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FCC: European Strategy

3 
Future Circular Collider Study 
Michael Benedikt 
CERN, 26th May 2014 

• with emphasis on proton-proton and electron-positron 
high-energy frontier machines.  

• These design studies should be coupled to a vigorous 
accelerator R&D programme, including high-field 
magnets and high-gradient accelerating structures,  

• in collaboration with national institutes, laboratories 
and universities worldwide. 
 

• http://cds.cern.ch/record/1567258/files/esc-e-106.pdf 

….“to  propose an ambitious post-LHC accelerator project 
at CERN by the time of the next Strategy update”: 
d) CERN should undertake design studies for     

accelerator projects in a global context,  

Summary: European Strategy Update 2013 
Design studies and R&D at the energy frontier 

[M. Benedikt, FCC Study, June 2014]
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FCC-ee : Parameters

6 
Future Circular Collider Study 
Michael Benedikt 
CERN, 26th May 2014 

                 Lepton collider FCC-ee parameters 

• Design choice: max. synchrotron radiation power set to 50 MW/beam 
• Defines the max. beam current at each energy. 
• 4 Physics working points  
• Optimization at each energy (bunch number & current, emittance, etc). 

 

• For H and ttbar working points the beam lifetime of ~few minutes is dominated 
by Beamstrahlung (momentum acceptance of 2%). 

Parameter Z WW H ttbar LEP2 
E/beam (GeV) 45 80 120 175 104 
I (mA) 1450 152 30 6.6 3 
Bunches/beam 16700 4490 170 160 4 
Bunch popul. [1011] 1.8 0.7 3.7 0.86 4.2 
L (1034 cm-2s-1) 28.0 12.0 4.5 1.2 0.012 

[M. Benedikt, FCC Study, June 2014]

Status of    Physics Studies 

Higgs is one of the four pillars: 
Tera-Z, Oku-W, Mega-H, Mega-t  

John Ellis 

M = 246.0 ± 0.8  GeV,  ε  =  0.0000+0.0015
-0.0010  

•   

[J. Ellis]

+ millions of W and 
b jets from top
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Circular vs Linear
Projected e+e- Colliders: 
Luminosity vs Energy 

TLEP physics study group: arXiv:1308.6176 

[J. Ellis, FCC Study, June 2014]

Status of    Physics Studies 

Higgs is one of the four pillars: 
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John Ellis 
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WG5 Mandate

3/18FCC Kickoff Meeting, Geneva, Feb. 2014                                                               David d'Enterria (CERN)

WG5 mandate: Physics objectivesWG5 mandate: Physics objectives

■ Determine best achievable EXP & TH precision on a
s 
measurement

   via: Z,W,t hadronic decays widths, jet rates, event shapes, ....

■ Explore other competitive QCD physics opportunities opened in e+e-.

■ Evaluate photon-photon physics possibilities via EPA fluxes: Higgs,

   anomalous quartic gauge couplings, anomalous top,t e.m. moments,...

■ Set goals for sub-detector performance (including forward e± taggers for 

   gg physics) and experimental-conditions so that syst.~stat. Uncertainties

   for the measurements

■ Define experimental/phenomenological software needs to make possible 

   these measurements and their interpretation with the required precision.

■ Help evaluating the QCD impact on rest of FCC measurements.

   Provide design study for “background” event generators for QCD              

   and γγ processes.

[D. d’Enterria, FCC Kickoff, Feb 2014]
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6 Physics Subgroups 

6

FCC-ee WG5 : Structure

QCD-1: strong coupling: phenomenology and measurements 

QCD-2: Multi-jets and parton radiation 

QCD-3: Parton-to-hadron (g, q, heavy-Q) fragmentation 

!
GammaGamma-1: QCD measurements (sigma_tot,VV,gamma PDF, 
gamma FF,...) + FCC-ee backgds 

GammaGamma-2: Electroweak measurements (dileptons, WW, H,…) 

GammaGamma-3: BSM measurements (dilaton, radion,...)

Lots of scope for activities 
Many subgroups still need more (EXP+TH) conveners! 

!
(+ for all: define DETECTOR requirements!)
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QCD is not “new” physics 

Many studies we will propose are “old” 
E.g., presentations today include alphaS measurement, 
fragmentation, tetra-quarks, odderons, …  

The context of this WG is: 

What is special about FCC-ee? What can we do here, that 
we couldn't do earlier?  

