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希格斯⾃相互作⽤

• 希格斯自相互作用是希格斯三类基本相互作用
中唯⼀没有被实验证实的 

• 希格斯自相互作用决定了希格斯势能的形状
（宇宙如何自发对称性破缺并赋予粒⼦质量）
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Is the current minimum the TRUE minimum - and thus the 
universe is stable - or is there another, deeper minimum 

elsewhere, allowing for decay?

2

Electroweak symmetry breaking

S
ketch by K

. Leney

Text

Daniela Rebuzzi (Università di Pavia) Recent results on Higgs boson measurements 104° Congresso SIF 2018 - 18.09.2018

The Higgs boson in the SM

• The Higgs boson discovery in 2012 
opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking  

• Two types of tree-level couplings to 
other SM particles, which determine all 
Higgs Boson production and decay 
modes 
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4 The Higgs boson self-coupling
The Higgs field is responsible for the spontaneous breaking of the electroweak symmetry, and for the generation of all the SM
particle masses, because its potential features a global minimum away from the origin. Within the SM, this potential is fully
characterised by two parameters, the Higgs mass mh, and v, which can be experimentally inferred from the measurements of
the Fermi constant (v = 1/

pp
2GF ⇡ 246 GeV).

V (h) =
1
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m2
Hh2 +l3vh3 +

1
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H
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However, the Higgs potential could show sizeable departures from the SM form, described in eq. (24). The understanding of
EW symmetry breaking will remain hypothetical until experimental measurements reconstruct the shape of the Higgs potential.
The measurement of the Higgs potential is therefore a high priority goal on the physics programme of all future colliders.

Unfortunately, the Higgs self-interactions, apart from the simple kinematical 2-point interaction that corresponds to the
Higgs boson mass, are not physical observables. Therefore, a theoretical framework is needed to infer their values from
experimental measurements. One needs a general parametrisation of the departures from the SM that allows the various Higgs
couplings to vary continuously. Within this framework, one makes accurate predictions of various observables as a function of
the modified Higgs couplings and a global fit then leads to a determination of all these couplings. Effective Field Theory offers
us such a theoretically sound framework in which higher order calculations can be performed to provide solid and improvable
predictions able to cope with systematic and statistic experimental uncertainties. As in Section 3.3, we will focus our attention
on EFT where the EW symmetry is linearly realised, i.e. under the assumption that no new heavy degree of freedom acquires
its mass from the Higgs expectation value. In that case, there are only two dimension-6 operators that induce a deviation of the
Higgs self-couplings
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In particular, the operator proportional to cf requires a non-linear field definition to keep the Higgs boson kinetic term
canonically normalised. The modifications of the cubic and quartic self-interactions are related in this model. Independent
modifications are only obtained when operators of dimension 8 are considered.

The most direct way to assess the Higgs cubic self-interaction is through the measurement of double Higgs production
either at hadron colliders, where the production is dominated by gluon fusion, gg ! HH, or at lepton colliders via double
Higgs-strahlung, e+e� ! ZHH, particularly relevant at low energies, or via vector boson fusion (VBF), e+e� ! HHnen̄e, more
important at centre-of-mass energies of 1 TeV and above. At leading order, double Higgs production receives a contribution
proportional to the cubic coupling, for both pp and e+e� collisions, as shown in Fig. 9. Figure 10 shows the dependence of
the inclusive double Higgs production cross section when the value of the Higgs cubic coupling is varied, assuming no other
deviation from the SM. Gluon fusion production at a hadron collider has been computed within the SM at NNLO accuracy
in the infinite top mass limit [58–61] and at NLO with the full top mass dependence [62–64], leading to a prediction whose
theoretical and parametric uncertainties are of the order of a few percent.

For the LHC at 14 TeV, the cross section is predicted to be 36.69+2.1%
�4.9% fb, about three orders of magnitude smaller than

the single Higgs production, which makes the double Higgs channel a challenging process to observe. The most up-to-date
analysis relies on the combination of the bb̄gg and bb̄tt decay channels to reach almost 5 standard deviation evidence for
double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [13]), which can be translated into a 68% CL bound of
order 50% on the deviation of the Higgs cubic coupling relative to the SM prediction. Note that the mapping of the inclusive
gg ! HH cross section onto a value of the Higgs cubic self-coupling is not unique: for instance, at 14 TeV LHC, a value
of the cross section equal to the SM prediction corresponds either to k3 = 1 or to k3 ⇡ 6.2. This ambiguity can however be
resolved by analysing the shape of the invariant mass distribution of the reconstructed two Higgs boson system: the larger the
value of k3, the closer to threshold the mHH distribution is peaked. This kinematic information is a crucial element of Boosted
Decision Trees (BDT) based analysis performed at HL-LHC. However the BDT and the final selection cuts are often devised to
optimise the significance of the SM cross section for double Higgs production and therefore it is not necessarily optimised for
the determination of the Higgs self-coupling directly, leaving room for possible improvement towards an even higher sensitivity.
At lepton colliders, double Higgs-strahlung, e+e� ! ZHH, gives stronger constraints on positive deviations (k3 > 1), while
VBF is better in constraining negative deviations, (k3 < 1). While at HL-LHC, values of k3 > 1, as expected in models of
strong first order phase transition, result in a smaller double-Higgs production cross section due to the destructive interference,
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当前LHC实验最重要的物理⽬标之⼀：测量希格斯性质，检验标准模型并理解希格
斯场的真空⾃发破缺机制

Self-coupling



LHC实验上希格斯⾃相互作⽤的直接测量

• 通过HH产⽣过程直接测量希格斯三线自相互作用 

• 挑战：稀有HH产⽣过程，产率比单希格斯过程低3个数量级（σ(gg→HH) ∼ 
0.1%×σ(gg→H)）
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� Higgs self-coupling could be directly accessed by the SM HH production
� crucial to understand the EW symmetry breaking mechanism

- BSM resonances Heavy scalar/graviton could also 
decay to a HH pair
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1 Introduction

Since the discovery of the Higgs boson in 2012 [1, 2], one of the priorities of the ATLAS and CMS
Collaborations has been to better understand the properties of the Brout–Englert–Higgs mechanism [3–8].
The Higgs boson self-coupling provides information about the structure of the Higgs potential. A direct
probe of the self-coupling of the Higgs boson is possible by studying Higgs boson pair (��) production.
Furthermore, an enhancement of the Higgs boson pair production rate with respect to the Standard Model
(SM) prediction would point to new beyond-the-Standard-Model (BSM) physics and may be within the
sensitivity reach of the proton-proton (??) collision data collected at

p
B = 13 TeV during the Run 2 of the

Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson pairs via gluon-gluon fusion (ggF) proceeds through
the two diagrams shown in Figure 1. These diagrams interfere destructively, leading to a small production
cross section [10–12]. For 13 TeV ?? collisions and a Higgs boson mass <� = 125.09 GeV, the ggF cross
section, calculated at next-to-next-to-leading-order (NNLO) accuracy in finite top mass approximation
(FTapprox), is f�� (ggF) = 31.02+2.2%

�5.0% (Scale) ±3.0% (UB+PDF) ±2.6% (<top) fb [13–15], where ‘Scale’
represents the uncertainty due to missing higher order quantum chromodynamics (QCD) calculations,
‘UB+PDF’ the uncertainties on the strong coupling constant and parton distribution functions, and ‘<top’
the uncertainty related to the top-quark mass scheme [16, 17].
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(b) Box Diagram

Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM

��� .

