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Nonperturbative QFT remains among the most fundamental problems in physics  
A day will come when someone (claims to) have a solution, or at least a systematically 
improvable approximation 

(+ LHC ⟷ further refinements of phenomenological models of NP QCD)  

Program of high-precision QCD measurements at CEPC/FCC-ee  
Ultimate trial by fire for any future treatment of confinement in high-energy processes 

Basic requirements:  
Measure effects of order ΛQCD with high precision  
Disentangle different “tracers”: strangeness, baryons, mass, & spin → PID 

Other aspects: 
H→gg, Colour Reconnections (in Z, WW, ttbar), and Power Corrections 
Interplay with other components of physics program; αs measurements; γγ collisions

A (small) selection of topics



QCD THEMES @ CEPC

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !2P.  SK A N D S  -  MO N A S H  U.

๏Measure alphaS 
•High-Precision Z (and W) widths 
•High-Precision Event Shapes, Jet Rates, … (IR safe observables sensitive to alphaS) 

๏Single-Inclusive Hadron Production and Decays 
•Fragmentation Functions; Hadron Spectra; (+ polarisation) 
•Exotic /rare hadrons, rare decays, …  
•+ Interplay with flavour studies (+ Interplay with DM annihilation) 

๏Understanding Confinement (Multi-hadronic / Exclusive) 
•In high-energy processes → hadronisation  
•Hadron correlations, properties with respect to global (“string”) axes 
•Dependence on (global and local) environment (distance to jets, hadronic density, flavours) 

๏Power Corrections / Hadronisation Corrections  
•Interplay with high-pT physics program 
•Low-Q region of event shapes, jet rates, jet substructure; jet flavour tagging, …  
•Crucial for alphaS measurements; also for jet calibration?



THE FUNDAMENTAL PARAMETER OF (NON-PERTURBATIVE) QCD

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !3P.  SK A N D S  -  MO N A S H  U.

๏The “string tension” κ ~ 1 GeV/fm ~ 0.2 GeV2 ~ (0.45 GeV)2 
•Can be extracted from hadron spectroscopy  
•Also: lattice quark-antiquark potential 
•

P. Skands Introduction to QCD
46 STATIC QUARK-ANTIQUARK POTENTIAL: SCALING. . . 2641
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

distances in appropriate units of &E. The dashed curve correspond to V(R)=R —~/12R. Physical units are calculated by exploit-
ing the relation &cr =420 MeV.

AM~a=46. 1A~ &235(2)(13) MeV .

Needless to say, this value does not necessarily apply to
full QCD.
In addition to the long-range behavior of the confining

potential it is of considerable interest to investigate its ul-
traviolet structure. As we proceed into the weak cou-
pling regime lattice simulations are expected to meet per-

turbative results. Although we are aware that our lattice
resolution is not yet really suScient, we might dare to
previe~ the continuum behavior of the Coulomb-like
term from our results. In Fig. 6(a) [6(b)] we visualize the
confidence regions in the K-e plane from fits to various
on- and off-axis potentials on the 32 lattices at P=6.0
[6.4]. We observe that the impact of lattice discretization
on e decreases by a factor 2, as we step up from P=6.0 to
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FIG. 5. The on-axis string tension [in units of the quantity c =&E /(a AL ) ] as a function of P. Our results are combined with pre-
vious values obtained by the MTc collaboration [10]and Barkai, Moriarty, and Rebbi [11].