Why should anyone outside our community care?  

What will be required of the machine/detectors? 

Emphasize in what way (if any), what is being presented / 
what can be done, is not just 'turning the crank'  

FCC-ee won’t be built to study QCD, but we can add to 
the physics case, highlighting the exciting questions it can 
address + we may have special requirements (e.g., PID).

7

Exhortation
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Timescales

18/18FCC Kickoff Meeting, Geneva, Feb. 2014                                                               David d'Enterria (CERN)

WG5 mandate: Timescales & deliverablesWG5 mandate: Timescales & deliverables

■ “Exploration” phase (Feb'14 – March'15): Identify all possible options

    and potential studies, including requirements and constraints.

    ☛ Deliverable: Interim written report for review milestone workshop

■ “Analysis” phase (March'15 – Sept'16): Detailed studies of the 

    identified baselines.

    ☛ Deliverable: Interim written report for review milestone workshop

■ “Elaboration” phase (Sept'16 – Dec'17): Delivery of all information

    required for the final Conceptual Design Report (CDR) of the study.

☛ Final Yellow Report (early 2018) to be included into the FCC CDR.

  JOIN THE QCD & PHOTON-PHOTON WG5 ACTIVITIES !

[D. d’Enterria, FCC Kickoff, Feb 2014]



QCD Multi-jets, parton radiation 
& Parton-to-hadron fragmentation

P e t e r  S k a n d s  ( C E R N )  J u n e  3 ,  2 0 1 4 ,  C E R N   
Q C D  &  γ γ  p h y s i c s :  W G 5  p r e p a r a t i o n  m e e t i n g  f o r  t h e  J u n e  F C C ( e e )  w o r k s h o p  
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Event Structure is dominated by QCD  
More than just a perturbative expansion in αs 

Emergent phenomena: 

Jets (the QCD fractal) ⟷ amplitude structures 
⟷ fundamental quantum field theory. 
Precision jet (structure) studies. 

Strings (strong gluon fields) ⟷ quantum-classical 
correspondence. String physics. Dynamics of 
hadronization phase transition. 

Hadrons ⟷ Spectroscopy (incl excited and exotic 

states), lattice QCD, (rare) decays, mixing, light 
nuclei. Photon beams ⟷ γγ physics.

10

QCD at FCC-ee
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Fundamental Constants of Nature

GN = 6.6738(8) ⇥ 10�11 m3

kg s2

uncertainty : 0.01%

↵ = 7.297 352 5698(24)⇥ 10�3

uncertainty : 0.32 ppb

GF /(~c)3 = 1.166 378 7(6) ⇥ 10�5 GeV�2

uncertainty : 0.5 ppm

↵s(MZ) = 0.1184(7)

uncertainty : 0.6%

sin2 ✓̂(MZ)
MS = 0.23116(12)

uncertainty : 0.05%
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8/18FCC Kickoff Meeting, Geneva, Feb. 2014                                                               David d'Enterria (CERN)

Color reconnection, mColor reconnection, m
toptop

 & universe stability & universe stability

If m
top

(pole)>171.2 GeV:

the universe is in a meta-stable state

(it will decay to true vacuum eventually)

■  Running of the Higgs self-coupling with energy:

If m
H
 too large: l Æ non perturbative

If m
top

 too large: l Æ negative  

[Strumia, Moriond EWK'13]

CMS average: 

m
top

 = 173.49 ± 0.36 ± 0.91 GeV

■  FCC-160: WW hadronic decays will reduce this uncertainty

±0.45 GeV
(color reconnection)

mt  
“Decides the 
fate of the 
Universe”

[Strumia, Moriond EWK’13]
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LEP/SLD (and other previous ee machines)  
→ typically 5%-20% precision on QCD modelling constraints 
(Fine for LO+LL models of the 90‘ies)  

But think in context of physics models 20 years from now! 
Precise measurements really only up to 4 jets 

Almost impossible to really access QCD fractal; subleading 
effects 

LHC (and SPS, RHIC, Tevatron, …)  
Fragmentation constraints not comparable to LEP/SLD 

