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Lepton Colliders

2

✦ Ideal machine for study of precision physics; well predicted and 
controlled backgrounds; fixed initial state energy

anatomy of hadronic events at 
lepton colliders

‣ EW, Higgs physics 

‣ Flavor, hadronic physics 

‣ Top-quark physics 

‣ Dark matter and new physics 

‣ QCD and Jet physics

S. Bethke:   QCD at LEP LEPFest,  CERN Oct. 11, 2000                    Slide 2

Anatomy of hadronic events in        annihilation
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•  QCD: shower development calculated in perturbation theory (fixed order; (N)LLA) 
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•  Hadronisation: phenomenological models of string-, cluster- or dipole fragmentation 
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QCD and Jets
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✦ Seminal contributions to the establishment of QCD from 
experimental study at lepton colliders 
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Fig. 7. Observed sphericity distributions for data from MARK I detector, jet model (solid
curves), and phase-space model (dashed curves) for (a) Ec.m. = 3.0 GeV, (b) Ec.m. = 6.2
GeV, and (c) Ec.m. = 7.4 GeV. (From Ref. [21].)

a detailed comparison with the prediction of an appropriate jet model. Observing
the jet structure was easier at PETRA energies, where most of the events have a
two-jet topology, which, because of the higher energy had much narrower angular
jet-cones. An example of such an event measured by the TASSO collaboration at
Ec.m. = 31.6 GeV , is shown in Fig. 1 (left-hand frame).

Further tests of the underlying quark structure of the jets in e+e− annihilation
were undertaken at SPEAR. One such test is the measurement of the angular distri-
bution dσ/d cos θ of the jet axis with respect to the beam direction. This distribution
for the production of massless spin 1/2 particles is [87]

dσ

d cos θ
∼ 1 + cos2 θ . (23)

The first data came from the SLAC-LBL Collaboration at SPEAR. They did the
measurement with transversely polarised e+ and e− beams available at the lower

first observation of quark jets

RPL 35, 1609 (1975), SLAC-LBL
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Fig. 8. Observed distributions of jet-axis azimuthal angles from the plane of the storage
rings for jet axis with | cos θ| ≤ 0.6 for (a) Ec.m. = 6.2 GeV and (b) Ec.m. = 7.4 GeV. (From
Ref. [21].)

c.m. energies of the SPEAR ring. With transversely polarised beams the angular
distribution has the following form

dσ

dΩ
∼ 1 + α cos2 θ + αP+P− sin2 θ cos 2φ , (24)

where φ is the azimuthal angle of the jet axis with respect to the storage ring plane
and P+ and P− are the polarisations of the e+ and e− beams, respectively. The
measured φ distributions (averaged over θ) for 6.2 and 7.4 GeV are seen in Fig. 8. At
6.2 GeV the beam polarisations are P+ = P− = 0 and therefore the φ distribution
is isotropic. At 7.4 GeV, where P+P− = 0.5 the characteristic cos 2φ behaviour is
observed. From this measurement at SPEAR, the value α = 0.97± 0.14 [21,22] is in
agreement with the expectation for spin 1/2 quarks, α = 1.

Similar, but less accurate, results were obtained by the PLUTO Collaboration at
DORIS for Ec.m. = 7.7 and 9.4 GeV [88]. Measurements of the angular distribution
of jets at higher energies were also performed at the e+e− storage rings PEP and
PETRA. Although the beam energies were much higher, yielding a much better de-
fined jet axis, the result α = 1.04 ± 0.16 [89] does not have a better accuracy than
the SPEAR measurement, which had the benefit of polarised beams. This test of the
spin 1/2 nature of the quarks produced in e+e− annihilation is very much the same
as the verification of the Callan-Gross relation [90] in deep inelastic lepton-nucleon
scattering: F2(x) = 2xF1(x), which is also very well satisfied experimentally.

QCD and Jets
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angular distributions support 
spin 1/2 nature of the quarks

RPL 35, 1609 (1975), SLAC-LBL
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Fig. 8. Observed distributions of jet-axis azimuthal angles from the plane of the storage
rings for jet axis with | cos θ| ≤ 0.6 for (a) Ec.m. = 6.2 GeV and (b) Ec.m. = 7.4 GeV. (From
Ref. [21].)

c.m. energies of the SPEAR ring. With transversely polarised beams the angular
distribution has the following form

dσ

dΩ
∼ 1 + α cos2 θ + αP+P− sin2 θ cos 2φ , (24)

where φ is the azimuthal angle of the jet axis with respect to the storage ring plane
and P+ and P− are the polarisations of the e+ and e− beams, respectively. The
measured φ distributions (averaged over θ) for 6.2 and 7.4 GeV are seen in Fig. 8. At
6.2 GeV the beam polarisations are P+ = P− = 0 and therefore the φ distribution
is isotropic. At 7.4 GeV, where P+P− = 0.5 the characteristic cos 2φ behaviour is
observed. From this measurement at SPEAR, the value α = 0.97± 0.14 [21,22] is in
agreement with the expectation for spin 1/2 quarks, α = 1.

Similar, but less accurate, results were obtained by the PLUTO Collaboration at
DORIS for Ec.m. = 7.7 and 9.4 GeV [88]. Measurements of the angular distribution
of jets at higher energies were also performed at the e+e− storage rings PEP and
PETRA. Although the beam energies were much higher, yielding a much better de-
fined jet axis, the result α = 1.04 ± 0.16 [89] does not have a better accuracy than
the SPEAR measurement, which had the benefit of polarised beams. This test of the
spin 1/2 nature of the quarks produced in e+e− annihilation is very much the same
as the verification of the Callan-Gross relation [90] in deep inelastic lepton-nucleon
scattering: F2(x) = 2xF1(x), which is also very well satisfied experimentally.

✦ Seminal contributions to the establishment of QCD from 
experimental study at lepton colliders 
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first evidence of three-jets and 
discovery of gluon jet

RPL 43, 830 (1979), MARK-J

28

Fig. 15. Left-hand frames: Normalised Oblateness distribution at
√
s = 17 GeV (a), and at√

s = 27.4 - 31.6 GeV (b). The solid curves are the predictions based on a QQ̄g model and
the dashed curves are based on the QQ̄ model with ⟨pT ⟩ = 325 MeV (denoted as qq̄g and
qq̄, respectively, in this review). The dashed-dotted curve in (b) is the QQ̄ model prediction
with ⟨pT ⟩ = 425 MeV (Q = u, d, s, c, b). Right-hand frames: Energy flow in the event plane
defined by (a) the thrust and the major axes, and (b) by the thrust and the minor axes
with the events satisfying the cuts thrust < 0.8 and oblateness > 0.1 at

√
s = 27.4 - 31.6

GeV. The energy value is proportional to the radial distances.; dots are the experimental
measurements (From MARK-J [26]).

tensor on an event by event basis. The variables which play a central role in this
analysis are the sphericity = 3/2(Q1+Q2) and planarity = (Q2 −Q1). Fig. 17 shows
the planarity distribution dN/d(Q2 − Q1) measured by JADE at

√
s = 27.7 and 30

GeV. Their data are compared with a qq̄ model, with σq = 250 MeV and 350 MeV,
both of which fail to describe the data. The qq̄g model describes the data well.

The results reviewed in this section were the first measurements through which the
effect of a third (gluon) jet was convincingly established in e+e− annihilation. This
is an important milestone in the confirmation of QCD in which jet physics played
a central role. From a theoretical point of view, observation of the gluon jet was
inevitable. Like many other discoveries in particle physics, this discovery needed high
energy e+e− beams, particle detectors well equipped to measure the characteristics
of the hadrons, and data analysis techniques. This was the work of dedicated teams

✦ Seminal contributions to the establishment of QCD from 
experimental study at lepton colliders 
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✦ LEP (highest ~209 GeV) studied multi-jet final states and jet 
properties over a large range in energy; foundation of precision 
QCD  

1
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‣ measurement of αs, asymptotic 
freedom, non-Abelian gauge 
structure of QCD 

‣ difference of quark and gluon jet 

‣ string effects, hadronization 
models, power correction 

‣ multi-jet production, hadronic 
event shapes 

‣ gluon splitting to heavy quarks, 
running b quark mass 

‣ two photon physics



The Era of LEP
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✦ LEP (highest ~209 GeV) studied multi-jet final states and jet 
properties over a large range in energy; foundation of precision 
QCD  

PDG 2016
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

below, it may be worth mentioning that the collider results listed above average to a
value of αs(M2

Z) = 0.1172 ± 0.0059.

So far, only one analysis is available which involves the determination of αs from

October 1, 2016 19:59

global analysis of thrust (NNLO+N3LL), 1006.3080

OPAL, 1101.1470, hadr. event shapes (NNLO+NLLA)
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αS(mZ)=0.1189±0.0041

Figure 5: The points show the values of αS for the OPAL energy ranges. The inner
uncertainty bars show the combined statistical and experimental uncertainties and the
outer the total uncertainties. The full and dashed lines indicate the αS result from the
NNLO+NLLA analysis that combines all variables and OPAL energy points. The results
from the NNLO+NLLA analysis of JADE data [12] are shown as well.
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1 Introduction

0.1189± 8stat ± 16expt ± 10hadr ± 36theo (1.1)

2 Detail of the calculation

2.1 Brief explanantion of the method used in this calculation

Write down the main formula used in this calculation.

