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ATLAS
CMS

CERN成立于1954年9月29日，位于瑞士日内瓦的法瑞边境，目前有24个成员国

大型强子对撞机（LHC）
周长27公里
隧道位于地下50-100米

LHCb

ALICE
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勃朗峰日内瓦湖

日内瓦机场
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• 周长：27公里
• 两束质子速度：光速的99.999 999 1 % 
• 每束储存的能量：350MJ (行驶的火车）
• 1232个二极磁铁（每个15米长）
• 392个四极磁铁（5-7米）
• 磁铁是超导磁铁，磁场强度8特斯拉
• 超导线圈工作温度：-271.3°C 
• 冷却剂：70万升液氦

LHC历史

1994：CERN Council批准了
LHC建造计划
1998：土木工程开始（地下实验
大厅以及地面建筑）
2000：开始磁铁建造
2005-2007：磁铁安装
2008年9月10日：LHC开始运行
2009年11月：重新开始运行
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July 4th, 2012: Higgs discovery
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4ℓ and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ ℓνℓν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4ℓ channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4ℓ
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
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analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the Wγ
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
Wγ∗ with mℓℓ < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
Wγ∗/WZ(∗) with mℓℓ > 7 GeV is 1.5 ± 0.5. These un-
certainties affect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20±4 5± 2 0.34±0.07
WW 101±13 12±5 0.10±0.14
WZ(∗)/ZZ/Wγ(∗) 12±3 1.9±1.1 0.10±0.10
tt̄ 8± 2 6± 2 0.15±0.10
tW/tb/tqb 3.4±1.5 3.7±1.6 -
Z/γ∗ + jets 1.9±1.3 0.10±0.10 -
W + jets 15±7 2± 1 -
Total Background 142±16 26±6 0.35±0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.
Figure 6 shows the distribution of the transverse mass

after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.
The statistical analysis of the data employs a binned

likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal formH = 125 GeV is
shown stacked on top of the background prediction. TheW+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT
are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts
as a scale factor on the total number of events pre-
dicted by the Standard Model for the Higgs boson sig-
nal. This factor is defined such that µ = 0 corresponds
to the background-only hypothesis and µ = 1 corre-
sponds to the SM Higgs boson signal in addition to the
background. Hypothesised values of µ are tested with a
statistic λ(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.
Exclusion limits are based on the CLs prescrip-

tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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联合统计分析：
大于5倍标准偏差

双光子末态
双Z玻色子末态 双W玻色子末态

本人博士题目



LHC Schedule
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Year (Run 3) Int. Lumi.

2022+2023 73 fb-1

183 fb-1

370 fb-1
2024 110 fb-1

2025 110 fb-1

2026 65 fb-1

Run 2 140 fb-1

Run 2 + 
Run 3

510 fb-1

目前



ATLAS (A Toroidal LHC ApparatuS)
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• 约2900位科学作者
• 1190位博士研究生

• 1304位工程师
• 5940位活跃成员



Elementary particles acquire mass through interactions 
with the Higgs field
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The real implication of the Higgs boson discovery in 2012 by ATLAS and CMS 
experiments: Higgs field is real

• LHC is the only machine to produce 
Higgs boson in laboratory currently

• Understanding of the properties of 
the Higgs boson is one of the 
important physics goals for LHC 
Run 3 and High Lumi LHC

对称性自发破缺
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Nature 607, 52–59 (2022)



Current understanding of Higgs boson coupling
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Dominant background: Drell—Yan process
BR(H→µµ)=0.02%
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Figure�1:�Examples�of�leading-order�Feynman�diagrams�for�Higgs�boson�production�via�the�(a)�ggF�and�(b)�VBF�
production�processes.
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Figure�2:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the� (a)�qq�!� VH� and�
(b,�c)�gg�!�ZH�production�processes.
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Figure�3:�Examples�of� leading-order�Feynman�diagrams� for�Higgs�boson�production�via� the�qq/gg�!� ttH� and�
qq/gg�!�bbH�processes.

Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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at least one bjet

2/3/4 leptons, 
no bjet

2 leptons, no bjet

2 leptons, no bjet

困难：海量的DY本底
方案：针对不同的Higgs产生mode来
设计信号区间，以压低本底
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although
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Other less important production processes in the SM, which are not the target of a direct search but
are included in the combination, are qq, gg ! bbH (bbH), also shown in Fig. 3, and production in
association with a single top quark (tH), shown in Fig. 4. The latter process proceeds through either
qq/qb! tHb/tHq0 (tHq) (Figs. 4a and 4b) or gb! tHW (tHW) (Figs. 4c and 4d) production.

Examples of leading-order (LO) Feynman diagrams for the Higgs boson decays considered in the com-
bination are shown in Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b)
proceed through tree-level processes whereas the H ! �� decay is mediated by W boson or heavy quark
loops (Fig. 6).

