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粒⼦子物理理的对撞机唯象学：顶夸克物理理、希格斯物理理、微扰

QCD、质⼦子部分⼦子分部函数
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2017-2018年年度论⽂文统计

2017.9⾄至今共发表9篇论⽂文(1篇Physics Reports, 4篇JHEP, 
3篇PRD, 1篇EPJC)，拟结合(HL-)LHC,CEPC等⾼高能量量前沿
装置研究解决以下关键物理理问题：

希格斯粒⼦子总宽度和寿命

Particle Width(GeV
)

lifetime(fm/c)

top 1.3 0.15
Higgs 0.004 47

Z 2.5 0.08
W 2.1 0.09

费⽶米⼦子的Yukawa耦合
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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�.
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顶夸克质量量及电弱相互作⽤用

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).

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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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; …]

large-x部分⼦子和BSM寻找
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Figure 4: Differential cross section for top pair production at the LHC 8 TeV as predicted by
the benchmark parameters in Eqs. (6)-(7). The solid blue line is the SM+NP mtt̄ distribution
when both the vector and axial KK gluons are present, while the dashed red line shows the
spectrum obtained by the SM and the vector KK gluon only (mA ≫ mV ); the dotted black
line is the SM QCD expectation alone.

7.2 Bottom and lepton-based top AFB at the Tevatron

The dominant production mechanism for top AFB is through ūRuR → t̄LtL. This is a direct
consequence of the EWPTs which forces the RH tops to be rather elementary. Since LH tops
are dominantly produced a potentially sizable charge asymmetry in bottom pair production is
also expected. Such a measurement is currently performed by the CDF collaboration which
the expected sensitivity was reported in Ref. [73]. We show on Fig. 5 the prediction of our
model for the benchmark parameters of Eqs. (6)-(7). For mbb̄ ! 200GeV, which is the regime
to be probed first by CDF the expected AFB is rather small, typically less than O(1%). This
small value is mostly due the fact that the O(2 TeV) vector and axial KK gluons are almost
totally decoupled at these low energies. An interestingly large asymmetry of O(10%) is however
predicted at invariant masses above mbb̄ " 600GeV, a regime possibly in reach by the Tevatron
experiments. Furthermore we show that most of this NP asymmetry in bottom pair production
is supported by the axial state.

The forward-backward charged lepton (or lepton-based) asymmetry in tt̄ production at the
Tevatron is a useful discriminant in order to better characterize the NP source explaining to
the top AFB [74–76]. In particular, the lepton-based asymmetry near the tt̄ threshold directly
probes the chiralities of the initial qq̄ pair [75]. Since NP AFB contributions here originate
from RH up quark/antiquark collisions, a negative contribution to the lepton-based asymmetry
is expected near threshold. At higher tt̄ invariant masses (mtt̄ " 1TeV) the produced tops
become ultra-relativistic and valuable informations about their chiralities (or helicities) can be

18
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LHC 

reach
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利利⽤用全局事例例形状变量量检验轻夸克Yukawa耦合

费⽶米⼦子质量量起源机制的检验

轻费⽶米⼦子包括轻夸克Yukawa耦合的检验⾄至关重要，并且实验测量量极具挑战性
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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�.
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希格斯耦合 vs. 质量量
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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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

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

mt=173.3 GeV,   yt≃1

me=511 keV,   ye≃2×10-6

顶夸克 vs. 电⼦子
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利利⽤用事例例形状变量量来筛选Higgs到轻夸克末态

利利⽤用全局事例例形状变量量检验轻夸克Yukawa耦合

CEPC Higgs 耦合预期精度

bb cc

gg qq

重味标记

夸克胶⼦子甄别

Probing light-quark Yukawa couplings via hadronic event shapes at lepton colliders

Jun Gao1, 2, ∗

1INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
Department of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China

2High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

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].

冲度变量量甄别双胶⼦子／夸克末态

T=1 T<1

H

冲度分布依赖于QCD⾊色因⼦子

H

HH

b c g
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对轻夸克Yukawa耦合给出极⾼高灵敏敏度
3

into a pair of visible fermions ff̄ ,

m2
recoil = s− 2Eff̄

√
s+m2

ff̄ , (2)

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

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

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

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

dN

dO
=NS(rfqq̄(O) + (1− r)fgg(O))

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

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

BR [%] 8.6 57.7 2.9 9.5 1.3 ∼ 0.02

Nevent 6140 41170 2070 6780 930 14

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

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

+NB,1f
′

qq̄(O) +NB,2fWW (O), (3)

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

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

decay fZ . We set f ′

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

qq̄

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

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

.

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

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

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

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

1

h
1

, a
1

a
1

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

3.3.4 Measurements of Branching Ratios

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

L(BR, ✓) = Poisson

⇥
Nobs

�� N exp

(BR, ✓)
⇤
· G(✓), (3.3)

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

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

预计CEPC将可探测奇异夸克
Yukawa⾄至4倍标准模型预⾔言

轻夸克分⽀支⽐比预期灵敏敏度

CEPC Higgs 强⼦子末态预期事例例数

利利⽤用Z反冲衰变运动学可完全重建
!"#$%&$'

!"#$%&$' ±(

!"#$%&$' ±)

!"#$%&$' ( )

!+!-" #$% &!' ()* $ (+-!
,- .(/!" 0123452 236 5).6

!"!! !"!# !"$! !"$# !"%!

$-&

'!

(

)"

)#

*$%&

+# % (,' -./.0 12 3 = )4(55) / )4(66)

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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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.

27

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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利利⽤用QGP(~10 fm/c)做为
时间标尺检验Higgs寿命

检验Higgs衰变出的双喷
注(bb)是否受QGP影响

LHC上⽆无法直接测量量Higgs粒⼦子总宽度

Particle Width(GeV) lifetime(fm/c)

top 1.3 0.15
Higgs 0.004 47

Z 2.5 0.08
W 2.1 0.09

直接影响Higgs绝对耦合的抽取

PbPb碰撞夸克胶⼦子等离⼦子体及Higgs粒⼦子的时间演化

相对论性重离⼦子碰撞中Higgs的产⽣生及衰变
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QGP介质增强QCD辐射
相关信号和背景的模拟及分析

LHC上如何测量量H->bb

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

喷注淬⽕火效应

PbPb碰撞下横动量量⽐比值pT(bb)/pT(Z)的分布

与Higgs信号不不⼀一样PbPb碰撞
下背景过程会受喷注淬⽕火影响

背景截⾯面被压低并且具有不不同
的运动学特征

76 HIGGS PHYSICS AT THE CEPC

e�

e+

Z
H

Z

l+

l�

�0
1

�0
1

[GeV]
-µ+µ

recoilM
120 125 130 135 140

E
n

tr
ie

s/
0
.2

 G
eV

0

1000

2000

3000

CEPC Preliminary

-1
 Ldt = 5 ab∫; -µ+µ →Z

CEPC Simulation

S+B Fit

Signal

Background

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,

q

q
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We examine Higgs boson production and decay in heavy-ion collisions at the LHC and future
colliders. Owing to the long lifetime of the Higgs boson, its hadronic decays may experience little or
no screening from the hot and dense quark-gluon plasma whereas jets from hard scattering processes
and from decays of the electro-weak gauge bosons and the top-quark su↵er significant energy loss.
This distinction can lead to enhanced sensitivity in hadronic decay channels and thus, for example,
to the Yukawa coupling of the Higgs boson to the bottom quark.