The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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Figure 1. Tree-level Feynman diagrams contributing to Higgs boson pair production via VBF.
Diagrams (a), (b) and (c) illustrate the non-resonant production modes scaling with κV κλ, κ2

V and
κ2V , respectively. Diagram (d) illustrates the resonant production mode.

Previous searches for Higgs boson pair production in the bb̄bb̄ channel were carried

out in the gluon-gluon fusion (ggF) production mode by the ATLAS and CMS collabo-

rations [8–12], and limits were set for resonant and non-resonant production. Statistical

combinations of search results for HH in various decay channels were also performed by

the two experiments [13, 14], profiting from the sensitivity of several final states.

This paper focuses on searches for Higgs boson pair production via vector-boson fu-

sion (VBF), through diagrams such as those presented in figure 1, and using the dominant

H → bb̄ decay mode [15]. The VBF process (pp → HHjj) is characterised by the pres-

ence of two jets (j) with a large rapidity gap resulting from quarks from which a vector

boson (V ) is radiated. In the SM, three different types of couplings are involved in HH

production via VBF: the Higgs boson self-coupling (HHH), the Higgs-boson-vector-boson

coupling (V V H) and the quartic (di-vector-boson-di-Higgs-boson, or V V HH) coupling.

The coupling modifiers κλ, κV and κ2V control the strength of the HHH, V V H and

V V HH couplings with respect to the SM value, respectively, and are normalised so that

they are equal 1 in the SM. A deviation of these coupling modifiers from their SM ex-

pectations could lead to enhanced HH production. While searches in the ggF mode are

more sensitive to deviations in κλ, the VBF topology has unique sensitivity to κ2V [15]

because the ggF mode does not involve the V V HH interaction. For resonant production,

two classes of signals are tested to perform a generic inclusive search for resonances with

masses mX in the range 260–1000 GeV. The first signal class is representative of a broad

resonance with width typically 10-20% of the signal mass; it corresponds to a heavy scalar

of the 2HDM Type II model [16] and is obtained by setting the ratio of vacuum expecta-

tion values of the two Higgs doublets tan(β) = 2.0 and sin(β − α) = 0.6, where α is the

mixing angle between the two CP-even Higgs bosons. The second class features a narrow

resonance with a fixed width of 4 MeV.

2 ATLAS detector

The ATLAS experiment [17–19] at the LHC operates a multipurpose particle detector

with a forward-backward symmetric cylindrical geometry and a near 4π coverage in solid

angle.1 It consists of an inner tracking detector surrounded by a thin superconducting

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre
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Figure 1: The Feynman diagrams for the dominant gluon-gluon fusion production processes. In the Standard
Model, the (a) trilinear coupling process, (b) the ‘box’ diagram, and the destructive interference between the two
processes contribute to the total cross section. In the figure, ^_ represents the Higgs boson trilinear coupling modifier,
^_ = _��� /_SM
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The di-Higgs vector-boson fusion (VBF) production cross section, calculated at next-to-next-to-next-to-
leading-order (N3LO), isf�� (VBF) = 1.72+0.03%

�0.04% (Scale)±2.1% (UB+PDF) fb [13], for<� = 125.09 GeV,
which is one order of magnitude lower than the one from the ggF process. The VBF production mode
provides additional sensitivity on the Higgs trilinear coupling, as shown in Figure 2. Both the ggF and
VBF production modes of Higgs boson pairs are considered as a signal in this paper. The rest of production
modes have lower cross sections [18] and are neglected.

Non-resonant enhancements to the Higgs boson pair cross section can either originate from loop corrections
involving new particles, such as light, colored scalars [19], or through non-SM couplings between the
Higgs boson and other SM particles. The non-resonant production cross section can also be altered due to
the trilinear self-coupling, _��� , being di�erent than the SM prediction, as discussed in Refs. [20, 21].
Such an e�ect can be captured by a scale factor ^_ defined as ^_ = _���/_SM

��� , where _SM
��� is the SM

value of the parameter.

In addition to the non-resonant enhancements, searching for resonant production of Higgs boson pairs
is well motivated. Figure 3 shows a ggF production diagram possible in BSM theories predicting the
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研究内容

基于LHC/ATLAS Run2和部分Run3⾼统计量的数据，结合HH不同末态的优势，开展HH寻找
并探究希格斯自相互作用 (三个研究⽅向)： 

✦ 多底夸克末态HH截面测量：H→bb⾼分支比，H→γγ⾼信号效率和分辨，H→ττ⾼信噪比 

✦ 多轻⼦末态HH截面测量：提供HH研究的重要补充 

✦ HH联合测量：联合不同衰变模式，以得到最灵敏的HH和希格斯自相互作用测量
5
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HH Decay Modes

Clean 
final  
state

Large 
branching 

ratio

All channels have trade-offs between 
branching ratio vs final state

No single ‘golden channel’

bb WW ττ ZZ γγ

bb 34%

WW 25% 4.6%

ττ 7.3% 2.7% 0.39%

ZZ 3.1% 1.1% 0.33% 0.069%

γγ 0.26% 0.10% 0.028% 0.012% 0.0005%



课题3主要考核指标

❖ 多底夸克末态HH截面测量：HH截面预期上限达到2.7× σSM 

๏ 中期进展进展：2.6× σSM截面上限 (超出预计科学目标) 

❖ 多轻⼦末态HH截面测量:  HH截面测量预期上限达到 12× σSM 

๏ 中期进展进展：11× σSM截面上限 (超出预计科学目标) 

❖ HH 联测测量： HH截面测量预期上限达到 2.4× σSM 

๏ 中期进展进展：1.7× σSM截面上限 (超出预计科学目标)

6



物理分析进展和考核指标完成情况



研究⽅向⼀：多底夸克末态HH截⾯测量 — HH→bbγγ 

8

完成Full-Run2 测量和 Run2+partial Run3 联合测量 
๏ ⾸次HH单道显著性达到1σ 
๏ 分析⽅法策略的优化和更⾼的统计量数据，显著提⾼灵
敏度~90% 

๏ 观测(期望)HH截⾯上限值 : 3.7(2.6)× SM  

๏ 希格斯⾃耦合强度 束缚区间 [-1.7, 6.6]，与Run2 HH联
合测量结果[-1.2,7.2] 相当 。 

发表两篇⽂章[JHEP 01 (2024) 066，PLB 876 (2026) 
140280]，项⽬成员担任分析的负责⼈/内部编辑/
approval talk，主导贡献 
被ATLAS物理简报和CERNCourier报道 

κλ
PLB 876 (2026) 140280

The ATLAS Collaboration

Table 1 
Impact of the various systematic uncertainties in the ob-
served 𝜔

𝜀𝜀
 measurement. For each uncertainty group, 

the error on 𝜔
𝜀𝜀

 is obtained from a !t with only those 
corresponding nuisance parameters "oating and all oth-
ers !xed to their best-!t values. The impact is then calcu-
lated from the subtraction in quadrature of this error and 
the error when all nuisance parameters are !xed. The up 
(down) columns indicate the impact on the upper (lower) 
𝜔
𝜀𝜀

 error. When the up and down impacts are found to 
be compatible within 30%, the values are symmetrised 
in the table for better readability. Asymmetric impacts 
primarily result from the asymmetric QCD scale + 𝜗top
signal uncertainty, and the fact that the lower endpoint 
of the 68% CL error on the signal strength is close to 0. 
The heavy-"avour content uncertainty in the table refers 
to single Higgs boson production.
 Source of systematic uncertainty  Relative impact (in %)

 Up  Down
 Experimental
 Photon energy scale +22 ω34
 Photon energy resolution +14 ω7.5
 Photon e#ciency +13 ω2.5
 Jet +10 ω6.9
 Luminosity +6.7 ω1.2

 Theory
 QCD scale + 𝜗top, PDF+𝜛

𝜚
+35 ω5.2

∱(𝜀  𝜍𝜍 , 𝜑𝛻𝜑) +10 ω2.1
 Parton showering model ±15
 Heavy-"avour content ±30

 Background model
 Spurious signal ±7.2

to 0.04%, while for ggF production, with the addition of the top-quark 
mass scheme uncertainty included according to Ref. [22], they amount 
to +6% and ω23%.