Figure 28: Static quark-antiquark potential, as a function of separation distance, in quenched
lattice QCD, from [153]. Note that the axes are scaled by units of the string tension

p
 ⇠ 420

MeV. Additional labels corresponding to 1 GeV and 2 GeV are also provided, on the y axis, and
to 1 fm and 2 fm, on the x axis. A constant term, V0, has been subtracted from all the results.
The dashed line corresponds to V (R) = R � ⇡/(12R).

the hadronisation scale differently. E.g., the hadronisation scale can be defined by a cutoff
in invariant mass, transverse momentum, or some other quantity, with different tunes using
different values for the cutoff. The former is equivalent to using different effective factori-
sation schemes, and the latter corresponds to different factorisation scales, for the soft non-
perturbative component of the modelling. Comparisons to distributions at this level (i.e., with
hadronisation switched off) may therefore be used to provide an idea of the overall impact of
hadronisation corrections within a given model, but should be avoided in the context of phys-
ical observables. Note also that the corresponding MC fragmentation functions are intrinsically
defined at the hadronisation scale. They can therefore not be compared directly to those that
are used in fixed-order / analytical-resummation contexts, which are typically defined at a
factorisation scale of order the scale of the hard process.

We use the term “soft hadron-hadron physics” to comprise all scattering processes for which
a hard, perturbative scale is not required to be present27. This includes elastic, diffractive,
minimum-bias, and pile-up processes, as well as the physics contributing to the so-called un-
derlying event. We give a brief introduction to such processes in section 5.2.

We round off with a discussion of the data constraints that enter in the tuning of Monte
Carlo models in section 5.4, and give an outline of a procedure that could be followed in a
realistic set-up.

27Note, however, that while a hard scale is not required to be present, it is not explicitly required to be absent
either. Thus, both diffractive, minimum-bias, pile-up and underlying-event processes will have tails towards high-
p? physics as well. For example, even tt̄ pair production can be viewed as a tail of minimum-bias interactions, and
there is a tail of diffractive processes in which hard dijets can be produced diffractively (see, e.g., [160]).
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FIG. 22: The energy levels in physical units for nf = 2 at a
quark mass of slightly less than the strange quark mass (data
points). The bands represent our nf = 2 + 1 speculation.

obtain c1 ≈ −21 MeV and c2 ≈ 31 MeV. Note that
∆Ec = c2 − c1 ≈ 51 MeV. The parameters di read,
d1 ≈ 2.7 GeV ≈ (0.073 fm)−1, and d2 ≈ 4.0 GeV ≈
(0.049 fm)−1. Note that we parameterized the mixing
angle in the string breaking region in a similar fashion,
Eq. (85), with d ≈ 5.5 GeV.

We speculate about the real QCD situation in Fig-
ure 22 (bands). Besides the above discussed reduction
of the string breaking distance, we would expect the
shape of the energy gap ∆E(r) to depend on the quark
mass as well. A lighter mass will result in a larger gap
∆Ec and a broadened mixing region. We plot the cor-
responding curves with the arbitrary correction factors,
ci #→ 1.5 ci, di #→ di/1.5, also taking into account an in-
crease of e ≈ 0.4 and a reduction of

√
σ ≈ 440 MeV [28].

There will be a second level crossing around 2mBs , which
we also sketch in the Figure.

Another uncertainty is related to the short distance
dynamics that we observe. We found an 85 MeV high
potential barrier within E2(r), at a distance of about
0.2 fm. Most likely this is related to π exchange [73, 74].
In this case the dimensions, both of the height of the
barrier and of its position should be provided by the π
mass mπ. On one hand, reducing mπ by a factor of four
down to its physical value could easily move this region
close to the string breaking distance. On the other hand,
we would then expect the associated correction to the
E2(r) level around rc to be smaller than 20 MeV, while
∆Ec > 50 MeV.

Finally, we remark that at smaller quark masses ad-
ditional scattering states will occur between the E1(r)
and the E2(r) energy levels, at short distances where
∆E(r) > 2mπ. It is clear that replacing our qualitative
nf = 2+1 picture by a truly quantitative understanding
would require simulations at additional light quark mass
parameters.

