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内容
◈ 希格斯粒⼦的发现和过去⼗年性质测量的主要贡献 

◈ 过去⼀年的主要贡献： 

✦ 主要物理分析成果：标准模型Higgs性质测量，标准模型精确检
验，超出标准模型新物理的寻找


✦ 软件和探测器性能研究的贡献 

✦ 硬件升级的贡献

3

主要物理成果总结
Ø 标准模型Higgs性质研究及

相关新物理的寻找

Ø 标准模型物理过程的测量检验

Ø 新物理直接寻找：SUSY，Exotics

• 主导贡献：在该物理分析中担任分析联系人（Analysis Contact）
或在ATLAS内部撰写期刊文章或会议文集ATLAS-CONF-NOTE时担任联系

编辑（Contact Editor）

• 主要贡献：做合作组内各层级的批准报告（approval talks）或担
任文章、会议文集的内部编辑（Editors）或代表合作组在国际会议

报告与该分析相关的研究成果

本报告中的物理结果仅限ATLAS中国组作出主导或者主要贡献
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Higgs particle
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LHC实验发现Higgs粒⼦的过程
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The LHC Run 1 
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Summer 07/2011
CMS Prel. [20]
ATLAS Prel. [21]
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-1 1 fb≈Ldt ∫

A'Textbook'and'Timely'
Discovery'

Summer#2011:#EPS#and#Lepton@Photon#
First#(and#last)#focus#on#limits#(scru?ny#of#the#p0)#
#
#

December#2011:#CERN#Council#
First#hints#

#
#

Summer#2012:#CERN#Council#and#ICHEP#
Discovery!#

 
 

December#2012:#CERN#Council#
Beginning#of#a#new#era#

The'LHC'and'the'experiments'have'
worked'remarkably'

✦ Summer 2011: EPS and Lepton-Photon
First (and last) focus on limits (scrutiny of the p0) 

✦ December 2011: CERN Council
First hint 

✦ Summer 2012: CERN Council and ICHEP
Discovery on 4th of July 2012: 

• Higgs-like boson at ~125GeV 
• 5.9σ @ATLAS, 5σ @CMS (PLB, 716, 2012) 

✦ December 2012: CERN Council
确认新粒⼦与Higgs粒⼦性质⼀致

✦ October 2013: Nobel prize 
to Englert and Higgs



⾼能所ATLAS组在发现Higgs粒⼦中的直接贡献

◈ 在H à γγ中的贡献

✦ 光⼦触发效率的测量，中国组成员担任触发联系
⼈；光⼦效率测量和研究；本底成分分析

✦ 发展了⼆维光⼦孤⽴能量拟合⽅法研究各种本底
成分


◈ 在H à WW中的贡献

✦ 建⽴了新的数据驱动的⽅法估计top对本底

✦ 对丢失横能量进⾏修正
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1σ and ±2σ uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

are excluded at 99% CL, 113–114, 117–121 and 132–
527GeV, while the expected exclusion range at 99%CL
is 113–532GeV.

9.2. Observation of an excess of events

An excess of events is observed nearmH=126GeV in
the H→ ZZ(∗)→ 4" and H→ γγ channels, both of which
provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H→WW (∗)→ "ν"ν channel, as
shown in Fig. 8(c).
The observed local p0 values from the combination

of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.
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Figure 8: The observed local p0 as a function of the hypothesised
Higgs boson mass for the (a) H→ZZ(∗)→ 4", (b) H→ γγ and (c)
H→WW(∗)→ "ν"ν channels. The dashed curves show the expected
local p0 under the hypothesis of a SMHiggs boson signal at that mass.
Results are shown separately for the

√
s = 7TeV data (dark, blue), the√

s = 8TeV data (light, red), and their combination (black).

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5GeV, where it reaches
6.0σ, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9σ (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H→ ZZ(∗)→ 4", H→ γγ and
H→WW (∗)→ eνµν channels combined is 4.9σ, and oc-
curs at mH = 126.5GeV (3.8σ expected).
The significance of the excess is mildly sensitive to

uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
effect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9σ.
The global significance of a local 5.9σ excess any-

where in the mass range 110–600GeV is estimated to
be approximately 5.1σ, increasing to 5.3σ in the range
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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(∗)→ 4# 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

)µSignal strength (
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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 (∗)→ #ν#ν 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(∗)→ 4# 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(∗)→ 4#
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

19



Higgs粒⼦产⽣的基准/微分截⾯测量
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◈ LHC上⾸次测量 (最模型⽆关的测量) 

◈ 该成果在ICHEP 2014国际⼤会得到热
烈反响 

◈ 中国组在ATLAS合作组内率先开展该项
研究并发挥主导作⽤ 

◈ ⾸批结果还包括EFT interpretation, 
ZZ 联合测量: 

✦ JHEP 09(2014) 112,  PRL 115, 
091801（2015），PLB 11 (2015) 071
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Figure 1: Total pp ! H + X cross sections measured at centre-of-mass energies of 7, 8, and 13 TeV, compared
to Standard Model predictions at up to N3LO in QCD. Shown are the measurements in the H ! �� channel (red
triangles), the H ! Z Z⇤ ! 4` channel (green rectangles), and the combinations of these two channels (black dots).
The individual channel results are o�set along the x-axis for display purposes. The grey bands on the combined
measurements represent the systematic uncertainty, while the error bars show the total uncertainty. The light (dark)
blue band shows the estimated uncertainty due to missing higher-order corrections (the total theoretical uncertainty).
The total theoretical uncertainty corresponds to the higher-order-correction uncertainty summed in quadrature with
the sum of the PDF and ↵S uncertainties, and is partially correlated across values of the centre-of-mass energy.

Table 3 and Figure 1. The measurements at 7 and 8 TeV are taken from Ref. [67]. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given [8, 22–25].
The systematic uncertainties are smaller than the statistical uncertainties for the measurements at all three
center-of-mass energies. The results of the individual decay channels are compatible with a p-value of
29%, and no deviation from the SM predictions is observed (pSM = 84%).

Table 3: Total pp ! H + X cross sections measured using H ! �� and H ! Z Z⇤ ! 4` decays, and their
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [8] are computed for a Higgs
boson mass of 125.09 GeV [10]. The uncertainties in the individual channels are dominantly statistical.