Introduction. The successful operation of the CERN
Large Hadron Collider (LHC) led to the discovery of
the Higgs boson, the final piece of the standard model
(SM) [1, 2] of particle physics. Precise measurements
of the properties and couplings of the Higgs boson are
now required for a refined understanding of the nature
of electroweak symmetry breaking and for searches for
new physics beyond the SM. This pursuit has high prior-
ity at the ongoing LHC and future high-luminosity LHC
(HL-LHC) projects, and it has motivated consideration
of dedicated Higgs boson production facilities [3–5].

These investigations focus on the properties of the
Higgs boson in the vacuum. However, most of the Higgs
bosons in the early universe existed in a high-temperature
and high-density environment [6, 7]. An understanding
of the role of the Higgs boson in the early universe would
be advanced through study of the Higgs boson not only
in the vacuum, but also in an extreme medium. Heavy-
ion collisions at the LHC, proposed to study properties
of the quark-gluon plasma (QGP), create an extreme en-
vironment with high temperature and density [8]. They
are well suited at the same time to study the behavior of
the Higgs boson in a hot dense environment.

The expansion and cooldown of the QGP at the LHC is
predicted to have a typical time scale of about 10 fm/c [9–
11]. Although longer than the lifetime of the electro-weak
(EW) gauge bosons and the top-quark, this time scale is
shorter than the lifetime of the Higgs boson (which is
⇠ 47 fm/c). The consequences include

• Particles from Higgs decay, which do not travel in
the QGP, will carry information on the Higgs bo-
son.

• Because the strong backgrounds are reshaped
by the QGP medium while the signal is nearly
unchanged, the phenomenology of Higgs boson
hadronic decay is di↵erent from pp collisions.

• A check of the first two consequences serves as a
natural probe of the Higgs boson lifetime.

In this Letter we study the production and decays of
the Higgs boson in heavy-ion collisions. We point out
the main di↵erences with the proton-proton case. Jets
produced from hadronic decays of the Higgs boson are
not a↵ected much by the QGP since the decay happens
at a much later stage. Meanwhile, jets produced from
hard QCD scattering and decays of EW gauge bosons
and the top-quark experience energy loss through in-
teraction with the medium [12], known as jet quench-
ing, an established phenomenon in heavy-ion collisions at
the Brookhaven RHIC facility and the LHC [13]. These
di↵erent responses lead to suppression of the SM back-
grounds to hadronic decays of the Higgs boson and also to
distinct kinematic configurations of the signal and back-
grounds, resulting in an enhanced ratio of the signal over
the background when compared to pp collisions. We ex-
plore di↵erent models of jet quenching to provide quan-
titative estimates for the case of ZH associated produc-
tion with Higgs decay H ! bb̄. A di↵erent perspective
on Higgs boson physics in heavy ion collisions is proposed
in Refs. [14, 15].
Higgs boson production. The cross section for Higgs
boson production in collisions of two heavy nuclei with
charge Z and atomic number A is

�(AA ! H +X) = A2c(f)
X

a,b

Z
dxadxb

⇥ fa/A(xa, µ
2
F )fb/A(xb, µ

2
F )�̂(ab ! H +X). (1)

Here fi/A(xi, µ
2
F ) is the e↵ective nuclear parton distribu-

tion function (PDF) of parton i carrying momentum frac-
tion xi of the nucleon at a factorization scale µF ; �̂ is the
partonic cross section; and A2c(f) is the number of nu-
cleon collisions for the centrality range f , for which c(f)
can be obtained by integrating the overlap function of the
two nuclei over the corresponding range of impact param-
eters [16]. For the centrality range 0-10% in this study,
c(f) is calculated to be 42% with the Glauber Monte
Carlo model [16] for PbPb collisions at

p
sNN = 5.5 TeV.

In Table I we show cross sections for Higgs boson produc-
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We examine Higgs boson production and decay in heavy-ion collisions at the LHC and future
colliders. Owing to the long lifetime of the Higgs boson, its hadronic decays may experience little or
no screening from the hot and dense quark-gluon plasma whereas jets from hard scattering processes
and from decays of the electro-weak gauge bosons and the top-quark su↵er significant energy loss.
This distinction can lead to enhanced sensitivity in hadronic decay channels and thus, for example,
to the Yukawa coupling of the Higgs boson to the bottom quark.
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(HL-LHC) projects, and it has motivated consideration
of dedicated Higgs boson production facilities [3–5].

These investigations focus on the properties of the
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The expansion and cooldown of the QGP at the LHC is
predicted to have a typical time scale of about 10 fm/c [9–
11]. Although longer than the lifetime of the electro-weak
(EW) gauge bosons and the top-quark, this time scale is
shorter than the lifetime of the Higgs boson (which is
⇠ 47 fm/c). The consequences include

• Particles from Higgs decay, which do not travel in
the QGP, will carry information on the Higgs bo-
son.

• Because the strong backgrounds are reshaped
by the QGP medium while the signal is nearly
unchanged, the phenomenology of Higgs boson
hadronic decay is di↵erent from pp collisions.

• A check of the first two consequences serves as a
natural probe of the Higgs boson lifetime.

In this Letter we study the production and decays of
the Higgs boson in heavy-ion collisions. We point out
the main di↵erences with the proton-proton case. Jets
produced from hadronic decays of the Higgs boson are
not a↵ected much by the QGP since the decay happens
at a much later stage. Meanwhile, jets produced from
hard QCD scattering and decays of EW gauge bosons
and the top-quark experience energy loss through in-
teraction with the medium [12], known as jet quench-
ing, an established phenomenon in heavy-ion collisions at
the Brookhaven RHIC facility and the LHC [13]. These
di↵erent responses lead to suppression of the SM back-
grounds to hadronic decays of the Higgs boson and also to
distinct kinematic configurations of the signal and back-
grounds, resulting in an enhanced ratio of the signal over
the background when compared to pp collisions. We ex-
plore di↵erent models of jet quenching to provide quan-
titative estimates for the case of ZH associated produc-
tion with Higgs decay H ! bb̄. A di↵erent perspective
on Higgs boson physics in heavy ion collisions is proposed
in Refs. [14, 15].
Higgs boson production. The cross section for Higgs
boson production in collisions of two heavy nuclei with
charge Z and atomic number A is

�(AA ! H +X) = A2c(f)
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F )�̂(ab ! H +X). (1)

Here fi/A(xi, µ
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F ) is the e↵ective nuclear parton distribu-

tion function (PDF) of parton i carrying momentum frac-
tion xi of the nucleon at a factorization scale µF ; �̂ is the
partonic cross section; and A2c(f) is the number of nu-
cleon collisions for the centrality range f , for which c(f)
can be obtained by integrating the overlap function of the
two nuclei over the corresponding range of impact param-
eters [16]. For the centrality range 0-10% in this study,
c(f) is calculated to be 42% with the Glauber Monte
Carlo model [16] for PbPb collisions at
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sNN = 5.5 TeV.

