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Standard Model of particle physics
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✦ Discovery of the Higgs boson completes the SM of particle physics, 
which is a model of great success though clear evidence exists for 
new physics beyond SM

= SUSY? Extra Dimensions？
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Post Higgs boson Era
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✦ Study on properties of the Higgs boson including looking for further 
extensions has been the high priority in the next few decades  

Higgs boson introduces new phenomenas of study of elementary particles, 
spin-0 particle, scalar self interactions, Yukawa interactions 

Yukawa

scalar self new scalars?

Standard Model dynamics [Wikipedia]

Yukawa



Higgs potential and self couplings

4

✦ Scalar potential are crucial for understanding EW symmetry breaking 
and for the fate of our EW vacuum

The Higgs mechanism in the SM

In the slightly more complicated non–abelian case of the SM, we need to generate masses for

the three gauge bosons W± and Z but the photon should remain massless and QED must

stay an exact symmetry. Therefore, we need at least 3 degrees of freedom for the scalar

fields. The simplest choice is a complex SU(2) doublet of scalar fields φ

Φ =

(
φ+

φ0

)
, Yφ = +1 (1.29)

To the SM Lagrangian discussed in the previous subsection, but where we ignore the strong

interaction part

LSM = −
1

4
W a

µνW
µν
a −

1

4
BµνB

µν + L iDµγ
µ L + eR iDµγ

µ eR · · · (1.30)

we need to add the invariant terms of the scalar field part

LS = (DµΦ)†(DµΦ) − µ2Φ†Φ − λ(Φ†Φ)2 (1.31)

For µ2 < 0, the neutral component of the doublet field Φ will develop a vacuum expectation

value [the vev should not be in the charged direction to preserve U(1)QED]

⟨Φ ⟩0 ≡ ⟨ 0 |Φ | 0 ⟩ =

(
0
v√
2

)
with v =

(
−

µ2

λ

)1/2

(1.32)

We can then make the same exercise as previously:

– write the field Φ in terms of four fields θ1,2,3(x) and H(x) at first order:

Φ(x) =

(
θ2 + iθ1

1√
2
(v + H) − iθ3

)
= eiθa(x)τa(x)/v

(
0

1√
2
(v + H(x) )

)
(1.33)

– make a gauge transformation on this field to move to the unitary gauge:

Φ(x) → e−iθa(x)τa(x) Φ(x) =
1√
2

(
0

v + H(x)

)
(1.34)

– then fully expand the term |DµΦ)|2 of the Lagrangian LS:

|DµΦ)|2 =
∣∣∣
(
∂µ − ig2

τa
2

W a
µ − ig1

1

2
Bµ

)
Φ
∣∣∣
2

=
1

2

∣∣∣∣

(
∂µ − i

2(g2W 3
µ + g1Bµ) − ig2

2 (W 1
µ − iW 2

µ)
− ig2

2 (W 1
µ + iW 2

µ) ∂µ + i
2(g2W 3

µ − g1Bµ)

)(
0

v + H

)∣∣∣∣
2

=
1

2
(∂µH)2 +

1

8
g2
2(v + H)2|W 1

µ + iW 2
µ |2 +

1

8
(v + H)2|g2W

3
µ − g1Bµ|2
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We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs boson, as some higher–order effects are

effectively absorbed in this way. The Higgs couplings to fermions, massive gauge bosons as

well as the self–couplings, are given in Fig. 1.2 using both v and Gµ. This general form of

the couplings will be useful when discussing the Higgs properties in extensions of the SM.

•H

f

f̄

gHff = mf/v = (
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Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–
couplings in the SM. The normalization factors of the Feynman rules are also displayed.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q2) =
i

q2 − M2
H + iϵ

(1.49)
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Standard Model potential

can be probed in pair production of 
the Higgs boson

[Andreassen, Frost, Schwartz, 2017]

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )light-cone =

0.15
H4

0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km
s Mpc

= 1.44 ⇥ 10�42 GeV, the probability that we should
have seen a bubble by now is

P =
�

V
(V T )light-cone = 10�516�409

+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole
t , mpole

h or
↵s for the SM to be in the metastability window are

171.18 <
mpole

t

GeV
< 177.68, 129.01 >

mpole
h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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(6.30)
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).

51

(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections
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1

16⇡2

�
24�2 + 12y2t �� 6y4t + . . .
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]

Vacuum stability



Yukawa couplings

5

✦ SM Yukawa couplings have a strong hierarchy structure, responsible 
for particle masses; essential for revealing nature of the Higgs boson

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.

45

mass hierarchy 

Top Yukawa plays a crucial role, e.g., in RG running; Yukawa couplings of light 
particles are also of great importance and challenging to access experimentally 

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )light-cone =

0.15
H4

0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km
s Mpc

= 1.44 ⇥ 10�42 GeV, the probability that we should
have seen a bubble by now is

P =
�

V
(V T )light-cone = 10�516�409

+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole
t , mpole

h or
↵s for the SM to be in the metastability window are

171.18 <
mpole

t

GeV
< 177.68, 129.01 >

mpole
h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]

mt=173.3 GeV,   yt≃1

me=511 keV,   ye≃2×10-6



Higgs width/lifetime
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✦ Higgs boson with a mass of 125 GeV decays dominantly to bottom 
quark pair via Yukawa yb~0.01 resulting in small width Γ/m~3×10-5  

tiny width (long lifetime) leads to very different phenomenology as comparing 
to other heavy resonances, e.g., top quark, W/Z bosons   

[LHCHXSWG]
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Higgs boson at the LHC
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✦ Higgs boson can be produced abundantly at the LHC (HL-LHC), 
~3(30)×107

 events though with huge QCD backgrounds
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From LHC Higgs Cross Section Working Group, https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

global analysis is required to maximize potential of experimental data and 
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction [37], and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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Without model assumptions only ratios of Higgs couplings can be probed 
with sufficient precision at LHC due to unknown total width 

LHC measurements

8

✦ Current measurement agrees well with the standard model Higgs 
boson on various signal strength, σ×BRs, with a precision ~10-20%

generic κ-framework

Parameter value
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Figure 10: Best fit values of ratios of Higgs boson coupling modifiers, as obtained from the generic parameterisation
described in the text and as tabulated in Table 10 for the combination of the ATLAS and CMS measurements. Also
shown are the results from each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
The hatched areas indicate the non-allowed regions for the parameters that are assumed to be positive without loss
of generality. For those parameters with no sensitivity to the sign, only the absolute values are shown.
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The current LHC data are insensitive to the coupling modifiers c and s, and have limited sensitivity to µ.
Thus, in the following, it is assumed that c varies as t, s as b, and µ as ⌧. Other coupling modifiers
(u, d, and e) are irrelevant for the combination provided they are of order unity. When probing the
total width, the partial decay width �gg is assumed to vary as 2g. These assumptions are not the same as
those described for the signal strength framework in Section 2.3, so the two parameterisations are only
approximately equivalent. The two sets of assumptions have a negligible impact on the measurements
reported here provided that the unmeasured parameters do not deviate strongly from unity.

Changes in the values of the couplings will result in a variation of the Higgs boson width. A new modifier,
H , defined as 2H =

P

j B j
SM

2
j and assumed to be positive without loss of generality, is introduced to

characterise this variation. In the case where the SM decays of the Higgs boson are the only ones allowed,
the relation 2H = �H/�SM

H holds. If instead deviations from the SM are introduced in the decays, the width
�H can be expressed as:

�H =
2H · �SM

H
1 � BBSM

, (6)

where BBSM indicates the total branching fraction into BSM decays. Such BSM decays can be of three
types: decays into BSM particles that are invisible to the detector because they do not appreciably interact
with ordinary matter, decays into BSM particles that are not detected because they produce event topolo-
gies that are not searched for, or modifications of the decay branching fractions into SM particles in the
case of channels that are not directly measured, such as H ! cc. Although direct and indirect experi-
mental constraints on the Higgs boson width exist, they are either model dependent or are not stringent
enough to constrain the present fits, and are therefore not included in the combinations. Since �H is not
experimentally constrained in a model-independent manner with su�cient precision, only ratios of coup-
ling strengths can be measured in the most generic parameterisation considered in the -framework.

3. Combination procedure and experimental inputs

The individual ATLAS and CMS analyses of the Higgs boson production and decay rates are combined
using the profile likelihood method described in Section 3.2. The combination is based on simultaneous
fits to the data from both experiments taking into account the correlations between systematic uncertain-
ties within each experiment and between the two experiments. The analyses included in the combination,
the statistical procedure used, the treatment of systematic uncertainties, and the changes made to the
analyses for the combination are summarised in this section.

3.1. Overview of input analyses

The individual analyses included in the combination were published separately by each experiment. Most
of these analyses examine a specific Higgs boson decay mode, with categories related to the various pro-
duction processes. They are H ! �� [92, 93], H ! ZZ [94, 95], H ! WW [96–98], H ! ⌧⌧ [99, 100],
H ! bb [101, 102], and H ! µµ [103, 104]. The ttH production process was also studied separ-
ately [78, 105–108] and the results are included in the combination. The H ! µµ analysis is included in
the combination fit only for the measurement of the corresponding decay signal strength reported in Sec-
tion 5.2 and for the specific parameterisation of the coupling analysis described in Section 6.2. It provides
constraints on the coupling of the Higgs boson to second-generation fermions, but o↵ers no relevant con-
straints for other parameterisations. The ATLAS [17] and CMS [18] individual combined publications
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observation for Htt

[ATLAS, 2017, 2018]

>5σ for Hγγ,WW,ZZ,ττ

8

systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H

Observed
 syst)⊕ (stat σ1±

 (syst)σ1±

Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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✦ Measuring Yukawa couplings of light-quarks at LHC are particularly 
challenging due to their smallness, ys/yb~2%,  and huge QCD Bks

[HX Zhu +, 2016]
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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
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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
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, 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
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m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
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f
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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]:
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The partial decay width for h ! �� decay is
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=
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8⇡
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|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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exotic decays (BR~10-6)

Interference

conceptually good; in practice 
no sensitivity due to huge Bks

[Kagan +, 2014, 2016; D.N. Gao, 2014]
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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-
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10

✦ Various limits on width/lifetime of the Higgs boson are set at the LHC 
either directly or indirectly, especially with Higgs interferometry

2 2 Analysis techniques

momentum. The average Dt is inversely proportional to the total width:

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c
(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on tH.

The upper bound on GH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH GH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H boson
couplings to heavy quarks like the gluon fusion process, and the VH process by the H boson
couplings to weak vector bosons like the VBF process. They are therefore parametrized with the
same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-background
interference are not shown in Eq. (3) for illustration but are taken into account in the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM in the gluon fusion process. The assumption is valid
as long as the production is dominated by the top-quark loop and no new particles contribute
to this loop. Variation of the HVV couplings, either in the VBF or VH production or in the
H ! ZZ decay, may depend on anomalous coupling contributions. An enhancement of the
off-shell signal production is suggested with anomalous HVV couplings [10, 25–27], but nei-
ther experimental studies of off-shell production nor realistic treatment of signal-background
interference has been done with these anomalous couplings. We extend the methodology of
the recent analysis of anomalous HVV couplings of the H boson [17] to study these couplings
and introduce in the scattering amplitude an additional term that depends on the H boson
invariant mass, (qV1 + qV2)

2:

A(HVV) µ

"
a1 � eifLQ

(qV1 + qV2)
2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
2

#
m2

Ve

⇤
V1e

⇤
V2

+ a2 f ⇤(1)
µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn, (4)

where f (i)µn = e

µ

Viq
n

Vi � e

n

Viq
µ

Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)
µn

= 1
2 e

µnrs

f (i),rs is the dual field strength tensor, the superscript ⇤
designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex
coefficients, and the L1 or LQ may be interpreted as the scales of beyond-the-SM (BSM) physics.
The complex phase of the L1 and LQ terms are explicitly given as fL1 and fLQ, respectively.
Equation (4) describes all anomalous contributions up to dimension five operators. In the SM,
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10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.
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Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]

direct measurement
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Figure 1: Lowest order contributions to the main ZZ production processes: (left) quark-initiated
production, qq ! ZZ, (center) gg continuum background production, gg ! ZZ, and (right)
Higgs-mediated gg production, gg ! H ! ZZ, the signal.

In this Letter, we present constraints on the Higgs boson width using its off-shell production
and decay to Z-boson pairs, in the final states where one Z boson decays to an electron or a
muon pair and the other to either an electron or a muon pair, H ! ZZ ! 4` (4` channel), or a
pair of neutrinos, H ! ZZ ! 2`2n (2`2n channel). Relying on the observed Higgs boson signal
in the resonance peak region [7], the simultaneous measurement of the signal in the high-mass
region leads to constraints on the Higgs boson width GH in the 4` decay channel. The 2`2n de-
cay channel, which benefits from a higher branching fraction [16, 17], is used in the high-mass
region to further increase the sensitivity to the Higgs boson width. The analysis is performed
for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7],
and implications for the anomalous HVV interactions are discussed. The Higgs boson mass is
set to the measured value in the 4` decay channel of mH = 125.6 GeV [7] and the Higgs boson
width is set to the corresponding expected value in the SM of GSM

H = 4.15 MeV [8, 9].

The measurement is based on pp collision data collected with the CMS detector at the LHC
in 2011, corresponding to an integrated luminosity of 5.1 fb�1 at the center-of-mass energy ofp

s = 7 TeV (4` channel), and in 2012, corresponding to an integrated luminosity of 19.7 fb�1

at
p

s = 8 TeV (4` and 2`2n channels). The CMS detector, described in detail elsewhere [18],
provides excellent resolution for the measurement of electron and muon transverse momenta
(pT) over a wide range. The signal candidates are selected using well-identified and isolated
prompt leptons. The online selection and event reconstruction are described elsewhere [2, 3, 7,
16]. The analysis presented here is based on the same event selection as used in Refs. [7, 16].

The analysis in the 4` channel uses the four-lepton invariant mass distribution as well as a
matrix element likelihood discriminant to separate the ZZ components originating from gluon-
and quark-initiated processes. We define the on-shell signal region as 105.6 < m4` < 140.6 GeV
and the off-shell signal region as m4` > 220 GeV. The analysis in the 2`2n channel relies on the
transverse mass distribution mT,

m2
T =

"q
pT,2`

2 + m2`
2 +

q
Emiss

T
2
+ m2`

2

#2

�
"
~pT,2` + ~Emiss

T

#2

, (3)

where pT,2` and m2` are the measured transverse momentum and invariant mass of the dilepton
system, respectively. The missing transverse energy, Emiss

T , is defined as the magnitude of the
transverse momentum imbalance evaluated as the negative of the vectorial sum of transverse
momenta of all the reconstructed particles in the event. In the 2`2n channel, the off-shell signal
region is defined as mT > 180 GeV. The choice of the off-shell regions in both channels is done
prior to looking at the data, based on the expected sensitivity.

Simulated Monte Carlo (MC) samples of gg ! 4` and gg ! 2`2n events are generated at lead-
ing order (LO) in perturbative quantum chromodynamics (QCD), including the Higgs boson
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Figure 1: Lowest order contributions to the main ZZ production processes: (left) quark-initiated
production, qq ! ZZ, (center) gg continuum background production, gg ! ZZ, and (right)
Higgs-mediated gg production, gg ! H ! ZZ, the signal.