Complicated by additional issues in pp (eg UE), less clean 
(Interesting physics overlaps with collective effects in heavy-ion) 

Huge phase space for jets.  
Will access QCD fractal. But complicated interplay with ISR & UE 
E.g., subleading colour may be impossible to isolate

12

QCD Fragmentation: Existing Constraints
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Jets: Some Examples
Higher stats 

Better detectors 

Higher Q2
Aim should be: do 10 - 100 times better than LEP/SLD
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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.
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Hard Perturbative Region (kT≥5GeV)

LEP: difficult to do high-precision 
studies with 5 or more jets 
(even 4 severely limited)

y34 at  
206 GeV

Difficult to use for high-precision (< 10% i.e., beyond LO+LL) differential studies

10-50% 25-50%

Durham 
Jet 

resolution 
scale

y56
y45 (Ecm scaling)
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Figure 7: Upper Left: normalized distribution of the angular observable ✓
14

. Other plots: ratios of
different regions with respect to the definition of the region, cf Tab. 3. The solid curves refer to
the HERWIG++ showers, the angular-ordered default shower in blue, the p2?dip

-ordered in green and
the q2

dip

-ordered dipole shower in red respectively. The dashed lines refer to the VINCIA shower with
m2

ant

-ordering in violet and p2?ant

-ordering in pink and to the PYTHIA 8 shower in teal. The ratio plots
show the deviation of the showers with respect to the HERWIG++ angular-ordered default shower. The
vertical error bars indicate the expected 1� statistical error with 5 · 105 hadronic Z decays.
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Perturbative:  
 QCD coherence for multipoles 
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Beyond Leading Log & Leading Colour

Jet 1
Jet 2

Jet 3

Soft Jet

Example: Fischer, Gieseke, Platzer, PS !
Eur.Phys.J. C74 (2014) 2831 0
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14

. Other plots: ratios of
different regions with respect to the definition of the region, cf Tab. 3. The solid curves refer to
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-ordered in green and
the q2
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+ NnLL : 1→3, … , 1→n shower splittings
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Example:

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

Fischer, Gieseke, Platzer, PS !
Eur.Phys.J. C74 (2014) 2831 0
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Figure 7: Upper Left: normalized distribution of the angular observable ✓
14

. Other plots: ratios of
different regions with respect to the definition of the region, cf Tab. 3. The solid curves refer to
the HERWIG++ showers, the angular-ordered default shower in blue, the p2?dip

-ordered in green and
the q2

dip

-ordered dipole shower in red respectively. The dashed lines refer to the VINCIA shower with
m2

ant

-ordering in violet and p2?ant

-ordering in pink and to the PYTHIA 8 shower in teal. The ratio plots
show the deviation of the showers with respect to the HERWIG++ angular-ordered default shower. The
vertical error bars indicate the expected 1� statistical error with 5 · 105 hadronic Z decays.
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the HERWIG++ showers, the angular-ordered default shower in blue, the p2?dip

-ordered in green and
the q2

dip

-ordered dipole shower in red respectively. The dashed lines refer to the VINCIA shower with
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show the deviation of the showers with respect to the HERWIG++ angular-ordered default shower. The
vertical error bars indicate the expected 1� statistical error with 5 · 105 hadronic Z decays.
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show the deviation of the showers with respect to the HERWIG++ angular-ordered default shower. The
vertical error bars indicate the expected 1� statistical error with 5 · 105 hadronic Z decays.
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Figure 11: The inclusive D

⇤ spectrum in hadronic Z decays [37]. Left: Monash 2013 tune compared
with default PYTHIA 8 and the Fischer tune. Right: comparison with HERWIG (dashed) and SHERPA
(dotted), from MCPLOTS [38]. Note that the plot in the left-hand pane is normalized to unity, while
the one in the right-hand pane is normalized to the number of hadronic Z decays.

unable to obtain further improvements. As a point of speculation, we note that the distribution of the
number of partons before hadronization is also quite wide in PYTHIA, and this may be playing a role
in effectively setting a lower limit on the width that can be achieved for the hadron-level distribution.