B. Relation to quarkonium physics

String breaking provides an intuitive example of a
strong decay. In addition, static potentials can readily
be related to quarkonium physics: this can be achieved
by introducing a phenomenological Born-Oppenheimer
approximation [75] or, more systematically, within the
framework of potential NRQCD (pNRQCD) [76]. As
long as the quarkonium state in question is much lighter
than the respective strong decay threshold into a pair
of heavy-light mesons, the ground state energy level
E1(r) should, to leading order in the relative QQ veloc-
ity v ≪ 1, accurately encapsulate the relevant physics. If
this is not the case anymore, then additional terms have
to be added to the pNRQCD Lagrangian, to incorporate
the Qqq̄Q sector and transitions between the two sec-
tors: when it comes to strong decays like Υ(4S) → BB,
E2(r) and the transition rate/coupling g(r) [or, equiva-
lently, the mixing angle θ(r)] are required to describe the
system, in addition to E1(r).

For states that are stable against such decay, but which
are in the vicinity of a threshold, mixing effects will result
in mass shifts [75, 77]. This has been discussed in some
detail for instance in Refs. [74, 78, 79] for the recently
discovered X(3872) charmonium state [80, 81]. In this
context, our results could hint towards the nature of the
underlying interaction Hamiltonian and of the qq̄ pair
creation mechanism that is at work.

We have demonstrated in Sec. VC that mixing is suf-
ficiently weak to allow a basis of QQ and Qqq̄Q quark
model Fock states to be a valid starting point in any such
analysis [82]. However, not only in the string breaking
region but also at short distances the ratio g(r)/∆E(r)
can be sizeable. We find g(r) to be of an O(100 MeV)
magnitude which is typical for strong decay dynamics.
g(r) sets out from zero at the origin, increases to about
320 MeV around r ≈ 0.2 fm and reduces to ∆Ec/2 ≈ 25
MeV, in the string breaking region. The maximum value
is due to meson exchange and its position coincides with,
∆E(r) ≈ 2mπ ≈ 4g(r). We would expect this medium
range g value to somewhat decrease with lighter quark
masses and g(rc) to increase.

In QCD with sea quarks there are not only BB excita-
tions present but also QQ-gluon hybrid potentials. These
however are energetically higher and, unless we are in-
terested in hybrid quarkonia with spin-exotic quantum
numbers, not a dominant correction [83] to quark poten-
tial model predictions. Obviously, hybrid meson mixing
and decay is interesting in itself [84], and, in this con-
text, a detailed study of the breaking of hybrid strings
would be interesting. Finally, at light sea quark masses
hadronic transitions between quarkonia, mediated by π
radiation, become possible, the inclusion of which neces-
sitates further modifications.
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will be governed by the perturbative colour singlet po-
tential.

Contrary to Ref. [61], we also observe (weak) repulsion
in the I = 1 sector. This difference might be due to a
bigger overlap of the Ba operator used in this previous
study with the QQπ ground state. However, with our
operator and statistical accuracy we are able to clearly
separate the (tiny) QQπ pollution from E2. From a four
parameter two exponential fit to the I = 1 operator Cdis

BB
at r = 0 we find, aE1 = 0.394(26), very similar to the
corresponding I = 0 value, aEg = 0.32(17). This might
indeed be a scalar a0 meson. The coupling between our
operator and this state is a2

1 = 0.010(2). The first exci-
tation (with which our operator has 99 % overlap) that
we are able to resolve is E2 − 2mB = 0.0079(16)a−1 (left
most data point: 0 ≈ 0.92 a). We interpret this as the
lowest lying lump of a qq̄ state, bound to an adjoint static
colour source. In this case the short distance interac-
tion can be identified with the octet potential [34]. As
argued above, there should be further scattering states
inbetween the a0 level and the qq̄ lump, however, our op-
erator basis appears to have (almost) vanishing overlap
with them.

VI. PHENOMENOLOGICAL IMPLICATIONS

We discuss a possible extrapolation of our string break-
ing results to the nf = 2+1 case with realistic light quark
masses. We also comment on the relevance of the results
with respect to quarkonium spectroscopy.