2.2 Validation of the calculation

For the heavy quark line, show the cancellation of cut-off dependence. For the light quark

line, compare with inclusive structure function result?
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CEPC vs. LEP
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✦ CEPC with a much higher designed luminosity promises various 
QCD study at the highest precision, especially for high energies    

CEPC with a designed 
energy of 250 GeV and 
full luminosity of 5000 fb-1

[51] L3 Coll., P. Achard et al., Phys. Rept. 399, 71 (2004)

[52] DELPHI Coll., J. Abdallah et al., Eur. Phys. J. C C 37, 1 (2004)

[53] OPAL Coll., P. Acton et al., Z. Phys. C 59, 1 (1993)

[54] OPAL Coll., P. Acton et al., Z. Phys. C 55, 1 (1992)

Table 1: Year of data collection, energy range, mean c.m. energy, integrated luminosity
L and numbers of selected events for each OPAL data sample used in this analysis, see
also [15]. The horizontal lines divide the data into four energy ranges used for presentation
purposes.

Year Range of
√
s Mean

√
s L Selected

[GeV] [GeV] [pb−1] events

1996, 2000 91.0—91.5 91.3 14.7 395695
1995, 1997 129.9—130.2 130.1 5.31 318
1995, 1997 136.0—136.3 136.1 5.95 312
1996 161.2—161.6 161.3 10.06 281
1996 170.2—172.5 172.1 10.38 218
1997 180.8—184.2 182.7 57.72 1077
1998 188.3—189.1 188.6 185.2 3086
1999 191.4—192.1 191.6 29.53 514
1999 195.4—196.1 195.5 76.67 1137
1999, 2000 199.1—200.2 199.5 79.27 1090
1999, 2000 201.3—202.1 201.6 37.75 519
2000 202.5—205.5 204.9 82.01 1130
2000 205.5—208.9 206.6 138.8 1717

Table 2: Fit ranges at all c.m. energies.

1− T MH BT

0.05–0.30 0.17–0.45 0.075–0.25

BW C yD23
0.05–0.20 0.18-0.60 0.012–0.13

18

sample in OPAL hadronic analysis, 1101.1407

negligible statistical 
errors, reducing 
systematics; smaller 
power/hadronization 
corrections; allows 
precision study on high jet 
multiplicities

FCC-ee projection on as, 1512.05194

Method
Current �↵s(m

2
Z

)/↵s(m
2
Z

) uncertainty Future �↵s(m
2
Z

)/↵s(m
2
Z

) uncertainty

(theory & experiment state-of-the-art) (theory & experiment progress)

lattice
⇡ 1% ⇡ 0.1% (⇠10 yrs)

(latt. stats/spacing, N3LO pQCD) (improved computing power, N4LO pQCD)

⇡ decay factor
1.5%

th

� 0.05%
exp

⇡ 1.5% 1%
th

� 0.05%
exp

⇡ 1% (few yrs)

(N3LO RGOPT) (N4LO RGOPT, explicit mu,d,s)

⌧ decays
1.4%

th

� 1.4%
exp

⇡ 2% 0.7%
th

� 0.7%
exp

⇡ 1% (+B-factories), <1% (FCC-ee)

(N3LO CIPT vs. FOPT) (N4LO, ⇠10 yrs. Improved spectral function data)

QQ decays
4%

th

� 4%
exp

⇡ 6% 1.4%
th

� 1.4%
exp

⇡ 2% (few yrs)

(NLO only. ⌥ only) (NNLO. More precise LDME and Rexp
� )

soft FFs
1.8%

th

� 0.7%
exp

⇡ 2% 0.7%
th

� 0.7%
exp

⇡ 1% (⇠2 yrs), <1% (FCC-ee)

(NNLO⇤ only (+NNLL), npQCD small) (NNLO+NNLL. More precise e+e� data: 90–350 GeV)

hard FFs
1%

th

� 5%
exp

⇡ 5% 0.7%
th

� 2%
exp

⇡ 2% (+B-factories), <1% (FCC-ee)

(NLO only. LEP data only) (NNLO. More precise e+e� data)

global PDF fits
1.5%

th

� 1%
exp

⇡ 1.7% 0.7%
th

� 0.7%
exp

⇡ 1% (few yrs), 0.15% (LHeC/FCC-eh)

(Di↵. NNLO PDF fits. DIS+DY data) (N3LO. Full DIS+hadronic data fit)

jets in e±p, �-p
2%

th

� 1.5%
exp

⇡ 2.5% 1%
th

� 1%
exp

⇡ 1.5% (few yrs), < 1% (FCC-eh)

(NNLO⇤ only) (NNLO. Combined DIS + (extra?) �-p data)

F�
2 in �-�

3.5%
th

� 3%
exp

⇡ 4.5% 1%
th

� 2%
exp

⇡ 2% (⇠2 yrs), <1% (FCC-ee)

(NLO only) (NNLO. More precise new F�
2 data)

e+e� evt shapes
(1.5–4)%

th

� 1%
exp

⇡ (1.5–4)% 1%
th

� 1%
exp

⇡ 1.5% (+B-factories), < 1% (FCC-ee)

(NNLO+N(3)LL, npQCD significant) (NNLO+N3LL. Improved npQCD via
p
s-dep. New data)

jets in e+e�
(2–5)%

th

� 1%
exp

⇡ (2–5)% 1%
th

� 1%
exp

⇡ 1.5% (few yrs), < 1% (FCC-ee)

(NNLO+NLL, npQCD moderate) (NNLO+NNLL. Improved npQCD. New high-
p
s data)

W decays
0.7%

th

� 37%
exp

⇡ 37% (0.7–0.1)%
th

�(10–0.1)%
exp

⇡ (10–0.15)% (LHC,FCC-ee)

(N3LO, npQCD small. Low-stats data) (N4LO, ⇠10 yrs. High-stats/precise W data)

Z decays
0.7%

th

� 2.4%
exp

⇡ 2.5% 0.1%
th

� (0.5–0.1)%
exp

⇡ (0.5–0.15)% (ILC,FCC-ee)

(N3LO, npQCD small) (N4LO, ⇠10 yrs. High-stats/precise Z data)

jets in p-p, p-p
3.5%

th

� (2–3)%
exp

⇡ (4–5)% 1%
th

� 1%
exp

⇡ 1.5% (Tevatron+LHC, ⇠2 yrs)

(NLO only. Combined exp. observables) (NNLO. Multiple datasets+observables)

t t in p-p, p-p
1.5%

th

� 2%
exp

⇡ 2.5% 1%
th

� 1%
exp

⇡ 1.5% (Tevatron+LHC, ⇠2 yrs)

(NNLO+NNLL. CMS only) (Improved mpole
top & PDFs. Multiple datasets)

Table 1: Summary of approximate current and future (theoretical, experimental, total) rela-
tive uncertainties in the 15 di↵erent ↵s(m2

Z
) extraction methods considered in these proceed-

ings. Acronyms and symbols used: �=‘quadratic sum’, CPIT=‘contour-improved perturba-
tion theory’, FOPT=‘fixed-order perturbation theory’, RGOPT=‘renormalization-group optimized
perturbative theory’, LDME=‘long-distance matrix elements’, npQCD=‘non-perturbative QCD’,
NNLO⇤=‘approximate NNLO’.

134



CEPC vs. LEP

9

✦ CEPC has the speciality of Higgs boson production with hadronic 
decays; producing the unique di-gluon final states and unbiased 
gluon jet

unique for study unbiased 
gluon jet at high energy
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Figure 2: Scale dependence of the gluon jet fragmentation functions in different bins of xE. The ‘scale’ denotes
Qjet for the biased jets and Ejet for the previously published results using unbiased ‘gincl’ jets. The results for
biased jets are shown separately for the the b-tag (BT) and energy-ordering (EO) selection methods. The inner

and outer error bars indicate statistical and total uncertainties respectively.

fragmentation functions do exhibit stronger scaling violations than the quark jets, as expected.
Good agreement is found between the biased and unbiased jet samples, suggesting that Qjet is
an appropriate scale in events with a three-jet topology. The results obtained using the b-tag
and energy-ordering methods are also consistent with one another, and with previous results
from DELPHI and OPAL.