Comparisons to L3 event shapes in b-tagged events are collected in appendix B.1 (the left column
of plots contains light-flavour tagged event shapes, the right column b-tagged ones). In particular, the
Monash tune gives a significant improvement in the soft region of the jet-broadening parameters in
b-tagged events, while no significant changes are observed for the other event shapes. These small
improvements are presumably a direct consequence of the softening of the b fragmentation function;
it is now less likely to find an isolated ultra-hard B hadron.

We round off the discussion of heavy-quark fragmentation by noting that a similarly comprehen-
sive study of charm-quark fragmentation would be desirable. However, charm-quark tagged multi-
plicity and event-shape data is not available to our knowledge, and most of the D meson spectra on
HEPDATA concern only specific decay chains (hence depend on the decay modeling), and/or are lim-
ited to restricted fiducial regions (limiting their generality). Experimentally, the cleanest measurement
is obtained from D

⇤ decays, and an inclusive momentum spectrum for D⇤ mesons has been measured
by ALEPH [37]. From this distribution, shown in fig. 11, we determine a value for r

c

of:

StringZ:rFactC = 1.32

We note that the low-x part of the D

⇤ spectrum originates from g ! cc̄ shower splittings, while
the high-x tail represents prompt D⇤ production from leading charm in Z ! cc̄ (see [37] for a nice
figure illustrating this). The intermediate range contains a large component of feed-down from b ! c

decays, hence this distribution is also indirectly sensitive to the b-quark sector. The previous default
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Figure 5: Identified-meson and -baryon rates from hadronic Z decays at
p
s = 91.2GeV, expressed

as fractions of the average charged-particle multiplicity.

StringFlav:mesonUDvector = 0.5
StringFlav:mesonSvector = 0.55
StringFlav:etaSup = 0.60
StringFlav:etaPrimeSup = 0.12

# Baryon Sector
StringFlav:probQQtoQ = 0.081
StringFlav:probSQtoQQ = 0.915
StringFlav:probQQ1toQQ0 = 0.0275
StringFlav:suppressLeadingB = off
StringFlav:popcornSpair = 0.9
StringFlav:popcornSmeson = 0.5

Since strange-particle and baryon spectra at the LHC exhibit interesting differences with respect
to existing models (see below), we paid particular attention to first obtaining a good description of
these sectors in e

+

e

� collisions. Specifically, we have increased the overall amount of strangeness
by about 10%, while decreasing the rate of vector mesons by a similar amount5 (these two effects
largely cancel for K⇤). This improves the total K±, ⇢0, !, ⇤, ⌅⇤, and ⌦ yields on our combined LEP
estimates discussed above. The price is that we now overshoot the measured rate of ⌅± baryons by
10%. The resulting identified-meson and -baryon rates, expressed as fractions of the average charged-
particle multiplicity are plotted in fig. 5. Note that the last four bins of the meson plot and the third
and fourth bins of the baryon plot are not hni / hn

Ch

i fractions, but rather the K

⇤
/K, �/K⇤, �/K,

�/⇡, ⇤/p and ⇤/K ratios, respectively. Note also that the section on energy scaling below includes a
comparison to the average Kaon and Lambda rates as a function of ee CM energy (fig. 22).

To provide further information on identified particles, we include a limited comparison to momen-
5For reference, the current default value of ProbStoUD is 0.19 while ours is 0.217. The increased value also improves

the agreement with the Ds and Bs rates, see section 2.3. The default values of mesonUDvector and mesonSvector
are 0.62 and 0.725 respectively, while ours are 0.5 and 0.55.
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Figure 8: Momentum (x
B

) spectra of weakly decaying B hadrons, compared to data from DEL-
PHI [35] (left) and SLD [36] (right)

of the mass value. The net result is a suppression of the region z ! 1, hence a relative softening of
the fragmentation spectrum for heavy flavours (relative since the presence of m2

? in the exponent of
eq. (2) still implies an overall harder fragmentation for higher hadron masses.)

We emphasize that this is the only fragmentation function that is consistent with a strict interpre-
tation of causality within the string-fragmentation model [10, 34]. Although a few alternative forms
of the fragmentation functions for massive quarks are available in the code, we therefore here work
only with the Bowler type. As for the massless function, the proportionality sign in eq. (5) indicates
that the function is normalized to unity.