In Table I we show cross sections for Higgs boson produc-
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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 pro-
jected LHC luminosity [44]. The numbers are 11(4.0)
pb�1 for PbPb collision at HE-LHC. The significance
if the signal is also quenched are much lower than the
nominal case shown in Fig. 4. The results for alterna-
tive quenching models and for no quenching of the back-
grounds 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 col-
lision 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?

long Higgs lifetime 

no jet b-jet quenching, 
so enhancement of H→bb 
signal relative to pp 

collisions
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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.
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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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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-
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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
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10 6 Systematic uncertainties

Table 4: Relative impact of systematic uncertainties with respect to the observed cross sections
as well as the top quark to top antiquark cross section ratio. Uncertainties are grouped and
summed together with the method suggested in Ref. [45].

Uncertainty source Dst-ch.,t+t̄/sobs
t-ch.,t+t̄ Dst-ch.,t/sobs

t-ch.,t Dst-ch.,t̄/sobs
t-ch.,t̄ DRt-ch./Rt-ch.

Statistical uncert. ±5.5% ±5.3% ±11.5% ±9.7%
Profiled exp. uncert. ±5.2% ±5.7% ±4.9% ±3.3%
Total fit uncert. ±7.6% ±7.8% ±12.5% ±10.3%
Integrated luminosity ±2.7% ±2.7% ±2.7% -
Signal modelling ±6.9% ±8.2% ±8.5% ±5.3%
tt̄ modelling ±3.9% ±4.3% ±4.5% ±4.0%
W+jets modelling �1.8/+2.1% �1.6/+2.3% �2.5/+2.3% �1.7/+2.0%
µR/µF scale t-channel �4.6/+6.1% �5.7/+5.2% �7.2/+5.1% �0.7/+1.2%
µR/µF scale tt̄ �3.5/+2.9% �3.5/+4.1% �4.7/+3.1% �1.1/+1.0%
µR/µF scale tW �0.3/+0.5% �0.6/+0.8% �1.1/+0.7% �0.2/+0.1%
µR/µF scale W+jets �2.9/+3.7% �3.5/+3.0% �4.9/+3.8% �1.2/+0.9%
PDF uncert. �1.5/+1.9% �2.1/+1.6% �1.8/+2.1% �2.2/+2.5%
Top quark pT modelling ±0.1% ±0.2% ±0.2% ±0.1%
Total theory uncert. �10.7/+11.1% �12.2/+12.1% �13.6/+12.9% ±7.5%
Total uncert. �13.4/+13.7% ±14.7% �18.7/+18.2% ±12.7%

to variations in the renormalization and factorization scales are studied for the sig-
nal process, tW, tt̄, and W+jets by reweighting the distributions with different com-
binations of halved/doubled factorization and renormalization scales. The effect is
estimated for each process separately.

• PDF: The uncertainty due to the choice of PDFs is estimated using reweighted his-
tograms derived from all PDF sets of NNPDF 3.0 [16].

Different contributions to the uncertainty on cross sections are summarised in Table 4. Several
of the experimental sources of uncertainty are treated as nuisance parameters in the fit which
results in a single uncertainty of the fit including also the statistical contribution. By fixing
all nuisance parameters the statistical uncertainty can be obtained, including the uncertainty
due to the size of the samples of simulated events. The contribution due to the profiled ex-
perimental uncertainties is derived by subtracting the statistical term quadratically from the fit
uncertainty. The breakdown of sources of uncertainty that are included in the fit, listed in Ta-
ble 5, is for illustration only. The estimates of the profiled systematic uncertainties are obtained
by comparing the uncertainty of the fit including all nuisance parameters with the uncertainty
of the fit where one source of uncertainty is kept fixed while all others are included via nuisance
parameters. The impact of the size of the samples of simulated events is estimated as described
above.
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精确预⾔言LHC上单个顶夸克产⽣生及衰变

⾸首次计算全微分产⽣生及衰变的NNLO QCD修正
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inclusive LO NLO NNLO

8 TeV
σ(t) [pb] 2.498+0.17%

−0.74% 3.382+2.36%
−1.81% 3.566+0.95%

−0.78%

σ(t̄) [pb] 1.418+0.12%
−0.73% 1.922+2.37%

−1.81% 2.029+1.07%
−0.83%

σ(t+ t̄) [pb] 3.916+0.15%
−0.73% 5.304+2.36%

−1.81% 5.595+0.99%
−0.80%

σ(t)/σ(t̄) 1.762+0.04%
−0.01% 1.760+0.00%

−0.02% 1.757+0.05%
−0.12%

13 TeV
σ(t) [pb] 4.775+2.69%

−3.50% 6.447+1.39%
−0.91% 6.778+0.76%

−0.53%

σ(t̄) [pb] 2.998+2.69%
−3.55% 4.043+1.33%

−0.94% 4.249+0.69%
−0.48%

σ(t+ t̄) [pb] 7.772+2.69%
−3.52% 10.49+1.36%

−0.92% 11.03+0.74%
−0.51%

σ(t)/σ(t̄) 1.593+0.05%
−0.01% 1.595+0.06%

0.03% 1.595+0.07%
−0.05%

TABLE I. Inclusive cross section for s-channel single top
(anti-)quark production at LO, NLO and NNLO at the LHC
8 and 13 TeV. The uncertainties refer to the variation by si-
multaneously changing the factorization and renormalization
scales by a factor of two from their central value µF = µR =
mt.

The scale variations for the LO cross section are quite
small due to the opposite trend of the u and d̄ quark
PDFs from varying the factorization scale. The NNLO
corrections would be underestimated by the scale varia-
tions of the NLO cross sections. Nevertheless, the scale
variations are largely reduced with the NNLO correc-
tions. At NLO, both of the corrections to Vl and Vh are
significant. At NNLO, the corrections to Vl are below
1%, much smaller compared to the corrections to Vh and
the product of the O(αs) corrections to Vl and Vh, which
are more than 2%. QCD corrections are similar for top
quark and anti-quark production. The ratio of the two
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FIG. 3. Predicted transverse momentum distribution of the
top quark from s-channel production at the LHC 13 TeV.

cross sections are thus stable against QCD corrections,
varying at the per mille level.
Fig. 3 shows the transverse momentum distribution of

top quark at the LHC 13 TeV. Both the NLO and NNLO
corrections are positive and large. The ratios of NLO to
LO cross sections vary from 1.2 to 1.4 over the range
0 < pT,top < 200GeV, and the ratios of NNLO to LO
cross sections vary from 1.35 to 1.45 for the same range.
In low pT,top region, the NNLO corrections can be as
large as 10%. There is no overlap between the NLO and
NNLO prediction bands in most region, which again indi-
cates the NNLO corrections would be underestimated by
scale variations at NLO. The scale variations are greatly
reduced going from NLO to NNLO for large pT,top values.
In experimental analyses, top (anti-)quarks are identi-

fied through their decay products e.g., semi-leptonic or
hadronic decays. With the advantage of our fully differ-
ential calculation, we can study observables within an ex-
perimental fiducial volume. In the following calculations,
we assume top quarks always decay to bW+ and use a
branching ratio of 0.1086 for the leptonic decay of the W
boson to one family. Based on the CMS analysis [13], we
choose the following basic kinematic cuts. Events with
one charged lepton are selected by requiring its transverse
mometum pT,l > 24GeV and pseudorapidity |η| < 2.1.
Jets are clustered with anti-kT jet algorithm and radius
R = 0.5. Pre-selection requires jets to have |η| < 4.5
and pT > 20GeV. Pseudorapidity of bottom quark ini-
tiated jets are required to satisfy |η| < 2.4 according to
b tagging algorithms [80]. Single top quark production
through s-channel is characterized by a final state com-
posed of one charged lepton, missing energy originating
from neutrinos, and two b-tagged jets. One of the b-jets
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Figure 23: Predicted transverse momentum distribution of the top (anti-)quark from t-

channel single top-quark production at the LHC 8 TeV comparing with the ATLAS data.
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Figure 24: Predicted rapidity distribution of the top (anti-)quark from t-channel single

top-quark production at the LHC 8 TeV comparing with the ATLAS data.