The PDF and 𝜛
𝜕
 uncertainties are estimated separately for Run 2 and 

Run 3 and separately for di$erent processes (single Higgs boson, ggF 
𝜀𝜀 and VBF 𝜀𝜀 events). The PDF+𝜛

𝜕
 uncertainties for the ggF (VBF) 

𝜀𝜀 cross sections amount to 3.0% (2.1%). These uncertainties are eval-
uated for the SM case and their magnitude is parameterised in terms of 
ℵ
ℶ
. The parton shower model uncertainty is estimated by using alter-

native simulation samples. In particular, for the 𝜀𝜀 and single Higgs 
boson processes the alternative samples use Herwig 7 [106,107] for par-
ton showering.

In addition, branching ratio uncertainties are taken into ac-
count [108]. Speci!cally, for all 𝜀𝜀 and single Higgs boson processes, 
a 2.9% uncertainty is applied to the 𝜀  𝜍𝜍 branching ratio. An addi-
tional 1.7% uncertainty from the 𝜀  𝜑𝛻𝜑 branching ratio is included for 
the 𝜀𝜀 signal.

The impact of the various systematic uncertainties on the observed 
𝜔
𝜀𝜀

 measurement is shown in Table 1. For each uncertainty group, 
the error on 𝜔

𝜀𝜀
 is obtained from a !t with only those corresponding 

nuisance parameters "oating and all others !xed to their best-!t val-
ues. The impact is then calculated from the subtraction in quadrature 
of this error and the error when all nuisance parameters are !xed. The 
up (down) columns indicate the impact of the upper (lower) 𝜔

𝜀𝜀
 error. 

When the up and down variations are found to be compatible within 
30%, the impacts are symmetrised in the table for better readability. 
Asymmetric impacts primarily result from the asymmetric QCD scale + 
𝜗top signal uncertainty, and the fact that the lower endpoint of the 68% 
CL error on the signal strength is close to 0. The heavy-"avour content 
uncertainty in the table refers to single Higgs boson production.

Fig. 5. Weighted di-photon invariant mass distribution summed over all cate-
gories and the two data-taking periods. The events in each category are weighted 
by log(1 + 𝜚SMεℷ). 𝜚SM is the expected signal yield assuming 𝜔

𝜀𝜀
= 1, while ℷ

is the continuum background yield obtained from a !t to the sidebands plus 
the single Higgs boson background obtained from simulation, all in a ±5 GeV 
window around the Higgs boson mass. The lines show the !t results for the con-
tinuum background only (light dotted), adding single Higgs boson backgrounds 
(black dotted) and the full !t (solid).

7.  Results

The search results are derived with a simultaneous pro!le-likelihood 
!t to the di-photon invariant mass distribution in all event categories, 
with a procedure similar to that described in Ref. [29]. The parameters 
of interest are !tted together with a set of nuisance parameters repre-
senting the systematic uncertainties, and the normalisation and shape 
of the continuum background. Uncertainties and con!dence levels are 
derived using the asymptotic approximations [95], which agree within 
10% with those from pseudo-experiments. Upper limits on the signal 
strength are derived using the CLs approach [109]. It is always assumed 
that the Higgs boson satis!es exactly all SM predictions apart from the 
parameter under study.

Fig. 5 shows the di-photon invariant mass distribution summed over 
all categories and the two data-taking periods, where the events in each 
category are weighted by log(1 + 𝜚SMεℷ), where 𝜚SM is the expected 
signal yield assuming 𝜔

𝜀𝜀
= 1, while ℷ is the continuum background 

yield obtained from a !t to the sidebands plus the single Higgs boson 
background obtained from simulation, all in a 5 GeV window around 
the Higgs boson mass.

The best-!t value for the signal strength modi!er is 𝜔
𝜀𝜀

= 0.9+1.4ω1.1 =
0.9+1.3ω1.0 (stat.) ± 0.5 (syst.) for an expected value of 𝜔

𝜀𝜀
= 1+1.3ω1.0 in the SM. 

Fitting the data from Run 2 and Run 3 separately results in 𝜔
𝜀𝜀

 val-
ues compatible with each other with a ℸ-value of 0.40. The statistical 
signi!cance for Higgs boson pair production is 0.78 ⊳, where 1.01 ⊳ is 
expected. The systematic uncertainty is dominated by the uncertainties 
in the heavy-"avour content in single Higgs boson production, the pho-
ton energy scale and resolution, and the calculation of the Higgs boson 
pair production cross section. An upper limit at 95% CL of 𝜔

𝜀𝜀
< 3.7

is derived assuming SM 𝜀𝜀 kinematics. Assuming no 𝜀𝜀 production 
the expected limit is 𝜔

𝜀𝜀
< 2.6, while assuming 𝜔

𝜀𝜀
= 1, the expected 

limit becomes 𝜔
𝜀𝜀

< 3.7. Fig. 6 compares the separate !t results for Run 
2 and Run 3 as well as their combination in terms of the signi!cance and 
the 95% CL upper limit. The same de!nition of the analysis categories is 
used for all !ts. Compared to Ref. [29] the signi!cance in 𝜔

𝜀𝜀
 improved 

by approximately 20% due to the new 𝜑-tagging algorithm and an ad-
ditional 5% comes from the kinematic !t. The improvement from the 
additional data is approximately 60%, with 50% attributed to increased 
statistics and 10% to the optimisation of the analysis categories, made 
possible by treating the background shapes in the two datasets as cor-
related.
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优越性: 由于光⼦的⾼效率和良好分辨，通过双光⼦谱直接提取 H→γγ 信号

CERNCOURIER

已提前达到预设考核指标(期望值上限2.7× SM)



研究⽅向⼀：多底夸克末态HH截⾯测量 — HH→bbττ 

完成Full-Run2测量，发表⼀篇⽂章[PRD 110 (2024) 032012] 

๏ 单道HH和 最灵敏测量：截⾯观测(期望)上限值为 5.9 (3.3) × σSM，⾃耦合强度 观测（期望）束
缚区间为[-2.5, 9.3] ([-0.5, 2.7])