The SM Higgs boson production cross sections and decay branching fractions are taken from Refs. [30–
32] and are based on the extensive theoretical work documented in Refs. [33–76]. The inclusive cross
sections and branching fractions for the most important production and decay modes are summarised
with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV. The SM
predictions of the branching fractions for H ! gg, cc, and Z� are included for completeness. Although

4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VH4L BDT output

5−10

4−10

3−10

2−10

1−10

1

10

210

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands VH

Bkg. MC, SR

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VH3L BDT output

2−10

1−10

1

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands VH

Bkg. MC, SR

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VH2L BDT output

2−10

1−10

1

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands VH

Bkg. MC, SR other

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

𝑍 (→ 𝑒𝑒/𝜇𝜇)𝐻 𝑍 (→ 𝜈𝜈)𝐻

W (→ 𝑒𝜈/𝜇𝜈)𝐻
• BDTs trained with 15 variables (ZH 

4-lep) and 9 variables (ZH 2-lep)
• BDT trained with 12 variables for 

WH

VH4L

VH2L-HighVH2L-Medium

VH3L-High

VH3L-Medium



VBF/ggF (13 categories)

2026/5/14 16

剩余的
事例

0-jet

1-jet

2 jet
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VBF BDT output

4−10

3−10

2−10

1−10

1

10

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands ggF

Bkg. MC, SR VBF

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2-jet BDT output

4−10

3−10

2−10

1−10

1

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands ggF

Bkg. MC, SR VBF

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1-jet BDT output

3−10

2−10

1−10

1

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands ggF

Bkg. MC, SR VBF

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0-jet BDT output

2−10

1−10

Fr
ac

tio
n 

of
 e

ve
nt

s

Data, sidebands ggF

Bkg. MC, SR VBF

Bkg. MC, sidebands

 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H



Signal Modeling
• Double-sided Crystal-Ball function
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Background Modeling
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Proposed model with two components: 
[ fix ] x [ floating ]
• Fixed part (physics motivated):  LO 

2→2 Drell-Yan analytic lineshape
m(μμ) resolution effect included by 
smearing with Gaussian 

• Floating part: empirical functions

Simultaneous fit with 23 categories to extract signal strength
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Run3 + Run2 results
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Uncertainty source ω𝐿

Statistical uncertainty -0.40 +0.41

Systematic uncertainty -0.12 +0.15

Spurious signal -0.09 +0.09

Theory -0.07 +0.10

Luminosity -0.02 +0.04

Muon -0.02 +0.04

Jets, flavor tagging -0.01 +0.01

Other -0.02 +0.03

Total -0.42 +0.43

• Best fit value of the signal strength: 
(mH = 125.09 GeV)

‣ Run3 + Run2: μ(𝛨/𝛨SM) = 1.4 ± 0.4

Evidence of Higgs to dimuon decay from ATLAS
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Significance: 3.4σ

arXiv:2507.03595

• Paper accepted by PRL as Editor’s Suggestion
• Inclusion in the American Physical Society‘s outreach to the press, link

Phys. Rev. Lett. 135, 231802 (2025)

https://arxiv.org/abs/2507.03595
https://physics.aps.org/articles/v18/190
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159


13 Years of 𝐻 → 𝜇𝜇
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• 第一篇文章（2012年开始，2014年
PLB）：李海峰，从零构建分析的所有
部分，本底拟合函数，分析程序，统计
程序等

• 第二篇文章（2017年PRL）：李海峰
（分析负责人，文章编辑）

• 第三篇文章（2020年PLB）：李海峰
（分析早期负责人）。分析团队变大

• 第四篇文章（2025年PRL）：VBF优化
以及统计分析

A thirteen-year query for the Higgs coupling to second generation fermion



13 Years of 𝐻 → 𝜇𝜇
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2014
ggF+VBF cutbased

2017
ggF+VBF (BDT)

2020
add VH and ttH

2025
more categories

Ehsan Musajan (USTC) October 30, 2025 - CLHCP2025 18

Run3 + Run2 results
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Luminosity -0.02 +0.04

Muon -0.02 +0.04

Jets, flavor tagging -0.01 +0.01

Other -0.02 +0.03

Total -0.42 +0.43

• Best fit value of the signal strength: 
(mH = 125.09 GeV)

‣ Run3 + Run2: μ(𝛨/𝛨SM) = 1.4 ± 0.4

Fourth paper in 2025

Phys. Rev. Lett. 135, 231802 (2025)

Significance: 3.4σ
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First paper in 2014

Phys. Lett. B 738 (2014) 68-86

Upper limits: 7×SM

https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://doi.org/10.1016/j.physletb.2014.09.008
https://doi.org/10.1016/j.physletb.2014.09.008
https://doi.org/10.1016/j.physletb.2014.09.008


2026/5/14 22

TGC

山大负责研
制了400台
TGC探测器 

𝐻 → 𝜇𝜇 event candidate



2026/5/14 23

缪子探测
器建造

缪子物
理对象
重建

多年来
𝐻 → 𝜇𝜇
的积累

2025年
𝐻 → 𝜇𝜇 3.4𝜎



学术评价
美国物理学会旗下《物理》杂志以“Deciphering the 
Origin of Quark and Lepton Mass”为题作为研究亮点
专门报道。 

《物理评论快报》主编Robert Garisto：“温伯格是正确的” 

Gavin Salam（英国牛津大学教授）
• H→μμ将首次证明第二代费米子的
质量来自于汤川耦合

• 它值得与世界媒体一起举办一场
盛大的活动来宣布它

2026/5/14 24



Toponium
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Threshold Region Measurement is Challenging
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arXiv:2506.14700

Limit (Powheg + Herwig7)
Limit (Powheg + Pythia8)
Theory Uncertainty
Data
Powheg + Pythia8 (hvq)
Powheg + Herwig7 (hvq)

ATLAS                 
√s = 13 TeV, 140 fb-1

- -

Particle-level Invariant Mass Range [GeV] 

380 < mtt- < 500 mtt > 500340 < mtt < 380

Nature 633 (2024) 542

Quantum Entanglement (QE) measurement using 𝑡 ̅𝑡

Stronger QE in data than MC. 
Missing toponium contributions?