3 Studies of unbiased gluon jets using the jet boost algorithm

As we have mentioned in Section 2, a distinction exists between the biased jets obtained from
experimental data using a jet-finding algorithm, and the unbiased jets used in theoretical calcu-
lations. An unbiased gluon jet would correspond to one hemisphere of a back-to-back gg system,
which is not seen in e+e− annihilation. Instead, rare events of the type e+e− → qq̄gincl have
been used, in which the q and q̄ jets are approximately collinear, leaving an unbiased ‘gincl’ jet
in the opposite hemisphere.2 Another OPAL study has used a more indirect method, whereby
the results obtained from two-jet qq̄ events are subtracted from those in qq̄g events.6 Unbiased
gluon jets have also been obtained from radiative Υ → γgg decays at CLEO.7 Recently, however,
a new approach known as the jet boost algorithm has been considered in e+e− annihilation.8 In
this method, a qq̄g system is decomposed into two independent qg and q̄g dipoles. The dipoles
are boosted into a symmetric frame, such that the angle 2α between the q and g is the same
as that between the q̄ and g, as shown in Figure 3(a). Further Lorentz boosts β = cos α are
then applied independently to the two dipoles, such that they are each back-to-back, as in Fig-

using Higgs boson to calibrate 
gluon jet and study event shapes

LEP/CEPC

CEPC

fragmentation of gluon jet



QCD and Higgs couplings
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✦ Measurement on light-quark (u/d/s) Yukawa couplings are 
important but experimentally challenging  

Model b s(d)/b ̃b/b ̃s(d)/b

SM 1 1 0 0

NFC Vhd vW /vd 1 0 0

MSSM � sin ↵/ cos � 1 0 0

GL ' 3 ' 5/3(7/3) O(1) O(s(d)/b)

GL2 � sin ↵/ cos � ' 3(5) O(✏2) O(s(d)/b)
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Table II: Predictions for the flavor diagonal down-type Yukawa couplings in a number of new

physics models (see text for details).
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Table III: Predictions for the flavor violating up-type Yukawa couplings in a number of new physics

models (see text for details). In the SM, NFC and the tree-level MSSM the Higgs Yukawa couplings

are flavor diagonal. The estimates of the CP -violating versions of the flavor-changing transitions,

ij/t, are the same as the CP -conserving ones, apart from substituting “Im” for “Re” in the

“MFV” row.

to quarks

L
EFT

= YuQ̄LHcuR + YdQ̄LHdR +
Y 0

u

⇤2

Q̄LHcuR(H†H) +
Y 0

d

⇤2

Q̄LHdR(H†H) + h.c. , (35)

where ⇤ is the scale of new physics and Hc = i�
2

H⇤. We identify the NP scales in the up-

and down-quark sectors for simplicity. There are also modifications of quark kinetic terms

through dimension-six derivative operators. These can be absorbed in (35) using equations
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-
induced interactions with the Higgs boson are resolved in terms of the couplings of other SM
particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-
sent the 95% CL confidence intervals. When performing the scan for one parameter, the other
parameters in the model are profiled. (Right) The 2D likelihood scan for the M and e parame-
ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,
and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The
diamond represents the SM expectation, (M, e) = (v, 0), where v is the SM Higgs vacuum
expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.
The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)
are placed at particle mass values chosen as explained in the text. The ordinates are differ-
ent for fermions and massive vector bosons to take into account the expected SM scaling of
the coupling with mass, depending on the type of particle. The result of the (M, e) fit from
Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the
68% and 95% CL confidence regions.

SM Higgs boson,  ys/yb~0.1/5; 
u or d quarks negligible   

interesting to test NP scenario 
where light-quark Yukawa 
couplings are enhanced
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✦ Rare decays of the Higgs boson (BR~10-6) measured at the LHC 
could be sensitive to the strange-quark Yukawa coupling 2

the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10�2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the

h

�

s

s̄

h

s

s̄

�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �⇤ ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄

s

). Working in the limit of real
̄

s

, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�
?

=

Z 1

0
du

�

�

?

(u)

u(1� u)
. (6)

The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:

h�(p,"
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� if
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Z 1
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iup·x("
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The partial decay width for h ! �� decay is

�
h!��

=
1

8⇡

1

m

h

|M�

ss

|2, (8)

where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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direct contributions; f�

?

and h1/uūi�
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?

=

Z 1

0
du

�

�

?

(u)

u(1� u)
. (6)

The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:

h�(p,"
?

)|s̄(x)�
µ⌫

s(0)|0i =

� if

�

?

Z 1

0
due

iup·x("
?µ

p

⌫

� "

?⌫

p

µ

)��

?

(u).
(7)

The partial decay width for h ! �� decay is

�
h!��

=
1

8⇡

1

m

h

|M�

ss

|2, (8)

where we used the fact that |✏�
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· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding

direct contribution indirect contribution

large theoretical systematics, e.g., from non-perturbative inputs; exp. 
unc. and BKs are large, 1505.06689 gives a number of ~20 instead  
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5

p
s [TeV]

R
L dt [fb�1] # of events (SM) ̄s > (<) ̄stat.

s > (<)

14 3000 770 0.39 (�0.97) 0.27 (�0.81)

33 3000 1380 0.36 (�0.94) 0.22 (�0.75)

100 3000 5920 0.34 (�0.90) 0.13 (�0.63)

Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h ! �� events,
the minimal (maximal) values of ̄s that can be probed with present (4th column) and negligible (last column) theory error,
see text.
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Figure 1: The 1/�h · d�h/dyh (left) and 1/�h · d�h/dpT (right) normalized distributions for several

values of up quark Yukawa couplings, ̄u = 0 (SM, blue), ̄u = 1 (orange), ̄u = 4 (green).

of theoretical uncertainties is observed for normalized pT distribution, illustrated in the bot-

tom panels of Fig. 2, although the reduction of theoretical uncertainties is not as dramatic as

in the rapidity distribution. Normalized distribution also help reduces many of the experi-

mental uncertainties. For un-normalized distribution, the total systematic uncertainties due

to, e.g., luminosity and background estimates range from 4% to 12% [36]. However, most

of the systematic uncertainties cancel in the normalized shape distribution. The dominant

experimental uncertainties for the shape of the distribution are statistical ones, ranging from

23% to 75% [36], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in Section III. We generate the parton level sig-

nal, qq̄ ! h+ n jets, and background events, gg ! h+ n jets, using MadGraph 5 [55] with

LO CT14 parton distribution function (PDF) [56] and Pythia 6.4 [57] for the showering,

where q = u, d, s, c and n = 0, 1, 2. Events of di↵erent multiplicities are matched using the

MLM scheme [58]. Further re-weighting of the generated tree-level event samples is nec-

essary because of the large k-factor due to QCD corrections to the Higgs production [59].

We re-weight the LO cross section, obtained in the MLM matching scheme, to the best

available theoretical predictions so far, namely N3LO for gg ! h [60, 61] and NNLO for

qq̄ ! h [62, 63].

In Fig. 3, we compare our tree-level MadGraph 5+Pythia prediction for the normal-

ized rapidity and pT distribution against the available precise QCD prediction based on
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values of up quark Yukawa couplings, ̄u = 0 (SM, blue), ̄u = 1 (orange), ̄u = 4 (green).
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in the rapidity distribution. Normalized distribution also help reduces many of the experi-
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to, e.g., luminosity and background estimates range from 4% to 12% [36]. However, most

of the systematic uncertainties cancel in the normalized shape distribution. The dominant

experimental uncertainties for the shape of the distribution are statistical ones, ranging from

23% to 75% [36], and can be improved with more data.
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essary because of the large k-factor due to QCD corrections to the Higgs production [59].

We re-weight the LO cross section, obtained in the MLM matching scheme, to the best
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✦ Kinematic distributions of the Higgs boson measured at the LHC 
could be sensitive to the u/d quark Yukawa couplings 
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Figure 5: Left: The ATLAS 8TeV measurement of the normalized Higgs pT distribution (black) [36],

and the theoretical predictions for the SM (blue), ̄u = 2 (red), ̄d = 2 (orange). Right: The

resulting 1� (2�) allowed regions for the up and down Yukawa are denoted by dark gray (light

gray) shadings, while the dashed line denotes the 2� expected sensitivity.

To estimate the future sensitivity reach for the measurements of pT and yh distributions at

13TeV LHC, we use the same binings and the covariance matrix as in the 8TeV ATLAS mea-

surements but assume perfect agreement between central values of the experimental points

and theoretical predictions. We rescale the relative errors in each of the bins by the e↵ective

luminosity gain, (�h|13TeV/�h|8TeV)�1/2 · (L
13TeV

/L
8TeV

)�1/2. Taking �h|13TeV/�h|8TeV = 2.1

and L
8TeV

= 20.3 fb�1 we get the expected sensitivity from the pT distribution at 13TeV

for the luminosity of L
13TeV

= 300 fb�1 to be ̄u < 0.36 and ̄d < 0.41 at 95%CL. This

should be compared with the expected sensitivity at 8TeV, ̄u < 1.0 and ̄d < 1.2. (Note

that due to a downward fluctuation in the first bin of ATLAS data [36], cf. Fig. 5 (left),

the expected sensitivity is significantly worse than the presently extracted bounds in (4).)

The expected sensitivities from normalized rapidity distributions are looser, ̄u < 0.60 (2.0)

and ̄d < 0.83 (3.7) for 13TeV 300 fb�1 (8TeV 20.3 fb�1). Note that in these rescaling we

assumed that the systematic errors will be subdominant, or, equivalently, that they will

scale as the statistical errors.