Decay channel Total cross section (pp ! H + X)
p

s =7 TeV
p

s =8 TeV
p

s =13 TeV

H ! �� 35+13
�12 pb 30.5+7.5

�7.4 pb 47.9+9.1
�8.6 pb

H ! Z Z⇤ ! 4` 33+21
�16 pb 37+9

�8 pb 68.0+11.4
�10.4 pb

Combination 34 ± 10 (stat.) +4
�2 (syst.) pb 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) pb 57.0+6.0

�5.9 (stat.) +4.0
�3.3 (syst.) pb

SM prediction [8] 19.2 ± 0.9 pb 24.5 ± 1.1 pb 55.6+2.4
�3.4 pb

9

~8%



ATLAS实验发现H→bb

⾼能所梁志军带领团队主导VBF分析 (contact)
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通过双光⼦道⾸次观测到VBF Higgs

9



More Property Measurements
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Figure 11: (a) Scan of the negative log-likelihood as a function of �H/�SM
H when profiling the coupling scale factors

g and V associated with the on- and o↵-shell gg ! H(⇤) and VBF production and the H(⇤)
! VV decay. The

black solid (dashed) line represents the observed (expected) value including all systematic uncertainties, while the
red solid (dashed) line is for the observed (expected) value without systematic uncertainties. (b) Observed and
expected combined 95% CL upper limit on �H/�SM

H as a function of RB
H⇤ under the same assumption as (a). The

upper limits are calculated from the CLs method, with the SM values as the alternative hypothesis. The green
(yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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利⽤H→VV的offshell⾏为测量Higgs宽度
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Figure 7: The inclusive diphoton invariant mass distribution of events from all analysis categories. The data events
(dots) in each category are weighted by ln(1 + (/⌫), where ( and ⌫ are the expected signal and background yields in
this category within the smallest <WW window containing 90% of the signal events. The expected signal is considered
inclusively over all STXS regions. The fitted signal-plus-background pdfs from all categories are also weighted and
summed, shown as the solid line. The blue dotted line represents the weighted sum of the fitted background functions
from all categories. The error bars on the data points are computed following Ref. [158].

cross-section measurement and the SM prediction is 55%. The correlations between these measurements
are shown in Figure 10. Compared to Ref. [10], correlations between measurements are reduced, and
in particular, the anti-correlation between the ggF and VBF measurements is now �13%, corresponding
to a 30% reduction. This is driven by a reduction in the ggF contamination in categories targeting the
VBF process, mainly resulting from the use of the D-optimality criterion in the categorization. An
anti-correlation of �37% is observed between the,� and /� measurements, mainly due to contamination
by @@ ! �✓a events in the categories targeting the ?? ! �aā process. This correlation is mitigated by
the separation of the ?? ! �✓✓ and ?? ! �aā processes that is introduced in the analysis categorization.
Similarly, CC� contamination in the categories targeting C� lead to an anti-correlation of �44% between
these two processes.

The largest theoretical systematic uncertainty in these measurements arises from the modelling of the
parton showering and underlying event, and its impact on the measured cross-sections ranges from 38%
for the C� process to 14% for the VBF process and to 3%–4% for the 66 ! � and ,� processes. For
the 66 ! � process, the leading experimental systematic uncertainty is the photon energy resolution
uncertainty (3%). For the VBF and CC� processes, the leading experimental uncertainty is related to the
properties of jets and missing transverse momentum, reaching 5.4% for VBF. For other processes, the
leading experimental systematic uncertainty is the background modelling uncertainty, ranging from 3.7%
for ,� to 24% for C�.

An upper limit on the rate of C� production is obtained by treating the normalization of other Higgs boson
production processes as nuisance parameters. Using the CLs method [159], this excludes a C� production
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双光⼦末态中Higgs性质测量
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H→Zγ Results
• Background only hypothesis: the 

observed local significance at 125.09 GeV 
has a p-value of 2.2σ

• Best fit signal strength (µZγ):
• Observed µZγ = 2.0+1.0-0.9 
• Expected µZγ = 1.0±0.8 (stat) ± 0.3 

(syst) for a SM Higgs
• Largest uncertainty: 

• Data statistics 
• Estimated 28% of total error comes 

from spurious signal

• As a visualization, the sum of signal 
regions weighted by sensitivity indicates a 
small excess near 125 GeV
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New

 Observed (expected) exclusion limit at 
95% CL (assuming the SM Higgs 

boson) is 3.6 (2.6) x SM expected XS
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JHEP 10 (2017) 112 

Zγ末态中Higgs稀有衰变寻找
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procedure described in Section 4. The total uncertainty is dominated by the statistical component. The218

observed (expected) 95% CL interval constraint on � is found to be �2.3 < � < 10.3 (�5.1 < � < 11.2).219

The observed central value of � and its uncertainty di�er from the expected values because the measured220

yields from single-Higgs and double-Higgs processes are slightly di�erent than the expectation and the221

dependence of their cross sections on � is non-linear. As a check, the fit was performed using an Asimov222

dataset [48] produced setting the signal strengths close to the observed values, giving a fit result very223

similar to the one obtained from data.224

5.2 More generic models225

As described in Sec. 3, the HH cross section depends both on t and �, therefore its measurement226

cannot constrain both parameters simultaneously. At the same time, the inclusion of a dependence on227

� in the single-Higgs production cross section and branching fractions slightly a�ects the constraining228

power of single-Higgs measurements to t . In order to quantify these e�ects, a fit has been performed229

setting all coupling modifiers other than t and � to their SM values of one. The fit results are shown in230

Fig. 4. Despite the fact that the double–Higgs analyses alone cannot constrain � and t simultaneously231

[42], the combination with the single–Higgs measurements allows, even for � values deviating from232

the SM prediction, the determination of t to a su�cient precision to restore most of the ability of the233

double-Higgs analyses to constrain �. As a result, the constraining power on � of the combined single-234

and double-Higgs analyses is only slightly worse than in the �-only model, where the assumption t = 1235

was made. In turn, exploiting the correlation between � and t in the single-Higgs measurements, the236

improved constraint on � also enhances the constraining power on t .237
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Figure 4: Negative log-likelihood contours at 68% and 95% CL in the (�, t ) plane on data (a) and on the Asimov
dataset [48] generated under the SM hypothesis (b). The best fit value (� = 4.7, t = 1.03) is indicated by a cross
while the SM hypothesis is indicated by a star. The t = 1 line is shown. These results are produced under the
assumption that the approximations in Refs. [11, 12] are valid inside the contours shown.