Previous hints

𝑝𝑝 → 𝑊𝑏𝑊𝑏

https://www.nature.com/articles/s41586-024-07824-z


教科书上说不可能
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“as we now realize, the top quark is simply 
too short-lived to form bound states -
apparently there are no top baryons and 
mesons.” -- Section 1.9, David Griffiths, 
Introduction to Elementary Particle Physics, 
Second Edition

“The top quark is too short-lived to form 
observable hadron states and its mass is again 
inferred indirectly, from observations on the
decay products of t ̅t pairs, as we shall see.”  --
Section 3.1, B.R. Martin and G. Shaw, Particle 
Physics, Fourth Edition



做实验不能完全按照大多数人的
看法来进行
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Why Top Quark is Special
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𝑚! ≈ 172.5 GeV

Γ! = 1. 326 GeV

𝜏! =
1
Γ!
= 5.17 ×10"#$s

NS73CH11_FerreiraDaSilva ARjats.cls September 7, 2023 12:40

public web pages of the LHC collaborations (13–15) and the LHC Top Physics Working Group
(LHCTopWG) (16).

This review is organized as follows. It begins by identifying the current challenges of top quark
physics in Section 2. A more detailed overview of different production modes at the LHC is given
in Section 3, and a brief discussion of the status and prospects of using top quark physics to !nd
physics beyond the SM (BSM) at the LHC is presented in Section 4. An outlook is given in the
!nal section.

2. CHALLENGES IN TOP QUARK PHYSICS
The successful exploration of the top quark sector in hadron colliders faces both theoretical and
experimental challenges. Three main fronts are summarized in the following subsections.

2.1. What Is a Top Quark?
A top quark cannot be observed directly as it is a QCD color triplet with a very short lifetime:
τ t = !/"t ≈ 0.5 × 10−24 s. Its natural width ("t) is intrinsically related to its mass (mt) and that of
theW boson (mW) given that t → Wb is, by far, the dominant decay channel:

"t = GFm3
t

8π
√
2

(
1 −

m2
W

m2
t

)2 (
1 + 2

m2
W

m2
t

)[
1 − 2αS

3π

(
2π2

3
− 5

2

)]
≈ 1.35 GeV. 1.

The !nal-state products comprise the decay products of a W boson and a b jet, given the domi-
nance of the Vtb element of the CKM (Cabibbo–Kobayashi–Maskawa) matrix. The large value of
mt = 173.3 GeV (17) and the dominance of a single decay channel to "t set a natural time scale
that provides a unique window for experimentally studying a “naked” quark (18). Any spin effect
present at production is inherited by the decay products without being affected by hadronization,
which occurs at a scale %QCD ∼ 200 MeV, or by soft QCD depolarizing effects. In approximate
terms, one has the following:

1
mt︸︷︷︸

Production
10−27 s

<
1
"t︸︷︷︸
Decay
10−25 s

<
1

%QCD︸ ︷︷ ︸
Hadronization
10−24 s

<
mt

%QCD︸ ︷︷ ︸
Spin flip
10−21 s

. 2.

From observation of the decay products, one can therefore infer the initial kinematics and prop-
erties, given that τ t is shorter than both the hadronization and the spin-decorrelation time
scales.

The reconstruction of the top quark from its decay products leads to an effective particle-level
de!nition that Monte Carlo (MC) simulations can mimic. This experimentally driven de!nition
is typically robust in its extrapolation to the full phase space of production (i.e., beyond detec-
tor acceptance) with respect to modeling effects and uncertainties. The particle-level de!nition
suffers, however, from the dependency on the algorithm employed and from being an entity that
cannot be used directly in comparisons with !xed-order calculations that make use of the no-
tion of a parton-level top quark. This is often a limiting factor for measurements of fundamental
parameters of the SM.

Although state-of-the-art MC simulations take into account several important effects summa-
rized in Section 2.2 below, they have typically large uncertainties arising from being !xed-order
in perturbation theory and from the parton shower (PS) generator used to evolve a parton to a jet
of particles in the !nal state. An illustration of the several effects modeled by MC simulation is
shown in Figure 1.
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Why Top Quark is Special
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𝑚! ≈ 172.5 GeV

Introduction to the top quark... ... and its properties ... in searches ... as a tool

Fermion coupling to the Higgs boson

12/ 109 – Top quark physics – Andrea Knue

  

e

u
d

s
μ

c

db

t

τ

Heaviest particle,
largest coupling!

yt=
√2mtop

v
≈1

yf

Has largest Yukawa coupling with the Higgs field

Nature 607, 52–59 (2022)

t/b

g

g

H

(a)

W/Z

W/Z

q̄
0

q

q̄
0

q

H

(b)

Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.
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H
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H

(c)

Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H

production processes.

g

g

t̄/b̄

t/b

H

g

g

t̄/b̄

H

t/b

q

q̄

t̄/b̄

H

t/b

Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH

processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW

(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass m

H
= 125.09 GeV.

The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.

5

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w


LHC is a top quark factory
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The ATLAS Collaboration Physics Reports 1116 (2025) 127–183

Fig. 1. Representative Feynman diagrams for ¯tt production at LO in QCD: gluon-initiated fusion in the s-channel (left) and t-channel (middle), and
quark–antiquark annihilation (right).