the charged lepton to have a p
T

greater than 30 GeV and rapidity |⌘| < 2.4. For the fiducial

cross sections reported below we include top-quark decay to only one family of leptons. Some

of the numerical results shown in this section are also reported in our earlier publication [37].

– 29 –

LHC上顶夸克横动量量分布的预⾔言

10%的NNLO修正；理理论误差降低 理理论误差降低3倍

与ATLAS测量量结果符合更更好
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Probing light-quark Yukawa couplings via hadronic event shapes at lepton colliders, 
Jun Gao, arXiv: 1608.01746 

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

– 6 –
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Figure 2: The e↵ect of the DGLAP evolution in the PDF4LHC15 NNLO Hessian set (with 100 eigenvectors). We
compare the PDFs at a low scale of Q2 = 10 GeV2 (left) with the same PDFs evolved up to a typical LHC scale of
Q2 = 104 GeV2 (right plot). In this plot, the PDFs include the corresponding one–sigma uncertainty band.

The splitting functions Eq. (15) are known up to O
⇣

↵3
s

⌘

(NNLO) [117, 118],2 and thus PDF evolution
can be performed up to this order. Several public codes implement the numerical solution of the DGLAP
equations, with the HOPPET [59], APFEL [58] and QCDNUM [60] codes using x–space methods, while the
PEGASUS [141] code performs the evolution in Mellin (moment) space. These codes have undergone de-
tailed benchmarking studies, with agreement at the level of O

⇣

10�5
⌘

or better being found [142, 143].
In order to illustrate the impact of the DGLAP evolution on the PDFs, in Fig. 2 we show the PDF4LHC15

NNLO Hessian set with 100 eigenvectors, comparing the PDFs at a low scale of Q2 = 10 GeV2 (left) with
the same PDFs evolved up to a typical LHC scale of Q2 = 104 GeV2 (right plot). In this plot, the PDFs
are shown together with the corresponding one–sigma PDF uncertainty band. From this comparison we see
that while the e↵ects of the evolution are relatively mild on the non–singlet combinations uV = u � ū and
dV = d � d̄, they are dramatic on the gluon and the sea quarks, where they induce a very steep growth at
small x. This steep growth is driven by the small–x structure of the splitting functions, see Eq. (20). We
also observe from Fig. 2 is that the valence PDFs xuV and xdV are integrable, with a similar shape but with
uV ' 2dV . This behaviour is a consequence of the valence sum rules, see Sect. 4.

2.5. Heavy quark structure functions
The contribution of the charm structure function Fc

2(x,Q2) to the total inclusive neutral current structure
function F p

2 (x,Q2) at HERA can be as high as 25% at small x and Q2, and therefore it is crucial to compute
it with high accuracy. In particular, the finite value of heavy quark mass must be taken into account. There
are various theoretical schemes that have been proposed for the computation of heavy quark production in
DIS structure functions:

2Recently, the first results towards N3LO splitting functions have been presented [139, 140].
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2017-2018年年度获得奖项

被授予2018年年度Guido Altarelli粒⼦子物理理理理论奖项（经由提
名及DIS国际会议委员会评选）以表彰在对撞机QCD精确预
⾔言及核⼦子结构研究⽅方⾯面的突出贡献

‣ 2016(第⼀一届)，F. Caola (AP at Univ. Durham), J. Kretzschmar (AP at Univ. Liverpool)

‣ 2017(第⼆二届)，M. Ubiali (AP at Univ. Cambridge), P. Gunnellini (PD at Univ. Hamburg)            

‣ 2018(第三届)，Jun Gao (SJTU),  Or Hen (AP at MIT)
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Faces & Places

On 30 May, the European commissioner  
for research, science and innovation,  
Carlos Moedas, appointed seven experts,  
including CERN Director-General  
Fabiola Gianotti, to conduct a search for the 
next president of the European Research 
Council (ERC). Established in 2007, the 
ERC is the European Union’s funding  
body for frontier research and offers a 
number of grants as part of the European 
Union framework programme for research 
and innovation.

The committee, chaired by former 
European commissioner and also former 
prime minister of Italy, Mario Monti 
(pictured), will make recommendations 
to the European Commission in time for 

the next ERC president to take up duties on 
1 January 2020, as successor to the current 
president Jean-Pierre Bourguignon. About 
the appointed committee, Moedas said: 
“The ERC has become a powerhouse of 
science, and will be a key pillar in an even 
more ambitious research and innovation 
framework programme that will follow 
Horizon 2020. I am confident that Mr Monti 
and his distinguished group of people from 
European science and research can help us 
find the right person to lead the ERC to even 
greater success.”

Committee to find next ERC president
A P P O I N T M E N T S

Hirosi Ooguri from the California Institute 
of Technology and the Aspen Center for 
Physics in the US, and the University of 
Tokyo in Japan, has been awarded the 2018 
Hamburg Prize for Theoretical Physics.  
The prize is one of the most valuable 
science prizes in Germany, and is awarded 
by the Joachim Herz Foundation in 
partnership with the Wolfgang Pauli  
Centre of the University of Hamburg, 
DESY, and the Hamburg Centre for 

Ultrafast Imaging at the University of 
Hamburg. This year the prize covers all 
areas of theoretical physics (in previous 
years it was given to theorists in quantum 
information, quantum optics and quantum 
many-body systems), and, additionally, 
the prize money has been increased from 
¤40,000 to ¤100,000.

Ooguri is recognised for his successful 
mathematical work on topological string 
theory, as well as for making his research 
more publicly available. The researcher is 
also the author of six books in Japanese, 
which have sold more than 300,000 copies 
and have been translated into Chinese 
and Korean. Ooguri’s work and related 
science will be the subject of a three-day 
symposium that will take place in 
November at the University of Hamburg. 

Ooguri will receive his award on 
7 November at the Hamburg Planetarium.

Mario Monti will chair the committee 
appointed to search for the next European 
Research Council president.
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James Pinfold wins a Killam Prize
James Pinfold from the University of 
Alberta, Canada, has received one of this 
year’s Killam Prizes, in the natural-sciences 
category. The five awards, each worth 
C$100,000, are given by the Canada 
Council for the Arts and recognise the 
career achievements of eminent  
Canadian scholars and scientists actively 
engaged in research.