A more generic model is also considered, where W , Z , t , b, ` and � are fitted simultaneously. This238

allows the test of BSM models that can modify at the same time the Higgs boson self-coupling and other239

Higgs boson couplings. The value of �2 ln⇤ value as a function of � for this model is shown in Fig. 5240

together with that obtained in the �-only model. It is worth stressing that the combination of the single-241
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Figure 2: Cross sections for ggF, VBF, ,�, /� and CC� + C� normalized to their SM predictions, measured
assuming SM values for the decay branching fractions. The black error bars, blue boxes and yellow boxes show
the total, systematic, and statistical uncertainties in the measurements, respectively. The gray bands indicate the
theory uncertainties in the SM cross-section predictions. The level of compatibility between the measurement and
the SM prediction corresponds to a ?-value of ?SM = 86%, computed using the procedure outlined in the text with
five degrees of freedom.

Table 2: Best-fit values and uncertainties for the production cross sections of the Higgs boson, assuming SM values
for its decay branching fractions. The total uncertainties are decomposed into components for data statistics (Stat.)
and systematic uncertainties (Syst.), and the systematic uncertainties are further decomposed into experimental
(Exp.), signal theory (Sig. Th.) and background theory (Bkg. Th.) components. SM predictions are shown for
the cross section of each production process. They are obtained from the inclusive cross-sections and associated
uncertainties reported in Ref. [39], multiplied by an acceptance factor for the region |H� | < 2.5 computed using the
Higgs boson simulation samples described in Section 2.

Process Value Uncertainty [pb] SM pred.

(|H� | < 2.5) [pb] Total Stat. Syst. Exp. Sig. Th. Bkg. Th. [pb]

ggF 44.7 ± 3.1 ± 2.2 ± 2.2 + 1.8
� 1.7

+ 1.0
� 0.9

+ 0.9
� 0.7 44.7 ± 2.2

VBF 4.0 ± 0.6 ± 0.5 ± 0.4 + 0.3
� 0.2 ± 0.3 ± 0.1 3.51 + 0.08

� 0.07

,� 1.45 + 0.28
� 0.25

+ 0.20
� 0.19

+ 0.18
� 0.17

+ 0.13
� 0.12

+ 0.08
� 0.06

+ 0.10
� 0.09 1.204 ± 0.024

/� 0.78 + 0.18
� 0.17 ± 0.13 + 0.12

� 0.10
+ 0.08
� 0.07

+ 0.07
� 0.05 ± 0.06 0.797 + 0.033

� 0.026

CC� + C� 0.64 ± 0.12 ± 0.09 ± 0.08 + 0.06
� 0.05

+ 0.03
� 0.02 ± 0.05 0.59 + 0.03

� 0.05
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Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM

ggF(pp ! HH) from the bb̄⌧+⌧�, bb̄bb̄, bb̄��, W
+
W

�
W
+
W

�, W
+
W

��� and bb̄W
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W

� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [50] with the NNPDF 2.3 LO [55] PDF set, together with P����� 8.2 [56] for
the showering model using the A14 tune [57]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
actual � values set in the event generator. The two sets of distributions are found to be in agreement. This
procedure assumes that higher order QCD corrections on the di�erential cross-section as a function of
mHH are independent of �. The reweighted NLO signal sample is used to compute the signal acceptance
and the kinematic distributions for di�erent values of �.

This letter presents � results for the first time in the bb̄bb̄ and bb̄⌧+⌧� final states and incorporates the
previously published result for the bb̄�� final state. The � analyses closely follow the SM HH search,
with some exceptions which are discussed below for each final state.

• In the bb̄bb̄ final state, the same analysis selection and final discriminant are used in the �-scan
analysis and in the SM HH search. The distribution of the final discriminant mHH is shown in
Figure 3(a), where, with the exception of a small excess in the region around 280 GeV [38], good
agreement between data and the expected background is observed. The shape of the mHH distribution
has a strong dependence on �, and the signal acceptance varies by a factor 2.5 over the probed range

7
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A detailed map of Higgs boson interactions 
by the ATLAS experiment ten years after the 
discovery

The ATLAS Collaboration1ಞᅒ

The standard model of particle physics1–4 describes the known fundamental particles 
and forces that make up our Universe, with the exception of gravity. One of the central 
features of the standard model is a !eld that permeates all of space and interacts with 
fundamental particles5–9. The quantum excitation of this !eld, known as the Higgs 
!eld, manifests itself as the Higgs boson, the only fundamental particle with no spin. 
In 2012, a particle with properties consistent with the Higgs boson of the standard 
model was observed by the ATLAS and CMS experiments at the Large Hadron Collider 
at CERN10,11. Since then, more than 30 times as many Higgs bosons have been recorded 
by the ATLAS experiment, enabling much more precise measurements and new tests 
of the theory. Here, on the basis of this larger dataset, we combine an unprecedented 
number of production and decay processes of the Higgs boson to scrutinize its 
interactions with elementary particles. Interactions with gluons, photons, and W and 
Z bosons—the carriers of the strong, electromagnetic and weak forces—are studied in 
detail. Interactions with three third-generation matter particles (bottom (b) and top 
(t) quarks, and tau leptons (τ)) are well measured and indications of interactions with a 
second-generation particle (muons, µ) are emerging. These tests reveal that the Higgs 
boson discovered ten years ago is remarkably consistent with the predictions of the 
theory and provide stringent constraints on many models of new phenomena beyond 
the standard model.

The standard model of particle physics has been tested by many experi-
ments since its formulation1–4 and, after accounting for the neutrino 
masses, no discrepancies between experimental observations and 
its predictions have been established so far. A central feature of the 
standard model is the existence of a spinless quantum field that per-
meates the Universe and gives mass to massive elementary particles. 
Testing the existence and properties of this field and its associated 
particle, the Higgs boson, has been one of the main goals of particle 
physics for several decades. In the standard model, the strength of 
the interaction, or ‘coupling’, between the Higgs boson and a given 
particle is fully defined by the particle’s mass and type. There is no 
direct coupling to the massless standard model force mediators, the 
photons and gluons, whereas there are three types of couplings to mas-
sive particles in the theory. The first is the ‘gauge’ coupling of the Higgs 
boson to the mediators of the weak force, the W and Z vector bosons. 
Demonstrating the existence of gauge couplings is an essential test of 
the spontaneous electroweak symmetry-breaking mechanism5–9. The 
second type of coupling involves another fundamental interaction, the 
Yukawa interaction, between the Higgs boson and matter particles, or 
fermions. The third type of coupling is the ‘self-coupling’ of the Higgs 
boson to itself. A central prediction of the theory is that the couplings 
scale with the particle masses and they are all precisely predicted once 
all the particle masses are known. The experimental determination of 

the couplings of the Higgs boson to each individual particle therefore 
provides important and independent tests of the standard model. It 
also provides stringent constraints on theories beyond the standard 
model, which generally predict different patterns of coupling values.