Fig. 2. Representative Feynman diagrams for single top-quark production at LO: from left to right, s-channel, t-channel, and the two diagrams for
the tW channel.

t → qZ , t → qω or t → qH (q being a first- or second-generation up-type quark: u or c) are highly suppressed and below
the experimental sensitivity. Direct searches for BSM phenomena are described in Ref. [7].

Experimentally, the identification and study of top-quark events with the ATLAS experiment relies not only on the
reconstruction of hadronic jets, and identifying those coming from the fragmentation of b-quarks through dedicated b-
tagging algorithms, but also on the identification of electrons and muons, and the measurement of the missing transverse
momentum associated with the presence of undetected neutrinos. For the all-hadronic final states, which take advantage
of the larger hadronic branching fraction of the W boson but are more challenging in terms of background contamination,
combinations of multijet and b-jet triggers [8–10] are used, while for channels with at least one electron or muon,
the online event selection is based on single-lepton triggers [11,12]. High-performance reconstruction and identification
algorithms for all these physics objects are essential ingredients for maximising the precision of top-quark measurements.
In Run 2, the performance of these algorithms was significantly improved relative to Run 1, thanks to detector upgrades as
well as new identification algorithms and calibration techniques. In particular, the addition of a new innermost detector
layer, the Pixel detector’s Insertable B-Layer (IBL) [13,14], together with the adoption of new machine-learning (ML)
techniques, allowed the b-tagging performance to be dramatically improved (around 10% efficiency increase for b-jets at
the same light-flavour-jet rejection rate) [15,16]. On the other hand, new calibration techniques allowed the systematic
uncertainties associated with c-jet and light-flavour-jet rejection to be reduced [17,18]. Similarly, improvements in the
jet reconstruction algorithms and energy calibration (with about a factor of two reduction in the jet energy scale’s
uncertainty) [19–21] contributed to the overall gain in measurement precision, beyond that coming from the increase
in sample size due to the larger integrated luminosity and production cross-sections. At the same time, improved trigger
algorithms allow the single-lepton transverse momentum thresholds to be kept at reasonable levels (below 27 GeV)
despite the increase in instantaneous luminosity. Similarly, the introduction of new techniques to mitigate the stronger
impact from additional pp collisions in the same or a nearby bunch crossing (pile-up), such as the so-called jet-vertex-
tagger (JVT) [22], provided the means to cope with the increased pile-up activity in Run 2. Improved electron and muon
identification [23–25] also provided pile-up mitigation. Finally, innovative analysis techniques, often relying on modern
ML algorithms, as well as refined Monte Carlo (MC) simulation tools were gradually introduced and adopted for the
top-quark measurements and searches performed over the past years.

This report reviews a selection of the published ATLAS results using the Run 2 dataset. It is organised as follows.
Section 2 describes general experimental aspects of the ATLAS Run 2 top-quark physics analyses, such as typical event
and physics object selection criteria, statistical analysis techniques and systematic uncertainties. The following sections
are each devoted to a particular set of measurements. Section 3 reports the ¯tt cross-section measurements, while
Section 4 describes the single-top-quark measurements. Section 5 describes the measurements of top quarks produced
in association with a boson, as well as four-top-quark production. Section 6 discusses the top-quark mass results and
Section 7 the determination of other top-quark properties. Section 8 presents the searches for flavour-changing neutral
currents in the top-quark sector, and Section 9 presents limits on Wilson coefficients within effective field theory.
Section 10 gives the conclusions of this report.
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Dominant

• LHC is a 𝑡 ̅𝑡 factory
– 𝜎!!̅ = 834 pb at LHC Run 2
– 0.83M 𝑡 ̅𝑡 events per fb-1

– LHC大约每天获取1fb-1的数据

𝑡 ̅𝑡 production (QCD) 

• Decay (EW) almost 100% with

Top pairs production at hadron colliders

4

● Production at Tevatron
○ 90% qqbar, σ(ppbar→ttbar @ 1.96 TeV)∼7 pb

● Production at LHC
○ 90% gg,  σ(pp→ttbar @ 13 TeV)∼830 pb

○ O(1034cm-2s-1) → O(10 ttbar/s)

● Decay: t→Wb

Diagram of a l+jets decay

pile-up

𝑡 ̅𝑡 decay

𝑚! ≈ 172.5 GeV
Γ! = 1. 326 GeV

𝜏! = 1/Γ! = 5.17 ×10"#$s

~90% ~10%



b-jet

5/14/26 Haifeng Li (Shandong University) 32

一个50 GeV的B强子
大约在横向飞行3毫米

在束流管内衰变。进
入探测器之前



5/14/26 Haifeng Li 33



Top quark and 𝑡 ̅𝑡 Threshold Region
• Toponium: QCD predicts a quasi-bound state close to the threshold for low 

momentum top quarks
• The prediction was made even before the top quark discovery

2026/5/14 34

部分理论文章：
• V.S. Fadin and V.A. Khoze, JETP Lett. 46 (1987) 525
• Y. Sumino et al., Phys. Rev. D 47 (1993) 56
• W.-L. Ju et al., JHEP 06 (2020) 158 （浙大杨李林等）

Phys. Rev. D 47 (1993) 56

近期文章：
• Fu, Li, Yang, Li, Zhang, Shen, arXiv:2412.11254, Phys. Rev. 