Pinfold, who completed his PhD at 
University College London in 1977, has held 
senior roles in particle-physics experiments, 
and was a founding member of the ATLAS 

experiment at CERN. He was also a  
leader in four major advances in particle 
physics, including the discovery of  
neutral currents, the first observation of 
charm particle production and the  
discovery of the Higgs boson. He now  
leads the MoEDAL experiment at the LHC, 
which is designed to search for highly 
ionising harbingers of new physics such as 
magnetic monopoles. 

Pinfold won his award in the 
natural-sciences category.
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Machine learning

Driven by the promise of great returns, big companies such as 
Google, Apple, Microsoft, IBM, Intel, Nvidia and Facebook are 
investing hundreds of millions of dollars in deep learning tech-
nology including dedicated software and hardware. As these 
technologies find their ay into particle physics  together ith high-
performance computing, they will boost the performance of current 
machine-learning algorithms. Another way to increase the perfor-
mance is through collaborative machine learning, which involves 
several machine-learning units operating in parallel. Quantum 
algorithms running on quantum computers might also bring orders-
of-magnitude improvement in algorithm acceleration, and there are 
pro a ly more advances in store that are difficult to predict today  
The availability of more powerful computer systems together with 
deep learning will likely allow particle physicists to think bigger 
and perhaps come up with new types of searches for new physics or 
with ideas to automatically extract and learn physics from the data. 

That said, machine learning in particle physics still faces 
several challenges  ome of the most significant include under-
standing how to treat systematic uncertainties while employing 
machine-learning models and interpreting what the models learn. 
Another challenge is how to make complex deep learning algo-
rithms work in the tight time window of modern trigger systems, 
to take advantage of the deluge of data that is currently thrown 
away. These challenges aside, the progress we are seeing today 

in machine learning and in its application to particle physics is 
probably just the beginning of the revolution to come.

Résumé
L’apprentissage approfondi a le vent en poupe

Le mariage entre la physique des hautes énergies et l’informatique 
est l’un des plus fructueux de la science  il permet  des scientifi ues 
basés dans le monde entier d’accéder aux immenses volumes 
de données des expériences LHC et d’autres expériences, et de 
leur donner un sens. Le changement de paradigme qui a lieu 
actuellement dans l’informatique s’appuie sur l’intelligence 
artificielle  la  r volution de l’apprentissage approfondi , ui s’est 
amorc e  la fin des ann es 2000, transforme la mani re dont les 
données sont traitées et analysées. Des techniques d’apprentissage 
approfondi sont utilisées aujourd’hui dans une multitude de 
domaines, allant de la s lection des v nements  l’identification 
des particules et à la simulation d’événements. En plus d’accélérer 
les progr s de la discipline, l’apprentissage automati ue permet des 
conomies consid rables en mati re de ressources. 

Sergei Gleyzer, University of Florida, Federico Carminati, CERN,  
Sofia Vallecorsa, Gangneung-Wonju National University, and  
Denis Perret-Gallix, LAPP/IN2P3/CNRS-KEK.

- X-rays  
- Gamma-rays 
- Neutrons  
- Particles    

We know how to 
build your detectors

You know what
you want to detect:

SCIONIX Holland B.V.
Tel. +31 30 6570312
Fax. +31 30 6567563
Email. sales@scionix.nl
www.scionix.nl 
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Faces & Places

On June 1–4, several Nobel Prize winners 
in physics attended a symposium at Case 
Western Reserve University to mark 
50 years of the Standard Model. The event 
included a free public lecture by 2004 
laureate and co-inventor of QCD David 
Gross (pictured), and a concluding talk by 
1979 laureate Steven Weinberg, whose 1967 
paper “A Model of Leptons” established 
electroweak theory. Other contributors 
to the Standard Model attended the 

symposium, including 1984 laureate 
and former CERN Director-General 
Carlo Rubbia. Glenn Starkman of Case 
Western Reserve remarked: “It’s a pretty 
amazing group of men and women who 
have contributed immeasurably to our 
understanding of the world.”

Laureates mark Standard Model anniversary
E V E N T

Nobel Prize laureate David Gross  
speaking at the symposium marking  
50 years of the Standard Model.

The 28th International Conference on 
Neutrino Physics and Astrophysics took 
place in Heidelberg, Germany, on 4–9 
June. It was organised by the Max Planck 
Institute for Nuclear Physics and the 
Karlsruhe Institute of Technology. With 814 
registrations, 400 posters and the presence of 
Nobel laureates, Art McDonald and Takaaki 
Kajita, it was the most attended of the series 
to date – showcasing many new results.

Several experiments presented their results 
for the first time at Neutrino 2018. T2K in 
Japan and NOvA in the US updated their 
results, strengthening their indication of 
leptonic CP violation and normal-neutrino 
mass ordering, and improving their precision 
in measuring the atmospheric oscillation 
parameters. Taken together with the 
Super-Kamiokande results of atmospheric 
neutrino oscillations, these experiments 
provide a 2  indication of leptonic CP 
violation and a 3  indication of normal mass 
ordering. In particular, NOvA presented 
the first 4  evidence of – – –

e transitions 
compatible with three-neutrino oscillations.

The next-generation long-baseline 
experiments DUNE and Hyper-Kamiokande 
in the US and Japan, respectively, were 
discussed in depth. These experiments have 
the capability to measure CP violation and 
mass ordering in the neutrino sector with 
a sensitivity of more than 5 , with great 
potential in other searches like proton decay, 
supernovae, solar and atmospheric neutrinos, 
and indirect dark-matter searches.

All the reactor experiments – Daya 
Bay, Double Chooz and Reno – have 
improved their results, providing precision 
measurements of the oscillation parameter 

13 and of the reactor antineutrino spectrum. 
The Daya Bay experiment, integrating 

1958 days of data taking, with more than 
four million antineutrino events on tape, is 
capable of measuring the reactor mixing 
angle and the effective mass splitting with 
a precision of 3.4% and 2.8%, respectively. 
The next-generation reactor experiment 
JUNO, aiming at taking data in 2021, was 
also presented.

The third day of the conference focused 
on neutrinoless double-beta decay (NDBD) 
experiments and neutrino telescopes. EXO, 
KamLAND-Zen, GERDA, Majorana 
Demonstrator, CUORE and SNO+ presented 
their latest NDBD search results, which 
probe whether neutrinos are Majorana 
particles, and their plans for the short-term 
future. The new GERDA results pushed their 
NDBD lifetime limit based on germanium 
detectors to 0.9 × 1026 years (90% CL), 
which represents the best real measurement 
towards a zero-background next-generation 
NDBD experiment.  CUORE also updated its 
results based on tellurium to 0.15 × 1026 years. 

Neutrino telescopes are of great interest 

for multi-messenger studies of astrophysical 
objects at high energies. Both IceCube 
in Antarctica and ANTARES in the 
Mediterranean were discussed, together 
with their follow-up IceCube Gen2 and 
KM3NeT facilities. IceCube has already 
collected 7.5 years of data, selecting 103 
events (60 of which have an energy of 
more than 0 TeV) and a best-fit power 
law of E–2.87. IceCube does not provide any 
evidence for neutrino point sources and 
the measured e:  neutrino-flavour 
composition is 0.35:0.45:0.2. A recent 
development in neutrino physics has been 
the first observation of coherent elastic 
neutrino–nucleus scattering as discussed 
by the COHERENT experiment (CERN 
Courier October 2017 p8), which opens the 
possibility of searches for new physics.