In 2012, the ATLAS12 and CMS13 experiments at the Large Hadron 
Collider (LHC)14 at CERN announced the discovery of a new particle 
with properties consistent with those predicted for the Higgs boson 
of the standard model10,11. More precise measurements that used all 
of the proton–proton collision data taken during the first data-taking 
period from 2011 to 2012 at the LHC (Run 1) showed evidence that, in 
contrast to all other known fundamental particles, the properties of 
the discovered particle were consistent with the hypothesis that it has 
no spin15,16. Alternate spin-1 and spin-2 hypotheses were also tested and 
were excluded at a high level of confidence. Investigations of the charge 
conjugation and parity (CP) properties of the new particle were also 
performed, demonstrating consistency with the CP-even quantum 
state predicted by the standard model, while still allowing for small 
admixtures of non-standard model CP-even or CP-odd states15,16. Limits 
on the particle’s lifetime were obtained through indirect measurements 
of its natural width15–19. In addition, more precise measurements of 
the new particle’s interactions with other elementary particles were 
achieved20. The results of all these investigations demonstrated that 
its properties were compatible with those of the standard model Higgs 
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–e. After it 
is produced, the Higgs boson is predicted to decay almost instantly, 
with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 
are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 
production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 
single measurement, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model to be performed, 
including the determination of the coupling strengths of the Higgs 
boson to various fundamental particles and a comprehensive study of 
the kinematic properties of Higgs boson production. The latter could 
reveal new phenomena beyond the standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.

Higgs boson production is also studied per individual process.  
As opposed to the top quark decay products from tt H production, the 
identification efficiency of b jets from the bb H production is low, mak-
ing the bb H  process experimentally indistinguishable from ggF pro-
duction. The bb H and ggF processes are therefore grouped together, 
with bb H contributing a relatively small amount: of the order of 1% to 
the total bbHggF + ¯  production. In cases where several processes are 
combined, the combination assumes the relative fractions of the com-
ponents to be those from the standard model within corresponding 
theory uncertainties. Results are obtained from the fit to the data, 
where the cross-section of each production process is a free parameter 
of the fit. Higgs boson decay branching fractions are set to their stand-
ard model values, within the uncertainties specified previously44. The 
results are shown in Fig. 2a.

All measurement results are compatible with the standard model 
predictions. For the ggF and VBF production processes, which were 
previously observed in Run 1 data, the cross-sections are measured 
with a precision of 7% and 12%, respectively. The following production 
processes are now also observed: WH with an observed (expected) 
signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 
(5.5σ) and the combined tt H  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 
standard model hypothesis. The separate tt H  and tH measurements 
lead to an observed (expected) upper limit on tH production of 15 (7) 
times the standard model prediction at the 95% confidence level (CL), 
with a relatively large negative correlation coefficient of 56% between 
the two measurements. This is due to cross-contamination between 
the tt H and tH processes in the set of reconstructed events that provide 
the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 
measured by setting the cross-sections for Higgs boson production 
processes to their respective standard model values. The results are 
shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 
decays, which were already observed in the Run 1 data, are measured 
with a precision ranging from 10% to 12%. The bb  decay mode is 
observed with a signal significance of 7.0σ (expected 7.7σ), and the 
observed (expected) signal significances for the H → µ+µ− and H → Zγ 
decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 
or production processes in the above measurements are relaxed by 
directly measuring the product of production cross-section and 
branching fraction for different combinations of production and 
decay processes. The corresponding results are shown in Fig. 3. The 
measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 
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fraction measurements is required. The coupling fit presented here 
is performed within the κ framework53 with a set of parameters κ that 
affect the Higgs boson coupling strengths without altering any kin-
ematic distributions of a given process.

Within this framework, the cross-section times the branching frac-
tion for an individual measurement is parameterized in terms of the 
multiplicative coupling strength modifiers κ. A coupling strength 
modifier κp for a production or decay process via the coupling to a 
given particle p is defined as κ σ σ= /p p p

2 SM or κ Γ Γ= /p p p
2 SM, respectively, 

where Γp is the partial decay width into a pair of particles p. The param-
eterization takes into account that the total decay width depends on 
all decay modes included in the present measurements, as well as cur-
rently undetected or invisible, direct or indirect decays predicted by 
the standard model (such as those to gluons, light quarks or neutrinos) 
and the hypothetical decays into non-standard model particles. The 
decays to non-standard model particles are divided into decays to 
invisible particles and other decays that would be undetected owing 
to large backgrounds. The corresponding branching fractions for the 
two are denoted by Binv. and Bu., respectively.

In the following, three classes of models with progressively fewer 
assumptions about coupling strength modifiers are considered. Stand-
ard model values are assumed for the coupling strength modifiers of 
first-generation fermions, and the modifiers of the second-generation 
quarks are set to those of the third generation, except where κc is left 
free-floating in the fit. Owing to their small sizes, these couplings are 
not expected to noticeably affect any of the results. The ggF produc-
tion and the H → γγ and H → Zγ decays are loop-induced processes. 
They are either expressed in terms of the more fundamental coupling 
strength scale factors corresponding to the particles that contribute 
to the loop-induced processes in the standard model, or treated using 
effective coupling strength modifiers κg, κγ and κZγ, respectively. The 
latter scenario accounts for possible loop contributions from par-
ticles beyond the standard model. The small contribution from the 
loop-induced gg → ZH process is always parameterized in terms of the 
couplings to the corresponding standard model particles.