In this Letter, we present constraints on the Higgs boson width using its off-shell production
and decay to Z-boson pairs, in the final states where one Z boson decays to an electron or a
muon pair and the other to either an electron or a muon pair, H ! ZZ ! 4` (4` channel), or a
pair of neutrinos, H ! ZZ ! 2`2n (2`2n channel). Relying on the observed Higgs boson signal
in the resonance peak region [7], the simultaneous measurement of the signal in the high-mass
region leads to constraints on the Higgs boson width GH in the 4` decay channel. The 2`2n de-
cay channel, which benefits from a higher branching fraction [16, 17], is used in the high-mass
region to further increase the sensitivity to the Higgs boson width. The analysis is performed
for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7],
and implications for the anomalous HVV interactions are discussed. The Higgs boson mass is
set to the measured value in the 4` decay channel of mH = 125.6 GeV [7] and the Higgs boson
width is set to the corresponding expected value in the SM of GSM

H = 4.15 MeV [8, 9].

The measurement is based on pp collision data collected with the CMS detector at the LHC
in 2011, corresponding to an integrated luminosity of 5.1 fb�1 at the center-of-mass energy ofp

s = 7 TeV (4` channel), and in 2012, corresponding to an integrated luminosity of 19.7 fb�1

at
p

s = 8 TeV (4` and 2`2n channels). The CMS detector, described in detail elsewhere [18],
provides excellent resolution for the measurement of electron and muon transverse momenta
(pT) over a wide range. The signal candidates are selected using well-identified and isolated
prompt leptons. The online selection and event reconstruction are described elsewhere [2, 3, 7,
16]. The analysis presented here is based on the same event selection as used in Refs. [7, 16].

The analysis in the 4` channel uses the four-lepton invariant mass distribution as well as a
matrix element likelihood discriminant to separate the ZZ components originating from gluon-
and quark-initiated processes. We define the on-shell signal region as 105.6 < m4` < 140.6 GeV
and the off-shell signal region as m4` > 220 GeV. The analysis in the 2`2n channel relies on the
transverse mass distribution mT,
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where pT,2` and m2` are the measured transverse momentum and invariant mass of the dilepton
system, respectively. The missing transverse energy, Emiss

T , is defined as the magnitude of the
transverse momentum imbalance evaluated as the negative of the vectorial sum of transverse
momenta of all the reconstructed particles in the event. In the 2`2n channel, the off-shell signal
region is defined as mT > 180 GeV. The choice of the off-shell regions in both channels is done
prior to looking at the data, based on the expected sensitivity.

Simulated Monte Carlo (MC) samples of gg ! 4` and gg ! 2`2n events are generated at lead-
ing order (LO) in perturbative quantum chromodynamics (QCD), including the Higgs boson
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heavy-ion collisions
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✦ Relativistic heavy-ion collisions (RHIC, LHC) are utilized to reproduce 
conditions of very early second of our universe and study QGP phase

Heavy-ion collision and quark gluon plasma

[Chun Shen]
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✦ Higgs boson in the standard model has an intrinsic lifetime ~47 fm/c, 
comparing with ~10 fm/c of time scale of quark gluon plasma

Higgs boson in heavy-ion collision

H H H

Higgs production with hadronic decays 

a natural probe of the lifetime of Higgs boson  

filter for various standard model backgrounds, e.g., QCD jets, top quarks, EW 
gauge bosons

role of jet quenching 

distinct kinematics, enhanced S/B ratio for hadronic decay modes, e.g., Yukawa 
coupling of bottom quark

[Berger, JG, Jueid, Zhang, 2018]



Perturbative probes of QCD matter at the Large Hadron Collider David d’Enterria

1. Introduction

Nucleus-nucleus collisions (A-A) at ultrarelativistic energies provide the experimental means
to study the (thermo)dynamics of quarks and gluons under extreme conditions of temperature and
density. Head-on collisions of Pb ions at LHC energies produce very hot and dense matter by
concentrating a substantial amount of energy O(2 TeV) in an extended volume O(150 fm3) at ther-
malisation times of τ0 = 1 fm/c [1]. Such energy densities are more than one order of magnitude
above the critical value, εcrit ≈ 1 GeV/fm3, predicted by lattice quantum chromodynamics (QCD)
calculations [2] for the formation of a deconfined system of bare-mass quarks and gluons (Quark
Gluon Plasma, QGP) [3]. Among all experimental observables, particles with large transverse

QCD medium
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Figure 1: Left: Examples of the sensitivity of various perturbative probes to quark-gluon matter properties
in A-A collisions [4]. Right: “Jet quenching” event displays in central Pb-Pb collisions at the LHC: monojet-
like event [5] (top) and γ-jet event with a recoiling jet with reduced energy [6] (bottom).

momentum pT and/or high mass m (“hard probes”) are useful tomographic tools of the produced
medium (Fig. 1 left) as: (i) they originate from partonic scatterings with large momentum transfer
Q2 and couple directly to the fundamental quark and gluon degrees of freedom; (ii) their produc-
tion time-scale is very short, τ ≈ 1/(pT ,m)! 0.1 fm/c, allowing them to propagate through (and be
potentially affected by) the medium, and (iii) their cross sections can be theoretically computed in
perturbative QCD calculations as a convolution of parton distribution (PDFs, fa/A) and fragmenta-
tion (FFs, Dc→h) functions times the subprocess parton-parton scattering cross section: dσ hard

AB→h =

fa/A(x,Q2)⊗ fb/B(x,Q2)⊗ dσ hard
ab→c⊗Dc→h(z,Q2). In A-A collisions in the absence of final-state

effects, the parton flux in a nucleus A is the same as that of a superposition of A independent nucle-
ons, fa/A≈A · fa/N , and thus dσ hard

AA→h≈A2 · fa/N(x,Q2)⊗ fa/N(x,Q2)⊗dσ hard
ab→c⊗Dc→h(z,Q2). The

standard method to quantify the effects of the medium on a given hard probe is via the ratio of A-A
yields over p-p cross sections (scaled by the nuclear overlap function TAA(b) at impact parameter b):
RAA(pT ,y;b) = d2NAA/dydpT

⟨TAA(b)⟩×d2σpp/dydpT
, which measures the deviation of A-A at b from an incoherent

2
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2.2 Mechanisms of In-Medium Energy Loss

In the most general case, the total energy loss of a particle traversing a medium is
the sum of collisional and radiative terms: ∆E = ∆Ecoll +∆Erad. Depending on the
kinematic region, a (colour) charge can lose energy3 in a plasma with temperature
T mainly4 by two mechanisms:

• Collisional energy loss through elastic scatterings with the medium constituents
(Fig. 3, left), dominates at low particle momentum. The average energy loss in
one scattering (with cross section dσ/dt , where t is the momentum transfer) is

〈
∆E1scat

coll

〉
= 1
σ T

∫ tmax

m2
D

t
dσ
dt

dt . (4)

• Radiative energy loss through inelastic scatterings within the medium (Fig. 3,
right) dominates at higher momenta. This loss can be determined from the cor-
responding single- or double-differential photon/gluon Bremsstrahlung spectrum
(ω d Irad/dω or ω d2 Irad/dω dk2

⊥, where ω, k⊥ are the energy, transverse momen-
tum of the radiated photon/gluon):

∆E1scat
rad =

∫ E

ω
d Irad

dω
dω or ∆E1scat

rad =
∫ E ∫ kT,max

ω
d2 Irad

dω dk2
⊥

dω dk2
⊥ .

(5)

For incoherent scatterings one has simply ∆E tot = N · ∆E1scat, where N = L/λ is
the opacity. The energy loss per unit length or stopping power5 is:

E E- E

E

E

E- E

E

X
(medium)

Fig. 3 Diagrams for collisional (left) and radiative (right) energy losses of a quark of energy E
traversing a quark–gluon medium

3 Note that if the energy of the particle is similar to the plasma temperature (E ≈ T ) the particle
can also gain energy while traversing it.
4 In addition, synchrotron-, Čerenkov-, and transition-radiation energy losses can take place,
respectively, if the particle interacts with the medium magnetic field, if its velocity is greater than
the local phase velocity of light, or if it crosses suddenly from one medium to another. Yet those
effects are usually less important in terms of the amount of Eloss.
5 By “stopping power”, one means a property of the matter, while “energy loss per unit length”
describes what happens to the particle. The numerical value and units are identical (and both are
usually written with a minus sign in front).

High-pT Hadron Suppression and Jet Quenching 289

2.2 Mechanisms of In-Medium Energy Loss

In the most general case, the total energy loss of a particle traversing a medium is
the sum of collisional and radiative terms: ∆E = ∆Ecoll +∆Erad. Depending on the
kinematic region, a (colour) charge can lose energy3 in a plasma with temperature
T mainly4 by two mechanisms:

• Collisional energy loss through elastic scatterings with the medium constituents
(Fig. 3, left), dominates at low particle momentum. The average energy loss in
one scattering (with cross section dσ/dt , where t is the momentum transfer) is

〈
∆E1scat

coll

〉
= 1
σ T

∫ tmax

m2
D

t
dσ
dt

dt . (4)

• Radiative energy loss through inelastic scatterings within the medium (Fig. 3,
right) dominates at higher momenta. This loss can be determined from the cor-
responding single- or double-differential photon/gluon Bremsstrahlung spectrum
(ω d Irad/dω or ω d2 Irad/dω dk2

⊥, where ω, k⊥ are the energy, transverse momen-
tum of the radiated photon/gluon):

∆E1scat
rad =

∫ E

ω
d Irad

dω
dω or ∆E1scat

rad =
∫ E ∫ kT,max

ω
d2 Irad

dω dk2
⊥

dω dk2
⊥ .

(5)

For incoherent scatterings one has simply ∆E tot = N · ∆E1scat, where N = L/λ is
the opacity. The energy loss per unit length or stopping power5 is:

E E- E

E

E

E- E

E

X
(medium)

Fig. 3 Diagrams for collisional (left) and radiative (right) energy losses of a quark of energy E
traversing a quark–gluon medium

3 Note that if the energy of the particle is similar to the plasma temperature (E ≈ T ) the particle
can also gain energy while traversing it.
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✦ Parton traversing QGP suffers energy lost due to both collisions 
(elastic) and medium induced radiations (inelastic) 

Jet quenching

quenching of hard jets

[d’Enterria, 2012]

medium-induced enhanced 
radiations leads to more energy 
distributed outside the cone 
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✦ Measurements on medium suppression of cross sections provide a 
strong evidence of jet quenching in AA collision  

Hard probes: single inclusive jet

inclusive jet, 2012
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From (18), it is clear that QCD factorisation implies that total hard inclusive cross
sections in a AB reaction scale simply as A · B times the corresponding pp cross
sections:

dσ hard
AB = A · B · dσ hard

pp . (20)

Since nucleus–nucleus experiments usually measure invariant yields for a given cen-
trality bin (or impact parameter b), one writes instead

d N hard
AB (b) = ⟨TAB(b)⟩ · dσ hard

pp , (21)

where the nuclear overlap function at b, TAB(b), is determined within a geomet-
ric Glauber eikonal model from the measured Woods–Saxon distribution for the
interacting nuclei [59]. Intuitively, one can think of the nuclear overlap TAA(b) as
a function that characterises the surface profile of two “beams” of nucleons collid-
ing at a distance b. The [area]−1 units of TAA indicate that it represents somehow
the effective “parton (integrated) luminosity” of the collision. Since the number of
inelastic nucleon–nucleon (N N ) collisions at b, Ncoll(b), is proportional to TAB(b):
Ncoll(b) = TAB(b) · σ inel

N N , one also writes often Eq. (21) as

d N hard
AB (b) = ⟨Ncoll(b)⟩ · d N hard

pp . (22)

For minimum-bias14 A B collisions, the average nuclear overlap and number of N N
collisions take a simple form15: ⟨TAB⟩ = A B /σ

geo
AB and ⟨Ncoll⟩ = A B · σN N /σ

geo
AB .

The standard method to quantify the effects of the medium on the yield of a hard
probe in a AA reaction is thus given by the nuclear modification factor:

RAA(pT , y; b) = d2 NAA/dydpT

⟨TAA(b)⟩ × d2σpp/dydpT
. (23)

This factor, which is a quantitative version of the ratio (1), measures the deviation
of AA at b from an incoherent superposition of N N collisions (RAA = 1). This
normalisation is often known as “binary collision scaling”.

3.2 Jet Quenching Models

The energy loss formulas presented in Sect. 2.2 refer to an idealistic situation with
an infinite-energy parton traversing a static and uniform QGP with an ideal-gas

14 Minimum-bias collisions are those where there is no specific selection of the final state (e.g. in
particular no centrality selection for heavy ions).
15 For example, for AuAu at

√
sNN = 200 GeV (σ inel

N N = 41 mb, σ geo
AuAu = 7000 mb): ⟨TAuAu⟩ =

5.5 (23.3) mb−1 and ⟨Ncoll⟩ = 230 (955) for minimum-bias (0–10% most central) collisions,
respectively.

Experimentally similar level of quenching for inclusive jet and b-jet 
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✦ Measurements on imbalance of the transverse momentum provide a 
direct probe of jet quenching in AA collision  

Hard probes: Z/photon+jet 
5
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Figure 2: Distributions of the azimuthal angle difference DfjZ between the Z boson and the jet
(top), and of the transverse momentum ratio xjZ between the jet and the Z boson with DfjZ >
7p/8 (bottom). The distributions are normalized by the number of Z events, NZ. Vertical lines
(bands) indicate statistical (systematic) uncertainties.

to the overall normalization. No significant difference is seen between the pp and PbPb DfjZ
distributions; the probability to obtain a KS value larger than that observed in the data, p-value,
is greater than 0.40, even if systematic uncertainties are excluded.

For the xjZ and RjZ results, shown in Figs. 2 and 3, only events with DfjZ > 7p/8 are used,
to select mostly back-to-back Z+jet pairs; it keeps 63% and 73% of the pp and PbPb events,
respectively. Figure 2-bottom shows the xjZ distributions for PbPb and pp collisions. Jet energy
loss is expected to manifest itself both as a shift in the xjZ distribution and an overall decrease
in the number of Z+jet pairs as jets fall below the pjet

T threshold. Therefore, the KS test was
applied to the xjZ distribution and a separate overall normalization c2 test was applied to the
total number of Z+jet pairs per Z leading to p-values of p1 = 0.07 and p2 = 0.01, respectively.
The systematic uncertainties and their correlations were included in these calculations. The
combined p-value [47] is p1 p2 (1 � ln(p1 p2)) = 0.0064 when including Z+jet pairs with pZ

T >
40 GeV/c, indicating that the two xjZ distributions are significantly different.

The relative shift between the pp and PbPb xjZ distributions is studied using their means, hxjZi,
shown in Fig. 3-top as a function of pZ

T. The minimum pT of the partner jet imposes a lower
limit on the value of xjZ. As pZ

T increases relative to the pjet
T cutoff, the kinematic phase space
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Figure 3: The mean value of the xjZ distribution (top) and the average number of jet part-
ners per Z boson RjZ (bottom), as a function of pZ

T. Vertical lines (bands) indicate statistical
(systematic) uncertainties.

for lower xjZ opens up, resulting in a shift towards lower xjZ for higher pZ
T. For all ranges,

hxjZi is found to be lower in PbPb collisions than in pp collisions, as expected from energy loss
models of partons traversing the medium. Also RjZ is expected to increase as a function of pZ

T,
as the pjet

T > 30 GeV/c threshold restricts the phase space of jets counted for a given pZ
T selection.