Flavor non-universality in the down sector is established, if conclusively ̄d < ̄b. ATLAS

is projected to be able to put a lower bound on the the bottom Yukawa of ̄b > 0.7 [14, 67]

9

measured indirectly, induced by 
different production mechanisms

gluon luminosity is much higher than qqbar at the LHC, sensitivity 
will be largely limited by, e.g., theoretical uncertainties in gluon fusion
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✦ CEPC is designed to measure the Higgs boson couplings with 
high precision which also applies to the light-quark Yukawa 
couplings 

using quark/gluon jet 
discriminator based on 
substructures, e.g., 
generalized angularities, 
net energy profile
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Figure 20: Raw distributions of e
1

(top) and �0.6
2

(bottom) for the NLL calculation (left)

and parton showers (right). Note that the NLL distributions lack hadronization corrections

that are present in the parton showers, which a↵ects small values of the angularities.
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Setting the quark fraction f equal to 1/2 and CA/CF = 9/4 for QCD, the mutual

information for quark/gluon discrimination is

I(T ;A)f=1/2 ' 0.103. (3.9)

This will be the baseline value to which all observables will be compared. Note that I(T,A)

is quite far from 1 (i.e. a full truth bit), demonstrating the inherent challenge of quark/gluon

tagging.

4 Generalized Angularities

Our analytic studies of quark/gluon separation will focus on the generalized angularities �
�

defined in Eq. (1.2), repeated for convenience:

�
� =

X

i2jet
zi ✓

�
i . (4.1)

Here zi is the energy fraction and ✓i = Ri/R0

the angular fraction with respect to the jet

radius R
0

, such that 0  zi, ✓i  1. We measure the angles Ri with respect to the recoil-free

winner-take-all axis [21–23] and we use a jet algorithm that centers the jet on the winner-take-

all axis, such that ✓i  1 is strictly enforced. For the IRC safe angularities e� , it is known

that a recoil-free axis improves quark/gluon discrimination power [9]. For the generalized

angularities �
� , a recoil-free axis is crucial for the calculations with � . , since it ensures

that �
� measures the radiation pattern around the initiating hard quark or gluon and not

the displacement (i.e. recoil) of the hard parton away from the jet axis.

These variables are e↵ective quark/gluon discriminants because they probe the angular

and energetic structure of jets, both of which are sensitive to the di↵ering color factors between

quarks and gluons, among other e↵ects. Large � emphasizes wide-angle radiation whereas

small � emphasizes collinear radiation. Large  emphasizes harder hadrons, whereas small 

emphasizes softer hadrons. For reference, we highlight the  = 1 and � = 0 cases:

e� ⌘ �1

� =
X

i2jet
zi✓

�
i , (4.2)

�
0

=
X

i2jet
zi . (4.3)

While �1

0

= 1 is a trivial observable, we can expand around  = 1 to find

lim
!1

�
0

= 1 +
X

i2jet
(� 1)zi ln zi, (4.4)

so when we present studies for �1

0

, we really mean lim!1

�
0

, which is e↵ectively the same as

the observable
P

i2jet zi ln zi.

To get a feel for the performance of the various �
� , we can use parton shower simulations

to estimate their quark/gluon truth overlap. We generate an equal admixture of quark and

– 10 –
A. Larkoski et al., 1408.3122; 
Zhao Li et al., 1107.4535

bb cc

gg qq

heavy-flavor tagging

gluon/quark disc.
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We propose a novel idea for probing the Higgs boson couplings through the measurement of hadronic
event shape distributions in the decay of the Higgs boson at lepton colliders. The method provides a
unique test of the Higgs boson couplings and of QCD effects in the decay of the Higgs boson. It can
be used to directly probe the Yukawa couplings of the light quarks and to further test the mechanism
of electroweak symmetry breaking. From a case study for the proposed Circular Electron-Positron
Collider, light-quark couplings with a strength greater than 8% of the bottom-quark Yukawa coupling
in the standard model can be excluded.

Introduction. The successful operation of the CERN
Large Hadron Collider (LHC) and the ATLAS and CMS
experiments have led to the discovery of the Higgs bo-
son, the final piece of the standard model (SM) [1, 2]
of particle physics. Future high precision experimental
investigations on the couplings of the Higgs boson are re-
quired for a refined understanding of the nature of elec-
troweak symmetry breaking and for searches for possible
new physics beyond the SM. Higgs boson couplings can
be measured to percent level precision at future lepton
colliders, e.g., the International Linear Collider [3] and
the Circular Electron-Positron Collider (CEPC) [4], or
with less precision at the high luminosity run of the LHC
(HL-LHC) [3]. In addition to high precision, e+e− col-
liders provide direct access to all possible decay channels
of the Higgs boson, including invisible decays, in a clean
environment. They can also measure the total width of
the Higgs boson in a model-independent way.

An important prediction for the SM Higgs boson is
that the couplings to other SM particles are proportional
to their mass. It will be essential to test this relation
experimentally. In the SM the Yukawa couplings of the
Higgs boson to light quarks q (u, d, or s) are negligibly
small due smallness of their mass. There have been, how-
ever, theoretical models that have predicted enhanced
light-quark Yukawa couplings [5, 6]. Experimentally, if
such an enhanced-coupling scenario is observed, it will
must indicate the presence of new physics; the quarks
also receive masses from sources other than the Higgs
boson in order to maintain a relatively small mass. How-
ever, a direct measurement of light-quark Yukawa cou-
plings is impossible at hadron colliders due to the huge
QCD backgrounds for hadronic decays of the Higgs bo-
son. Indirect constraints can be obtained based on differ-
ent kinematic distributions induced by gluon and quark
production mechanisms [7–9] or through rare decays of
the Higgs boson [10–15].

At lepton colliders, the main measurement difficulty is
separation of the qq̄ decay channel from the loop-induced
gluon channel, both of which generate similar final states
of two untagged jets (jj). In this Letter, we propose a
novel idea of using hadronic event shape observables from

the Higgs boson decays to separate qq̄ from gg channels
and to directly measure the light-quark Yukawa couplings
at lepton colliders. Another possibility for lepton col-
liders involves utilizing discrimination of quark jets and
gluon jets [16]. We leave this for future investigations.
The idea is motivated by the measurement of the QCD
coupling constant at LEP from hadronic event shape dis-
tributions. 1 Intuitively, in that case the next-to-leading
order QCD corrections, ∼ O(αs), generate the distri-
bution in three-jet region. A change of αs can induce
changes of the event shape distributions, e.g., the posi-
tion and height of the peak. Similarly, in the case of
the Higgs boson decay, the real radiation is of O(CXαs),
where CX is the QCD color factor, i.e., CA = 3 for de-
cay to gluons and CF = 4/3 for decay to quarks. Thus,
a measurement of event shape distributions can reveal
the average color factor and the ratio of decay branching
ratios (BR) of the gluon and the quark channel.

In the remaining paragraphs we demonstrate theoret-
ically how the distributions differ for quark and gluon
channels, and we consider a scenario of the CEPC and
demonstrate a precision of < 1% can be achieved on the
measurement of the decay BR to light quarks.

Event shapes. There have been 6 major observables
of hadronic event shapes measured at LEP and used for
the extraction of αs(MZ), including thrust T (or τ =
1− T ), heavy hemisphere mass MH , C parameter, total
hemisphere broadening BT , wide hemisphere broadening
BW , and the Durham 2 to 3-jet transition parameter
yD23 [19, 20]. For example, the thrust is defined as

T = max
n⃗

(∑

i |pi · n⃗|
∑

i |pi|

)

, (1)

where pi is the three-momentum of particle i and the
summation runs over all measured particles. One advan-
tage of the global event-shape observables is that their

1 Event shapes have been employed to study the spin and CP

property of the Higgs boson at the LHC [17, 18].
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Figure 1: Distributions of thrust, (1−T ), at four c.m. energy points — 91 GeV, 133 GeV,
161–183 GeV (labelled 177 GeV) and 189–209 GeV (labelled 197 GeV). The latter three
have been multiplied by factors 3, 9 and 27 respectively for the sake of clarity. The inner
error bars show the statistical errors, while the total errors are indicated by the outer error
bars. The predictions of the PYTHIA, HERWIG and ARIADNE Monte Carlo models as
described in the text are indicated by curves. The lower panels of the figure show the
differences between data and Monte Carlo, divided by the total errors, at 91 and 197 GeV.
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experiments have led to the discovery of the Higgs bo-
son, the final piece of the standard model (SM) [1, 2]
of particle physics. Future high precision experimental
investigations on the couplings of the Higgs boson are re-
quired for a refined understanding of the nature of elec-
troweak symmetry breaking and for searches for possible
new physics beyond the SM. Higgs boson couplings can
be measured to percent level precision at future lepton
colliders, e.g., the International Linear Collider [3] and
the Circular Electron-Positron Collider (CEPC) [4], or
with less precision at the high luminosity run of the LHC
(HL-LHC) [3]. In addition to high precision, e+e− col-
liders provide direct access to all possible decay channels
of the Higgs boson, including invisible decays, in a clean
environment. They can also measure the total width of
the Higgs boson in a model-independent way.