The first model tests one scale factor for the vector bosons, 
κV = κW = κZ, and a second, κF, which applies to all fermions. In general, 
the standard model prediction of κV = κF = 1 does not hold in extensions 
of the standard model. For example, the values of κV and κF would be 

less than 1 in models in which the Higgs boson is a composite particle. 
The effective couplings corresponding to the ggF, H → γγ and H → Zγ 
loop-induced processes are parameterized in terms of the fundamental 
standard model couplings. It is assumed that there are no invisible or 
undetected Higgs boson decays beyond the standard model, that is, 
Binv. = Bu. = 0. As only the relative sign between κV and κF is physical and 
a negative relative sign has been excluded with a high level of confi-
dence20, κV ≥ 0 and κF ≥ 0 are assumed. Figure 4 shows the results of a 
combined fit in the (κV, κF) plane. The best-fit values and their uncer-
tainties from the combined fit are κV = 1.035 ± 0.031 and κF = 0.95 ± 0.05, 
compatible with the standard model predictions. A relatively large 
positive correlation of 39% is observed between the two fit parameters, 
because some of the most sensitive input measurements involve the 
ggF production process (that is, via couplings to fermions) with sub-
sequent Higgs boson decays into vector bosons.

In the second class of models, the coupling strength modifiers for 
W, Z, t, b, c, τ and µ are treated independently. All modifiers are assumed 
to be positive. It is assumed that only standard model particles con-
tribute to the loop-induced processes, and modifications of the fermion 
and vector boson couplings are propagated through the loop calcula-
tions. Invisible or undetected non-standard model Higgs boson decays 
are not considered. These models enable testing of the predicted scal-
ing of the couplings of the Higgs boson to the standard model particles 
as a function of their mass using the reduced coupling strength mod-
ifiers κ g κ m/2vev = ( /vev)V V V V  for weak bosons with a mass mV and 
κFgF = κFmF/vev for fermions with a mass mF, where gV and gF are the 
corresponding absolute coupling strengths and ‘vev’ is the vacuum 
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Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
contributions from invisible or undetected non-standard model Higgs boson 
decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.

N F
 o

r N
V�

P

W

10–1

10–2

10–3

10–4

100

c

b

W

Z t

Nc = Nt

Nc is a free parameter
SM prediction

10–1 100 101 102

Particle mass (GeV)

0.8

1.0

1.2

1.4

N F
m

V
ve

v
or

 √
N V
�

m
V

ve
v

u c

Z W

t

Leptons Quarks

e d s b

g H

Force carriers Higgs boson

Qe QP QW

P

J

W

Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

κ m /vevV V  for vector bosons as a function of their masses mF and mV. Two fit 
scenarios with κc = κt (coloured circle markers), or κc left free-floating in the fit 
(grey cross markers) are shown. Loop-induced processes are assumed to have 
the standard model (SM) structure, and Higgs boson decays to non-SM particles 
are not allowed. The vertical bar on each point denotes the 68% confidence 
interval. The p values for compatibility of the combined measurement and the 
SM prediction are 56% and 65% for the respective scenarios. The lower panel 
shows the values of the coupling strength modifiers. The grey arrow points in 
the direction of the best-fit value and the corresponding grey uncertainty bar 
extends beyond the lower panel range. Data are from ATLAS Run 2.
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双光⼦末态中Higgs耦合常数的测量
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双光⼦末态是Higgs性质测量的⻩⾦道： ⾼效率、⾼分辨、⼲净信号
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Figure 9: Cross-sections times � ! WW branching ratio for ggF+ 11̄�, VBF,+�, CC�, and C� production, normalized
to their SM predictions. The values are obtained from a simultaneous fit to all categories. The error bars and shaded
areas show respectively the total and systematic uncertainties in the measurements. The grey bands show the theory
uncertainties in the predictions, including uncertainties due to missing higher-order terms in the perturbative QCD
calculations, the PDFs and the value of Us, as well as the � ! WW branching ratio uncertainty.

• For both the @@̄
0
! ,� and ?? ! /� processes, only the two regions ?

+
T < 150 GeV and

?
+
T � 150 GeV are retained, removing the intermediate splits at ?+T = 75 GeV and ?

+
T = 250 GeV.

For ?? ! /� processes, no distinction is made between regions with charged leptons and regions
with neutrinos.

• The C�@1 and C�, regions are merged into a single C� region.

This scheme is based on the expected analysis sensitivity under the SM hypothesis, independently of the
observed data, and is illustrated in Figure 11. The merging reduces the number of regions for which a
measurement is reported to 28 in the scheme described above. The 101 categories in which the measurement
is performed, described in Section 5.2, remain unchanged. The acceptance factors for merged STXS
regions are computed as weighted averages of those for the original STXS regions, with the weights
corresponding to the expected cross-sections in the SM. The acceptance uncertainty of the merged STXS
region is then calculated from the uncertainties in the acceptance factors and expected cross-sections of the
original STXS regions.

Results are shown in Table 10 and Figure 12. The correlation matrix of the measurements is shown in
Figure 13. The correlation between most STXS region measurements is small, and the largest correlation is
�51%, observed for the measurements of STXS regions 66 ! �, � 2-jets, < 9 9 � 350 GeV, ?�T < 200 GeV
and @@0 ! �@@

0, � 2-jets, 350  < 9 9 < 700 GeV, ?�T < 200 GeV. The Higgs boson production processes
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❖ 基于综合考虑测量灵敏度和模型⽆关性的简化模式截⾯测量
框架

❖ 优化WH和ZH类别，提⾼信号灵敏度同时减⼩POI的关
联，有效减⼩WH和ZH相对SM的反向偏移

❖ 利⽤有效场论⽅法探索可能的新物理

❖ 贡献：信号区的优化，本底估计、系统误差估计和统计
分析 (approval talk)

❖ 已经发表arXiv:  2207.00348 投送JHEP
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Figure 19: Results of the EV= parameter measurement in data, in the linear (blue) and linear+quadratic (orange)
parameterizations of the SMEFT. All the EV= parameters are free to vary in the fits. The ranges shown correspond to
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基准与微分截面测量是最模型⽆关的测量Higgs性质的⽅法

Analysis Strategy in brief — Signal extraction
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sig
i

Si(m
j

�� ;mH) + ⌫bkg
i

Bi(m
j

��)
i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sig
i

is the fitted number of295

signal events, ⌫bkg
i

is the fitted number of background events, ⌫i = ⌫sig
i

+ ⌫bkg
i

is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for Njets = 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sig
i

ci
R
L dt

, (5.2)

– 8 –

1. Signal extraction from fit to mɣɣ mass 
spectrum in  bins of observable of interest

2. Unfold measured spectrum  
into cross section with correction factors

correction factor

observed yield

cross section

integrated luminosity

Illustration of the simultaneous fit for Njets

Correction factors + uncertainties for Njets 
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  ATLAS
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XH default MC + H→gg
XHSCETlib::qT + 

Figure 6: Particle-level cross-sections times branching ratio in the five fiducial regions. The data are shown as filled
(black) circles. The error bar on each measured cross-section represents the total uncertainty in the measurement,
with the systematic uncertainty shown as a dark grey rectangle. The default prediction with its uncertainty is
superimposed. -� indicates all the Higgs production modes except for ggF. Upper limits at 95% CL are shown for
fiducial regions with observed significance below 3f.