๏ 由于分析的优化策略，HH截⾯测量和 的灵敏度分别提⾼为 15% 和11%

κλ κλ

κλ

9the background-only hypothesis, as obtained from the
individual fit of the τlepτhad SLT SR.
The observed and expected values of −2 lnΛ as a

function of the coupling modifiers κλ and κ2V are shown
in Fig. 8, under the hypothesis that all other coupling
modifiers are equal to their SM predictions. The combined
fit allows to set observed (expected) 95% CIs of
κλ ∈ ½−3.1; 9.0"ð½−2.5; 9.3"Þ (assuming κ2V ¼ 1) and κ2V∈
½−0.5;2.7"ð½−0.2;2.4"Þ (assuming κλ ¼ 1). Additional con-
straints are set on κλ and κ2V assuming that both coupling
modifiers can vary simultaneously. The resulting observed
and expected two-dimensional 68% and 95% contours are
shown in Fig. 9. The observed and expected constraints on
κλ reported in this paper are affected by the issue concern-
ing the ggF HH prediction for BSM scenarios in POWHEG

reported in the erratum of Ref. [81] and do not include the
changes to resolve this issue described in Ref. [82]. If the
ggF HH signal yields in the analysis categories are scaled
based on the ratio of the predicted differential ggF HH
cross sections with and without the changes described in
Ref. [82], the width of the 95% CI on κλ changes by less
than 5%.
As in Ref. [37], the analysis sensitivity is primarily limited

by the statistical uncertainty of the data. The leading
systematic uncertainty in the measurement of μHH is the
uncertainty in the ggF HH production cross section arising
from variations of the QCD scales and the top-quark mass
scheme. The next leading sources of uncertainty are the
statistical precision of the background MC samples and
the uncertainty related to the interference between theWt and
tt̄ processes. The combined impact of all sources of sys-
tematic uncertainties leads to an increase in the expected
upper limits on the signal strength μHH by 23% and to a
widening of the expected 95% CI for κλ and κ2V by 9% and
2%, respectively, with respect to the case inwhich systematic
uncertainties are neglected (excluding the tt̄ and Z þ HF
floating normalization and MC statistical uncertainties).
Based on a consistent statistical procedure for evaluating

the 95% CIs and upper limits as described at the beginning
of this section, these results can be compared with the
previous analysis of Ref. [37]. The approach presented in
this paper leads to an increase (reduction) of the observed
(expected) upper limit on the signal strength μHH by 25%
(15%), along with new results for the upper limits on the
separate ggF and VBF HH production mode signal
strengths. The width of the observed (expected) CI for
κλ is reduced by< 1% (11%) and the width of the observed
(expected) CI for κ2V is reduced by 2% (19%) compared
with the previous analysis.
The compatibility, considering statistical and systematic

uncertainties, between the upper limit at 95% CL on the
signal strength μHH from this study and that of Ref. [37] is
evaluated using a bootstrap technique [83] separately
for the independent SR fits and for the combined fit.

1 10 210

HH
!95% CL upper limit on 

Combined

had"had"

 SLThad"lep"

 LTThad"lep"

ATLAS
-1 = 13 TeV, 140 fbs

-"+"b b#HH
Obs.

23

17

3.4

5.9

(Exp.)

(20)

(7.2)

(3.8)

(3.3)

Observed $1%
=0!Expected $2%
=1!Expected

FIG. 7. Summary of observed (filled circles) and expected
(open circles) 95% CL upper limits on μHH from the fit of each
individual channel and the combined fit in the background-only
(μHH ¼ 0) hypothesis. The dashed lines indicate the expected
95% CL upper limits on μHH in the SM hypothesis (μHH ¼ 1).
The inner and outer bands indicate the '1σ and '2σ variations,
respectively, on the expected limit with respect to the back-
ground-only hypothesis due to statistical and systematic uncer-
tainties.

TABLE III. Observed and expected 95% CL upper limits on μHH , μggF and μVBF from the individual SR likelihood fits as well as the
combined results. The μggF and μVBF limits are quoted both from the results of the simultaneous fit of both signal strengths (central
column), and from independent fits for the individual production modes, assuming the other to be as predicted by the SM. The
uncertainties quoted on the combined expected upper limits correspond to the 1σ uncertainty band.

μHH μggF μVBF μggF (μVBF ¼ 1) μVBF (μggF ¼ 1)

τhadτhad Observed 3.4 3.6 87 3.5 80
Expected 3.8 3.9 102 3.9 99

τlepτhad SLT Observed 17 17 136 17 158
Expected 7.2 7.4 129 7.4 127

τlepτhad LTT Observed 23 18 765 22 733
Expected 20 21 359 20 350

Combined Observed 5.9 5.8 91 5.9 93
Expected 3.3þ1.7

−0.9 3.4þ1.8
−1.0 73þ32

−21 3.4þ1.8
−0.9 72þ32

−20

G. AAD et al. PHYS. REV. D 110, 032012 (2024)

032012-14

ATLAS DRAFT

1 Executive summary293

1.1 Main updates with respect to the previous full Run 2 analysis round294

This note presents the full Run 2 legacy search for non-resonant 𝐿𝐿 production in the final state with two295

𝑀-jets and two 𝑁-leptons using 140fb→1 of 𝑂𝑂 collision data at
↑
𝑃 = 13 TeV. There have been a variety of296

improvements/modifications to the 𝐿𝐿 ↓ 𝑀𝑀̄𝑁
+
𝑁
→ analysis strategy since the previous publications [1, 2].297

They are illustrated in the following sketch:298

The analysis is divided into two sub-channels: the 𝑀𝑀̄ 𝑁had𝑁had and the 𝑀𝑀̄ 𝑁lep𝑁had, with the latter further299

split into two categories based on the trigger choice: single-lepton triggers (SLT) and lepton-plus-𝑁had-vis300

triggers (LTT). For this round of the analysis, events in each sub-channel are then categorised into dedicated301

signal regions (SRs) targeting gluon-fusion (ggF) and vector-boson fusion (VBF) di-Higgs (HH) production.302

Additionaly, the ggF regions are in turn split into low- and high-mass SRs depending on the invariant mass303

of the 𝐿𝐿 system in each event. Further information about the analysis sub-channels and categorisation304

strategy is detailed in Section 5.305

Readers familiar with the previous round of the analysis may find the major updates documented in the306

following sections:307

• Appendix B.3 and Section 3.3 – 𝑄𝐿 and 𝑄2𝑀 parametrisation, new background MC samples308

• Section 4.3.1 – Pseudo-continuous 𝑀-tagging quantile information utilised in MVA trainings309

• Sections 5.4 and 5.5 – New event categorisation, 𝑅+HF CR update with S!”#$% 2.2.11310

• Section 7 – Harmonised and optimised MVA strategy in both channels311

• Section 8.2 – Updated background modelling uncertainties312

19th March 2024 – 11:43 9
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Search for di-Higgs: HH → bb̄ωω .

Probe of Higgs self-coupling: crucial to understand the nature of the
EW phase transition and the stability of the EW vacuum

Joint analysis of Run 2 + 2022+2023:

Signal strength µHH = 2.6+1.4
→1.0

Significance 2.6 ω obs. (1.2 ω exp.)

Sensitivity close to Run 2 ATLAS+CMS combined result
(1.3 ω exp.)

