet

Example:

Need high stats for multijets

✓14

+ NnLL : 1→3, … , 1→n shower splittings

Non-perturbative: coherent string/hadron formation & string interactions

Perturbative: QCD coherence for multipoles

High-Precision QCD Multijets 

Coherence studies (& jet substructure); Colour (re)connections 

High-Precision αs Determinations

Photon-Photon Physics Opportunities (QCD, BSM, & EW)

Bremsstrahlung 
spectrum

�
�
!

H

�
�
!

W
+
W

�

Figure 1: Top: Target luminosities, events/year, and years needed to complete the W, Z, H and top programs
at FCC-ee. [L = 1035 cm−2 s−1 corresponds to Lint = 1 ab−1/yr for 1 yr = 107 s] [6]. Bottom: Expected
number of events/year, per interaction point, at the FCC-ee compared with ILC(Giga-Z) and LEP.

2. High-precision αs determination

The combination of numerous high-precision hadronic observables will lead to an αs deter-
mination with permille uncertainty at the FCC-ee as discussed in [2, 3]. First, the huge statis-
tics of hadronic τ , W, and Z decays, studied with state-of-the-art perturbative calculations, will
provide αs extractions with very small uncertainties: < 1% from τ , and <0.2% from W and Z
bosons. Fig. 2 left shows the expected result from the ratio of W hadronic/leptonic decays (RW)
alone [7]. In addition, the availability of millions of jets (billions at the Z pole) measured over
a wide

√
s ≈ 90–350 GeV range, with light-quark/gluon/heavy-quark discrimination and reduced

hadronization uncertainties (whose impact decreases roughly as 1/
√

s), will provide αs extractions
with <1% precision from various independent observables: hard and soft fragmentation functions,
jet rates, and event shapes. Last but not least, γ γ → hadrons collisions will allow for an accurate
extraction of the QCD photon structure function (Fγ

2 ) and thereby of αs.

3. High-Precision QCD studies

The extremely large event numbers for hadronic Z decays also make it possible to conceive
very precise measurements of multijets (potentially applying aggressive cuts to probe topologies of
specific interest, such as “hedgehogs” sensitive to multi-partonic coherence effects [9]), gluon- and
b-jet fragmentation (including g→ bb̄ splittings), and colour-reconnection effects inside Z decays.
Importantly, good particle-identification capabilities would open up a whole world of detailed mea-
surements to constrain the nature of hadronization, shining light on the confinement mechanism in
QCD, and its dependence on quark and hadron masses and quantum numbers, with better statis-
tics and reduced systematics compared with equivalent measurements from earlier e+e− colliders.
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Figure 2: Left: Extraction of αs from the hadronic/leptonic W decay ratio (RW) expected at the FCC-ee [7].
Right: Effective two-photon luminosities as a function of γ γ CM energy at FCC-ee, ILC, and pp at the LHC,
for their nominal beam luminosities (vertical lines show γ γ → H,W+W− production thresholds) [8].

This includes not only single-particle spectra and multiplicities, but also measurements of Bose-
Einstein, Fermi-Dirac, rapidity, spin, and flavour correlations. Proof-of-concept phenomenology
studies are needed in all these areas. Searches can also be undertaken for the production of very
rare hadrons which require the “coalescence” of multiple perturbatively created quarks, such as
double- or triple-(c,b) baryons, in addition to the more traditionally studied onia states, the latter
of which can be created from a single g→ QQ̄ splitting followed by colour reconnection.

Especially for jet rates and jet substructure measurements, it will be crucial to establish how
the improvements in detector resolution, in conjunction with modern analysis techniques, will im-
pact the achievable systematic uncertainties. For a representative value of Durham kT ∼ 4.8 GeV
(large enough to effectively suppress hadronization corrections but small enough to allow signifi-
cant event numbers), already the LEP statistics of order 1M hadronic Z decay events yield a statis-
tical precision on the total jet rates below the 1% level for up to 6 jets, see Table 1.

NJ 3 4 5 6
≥ NJ (incl) 640k 240k 60k 10k

NJ (excl) 400k 180k 50k

Table 1: Number of NJ-jet events per 1M hadronic Z decays, for ln(ycut) = ln(k2
T/E2

CM) =−5.9.

However, the systematic uncertainties at LEP were roughly an order of magnitude larger, with
the existing measurements typically exhibiting a 10% or larger total uncertainty [10]. This is al-
ready now becoming insufficient to discriminate between the current state-of-the-art calculations
and MC models [11], let alone those that will be around a few decades from now. Better calorimet-
ric resolutions and use of more advanced analysis techniques, such as particle flow, are expected
to make it possible to reduce these errors substantially. The larger statistics will allow probing
higher kT values as well as placing cuts to focus on specific topologies within these samples, and
measure e.g. substructure- or coherence-sensitive observables with high precision, revealing details
of quark & gluon jet (sub)structure beyond the (N)LL level and the patterns in which multiple soft
(but perturbative) gluons are emitted from a system of N hard partons.
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4. Photon-photon physics

Photon-fusion processes can also be studied exploiting the large flux of quasireal photons ra-
diated from the e+e− beams, theoretically described using the effective photon approximation. The
γ γ kinematics can be constrained measuring the scattered e± with near-beam detectors, while the
produced system is reconstructed from its decay products in the central detector. For γ γ collisions,
the available e± beam luminosity is reduced but nonetheless still substantial (Fig. 2, right). The γ γ

luminosity with more than 10% (50%) of the full CM energy is estimated to be about 1% (0.04%)
of the e+e− one, allowing for precise studies of hadronic, W W, γ γ , and ττ final states, as well
as about 100 γ γ → H events per ab−1 [8]. In the QCD sector, since σ(γ γ → hadrons) ∝ 1/s, at
high

√
s the rate of γ γ-induced hadronic events can actually be higher than the latter despite the

factor 102–103 luminosity penalty, and the t-channel nature of the process may open an interesting
window on BFKL-type ladders. In the electroweak sector, the measurement of γ γ→WW→ 4 jets
will yield more than 600 final counts which will allow for detailed studies of the trilinear W Wγ

and quartic W W γ γ couplings, either in the SM or assuming new physics scenarios in terms of
dimension-6 and 8 effective operators [8].

Acknowledgments: PS is the recipient of an Australian Research Council Future Fellowship,
FT130100744: “Virtual Colliders: high-accuracy models for high energy physics”.
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