Table 4: Breakdown of the uncertainties in the inclusive diphoton fiducial cross-section measurement.

Source Uncertainty [%]

Statistical uncertainty 7.5
Systematic uncertainties 6.4

Background modelling (spurious signal) 3.8
Photon energy scale & resolution 3.6
Photon selection e�ciency 2.6
Luminosity 1.8
Pile-up modelling 1.4
Trigger e�ciency 1.0
Theoretical modelling 0.4

Total 9.8
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with the caveat that for ?WWT > 650 GeV the photon isolation criteria in the fiducial selection reject events
with ?

WW

T > 1.25 TeV.

For the lower ?T range, the measured ?
WW

T distribution is compared with R��ISH+NNLO���, SCET���
and R��B��2 theoretical predictions. The first two are accurate to N3LL0 in resummation accuracy,
whereas R��B��2 is accurate to N3LL, but all are in good agreement with the data within the statistical
uncertainty.
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Figure 8: Particle-level fiducial di�erential cross-sections times branching ratio for the diphoton variable ?
WW

T in (a)
linear and (b) logarithmic scale. The measured cross-sections are compared with several predictions changing the
ggF components as described in the text: the default simulation, SCET���::qT (up to 200 GeV), R��ISH+NNLO���
(up to 450 GeV), R��B��2 (up to 450 GeV) and LHCHWG (for the two highest ?T bins). Total uncertainties are
indicated by the error bars on the data points, while the systematic uncertainties are indicated by the boxes. The
uncertainties in the predictions are indicated with shaded bands. The bottom panel shows the predicted values from
the top panel divided by data.

Jet multiplicities Measured cross-sections with respect to exclusive and inclusive jet multiplicity are
shown in Figure 9, while the 1-jets multiplicity dependence is shown in Figure 10. The measured
cross-sections are compared with various predictions at di�erent orders in QCD accuracy. Good agreement
is observed between the measured #jets and #1-jets distributions and the corresponding predictions. For
#jets, the predictions vary significantly in their uncertainties among the di�erent bins since they vary
in their order of QCD accuracy. This is most evident for NNLO��� predictions [150, 151] which is an
NNLO prediction for �+ � 1 jet, and hence a leading-order prediction for the � 3-jet bin, yielding a larger
uncertainty. The S�����+MCFM+O���L���� and G�S�� predictions are at NLO for the di�erent bins
with � 1 jet, and hence has a smaller uncertainty for the highest jet multiplicity. The � 3-jet bin from the
default simulation is produced solely by the parton shower and thus the uncertainty estimate is unreliable.
The uncertainties in the di�erent predictions for the di�erential cross-sections in bins of exclusive #jets are
underestimated as the exclusive-jet requirement results in a severe restriction of the phase space that is not
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Di-photon:  pTγγ, |yγγ|, pTγ1/ mγγ,pTγ2/ mγγ 

Jet:     Njets, Nb-jets 

1-jet:   pTj1, HT, pTγγj, mγγj, τC,j1, ∑τC,j1 

2-jet:   mjj, ΔΦjj, π-|ΔΦγγ,jj|, pT,γγjj 

 VBF:  pTj1, ΔΦjj,|η*|, pT,γγjj 

2D:      pTγγ vs |yγγ|

Variables

❖ 模型⽆关地探索不同相空间的物理性质

❖ 测量结果与理论模型误差内⼀致



EFT interpretation
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❖ ⽅法：利用LHC实验中直接观测量，间接测量有可能发⽣在⾼能量标度的新粒⼦或
新物理效应。构造包含非标准模型贡献的拉⽒量，具有模型⽆关性。 

• 联合拟合H→γγ五个敏感变量的微分截面分布

1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p

��
T ), the number of jets produced in association with

the diphoton system (Njets), the leading-jet transverse momentum (p
j1
T ), and the invariant mass (m j j) and

di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

Overview

For a full introduction and 1D scan results, see the last talk:
https://indico.cern.ch/event/384019/contribution/1/material/slides/0.pdf

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector

Fit parameters of interest: Wilson coe�cients ci

LSM +
X

c̄iOi

Extend the SM with point-like interactions;

cg

H+
t

t
t̄

SM NP

2 / 16

Table 7: The 95% CL observed limits on the 2�⌧ , 2�, , 2�⌫, 2�,⌫ Wilson coe�cients of the SMEFT basis and
their CP-odd counterparts using interference-only terms and using both the interference and quadratic terms. Limits
are derived by fitting one Wilson coe�cient at a time while setting the other coe�cients to zero. The limits are
computed at a new-physics scale ⇤ = 1 TeV.

Coe�cient 95% CL, interference-only terms 95% CL, interference and quadratic terms

2�⌧ [�6.1, 11.0] ⇥ 10�3
[�6.5, 10.2] ⇥ 10�3

2
�

e
⌧

[�0.12, 0.23] [�3.1, 3.5] ⇥ 10�2

2�, [�1.9, 0.9] ⇥ 10�2
[�1.8, 1.0] ⇥ 10�2

[ [0.28, 0.30]
2
�f, [�10.2, 5.2] [�7.3, 7.3] ⇥ 10�2

2�⌫ [�5.8, 2.8] ⇥ 10�3
[�5.5, 3.0] ⇥ 10�3

[ [8.4, 9.3] ⇥ 10�2

2
� e⌫ [�21.8, 5.7] ⇥ 102

[�2.3, 2.3] ⇥ 10�2

2�,⌫ [�5.2, 10.7] ⇥ 10�3
[�0.17,�0.15] [ [�5.5, 9.8] ⇥ 10�3

2
�f,⌫

[�2.5, 4.0] ⇥ 102
[�4.0, 4.0] ⇥ 10�2
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Figure 21: Observed and expected 68% and 95% CL limits on SMEFT Wilson coe�cients using (a) SM and
dimension-6 operators interference-only terms and (b) including quadratic dimension-6 terms. Limits are derived
by fitting one Wilson coe�cient at a time while setting the other coe�cients to zero. The limits are computed at a
new-physics scale ⇤ = 1 TeV.
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Figure 19: The e�ect on the five di�erential distributions used in the analysis of (a) the CP-even coe�cients 2�⌧ ,
2�⌫, 2�, , 2�,⌫ and (b) the CP-odd coe�cients 2

�
e
⌧

, 2
� e⌫, 2

�f, , 2
�f,⌫

of the SMEFT e�ective Lagrangian for
values of the coe�cients close to the expected limits. The 2�⌫, 2�, , 2�,⌫ variations at the expected limits a�ect
mainly the � ! WW branching ratio with negligible e�ects on the cross-section. The e�ect is shown at a new-physics
scale ⇤ = 1 TeV.