A very welcome development at Neutrino 
2018 was the presentation of preliminary 
results from the KATRIN collaboration 
about the tritium beta-decay end-point 
spectrum measurement, which allows a 

Neutrino physics shines bright in Heidelberg

Heidelberg was the setting for Neutrino 2018, the best attended edition in the series so far.
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The third Guido Altarelli Award was 
presented to two researchers during the 2018 
international workshop on deep-inelastic 
scattering and related subjects (DIS18), 
which took place in Kobe, Japan, on 
16–20 April. The award, which honours the 
memory of CERN theorist Guido Altarelli, 
recognises exceptional achievements from 

young scientists in the field of deep-inelastic 
scattering and related subjects. Jun Gao 
from Shanghai Jiao Tong University, 
China, is one of the main developers of the 
so-called CTEQ family of parton densities, 
and was recognised for his innovative 
contributions to precise QCD calculations. 
The other recipient, Or Hen from the 
Massachusetts Institute of Technology, 
US, received the award for his role in 
uncovering a striking relation between the 
nuclear “EMC effect” and nucleon–nucleon 
correlations, with implications for valence 
up- and down-quark distributions. 

Jun Gao (left) and Or Hen (right) received 
their prizes at the DIS18 workshop. 

Jim Al-Khalili, Fabiola Gianotti and Guy 
Wilkinson were among several physicists 
elected as 2018 Fellows and Foreign 
Members of the Royal Society. Gianotti, 
CERN Director-General, has worked on 
several CERN experiments, and was the 
spokesperson of the ATLAS experiment at 
the time of the discovery of the Higgs boson in 
2012. She was included among The Guardian 
newspaper’s “Top 100 most inspirational 
women  in 2011 and ranked fifth in Time 
magazine’s Personality of the Year in 2012. 

Guy Wilkinson, from the University of 
Oxford, studies CP violation and related 

open questions of the Standard Model 
through measurements of rare processes 
involving the decays of hadrons containing 
beauty or charm quarks. He was a founding 
member of the LHCb experiment and a 
spokesperson for the experiment between 
2014 and 2017. 

Jim Al-Khalili holds a joint chair in 
physics and in the public engagement in 
science at the University of Surrey, UK. 

His current interest is in the application of 
quantum mechanics in biology and, together 
with colleagues, has set up the world’s 
first doctoral training centre in quantum 
biology at Surrey. He has also written 14 
books, between them translated into 26 
languages, is a regular presenter of TV 
science documentaries, and for the past seven 
years has hosted the weekly BBC Radio 4 
programme, he i e ie tifi . 

High-energy 
physicists elected 
to Royal Society

From left to right, Jim Al-Khalili, Fabiola Gianotti and Guy Wilkinson.

Hannah Petersen from Goethe University 
in Frankfurt, Germany, was awarded the 
Zimányi Medal at the 2018 Quark Matter 
conference in Venice, Italy. Created in 
memory of the nuclear physicist József 
Zimányi, the prize is awarded by the 
Wigner Research Center for Physics of 
the Hungarian Academy of Sciences in 
Budapest, and is given to theoretical physicists 
under the age of 40 who have achieved 
international recognition in the area of 
theoretical high-energy physics. Petersen is 
recognised for her pioneering development 
of an event-by-event hybrid description of 
high-energy heavy-ion collisions, which 
couples fluid dynamics in the quark–gluon 
plasma with hadron transport.

Hannah Petersen awarded Zimányi Medal 

Hannah Petersen with Tamás Sándor Bíró from the Zimányi Foundation during the  
award ceremony in Venice.

Guido Altarelli 
Award goes to 
Gao and Hen
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2017-2018年年度会议报告

参加国际会议并作报告4次，其中包括TOP 17’和DIS 18’的两
个⼤大会报告

PROGRESS REPORT

4. T.-J. Hou, S. Dulat, Jun Gao, M. Guzzi, J. Huston, P. Nadolsky, C. Schmidt, J. Winter,
K.-P. Xie, C. -P. Yuan, CT14 Intrinsic Charm Parton Distribution Functions from CTEQ-
TEA Global Analysis, JHEP 1802:059 (2018)

5. Jun Gao, Probing light-quark Yukawa couplings via hadronic event shapes at lepton
colliders, JHEP 1801:038 (2018)

6. Jun Gao, A. Papnastasiou, Top-quark pair-production and decay at high precision, Phys.
Rev. D 96, 051501 (2017) (rapid communication)

7. Edmond L. Berger, Jun Gao, Hua Xing Zhu, Differential Distributions for t-channel Sin-
gle Top-Quark Production and Decay at Next-to-Next-to-Leading Order in QCD,JHEP
1711:158 (2017)

8. R. Abdul Khalek, S. Bailey, Jun Gao, L. Harland-Lang, J. Rojo, Towards Ultimate Par-
ton Distributions at the High-Luminosity LHC, arXiv:1810.03639 (2018)

9. Edmond L. Berger, Jun Gao, A. Jueid, Hao Zhang, Higgs properties revealed through
jet quenching in heavy ion collisions, arXiv:1804.06858 (2018)

10. B.-T. Wang, T.J. Hobbs, S. Doyle, Jun Gao, T.-J. Hou, P. Nadolsky, F. Olness, Visualizing
the sensitivity of hadronic experiments to nucleon structure, arXiv:1803.02777 (2018)

Conference Talks
1. Single Top Production and Decay: theory overview, plenary talk at the 10th International

Workshop on Top Quark Physics, Braga, Portugal, September 2017

2. Altarelli-Parisi (DGLAP) equation from one to three loops, plenary talk at the 26th Inter-
national Workshop on DIS and Related Topics, Kobe University, Japan, April 15, 2018

3. Massive charged-current DIS at NNLO and impact on strange distributions, 26th Inter-
national Workshop on DIS and Related Topics, Kobe University, Japan, April 18, 2018

4. Yukawa couplings and Higgs boson going beyond LHC, The second Workshop on QCD,
Nankai University, China, May 5, 2018

5. Top quark at the LHC era: theory overview, Topical Mini-Workshop of the new Physics
at the Terascale, Shanghai Jiao Tong University, China, August 4, 2018

6. The structure of the Proton in the LHC precision Era, 48th International Symposium on
Multiparticle Dynamics, Nanyang Technological University, Singapore, Sep. 5, 2018

Organized Workshops
1. Summer School on QCD and effective theory, T. D. Lee institute and Shanghai Jiao Tong

University, July 1-20, 2018

2. Workshop on Physics beyond the Standard Model, T. D. Lee institute and Shanghai Jiao
Tong University, July 1-3, 2018

3. Topical Mini-Workshop of the new Physics at the Terascale, T. D. Lee institute and
Shanghai Jiao Tong University, August 4-6, 2018