Figure 3-bottom shows the dependence of RjZ on pZ
T. The RjZ values are found to be smaller in

PbPb than in pp. As their difference is approximately constant as a function of pZ
T, a relatively

smaller fraction of jets is lost in PbPb collisions for larger initial (before traversing the medium)
parton energies.

Figure 4 compares the xjZ results to several theoretical calculations, using the same kinematic
selections as the data. The PbPb results are compared to three models that incorporate the phe-
nomenon of jet quenching: JEWEL [26], Hybrid [25], and GLV [27]. The xjZ pp measured results
are compared to several non-quenching scenarios: the pp references used as inputs to the PbPb
models (different tunes of the PYTHIA LO event generator) and the MADGRAPH5 aMC@NLO
generator [36], which includes matrix elements for Z plus 0, 1, and 2 jets at NLO, and Z+3
jets at LO. The pp calculations were smeared to reflect the detector resolution affecting the pp
data. The JEWEL model is a dynamical, perturbative framework for jet quenching, which has
been extended to simulate boson-jet events [26]. This PbPb xjZ calculation is consistent with
the data within the current precision, despite the poor agreement of its baseline with the pp
measurement. The baseline PYTHIA8 tunes used by the Hybrid [25] and GLV [27] models, as

Left: 
correlations of 
Z boson and 
recoiled jet

Right: 
imbalance and 

suppression 
vs. pT

[arXiv:1702.01060]
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✦ Simplified models on jet quenching are used for standard model 
backgrounds and tested against MC and CMS data

Simplified quenching models2
tion in di↵erent channels for PbPb collisions at the LHC,
HE-LHC, and FCC-hh [17] or SPPC [5], with

p
sNN =5.5,

11, and 39.4 TeV respectively. We calculate the partonic
cross sections with MCFM [18, 19] to next-to-leading
order in QCD for vector boson fusion (VBF) and next-
to-next-to-leading order (NNLO) for gluon fusion (GF)
and for associated production. The cross sections for
production in gluon fusion agree well with those shown
in Ref. [14] apart from di↵erences due to scale choices.
The centrality factors are similar for the three energies
and are not applied in Table I. For comparison, cross
sections for production in pp collisions are also listed in
Table I. We focus on decays of the Higgs boson to bottom

TABLE I. Cross sections for Higgs boson production from
di↵erent processes in PbPb collisions and proton-proton col-
lisions at

p
sNN = 5.5, 11, and 39.4 TeV, respectively. The

nCTEQ15 PDFs [20] and CT14 PDFs [21] are used for the
PbPb and pp-collisions, respectively.

process
PbPb(pp) in nb(pb)

5.5 TeV 11 TeV 39.4 TeV

GF 480(10.2) 1556(35.2) 9580(235)

VBF 15.3(0.316) 65.6(1.40) 421(10.02)

ZH 10.2(0.230) 28.1(0.687) 147(3.97)

W+H 8.38(0.162) 21.8(0.716) 94.2(3.19)

W�H 9.22(0.143) 23.4(0.435) 99.5(2.34)

quarks for which the associated production with a Z bo-
son and its subsequent leptonic decay gives the strongest
sensitivity [22, 23], albeit with a relatively small cross
section. The dominant backgrounds in this case are Z
plus bottom-quark pair production and top-quark pair
production with leptonic decays. Bottom quarks from
decays of the Higgs boson form two energetic jets that
can be detected with various b-tagging algorithms [24].
On the other hand, in the environment of heavy-ion col-
lision, b-jets from the backgrounds will lose energy from
interactions in the QGP [13]. Owing to the dead-cone
e↵ect of QCD radiation [25], it has been argued that a
primary b-quark will lose less energy than light quarks
when traversing QGP, but experimental measurements
have shown similar level of nuclear suppression for inclu-
sive jets and b-jets, and similar distortion of transverse
momentum balance [24, 26] of dijets from jet quenching.
The fraction of energy lost from a primary b-quark jet
is thus believed to be comparable to that from a light
quark, at least for jets with high transverse momentum.
There are also theoretical studies supporting the simi-
larity of quenching of jets initiated by b-quark and light
quarks [27–29].

Jet Quenching Models. We base our quantitative
estimates on simplified phenomenological models of jet
quenching since a full Monte Carlo generator with jet

quenching is not available for the processes of interest 1.
Di↵erences among the three models provide a measure of
the uncertainties in our results. The average loss of trans-

FIG. 1. The impact of di↵erent models on jet observables is
shown taking as an example, production of a Z boson plus a
single jet. Distribution of the ratio of transverse momenta in
Z + jet production in PbPb collisions. Left: comparison of
predictions from Jewel2.0 and the folded results with various
models, for centrality class 0-10% and only quark final states
included; right: comparison of the folded results with CMS
measurement for centrality class 0-30%.

verse momentum for a jet traversing the QGP compared
to the vacuum is expressed as

h�pTi = apT + b ln(pT/GeV) + c. (2)

The parameters depend on the center of mass energy,
the collision centrality, and also the jet reconstruction
scheme. In the following we use the anti-kT [33] algo-
rithm with R = 0.3. We choose three representative
models for quark jets in PbPb collisions with a central-
ity class of 0 � 10%, i.e., with strong quenching a = 0,
b = 2 GeV, c = 12 GeV, medium quenching a = 0.15,
b = c = 0, and mild quenching a = b = 0, c = 10 GeV.
These choices correspond to a loss of transverse momen-
tum of 21, 15, and 10 GeV respectively, for a jet with
pT = 100 GeV in vacuum. The model with medium
quenching was used previously in a study of top-quark
pair production in heavy-ion collisions [12]. In addition
we impose Gaussian smearing on the energy loss to mimic
the fluctuations in jet quenching with width set to half
of the average energy lost. The jet energy resolution is

1
Such generators exist for QCD jets production, prompt pho-

ton production and electroweak boson plus a single jet produc-

tion [30–32].

2

tion in di↵erent channels for PbPb collisions at the LHC,
HE-LHC, and FCC-hh [17] or SPPC [5], with

p
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11, and 39.4 TeV respectively. We calculate the partonic
cross sections with MCFM [18, 19] to next-to-leading
order in QCD for vector boson fusion (VBF) and next-
to-next-to-leading order (NNLO) for gluon fusion (GF)
and for associated production. The cross sections for
production in gluon fusion agree well with those shown
in Ref. [14] apart from di↵erences due to scale choices.
The centrality factors are similar for the three energies
and are not applied in Table I. For comparison, cross
sections for production in pp collisions are also listed in
Table I. We focus on decays of the Higgs boson to bottom
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di↵erent processes in PbPb collisions and proton-proton col-
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p
sNN = 5.5, 11, and 39.4 TeV, respectively. The

nCTEQ15 PDFs [20] and CT14 PDFs [21] are used for the
PbPb and pp-collisions, respectively.

process
PbPb(pp) in nb(pb)

5.5 TeV 11 TeV 39.4 TeV

GF 480(10.2) 1556(35.2) 9580(235)

VBF 15.3(0.316) 65.6(1.40) 421(10.02)
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W�H 9.22(0.143) 23.4(0.435) 99.5(2.34)

quarks for which the associated production with a Z bo-
son and its subsequent leptonic decay gives the strongest
sensitivity [22, 23], albeit with a relatively small cross
section. The dominant backgrounds in this case are Z
plus bottom-quark pair production and top-quark pair
production with leptonic decays. Bottom quarks from
decays of the Higgs boson form two energetic jets that
can be detected with various b-tagging algorithms [24].
On the other hand, in the environment of heavy-ion col-
lision, b-jets from the backgrounds will lose energy from
interactions in the QGP [13]. Owing to the dead-cone
e↵ect of QCD radiation [25], it has been argued that a
primary b-quark will lose less energy than light quarks
when traversing QGP, but experimental measurements
have shown similar level of nuclear suppression for inclu-
sive jets and b-jets, and similar distortion of transverse
momentum balance [24, 26] of dijets from jet quenching.
The fraction of energy lost from a primary b-quark jet
is thus believed to be comparable to that from a light
quark, at least for jets with high transverse momentum.
There are also theoretical studies supporting the simi-
larity of quenching of jets initiated by b-quark and light
quarks [27–29].

Jet Quenching Models. We base our quantitative
estimates on simplified phenomenological models of jet
quenching since a full Monte Carlo generator with jet

quenching is not available for the processes of interest 1.
Di↵erences among the three models provide a measure of
the uncertainties in our results. The average loss of trans-

FIG. 1. The impact of di↵erent models on jet observables is
shown taking as an example, production of a Z boson plus a
single jet. Distribution of the ratio of transverse momenta in
Z + jet production in PbPb collisions. Left: comparison of
predictions from Jewel2.0 and the folded results with various
models, for centrality class 0-10% and only quark final states
included; right: comparison of the folded results with CMS
measurement for centrality class 0-30%.

verse momentum for a jet traversing the QGP compared
to the vacuum is expressed as

h�pTi = apT + b ln(pT/GeV) + c. (2)

The parameters depend on the center of mass energy,
the collision centrality, and also the jet reconstruction
scheme. In the following we use the anti-kT [33] algo-
rithm with R = 0.3. We choose three representative
models for quark jets in PbPb collisions with a central-
ity class of 0 � 10%, i.e., with strong quenching a = 0,
b = 2 GeV, c = 12 GeV, medium quenching a = 0.15,
b = c = 0, and mild quenching a = b = 0, c = 10 GeV.
These choices correspond to a loss of transverse momen-
tum of 21, 15, and 10 GeV respectively, for a jet with
pT = 100 GeV in vacuum. The model with medium
quenching was used previously in a study of top-quark
pair production in heavy-ion collisions [12]. In addition
we impose Gaussian smearing on the energy loss to mimic
the fluctuations in jet quenching with width set to half
of the average energy lost. The jet energy resolution is

1
Such generators exist for QCD jets production, prompt pho-

ton production and electroweak boson plus a single jet produc-

tion [30–32].

average pT lost with Gaussian fluc.

strong, a=0, b(c)=2(12) GeV 

medium, a=0.15, b(c)=0 

mild, a(b)=0,  c=10 GeV

for a pT=100 GeV jet, 
corresponds to a lost of 21, 

15, 10 GeV, respectively

shown are distributions of momentum imbalance in Z + jet production; three 
models are considered for jet with anti-kT (D=0.3) algorithm in 0-10% centrality
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✦ We select the ZH associated production with Higgs decays to bottom 
pair, Z to leptons; major backgrounds are ZbB and top pair production

Signal and backgrounds

3

parametrized as

�(pT) =

s

C2 +
S2

pT
+

N2

p2T
. (3)

Representative values of the C, S, and N parameters
from CMS for di↵erent centrality classes in PbPb colli-
sion can be found in [26] and are used in our calculations.

The transverse momentum imbalance in Z boson plus
jet production was measured recently by the CMS col-
laboration in PbPb collisions at

p
sNN = 5.02 TeV as a

hard probe of jet quenching [34]. Following the analysis
in [34], we plot in Fig. 1 distributions of the ratio of the
transverse momenta xjZ = pjetT /pZT normalized to the

rate of inclusive Z boson production, where pjetT is the
transverse momentum of the leading jet. In the plot on
the left side of Fig. 1 we show predictions from the Monte
Carlo program Jewel 2.0.0 [32] for the centrality class
0-10%. A prediction without jet quenching (vacuum) is
also shown, obtained from Pythia 6.4 [35] incorporated
in Jewel 2.0.0. We turn on only the hard matrix ele-
ments for quark final states. The initial temperature of
the QGP is set to 590 MeV [36]. A shift to lower values is
seen in the distribution as quenching is increased, as well
as a reduction of the event rate. For comparison with
the Jewel prediction, we also show predictions obtained
by applying our simplified quenching models to the vac-
uum calculation on a event-by-event basis. The folded
result with strong quenching is in good agreement with
the Jewel result. In the plot on the right of Fig. 1 we
compare our folded results with the CMS data measured
for centrality class 0-30% [34]. The baseline vacuum pre-
diction is from Pythia 8 [37] with both gluon and quark
final states included; the latter contributes more than
80% of the total production rate. The CMS data disfavor
the vacuum prediction. The three simplified quenching
models are consistent with current data.
Signal and backgrounds. We consider the signal pro-
cess PbPb! ZH ! `+`�bb̄, in the 0-10% centrality
class, with ` = e, µ for which the QCD backgrounds are
highly suppressed. We simulate the signal and back-
grounds at leading order using sherpa 2.2.4 [38] in-
cluding parton showering and hadronization, and with
nCTEQ15 PDFs[20]. The dominant SM backgrounds are
Zbb̄ production and tt̄ production with leptonic decays of
top quarks. Other SM backgrounds including those from
production of Z plus light flavors are significantly smaller
and are ignored. We normalize the total cross sections
of the signal to the NNLO values in Table I, and of the
tt̄ background to the NNLO predictions with resummed
corrections from Top++2.0 [39, 40], times the relevant
centrality factors. The Monte Carlo events are passed to
Rivet [41] for analysis with an anti-kT jet algorithm as
implemented in Fastjet [42] and a distance parameter
of 0.3. Jet quenching and jet energy resolution are ap-
plied according to Eqs.( 2) and ( 3). We use pre-selection

cuts similar to those in the CMS heavy-ion analysis [34],

p`T > 15GeV, |⌘`| < 2.5, �R`` > 0.2,

pjT > 30GeV, |⌘j | < 1.6, �Rj` > 0.3. (4)

We select events in the following signal-like region

• A pair of same-flavor opposite-sign charged leptons
with invariant mass |m`` �mZ | < 10 GeV;

• Exactly two jets, both b-tagged, with separation
�Rbb < 2.0;

• The transverse momentum of the reconstructed
vector boson pZT ⌘ p``T > 100 GeV.

We assume a b-tagging e�ciency of 80%, better than that
achieved in the CMS analysis [24], but expected in future
runs. The requirement of large pZT can suppress the tt̄
background e�ciently.

FIG. 2. Distributions of the ratio of the transverse momenta
of the pair of b-jets and the Z boson for PbPb collision withp
sNN = 5.5 TeV and centrality class 0-10%, after basic se-

lections. For the nominal case both backgrounds are strongly
quenched while the signal in unquenched. The distribution
for a quenched signal is also shown as a comparison. The Zbb̄
result has been multiplied by 0.2.