Statistical interpretation Limits on Wilson coe�cients are set by constructing a likelihood function
which is defined, up to a constant normalisation factor, as

! = exp

�

1
2

�
fobs � fpred

�T
⇠
�1 �

fobs � fpred
� �

,

where fobs and fpred are :-dimensional vectors from the measured and predicted di�erential cross-sections
of the five analysed observables, with : = 34 equal to the total number of bins of the five distributions
used in the fit, ⇠ = ⇠stat + ⇠syst + ⇠theo is the : ⇥ : total covariance matrix defined as the sum of the
statistical, systematic and theoretical covariances. The overflow bins for ?WWT , < 9 9 and ?

91
T are not used in

the limit-setting fit as they extend beyond the assumed new-physics scale ⇤ = 1 TeV.

The statistical covariance matrix is obtained with a bootstrapping technique and the resulting correlation
matrix shown in Figure 20. The matrix provides a measure of the statistical correlations between
cross-section bins because the same events in data will populate the di�erent observables used in the fit.

The covariance matrices for systematic and theoretical uncertainties are constructed from the uncertainties
listed in Section 7. Theoretical uncertainties are considered for the di�erent production modes using the
default SM MC simulation to estimate the e�ect of QCD scale and PDF variations, detailed in Section 8.1,
and are considered to be independent of new physics. Identical sources are assumed to be fully correlated
across bins and variables. In addition, nuisance parameters are included in the fit to account for limited MC
sample size, typically a�ecting the highest ?WWT and < 9 9 bins. In what follows, the likelihood function is
numerically maximised to determine !max and confidence intervals for one or several Wilson coe�cients
are determined via

1 � CL =
π

1

�2 ln ! (28)+2 ln !max

dG 5 (G) ,

41

❖ 结果已经发表[arxiv:2202.0048],投送JHEP

❖ 主要贡献：本底估计、unfolding, 系统误差估计, 统计分析, EFT 等整个分析 (approval talk, 
note editor)



VBF Higgs CP  性质研究：HVV相互作⽤

16



Higgs ⾃耦合 —HH→γγbb中的直接测量

• 基于Full Run2数据，完成HH产⽣截面测量，已发表[arxiv:2123.11876]，投送PRD 

• 给出最严的Higgs自耦合的束缚，相对以前测量结果，灵敏度增强5倍 

• ⾼能所-南⼤联合团队主导贡献：本底估计，信号优化，系统误差分析，统计学分析
等（⽂章编辑、approval talk） 

• 基于Run2全部数据中HH → γγbb 和HH → ττbb黄⾦衰变模式的联合κλ束缚结果，
结合最模型⽆关的有效场论⽅法，首次给出Cgghh和Ctthh相互作用的束缚。(发表⼀篇
Conf-note [ATL-PHYS-PUB-2022-019])

17

              

综合考虑信噪比和信号产⽣截面，HH→γγbb是Higgs Self-coupling直接测量灵敏道之⼀。
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Figure 12: Observed and expected limits at 95% CL on the cross section of nonresonant Higgs boson pair production
as a function of the Higgs boson self-coupling modifier ^_ = _��� /_SM

���
. The expected constraints on ^_ are

obtained with a background hypothesis excluding ?? ! �� production. The ±1f and ±2f variations about the
expected limit due to statistical and systematic uncertainties are also shown. The theory prediction curve represents
the scenario where all parameters and couplings are set to their SM values except for ^_. The uncertainty band of the
theory prediction curve shows the cross-section uncertainty.
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Figure 13: Values of the negative log-profile-likelihood ratio (�2 ln⇤) as a function of ^_ evaluated for the combination
of all the categories of the nonresonant search. The coupling of the Higgs boson to fermions and gauge bosons is
set to SM values in the profile likelihood calculation. The expected result corresponds to a Asimov data set [106]
generated under the SM signal-plus-background hypothesis, ^_ = 1. All systematic uncertainties, including the
theoretical uncertainties in the di-Higgs boson production cross section, are included. The intersections of the solid
curves and the horizontal dashed lines indicate the 1f and 2f confidence-level intervals.
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给出最严格κλ的束缚



通过多轻⼦末态寻找双希格斯事例

18
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W玻⾊⼦质量的精确测量

20

• 利⽤ATLAS已收集的低亮度对撞数据，通过W与Z玻
⾊⼦横动量分析5TeV和13TeV的run2数据精确测量
MW


• 检验标准模型


• MW偏离理论值：与Higgs⾃耦合相关的新物理？



Zγ 极⾓微分截⾯测量

21

ATL-CONF-2022-047

• ICHEP 2022 发布了Zγ 极⻆微分截⾯测量及2维微分截⾯ (极⻆ VS Zpt)


• ⾼能所团队在分析中起到主导贡献(分析联系⼈)



超对称物理 Supersymmetry

22



超对称实验物理研究

23

ATLAS： 超对称物理实验研究

*��:
	=
squark_gluino T�

L��:
	=
gaugino_slepton T�

#&��)

1. 16�F;~q/~g
K+

Eur. Phys. J. C 81 (2021) 600

3. TauF;stauK+
*ANA-SUSY-2019-17

8. EWK 
Combination

*ANA-SUSY-2020-05
4. TauF;gauginoK+

ATL-CONF-2022-045

2.�/26��36�
F;~q/~gK+
*ANA-SUSY-2020-27

5. 16�F;gauginoK+
*ANA-SUSY-2019-19

9. Grand 
pMSSM 
Scan

*ANA-SUSY-2020-146.�/26��36�F;
gauginoK+
*ANA-SUSY-2019-22

7. 0������gaugino��
*ANA-SUSY-2020-04

n�r�9�hD¡6�hD!�'t����RhD���/*H�| 
n+�B�8�1p*H¡1pCONF NOTE����/�| 
n *7���7�?(¡}Q�_�87-8p*H