An important prediction for the SM Higgs boson is
that the couplings to other SM particles are proportional
to their mass. It will be essential to test this relation
experimentally. In the SM the Yukawa couplings of the
Higgs boson to light quarks q (u, d, or s) are negligibly
small due smallness of their mass. There have been, how-
ever, theoretical models that have predicted enhanced
light-quark Yukawa couplings [5, 6]. Experimentally, if
such an enhanced-coupling scenario is observed, it will
must indicate the presence of new physics; the quarks
also receive masses from sources other than the Higgs
boson in order to maintain a relatively small mass. How-
ever, a direct measurement of light-quark Yukawa cou-
plings is impossible at hadron colliders due to the huge
QCD backgrounds for hadronic decays of the Higgs bo-
son. Indirect constraints can be obtained based on differ-
ent kinematic distributions induced by gluon and quark
production mechanisms [7–9] or through rare decays of
the Higgs boson [10–15].
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separation of the qq̄ decay channel from the loop-induced
gluon channel, both of which generate similar final states
of two untagged jets (jj). In this Letter, we propose a
novel idea of using hadronic event shape observables from

the Higgs boson decays to separate qq̄ from gg channels
and to directly measure the light-quark Yukawa couplings
at lepton colliders. Another possibility for lepton col-
liders involves utilizing discrimination of quark jets and
gluon jets [16]. We leave this for future investigations.
The idea is motivated by the measurement of the QCD
coupling constant at LEP from hadronic event shape dis-
tributions. 1 Intuitively, in that case the next-to-leading
order QCD corrections, ∼ O(αs), generate the distri-
bution in three-jet region. A change of αs can induce
changes of the event shape distributions, e.g., the posi-
tion and height of the peak. Similarly, in the case of
the Higgs boson decay, the real radiation is of O(CXαs),
where CX is the QCD color factor, i.e., CA = 3 for de-
cay to gluons and CF = 4/3 for decay to quarks. Thus,
a measurement of event shape distributions can reveal
the average color factor and the ratio of decay branching
ratios (BR) of the gluon and the quark channel.

In the remaining paragraphs we demonstrate theoret-
ically how the distributions differ for quark and gluon
channels, and we consider a scenario of the CEPC and
demonstrate a precision of < 1% can be achieved on the
measurement of the decay BR to light quarks.

Event shapes. There have been 6 major observables
of hadronic event shapes measured at LEP and used for
the extraction of αs(MZ), including thrust T (or τ =
1− T ), heavy hemisphere mass MH , C parameter, total
hemisphere broadening BT , wide hemisphere broadening
BW , and the Durham 2 to 3-jet transition parameter
yD23 [19, 20]. For example, the thrust is defined as

T = max
n⃗

(∑

i |pi · n⃗|
∑

i |pi|

)

, (1)

where pi is the three-momentum of particle i and the
summation runs over all measured particles. One advan-
tage of the global event-shape observables is that their

1 Event shapes have been employed to study the spin and CP

property of the Higgs boson at the LHC [17, 18].
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Figure 1: Distributions of thrust, (1−T ), at four c.m. energy points — 91 GeV, 133 GeV,
161–183 GeV (labelled 177 GeV) and 189–209 GeV (labelled 197 GeV). The latter three
have been multiplied by factors 3, 9 and 27 respectively for the sake of clarity. The inner
error bars show the statistical errors, while the total errors are indicated by the outer error
bars. The predictions of the PYTHIA, HERWIG and ARIADNE Monte Carlo models as
described in the text are indicated by curves. The lower panels of the figure show the
differences between data and Monte Carlo, divided by the total errors, at 91 and 197 GeV.
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✦ Events of Higgs boson hadronic decay can be selected based on 
the recoil mass and be fully reconstructed

3

into a pair of visible fermions ff̄ ,

m2
recoil = s− 2Eff̄

√
s+m2

ff̄ , (2)

where Eff̄ and mff̄ are the total energy and invariant
mass of the fermion pair. The recoil mass spectrum
should present a sharp peak at the Higgs boson mass.
The Higgs boson events can be selected with a high sig-
nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, the qq̄ (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+qq̄) channel. To sup-
press the heavy-quark contributions, one can use flavor
tagging of the heavy quarks, b and c, a technique which
is well established at hadron and lepton colliders [38]. It
has been shown that, assuming an efficiency of 97.2% for
identification of gluon or light quarks j, the misclassifi-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 39]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of the bb̄(cc̄) back-
ground while only changing the signal jj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a flat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj) efficiency of 50% [4, 36]. We assume a total qq̄-like
background of 30% of the signal rate from Higgs boson
decays to bb̄, cc̄ and the SM ZZ production. A second
category of backgrounds are from decays to WW ∗, ZZ∗

and further to four quarks. Since they are away from the
peak region of our signal, as shown in Fig. 1, they do
not have a large impact to the measurement of the light-
quark couplings. We estimate a total rate of 60% of the
signal for these four-quark backgrounds after all selection
cuts. They can be further suppressed if additional cuts
on dijet masses are used.

Including both the signal and backgrounds, the event
shape distributions at hadron level can be expressed as 2

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

2 Interference effects of different couplings are negligible since they
are further suppressed by the quark masses.

Z(l+l−)H(X) gg bb̄ cc̄ WW ∗(4h) ZZ∗(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to different hadronic channels [37]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+e− collider with√
s = 250 GeV and an integrated luminosity of 5 ab−1. Only

decays of the associated Z boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qq̄-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ)BR(jj)/σ(HZ)BR(jj)SM . From previous
discussions, we have NS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR(qq̄)/BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which has r = 0 and λ = 1. In Eq. (3)
fqq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1. f ′

qq̄ is a mixture of the
normalized distributions fbb̄,cc̄ and the one from Z∗/γ∗

decay fZ . We set f ′

qq̄ = fqq̄ for simplicity since all of
the above components are very similar. In principle, all
of fbb̄∼qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties of fqq̄,WW and f ′

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We further investigate the sensitivity of the proposed
measurement to the light-quark Yukawa couplings using
pseudo-data. To be specific, we study the expected ex-
clusion limit on r, as a function of λ, assuming the decay
to qq̄ vanishes. We take into account 6 systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
for the decay to gg, as shown in Fig. 1, (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal and the two backgrounds in Eq. (3).
Normalization uncertainties on both of the backgrounds
are set to 4%. Normalization of the signal can be mea-
sured independently using hadronic decays of the Z bo-
son in ZH production with the Higgs boson decay to jj,
and the uncertainty is estimated to be 3% [4]. System-
atic uncertainties are treated using nuisance parameters.
Statistical errors are included according to the assumed
event rates. We use the profiled log-likelihood ratio qµ as
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3.2 The dependency of �ZH and mH measure-
ment accuracy on the TPC radius

From the detector point of view, the precisions of
�ZH and mH in these analyses are mainly determined by
the performance of muon identification and muon mo-
mentum resolution. The latter strongly depends on the
tracker design especially the tracker radius. The tracking
system at CEPC conceptual detector is composed of sil-
icon tracking system and a main tracker of TPC. Larger
TPC radius gives better momenta resolution at a higher
detector construction cost. A series of fast simulation
studies have been performed, parametrizing the tracker
performance at di↵erent TPC radius. Using the same
fast simulation method described in section 3.1, the re-
lationship between the precision of �ZH and TPC radius
is extracted and described by an exponential function:

��ZH

�ZH

=0.485 ⇥ (1+e�0.094·RTPC) (4)

where ��ZH

�ZH
(%) is the relative precision of cross sec-

tion measurement and R
TPC

(m) is the TPC radius. Sim-
ilarly, the mH accuracies �mH at di↵erent TPC radius
are obtained. Its dependence to the TPC radius can be
expressed as

�mH =36.286 ⇥ (1+0.092⇥e�1.820·RTPC)MeV. (5)
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Fig. 6. The relative precisions of �ZH and mH

measurements in percentage versus di↵erent TPC
radiuses. The solid line represents the precision
of �ZH , and the dashed line is for mH .

Fig. 6 shows that when the TPC radius is changed
by 25%, the precision of �ZH and mH are changed by
1% and 22% respectively. In the explored range of TPC

radius, the accuracies of both �ZH and mH measure-
ments varies slower than the TPC radius. This is not
surprising as the tracker momentum is determined not
only from the TPC but also the silicon tracking system.
The mH measurement is much sensitive to the TPC ra-
dius since the mass measurements highly depends on the
recoil mass peak position measurements.

3.3 Model dependent analysis on mH measure-
ment

In the MD analysis, the remaining background sup-
pression can be achieved by using Higgs decay informa-
tion. The mH measurement precision can then be im-
proved.

Similar to the MI analysis described in secion 3.1, the
event selection in MD analysis also composed of a pre-
selection and a MVA stage. On top of the event selectoin
criteria of the MI analysis, we request more than two
reconstructed charged tracks at the pre-selection stage.
In the MVA stage, the energy of all reconstructed final
states E

vis

is also taken as an input variable. After the
final selection, the event selection e�ciency is 71.65%.
The final recoil mass spectrum is shown in Fig. 7, and
the precision of mH is improved to 5.4 MeV.
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Fig. 7. The recoil mass spectrum of µ+µ� in the
MD analysis. The dots with error bars represent
data from CEPC simulation. The solid (blue) line
indicates the fit. The dashed (red) shows the sig-
nal and the long-dashed (green) line is the back-
ground.