The analysis so far follows Ref. [22]. As mentioned ear-
lier, di↵erent quenching properties of the signal and back-
grounds lead to further separation in certain variables.
Separation is illustrated in Fig. 2 for the ratio x = pbb̄T /pZT
of the transverse momenta of the reconstructed bb̄ pair
and the Z boson. We apply the strong quenching model
on the two backgrounds and the signal is vacuum-like.
The backgrounds tend to peak in the region of smaller x
since both of the b-jets lose a fraction of their energies.
In Fig. 2, we also show the result for the extreme case
in which the b-jets in the signal process are also strongly
quenched. In this case, besides the shift of the peak, the
signal normalization is also reduced since more b-jets fall
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tion in di↵erent channels for PbPb collisions at the LHC,
HE-LHC, and FCC-hh [17] or SPPC [5], with

p
sNN =5.5,

11, and 39.4 TeV respectively. We calculate the partonic
cross sections with MCFM [18, 19] to next-to-leading
order in QCD for vector boson fusion (VBF) and next-
to-next-to-leading order (NNLO) for gluon fusion (GF)
and for associated production. The cross sections for
production in gluon fusion agree well with those shown
in Ref. [14] apart from di↵erences due to scale choices.
The centrality factors are similar for the three energies
and are not applied in Table I. For comparison, cross
sections for production in pp collisions are also listed in
Table I. We focus on decays of the Higgs boson to bottom

TABLE I. Cross sections for Higgs boson production from
di↵erent processes in PbPb collisions and proton-proton col-
lisions at

p
sNN = 5.5, 11, and 39.4 TeV, respectively. The

nCTEQ15 PDFs [20] and CT14 PDFs [21] are used for the
PbPb and pp-collisions, respectively.

process
PbPb(pp) in nb(pb)

5.5 TeV 11 TeV 39.4 TeV

GF 480(10.2) 1556(35.2) 9580(235)

VBF 15.3(0.316) 65.6(1.40) 421(10.02)

ZH 10.2(0.230) 28.1(0.687) 147(3.97)

W+H 8.38(0.162) 21.8(0.716) 94.2(3.19)

W�H 9.22(0.143) 23.4(0.435) 99.5(2.34)

quarks for which the associated production with a Z bo-
son and its subsequent leptonic decay gives the strongest
sensitivity [22, 23], albeit with a relatively small cross
section. The dominant backgrounds in this case are Z
plus bottom-quark pair production and top-quark pair
production with leptonic decays. Bottom quarks from
decays of the Higgs boson form two energetic jets that
can be detected with various b-tagging algorithms [24].
On the other hand, in the environment of heavy-ion col-
lision, b-jets from the backgrounds will lose energy from
interactions in the QGP [13]. Owing to the dead-cone
e↵ect of QCD radiation [25], it has been argued that a
primary b-quark will lose less energy than light quarks
when traversing QGP, but experimental measurements
have shown similar level of nuclear suppression for inclu-
sive jets and b-jets, and similar distortion of transverse
momentum balance [24, 26] of dijets from jet quenching.
The fraction of energy lost from a primary b-quark jet
is thus believed to be comparable to that from a light
quark, at least for jets with high transverse momentum.
There are also theoretical studies supporting the simi-
larity of quenching of jets initiated by b-quark and light
quarks [27–29].

Jet Quenching Models. We base our quantitative
estimates on simplified phenomenological models of jet
quenching since a full Monte Carlo generator with jet

quenching is not available for the processes of interest 1.
Di↵erences among the three models provide a measure of
the uncertainties in our results. The average loss of trans-

FIG. 1. The impact of di↵erent models on jet observables is
shown taking as an example, production of a Z boson plus a
single jet. Distribution of the ratio of transverse momenta in
Z + jet production in PbPb collisions. Left: comparison of
predictions from Jewel2.0 and the folded results with various
models, for centrality class 0-10% and only quark final states
included; right: comparison of the folded results with CMS
measurement for centrality class 0-30%.

verse momentum for a jet traversing the QGP compared
to the vacuum is expressed as

h�pTi = apT + b ln(pT/GeV) + c. (2)

The parameters depend on the center of mass energy,
the collision centrality, and also the jet reconstruction
scheme. In the following we use the anti-kT [33] algo-
rithm with R = 0.3. We choose three representative
models for quark jets in PbPb collisions with a central-
ity class of 0 � 10%, i.e., with strong quenching a = 0,
b = 2 GeV, c = 12 GeV, medium quenching a = 0.15,
b = c = 0, and mild quenching a = b = 0, c = 10 GeV.
These choices correspond to a loss of transverse momen-
tum of 21, 15, and 10 GeV respectively, for a jet with
pT = 100 GeV in vacuum. The model with medium
quenching was used previously in a study of top-quark
pair production in heavy-ion collisions [12]. In addition
we impose Gaussian smearing on the energy loss to mimic
the fluctuations in jet quenching with width set to half
of the average energy lost. The jet energy resolution is

1
Such generators exist for QCD jets production, prompt pho-

ton production and electroweak boson plus a single jet produc-

tion [30–32].
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parametrized as

�(pT) =

s

C2 +
S2

pT
+

N2

p2T
. (3)

Representative values of the C, S, and N parameters
from CMS for di↵erent centrality classes in PbPb colli-
sion can be found in [26] and are used in our calculations.

The transverse momentum imbalance in Z boson plus
jet production was measured recently by the CMS col-
laboration in PbPb collisions at

p
sNN = 5.02 TeV as a

hard probe of jet quenching [34]. Following the analysis
in [34], we plot in Fig. 1 distributions of the ratio of the
transverse momenta xjZ = pjetT /pZT normalized to the

rate of inclusive Z boson production, where pjetT is the
transverse momentum of the leading jet. In the plot on
the left side of Fig. 1 we show predictions from the Monte
Carlo program Jewel 2.0.0 [32] for the centrality class
0-10%. A prediction without jet quenching (vacuum) is
also shown, obtained from Pythia 6.4 [35] incorporated
in Jewel 2.0.0. We turn on only the hard matrix ele-
ments for quark final states. The initial temperature of
the QGP is set to 590 MeV [36]. A shift to lower values is
seen in the distribution as quenching is increased, as well
as a reduction of the event rate. For comparison with
the Jewel prediction, we also show predictions obtained
by applying our simplified quenching models to the vac-
uum calculation on a event-by-event basis. The folded
result with strong quenching is in good agreement with
the Jewel result. In the plot on the right of Fig. 1 we
compare our folded results with the CMS data measured
for centrality class 0-30% [34]. The baseline vacuum pre-
diction is from Pythia 8 [37] with both gluon and quark
final states included; the latter contributes more than
80% of the total production rate. The CMS data disfavor
the vacuum prediction. The three simplified quenching
models are consistent with current data.
Signal and backgrounds. We consider the signal pro-
cess PbPb! ZH ! `+`�bb̄, in the 0-10% centrality
class, with ` = e, µ for which the QCD backgrounds are
highly suppressed. We simulate the signal and back-
grounds at leading order using sherpa 2.2.4 [38] in-
cluding parton showering and hadronization, and with
nCTEQ15 PDFs[20]. The dominant SM backgrounds are
Zbb̄ production and tt̄ production with leptonic decays of
top quarks. Other SM backgrounds including those from
production of Z plus light flavors are significantly smaller
and are ignored. We normalize the total cross sections
of the signal to the NNLO values in Table I, and of the
tt̄ background to the NNLO predictions with resummed
corrections from Top++2.0 [39, 40], times the relevant
centrality factors. The Monte Carlo events are passed to
Rivet [41] for analysis with an anti-kT jet algorithm as
implemented in Fastjet [42] and a distance parameter
of 0.3. Jet quenching and jet energy resolution are ap-
plied according to Eqs.( 2) and ( 3). We use pre-selection

cuts similar to those in the CMS heavy-ion analysis [34],

p`T > 15GeV, |⌘`| < 2.5, �R`` > 0.2,

pjT > 30GeV, |⌘j | < 1.6, �Rj` > 0.3. (4)

We select events in the following signal-like region

• A pair of same-flavor opposite-sign charged leptons
with invariant mass |m`` �mZ | < 10 GeV;

• Exactly two jets, both b-tagged, with separation
�Rbb < 2.0;

• The transverse momentum of the reconstructed
vector boson pZT ⌘ p``T > 100 GeV.

We assume a b-tagging e�ciency of 80%, better than that
achieved in the CMS analysis [24], but expected in future
runs. The requirement of large pZT can suppress the tt̄
background e�ciently.

FIG. 2. Distributions of the ratio of the transverse momenta
of the pair of b-jets and the Z boson for PbPb collision withp
sNN = 5.5 TeV and centrality class 0-10%, after basic se-

lections. For the nominal case both backgrounds are strongly
quenched while the signal in unquenched. The distribution
for a quenched signal is also shown as a comparison. The Zbb̄
result has been multiplied by 0.2.

The analysis so far follows Ref. [22]. As mentioned ear-
lier, di↵erent quenching properties of the signal and back-
grounds lead to further separation in certain variables.
Separation is illustrated in Fig. 2 for the ratio x = pbb̄T /pZT
of the transverse momenta of the reconstructed bb̄ pair
and the Z boson. We apply the strong quenching model
on the two backgrounds and the signal is vacuum-like.
The backgrounds tend to peak in the region of smaller x
since both of the b-jets lose a fraction of their energies.
In Fig. 2, we also show the result for the extreme case
in which the b-jets in the signal process are also strongly
quenched. In this case, besides the shift of the peak, the
signal normalization is also reduced since more b-jets fall
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sNN = 5.5 TeV and centrality class 0-10%, after basic se-

lections. For the nominal case both backgrounds are strongly
quenched while the signal in unquenched. The distribution
for a quenched signal is also shown as a comparison. The Zbb̄
result has been multiplied by 0.2.

The analysis so far follows Ref. [22]. As mentioned ear-
lier, di↵erent quenching properties of the signal and back-
grounds lead to further separation in certain variables.
Separation is illustrated in Fig. 2 for the ratio x = pbb̄T /pZT
of the transverse momenta of the reconstructed bb̄ pair
and the Z boson. We apply the strong quenching model
on the two backgrounds and the signal is vacuum-like.
The backgrounds tend to peak in the region of smaller x
since both of the b-jets lose a fraction of their energies.
In Fig. 2, we also show the result for the extreme case
in which the b-jets in the signal process are also strongly
quenched. In this case, besides the shift of the peak, the
signal normalization is also reduced since more b-jets fall
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✦ Cuts on pT imbalance and leading-jet pT can enhance signal to BK 
ratio; significance based on invariant mass distribution of two b-jets

Significance 4

below the pT threshold. Not shown here, we find that
the transverse momentum of the leading-jet shows sim-
ilar separation power, and it is strongly correlated with
x.

FIG. 3. Distributions of the invariant mass of the pair of
b-jets after all selections, similar to Fig. 2.

To establish the discovery potential of the signal we
demand events with x > 0.75 and pT > 60 GeV for the
leading-jet. The invariant-mass distribution of the two
b-jets Mbb̄ is shown in Fig. 3 after all selections. The
dominant background is Zbb̄, and the signal exhibits a
clear peak near the Higgs boson mass. The large width
of the signal reflects the e↵ects of jet energy smearing.
In Fig. 3 we also display the signal distribution for the
case of strong quenching. It shows a much weaker peak
at lower mass.

FIG. 4. Expected significance of the Higgs boson signal as a
function of ion luminosity for PbPb collisions at LHC, HE-
LHC, and FCC-hh. Results for the case of a quenched signal
are also shown for comparison.

We use the log-likelihood ratio q0 [43] as a test-statistic
to calculate the expected significance of the signal based
on theMbb̄ distribution, as a function of the integrated lu-
minosity of the collision program. The results are shown
in Fig. 4 and in Table II. For the LHC, a 5(3)� dis-
covery(evidence) requires a total ion luminosity of about
16(5.9) pb�1 in PbPb collisions, larger than the projected
LHC luminosity [44]. The numbers are 11(4.0) pb�1 for
PbPb collision at HE-LHC. The significance if the sig-
nal is also quenched are much lower than the nominal
case shown in Fig. 4. The results for alternative quench-
ing models and for no quenching of the backgrounds are
summarized in Table II. The improvement in signal-
background discrimination from jet quenching is clear.

TABLE II. Ion luminosity required to reach 5� significance for
the signal for di↵erent models of jet quenching and collision
energies. Numbers in parenthesis correspond to a 3� evidence.

lumi.(pb�1) strong medium mild vacuum

LHC 16(5.9) 27(9.8) 26(9.3) 48(17)

HE-LHC 11(4.0) 20(7.2) 20(7.2) 34(12)

FCC-hh 8.0(2.9) 14(5.0) 14(5.0) 23(8.2)

Discussion. The long lifetime of the Higgs boson rela-
tive to the typical time scale of the QGP makes it plausi-
ble that the strong decay products of Higgs bosons pro-
duced in heavy ion collisions escape the QGP medium
una↵ected. On the other hand, QCD backgrounds will
be attenuated by jet quenching. These features open the
possibility of enhanced ratios of signal to backgrounds.
We demonstrated these ideas with the specific example
of associated ZH production in PbPb collisions at var-
ious colliders using simplified models of jet quenching.
The integrated luminosities needed for an observation
of the signal are ⇠ 10 pb�1. Improvements can be ex-
pected through the use of multi-variate analysis strate-
gies and information on jet shapes [45–48] expected to
be di↵erent for quenched and unquenched jets. It will
be interesting to investigate the potential of other pro-
duction channels of the Higgs boson with larger cross
sections [14, 15, 49, 50].
There are issues to be addressed to convert these con-

cepts into a quantitative tool. We used di↵erent mod-
els to estimate to some degree the uncertainties in jet
quenching, but better understanding of the mechanism of
quenching is required to improve the modeling of the SM
backgrounds, in conjunction with possible data-driven
studies. A related question is whether the Higgs boson
and its decay products su↵er medium-related e↵ects. In
other words, does the Higgs boson propagate freely in the
medium? Is the Higgs lifetime su�ciently long that the
decay b-jets spend no appreciable time in the medium?
Answers would benefit greatly from experimental studies
on relevant data samples from heavy ion collisions with
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ilar separation power, and it is strongly correlated with
x.
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LHC luminosity [44]. The numbers are 11(4.0) pb�1 for
PbPb collision at HE-LHC. The significance if the sig-
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case shown in Fig. 4. The results for alternative quench-
ing models and for no quenching of the backgrounds are
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of associated ZH production in PbPb collisions at var-
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els to estimate to some degree the uncertainties in jet
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quenching is required to improve the modeling of the SM
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A Circular Electron Positron Collider
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✦ Chinese HEP community is planning for a new collider facility aiming 
at a Higgs/Z factory with later upgradable to pp collision  

[Xin Chou Lou, 2017]
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✦ CEPC Higgs factory can provide percent-level precision on model-
independent measurement of various Higgs couplings 

HIGGS BOSON MASS, CROSS SECTIONS AND BRANCHING RATIOS 71

values, for example the H ! bb decay:1983

�H / �(H ! bb)

BR(H ! bb)
(2.6)

�(H ! bb) can be independently extracted from the cross section of the W fusion process e+e� !1984

⌫⌫̄H ! ⌫⌫bb:1985

�(⌫⌫H ! ⌫⌫bb) / �(H ! WW ⇤
) · BR(H ! bb) = �(H ! bb) · BR(H ! WW ⇤

) (2.7)

Thus the Higgs boson total width1986

�H / �(H ! bb)

BR(H ! bb)
/ �(⌫⌫H ! ⌫⌫bb)

BR(H ! bb) · BR(H ! WW ⇤
)

(2.8)

Here BR(H ! bb) and BR(H ! WW ⇤
) are measured from the e+e� ! ZH process. The limitation1987

of this method is the small e+e� ! ⌫⌫H ! ⌫⌫bb cross section.1988

The precision from the method of Eq. 2.5 is 4.4%, dominated by the statistics of e+e� ! ZH1989

events with H ! ZZ⇤. The precision from the method of Eq. 2.8 is 3.3% dominated by the statistics1990

of e+e� ! ⌫⌫̄H events with H ! bb. This method uses the large BR(H ! bb) value to compensate1991

the smaller cross section of the W fusion process �(e+e� ! ⌫⌫̄H). A combined result from the above1992

two methods, after taking into account the correlations, shows that CEPC is capable of measuring �H1993

with a precision of 2.7% with 5 ab

�1. The precise knowledge of the Higgs boson total width will lead1994

us to much better understandings of Higgs boson properties in a model independent way as discussed in1995

Sec. 2.4.1996

Table 2.9 Estimated precisions of Higgs boson property measurements at the CEPC. All the numbers refer
to relative precision except for MH and BR(H ! inv) for which �MH and 95% CL upper limit are quoted
respectively.