D 111, 114020 (2025) （北航张玉洁、复旦沈成平等）
• Luo, Huang, Liu, arXiv:2508.17646 （兰大刘翔等）

https://arxiv.org/abs/2412.11254
https://arxiv.org/abs/2508.17646


Non-Relativistic QCD
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Time-independent Schrödinger equation

𝑉 𝑟 = −𝐶&
𝛼'
𝑟
+ 𝐹(𝑟

Coulomb term Confinement term

−
ℏ#

2𝑚
∇# + 𝑉 𝜓 = 𝐸𝜓

𝐶!: Color factor;      r: Bohr radius;      𝐹": Constant 



20.11.2025 Searching for tt bound states at the CMS experiment | Laurids Jeppe 3

tt bound states?
■ All quarks other than the top are known to form bound states (quarkonia)

■ Simple estimate by analogy to positronium with Coulomb-like QCD potential:

for tt: system should be bound!

              smallest non-pointlike object

■ However: short lifetime / large width:

binding energy with    for color-singlet

t
t

cannot neglect!

Toponium from NRQCD

2026/5/14 36

For small distances: 𝑉 𝑟 ≈ −𝐶!
𝛼"
𝑟
,

𝐶! =
4
3
for color singlet; 𝛼" = 𝛼"(1/𝑟)

Binding energy of toponium:
𝐸# = − $

%
&!
%
𝐶!𝛼" % ≈ −2 GeV

Mass of toponium: 
𝑚'! = 2𝑚( − 𝐸# ≈ 345 − 2 GeV = 343 GeV

Bohr radius of toponium: 𝑟 =
%

)"*#&!
≈ 0.01fm

Width of topinium: 2Γ( = 2.56 GeV.
Lifetime of toponium: 𝜏 ≈ 2.59×
10+%,s

The Bohr radii of the ground 
states of charmonium and 
bottomonium are about 0.3 fm
and 0.2 fm



NRQCD Predictions
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EPJC 60 (2009) 375-386

2×𝑚#

(↑↓−↓↑)
2

attractive

Color-singlet - attractive
CP-odd / pseudoscalar 
spin state!

repulsive

rep
uls

ive

$𝑆%
& 100% OCTET

%𝑆"
%

%𝑆"
&

10% SINGLET

90% OCTET



Toponium Decays
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space (GeV$%)

time (GeV$%)

𝑎! ∼ 0.05GeV"#
toponium formation

toponium
1
2Γ$

∼ 0.3GeV"#

𝑏 and 𝑡

𝑏 and 𝑏

1
2Γ$

+
1
Γ$
∼ 0.9GeV"#

𝑡

𝑦

𝑥

𝑧

t

From B. Fuks

Hadronization time scale: ~5 GeV-1

1 GeV+$ = 6.852×10+%,𝑠

2026/5/14



The toponium Green’s function

The toponium Green’s function
• Solution to the Lippmann-Schwinger 

equation
– Fourier transform of the QCD potential 
– S-wave contributions

• To be solved numerically

2026/5/14 39

Benjamin Fuks - 25.09.2025 - Simulating toponium formation signals at the LHC

G̃ (E; p) = G̃ 0(E; p) + ∫ d3q
(2α)3 Ṽ QCD( −p ∼ −q) G̃ (E; q)

The toponium Green’s function

3

Three-point correlation function in the non-relativistic limit

Kabcd(x, y, z) = ⟨0 T{tc(y)t̄d(z) : t̄a(x)tb(x) :} 0⟩

= (1 + σ0)ca

2
(1 ∼ σ0)bd

2 ∫ d3r[K1(y; (z0, −r )) K2(z0, −r, −z; x0, −x, −x) + K1(z; (y0, −r )) K2(y0, −y, −r; x0, −x, −x)]
Non-relativistic spin projection operators

Top-decay firstAntitop-decay first

1-particle-state and 2-particle-state propagators

The toponium Green’s function (from K2)

• Solution to the Lippmann-Schwinger equation 
   ➙ Fourier transform of the QCD potential 
   ➙ S-wave contributions

• To be solved numerically

[ Jezabek, Kuhn & Teubner (Z.Phys.C`92) ]

Free Green’s 
function

The QCD Green’s function as a 
seed for toponium modelling

From B. Fuks

Benjamin Fuks - 25.09.2025 - Simulating toponium formation signals at the LHC

G̃ (E; p) = G̃ 0(E; p) + ∫ d3q
(2α)3 Ṽ QCD( −p ∼ −q) G̃ (E; q)

The toponium Green’s function

3

Three-point correlation function in the non-relativistic limit

Kabcd(x, y, z) = ⟨0 T{tc(y)t̄d(z) : t̄a(x)tb(x) :} 0⟩

= (1 + σ0)ca

2
(1 ∼ σ0)bd

2 ∫ d3r[K1(y; (z0, −r )) K2(z0, −r, −z; x0, −x, −x) + K1(z; (y0, −r )) K2(y0, −y, −r; x0, −x, −x)]
Non-relativistic spin projection operators

Top-decay firstAntitop-decay first

1-particle-state and 2-particle-state propagators

The toponium Green’s function (from K2)

• Solution to the Lippmann-Schwinger equation 
   ➙ Fourier transform of the QCD potential 
   ➙ S-wave contributions

• To be solved numerically

[ Jezabek, Kuhn & Teubner (Z.Phys.C`92) ]

Free Green’s 
function

The QCD Green’s function as a 
seed for toponium modelling



Quasi-bound State from NRQCD
• S-wave, color-singlet state with Green’s function of non-relativistic (NR) QCD by 