A. Extrapolation to real QCD

We expect the string breaking distance to decrease
with the sea quark mass. From the experimental differ-
ence mBs − mB = 90(3) MeV, we obtain rc ≈ 2.16 r0 ≈
1.08 fm if we assume invariance of the shape of the QQ
potential under variation of the sea quark mass. This
assumption however is rather arbitrary and we wish to
refine this first very rough estimate.

A more controlled way is to extrapolate previous re-
sults of the static-light meson mass [38, 69] and of the
QQ energy [6] quadratically in the π mass. The latter
extrapolation has already been performed in Ref. [6]. For
the static-light mass we obtain an upward shift, ∆mB =
0.21(10) r−1

0 , when replacing our simulated quark mass
by the physical light quark mass. This direction of change
is possible since the self energy of the static propagator
increases with decreasing sea quark mass [70]. The po-
tential at rc also moves upwards, unsurprisingly by an
amount that is larger than 2∆mB. In combining the
two extrapolations we obtain rc = (2.27 ± 0.20) r0 ≈
(1.13 ± 0.10) fm for nf = 2 light sea quarks, in good
agreement with the rough phenomenological estimate
presented above.

The previous lattice results [6, 38, 69] were obtained
with a static action that differs from the present one
where we employ fat temporal links (see Sec. III B 2),
however, this change will not affect the string breaking
distance since, when introducing the fat link action, both
energy levels are always shifted downwards by the same
amount.

We discuss the effect of a third, heavier, sea quark
flavour. In this case there will be two separate thresh-
olds, one for the decay into what we call B and B mesons
and one into Bs and Bs. It is not a priori clear what
effect the inclusion of such a third sea quark has on
the rc position at which the decay into BB sets in. A
comparison between the nf = 0 and the nf = 2 sit-
uations might give some indication. Interpolating the
nf = 0 static-light masses of Refs. [71, 72] to our
quark mass, mπ/mV = 0.704(5), we obtain the value
mB = 0.540(10) a−1 at β = 6.2 where r0 = 7.30(4) a. To-
gether with the potential from Ref. [30], this corresponds
to rc = 2.53(8) r0, very consistent with our nf = 2 result,
Eq. (93), rc = 2.50(3) r0. So we would expect the value,

rc = (2.27 ± 0.20) r0 ≈ (1.13 ± 0.10) fm, (97)

to remain largely unaffected by the addition of the
strange quark. Note that there are additional systematic
errors of about 5 % on the scale r0 and that we have not
attempted a continuum limit extrapolation. We expect
large distance physics like the string breaking scenario
to remain largely unaffected by charm quark dynamics
which, however, might influence short distance interac-
tions.

In Figure 22 we display our nf = 2, m ! ms energy
levels in physical units. The plotted parametrizations
are,

E1(r) = 2mB + g1(r)V (r) + c1, (98)

E2(r) = 2mB + [1 − g2(r)]V (r) + c2, (99)

where

gi(r) =
1

2
−

1

π
arctan [di(r − rc)] , (100)

V (r) = −e

(

1

r
−

1

rc

)

+ σ (r − rc) . (101)

We use the arctan function in the definition of the
smeared out step functions gi(r), rather than e.g. tanh,
to allow for a direct comparison with the dependence of
the mixing angle θ on r, Eq. (85). Also note that the
above parametrizations represent only effective descrip-
tions of the data, within a certain window of distances
r < 1.6 fm. For instance, E1 does not have the correct
large distance limit 2mB. The parametrization of E1(r)
is valid for r > 0.2 fm, while that of E2(r) applies to
r > 0.75 fm. In this latter channel, we encounter a repul-
sive potential barrier at smaller distances, see Figures 13,
20 and 21.