Validation with ZZ and ZH:
µZZ = 0.64+0.39

→0.36 µZH = 1.52+0.52
→0.48

Most sensitive HH search thanks to several improvements

Addition of Run 3 data (2022+2023) (15%)

Improved flavor tagging (10%)

Improved classification strategy based on transformers (15-20%)

New for ICHEP [arXiv:2607.26879]
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Addition of Run 3 data (2022+2023) (15%)
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New for ICHEP [arXiv:2607.26879]

9 / 28

完成Full-Run2 测量和 Run2+partial Run3 联合测量 
๏ ⾸次HH单道显著性达到2.6(1.2)σ (Run2 ATLAS-CMS 

combination: 1.3σ (exp) ) 
๏ 观测(期望)HH截⾯上限值 : 5.3(2.4)× SM  

๏ 希格斯⾃耦合强度 束缚区间 [-3.4, 1.6]∪[5.5,10.1] ([-1.7, 8.5])。 
๏ Validation with ZZ (0.64+0.39-0.36)and ZH(1.52+0.52-0.48)?  
发表⽂章[arxiv:2607.26879]，，贡献 
分析⽅法策略的优化和更⾼的统计量数据，显著提⾼灵敏度 

๏ Addition of Run3 data (15%) 

๏ Improved flavor tagging (10%) 

๏ Improved classification strategy (15-20%)

κλ
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HH的最⼤衰变模式HH→bbbb (58.2%)

ass
The
ratio

represent

non-
from
from

single-Higgs
back-

estimated
contamina-

any
discriminant

完成Full-Run2 Boosted HH→bbbb测量，发表⼀篇⽂章[PLB 858 (2024) 139007] 
๏ 通过VBF HH产⽣模式直接探索HHVV耦合强度，通过resolved和boosted联合研究很好地约束kλ-

k2V平⾯ 
๏ 希格斯⾃耦合强度kλ保持resolved测量精度 (观测(期望)限制区间[-3.5, 11.3]([-5.4, 11.4])) 
๏ 观测到排除k2V=0的迹象,观测(期望)显著性为3.8(3.3)σ。

PLB 858 (2024) 139007
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提供重要补充( , 6.5% BR)，提⾼希格斯⾃耦合作⽤测量敏感度 HH → bbZZ/4V/VVττ/4τ/γγVV/γγττ
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Figure 8. Observed (filled circles) and expected (open circles) 95% CL upper limits on the signal
strength for HH production in the background-only (µHH = 0) hypothesis. The dashed lines indicate
the expected 95% CL upper limits on µHH in the SM hypothesis (µHH = 1). The inner and outer bands
indicate the ±1σ and ±2σ variations on the expected limit under the background-only hypothesis
due to statistical and systematic uncertainties, respectively. Results are shown individually for the
different search channels, the statistical combination of ML and γγ+ML channels separately, and the
statistical combination of all channels.

Upper limits are set on the HH signal strength, µHH at 95% CL, using the profile-
likelihood-ratio test statistic and the modified frequentist CLs technique [118] in the asymptotic
approximation [119]. The scenario µHH = 0 corresponds to the background-only hypothesis
and µHH > 0 corresponds to the presence of an HH signal in addition to the background.
Asimov datasets [119] are used to derive the expected limits, with all pre-fit estimates of the
nuisance parameters set to values derived from the fit to the data, and the parameters of
interest set corresponding to the hypothesis being tested. The 95% CL limits on the signal
strength for individual channels, the statistical combinations of the ML and γγ+ML signal
categories, and the combination of all channels, are shown in figure 8. The overall combination
yields an observed 95% CL upper limit on µHH of 17, with an expected upper limit of 11
in the absence of HH production, and 12 for the SM case. If systematic uncertainties are
neglected then the expected limit is 9.1 when assuming no HH production. The asymptotic
results are found to agree within 8% with values obtained using pseudo-experiments.
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Channel ! τhad-vis Photons Emiss
T b-jets

γγ+2(!, τhad) N(!(P)) +Nτ = 2, OC Nγ = 2
ET(γ1) > 35GeV

105GeV < mγγ < 160GeV
γ1 : pT/mγγ > 0.35
γ2 : pT/mγγ > 0.25

Emiss
T > 35GeV

Nb-jet = 0
m2(#,τ) > 12GeV

γγ+! N(!(P )) = 1 Nτ = 0 γγ+e: Emiss
T > 35GeV

γγ+µ: —
γγ+τhad N(!(P )) = 0 Nτ = 1 Emiss

T > 35GeV

Table 4. Selection criteria applied to each γγ+ML channel to form the signal preselection regions.
The notation ‘N("(P))’ refers to the multiplicity, N , of P-type leptons as defined in table 2. The
multiplicity of τhad-vis, photons, and b-jets are denoted Nτ , Nγ , and Nb-jet, respectively. When no
pT or ET threshold is specified, the default requirements for each object are used, as described in
section 4. Photons are ordered in decreasing ET and their index denoted by a subscript. The invariant
masses of dilepton and diphoton systems are denoted m2(#,τ) and mγγ respectively.

Figure 4. Number of ggF and VBF SM HH signal events satisfying the preselection requirements
from the targeted HH decay modes on the left and their acceptance into the different ML search
channels on the right. The HH → 4Z decay mode contributes less than 0.1% of preselected HH
events and is not shown.

– 14 –

完成Full-Run2，发表⼀篇⽂章[JHEP 08 (2024) 164]，项⽬成员担任分析的负责⼈/编辑/approval talk，主导贡献 
๏ ⾸次探索多轻⼦末态：探索希格斯更多的衰变模式 (ML+γγ+ML), 采⽤“混合”测量⽅案 
๏ 测量HH截⾯，观测(期望)上限值为 17 (11) × σSM 
๏ 希格斯⾃耦合强度kλ观测(期望)限制区间[-6.2, 11.6]([-4.5, 9.6])。 
๏ 被ATLAS物理简报报道 

已提前达到预设考核指标(期望值上限12× SM)



J
H
E
P
0
2
(
2
0
2
4
)
0
3
7

1

10

210

310

410

510
E

ve
n

ts
ATLAS

-1 = 13 TeV, 140 fbs
miss
TE 2b+2l+→HH 

Post-fit

Data Bkg. Unc.
Z+jets (HF) tt
Wt Single Higgs
Fakes Other

 = 9.7)µHH (

-CR (VBF)

tt Z+HF-CR (VBF)

Wt-CR (VBF)

VBF-SR 5

VBF-SR 4

VBF-SR 3

VBF-SR 2

VBF-SR 1

-CR (ggF)

tt Z+HF-CR (ggF)

Wt-CR (ggF)

ggF-SR 7

ggF-SR 6

ggF-SR 5

ggF-SR 4

ggF-SR 3

ggF-SR 2

ggF-SR 1

0.4
0.6
0.8

1
1.2
1.4
1.6

D
a
ta

 /
 B

kg
. 
p
re

d
.

Figure 5. Post-fit yields from the signal+background fit of the tt̄, Z+HF and Wt CRs, both for the
ggF and VBF event selections, as well as the highest-score bins, numbered from high (VBF-SR 1 and
ggF-SR 1) to low score (VBF-SR 5 and ggF-SR 7), of the BDT and DNN output distribution in the
VBF and ggF event categories respectively as used in the final result. The fit is a conditional fit with
the signal strength fixed to the observed upper limit of µHH = 9.7. The shaded bands include both
statistical and systematic uncertainties.

A scan over the κ2V parameter is also conducted. Again, all other couplings are set to
their respective SM values. Although only the VBF production mode of Higgs boson pairs is
sensitive to the κ2V coupling modifier, both the ggF and VBF SRs are included in the scan,
allowing the analysis to achieve a slight enhancement of sensitivity from the presence of VBF
HH events within the ggF SR. A likelihood scan is performed to set constraints on the κ2V
parameter; this is shown in figure 7(b). Values for κ2V are constrained to be within the range
of [−0.17, 2.4] at 95% CL which is slightly better than the expected range of [−0.51, 2.7] at
95% CL due to the observed downward fluctuation of the data.
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完成Run2 HH->bbll+ ET,miss( ) 
๏ DNN优化提⾼信号显著性⼀倍，并⾸次引⼊VBF产⽣模式 
๏ 观测(期望)HH截⾯上限值 : 9.7(16.2）× SM  
๏ 希格斯⾃耦合强度kλ观测(期望)束缚区间[-6.2, 13.3]([-8.1, 15.5]) 
๏ 发表⼀篇⽂章 [JHEP 02 (2024) 037]，项⽬成员担任分析的负责⼈/编辑/approval talk，主导贡献
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Figure 6. Observed and expected upper limits on the ratios of the Higgs boson pair production
cross-section to the corresponding Standard Model prediction σHH/σSM

HH for the ggF HH signal only
(top row), the VBF HH signal only while considering ggF HH as background (second row) and the
combined ggF+VBF HH signal considering only the ggF SR (third row) and considering all SRs
(bottom row) at a 95% confidence level. The relative ratio between the ggF and VBF production
modes is fixed to the SM value.
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Figure 7. Likelihood profiles of the (a) κλ and (b) κ2V parameters.