�MH �H �(ZH) �(⌫⌫H) ⇥ BR(H ! bb)

5.9 MeV 2.8% 0.51% 2.8%

Decay mode �(ZH) ⇥ BR BR

H ! bb 0.28% 0.57%
H ! cc 2.2% 2.3%
H ! gg 1.6% 1.7%
H ! ⌧⌧ 1.2% 1.3%
H ! WW 1.5% 1.6%
H ! ZZ 4.3% 4.3%
H ! �� 9.0% 9.0%
H ! µµ 17% 17%
H ! inv � 0.28%

CEPC-SppC pre-CDR, 5 ab-1

decay modes to light-quarks can be measured but with degeneracies to 
gluon channels, H->jj 
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✦ One possibility is to apply quark/gluon jet discriminators on top of 
the jet algorithm with heavy-flavor tagging
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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
zi ✓

�
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
zi . (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 –[Zhao Li +, 2011; Larkoski +, 2014]

bb cc

gg qq

heavy-flavor tagging

gluon/quark disc.

apply quark/gluon jet discriminator 
based on substructures, e.g., 
generalized angularities, net 
energy profile 
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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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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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✦ 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
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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

[Zhen-Xing Chen +, 2016]

SM event numbers assuming 250 GeV, 5 ab-1 and Z to electron and muon
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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,

full kinematic information allowing 
measurement of event shapes in 
Higgs rest frame
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✦ Color-singlet di-gluon and di-quark initiated distributions show an 
approximate Casimir scaling on the peak position, CA/CF=9/4

[JG, 1608.01746]

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 generator 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 decays of

hadrons.
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Figure 1. Normalized distributions of thrust in hadronic decays of the Higgs boson, in e+e− → qq̄
with a CMS energy of 125 GeV and in e+e− → Zqq̄ with a CMS energy of 250 GeV. In the later two
cases the thrust is calculated in the hadronic CMS frame. The lower panel shows the relative theoretical
uncertainties of the normalized distribution for H → gg, due to the variations of renormalization and
matching scales.

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 in the hadronic center-of-mass (CMS) frame for e+e− → Z∗/γ∗ → qq̄

with a CMS energy of 125 GeV and e+e− → Zqq̄ with a CMS energy of 250 GeV and re-

quiring a recoil mass of 125 GeV of the Z boson as comparisons. 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

important. 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∗ differs from that

for the Higgs boson in the three-jet region because of the different spin. The distribution for

qq̄ in Zqq̄ production has a slightly higher peak than the case of Z∗/γ∗ mostly due to the

– 3 –

normalized shapes of the thrust 
distribution (PS+3 j LO) hadronization corrections
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Figure 2. Ratios of normalized distributions of thrust, left: predictions with AHADIC++ hadroniza-
tion model to without hadronization corrections; right: predictions with Lund hadronization model to
with AHADIC++ hadronization model.

had. unc. (%) H(gg) H(WW ) H(bb̄) H(qq̄) Z(qq̄) ZZ(qq̄)

[0.02, 0.03] −5 22 −3 −0.3 −0.4 −0.4

[0.05, 0.07] −2 −9 3 3 4 4

Table 1. Estimated hadronization uncertainties of normalized distributions of thrust for two repre-
sentative bins of τ .

3 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 production channel being the associated production with a Z boson, with

a total cross section of about 212 fb [38]. One great advantage of the e+e− collider is that

the Higgs boson events can be selected by measuring the recoil mass mrecoil, e.g., for ZH

production with the Z boson decay into a pair of visible fermions ff̄ ,

m2
recoil = s− 2Eff̄

√
s+m2

ff̄ , (3.1)

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 signal 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 2 summarizes the decay BRs of the hadronic decays 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 channels in Table 2 contribute to the

distribution of the event shapes. We must carefully select the one that we are interested

– 5 –

parton level + hadronization 
corrections; theoretical uncertainties 
from both sides
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✦ Projected sensitivity on light-quark Yukawa couplings is obtained 
using pseudo-data

Extraction of Yukawa Couplings

comparison with LHC

no sys. +pert. +nor. +had.

limit on r 0.036 0.040 0.045 0.056

limit on r (lumi.×103) 0.0012 0.0014 0.018 0.019

Table 3. Impact of various systematic uncertainties on the expected 95% CLs exclusion limit of
r with λ = 1 and a luminosity of 5 ab−1 or 5000 ab−1. Numbers correspond to the exclusion limit
without any systematic errors, and adding various systematic errors in succession.

limit approximately 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 systematic errors the limit increases

to 0.056 as shown in Fig. 3. We further illustrate impact of various systematic uncertainties

on the exclusion limit of r in Table 3. We show numbers correspond to the exclusion limit

without any systematic errors, and adding various systematic errors in succession. We can

see the uncertainty is dominated by the statistical error. The hadronization uncertainties

show a moderate impact. For comparison we also list the results with a data sample of 1000

times larger.

We can also include invisible 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 Zqq̄

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

backgrounds will double. The expected limit is again plotted in Fig. 3, which can reach 0.047

with the SM assumption.

In principle, several of the backgrounds, e.g. fH(bb̄) and fZZ(qq̄) can be measured directly

in a controlled region from independent data sample. We briefly comment on the possibilities

in below.

• Heavy-quark components: in this case one can require the quark/gluon being flavor

tagged rather than untagged. With a typical b-tagging efficiency of 60%, the misidenti-

fication rate for light flavors are negligible [40] not mentioning further suppression from

the Higgs boson decay branching ratio. Thus we can arrive at a pure sample of bb̄ of

around 2× 104 events for CEPC. That corresponds to an uncertainty of 1.5% from sta-

tistical fluctuations for the bin [0.02, 0.03] of τ , comparable to the number in Table 1.

One question needs to be addressed is how various flavor-tagging algorithm may change

distributions of the event shape observables.

• Zqq̄ component: we can require the recoil mass of the lepton pair to be slightly off

the Higgs boson mass to remove all events from Higgs boson decay. For instance we

can select two recoil mass windows of [110, 120] GeV and [130, 140] GeV and take the

average of the two distributions measured as fZZ(qq̄). That contains about 4×103 events

– 8 –

from various event shapes
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Figure 4. Expected 95% CLs exclusion limit on r and the 1σ and 2σ fluctuations based on measure-
ments of different event shape observables and assuming a theory of the SM. Theoretical uncertainties
on the event shape distributions are not included.

larger than the qq̄ ones for a Higgs boson mass of 125 GeV. Thus, a small downward shift of

the gg induced cross sections comparing to experimental data, either due to the experimental

or theoretical uncertainties, can allow for a much larger light-quark Yukawa coupling.

We also comment on the comparison of our proposal with the possibility of using gluon/quark

jet discriminators. On the theory side, the event shape distributions can be calculated sys-

tematically in perturbative QCD, and the theoretical uncertainties are under control. Exper-

imentally, the hadronic even-shape observables have been studied extensively at LEP. The

experimental systematics are well understood. By comparing with the experimental results

on the αs(MZ) measurement [44, 45], we found the sensitivity obtained in this study is real-

istic. Even after all the experimental systematics are included, the expected exclusion limit

should not change greatly.

In summary, we have proposed a novel idea for measuring the light-quark Yukawa cou-

plings using hadronic event shape distributions in addition to the conventional measurement

of Higgs couplings 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 0.48% for the Higgs boson decay to qq̄, at 95% CLs, with q be any of the u, d, s quarks,

assuming a hypothesis of SM-like theory and only modifications to the Higgs boson couplings

to gluon and light quarks. That corresponds to an exclusion limit on a light-quark Yukawa

coupling of about 9% of the strength of the bottom quark coupling in the SM.
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r=BR(qq)/(BR(qq)+BR(gg)) from thrust

an exclusion limit on r of 0.06, 
corresponds to a decay BR(qq) of 0.5% 
to any of u/d/s, a Yukawa coupling of 
9% of SM yb, or 4 times of SM ys

best projected HL-LHC limit from 
exotic decay on s quark is 20 times of 
SM yb, from kinematic distribution on 
u/d is ~30%
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Thank you for your attention!

✦ Measurement on Yukawa couplings and total width of the Higgs 
boson are of great importance but challenging at the LHC 

✦ Heavy-ion collisions provide an unique environment for probing 
lifetime of the Higgs boson and also bottom Yukawa couplings

✦ CEPC Higgs factory has the potential of pinning down the Higgs 
to light-quark decay BRs to sub-percent, thus the strange quark 
Yukawa to a few times its SM value 

✦ Precision test of the Higgs couplings will be the most imperative 
task in the next few decades
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✦ Some basics: collision energy, Glauber model, centrality class, 
factorization on cross sections

Heavy-ion collisions [backups]

nucleon-nucleon center of mass energy SNN1/2=Z/A*Spp1/2 

for PbPb, LHC 5.5 TeV, HE-LHC 11 TeV, FCC-hh 39.4 TeV 46 M. Kliemant et al.

Fig. 4 A cartoon showing the centrality definition from the final-state particle multiplicity and its
correlation with the impact parameter (b) and the number of participating nucleons (Npart) in the
collisions

2.10 Number of Participants and Number of Binary Collisions

Experimentally there is no direct way to estimate the number of participating
nucleons (Npart) and the number of binary collisions (Nbin) in any event, for a
given impact parameter. The Glauber model calculation is performed to estimate
the above two quantities as a function of the impact parameter. The Glauber
model treats a nucleus–nucleus collision as a superposition of many independent
nucleon–nucleon (N−N ) collisions. This model depends on the nuclear density
profile(Woods–Saxon) and the non-diffractive inelastic N + N cross-sections. The
Woods–Saxon distribution is given by

ρ(r ) = ρ0

1 + exp( r−r0
c )

, (78)

where r is the radial distance from the center of the nucleus, r0 is the mean radius of
the nucleus, c is the skin depth of the nucleus and ρ0 is the nuclear density constant.
The parameters r0 and c are measured in electron–nucleus scattering experiments.
ρ0 is determined from the overall normalization condition

∫
ρ(r ) d3r = A, (79)

Glauber Modeling in Nuclear Collisions 10

Figure 4: Glauber Monte Carlo event (Au+Au at
√

sNN = 200 GeV with impact
parameter b = 6 fm) viewed in the transverse plane (left panel) and along the

beam axis (right panel). The nucleons are drawn with a radius
√

σNN
inel/π/2.

Darker disks represent participating nucleons.

The optical form of the Glauber theory is based on continuous nucleon density
distributions. The theory does not locate nucleons at specific spatial coordinates,
as is the case for the Monte Carlo formulation that is discussed in the next section.
This difference between the optical and Monte Carlo approaches can lead to subtle
differences in calculated results, as will be discussed below.

2.4 Glauber Monte Carlo approach

The virtue of the Monte Carlo approach for the calculation of geometry related
quantities like ⟨Npart⟩ and ⟨Ncoll⟩ is its simplicity. Moreover, it is possible to
simulate experimentally observable quantities like the charged particle multi-
plicity and to apply similar centrality cuts as in the analysis of real data. In
the Monte Carlo ansatz the two colliding nuclei are assembled in the computer
by distributing the A nucleons of nucleus A and B nucleons of nucleons B in
three-dimensional coordinate system according to the respective nuclear density
distribution. A random impact parameter b is then drawn from the distribution
dσ/db = 2πb. A nucleus-nucleus collision is treated as a sequence of indepen-
dent binary nucleon-nucleon collisions, i.e., the nucleons travel on straight-line
trajectories and the inelastic nucleon-nucleon cross-section is assumed to be inde-
pendent of the number of collisions a nucleon underwent before. In the simplest
version of the Monte Carlo approach a nucleon-nucleon collision takes place if
their distance d in the plane orthogonal to the beam axis satisfies

d ≤
√

σNN
inel/π (10)

where σNN
inel is the total inelastic nucleon-nucleon cross-section. As an alterna-

tive to the black-disk nucleon-nucleon overlap function, e.g., a Gaussian overlap
function can be used (31).

MC Glauber model

centrality

factorization

centrality factor ~0.42 for PbPb at 0-10%

[Connors+, 2017]

Rediscover Higgs boson with quark-gluon plasma in heavy-ion collision
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We propose a novel idea of studying the production and decay of the Higgs boson in heavy nuclear
collisions at the LHC. The quark-gluon plasma (QGP) produced in extreme environment serves as a
nature probe of the lifetime of the Higgs boson. Hadronic decays of the Higgs boson see no screening
from the hot and dense medium due to the large lifetime of the Higgs boson, while jets produced at
hard scattering and from decays of the electro-weak gauge bosons and the top-quark su↵ers great
energy lost in the medium. This distinct feature leads to enhance sensitivity to the hadronic decays
of the Higgs boson, thus the Yukawa couplings of the Higgs boson to heavy quarks and the tau
lepton. We have shown that...

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. High precision experimental investiga-
tions on the properties and couplings of the Higgs boson
are required for a refined understanding of the nature of
electroweak symmetry breaking and for searches for pos-
sible new physics beyond the SM. That has been given
with the highest priority at the ongoing LHC and future
high-luminosity LHC projects.

One distinct behavior of the Higgs boson is its large in-
trinsic lifetime ⇠ 47 fm/c (width � ⇠ 4MeV) as compar-
ing to the electro-weak gauge bosons and the top-quark,
for example the later has a lifetime of 0.15 fm/c. Such a
small width of the Higgs boson is impossible to be recon-
structed at the LHC though indirect bounds exist from
measuring inteference e↵ects [? ]. Besides, the Higgs bo-
son decays mostly to hadronic final states, e.g. to bb̄, gg,
cc̄, and via cascade decays of the EW gauge bosons and
tau lepton. Those hadronic final states are again hard to
access at the LHC due to the huge QCD backgrouds and
the poor jet energy resolutions. It is only recently that
the CMS and ATLAS collaborations observe evidences
of the Higgs boson decays to bb̄ at 3.2� confidence level
in pp collision at the LHC, though the bb̄ channel has a
largest branching ratio of 58%.