We use the same e ≈ 0.36,
√

σ ≈ 447 MeV as in
Eqs. (81) – (82) and the rc ≈ 1.25 fm of Eq. (93). We

G. BALI AND K. SCHILLING, “STATIC QUARK - ANTI-QUARK 
POTENTIAL: SCALING BEHAVIOR AND FINITE SIZE EFFECTS IN 
SU(3) LATTICE GAUGE THEORY,” PHYS.REV. D46 (1992) 2636 

(without string breaking)

SESAM COLLABORATION “OBSERVATION OF STRING 
BREAKING IN QCD,” PHYS.REV. D71 (2005) 114513 

(with string breaking)



I CAN’T — SCHWINGER COULD

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !4P.  SK A N D S  -  MO N A S H  U.

๏Schwinger (1951) 
•Non-perturbative pair creation of e+e- pairs in a strong external 
electric field

P.  S k a n d s

String Breaks

๏In QCD, strings can (and do) break! 
•(In superconductors, would require magnetic monopoles) 
•In QCD, the roles of electric and magnetic are reversed 
•Quarks (and antiquarks) are “chromoelectric monopoles” 
•There are at least two possible analogies ~ tunneling:

18
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Generic prediction: 
Neglecting perturbative effects, 

hadrons produced from a QCD string 
stretched between a quark and 

antiquark should have a universal 
(flavour-independent) pT spectrum, with

So this is an interesting scale!
(modified by perturbative effects + hadron decays)

⌦
p2?
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meson

⇠ 2
⌦
p2?

↵
quark

⇠ 2

⇡
⇠ (0.35 GeV)2
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TRANSVERSE FRAGMENTATION

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !6P.  SK A N D S  -  MO N A S H  U.

๏Hadron pT spectra, transverse to dominant event axis

q
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SCHWINGER VS HAWKING

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !7P.  SK A N D S  -  MO N A S H  U.

๏Schwinger vs Hawking? 
•Hawking radiation: another example of spontaneous pair creation in 
a strong external field. This one has a horizon ⟷ confinement?

P.  S k a n d s

String Breaks

๏In QCD, strings can (and do) break! 
•(In superconductors, would require magnetic monopoles) 
•In QCD, the roles of electric and magnetic are reversed 
•Quarks (and antiquarks) are “chromoelectric monopoles” 
•There are at least two possible analogies ~ tunneling:
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Schwinger Effect

+

÷
Non-perturbative creation 
of e+e- pairs in a strong 
external Electric field

~E

e-

e+
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Probability from 
Tunneling Factor

( is the string tension equivalent)
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Hawking Radiation

M

~g

Non-perturbative creation 
of radiation quanta in a 
strong gravitational field

HORIZONHORIZON

Thermal (Boltzmann) Factor
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Some empirical success fitting thermal spectra (Tsallis fits) to particle spectra (+ some theoretical motivations) 

Mainly we just see <pT>; tail to high pT dominated by perturbative power law; need to measure soft pions



EFFECTS OF ORDER ΛQCD

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !8P.  SK A N D S  -  MO N A S H  U.

๏pT kicks from hadronisation: Gaussian 
pT distribution with width ~ 300 
MeV (+ ρ decays) 
๏Difficult for any hadron to have |p| < 
300 MeV.  

•Can you make a pion stand still? 
•Non-relativistic pions 

๏Data from both LEP and LHC indicate 
softer pion spectrum 
๏Cut at |p| = 200 MeV makes this a bit 
tough to examine clearly 

•3 hits down to ~ 50 MeV ? 
•Special runs / setups with lower 
thresholds?