Eur. Phys. J. C 85 (2025) 157（B. Fuks, K. Hagiwara, 马凯, 郑亚娟）

• Generate 𝑔𝑔 → 𝑡𝑡 → 𝑏ℓ𝜈𝑏ℓ𝜈 with MG5_aMC. Spin correlations included
• Reweight matrix element with QCD Green’s functions (solutions to the Lippmann-

Schwinger equation)

2026/5/14 40

  157 Page 4 of 16 Eur. Phys. J. C           (2025) 85:157 

Fig. 1 Norm of the Green’s function |G̃(E; p)|2 in the presence of the
tree-level Coulombic potential (12) as obtained after fixing the strong
coupling constant at the Z -pole αs(mZ ) = 0.12 (left), and norm of the

free Green’s function (11), |G̃0(E; p)|2 (right). The results are shown
as a function of the binding energy E and the momentum p

specific E and p values, and contains four entries, the binding
energy E, the momentum p and the real and imaginary part
of the ratio of the Green’s functions. These files are avail-
able from a public repository at https://github.com/BFuks/
toponium.git.

As an illustration, the left panel of Fig. 1 shows the depen-
dence of the Green’s function squared norm |G̃(E; p)|2 in
the presence of the Coulomb potential (12), as a function of
the binding energy E and the momentum p. In contrast, the
right panel presents the norm of the free Green’s function
|G̃0(E; p)|2. We observe notable differences between the
two distributions, not only in magnitude but also in their over-
all shape, with deviations extending both above and below
the threshold. In the free theory, |G0(E; p)|2 is given by
(11), and it should thus resembles a Breit–Wigner distribu-
tion for any specific fixed value of the binding energy E .This
behaviour is the one depicted in the figure, with the position
of the peak in p depending on E and being given by

ppeak ! 2mt + E
2

√

1 − 4m2
t

(2mt + E)2 , (13)

for mt = 173 GeV. This behaviour is approximately recov-
ered for the interacting Green’s function at positive binding
energies (E ! 2 GeV), though with a different overall nor-
malisation that persists until significantly larger values of E
(not shown on the figure). On the other hand, for p " 20 GeV
and −4 GeV " E " 1 GeV, the toponium wave function
not only enhances the magnitude of the Green’s function
squared norm, but also substantially distorts its shape, with

the most prominent effect occurring around E ! −2 GeV at
low momentum p.

The tabulated ratio of Green’s functions in Fourier space
G̃(E; p)/G̃0(E; p) is the quantity required when adjust-
ing matrix elements relevant to top–antitop production near
threshold to account for toponium effects. For example, con-
sider the process

gg → t t̄ → b"+ν"b̄"′−ν̄′
", (14)

in the colour-singlet channel, and where the intermediate top
and antitop quarks can either be on-shell or off-shell. The
process (14) includes top and antitop quark decays (that we
have chosen leptonic), which ensures the opening of the per-
tinent phase space region below the t t̄ production threshold
and the correct embedding of all spin correlations among the
final-state particles. To properly capture the toponium effects
described earlier in this section, the corresponding squared
matrix element |M |2 should be re-weighted as

|M|2 → |M|2
∣∣∣∣
G̃(E; p∗)
G̃0(E; p∗)

∣∣∣∣
2

, (15)

where E = W − 2mt = m(bb̄""′ν"ν̄
′
") − 2mt represents

the toponium binding energy (with W being the invariant
mass of the reconstructed top–antitop system from the six-
body final state), and p∗ is the common magnitude of the top
and antitop quark momenta in the toponium rest frame.2 In

2 The relative momentum appearing in the Hamiltonian of a top quark
with a reduced mass mt/2 and in the rest frame of the other top quark
corresponds to the common momentum p∗ of the top and antitop quarks
in the toponium rest frame.

123

>𝐺:	Green’s function considering 
QCD potential
>𝐺(: Free Green’s function

This model includes NRQCD calculations 



Background Modelling
Extremely challenging measurement: need precise modelling of the 
𝑡 ̅𝑡 threshold region
• 𝑡 ̅𝑡: main background. Powheg v2 hvq + Pythia8, using narrow-width 

approximation (NWA), with approximate spin correlation
– 2D reweighting in (cosθ*, M(𝑡 ̅𝑡)) to NNLO QCD (from MATRIX) and NLO EW 

(HATHOR)
– θ*: angle between the momentum of the top quark in the 𝑡 ̅𝑡 center-of-mass 

frame and the momentum of the 𝑡 ̅𝑡 system in the lab. frame
• 𝑡 ̅𝑡: alternative MC sample (for syst.), Powheg v2 bb4l + Pythia8

– Simulate 𝑝𝑝 → 𝑏ℓ𝜈𝑏ℓ𝜈 including off-shell, non-resonant contributions, and exact 
spin correlations at NLO

2026/5/14 41

Advanced MC generators and state-of-art high-order QCD/EW 
calculations play crucial rules in this search



Event Categorization

SR events are categorized into 9 regions 
based on two observables: 𝑐456 and 𝑐478

𝑐456 = ℓ9 ⋅ ℓ" ,
where the ℓ± are the lepton directions in 𝑡 ̅𝑡
center-of-mass frame, and then in turn 
boosted into 𝑡 and ̅𝑡 frames. This 
distribution has a maximum slope for a 
spin-singlet state

2026/5/14 42

𝑐478: flip the ℓ in 𝑡 direction. This distribution has a maximum slope for a spin-triplet 
state

W. Bernreuther, D. Heisler, Z.-G. Si, JHEP 12, 026 (2015)



𝑐!"# and 𝑐!$%
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Event Categorization and Fitting
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−𝟏 < 𝑐;<= < −
𝟏
𝟑 −