Another interesting experiment carried out at the LHC
is the heavy-ion collision to study the properties of quark-
gluon plasma (QGP) created in the extrem environment
with high temparature and density, similar to the very
early second of our universe. Progresses have been made
in studying heavy particles production in heavy-ion col-
lisions at the LHC [? ]. Especially it has been recently
proposed using top-quark pair production to probe the
time dependence of QGP [? ]. It is predicted the ex-
pansion and cooldown of the QGP has a typical lifetime
of about 10 fm/c [? ] at the LHC. Interestingly the this

scale of QGP can serve as a nature probe of the lifetime
of the Higgs boson. In this Letter we propose to study
the production and hadronic decays of the Higgs boson
in heavy-ion collisions at the LHC. We point out the ma-
jor di↵erences of studying the Higgs production and de-
cay in heavy-ion collision as comparing to proton-proton
case. Jets produced in hadonic decays of the Higgs bo-
son are not much a↵ected by QGP since it happens at
a much later time. Meanwhile, jets produced from hard
QCD scattering and decays of EW gauge bosons and the
top-quark su↵ers from energy lost by interacting with
the medium, known as jet quenching, a well establidhed
phenomenon in heavy-ion collision at both RHIC and
LHC. These di↵erent responces lead to suppression of
the SM backgrouds of the Higgs hadronic signal and also
distinct kinematic configurations of the signal and back-
grounds, resulting in enhanced signal over background
ratio as compared to proton-proton collision. We show
that with...
Higgs boson production. In collisions involving two
heavy nucleus with charge Z and atomic numbers A, the
Higgs boson production cross section can be written as

�AA!X = A

2
c(f)

X

a,b

Z
dxadxb

⇥ fa/A(xa, µ
2
F )fb/A(xb, µ

2
F )�̂ab!X(xaxbSNN ), (1)

where fi/A(xi, µ
2
F ) is the nuclear parton distribution

functions (PDFs) of the parton i carrying a momentum
fraction xi of the nucleon at a factorization scale µF . �̂ is
the usual partonic cross sections. A

2
c(f) is the e↵ective

number of nucleon collisions for the centrality range f ,
of which c(f) can be obtained by integrating the overlap
function of the two nucleus over the corresponding range
of impact parameters [? ]. For the centrality region of
0-10% that we focus in this study, c(f) is calculated to
be 42% for PbPb collision at

p
sNN = 5.6 TeV, with the

Glauber Monte Carlo model [? ]. The total number of
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We propose a novel idea of studying the production and decay of the Higgs boson in heavy nuclear
collisions at the LHC. The quark-gluon plasma (QGP) produced in extreme environment serves as a
nature probe of the lifetime of the Higgs boson. Hadronic decays of the Higgs boson see no screening
from the hot and dense medium due to the large lifetime of the Higgs boson, while jets produced at
hard scattering and from decays of the electro-weak gauge bosons and the top-quark su↵ers great
energy lost in the medium. This distinct feature leads to enhance sensitivity to the hadronic decays
of the Higgs boson, thus the Yukawa couplings of the Higgs boson to heavy quarks and the tau
lepton. We have shown that...

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. High precision experimental investiga-
tions on the properties and couplings of the Higgs boson
are required for a refined understanding of the nature of
electroweak symmetry breaking and for searches for pos-
sible new physics beyond the SM. That has been given
with the highest priority at the ongoing LHC and future
high-luminosity LHC projects.

One distinct behavior of the Higgs boson is its large in-
trinsic lifetime ⇠ 47 fm/c (width � ⇠ 4MeV) as compar-
ing to the electro-weak gauge bosons and the top-quark,
for example the later has a lifetime of 0.15 fm/c. Such a
small width of the Higgs boson is impossible to be recon-
structed at the LHC though indirect bounds exist from
measuring inteference e↵ects [? ]. Besides, the Higgs bo-
son decays mostly to hadronic final states, e.g. to bb̄, gg,
cc̄, and via cascade decays of the EW gauge bosons and
tau lepton. Those hadronic final states are again hard to
access at the LHC due to the huge QCD backgrouds and
the poor jet energy resolutions. It is only recently that
the CMS and ATLAS collaborations observe evidences
of the Higgs boson decays to bb̄ at 3.2� confidence level
in pp collision at the LHC, though the bb̄ channel has a
largest branching ratio of 58%.

Another interesting experiment carried out at the LHC
is the heavy-ion collision to study the properties of quark-
gluon plasma (QGP) created in the extrem environment
with high temparature and density, similar to the very
early second of our universe. Progresses have been made
in studying heavy particles production in heavy-ion col-
lisions at the LHC [? ]. Especially it has been recently
proposed using top-quark pair production to probe the
time dependence of QGP [? ]. It is predicted the ex-
pansion and cooldown of the QGP has a typical lifetime
of about 10 fm/c [? ] at the LHC. Interestingly the this

scale of QGP can serve as a nature probe of the lifetime
of the Higgs boson. In this Letter we propose to study
the production and hadronic decays of the Higgs boson
in heavy-ion collisions at the LHC. We point out the ma-
jor di↵erences of studying the Higgs production and de-
cay in heavy-ion collision as comparing to proton-proton
case. Jets produced in hadonic decays of the Higgs bo-
son are not much a↵ected by QGP since it happens at
a much later time. Meanwhile, jets produced from hard
QCD scattering and decays of EW gauge bosons and the
top-quark su↵ers from energy lost by interacting with
the medium, known as jet quenching, a well establidhed
phenomenon in heavy-ion collision at both RHIC and
LHC. These di↵erent responces lead to suppression of
the SM backgrouds of the Higgs hadronic signal and also
distinct kinematic configurations of the signal and back-
grounds, resulting in enhanced signal over background
ratio as compared to proton-proton collision. We show
that with...
Higgs boson production. In collisions involving two
heavy nucleus with charge Z and atomic numbers A, the
Higgs boson production cross section can be written as

�AA!X = A

2
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X
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Z
dxadxb

⇥ fa/A(xa, µ
2
F )fb/A(xb, µ

2
F )�̂ab!X(xaxbSNN ), (1)

where fi/A(xi, µ
2
F ) is the nuclear parton distribution

functions (PDFs) of the parton i carrying a momentum
fraction xi of the nucleon at a factorization scale µF . �̂ is
the usual partonic cross sections. A

2
c(f) is the e↵ective

number of nucleon collisions for the centrality range f ,
of which c(f) can be obtained by integrating the overlap
function of the two nucleus over the corresponding range
of impact parameters [? ]. For the centrality region of
0-10% that we focus in this study, c(f) is calculated to
be 42% for PbPb collision at

p
sNN = 5.6 TeV, with the

Glauber Monte Carlo model [? ]. The total number of
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The distribution of ⌧
tot

values is given in Fig. 1 for the
LHC

p
s

NN

= 5.5 TeV, inclusively over p
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, and for
a future-circular-collider (FCC) with
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= 39 TeV,
considering events with p
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> 400 GeV. Note the long
tails in both cases, which will contribute sensitivity to
times substantially beyond h⌧

tot
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Fig. 2 shows the distribution of mreco

W

, again for the
LHC and FCC, with a p

reco

t,top

cut in the latter case. Re-
sults are shown with baseline full quenching for all parti-
cles and without quenching (equivalent to pp events em-
bedded in a medium). One sees clear W -mass peaks,
superposed on a continuum associated with events where
the W decay jets have not been correctly identified. The
continuum is significantly reduced at high p

reco

t,top

. The W

peaks in the quenched case are shifted to the left, and the
extent of the shift provides an experimental measure of
the quenching. The peaks are also lower in the quenched
case, reflecting the smaller fractions of events that pass
the reconstruction (and, for FCC, preco

t,top

) cuts.
To estimate the sensitivity of top-quark measurements

to the time-dependence of quenching in the medium, we
consider a toy model in which the quenching is propor-

FIG. 3. The average (points) and standard deviation (width
of band) formreco

W across many pseudo-experiments, as a func-
tion of luminosity for an inclusive sample of tt̄ events, as a
function of the integrated PbPb luminosity at the LHC (left)
and the HE-LHC (right).

tional to the time between the moment when theW decay
products decohere, ⌧

tot

, and a moment when the medium
quenching e↵ect stops being active, ⌧

m

. This gives a
⌧

tot

-dependent quenching factor Q(⌧
tot

) for the W decay
products of
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Recall that all other hadronic particles undergo quench-
ing with the factor Q

0

.
For each choice of ⌧

m

we obtain a m

reco

W

histogram as
in Fig. 2. We carry out a binned likelihood fit for the his-
togram and the background of incorrectly reconstructed
W ’s using the functional form

N(m) = a exp


� (m�m

fit

W

)2

2�2

�
+ b+ cm . (5)

The free parameters a, b, c, � and m

fit

W

are constrained
to sensible ranges so as to increase the stability of the fit
in low statistics samples.
Fig. 3 shows the results for m

fit

W

. They are plotted as
bands for di↵erent ⌧

m

values, as a function of the PbPb
integrated luminosity, L

PbPb

. The width of each band
represents the standard deviation of mfit

W

values that we
obtain when we carry out fits for a large number of replica
pseudo-experiments. Two of the bands are independent
of the PbPb luminosity: the top, unquenched band, cor-
responds to the result that would be obtained by embed-
ding 2 fb�1 of pp (unquenched) data into minimum-bias
PbPb events. The bottom band is obtained by a similar
procedure, but with the pp jets’ particles simply scaled
down by the quenching factor Q

0

, i.e. by the quenching
factor that would be expected if the W decay products
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extent of the shift provides an experimental measure of
the quenching. The peaks are also lower in the quenched
case, reflecting the smaller fractions of events that pass
the reconstruction (and, for FCC, preco
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) cuts.
To estimate the sensitivity of top-quark measurements

to the time-dependence of quenching in the medium, we
consider a toy model in which the quenching is propor-
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Recall that all other hadronic particles undergo quench-
ing with the factor Q
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For each choice of ⌧
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we obtain a m
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histogram as
in Fig. 2. We carry out a binned likelihood fit for the his-
togram and the background of incorrectly reconstructed
W ’s using the functional form
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are constrained
to sensible ranges so as to increase the stability of the fit
in low statistics samples.
Fig. 3 shows the results for m
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W

. They are plotted as
bands for di↵erent ⌧

m

values, as a function of the PbPb
integrated luminosity, L

PbPb

. The width of each band
represents the standard deviation of mfit

W

values that we
obtain when we carry out fits for a large number of replica
pseudo-experiments. Two of the bands are independent
of the PbPb luminosity: the top, unquenched band, cor-
responds to the result that would be obtained by embed-
ding 2 fb�1 of pp (unquenched) data into minimum-bias
PbPb events. The bottom band is obtained by a similar
procedure, but with the pp jets’ particles simply scaled
down by the quenching factor Q

0

, i.e. by the quenching
factor that would be expected if the W decay products

2

again in a longitudinal frame where the z component
of W momentum is zero. The quantity q̂ is the trans-
port coe�cient of the medium. While in practice it
is expected to be a function of time, for our proof of
principle illustration here, we take it to be constant,
q̂ = 4 GeV2

/ fm (conservatively taken larger than found
in Refs. [8, 9]). To get an event-by-event estimate of
the interaction start time, we will associate each com-
ponent with a randomly distributed exponential distri-
bution. With these choices, for inclusive top-quark pro-
duction at the LHC with centre-of-mass energy (per nu-
cleon pair)

p
s

NN

= 5.5 TeV, the average times are,
h�

t,top

⌧

top

i ' 0.18 fm/c , h�
t,W

⌧

W

i ' 0.14 fm/c , and
h⌧

d

i ' 0.34 fm/c , with dispersions that are comparable.
The 1/3 power in Eq. (2), means that h⌧

d

i is only weakly
dependent on the value of q̂.

To probe jet quenching and its time dependence in tt̄

production, we here suggest measuring the invariant mass
m

jj

of the dijet system that is produced from hadronic
W decays. In pp events, m

jj

is closely related to the
W mass, modulo final-state-radiation (FSR) e↵ects. The
di↵erence in reconstructed m

jj

in central ion-ion (AA)
collisions as compared to pp will be our measure of jet
quenching.

To evaluate the potential of such a study we exam-
ine semi-muonic tt̄ events, i.e. where one top decays to
bW (W ! µ⌫), while the other decays hadronically to
bW (W ! jj). In pA collisions it has been demonstrated
that it is possible to tag this class of events with es-
sentially no background [10] as long as two b-tags are
required.

For a quantitative analysis, we use events from the hvq
process [11] in revision 3180 of the POWHEGbox [12] gen-
erator, which simulates top-quark production to next-to-
leading (NLO) accuracy in the strong coupling constant.
We use it with the PDF4LHC15 nlo 30 PDF set [13]. We
then shower the events with Pythia 8.223 [14, 15] with
tune 4C [16]. Our final results will be based on events at
hadron level without any underlying event. The number
of events that we can expect for an integrated luminosity

L
AA

of AA collisions is n(f) ' L
AA

�

(t

¯

t)

pp

A

2

c(f) where

�

(t

¯

t)

pp

is the pp cross section for tt̄ production and A is
the atomic mass of the ions being collided (see Ref. [17]
for a more detailed cross-section study). The c(f) factor
accounts for the centrality range f . We will concentrate
on f = 0�10%, and so use c(0�10%) ' 0.42 [18].

To keep the analysis and simulation relatively simple,
we choose not to embed events in a heavy-ion medium.
Instead we introduce a single factor to mimic the com-
bination of all sources of fluctuations: those from the
embedding and medium-subtraction procedure, from fi-
nite detector resolution and also from jet quenching dy-
namics. Specifically, we rescale the momentum of each
particle i by a factor (1 + r�

pt/

p
p

t,i

+ 1 GeV) where r

is a Gaussian-distributed random number (di↵erent for

each particle) with a standard deviation of 1; �
pt is taken

to be 1.5 GeV1/2. This leads to an e↵ective relative jet
energy resolution of about 1.5 GeV1/2

/

p
p

t

for high-p
t

jets, or about 15% for p

t

= 100 GeV, consistent with
Ref. [19].
To simulate baseline full quenching in 0�10% central

PbPb systems, we apply a constant energy loss rescal-
ing factor Q

0

= 0.85 to all particle momenta, which is
consistent with observations in �/Z+jets measurements
performed by ATLAS and CMS [20, 21]. Recall that
the fluctuations associated with quenching are included
in our single global fluctuation factor. A more sophis-
ticated analysis would be possible, but is perhaps best
carried out in the context of a full experimental study.
To account for dependence of the quenching on the

time ⌧
tot

at which the W decay products start to interact
with the medium, all particles from the W decay are
scaled by a factor Q(⌧

tot

) rather than Q
0

. We will return
to the exact form of Q(⌧

tot

) below.
To tag potential tt̄ events, we require the presence of

a muon, two b-tagged jets and at least two non-b-tagged
jets. The muon should have p

t

> 25 GeV and rapidity
|y| < 2.5. Jets are obtained using the anti-k

t

jet algo-
rithm [22] with radius R = 0.3 and subsequent partial
declustering [23, 24] with the k

t

algorithm [25, 26], all
performed within FastJet v3.2.1 [27]. A selection require-
ment of p

t

> 30 GeV and |y| < 2.5 is applied to the anti-
k

t

jets. We assume a b-tagging e�ciency of ✏
b

= 70% per
b, as obtained in pPb events in [10] and anticipating the
expected improvements in b-tagging in high-multiplicity
environments from HL-LHC detector upgrades [28, 29].
We also assume that fake b-tags do not introduce any
substantial background.

Our W and top-quark reconstruction procedure is in-
spired by the pseudo-top definition of Refs. [30, 31],
adapted to be more resilient to the presence of addi-
tional jets from initial-state radiation (ISR) and at the
same time robust with respect to e↵ects of quenching on
the energy scales of W and top candidates. The use of
R = 0.3 anti-k

t

clustering and then k

t

declustering to
obtain the input jets helps ensure adequate performance
across a broad range of top-quark transverse boosts (sim-
ilar in spirit though di↵erent in its details to Ref. [32]).
The full procedure is detailed in the supplemental mate-
rial.