0 20 40 60

)
ch

Pr
ob

ab
ilit

y(
n

-610

-510

-410

-310

-210

-110

1

10

210 Charged Multiplicity (udsc)

Pythia 8.183
Data from Phys.Rept. 399 (2004) 71

L3 
PY8 (Monash)
PY8 (Default)
PY8 (Fischer)

bins/N2
5%
χ

0.1±0.5 
0.1±0.7 
0.2±2.1 

V 
I N

 C
 I 

A 
R 

O
 O

 T

chn
0 20 40 60

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

0 2 4 6 8

)| p
/d

|L
n(

x
ch

> 
dn

ch
1/

<n

-310

-210

-110

1

10
Charged Momentum Fraction (udsc)

Pythia 8.183
Data from Phys.Rept. 399 (2004) 71

L3 
PY8 (Monash)
PY8 (Default)
PY8 (Fischer)

bins/N2
5%
χ

0.0±0.9 
0.0±0.5 
0.0±0.5 

V 
I N

 C
 I 

A 
R 

O
 O

 T

)|
p

|Ln(x
0 2 4 6 8

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

Figure 3: Hadronic Z decays at
p
s = 91.2GeV. Charged-particle multiplicity (left) and momentum-

fraction (right) spectra.

its large �? value, produce a narrower nCh spectrum, with in particular a smaller tail towards large
multiplicities. All the tunes produce a sensible momentum spectrum. The dip around |ln(x)| ⇠ 5.5
corresponds to the extreme soft-pion tail, with momenta at or below ⇤QCD. We did not find it possible
to remove it by retuning, since a smaller b parameter would generate significantly too high particle
multiplicities and a smaller �? would lead to conflict with the event-shape distributions.

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 [38] (now including Z ! bb̄
events as well as light-flavour ones). All the tunes exhibit a mild overshooting of the data in the region
0.5 < xp < 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 issue6 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.

6One 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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➠ FRAGMENTATION FUNCTIONS

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !9P.  SK A N D S  -  MO N A S H  U.

๏FFs from Belle to FCC-ee  [A. Vossen] 

•Precision of TH and EXP big advantage 
๏ Complementary to pp and SIDIS 

•FF Evolution:  
๏ Belle has CEPC-like stats at 10 GeV.  
๏ CEPC? very fine binning all the way to 

z=1 with <1% |p| resolution (expected) 
•Flavour structure for FFs of hyperons 
and other hadrons that are difficult to 
reconstruct in pp and SIDIS.  

๏ ➠ Particle Identification capabilities. 
•Low Z: Higher ee energy (than Belle) → smaller mass effects at low z.  

๏ 3 tracker hits down to 30-40 MeV allows to reach   z = 10-3   (ln(z) = -7) 
๏ Kluth: if needed, could get O(LEP) sample in ~ 1 minute running with lower B-field  

•gluon FFs, heavy-quark FFs, pT dependence in hadron + jet, 
polarisation,… 

My (first), non quantified,  take on FCC-ee
program

� Supercharged LEP
¡ Mainly data on the Z pole of interest otherwise 

statistically limited (but still interesting)
� Precision of theory and experiment big 

advantage à Complementary to pp SIDIS
¡ Evolution
¡ Transverse momentum dependence in h+Jet

Fragmentation
¡ Gluon FFs
¡ Smaller mass effects at low z
¡ Flavor separation (polarization?)

� Flavor structure for FFs of Hyperons and other 
hadrons that are difficult to reconstruct in pp
and SIDIS

� Heavy Quark FFs – Also from H decay?
� Larger multiplicities: Parity violating FF <V7:

Local strong parity violating effects (next…)
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S. Moch (& others): field now moving towards NNLO accuracy: 1% errors (or better)

(see FCC-ee QCD 
workshops & writeups)



➠ HADRON CORRELATIONS

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !10P.  SK A N D S  -  MO N A S H  U.

๏Further precision non-perturbative aspects 
•Baryon-Antibaryon correlations: how local is hadronisation? 

๏ Kluth: both OPAL measurements were statistics-limited; would reach OPAL 
systematics at 108 Z decays (→ 109 with improved systematics?) 

•+ Strangeness correlations, pT, spin/helicity correlations (“screwiness”?) 