𝟏
𝟑 < 𝑐;<= <

𝟏
𝟑

𝟏
𝟑 < 𝑐;<= < 𝟏

−𝟏 < 𝑐;𝒂𝒏 < −
𝟏
𝟑

SR1 SR2 SR3

−
𝟏
𝟑
< 𝑐;𝒂𝒏 <

𝟏
𝟑

SR4 SR5 SR6

𝟏
𝟑
< 𝑐;𝒂𝒏 < 𝟏 SR7 SR8 SR9

CR-Fakes 𝑒𝑒 CR-Fakes 𝑒𝜇 CR-Fakes 𝜇𝜇 CR-Z

Simultaneous fitting to 𝑚!!̅ with 13 categories with profile likelihood method



Background Estimations
• 𝑡 ̅𝑡: with a free-floating scale factor (SF); tW: estimation from MC 
• Z+jets: get some contributions from Z→𝜏𝜏. Use the CR-Z to normalize the Z+b

process

2026/5/14 45
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• fake / non-prompt leptons: 
Fakes represent 1.5% of 
SR yields. Data-driven 
estimation with 3 CR-
Fakes

arXiv:2601.11780

GFRW: 
Green’s Function Reweighted

Rep. Prog. Phys. 89 (2026) 057801

https://arxiv.org/abs/2601.11780
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0


Results: baseline 𝑡 ̅𝑡 + quasi-bound state (NRQCD)
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Observed (expected) 
significance:  8𝜎 (6𝜎)
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the predictions of the extended model that includes the quasi-bound-state 𝐿𝐿GFRW predictions (normalised
to 6.43 pb). In SRs 5, 6, 8 and 9, the observed data yields in the lowest bin in 𝑀

𝐿𝐿
notably exceed those

predicted in the 𝐿𝐿GFRW model.

���

��	

���

��


���

���

��	

���

�2
!*
0/
���
��
��
!�

<���

������	 � ���

������
 � ���

��� � ���	 �
�
�

�
� � ���	 � � ������	 � ���

��� � ���
 �
�
�

��� � ���	 �
�
�

�
� � ���	 � � ������	 � ���

�
� � ���
 � �

��� � ���	 �
�
�

������
� ��
 �!�������"�?�

�����

$2-���� >������)+ !(�� %(!,0+*��,.!�"%0

�
� � ���	 � �

?	���

�

	���

�
�0
��
���

'#
�


�� ���

����

����

����

�
�0
��
���

.!
 �


�� ��� 
�� ��� 
�� ��� 
�� ��� 
�� ��� 
�� ��� 
�� ��� 
�� ���
�� >����!��

� >�����

� >�����
� >�
��&!0/
���
��'!/

���&!0/
��
��0�
�+0�(�1*�!.0�%*03

Figure 3: Pre-fit distributions of 𝑀
𝐿𝐿

in the nine SRs (upper panel), together with a comparison between the 𝐿𝐿

quasi-bound-state prediction and the data, from which the pQCD 𝐿𝐿 contribution and background processes were
subtracted (middle panel), and the ratio of the data and the extended 𝐿𝐿 model including the 𝐿𝐿GFRW contribution
(lower panel). The error bars on the data markers represent the statistical uncertainty in the measurement, while the
grey hashed and shaded bands represent the total systematic uncertainty in the prediction.

9.1 Fit results

The cross-section for the 𝐿𝐿 quasi-bound-state contribution extracted from the fit with free-floating signal
normalisation 𝑁(𝐿𝐿GFRW) is

𝑂(𝐿𝐿GFRW) = 9.3+1.4
→1.3 pb = 9.3+1.1

→1.0 (stat.) ± 0.8 (syst.) pb,

which is (45+21
→20)% larger than the predicted value of 6.43 pb. The baseline model without quasi-bound-state

contributions is rejected with an observed (expected) significance of over 8𝑂 (6𝑂).

The statistical uncertainty in this measured cross-section is calculated based on the requirement that
the sum in quadrature of the statistical uncertainty and the total systematic uncertainty must yield the
total uncertainty as obtained from the profile-likelihood fit. The uncertainty components from each
individual source of systematic uncertainty are taken from the covariance matrix obtained from the fit
and combined in quadrature to obtain the total systematic uncertainty; the statistical uncertainty is then
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Link to my EPS-HEP 2025 talk
Link to my CLHCP2025 plenary talk

Rep. Prog. Phys. 89 (2026) 057801

https://arxiv.org/abs/2601.11780
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.ihep.ac.cn/event/26351/contributions/203430/
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0
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Post-fit



Impacts of Systematics
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• Quasi-bound state modelling: Parton 
shower [Herwig7]

• 𝑡 ̅𝑡 decay and off-shell [comparison to 
bb4l]

• NNLO QCD rew.: NNLO QCD scale 
variations

• No strong pulls or constraints
• Largest effects from toponium

modelling and off-shell effect modelling

arXiv:2601.11780Rep. Prog. Phys. 89 (2026) 057801

https://arxiv.org/abs/2601.11780
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0
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• First report about ATLAS results in EPS-HEP2025 in Marseille, France
• Celebration after toponium talks from ATLAS and CMS
• All the ATLAS&CMS management who attended EPS-HEP2025 listened the two talks
• Was one of the highlights for EPS-HEP2025

July 7th, 2025, Marseille, France
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CERN Press Release after the ATLAS talk in EPS-HEP2025

An unforeseen feature in proton-proton 
collisions previously observed by the CMS 
experiment at CERN’s Large Hadron Collider 
(LHC) has now been confirmed by its sister 
experiment ATLAS. The result, reported 
yesterday at the European Physical Society’s 
High-Energy Physics conference in Marseille, 
suggests that top quarks – the heaviest and 
shortest-lived of all the elementary particles –
can momentarily pair up with their antimatter 
counterparts to produce a “quasi-bound-state” 
called toponium.