9 Conclusion

A search for non-resonant Higgs boson pair production via the ggF and VBF production
modes is performed. It probes decay channels with one of the Higgs bosons decaying to bb̄ and
the other to either WW ∗, ZZ∗, or τ+τ−. Selected events contain exactly two b-tagged jets,
two light leptons with opposite electric charge and missing transverse energy. The analysis
employs 140 fb−1 of pp collision data at √

s = 13TeV, recorded by the ATLAS detector at the
LHC. The results are consistent with the predictions for the SM background processes. An
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Figure 1: Expected and observed 95% CL upper limits on the total HH signal strength, defined as the ratio of the
measured cross section to the sum of the ggF and VBF HH SM cross sections, for ATLAS, CMS, and the combination
from both experiments. The median expected limits on 𝐿HH are obtained under the hypotheses of no HH signal
(𝐿Asimov

HH = 0) or assuming the presence of the SM HH signal (𝐿Asimov
HH = 1). The ±1𝑀 and ±2𝑀 bands are computed

under the 𝐿Asimov
HH = 0 hypothesis.

combination improves the expected sensitivity on 𝑁
𝐿

by 10% and on 𝑁2V by 8% with respect to the best
results to date, as given by the ATLAS and CMS individual combinations, respectively. The 95% CL
contours, obtained from a fit where 𝑁

𝐿
and 𝑁2V are allowed to vary simultaneously, are shown in Figure 3.

The best-fit point in this plane corresponds to 1.8 for 𝑁
𝐿

and 1.0 for 𝑁2V . All results are compatible with
the SM predictions.

Table 1 presents a summary of the individual sensitivities of the channels considered, of the single
experiment combinations, and of the ATLAS and CMS combination presented in this Letter. Results from
the individual channels and the single experiment combinations have been recomputed with respect to the
original references following the modifications to the signal normalization and 𝑁

𝐿
dependence for the HH

and H processes described above.

In summary, this Letter presents the first combination of ATLAS and CMS searches for Higgs boson
pair production. The searches are performed using the LHC Run-2 data sets with integrated luminosities
ranging between 126 and 140 fb→1. The upper limit at 95% CL on the total HH signal strength, defined as
the ratio of the measured cross section to the SM prediction, corresponds to 2.5, with an expected value of
1.7 (2.8) in the absence (presence) of SM HH production. The best-fit of the signal strength is observed
to be 0.8+0.9

→0.7, corresponding to an observed significance of 1.1 standard deviations, while the expected
significance is 1.3 standard deviations. The observed 95% CL constraints on the 𝑁

𝐿
and 𝑁2V coupling

modifiers are →0.71 < 𝑁
𝐿
< 6.1 (→1.3 < 𝑁

𝐿
< 6.7 expected) and 0.73 < 𝑁2V < 1.3 (0.66 < 𝑁2V < 1.4

expected). The results of the combination are compatible within their uncertainties with the SM predictions
and represent the most comprehensive and most sensitive constraints on HH production to date.
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γγVV!, and γγτþτ− decay channels with leptons in the final
states; the total branching fraction is around 6.5%. The
bb̄llþ Emiss

T search targets final states arising from HH
decay channels where one of the Higgs bosons decays to a
b-quark pair and the other to either a boson pair (ZZ!,
WW!) or a τ-lepton pair, which then decays to a pair of
opposite-sign leptons (l ¼ e, μ) and neutrinos, for a total
branching fraction of 2.9%. Depending on the analysis, the
final discriminating variable can be the HH invariant mass,
the diphoton invariant mass, or the multivariate classifiers
used to separate signal from background.
The analyses under consideration use the full sample offfiffiffi
s

p
¼ 13 TeV proton-proton (pp) collision data recorded

with the ATLAS detector during run 2 of the LHC. The
integrated luminosity ranges from 126 to 140 fb−1 depend-
ing on the trigger selection [31]. The ATLAS experiment is
a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and nearly 4π coverage in
solid angle [32–34]. A software suite [35] is used in data
simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and
data acquisition systems of the experiment. The searches
use a common set of event generators to describe ggF and
VBF HH production in the pp collisions. Reweighting
methods are used to estimate the total and differential signal
yields at a given value of κi from samples simulated for
different values of κλ and κ2V [4] or to estimate the particle-
level mHH distributions for alternative values of the Wilson
coefficients using parameters from Ref. [36].

The results are derived from a likelihood function
Lðα; θÞ, where α denotes the vector of parameters of
interest (POIs) in the statistical model and θ is a set of
nuisance parameters (NPs), including systematic uncer-
tainty contributions and background parameters. This
global likelihood function is the product of individual
search likelihoods. The profile-likelihood-ratio test statistic

−2 lnΛðα; θÞ ¼ −2 ln½Lðα; ˆ̂θðαÞÞ=Lðα̂; θ̂Þ' is used to deter-
mine the 68% and 95% CL intervals and local significance
in the asymptotic approximation [37]. The CLs method [38]
is utilized to derive upper limits on the HH production
cross section. To evaluate the expected limits, Asimov
datasets [37] are generated, setting all NPs to their best-fit
values in data and fixing the POIs to those posited in the
hypothesis under test. The event samples from the com-
bined searches are scrutinized for overlaps in both real and
simulated data; they are found to be less than 1% in the
signal regions and, thus, considered negligible.
Complete discussions of the systematic uncertainties

considered in the individual searches are provided in
Refs. [25–30]. Correlations of these uncertainties between
different searches are investigated. Uncertainties related to
the data-taking conditions, such as those associated with the
integrated luminosity and the mismodeling of the multiple
pp interactions per bunch crossing, are assumed to be
correlated across the searches.An exception is the integrated
luminosity uncertainty in the resolved bb̄bb̄ analysis [25],
which employs a different calibration version. Where
applicable, uncertainties associated with physics objects
common to two or more searches are considered correlated.
Correlations are also assumed for theoretical uncertainties
affecting simulated signal and background processes, such
as uncertainties in the QCD scale, proton parton distribution
functions, and Higgs boson decay branching fractions.
Systematic uncertainties that significantly influence the
individual searches but are strongly constrained or pulled
in the data fitting are treated as uncorrelated to prevent undue
influence on the other searches. However, the impact of
treating them as correlated or uncorrelated in the combina-
tion was checked and found to be negligible.
The signal strength μHH is defined as the ratio of the

measured inclusive ggF and VBF HH production cross
section to the SM prediction σSMggFþVBFðHHÞ ¼ 32.8þ2.1

−7.2 fb.
This μHH measure assumes that the relative ggF and VBF
production cross sections, Higgs boson decay branching
fractions, and relative kinematic distributions correspond to
the SM predictions. The fit to data indicates a value of
μHH ¼ 0.5þ1.2