The selection e�ciencies of Higgs decays in the MD
analysis is checked as that in the MI analysis. The
e�ciencies of the major SM Higgs decay channels are
roughly the same, except ✏(H! ��) is significantly lower
than the others. This is caused by the requirement of

010201-5

3

into a pair of visible fermions ff̄ ,

m2
recoil = s− 2Eff̄

√
s+m2

ff̄ , (2)

where Eff̄ and mff̄ are the total energy and invariant
mass of the fermion pair. The recoil mass spectrum
should present a sharp peak at the Higgs boson mass.
The Higgs boson events can be selected with a high sig-
nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, the qq̄ (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+qq̄) channel. To sup-
press the heavy-quark contributions, one can use flavor
tagging of the heavy quarks, b and c, a technique which
is well established at hadron and lepton colliders [38]. It
has been shown that, assuming an efficiency of 97.2% for
identification of gluon or light quarks j, the misclassifi-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 39]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of the bb̄(cc̄) back-
ground while only changing the signal jj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a flat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj) efficiency of 50% [4, 36]. We assume a total qq̄-like
background of 30% of the signal rate from Higgs boson
decays to bb̄, cc̄ and the SM ZZ production. A second
category of backgrounds are from decays to WW ∗, ZZ∗

and further to four quarks. Since they are away from the
peak region of our signal, as shown in Fig. 1, they do
not have a large impact to the measurement of the light-
quark couplings. We estimate a total rate of 60% of the
signal for these four-quark backgrounds after all selection
cuts. They can be further suppressed if additional cuts
on dijet masses are used.

Including both the signal and backgrounds, the event
shape distributions at hadron level can be expressed as 2

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

2 Interference effects of different couplings are negligible since they
are further suppressed by the quark masses.

Z(l+l−)H(X) gg bb̄ cc̄ WW ∗(4h) ZZ∗(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to different hadronic channels [37]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+e− collider with√
s = 250 GeV and an integrated luminosity of 5 ab−1. Only

decays of the associated Z boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qq̄-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ)BR(jj)/σ(HZ)BR(jj)SM . From previous
discussions, we have NS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR(qq̄)/BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which has r = 0 and λ = 1. In Eq. (3)
fqq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1. f ′

qq̄ is a mixture of the
normalized distributions fbb̄,cc̄ and the one from Z∗/γ∗

decay fZ . We set f ′

qq̄ = fqq̄ for simplicity since all of
the above components are very similar. In principle, all
of fbb̄∼qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties of fqq̄,WW and f ′

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We further investigate the sensitivity of the proposed
measurement to the light-quark Yukawa couplings using
pseudo-data. To be specific, we study the expected ex-
clusion limit on r, as a function of λ, assuming the decay
to qq̄ vanishes. We take into account 6 systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
for the decay to gg, as shown in Fig. 1, (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal and the two backgrounds in Eq. (3).
Normalization uncertainties on both of the backgrounds
are set to 4%. Normalization of the signal can be mea-
sured independently using hadronic decays of the Z bo-
son in ZH production with the Higgs boson decay to jj,
and the uncertainty is estimated to be 3% [4]. System-
atic uncertainties are treated using nuisance parameters.
Statistical errors are included according to the assumed
event rates. We use the profiled log-likelihood ratio qµ as
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Figure 3.17 Left: Feynman diagram of Higgs invisible decay. Right: Higgs recoil mass spectrum for
Br(H ! inv) measurement, assuming �(ZH) ⇤ Br(H ! inv) = 200fb�1

.

Table 3.8 Expected accuracy for the BR(H ! inv) measurement, normalized to 5 ab�1.

Channel Accuracy Methods
Z ! µµ, H ! inv 0.8% CEPC Full Simulation
Z ! ee, H ! inv 1.1% Estimation
Z ! qq̄, H ! inv 0.14% Extrapolated from ILC result
Combined 0.14%

with ⌧ in the final state are also regarded as background. The event selection is based on
the invariant mass and recoil mass of the di-lepton system, b-tag flag, and total missing
energy.

In the fully visible exotic decay, Higgs boson decays to lighter Higgs bosons are consid-
ered, and the lighter Higgs bosons subsequently decay to four b-quarks: H ! h

1

h
1

, a
1

a
1

!
b¯bb¯b. The dominant background process is ZH ! ``ZZ ! ``b¯bb¯b. For both semi-
invisible and fully visible exotic decays, a 5� discovery is expected for Br(H ! exo) of
0.1% [42].

3.3.4 Measurements of Branching Ratios

With the measurements of inclusive cross section �(ZH) and the cross sections of indi-
vidual Higgs boson decay mode �(ZH) ⇥ BR, the Higgs boson branching ratio BR can
be extracted. Most of the systematic uncertainties associated with the measurement of
�(ZH) cancel out. A maximum likelihood fit is used to estimate the precisions of the
BRs. For a given Higgs decay channel, the likelihood has the form:

L(BR, ✓) = Poisson

⇥
Nobs

�� N exp

(BR, ✓)
⇤
· G(✓), (3.3)

where BR is the parameter of interest and ✓ represent nuisance parameters. Nobs is the
number of observed events in the channel, N exp

(BR, ✓) is the expected number of events,

total event number assuming 250 GeV, 5 ab-1 and Z to electron and muon

full kinematic informations 
allowing measurement of T in 
Higgs boson rest frame
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✦ Di-gluon and di-quark initiated distributions show approximately 
a Casimir scaling on the peak position, CA/CF=9/4
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2

distributions can be calculated systematically in pertur-
bative QCD[21, 22]. In case of two-body hadronic de-
cay, at the leading order (LO), the thrust distribution is
a δ function at τ = 0. Finite thrust values are gen-
erated through high-order QCD radiations. Soft and
collinear emissions introduce large logarithmic contribu-
tions ∼ αn

s ln τ2n−1/τ at small-τ , the deep two-jet region.
They must be resummed to all orders in QCD to make
reliable predictions, e.g., the state of art Next-to-Next-
to-Next-to-leading logarithmic (N3LL) resummation [23–
25] for Z/γ∗ → qq̄ in the extraction of αs(MZ). Mean-
while, in the three-jet region the resummed results can
be further matched with the fixed-order results, e.g.,
the Next-to-Next-to-leading order (NNLO) calculation
for Z/γ∗ → 3 jets production [26, 27]. Usually, for cal-
culations done at parton level, a correction factor due to
hadronization effects needs to be applied when comparing
to experimental data, which can be estimated through
various event generators [28–31].

To our best knowledge, no predictions at comparable
precision exist for hadronic decays of the Higgs boson,
although most of the ingredients are already available.
Predictions at N3LL+NNLO level for the Higgs boson
are expected in near future. In this study, we calculate
the event shape distributions using the MC event gener-
ator Sherpa 2.2 [31] with the effective coupling approach
of the Higgs boson. We use the CKKW scheme [32],
matching parton showers with tree-level matrix elements
with up to three jets, which is effectively partial next-
to-leading-logarithmic and leading-order accuracy. The
hadronization corrections are included automatically in
Sherpa simulation through hadronization models and de-
cays of hadrons.

Fig. 1 shows the normalized distribution of the variable
thrust for several different hadronic decay channels of the
Higgs boson, including gg, qq̄, bb̄, and W (qq̄)W ∗(qq̄). We
also plot the distribution for Z∗/γ∗ → qq̄ as a compari-
son. The distribution peaks at τ ∼ 0.02 for light-quark
decay channel. The peak shifts to τ ∼ 0.05 for the gluon
channel, corresponding to a scaling of roughly CA/CF .
The distribution is much broader for the gluon case due
to the stronger QCD radiation. The distribution for the
bb̄ channel is very close to the qq̄ case, except at very small
τ , where the mass and hadronization effects become im-
portant. For the WW ∗ channel there exist already four
quarks at LO and the distribution is concentrated in the
large-τ region. The distribution for qq̄ from Z∗/γ∗ dif-
fers from that for the Higgs boson in the three-jet region
because of the different spin.

In the lower panel of Fig. 1, we plot the estimated
theoretical uncertainties of the normalized thrust dis-
tribution for the decay to gluons. The hadronization
uncertainties are estimated according to [33] where
hadronization corrections from different event generators
are compared. There are also theoretical uncertainties
due to the truncation of the perturbation series that are
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FIG. 1. Normalized distributions of the thrust in hadronic
decays of the Higgs boson, and of Z∗/γ∗ to qq̄, with a center-
of-mass energy of 125 GeV. The lower panel shows the rel-
ative theoretical uncertainties of the normalized distribution
forH → gg, including the renormalization and matching scale
variations, and the uncertainty on hadronization corrections.

conventionally estimated through QCD scale variations.
These include variations due to the change of the renor-
malization scale and the matching scale [34]. The latter
variation mostly affects the distribution in the large-τ
region. As one includes higher-order resummation and
fixed-order matching contributions, the scale variations
will decrease. We assume a N3LL+NNLO calculation
for the Higgs boson decay to gluons will be available and
estimate the scale variations based on the calculation for
Z/γ∗ [23, 33] using a scaling factor of CA/CF . Since the
distribution is normalized, the uncertainties are small
in the peak region. The uncertainty due to the αs(MZ)
input is negligible if the world average [35] is used.
Below, we will discuss the possibility of measuring the
distributions discussed above at a lepton collider and
the sensitivity of these measurements to the light-quark
Yukawa couplings.