2

⼤大会报告

⼤大会报告

⼤大会报告

理理论综述报告



Discussion leaders: Bob van Eijk and Juan Rojo

Nikhef, 05/10/2018

van Eijk / Rojo                                                                                             ESPPU Discussion, Nikhef, 05/10/2018 1

European Strategy for

Particle Physics Update
Discussion on the Dutch (Nikhef) input

“CERN: a world leading laboratory for fundamental research”
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2017-2018年年度会议组织

协助组织BSM研讨会2次、QCD理理论暑期学校1次，另参与
CEPC CDR的QCD部分撰写及HL/HE-LHC YR的 WG1(SM)中
部分⼦子函数相关研究的起草

PROGRESS REPORT

4. T.-J. Hou, S. Dulat, Jun Gao, M. Guzzi, J. Huston, P. Nadolsky, C. Schmidt, J. Winter,
K.-P. Xie, C. -P. Yuan, CT14 Intrinsic Charm Parton Distribution Functions from CTEQ-
TEA Global Analysis, JHEP 1802:059 (2018)

5. Jun Gao, Probing light-quark Yukawa couplings via hadronic event shapes at lepton
colliders, JHEP 1801:038 (2018)

6. Jun Gao, A. Papnastasiou, Top-quark pair-production and decay at high precision, Phys.
Rev. D 96, 051501 (2017) (rapid communication)

7. Edmond L. Berger, Jun Gao, Hua Xing Zhu, Differential Distributions for t-channel Sin-
gle Top-Quark Production and Decay at Next-to-Next-to-Leading Order in QCD,JHEP
1711:158 (2017)

8. R. Abdul Khalek, S. Bailey, Jun Gao, L. Harland-Lang, J. Rojo, Towards Ultimate Par-
ton Distributions at the High-Luminosity LHC, arXiv:1810.03639 (2018)

9. Edmond L. Berger, Jun Gao, A. Jueid, Hao Zhang, Higgs properties revealed through
jet quenching in heavy ion collisions, arXiv:1804.06858 (2018)

10. B.-T. Wang, T.J. Hobbs, S. Doyle, Jun Gao, T.-J. Hou, P. Nadolsky, F. Olness, Visualizing
the sensitivity of hadronic experiments to nucleon structure, arXiv:1803.02777 (2018)

Conference Talks
1. Single Top Production and Decay: theory overview, plenary talk at the 10th International

Workshop on Top Quark Physics, Braga, Portugal, September 2017

2. Altarelli-Parisi (DGLAP) equation from one to three loops, plenary talk at the 26th Inter-
national Workshop on DIS and Related Topics, Kobe University, Japan, April 15, 2018

3. Massive charged-current DIS at NNLO and impact on strange distributions, 26th Inter-
national Workshop on DIS and Related Topics, Kobe University, Japan, April 18, 2018

4. Yukawa couplings and Higgs boson going beyond LHC, The second Workshop on QCD,
Nankai University, China, May 5, 2018

5. Top quark at the LHC era: theory overview, Topical Mini-Workshop of the new Physics
at the Terascale, Shanghai Jiao Tong University, China, August 4, 2018

6. The structure of the Proton in the LHC precision Era, 48th International Symposium on
Multiparticle Dynamics, Nanyang Technological University, Singapore, Sep. 5, 2018

Organized Workshops
1. Summer School on QCD and effective theory, T. D. Lee institute and Shanghai Jiao Tong

University, July 1-20, 2018

2. Workshop on Physics beyond the Standard Model, T. D. Lee institute and Shanghai Jiao
Tong University, July 1-3, 2018

3. Topical Mini-Workshop of the new Physics at the Terascale, T. D. Lee institute and
Shanghai Jiao Tong University, August 4-6, 2018
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QCD PRECISION MEASUREMENT 65

As an example of ↵s determination from event shape observables using analytic power
correction, we quote the recent determination based on the C parameter from Ref. [387],

↵s(mZ) = 0.1123 ± 0.0002
exp

± 0.0007
hadr

± 0.0014
pert

, (2.28)

where hadronization effects and perturbative uncertainties are the main source of uncer-
tainties contributing to ↵s determination. While the perturbative uncertainties can be ex-
pected to be reduced further in the coming years, given the remarkable progress in the
calculation of higher order corrections and in the resummation of large logarithms, the re-
duction of hadronization uncertainty will likely come from an increase of center-of-mass
energy. It is interesting to observe that the value of ↵s determined from Ref. [387], as
well from thrust using similar methods [388], seem to be systematically lower than the
world average. With large data sets for event shape and higher center-of-mass energy to
suppress hadronization uncertainties, CEPC provides an excellent opportunity to address
this discrepancy and deepen our quantitative understanding of QCD.

Currently, for thrust [384, 389], C parameter [386, 387], and heavy-jet-mass distribu-
tion [390], the best theoretical predictions are at the level of N3LL resummation matched
to NNLO in fixed order perturbation theory. A notable recent development is the calcu-
lation of Energy-Energy Correlation (EEC) at NNLO. EEC is an event shape observable
which exhibits the so-called rapidity divergence, and leads to additional logarithms to be
resummed, compared with thrust and other observables. Very recently, a determination of
↵s using NNLL resummation matched to NNLO, and Monte Carlo for the modeling of
power corrections, has been done, with the result [391] being

↵s(mZ) = 0.11750 ± 0.00018
exp

± 0.00102
hadr

± 0.00257
ren

± 0.00078
res

, (2.29)

where hadronization effects are important source of uncertainties. Since the analysis in
Ref. [391] only uses data at or below the Z pole, it is expected that future data from
CEPC at 250 GeV can significantly reduce the hadronization uncertainty. Additional
scale and resummation uncertainties can also be reduced in the future by incorporating
N3LL resummation [392].

2.4.2 JET RATES AT CEPC

Another distinct feature of CEPC compared with LEP is its unprecedented luminosity, in
particular above the Z pole. The higher luminosity opens the door for the precision study
of multi-jet production at an e+e� collider.

As an example, we show in Figure 2.38 the four-jet production cross sections at CEPC
(
p

s = 250 GeV) with the Durham jet algorithm as a function of the resolution param-
eter ycut, calculated using NLOjet++ [393]. The cross sections are at the level of a few
pb to tens of pb for the range of ycut considered. The colored bands represent the scale
variations calculated by varying the renormalization scale from

p
s/2 to 2

p
s. The NLO

predictions show a smaller scale variation as compared to the LO ones. The cross sections
diverge for small resolution parameter where further QCD resummations are needed to
stabilize the theoretical predictions. The right panel shows the projected statistical uncer-
tainties assuming an integrated luminosity of 1 and 5 ab�1. The statistical uncertainties
are at the level of one per mille or better for ycut below 10�2 due to the large luminosity.
The scale uncertainties of the NLO predictions are large in comparison and about 10%,
which can be reduced with QCD resummation [393]. The n-jet rate has been employed to
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Figure 2.39: The normalized light-jet-mass distribution both at Z-pole (left) and at 250 GeV (right).
Green curves are NLL results without NGLs, and red bands are full NLL results with scale uncertain-
ties.

down the factorization formula for non-global observables and to give an any-order renor-
malization group evolution equation for NGLs.