For each event that satisfies the reconstruction require-
ments, we consider two observables: m

reco

W

, the mass
of the reconstructed hadronic W -boson candidate and
p

reco

t,top

, the p

t

of the corresponding top candidate. The
former will provide our measure of quenching (and was
once before studied for this purpose [33]). The latter
can be translated to an average ⌧

tot

and for 200 GeV .
p

reco

t,top

. 1 TeV the relation reads (see figure 6 in the
supplemental material)

h⌧
tot

i(preco
t,top

) ' (0.37 + 0.0022 preco
t,top

/GeV) fm/c . (3)
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2Instituto Superior Técnico (IST), Universidade de Lisboa, Av. Rovisco Pais 1, 1049-001, Lisbon, Portugal

3CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland
4Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela, Galicia-Spain

The tiny droplets of Quark Gluon Plasma (QGP) created in high-energy nuclear collisions expe-
rience fast expansion and cooling with a lifetime of some fm/c. Despite the information provided
by probes such as jet quenching and quarkonium suppression, and the excellent description by hy-
drodynamical models, direct access to the time evolution of the system remains elusive. We point
out that the study of hadronically-decaying W bosons in events with a top-antitop quark pair can
provide unique insight into the time structure of the QGP. This is because of the finite lifetimes of
the top and W particles, and a time-delay in the interaction of the (colour-singlet) W -boson’s decay
products with the medium. All three times are correlated with the kinematics of the top quark,
allowing the approximate determination of the time at which the interaction with the QGP begins.
We carry out a simple Monte Carlo feasibility study and find that the LHC has the potential to bring
first, limited information on the time structure of the QGP. Substantially increased LHC heavy-ion
luminosities or future higher-energy colliders would open opportunities for more extensive studies.

The quark-gluon plasma (QGP), a state that charac-
terised the first microseconds of the universe, is regu-
larly produced and studied in ultrarelativistic heavy-ion
collisions at both RHIC and the LHC. A range of com-
plementary probes is used to study the QGP. These in-
clude properties that can be ascribed to hydrodynamic
flow patterns, suppression of heavy-quark bound states,
hadrochemistry of the final state, and modifications of
the fragmentation of energetic partons that traverse the
medium (see e.g. [1]). A property common to all these
probes is that they are sensitive to the properties of the
QGP integrated over its lifetime.

Hydrodynamic simulation codes [2] predict a strong
time-dependence of the QGP’s properties associated with
its expansion and cooldown, which last about 10 fm/c at
the LHC. It would be invaluable to develop a way of
probing this time-dependence. The recent discovery (see
e.g. [3, 4] and references therein) that high-multiplicity
proton–proton (pp) and proton–nucleus (pA) collisions
show signatures suggestive of collective e↵ects, in systems
with significantly smaller lifetimes than typical PbPb or
AuAu collisions, is an additional motivation for devising
a way of probing the time-structure of the QCD medium.

One powerful probe of the QGP is “jet quenching”, i.e.
the study of modifications of jets that pass through the
QGP (see e.g. Ref. [5]). In all hard processes used so far
for this purpose, dijet, �+jet or Z+jet production, the
jets are produced simultaneously with the collision of the
ions.

In this Letter, we point out that the study of top-
antitop (tt̄) production potentially o↵ers a unique op-
portunity to study jet quenching with jets produced at
later times. In light of Ref. [6], similar measurements of
the time structure of the QGP could be accessible with
W+jet events. However, we will focus here on the tt̄

avenue which we consider more promising (cf. the sup-

plemental material). At rest, top quarks decay with a
lifetime of about ⌧

top

' 0.15 fm/c and the W that is
produced in the top-quark decay has a lifetime of about
⌧

W

' 0.09 fm/c. When theW boson decays hadronically,
the resulting colour-singlet quark-antiquark (qq̄) pair is
not immediately resolved by the medium [7]. Only af-
ter the q and q̄ have propagated and separated a certain
distance do they start interacting independently with the
medium. We call this delay a decoherence time, ⌧

d

. Thus
the jets that are produced in the t ! b + W ! qq̄ de-
cay chain do not see the full QGP, but only the part of
the QGP that remains after the sum of decay and de-
coherence times. That sum of times is correlated to the
momentum of the top quark, a feature that may be ex-
ploited given a su�cient number of events.
To carry out a first investigation of the potential of

using top quarks for probing the time structure of the
QGP, we proceed as follows. We take the average time
before the W decay products start interacting with the
medium to be

h⌧
tot

i = �

t,top

⌧

top

+ �

t,W

⌧

W

+ ⌧

d

, (1)

For the decay times, we use a transverse boost factor,
�

t,X

= (p2
t,X

/m

2

X

+ 1)
1

2 , defined in terms of the mass
m

X

, and transverse momentum p

t,X

of particle X. The
transverse component is the natural choice, because the
frame in which the top-quark has no longitudinal mo-
mentum is also the one in which it is most natural to
describe its interaction with the QGP, which is approxi-
mately longitudinally-invariant. We take the average de-
coherence time to be [7]

⌧

d

=

✓
12

q̂✓

2

qq̄

◆
1/3

, (2)

in natural units, ~ = c = 1, and with ✓

qq̄

the open-
ing angle between the two decay products of the W ,
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FIG. 4. Dependence of the reconstructed W mass on the
reconstructed top pt for HE-LHC (left) and FCC (right) col-
lisions. The quenched result corresponds to baseline full mod-
ification of the pp results, which would in practice be obtained
using knowledge of quenching from other measurements.

were present and started interacting from time 0. In a
real experiment, the corresponding scaling factor could
be obtained by measuring quenching in another quark-
jet dominated process (e.g. with �+jet or Z+jet balance),
as a function of the jet p

t

.
For short values of the e↵ective medium lifetime, ⌧

m

,
the mfit

W

result is close to the unquenched result. This re-
flects the fact that theW decay products start interacting
only towards the end of the medium lifetime. For larger
values of ⌧

m

they instead still see most of the medium
duration, and most of the quenching. A very short-lived
medium, ⌧

m

= 1 fm/c, could be distinguished from the
full quenching baseline at the LHC with its currently ap-
proved L

PbPb

= 10 nb�1. However, to distinguish larger
values of ⌧

m

would require either higher luminosities or
higher energies. This is illustrated in the right-hand plot
of Fig. 3 for a future HE–LHC (

p
s

NN

= 11 TeV), where
the tt̄ cross section is 6 times larger.

At higher-energies it becomes advantageous to explore
the preco

t,top

dependence of mfit

W

, illustrated in Fig. 4 for the
HE–LHC and the FCC (

p
s

NN

= 39 TeV). For each bin
of preco

t,top

, the upper axis shows the corresponding aver-
age ⌧

tot

. For a given band of ⌧

m

, when p

reco

t,top

is large
enough so that h⌧

tot

i & ⌧

m

, the band merges with the
unquenched expectation. Thus the shape of the p

reco

t,top

dependence gives powerful information on the medium
time-structure.1

1

The unquenched and baseline-quenched bands also have a precot,top
dependence, induced by the underlying jet and muon pt cuts,

as well as di↵erent amounts of final-state radiation outside the

R = 0.3 jet as a function of precot,top.

FIG. 5. The maximum medium quenching end-time, ⌧m, that
can be distinguished from full quenching with two standard
deviations, as a function of luminosity for di↵erent collider
energies and species. For the KrKr points, the LKrKr value
that is used is equal to L

PbPb

· (A
Pb

/A
Kr

)2, i.e. maintaining
an equal number of nucleon–nucleon collisions.

Fig. 5 shows our estimate of the maximum ⌧

m

that
can be distinguished at two standard deviations from
the baseline full quenched result, for di↵erent colliders
as a function of L

PbPb

. The number of standard devi-
ations takes into account the statistical uncertainty of
m

fit

W

, for both the actual heavy-ion data and the embed-
ded “quenched” pp data (2 fb�1) and an additional 1%
systematic uncertainty (see supplemental material and
Ref. [34]). For each collider luminosity and energy the
results are obtained by choosing a p

reco

t,top

cut so as to max-
imise the significance.

Fig. 5 also shows results for KrKr collisions. Lighter
ions such as Kr are of interest, despite their smaller
quenching e↵ects [35], because of the potential for higher
e↵ective integrated nucleon-nucleon luminosities [36, 37],
and are discussed further in the supplemental material.

To conclude, in this work we have shown that the study
of top quarks and their decays has a unique potential to
resolve the time dimension in jet-quenching studies of the
QGP. To benefit from this potential requires a su�ciently
large sample of top quarks, in particular to enhance event
rates on the high-p

t

tail, which gives the sensitivity to the
longer timescales. At the LHC, with currently planned
luminosity, such a programme could begin. With higher
energy colliders or a significantly increased luminosity
at the LHC (whether from longer running or lighter ion
species), there would be substantial prospects for using
jet quenching to study the evolution of the QGP over
the first few fm/c. Overall, our results provide a strong
motivation for a programme of experimental studies of
top-quark production in heavy-ion collisions.
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✦ Top-quark as a hard probe in heavy-ion collisions (pA collision) for 
cold nuclear effects (CNM)
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Up-to-date compilation: Up-to-date compilation: 44 √s √sNNNN  & & 22 systems @ LHC ! systems @ LHC !
First experimental observation of the top quark in nuclear collisions

σtt measured in two independent decay channels i.e., μ,e+jetsμ,e+jets

dσtt / σtt = 17% in the l+jets l+jets combination

consistent with the scaled pp data as well as pQCD calculations

 

Minimally rely on assumptions from MC simulation

paves the way for the study in AA collisions 
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Abstract

Total and fiducial top pair (tt) production cross sections in proton-lead (pPb) collisions at psNN = 8.16 TeV
are computed at next-to-next-to-leading-order (NNLO) accuracy including next-to-next-to-leading-log (NNLL)
gluon resummation, using the CT14 and CT10 proton parton distribution functions (PDF), and the EPPS16 and
EPS09 nuclear PDF parametrizations for the lead ion. The total cross sections amount to �(pPb ! tt + X) =
59.0±5.3(CT14+EPPS16) +1.6

�2.1(scale) nb, and 57.5± +4.3
�3.3(CT10+EPS09) +1.5

�2.0(scale) nb, with small modifications
with respect to the result computed using the free proton PDF alone. The normalized ratio of pPb to pp cross
sections (nuclear modification factor) is RpPb = 1.04±0.07(EPPS16)

±0.03(EPS09) . In the lepton+jets decay mode, tt !
bbW (`⌫)W (qq0), one expects 600 tt events in the 180 nb�1 integrated luminosity collected in pPb collisions
at the LHC so far, after typical acceptance and efficiency losses. Differential cross sections at NLO accuracy
are presented as a function of transverse momentum and rapidity of the top quarks, and of their decay b-jets and
isolated leptons.

1 Introduction

The top quark is the heaviest elementary particle in the Standard Model (SM) and remains unobserved so far in
nuclear collisions [1]. Its cross section in hadronic collisions is dominated1 by pair production in gluon-gluon
fusion (g g ! tt+X), which is theoretically computable today with great accuracy via perturbative quantum chro-
modynamics methods. Calculations at next-to-next-to-leading-order (NNLO) including next-to-next-to-leading-
log (NNLL) soft-gluon resummations are available using e.g. Top++ [2]. Differential tt cross sections are also
available at NLO accuracy using the MCFM code [3]. The study of the tt cross section modifications in proton-
nucleus compared to pp collisions at the same nucleon-nucleon center-of-mass energy (psNN ) provides a novel
well-calibrated probe of the nuclear gluon density at the LHC [4], in particular in the unexplored high-x region
(x & 2mt/

p
sNN ⇡ 0.05) where “antishadowing” and “EMC” effects are expected to modify its shape compared to

the free proton case (Fig. 1).
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Figure 1: Ratio of the lead-to-proton gluon densities in the antishadowing (x ⇡ 0.05�0.1) and EMC (x ⇡ 0.1�0.6)
regions probed by tt production at virtualities Q

2 = m

2

t ⇡ 3 · 104 GeV2 in pPb collisions at the LHC, for three
different NLO nuclear PDF sets: EPS09 [5], DSSZ [6], and FGS10 [7].

1At NLO, we find that more than 85% of the tt cross section at 8.16 TeV involves initial-state gluons from the colliding nucleons.
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Figure 2: Nuclear modification factors as a function of transverse momentum (left) and rapidity (right) for tt produc-
tion in the `+jets channel at psNN = 8.16 TeV for: (i) the produced top quarks (top), their (ii) decay isolated leptons
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Figure 5: Distributions of xJ in PbPb collisions for inclusive dijets (left) and b dijets (right).
Systematic uncertainties are shown as shaded boxes, while statistical uncertainties are shown
as vertical lines. The top, middle and bottom rows show the 0–10, 10–30 and 30–100% cen-
trality selections, respectively. The data are compared to a reference obtained by smearing pp
according to the jet resolution for the given centrality class, as described in the text.

7 Conclusions

In this paper, transverse momentum (pT) correlations of b quark jet pairs (b dijets) have been
measured in PbPb collisions for the first time, and compared to results from pp collisions. In pp
collisions, a similar pT balance distribution was observed for inclusive dijets and b dijets. For
the latter case, POWHEG was found to give a better description than PYTHIA 6 alone (without
reweighting), suggesting that next-to-leading order effects are important for the modeling of
this observable. This should be taken into consideration for models of parton energy loss in
nucleus-nucleus collisions, which often use leading order calculations or generators as input.
In PbPb collisions the net pT imbalance was observed to be larger in the most central collisions
for b dijets, as had already been observed for inclusive dijets. This effect can be understood to
originate from the energy loss of partons in the quark-gluon plasma. In the most central bin,
the observed quenching effect is of comparable magnitude for b dijets and for inclusive dijets,
the latter of which contains a mixture of quark and gluon jets. Insofar as parton energy loss is
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Figure 5: Distributions of xJ in PbPb collisions for inclusive dijets (left) and b dijets (right).
Systematic uncertainties are shown as shaded boxes, while statistical uncertainties are shown
as vertical lines. The top, middle and bottom rows show the 0–10, 10–30 and 30–100% cen-
trality selections, respectively. The data are compared to a reference obtained by smearing pp
according to the jet resolution for the given centrality class, as described in the text.

7 Conclusions

In this paper, transverse momentum (pT) correlations of b quark jet pairs (b dijets) have been
measured in PbPb collisions for the first time, and compared to results from pp collisions. In pp
collisions, a similar pT balance distribution was observed for inclusive dijets and b dijets. For
the latter case, POWHEG was found to give a better description than PYTHIA 6 alone (without
reweighting), suggesting that next-to-leading order effects are important for the modeling of
this observable. This should be taken into consideration for models of parton energy loss in
nucleus-nucleus collisions, which often use leading order calculations or generators as input.
In PbPb collisions the net pT imbalance was observed to be larger in the most central collisions
for b dijets, as had already been observed for inclusive dijets. This effect can be understood to
originate from the energy loss of partons in the quark-gluon plasma. In the most central bin,
the observed quenching effect is of comparable magnitude for b dijets and for inclusive dijets,
the latter of which contains a mixture of quark and gluon jets. Insofar as parton energy loss is
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thought to depend on the type of parton that initiates the parton shower, this measurement can
place constraints on the underlying dynamics of the interaction of the parton with the quark-
gluon plasma.
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et dans l’Agriculture (FRIA-Belgium); the Agentschap voor Innovatie door Wetenschap en
Technologie (IWT-Belgium); the F.R.S.-FNRS and FWO (Belgium) under the ”Excellence of Sci-
ence - EOS” - be.h project n. 30820817; the Ministry of Education, Youth and Sports (MEYS)
of the Czech Republic; the Council of Science and Industrial Research, India; the HOMING

ratio of pT of sub-leading to leading jet

Experimentally similar level of quenching for inclusive jet and b-jet 

[arXiv:1802.00707]



35

✦ Further gains on S/B ratio can be achieved through e.g., multivariate 
analysis (MVA) or discriminations in jet shapes

Outlook [backups]

[Chien, Vitev, 2016]

jets. Quark-initiated and gluon-initiated jets typically have different substructures because

of the different color charges [69, 70]. With different medium interactions, quark-jets and

gluon-jets can even be considered independent probes.