John Ellis
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“Discovering toponium 50 years after the 
November Revolution would be an 
unanticipated and welcome golden 
anniversary present for its charmonium 
cousin that was discovered in 1974”

发现顶夸克偶素是对其姊妹粒子𝐽/𝜓发现50
周年的意想不到的完美献礼 



山大在顶夸克物理的长期耕耘
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山大司宗国教授
（world leading 
expert in 𝑡 ̅𝑡 spin 

correlation）

山大祝成光教授
（ATLAS 𝑡 ̅𝑡 spin 

correlation 
measurements in 

2014）

李海峰：Observation of 
toponium in ATLAS experiment in 

2025



Conclusions and Outlook I
Higgs to dimuon from ATLAS
• Evidence to Higgs to dimuon decay. Observed (expected) significance is 3.4σ (2.5σ). 

Phys. Rev. Lett. 135, 231802 (2025) PRL编辑推荐
• Important for probing Higgs boson coupling to the second-generation fermions
Toponium from ATLAS
• An excess of events is observed over the NNLO perturbative QCD prediction, with 

8𝜎 observed (6𝜎 expected) near the 𝑡 ̅𝑡 production threshold by ATLAS with LHC Run 2 
data. [arXiv:2601.11780, Rep. Prog. Phys. 89 (2026) 057801 (IF 20.9)], [ATLAS Physics 
Briefing], [CERN Press Release]

• This excess is consistent with color-singlet, 𝑆-wave, quasi-bound 𝒕𝒕̅ states predicted 
by NRQCD with cross-section of 9.3 ± 1.3 pb

• CMS 2L results (Rep. Prog. Phys. 88 (2025) 087801) and also 1L CMS PAS TOP-25-002
• Observation of toponium opens a new field to study NRQCD with top quarks
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https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://arxiv.org/abs/2601.11780
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0
https://atlas.cern/Updates/Briefing/Quasi-Bound-Tops
https://atlas.cern/Updates/Briefing/Quasi-Bound-Tops
https://home.cern/news/press-release/physics/elusive-romance-top-quark-pairs-observed-lhc
https://doi.org/10.1088/1361-6633/adf7d3


Conclusions and Outlook II
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Bai, Chen, Yang, arXiv:2506.14552

Fu, Li, Yang, Li, Zhang, Shen, arXiv:2412.11254, Phys. Rev. D 111, 114020 (2025)
Luo, Huang, Liu, arXiv:2508.17646

Possible to do “hadron 
spectroscopy” with top quarks

https://arxiv.org/abs/2506.14552
https://arxiv.org/abs/2412.11254
https://arxiv.org/abs/2508.17646


Backup
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𝑡 ̅𝑡 Spin Correlation
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• Transfer of spin information to leptons due to parity violation of weak interaction + 
conservation of angular momentum

• Antilepton emitted preferably parallel to parent top quark spin
• Lepton emitted preferably antiparallel to parent antitop quark spin



Top quark pair reconstruction
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NIM A 736 (2014) 169-178

Reconstruction of the --̅ system

• ! ̅! system reconstructed from the 2 leading b-
jets, charged leptons, and p01233 using:

1. Invariant mass of ℓ$;ℓb and  ℓ&;̅ℓ=b = %! = 172.5	GeV
2. Invariant mass of ℓ$;ℓ and  ℓ&;̅ℓ = %' 	= 	80.4	GeV
3. p()*++ only from the two neutrinos: ;ℓ and ;̅ℓ

• Ellipse method used to geometrically solve 
constraint equations for neutrino momenta

• #! and #4 smeared if no solution found
• Solution found for 95% of events in SR – 

remaining discarded 

• Resolution 1#$#
%&'(%1#$#

)%*&

1#$#
%&'( ~	22% at threshold 

• Alternative methods tested did not improve 
sensitivity

11/12/2025 Betsy Cunnett 9

https://arxiv.org/pdf/1305.1878 



Toponium：比较ATLAS和CMS的signal model
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LHC Top WG meeting 4-6 June 2025, CERN



CMS Results: 2L
• arXiv:2503.22382, Rep. Prog. Phys. 88 (2025) 087801
• Use very similar analysis method compared with ATLAS
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显著度大于5σ Measured cross-section: 8.8";.=9;.# pb

https://arxiv.org/abs/2503.22382
https://arxiv.org/abs/2503.22382
https://doi.org/10.1088/1361-6633/adf7d3


CMS Results: 1L
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• 138 fb-1 of pp collisions at 13 TeV
• Lepton + jets final state. e/μ and >=4 jets

Total ηt cross section: 
5.1 ± 0.9 pb
Observed 
significance: 6.1 σ

CMS PAS TOP-25-002
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leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

尺子

硬币

这是一个假
设检验过程

测量的原理
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¯
= ω →ω /( )

↭ ↑
( / )

↭ ↑ ↑ /( )

↭
(µ) ↑ µ (µ) ↑ .

↭ / ↑ /( )

↭
↭ / ↑
↭

From P. Nason