CEPC. A circular electron-positron collider has been
proposed recently with a center-of-mass energy of 250
GeV and a total integrated luminosity of 5 ab−1 [4]. It
can serve as a Higgs factory with the dominant produc-
tion channel being the associated production with a Z
boson, with a total cross section of about 212 fb [36]. One
great advantage of the e+e− collider is that the Higgs bo-
son events can be selected by measuring the recoil mass
mrecoil, e.g., for ZH production with the Z boson decay

normalized shapes of the thrust 
distribution from SHERPA

‣ N3LL +NNLO prediction 
available for SM Z->qq, T. 
Becher et al.; T. Gehrmann et 
al.  

‣ N3LL+NNLO prediction in 
progress for H->gg, bb, qq  

‣ effects of heavy-quark mass 
are small 

‣ theoretical uncertainties 
include variation on ren. and 
mat. scales, and on 
hadronization effects 
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✦ A projection on sensitivity on light-quark-Yukawa couplings is 
obtained using pseudo-data
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Z(l+l−)H(X) gg bb̄ cc̄ WW ∗(4h) ZZ∗(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to different hadronic channels [39]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+e− collider with√
s = 250 GeV and an integrated luminosity of 5 ab−1. Only

decays of the associated Z boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, the qq̄ (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+qq̄) channel. To sup-
press the heavy-quark contributions, one can use flavor
tagging of the heavy quarks, b and c, a technique which
is well established at hadron and lepton colliders [40]. It
has been shown that, assuming an efficiency of 97.2% for
identification of gluon or light quarks j, the misclassifi-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 41]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of the bb̄(cc̄) back-
ground while only changing the signal jj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a flat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj) efficiency of 50% [4, 38]. We assume a total qq̄-like
background of 30% of the signal rate from Higgs boson
decays to bb̄, cc̄ and the SM ZZ production. A second
category of backgrounds are from decays to WW ∗, ZZ∗

and further to four quarks. Since they are away from
the peak region of our signal, as shown in Fig. 1, they
do not have a large impact to the measurement of the
light-quark couplings. We estimate a total rate of 60%
of the signal for these four-quark backgrounds after all
selection cuts.

Including both the signal and backgrounds, the event

shape distributions at hadron level can be expressed as 2

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qq̄-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ)BR(jj)/σ(HZ)BR(jj)SM . From previous
discussions, we have NS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR(qq̄)/BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which has r = 0 and λ = 1. In Eq. (3)
fqq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1. f ′

qq̄ is a mixture of the
normalized distributions fbb̄,cc̄ and the one from Z∗/γ∗

decay fZ . We set f ′

qq̄ = fqq̄ for simplicity since all of
the above components are very similar. In principle, all
of fbb̄∼qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties of fqq̄,WW and f ′

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We take into account 6 independent systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
fgg, as shown in Fig. 1. Each of them is (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal NS and of the two backgrounds NB,1

and NB,2 in Eq. (3). We do not assume any correlations
among them. Normalization uncertainties on both of the
backgrounds are set to 4%. Normalization of the signal
can be measured separately using hadronic decays of the
Z boson in ZH production with the Higgs boson decay
to jj, and the uncertainty is estimated to be 3% [4].

We study the expected exclusion limit on r, as a func-
tion of λ, assuming the decay to qq̄ vanishes. We gener-
ate a large ensemble of pseudo-data according to Eq. (3)
with the hypothesis of r = 0. Systematic uncertainties
are treated using nuisance parameters. Statistical fluctu-
ations are included according to Gaussian distributions
based on the expected event rates in each bin. For each
of the pseudo-data we determine the exclusion limit on r
by using the profiled log-likelihood ratio qµ as our test-
statistic [42] together with the CLs method [43]. Fig. 2
shows the expected 95% CLs exclusion limit on r (in the

2 Interference effects of different couplings are negligible since they
are further suppressed by the quark masses.

‣ r, defined as BR(qq)/BR(jj), j=g,q 

‣ NS, total signal events of ZH(jj), assuming an efficiency of 50%  

‣ NB1, BKs from ZZ(qq) and ZH(bb,cc), ~30% of NS(SM) using recoil mass 
selection and heavy flavor tagging  

‣ NB2, BKs from ZH(WW*,ZZ*), ~60% of NS(SM), (effects are small since 
far away from signal region) 

‣ f(qq),f’(qq),f(WW),f(gg), normalized shapes, can be obtained from 
theoretical calculation(simulation) or via data in a controlled region 
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3

Z(l+l−)H(X) gg bb̄ cc̄ WW ∗(4h) ZZ∗(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

TABLE I. The decay branching ratios of the SM Higgs boson
with a mass of 125 GeV to different hadronic channels [39]
and the corresponding expected numbers of events in ZH
production, with subsequent decays at a e+e− collider with√
s = 250 GeV and an integrated luminosity of 5 ab−1. Only

decays of the associated Z boson to electrons and muons are
included. h represents any of the quarks except the top quark
and q are light quarks.

nal to background ratio independent of the decay modes
of the Higgs boson. Using the kinematic information of
the recoil system, we can boost all decay products back
to the rest frame of the Higgs boson and measure the
event shape distributions in that frame.

Table I summarizes the decay BRs of the hadronic de-
cays of the SM Higgs boson and the expected numbers
of events at the CEPC through ZH production, with
the Z boson decaying into electron or muon pairs. As
one can see, the qq̄ (light quarks) channel is negligible in
the case of the SM Higgs boson. All the hadronic chan-
nels in Table I contribute to the distribution of the event
shapes. We must carefully select the one that we are
interested in, which is the jj (gg+qq̄) channel. To sup-
press the heavy-quark contributions, one can use flavor
tagging of the heavy quarks, b and c, a technique which
is well established at hadron and lepton colliders [40]. It
has been shown that, assuming an efficiency of 97.2% for
identification of gluon or light quarks j, the misclassifi-
cation rate of a b or c quark to j at CEPC could reach
8.9% and 40.7% respectively [4, 41]. Since there are two
quarks/gluons from the decay, by requiring both of them
untagged one can remove 99(84)% of the bb̄(cc̄) back-
ground while only changing the signal jj by 6%. There
are also backgrounds from other SM processes, especially
from the SM Z boson pair production, which have a flat
distribution in the recoil mass. After applying further se-
lection cuts, e.g., on recoil mass, dilepton mass, and the
polar angle of the Higgs boson, we estimate a total signal
(jj) efficiency of 50% [4, 38]. We assume a total qq̄-like
background of 30% of the signal rate from Higgs boson
decays to bb̄, cc̄ and the SM ZZ production. A second
category of backgrounds are from decays to WW ∗, ZZ∗

and further to four quarks. Since they are away from
the peak region of our signal, as shown in Fig. 1, they
do not have a large impact to the measurement of the
light-quark couplings. We estimate a total rate of 60%
of the signal for these four-quark backgrounds after all
selection cuts.

Including both the signal and backgrounds, the event

shape distributions at hadron level can be expressed as 2

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

where NS , NB,1, and NB,2 are the expected number
of events for the signal, the qq̄-like background and
the four-quark background, respectively. We normalize
the signal rate to the SM result, NS = λNS,SM with
λ = σ(HZ)BR(jj)/σ(HZ)BR(jj)SM . From previous
discussions, we have NS,SM = 3070 and NB,1 = NB,2 =
0.3NS,SM . In addition, r = BR(qq̄)/BR(jj) is the frac-
tion of the Higgs boson BR to light quarks which we
would like to measure. Both r and λ allow possible devi-
ations from the SM which has r = 0 and λ = 1. In Eq. (3)
fqq̄/gg/WW is the normalized distribution of the Higgs bo-
son decay to light quarks, gluons, or four quarks through
W boson pairs as shown in Fig. 1. f ′

qq̄ is a mixture of the
normalized distributions fbb̄,cc̄ and the one from Z∗/γ∗

decay fZ . We set f ′

qq̄ = fqq̄ for simplicity since all of
the above components are very similar. In principle, all
of fbb̄∼qq̄,Z,WW can also be measured directly from in-
dependent data samples with high statistics. We do not
consider any theoretical uncertainties of fqq̄,WW and f ′

qq̄

in the discussions below. Since most of the selection cuts
do not alter the hadronic system, they are not expected
to change the normalized distributions greatly especially
for the signal.