It should be noted that, jets are conventionally defined by a jet algorithm used in the jet

reconstruction. An angular scale R is introduced, and jets are identified as exclusive objects

in an event. While jet substructure observables probes directly the radiation inside jets, the

jet cross section can give complimentary information about the radiation in the rest of the

event. In heavy ion collisions, because of the huge underlying event background, a small

radius is usually chosen in jet reconstruction. This leads to the significant suppression of the

jet cross section because the radiation can easily be lost outside jets. Recent progress has

been made on the precision calculations of jet cross sections for jets with small radii [71,72]

and a better understanding of the radius dependence of the cross section.

Because of the sensitivity to physics at multiple energy scales, the theoretical calcu-

lations of jet substructure observables are challenging tasks, which has been realized for

a long time. At high energy, perturbative calculations are reliable, and the contributions

from non-perturbative regimes are power-suppressed. However, because of the emergence

of hierarchical scales, the calculations of jet substructure observables always suffer from

large logarithms of the ratio between these scales. The resummation of the perturbative

series thus becomes necessary, and the medium modification of jet substructure observables

will have to be consistently included.

We will study the jet shape and the jet cross section in heavy ion collisions. The jet

shape [73] is one of the classic jet substructure observables and it probes the transverse

energy profile inside a jet. Given a jet of size R reconstructed using a jet algorithm, the

integral jet shape ΨJ(r) is defined as the fraction of the transverse energy ET of the jet

within a subcone of size r around the jet axis n̂,

ΨJ(r) =

∑

i, din̂<r E
i
T

∑

i, din̂<R Ei
T

. (1.1)

Here din̂ =
√

(ηi − ηjet)2 + (φi − φjet)2 is the Euclidean distance between the i-th particle

in the jet and the jet axis on the pseudorapidity-azimuthal angle (η,φ) plane. The average

integral jet shape Ψ(r) = 1
NJ

∑NJ

J=1ΨJ(r) and its derivative, the differential jet shape

ρ(r) = d
drΨ(r), describe how the transverse energy inside jets is distributed in r. In heavy

ion collisions, the modification of jet shapes is conventionally evaluated by the following

ratio

Mρ(r) =
ρAA(r)

ρpp(r)
. (1.2)

For the modification of jet cross sections, we measure the nuclear modification factor RAA

defined as follows,

RAA =
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dηdpT

/
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dσpp
dηdpT

, (1.3)

where ⟨Nbin⟩ is the number of binary nucleon-nucleon collisions in an A+A reaction.
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defined as follows,
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where ⟨Nbin⟩ is the number of binary nucleon-nucleon collisions in an A+A reaction.
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8 6 Summary

ous studies in CMS which find that the energy that the jets lose in the medium is redistributed
at large distances from the jet axis outside the jet cone [22]. The differential study of the jet
structure presented here provides important additional information and shows that nuclear
modifications are also present inside the jet cone. Qualitatively, a similar trend is predicted by
theory [34, 35] based on parton level calculations for PbPb collisions at a different centre-of-
mass energy. It is expected that a detailed theory-experiment comparison will be performed
in the future, in which the theoretical calculations would include all experimental cuts that
would influence the observed correlations, and model the effects due to the hadronization pro-
cess. This comparison will contribute to our understanding of the medium properties.
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Figure 3: (Color online) Top row: Differential jet shapes in PbPb collisions (filled circles) as a
function of distance from the jet axis for inclusive jets with pjet

T > 100 GeV/c and 0.3 < |h| < 2 in
five PbPb centrality intervals. The measurements use charged particles with ptrack

T > 1 GeV/c.
The pp-based reference shapes (with centrality-based adjustments as described in the text) are
shown with open symbols. Each spectrum is normalised to an integral of unity. The shaded
regions represent the systematic uncertainties for the measurement performed in PbPb colli-
sions, with the statistical uncertainties too small to be visible. Bottom row: Jet shape nuclear
modification factors, r(r)PbPb/r(r)pp. The error bars show the statistical uncertainties, and the
shaded boxes indicate the systematic uncertainties.

6 Summary

The first measurement of jet shapes in PbPb collisions at psNN = 2.76 TeV has been performed.
The results have been compared to reference shapes measured in pp collisions at the same
centre-of-mass energy. Inclusive jets with pjet

T > 100 GeV/c and 0.3 < |h| < 2 have been recon-
structed using the anti-kT algorithm with a distance parameter R = 0.3, and the jet shapes have
been studied using charged particles with pT > 1 GeV/c as a function of collision centrality. In
peripheral collisions, the shapes in PbPb are similar to those in the pp reference distributions.
A centrality dependent modification of the jet shapes emerges in the more central PbPb colli-
sions. A redistribution of the jet energy inside the cone is found, specifically, a depletion of jet
transverse momentum fraction at intermediate radii, 0.1 < r < 0.2, and an excess at large radii,
r > 0.2. These results are important for characterizing the shower evolution in the presence of
a hot and dense nuclear medium.
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Figure 6: Comparison of theoretical calculations for the modification of differential jet shapes
of inclusive jets in Pb+Pb central (left panel) and peripheral (right panel) collisions at

√
sNN =

2.76 TeV at the LHC. The modification is presented as the ratio of the jet shapes ρPbPb(r)/ρpp(r)
in Pb-Pb and p-p collisions. We impose cuts on the jet transverse momentum pT > 100 GeV and
pseudo-rapidity 0.3 < |η| < 2.0 of jets. The coupling between the jet and the medium is fixed at
g = 2. The blue band corresponds to the calculations including only the CNM effects, the red band
adds the jet-medium interaction but with the jet-by-jet shape modification turned off, and the green
band correspond to the full calculation. The theoretical uncertainty is estimated by varying the jet
energy scales 1

2
µjR < µ < 2µjR in the calculations. The data is from CMS [14] with R = 0.3.

traditional energy loss approach [49], but the theory was not able to provide quantitative

description of the CMS data [14].

In Fig. 6 we compare the theoretical calculations of the jet shape modification in

central and mid-peripheral Pb+Pb collisions at
√
sNN = 2.76 TeV at the LHC to the CMS

data [14] with R = 0.3. In the calculations shown here, we fix the coupling between the

collinear partons and the medium to be g = 2 and estimate the theory uncertainty from

the variation of the jet energy scales. Jet shape modifications can partly come from the

change of the relative fraction of quark jets and gluon jets since quark and gluon jet shapes

differ. The blue band represents the result with only the CNM effect, and the deviation

from 1 is very small. This implies that the CNM effect does not significantly affect the

relative fractions of quark and gluon jets therefore the jet shape does not change much,

whereas it can result in large RAA suppressions in the absolute inclusive jet cross sections.

We show the blue band only for central collisions to demonstrate this point, and the jet

shape is not as sensitive to the CNM effect implemented in this paper as the inclusive jet

cross section is. The red band corresponds to the calculation including the cross section

suppression but assuming that the jet-by-jet shape remains the same as in proton collisions.

Here, the fraction of quark jets significantly increases since the cross section of gluon jets

are more suppressed by the jet-medium interaction. This leads to the narrowing of the jet

energy profile. The other contribution to jet shape modifications comes directly from the

modification of the in-medium parton shower which leads to the broadening of jets. The

green band includes all the above physics inputs which result in the attenuation at mid r

and the enhancement at r ≈ R of the jet shape. This gives, for the first time, a quantitative

understanding of the jet shape modification in heavy ion reactions. The calculations for
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Figure 11: Theoretical predictions of the modification of differential jet shapes for inclusive jets
(green band) and photon-tagged jets (blue band), with R = 0.3 in central (left panel) and mid-
peripheral (right panel) Pb+Pb collisions at

√
sNN ≈ 5.1 TeV at the LHC. We impose cuts on

the jet transverse momentum pT > 100 GeV and pseudo-rapidity 0.3 < |η| < 2.0. The coupling
between the jet and the medium is fixed at g = 2.0, and the bands correspond to the theoretical
uncertainties estimated by varying the jet energy scales.
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Figure 12: Theoretical predictions of the modification of differential jet shapes for inclusive jets
(green band) and photon-tagged jets (blue band), with R = 0.5 in central (left panel) and mid-
peripheral (right panel) Pb+Pb collisions at

√
sNN ≈ 5.1 TeV at the LHC. The cuts of pT > 100 GeV

and 0.3 < |η| < 2.0 are imposed, and the bands represent the theoretical uncertainties in the
calculations.

4. Summary and discussion

In this paper, using soft collinear effective theory and its extension SCETG to include

collinear parton interactions in dense QCD matter via Glauber gluon exchange, we calcu-

late the modification of jet cross sections and differential jet shapes in lead-lead collisions

at the LHC. The medium contributions to the jet energy function are evaluated using the

medium-induced splitting kernels obtained in SCETG. This work emphasizes the consis-

tent theoretical descriptions of hadron and jet observables in heavy ion collisions. The

results presented in this paper also include cold nuclear matter (CNM) effects, which have

been shown to affect the nuclear modification factor RAA and seen more clearly at high

transverse momentum. We find that the calculations can describe well the centrality and

the pT dependence of the inclusive jet suppression observed by the ALICE, ATLAS and
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✦ There are also interesting studies from a different perspective, namely 
using Higgs boson as a probe of QGP instead

Higgs as probe of QGP [backups]
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Figure 3: Expected invariant mass diphoton distributions in pPb at psNN = 8.8 TeV (with enhanced LHC integrated luminosities, Lint = 30 pb�1,
left) and in PbPb at psNN = 39 TeV (nominal FCC luminosities, right) for a Higgs boson signal injected on top of the � � backgrounds [6].

signal losses from acceptance and e�ciency (45–60%
for diphotons, 50% for 4-leptons), we expect about 10
(1 000) Higgs bosons in PbPb and pPb collisions at the
LHC (FCC), on top of the corresponding � � and 4` non-
resonant backgrounds [6]. In the � � case, the back-
grounds include the irreducible QCD diphoton contin-
uum plus 30% of events coming from misidentified �-
jet and jet-jet processes. For the nominal LHC lumi-
nosities, the significance of the diphoton signal (S) over
the background (B), computed via S/

p
B at the Higgs

peak, is 0.5,0.6� in PbPb and pPb collisions, and thus
one needs a factor of ⇥30–40 larger integrated lumi-
nosities to reach 3� evidence (which would be further
enhanced by including the H ! 4` results). Such a
large Lint increase would require, first, running one full-
year (instead of the nominal heavy-ion month) plus in-
creasing the instantaneous luminosity by a factor of 3–4.
Whereas the feasibility of such a setup seems di�cult
in the PbPb case, it’s not unrealistic in the pPb mode
during the high-luminosity LHC phase (HL-LHC). Fig-
ure 3 shows the expected diphoton invariant mass dis-
tributions for pPb at the LHC (with Lint = 30 pb�1, left)
and in PbPb collisions at the FCC. The significance of
the H(� �) peaks are 3� and 5.5� respectively.
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H boson quenching in the QGP ?H boson quenching in the QGP ?

■ Results of a Glauber model (including QGP longitudinal expansion) 

   for a Higgs “absorption” x-section of s = 10 µb:

   →Average Higgs suppression factor in PbPb(39 TeV): ~25%

   →Higgs survival probability as a function of PbPb centrality:

[DdE,C.Loizides, in preparation]
PRELIMINARYPRELIMINARY

[Central PbPb] [Periph. PbPb]

discovery in nominal channels Higgs absorption in QGP

[d’Enterria, 2017] [d’Enterria, Loizides, in preparation]

using precision Higgs cross section calculation and measurement to extract 
the possible suppression factor  
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✦ Projected sensitivity on light-quark Yukawa couplings is obtained 
using pseudo-data

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 ZH(bb,cc), ~10% of NS(SM) using heavy-flavor tagging 

NB2, BKs from ZZ(qq), ~20% of NS(SM) with selection using recoil mass  

NB3, BKs from ZH(WW*,ZZ*), ~60% of NS(SM), (effects are small since far away 
from signal region) 

various normalized shapes can be obtained either from theoretical calculation or 
using data-driven in a controlled region 

in, which is the jj (gg+qq̄) channel. To suppress 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 misclassification 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)

background while only changing the signal jj by 6%. There are also backgrounds from other

SM processes, especially from the SM Zqq̄ production, which have a flat distribution in the

recoil mass. After applying further selection cuts, e.g., on recoil mass, dilepton invariant

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 Zqq̄ production of which about 10% is from bb̄ and cc̄ as can be

calculated from the misidentification rates and various decay BRs. The normalization of Zqq̄

background is estimated according to Fig. 7 in Ref. [38]. 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 invariant masses are used. Noted we do not impose any selection cuts directly in

our calculations of the signal and backgrounds but rather estimate their effects on signal and

background normalizations.

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 2. 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.

Including both the signal and backgrounds, the event shape distributions at hadron level

can be expressed as

dN

dO
=NS(rfH(qq̄)(O) + (1− r)fH(gg)(O)) +NB,1fH(bb̄)(O)

+NB,2fZZ(qq̄)(O) +NB,3fH(WW )(O), (3.2)

where NS , NB,1, NB,2, and NB,3 are the expected number of events for the signal, the qq̄-like

backgrounds from heavy quarks in Higgs decay and from Zqq̄ production, and the four-quark

background, respectively. The interference effects between the Higgs gluonic and fermionic

couplings from higher-orders in QCD are suppressed by an additional factor of quark mass
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✦ Projected sensitivity on light-quark Yukawa couplings is obtained 
using pseudo-data
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NS can be measured independently to 
~3% via hadronic Z decays (pre-CDR) 

systematics on NB1,NB2,NB3 estimated to 
be 4% 

systematics due to scale variations of 
f(gg) and hadronizations of all shapes 
are included 

expected exclusion limit on r are 
obtained via pseudo-data and using 
profiled log-likelihood ratio  with the 
CLS method 

in each window and gives an uncertainty of 2.1% for the bin [0.02, 0.03] of τ , which is

much larger than the number in Table 1.

Similar exclusion limits can be set based on other event shape observables which are

summarized in Fig. 4 for λ = 1. Definitions of the event shape observables shown in Fig. 4

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. Thus the limits

shown here are optimistic concerning various theoretical uncertainties. As already seen in

Table 3 various theoretical uncertainties contribute equally as the statistical uncertainty for

the thrust distribution. The binnings used in the analysis for all other distributions are chosen

to be the same as in Ref. [44]. All distributions show a similar sensitivity to the light-quark

Yukawa couplings.
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Figure 3. 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.

4 Discussion and summary

It is interesting to compare 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 provides a

much stronger sensitivity of yu,d,s < 0.091yb (95% CLs). The major limitation on probing the

light-quark Yukawa couplings at the LHC/HL-LHC is that the gg parton luminosity is much
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