In PYTHIA, separate r

Q

parameters are provided for c and b quarks. We consider the one for b
quarks first. Its default value is r

b

= 0.67, but this appears to give too hard b fragmentation spectra
when compared to LEP and SLD data, see below. For the Monash tune, we instead use

StringZ:rFactB = 0.855

which produces softer B spectra and simultaneously agrees better with the theoretically preferred
value (r

b

= 1).
A comparison to the scaled-momentum spectra (x

B

= 2|p
B

|/E
cm

) of weakly decaying B hadrons
from both DELPHI [35] and SLD [36] is given in fig. 8 (due to small differences between the two
measured results, we choose to show both). The dampening of the hardest part of the spectrum caused
by the increase in the r

b

parameter is visible in the right-most two bins of the distributions and in the
smaller �2

5%

values for the Monash tune. The effects of the modification can be further emphasized
by an analysis of the moments of the distribution, in which the higher moments are increasingly
dominated by the region x

B

! 1. A comparison to a combined LEP analysis of the moments of the
x

B

distribution [35] is given in fig. 9, further emphasizing that the high-x
B

part of the distribution is
now under better control.

The reason we have not increased the r

b

parameter further is that it comes at a price. If the
B hadrons are taking less energy, then there is more energy left over to produce other particles,
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Aim should be: do 10 - 100 times better than LEP/SLD
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Figure 3: Charged-particle multiplicity (left) and momentum-fraction (right) spectra.

A zoom on the high-momentum tail is provided by the left-hand plot in fig. 4, which shows a
comparison on a linear momentum scale, to a measurement by ALEPH [15] (now including Z ! b

¯

b

events as well as light-flavour ones). All the tunes exhibit a mild overshooting of the data in the region
0.5 < x

p

< 0.8, corresponding to 0.15 < | ln(x)| < 0.7, in which no similar excess was present in
the L3 comparison. We therefore do not regard this as a significant issue2 but note that the excess is
somewhat milder in the Fischer and Monash tunes.

Further information to elucidate the structure of the momentum distribution is provided by the
plot in the right-hand pane of fig. 4, which uses the same |ln(x)| axis as the right-hand plot in fig. 3
and shows the relative particle composition in the Monash tune for each histogram bin. (The category
“Other” contains electrons and muons from weak decays.) An interesting observation is that the
relatively harder spectrum of Kaons implies that, for the highest-momentum bins, the charged tracks
are made up of an almost exactly equal mixture of Kaons and pions, despite Kaons on average only
making up about 10% of the charged multiplicity.

2.2 Identified Particles

Continuing on the topic of identified particles, we note that the extraction of the a and b parameters
from the inclusive charged-particle distributions is made slightly more complicated by the fact that
not all observed particles are “primary” (originating directly from string breaks); many lower-mass
particles are “secondaries”, produced by prompt decays of more massive states (e.g., ⇢ ! ⇡⇡), whose
relative rates and decay kinematics therefore influence the spectra. In the e

+

e

� measurements we
include here, particles with c⌧ < 100mm were treated as unstable, hence leading to secondaries. (For
completeness, we note that the equivalent standard cut at the LHC is normally 10mm.)

2One might worry whether the effect could be due solely to the Z ! bb̄ events which are only present in the ALEPH
measurement, and if so, whether this could indicate a significant mismodeling of the momentum distribution in b events.
However, as we show below in the section on b fragmentation, the charged-particle momentum distribution in b-tagged
events shows no excess in that region (in fact, it shows an undershooting).
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Identified Particles
P. Skands Introduction to QCD

“[...] It is concluded that the apparently anomalous features of the scattering can be

interpreted to be an indication of a resonant meson-nucleon interaction corresponding to

a nucleon isobar with spin

3
2 , isotopic spin

3
2 , and with an excitation energy of 277MeV.”

Figure 1: The title and part of the abstract of the 1951 paper [1] (published in 1952) in which
the discovery of the �

++ baryon was announced.

rays impinging on the Earth’s atmosphere challenges our ability to extrapolate fragmentation
models from collider energy scales to the region of ultra-high energy cosmic rays. And finally,
dark-matter annihilation processes in space may produce hadrons, whose spectra are sensitive
to the modeling of fragmentation.