−1.0 ¼ 0.5þ0.9
−0.8ðstatÞþ0.7

−0.6ðsystÞ, where “stat” and
“syst” denote the statistical and systematic uncertainties,
respectively. The result is compatible with the SM pre-
diction, with a p value of 0.64. Assuming σggFþVBFðHHÞ ¼
σSMggFþVBFðHHÞ, the expected value is μHH ¼ 1.0þ1.2

−1.0 ¼
1.0þ1.0

−0.9ðstatÞþ0.7
−0.5ðsystÞ. The primary systematic uncertainty

arises from an estimated uncertainty of 100% in modeling

FIG. 2. Observed and expected 95% CL upper limits on the
signal strength for inclusive ggF HH and VBF HH production
from the bb̄τþτ−, bb̄γγ, bb̄bb̄, multilepton, and bb̄llþ Emiss

T
decay channels and their statistical combination. The predicted
SM cross section assumes mH ¼ 125 GeV. The expected limit,
along with its associated (1σ and (2σ bands, is calculated for
the assumption of no HH production and with all NPs profiled to
the observed data.
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the radiation of additional heavy-flavor jets in the ggF
single-Higgs-boson background production process
[39–43], affecting μHH by 25%. The observed (expected)
significance of μHH is 0.4 (1.0) standard deviations, with
respect to the hypothesis of no HH production. No
significant HH signal is observed above the expected
background, and a 95% CL upper limit of 2.9 is placed
on μHH. If HH production is absent, the expected 95% CL
upper limit is 2.4, and in the SM case (μHH ¼ 1) the
expected upper limit is 3.4. The expected upper limit is
17% lower than in the previous combination [4]: 13% from
improvements in the bb̄τþτ−, bb̄γγ, and bb̄bb̄ analyses and
an additional 4% from the inclusion of the multilepton and
bb̄llþ Emiss

T channels. This combination provides the best

expected sensitivity to the HH production cross section to
date. Figure 2 displays the limits from the individual
searches and their combination [44] highlighting the
bb̄τþτ− channel as the one expected to constrain μHH
the most. The p value for compatibility between the μHH
value measured in the combination and those measured in
the individual searches is 0.16. The observed and expected
95% CL upper limits on σggFþVBFðHHÞ from the combi-
nation are 86 and 71 fb, respectively, derived in this case
excluding theoretical uncertainties in the HH production
cross section.
The self-coupling modifier κλ is explored in the ggF and

VBF HH production processes. The impact of κλ on the
single-Higgs-boson background productions and the Higgs

(a) (b)

(c)

FIG. 3. Expected values (dashed lines) of the test statistic (−2 lnΛ) as functions of (a) κλ and (b) κ2V . These results are shown for the
decay channels bb̄γγ (purple), bb̄τþτ− (green), multilepton (cyan), bb̄bb̄ (blue), and bb̄llþ Emiss

T (brown), as well as their combination
(black). The observed values from the combined data are depicted by solid black lines. These results are computed with the assumption
that all other Higgs boson couplings follow the SM predictions. (c) The expected 95% CL contours in the κ2V -κλ plane, corresponding to
the individual decay channels and their combination, are illustrated using dashed lines. The observed contour from the combined results
is depicted by a solid black line. The SM prediction is marked by a star, and the combined best-fit value is indicated by a cross.
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完成⾸个ATLAS HH更多衰变联合测量： 
๏ 全⾯细致考虑不同衰变模式的重叠效应和系统关联

๏ 观测(期望)HH截⾯上限值: 2.9(2.4)× SM

๏ 希格斯⾃耦合强度kλ观测(期望)束缚区间[-1.2, 7.2]([-1.6, 7.2]) 
๏ 发表⽂章[PRL 133 (2024) 101801],项⽬成员担任分析的负责⼈/内部编
辑/approval talk，主导贡献 

๏ 被ATLAS物理简报和CERNCourier报道

通过多衰变模式的联合研究，给出最灵敏的HH测量

完成⾸个ATLAS-CMS HH联合测量： 
๏ 解决ATLAS-CMS联合框架兼容关键技术 

๏ 观测(期望)HH截⾯上限值和显著性: 2.5(1.7)× SM，1.1(1.3) 

๏ 希格斯⾃耦合强度kλ观测(期望)束缚区间[-1.2, 7.2]([-1.6, 7.2]) 
๏ ⽂章已被PRL接收，项⽬成员担任convener/分析负责⼈/内部
编辑/approval talk，主导贡献

σ

PRL 133 (2024) 101801 arXiv:2602.23991

已提前达到预设考核指标(期望值上限2.4× SM)

(a) (b)

Figure 2: Expected negative log-likelihood (→2 lnω) values as functions of (a) 𝐿
𝐿

and (b) 𝐿2V for ATLAS, CMS, and
the expected and observed values for the combination from both experiments. All the other Higgs boson couplings
are fixed to their SM predictions.

Figure 3: Observed and expected 95% CL contours for the simultaneous scan of the profile likelihood as a function
of 𝐿

𝐿
and 𝐿2V . The expected constraints from the individual experiments are also shown. All the other Higgs boson

couplings are fixed to their SM predictions.
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Figure 13: Observed likelihood scans of 𝐿𝐿 with all other coupling modifiers fixed to their SM values, for single-𝑀
channels, 𝑀𝑀 channels and their combination. A fit in which 𝐿𝑀, 𝐿𝑁 , 𝐿𝑂 and 𝐿𝑃 are profiled is also shown for the
combined result.

(a) (b)

Figure 14: Observed constraints in the (a) (𝐿𝐿, 𝐿𝑃 ) and (b) (𝐿𝐿, 𝐿𝑄) planes with all other coupling modifiers fixed to
their SM values, for the single-𝑀, 𝑀𝑀 and combined fits.

35

Figure 13: Observed likelihood scans of 𝐿𝐿 with all other coupling modifiers fixed to their SM values, for single-𝑀
channels, 𝑀𝑀 channels and their combination. A fit in which 𝐿𝑀, 𝐿𝑁 , 𝐿𝑂 and 𝐿𝑃 are profiled is also shown for the
combined result.

(a) (b)

Figure 14: Observed constraints in the (a) (𝐿𝐿, 𝐿𝑃 ) and (b) (𝐿𝐿, 𝐿𝑄) planes with all other coupling modifiers fixed to
their SM values, for the single-𝑀, 𝑀𝑀 and combined fits.

35

Table 10: Observed best-fit values of 𝐿𝐿 and 68% and 95% CL intervals in various measurement configurations. In
the first three rows (Single-Higgs, Di-Higgs, H+HH others fixed), the remaining coupling modifiers (𝐿𝑀 , 𝐿𝑁 , 𝐿𝑂, 𝐿𝑃)
are fixed to their SM values. In the fourth row (H+HH generic) these modifiers are free in the fit alongside 𝐿𝐿; the
shift in the best-fit value between these two scenarios is due to the correlations between the 𝐿𝐿 and the other coupling
modifiers through their impact on single-𝑀 event rates.

Fit Best fit 68% CL interval 95% CL interval

Single-Higgs →0.9+3.9
→2.5 [→3.4, 3.0] [→5.3, 8.8]

Di-Higgs 3.5+2.4
→3.4 [0.1, 5.9] [→1.3, 7.2]

H+HH (others fixed) 1.3+3.1
→1.6 [→0.3, 4.4] [→1.5, 6.5]

H+HH (generic) 0.6+2.5
→1.5 [→0.9, 3.1] [→2.1, 5.9]

found to be strongly pulled or constrained in either input, which are left decorrelated to avoid propagating
tensions across the analyses as explained in Section 3.3. Overlaps between the event selections in the
analyses of single-𝑀 and 𝑀𝑀 production, studied in particular for the 𝑀𝑀 ↑ 𝑁𝑁𝑂𝑂 and 𝑀 ↑ 𝑂𝑂 analyses,
are found to have a negligible impact on the results.