While NGLs can be studied with exclusive jet shape observables, their precision stud-
ies at hadron collider are difficult. This is because the environment at hadron collider
is so complicated that it is difficult to isolate the NGL dynamics from underlying events
and hadronization. As an electron-positron collider at high energy, CEPC will provide
new opportunities of precisely measuring NGLs in many observables, where those unre-
lated effects are absent or suppressed. Figure 2.39 shows the normalized light-jet-mass
distribution both at Z-pole (left) and at 250 GeV (right). Green curves are NLL results
without NGLs, and red bands are full NLL results with scale uncertainties. Obviously,
after including NGLs theoretical predictions are reduced significantly, and this reduction
is especially magnificent at 250 GeV. Therefore CEPC will give us the first opportunity
to measure NGLs.

2.4.4 QCD EVENT SHAPES AND LIGHT QUARK YUKAWA COUPLING

The SM Higgs boson decays dominantly to various hadronic final states with a total
branching fraction of more than 80%. These hadronic decays provide a new source for
QCD studies at CEPC (in its Higgs factory mode). In particular, Higgs decays produce a
unique color-neutral digluon state. Table 2.3 summarizes the estimated number of events
for different hadronic decay modes of the Higgs boson, assuming that the tagged Z boson
decays into electrons or muons.

At CEPC the traditional hadronic event shapes, e.g., thrust distribution, can be well
measured due to the high statistics. At a lepton collider one can reconstruct the kine-
matics fully and then boost all final states back to the rest frame of the decaying Higgs
boson. On the theory side those distributions can be calculated with high precision by
QCD resummation matched with fixed-order results. There exist uncertainties from non-
perturbative QCD effects, e.g. hadronization modeling, which are usually estimated by
Monte Carlo event generators. The Figure 2.40(a) shows the normalized distribution of
the variable thrust for several different hadronic decay channels of the Higgs boson, in-
cluding gg, qq̄, bb̄, and W (qq̄)W ⇤(qq̄) [427]. The distribution peaks at ⌧ ⇠ 0.02 for the
light-quark decay channel. The peak shifts to ⌧ ⇠ 0.05 for the gluon channel, corre-
sponding 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
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Motivation. The goal of this study is to quantify the precision that can be expected in the
determination of the parton distribution functions (PDFs) of the proton in the HL-LHC era.
Such “Ultimate PDFs” provide an important ingredient for the physics projections at the HL-
LHC with a robust estimate of theoretical uncertainties, including some of those presented in
other chapters of this Yellow Report. With this motivation, we have generated HL-LHC pseudo-
data for a number of PDF-sensitive measurements such as top-quark, Drell-Yan, isolated photon,
and W+charm production, and then studied the constraints that these pseudo-data impose on
the global PDF analysis by means of the Hessian profiling method. While such studies have
been performed in the context of future lepton-hadron colliders, see e.g. [1, 2] for the LHeC, to
the best of our knowledge this is the first time that such a systematic e↵ort has been directed to
the projections for a future hadron collider. Note also that the results provided here represent
only an upper bound on the impact of future HL-LHC data on the PDFs, since the list of
PDF-sensitive measurements that are included here is by no means complete.

HL-LHC measurements for PDF studies. Let us start by listing the PDF-sensitive pro-
cesses that will be considered in this study. In all cases, pseudo-data is generated for a center-of-
mass energy of

p
s = 14 TeV assuming a total integrated luminosity of L = 3 ab�1 for the CMS

and ATLAS experiments, and of L = 0.3 ab�1 for the LHCb experiment. With these settings,
HL-LHC pseudo-data has been generated for the following processes:

• High-mass Drell-Yan, specifically the dilepton invariant mass di↵erential distributions
d�(pp ! ll)/dmll for mll & 110 GeV for a central rapidity acceptance, |⌘l|  2.4. This
process is particularly useful for quark flavour separation, in particular of the poorly known
large-x sea quarks.

• Di↵erential distributions in top-quark pair production, providing direct information on the
large x gluon [3]. Specifically, we have generated pseudo-data for the top-quark transverse
momentum p

t
T and rapidity yt as well as for the top-quark pair rapidity yt¯t and invariant

mass mt¯t.

• The transverse momentum distribution of the Z bosons in the large p

Z
T region for central

rapidity |yZ |  2.4 and di↵erent bins of the dilepton invariant mass mll. This process is
relevant to constrain the gluon and the antiquarks at intermediate values of x [4].

• The production of W bosons in association with charm quarks (both in the central and
forward region). This process provides a sensitive handle to the strangeness content of
the proton [5, 6]. The pseudo-data for this process has been generated as function of the
pseudorapidity ⌘l of the charged lepton from the W boson decay.

• Prompt isolated photon production, which represents a complementary probe of the gluon
PDF at intermediate values of x [7, 8]. Here the pseudo-data have been generated as
di↵erential distributions in the photon transverse momentum p

�
T for di↵erent bins in the

photon pseudorapidity ⌘

� .

• Di↵erential distributions for on-peak W and Z boson production in the forward region,
2.0  ⌘l  4.5, covered by the LHCb experiment. These measurements constrain quark
flavour separation, including the strange and charm content of the proton, in the large and
small x region [9].

1

HL/HE-LHC Physics Workshop Report

Standard Model physics opportunities

Editors and Conveners:
Patrizia Azzi1, Stephen Farry2, Paolo Nason3, Alessandro Tricoli4, Dieter Zeppenfeld5

Contributors: S. Dawson, I. M. Lewis, J. Baglio (Projections for measurements of anomalous 3-gauge
boson couplings at a HE/LHC and HL/LHC ), M. Wiesemann, M. Grazzini, S. Kallweit (Dibosons -
Matrix), G.Ferrera, A.Huss, J.Pires, J. Terron Quadrado, P. Starovoitov (jets and photons), R. A.
Khalek, S. Bailey, J. Gao, L. Harland-Lang, J. Rojo (Ultimate PDF), J. Gaunt (Double Parton
Scattering), D. Kar (Underlying Event), L. Harland-Lang (Forward Physics - CEP), C. Baldenegro, C.
Royon (Forward Physics - EW), M. Deile (Forward Physics - Totem)
1 INFN, Padova, Italy, 2 University of Liverpool, U.K.3 INFN, sez. di Milano Bicocca, Università di
Milano-Bicocca, Italy, 4 Brookhaven National Laboratory, U.S.A., 5 Institut für Theoretische Physik,
Karlsruher Institut für Technologie, Germany

Abstract
This is the abstract.



23

⼀一. 个⼈人经历及研究⽅方向 

⼆二. 年年度科研论⽂文 

三. 基⾦金金申请及奖项 

四. 学术会议及报告 

五. 总结



24

1，共在Physics Reports,JHEP,PRD,EPJC发表9篇论⽂文

2，获得⾃自然科学基⾦金金⾯面上项⽬目资助1项(主持)，重点项⽬目
—  1项(参与)，主持⾼高能所CEPC理理论研究课题1项

3，获得2018年年度Guido Altarelli理理论奖项

2017-2018年年度⼩小结

4，参加国际会议并作报告4次，参与CEPC CDR及CERN 
—  YR的撰写



25

致谢

感谢各位评委专家！

敬请批评指正！