•Bose-Einstein Correlations & Fermi-Dirac Correlations 
๏ Identical baryons! (pp, ΛΛ) ; highly non-local in string picture 
๏ W. Metzger: remaining Fermi-Dirac radius puzzle: correlations at LEP across multiple experiments & for both pp and 

ΛΛ → 0.1 fm << rp   (MC dependent? Were pΛ cross checks ever done? see EPJC 52 (2007) 113 )

Leading baryons in g jets?  
(discriminates between string/cluster models) 

high-|p| baryons

Octet neutralisation? (zero-charge gluon jet 
with rapidity gaps) → neutrals 

Colour reconnections, glueballs, …

q q̄qq q̄q̄ ss̄q q̄ q q̄ q q̄

How local? How local? How local?

(see FCC-ee QCD 
workshops & writeups)



STRANGENESS ENHANCEMENTS (IN PP)

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !11P.  SK A N D S  -  MO N A S H  U.

๏ALICE: clear enhancement of 
strangeness with (pp) event multiplicity 

•Especially for multi-strange baryons 
๏ No corresponding enhancement for protons 

(not shown here but is in ALICE paper)  
๏ → must really be a strangeness effect 

•Measurements of phi now underway 

๏Jet universality: jets at LHC modelled 
the same as jets at LEP 

•→ Flat line ! (cf PYTHIA) 
•Some models anticipated the effect!  

๏ DIPSY (high-tension overlapping strings)  
๏ EPOS (thermal hydrodynamic “core”) 

•Is it thermal? Or stringy? (or both?) 
•Basic check in ee→WW: two strings D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

Relative Strangeness 
Production
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• Quantified via strange to non-strange 
integrated particle ratios vs d"#$/d&

• Significant enhancement of strange 
and multi-strange particle production 

• MC predictions do not describe this 
observation satisfactorily
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ALICE, arXiv:1606.07424
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[1] Comput. Phys. Commun. 178 (2008) 852–867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

[1]
[2]

[3]

D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases

Particle Ratios Across Colliding Systems

11
(LEP: total Ω rate only known to ± 20%)



COLOUR RECONNECTIONS 

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !12P.  SK A N D S  -  MO N A S H  U.

๏At LEP 2: hot topic (by QCD standards): ’string drag’ effect on W mass  
•Non-zero effect convincingly demonstrated at LEP-2 

๏ No-CR excluded at 99.5% CL [Phys.Rept. 532 (2013) 119]  
๏ But not much detailed (differential) information  

•Thousand times more WW at CEPC / FCC-ee 
•Turn the W mass problem around; use threshold scan + 
huge sample of semi-leptonic events to measure mW  
•→ input as constraint to measure CR in hadronic WW 

๏Has become even hotter topic at LHC 
•It appears jet universality is under heavy attack. 
Fundamental to understanding & modeling hadronisation  

๏ Follow-up studies now underway at LHC.  

๏High-stats ee → other side of story 
•Also relevant in (hadronic) ee→tt, and Z→4 jets

T. Sjöstrand, W. Metzger, S. Kluth, C. Bierlich

LC

CR

�W � ⇤QCD

W W

+ Overlaps → interactions? increased 
tensions (strangeness)? breakdown of 

string picture?

⇠O

✓
1

N2
C

◆

⌦ kinematics

O (1)

Overviews of recent models: arXiv:1507.02091 , arXiv:1603.05298

(see FCC-ee QCD 
workshops & writeups)

http://arxiv.org/abs/arXiv:1507.02091
http://arxiv.org/abs/arXiv:1603.05298


JET (SUB)STRUCTURE : PARTON SHOWERS

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !13P.  SK A N D S  -  MO N A S H  U.

๏Multi-jet events  
•At LEP: kicked off the subfield of matrix-element matching & merging  

๏ Transformed QCD collider phenomenology from being one of fixed-order vs 
Monte Carlo calculations to being fixed-order + Monte Carlo.  

