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P.  S k a n d s

QCD at FCC-ee

More than measuring αs

Emergent phenomena

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

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

Hadrons (incl excited states) ⟷ Spectroscopy, 
lattice QCD, (rare) decays, mixing, exotic 
states (e.g Ωccc, hadron molecules, …), light nuclei
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P.  S k a n d s

Existing Constraints

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
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Jets: Some Examples
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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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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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Baryon rates (beyond p,Λ) 
known only to ~ 10% - 20%

Spectra likewise or worse
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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,

13

Strings: Some Examples
Aim should be: do 10 - 100 times better than LEP/SLD

5

Higher stats

Better detectors

Higher Q2
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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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Multiplicity 
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High-n events probe hard
+soft QCD. (+reference for pp)

→ b and c baryons. What about Ωccc ?!

pQCD
3 charm

c
c
c Tera-Z?

or doubly 
charmed?

D and B fragmentation
Few clean spectra

Uncertainties > 10%
Especially in soft and hard regions

+ Improve LEP limits on  
Colour Reconnections

→ clear signal? 
→ STUDY colour reconnections

Feedback to pp

… 



P.  S k a n d s

Future of QCD Models
Huge recent progress on theoretical 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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Summary
Aim should be: do 10 - 100 times better than LEP

Higher lumi + better detectors
+ improve lever arm for scaling (→ 350 GeV)

+ FCC can also do lower energies in a hearbeat

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 you do all this → feedback to other WGs
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