• OZ��0SUSYT�F
;`0,1,2,36�,tau

• #&��)
• .J �exotics�A3
-P

2



squark, gluino 粒⼦的寻找

24



Gaugino粒⼦的寻找

25



slepton 粒⼦的寻找以及联合分析

26



暗光⼦的寻找

27

◈ ⾸次在ATLAS实验中开展暗光⼦的寻找


◈ ⾸次观测到Z(υυ)γ过程 (5σ)


◈ ⾼能所团队起到主要贡献 (approval talk)



Zγ过程⾼质量区新共振态的寻找

28

ATL-CONF-2021-041

◈ 通过Zγ/Wγ 的强衰变过程寻找⾼质量区可能的新共振态


◈ 利⽤Track-CaloClusters (TCC) jet的重建技术有效提⾼了信号灵敏度


◈ ⾼能所和上海交⼤联合团队起到主导贡献 (分析联系⼈和编辑)



软件和探测器性能研究：Tau性能研究

◈ ⾼能所多名学⽣博后深⼊研究其基本性能，为所有物理
分析提供官⽅recommendation 和升级维护 

◈ 作为研究单位承诺，⾼能所团队将负责或参与下⾯tau
相关性能研究： (1) tau 衰变模式效率；(2) tau 鉴别和
能量刻度；（3）fake tau测量；(4) soft tau 重建效率；
(5) 快速模拟； (6) tau 触发效率研究等


◈ 2022年⾸次给出了ATLAS实验soft tau能量的修正。正
准备⼀篇CONF NOTE和⽂章(ANA-TAUP-2018-01): 


◈ 在合作组的显示度显著提⾼，为合作组相关软件作出重
要贡献： 

➾ 1名博⼠后被Tau组任命为 Fake Tau 组召集⼈（⼆级)


➾ 1名博⼠后被Tau组任命为 Tau鉴别和刻度组召集⼈（⼆级）


➾ 1名博⼠后被Tau组任命为 Tau鉴别和刻度组召集⼈（⼆级）


➾ 4⼈次在ATLAS合作组会议代表TauCP组给⼤会报告
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ATLAS DRAFT

3 Overview of the calibration procedure38

• Uniformity, intercalibration (PS, E1/E2)39

• Z scale40

• Linearity measurements and constraints on systematic uncertainties41

• Photon leakage42

• Cross checks : Radiative events, J/psi(?)43
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软件和探测器性能研究：电⼦/光⼦能量刻度

30

• 2019.10 - 2021.10为ATLAS电⼦/光⼦刻度组组长，负责Run2全部数据精确刻度，2021.10 ⾄今继续完
成Run2 final precise recommendation 

• 相关结果正在合作组内部评审，预计发表⽂章⼀篇[EGAM-2021-2] 

• 负责Run3的Pre-recommendation

刻度流程图

Photon identification: loose and tight

Overwhelming background from hadronic jets!

Jets typically produce broader energy deposits in the
ECAL, with significant leakage into the hadron calorime-
ter (HCAL)

Exploit the 3D-granularity of the ATLAS calorimetry

LOOSE identification:

little or no energy leaking into HCAL

narrow shower width in the ECAL Middle layer

) used as background control region
) used also by many photon triggers

[talk by Joaquin Hoya]

TIGHT identification:

tighter cuts on shower width in Middle layer

additional cuts on ECAL “strips” (no 2nd maximum,
narrow shower width)

) reject background from ⇡0, ⌘ ! ��

electromagnetic calorimeter (ECAL)
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能量刻度对精确物理测量⾄关重要（如Higgs质量）：
MVA刻度、量能器纵向刻度、均匀度修正、⼆次能量和
分辨修正等等

组织⾼能所团队在5个重要课题中起到
主导贡献



ATLAS硅微条内径迹探测器升级
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⾼颗粒度⾼时间分辨探测器 (HGTD)

32



ATLAS合作组内职务
◈ 组织管理： 

✦ 执⾏委员会委员：⾦⼭(2016-2017),  Joao (2021-⾄今)

✦ ATLAS合作组委员会顾问组成员：⾦⼭ (2010-2011),  庄胥爱 (2016-2017), ⻩燕萍 (2020-2021),  Joao (2022-2023)

✦ HGTD项⽬经理：Joao （2021-⾄今）；副经理(2020-2021)

✦ HGTD Risk Manage: 张照茹 （2021-⾄今）

✦ HGTD Steering Committee: Joao、梁志均、张杰、赵梅、张照茹(2020-⾄今)

✦ Publication committee: 梁志均 (2020-⾄今)

✦ ITK Institute Board: 娄⾟丑 (2016-⾄今)

✦ Pixel Institute Board: Joao 

✦ Pixel Technical Coordinator and Steering Committee:  JuanAn Pascual


◈ 物理组和基础软件组： 
✦ ⻩燕萍：E/Gamma calibration convenor (2019-2021)

✦ 徐达： SUSY Group Convener （2019-2020）

✦ Claudia Bertella： HWW Group Convenor (2018-2019)

✦ Javier Llorente Merino: photon+jet Group Convener (2018-2019)

✦ ⻩燕萍： Photon ID group Convenor (2016-2018)

✦ Mohamad Kassem Ayoub： ATLAS Fake Tau Group Convenor （2020-2021）


◈ 探测器运⾏组： 
✦ Joao： HGTD项⽬资源管理与⻛险管理召集⼈ （2019-2020）

✦ JuanAn： HGTD 项⽬触发与数据获取组召集⼈ （2019-）

✦ JuanAn： Pixel Run Coordinator （2018/4-2018/9）

✦ 梁志均： HGTD项⽬探测器Level-2组召集⼈ (2020-)

✦ 张杰： HGTD项⽬外围电路Level-3协调⼈与探测器模块电路Level-3协调⼈ (2020-)

✦ 赵梅：HGTD项⽬传感部分level-2召集⼈ (2021-)

✦ 樊磊： HGTD⾼压电路Level-3 协调⼈ (2021-)
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总结

◈ ⾼能所ATLAS组直接参与了Higgs的发现，之后加强并展开
了希格斯粒⼦性质的全⾯测量，在多个热点分析成果中作
出了主导/主要贡献


◈ 在过去⼀年，全⾯参加ATLAS硬件，软件和物理分析⼯
作，取得⼀系列重要研究成果


◈ 将进⼀步增加⾼能所在ATLAS合作组中的贡献，期待继续
得到国内同⾏的⼤⼒⽀持。
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