•Blazed the trail for LHC state of the art: Multi-jet NLO merging  

Parton Showers since LEP

Introduction

Accuracy of the shower

For the first time in many years more work on the accuracy of
the parton-shower algorithms.

Needed as we go to higher accuracy for the matrix elements.

1/Nc (Plätzer, Sjödahl JHEP 1207 (2012) 042), (Nagy, Soper, JHEP 1507 (2015) 119)

Subleading logs (Li, Skands, arXiv:1611.00013)

This is the area where there is probably the greatest potential
for improvement.

If we can consistently improve the logarithmic accuracy.

Peter Richardson Parton Showers since LEP
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Expect 2nd-order showers within the next decade, screaming for “2nd-order” validations.



What is going on?
OPAL data:
g in one hemisphere recoils wrt 2 b-jets
(Eg = 40GeV,  ⇠ 37GeV)

compare to
q from ”2-jet” event
(Eq =  = 45.6GeV)

• small y
hadrons produced first in time;
r = R . 2; very close to expectation
deviation due to
• di↵erence in scale (?),
• coherent emission (?)

• y > 3; R < 1 more hadrons from q
than g; diminishes overall ratio.
• due to valence quarks/finite energy!

Klaus Hamacher, Gluon and Quark Fragmentation from LEP to FCC-ee: Coherent Soft ParticlesFCC-ee Workshop . . . ,CERN , 21.& 22.11.2016 6

QUARKS AND GLUONS

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !14P.  SK A N D S  -  MO N A S H  U.

๏Handles to split degeneracies  
•H→gg vs Z→qq  

๏ Can we get a sample of H→gg pure enough for QCD studies?  
๏ Requires good H→gg vs H→bb;  
๏ Driven by Higgs studies requirements? 

•Z→bbg vs Z→qq(g) 
๏ g in one hemisphere recoils against b-jets in 

other hemisphere: b tagging  
•Study differential shape(s): Nch (+low-R calo) 

๏ (R ~ 0.1 also useful for jet substructure) 

๏Scaling: radiative events → Forward Boosted 
•Scaling is slow, logarithmic → prefer large lever arm    

๏ ECM > EBelle ~ 10 GeV [~ 10 events / GeV at LEP];  
๏ Useful benchmarks could be ECM ~ 10 (cross checks with Belle), 20, 30 (geom. mean 

between Belle and mZ), 45 GeV (=mZ/2) and 80 GeV = mW

G. SOYEZ, K. HAMACHER, G. RAUCO, S. TOKAR, Y. SAKAKI

(Also useful for FFs & 
general scaling studies)

Eg = 40 GeV

Eq = 45 GeV

(see FCC-ee QCD 
workshops & writeups)



SUMMARY / OUTLOOK

TE S T I N G HA D R O N I S AT I O N MO D E L S  W I T H  T H E  CEPC !15P.  SK A N D S  -  MO N A S H  U.

Jet Substructure

Event Shapes AlphaS 
Extractions

Heavy Quarks

QCD Resummation

Colour 
Reconnections

Particle Spectra

Hadronisation

Jet Calibrations

Jet Algorithms

Fragmentation 
Functions

Perturbative 
QCD

Interplay with EW, H, BSM 
@ FCC-ee Interplay with future pp

Particle Correlations

MC

๏QCD: (the only) unbroken Yang-Mills theory that can be compared directly with 
experiment. Rich structure. 

•CEPC / FCC-ee have tremendous potential to 
make decisive & detailed measurements. 
•End of era of testing SU(3)C → Precision 
determinations of αs 
•Theory still evolving and new questions 
highlighted by LHC 
•Confinement is still hard 
•LEP precision finally exhausted, almost 20 
years after shutdown. 

๏ Current generation of theory models show few 
(albeit some) discrepancies with LEP 

•Within next decade: expect significant 
perturbative advances and next-generation 
hadronisation models.  
•+ QCD in γγ collisions, interplay with EW, H, 
BSM, Precision Legacy for future pp collider