In the following, we shall focus squarely on QCD for mainstream collider physics. This
includes factorization, hard processes, infrared safety, parton showers and matching, event
generators, hadronization, and the so-called underlying event. While not covering everything,
hopefully these topics can also serve at least as stepping stones to more specialized issues that
have been left out, such as twistor-inspired techniques, heavy flavors, or forward physics, or
to topics more tangential to other fields, such as lattice QCD or heavy-ion physics.

1.1 A First Hint of Color

Looking for new physics, as we do now at the LHC, it is instructive to consider the story of the
discovery of color. The first hint was arguably the �

++ baryon, found in 1951 [1]. The title
and part of the abstract from this historical paper are reproduced in figure 1. In the context of
the quark model — which first had to be developed, successively joining together the notions
of spin, isospin, strangeness, and the eightfold way1 — the flavor and spin content of the �

++

baryon is: ��
�

++
↵
= | u" u" u"i , (1)

clearly a highly symmetric configuration. However, since the �

++ is a fermion, it must have
an overall antisymmetric wave function. In 1965, fourteen years after its discovery, this was
finally understood by the introduction of color as a new quantum number associated with the
group SU(3) [2, 3]. The �

++ wave function can now be made antisymmetric by arranging its
three quarks antisymmetrically in this new degree of freedom,

��
�

++
↵
= ✏ijk | ui" uj" uk"i , (2)

hence solving the mystery.
1In physics, the “eightfold way” refers to the classification of the lowest-lying pseudoscalar mesons and spin-1/2

baryons within octets in SU(3)-flavor space (u, d, s). The �++ is part of a spin-3/2 baryon decuplet, a “tenfold
way” in this terminology.

— 4 —

Discovery of 
the Delta++ 

baryon
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Discovery of 
the Delta++ 

baryon

Similarly, to arrive at chi2 ~ 1 between measurements, additional 
systematic errors need to be introduced for several other species: 

phi: 9%

Lambda: 3%

Delta++: >50%

Sigma*: 17%

Xi: 2%



P.  S k a n d s  &  D .  d ’ E n t e r r i a 16

Identified Particles

These are just the total rates 

Relative rates, spectra, and correlations crucial to constrain 
fragmentation models (feedback to hadronization corrections) 

To perform these measurements, making use of the huge statistics, 
what is required in terms of PID capabilities & resolutions?

HEPDATA: 2 measurements, discrepant by more than 3 sigma
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These are just the total rates 

Relative rates, spectra, and correlations crucial to constrain 
fragmentation models (feedback to hadronization corrections) 

To perform these measurements, making use of the huge statistics, 
what is required in terms of PID capabilities & resolutions?
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Huge recent progress on theory side (not only cranking orders) 
Breaking through NLO (& automation) barrier  
Improving resummations and showers 
Better understanding of underlying principles (eg unitarity) 
Perturbative calculations combining different expansions 

In 20 years, no one will be talking about “fixed order” 
calculations? → “perturbative” calculations, in form of:  

(NnLO-corrected) (exclusive) (hadronized) Monte Carlos  
(NnLO-matched) (inclusive) (analytical or numerical) 
resummations 

These pQCD calculations will have very high precision 
→ can see non-perturbative physics more clearly 

Next generation models will have far better precision → 
need far better constraints. (And can probe far deeper! Reliably!)
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Future of QCD Models



P.  S k a n d s  &  D .  d ’ E n t e r r i a

Aim should be: do 10 - 100 times better than LEP/SLD 
Higher lumi + better detectors 
+ improve lever arm for scaling (→ 350 GeV) 

+ FCC can also do lower energy scans in a heartbeat 
Better (and standardized) analysis tools, better theory tools 

Nail QCD fragmentation 
Precision Jets: fractal structure, perturbative evolution, scale 
breaking, power corrections, coherence, isolating subleading 
colour corrections, subleading logs (compressed hierarchies), 
mass corrections, spin correlations, n-loop corrections, high-
precision multijets, g→qq, IR limits … 
+ Strings: hadronization, think in context of constraining the 
next fragmentation model, with much more precise perturbative 
input. Rates and fragmentation spectra at 1% level, with good 
resolution, also for rare/exotic states, in extrema of 
distributions, colour reconnections, …  
+ Assuming we do all this → feedback to other WGs
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Summary