We take into account 6 independent systematic uncer-
tainties for the thrust distribution. Three of them are the
theoretical uncertainties of the normalized distribution
fgg, as shown in Fig. 1. Each of them is (anti-)correlated
among all bins. The other three are for the normaliza-
tion of the signal NS and of the two backgrounds NB,1

and NB,2 in Eq. (3). We do not assume any correlations
among them. Normalization uncertainties on both of the
backgrounds are set to 4%. Normalization of the signal
can be measured separately using hadronic decays of the
Z boson in ZH production with the Higgs boson decay
to jj, and the uncertainty is estimated to be 3% [4].

We study the expected exclusion limit on r, as a func-
tion of λ, assuming the decay to qq̄ vanishes. We gener-
ate a large ensemble of pseudo-data according to Eq. (3)
with the hypothesis of r = 0. Systematic uncertainties
are treated using nuisance parameters. Statistical fluctu-
ations are included according to Gaussian distributions
based on the expected event rates in each bin. For each
of the pseudo-data we determine the exclusion limit on r
by using the profiled log-likelihood ratio qµ as our test-
statistic [42] together with the CLs method [43]. Fig. 2
shows the expected 95% CLs exclusion limit on r (in the

2 Interference effects of different couplings are negligible since they
are further suppressed by the quark masses.

‣ NS can be measured independently 
to ~3% via hadronic Z decays 
(CEPC TDR) 

‣ Systematics on NB1,NB2 estimated to 
be 4% 

‣ Also including three systematics on 
theoretical predictions of f(gg) 

‣ Expected exclusion limit on r are 
obtainted via psedu-data and by 
using profiled log-likelihood ratio  

with the CLS method 
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our test-statistic [40], together with the CLs method [41].
Fig. 2 shows the expected 95% CLs exclusion limit on r
(in the dashed line) from the thrust distribution. The
colored bands indicate the 1σ and 2σ fluctuations of the
expected exclusion limit. In case the true theory is the
SM, the expected exclusion limit on r can reach 0.045,
which is the intersection of the curve and the vertical
line. That corresponds to a decay BR of 0.39% to qq̄.
In term of the Yukawa coupling strength, that implies
yq < 0.082yb for any of q = u, d, s, with yb being Yukawa
coupling of the bottom quark in the SM. The discrimi-
nation power for qq̄ and gg is mostly determined by the
statistical error. In principle, we can also include invis-
ible decays of the associated Z boson in the analysis.
They have a total rate 3 times larger than to electrons
and muons and suffer from a relatively larger ZZ back-
ground due to a degradation of the signal-background
separation power from the recoil mass. Thus, we simply
assume that once the νν channels are included, both the
signal and backgrounds will double. The expected limit
is again plotted in Fig. 2, which can reach 0.036 with the
SM assumption.

Similar exclusion limits can be set based on other
event shape observables which are summarized in Fig. 3.
Definitions of the event shape observables shown in
Fig. 3 can be found in Refs. [19, 20]. Here, only the
statistical error and the systematic uncertainty on the
signal and background normalizations are included in
the analysis, since the estimation of scale variations
on some of the distributions is not available at the
N3LL+NNLO level. We can judge that the theoretical
uncertainties on the distribution are not the major
limitation on the measurement by comparing results for
thrust distribution in Figs. 2 and 3. The binnings used
in the analysis for all other distributions are chosen to
be the same as in Ref. [42]. All distributions show a
similar sensitivity to the light-quark Yukawa couplings
except for the Durham 2 to 3-jet transition parameter
yD23, which is slightly worse, possibly due to binning
effects.

Discussion and summary. It is interesting to com-
pare our sensitivity to the light-quark Yukawa couplings
with the projection of the LHC and HL-LHC. Ref. [9]
claims an expected 95% CL limit of the Yukawa couplings
yu,d < 0.4yb, for LHC 13 TeV run with a total luminosity
of 300 fb−1, based on analyzing the pT distribution of the
Higgs boson. Ref. [8] reports a sensitivity of ys ∼ 0.52yb
for the strange quark at the HL-LHC. Comparing with
results above, our method does not only provide a much
stronger sensitivity of yu,d,s < 0.082yb (95% CLs) but
also probes the light-quark couplings directly and in a
model-independent way. The major limitation on prob-
ing the light-quark Yukawa couplings at the LHC/HL-
LHC is that the gg parton luminosity is much larger than
the qq̄ ones for a Higgs boson mass of 125 GeV. Thus,
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FIG. 2. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations as a function of the total cross section of
the Higgs boson decay to jj normalized to the SM value. The
dot-dashed line is the expected exclusion limit when invisible
decays of the Z boson are also included in the analysis.
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FIG. 3. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations based on measurements of different event
shape observables and assuming a theory of the SM. Theo-
retical uncertainties on the event shape distributions are not
included.

a small downward shift of the gg induced cross sections
comparing to experimental data, either due to the exper-
imental or theoretical uncertainties, can allow for a much
larger light-quark Yukawa coupling.

We also comment on the comparison of our proposal

expected exclusion limit
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dashed line) from the thrust distribution. The colored
bands indicate the 1σ and 2σ fluctuations of the expected
exclusion limit. In case the true theory is the SM, the
expected exclusion limit on r can reach 0.045, which is
the intersection of the curve and the vertical line. That
corresponds to a decay BR of 0.39% to qq̄. In term of
the Yukawa coupling strength, that implies yq < 0.082yb
for any of q = u, d, s, with yb being Yukawa coupling of
the bottom quark in the SM.

The sensitivity on r can be understood as below. There
are two major discrimination powers when testing finite
r against the SM case. One is from the qq̄-peak region
and the other is from the gg-peak region. If neglecting
statistical errors, in the qq̄-peak region, a finite r (an
enhancement) can only be mimic by a systematic shift of
NB,1. Thus the 95% CLs limit approximatly corresponds
to r = 0.3 ∗ 0.04 ∗ 1.64 ≈ 0.02. On the other hand,
in the gg-peak region, a finite r (a deficit) can only be
compensated by a systematic shift of NS . The limit is
about r = 0.03 ∗ 1.64 ≈ 0.05. When combining both the
limit is better than 0.02. After considering the statistical
fluctuations and other systematics the limit increases to
0.045 as shown in Fig. 2.

In principle, we can also include invisible decays of
the associated Z boson in the analysis. They have a to-
tal rate 3 times larger than to electrons and muons and
suffer from a relatively larger ZZ background due to a
degradation of the signal-background separation power
from the recoil mass. Thus, we simply assume that once
the νν channels are included, both the signal and back-
grounds will double. The expected limit is again plotted
in Fig. 2, which can reach 0.036 with the SM assumption.

Similar exclusion limits can be set based on other
event shape observables which are summarized in Fig. 3.
Definitions of the event shape observables shown in
Fig. 3 can be found in Refs. [21, 22]. Here, only the
statistical error and the systematic uncertainty on the
signal and background normalizations are included in
the analysis, since the estimation of scale variations
on some of the distributions is not available at the
N3LL+NNLO level. We can judge that the theoretical
uncertainties on the distribution are not the major
limitation on the measurement by comparing results
for thrust distribution in Figs. 2 and 3. The binnings
used in the analysis for all other distributions are chosen
to be the same as in Ref. [17]. All distributions show
a similar sensitivity to the light-quark Yukawa couplings.

Summary. In summary, we have proposed a novel idea
for measuring the light-quark Yukawa couplings using
hadronic event shape distributions at lepton colliders.
We show that for a e+e− collider with a center-of-mass
energy of 250 GeV and an integrated luminosity of 5 ab−1

one can expect to exclude a decay BR of 0.39% for the
Higgs boson decay to qq̄, at 95% CLs, with q be any of
the u, d, s quarks. That corresponds to an exclusion limit
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FIG. 2. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations as a function of the total cross section of
the Higgs boson decay to jj normalized to the SM value. The
dot-dashed line is the expected exclusion limit when invisible
decays of the Z boson are also included in the analysis.
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FIG. 3. Expected 95% CLs exclusion limit on r and the 1σ
and 2σ fluctuations based on measurements of different event
shape observables and assuming a theory of the SM. Theo-
retical uncertainties on the event shape distributions are not
included.

on a light-quark Yukawa coupling at about 8% of the
strength of the bottom quark coupling, or equivalently
5 times of the strength of the strange quark coupling in
the SM.
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an exclusion limit on r of 0.05, 
corresponds to a decay BR(qq) 
of 0.4% to any of u/d/s, a 
Yukawa coupling of 8% of SM 
yb, or 5 times of SM ys

best projected LHC limit from 
exotic decay on s quark is ~30% 
(optimistic) of SM yb, from 
kinematic distribution on u/d 
is ~50%

expected exclusion limit

comparison with LHC
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✦ CEPC offers a great opportunity on precision study of QCD

✦ The higher energy and luminosity allow further refined study on 
QCD topics studied at LEP

✦ The unique Higgs boson production allows detailed study on 
QCD gluon jet, fragmentation and event shapes

✦ On the other way around, QCD study can be important for 
measurements on Higgs couplings, especially providing best 
sensitivity on light-quark Yukawa couplings 