The observed value of 𝐿𝐿 in the combination of single-𝑀 and 𝑀𝑀 analyses is

𝐿𝐿 = 1.3 +3.1
→1.6,

with a 68% CL interval of [→0.3, 4.4] and a 95% CL interval of [→1.5, 6.5]. The expected result under
the SM hypothesis is 𝐿𝐿 = 1.0 +3.7

→1.4, with a 68% CL interval [→0.5, 4.6] and a 95% CL interval [→1.5, 6.8].
Observed results for the individual single-𝑀 and 𝑀𝑀 inputs, and for a generic model in which 𝐿𝑀 , 𝐿𝑁 , 𝐿𝑂
and 𝐿𝑃 are also profiled alongside 𝐿𝐿, are summarised in Table 10. The observed likelihood scans of 𝐿𝐿 are
shown in Figure 13. The corresponding expected results are shown in Table 23 in Appendix H. Observed
constraints in the two-dimensional planes (𝐿𝐿, 𝐿𝑁 ) and (𝐿𝐿, 𝐿𝑄) with all other coupling modifiers fixed to
their SM values are shown in Figure 14.

The expected 68% and 95% CL intervals on 𝐿𝐿 as a function of the true value of 𝐿𝐿 are shown in Figure 15,
illustrating the relative contribution of the single-𝑀 and 𝑀𝑀 results. For some values of the true 𝐿𝐿, the
single-𝑀 results have the e!ect of lifting a degeneracy in 𝐿𝐿 intervals at 95% CL that are obtained from the
𝑀𝑀 results alone.

The combined result 𝐿𝐿 = 1.3 +3.1
→1.6 is consistent with the SM prediction. The single-𝑀 and 𝑀𝑀 inputs

provide complementary sensitivities: 𝑀𝑀 production is sensitive to 𝐿𝐿 at leading order through the trilinear
Higgs boson vertex in the 𝑃𝑃F 𝑀𝑀 amplitude and dominates the combined constraint, particularly at large
values of |𝐿𝐿 | where the 𝑀𝑀 production rate di!ers significantly from the SM expectation. Single-𝑀
processes acquire sensitivity to 𝐿𝐿 only through NLO electroweak corrections parameterised by the 𝑄1
coe"cients; among single-𝑀 production modes, 𝑅𝑅𝑀 has the largest𝑄1 coe"cient and the greatest individual
sensitivity to 𝐿𝐿, but these corrections are at most a few percent for order-unity deviations on 𝐿𝐿 from unity.
The combination of the two inputs yields a significant improvement in sensitivity with respect to either
input alone.

In the generic model where 𝐿𝑀 , 𝐿𝑁 , 𝐿𝑂 and 𝐿𝑃 are profiled alongside 𝐿𝐿, the expected upper and lower
bounds on 𝐿𝐿 at 68% CL are looser when compared to the case where other modifiers are fixed to the SM,
respectively by 1% and 5%. The complementarity of the 𝑀𝑀 and single-𝑀 inputs takes a qualitatively
di!erent form in this model: the 𝐿𝐿-induced shift in single-𝑀 rates can largely be absorbed by adjustments

34
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and DM-CPV models, so Monte Carlo (MC) simulated
events are generated only in the TRSM, as described in
Sec. III, and results are interpretable in both models.
Finally, scenarios with resonant production of generic

heavy spin-0 bosons X and S are also considered, with
masses mX > mS, covering 550 < mX < 1500 GeV and
275 < mS < 1000 GeV. The search covers benchmark
scenarios in which both particles have either a narrow or
wide decay width, with resonances that have a width below
or just above the detector resolution, respectively. Only
resonant ggF production [Fig. 1(a)] is chosen for consid-
eration to give a simplified treatment and avoid the large
contributions from nonresonant diagrams at leading order
in the TRSM. This interpretation allows the search to probe
generically for resonances that lie beyond the masses
permitted by the TRSM benchmark.
To enable these interpretations, the analysis is divided

into three searches based on the kinematics of the signal
models considered: “nonresonant,” “resonant,” and “heavy
resonant.” The nonresonant search is used for the TRSM
parameter space dominated by nonresonant production and
the SM-like interpretation, the resonant search is used for
the TRSM parameter space dominated by resonant pro-
duction, and the heavy-resonant search is used for the
generic heavy-resonance signal models. Each search fol-
lows the same general analysis strategy. Deep neural
network (DNN) classifiers are trained to discriminate
between the relevant signals and the SM background.
The dominant SM background process in all searches is
the quantum chromodynamics (QCD) multijet production,
which is estimated by using an entirely data-driven
approach based on an extrapolation between different

b-jet multiplicities. To obtain the final results in each
search, a profile likelihood fit is performed over the binned
DNN score distribution.
The structure of this paper is as follows. In Sec. II, the

ATLAS detector is described, followed by a summary of the
data and MC simulated events used in Sec. III. Section IV
explains how events are reconstructed, and Sec. V explains
the analysis strategy and how signal events are selected. In
Sec. VI, the estimate of the SM background is described,
followed by an explanation of the statistical interpretation in
Sec. VII. A summary of the uncertainties considered is
presented in Sec. VIII and, finally, the results and con-
clusions are provided in Secs. IX and X, respectively.

II. ATLAS DETECTOR

The ATLAS experiment [11] at the LHC is a multipur-
pose particle detector with a forward–backward symmetric
cylindrical geometry and a near 4π coverage in solid angle.1

It consists of an inner tracking detector (ID) surrounded by
a thin superconducting solenoid providing a 2T axial
magnetic field, electromagnetic and hadronic calorimeters,
and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range jηj < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation
tracking detectors. Lead/liquid-argon (LAr) sampling cal-
orimeters provide electromagnetic (EM) energy measure-
ments with high granularity within the region jηj < 3.2. A
steel/scintillator-tile hadronic calorimeter covers the central
pseudorapidity range (jηj < 1.7). The end cap and forward
regions are instrumented with LAr calorimeters for EM and
hadronic energy measurements up to jηj ¼ 4.9. The muon
spectrometer (MS) surrounds the calorimeters and is based
on three large superconducting air-core toroidal magnets
with eight coils each. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the detector. The
muon spectrometer includes a system of precision tracking
chambers up to jηj ¼ 2.7 and fast detectors for triggering
up to jηj ¼ 2.4. The luminosity is measured mainly by the
LUCID-2 [15] detector, which is located close to the
beam pipe. A two-level trigger system is used to select
events [16]. The first-level (L1) trigger is implemented in
hardware and uses a subset of the detector information to
accept events at a rate below 100 kHz. This is followed by a
software-based trigger (HLT) that reduces the accepted
event rate to 1 kHz on average depending on the data-taking

FIG. 1. Leading-order Feynman diagrams for gluon-gluon fusion
tripleHiggs boson production. The symbolshi and hj represent any
of the SMHiggsH or heavy scalars,X and S. The resonant cascade
decay is shown in (a), direct resonant triple Higgs production is
shown in (b), resonant di-higgs production in association with a
single Higgs boson is shown in (c) and fully non-resonant
production is shown in (d). For the case where hi ¼ hj ¼ H, the
solid circle indicates the trilinear self-coupling λ3, and the open
circle indicates the quartic-linear self-coupling λ4.

1ATLASuses a right-handed coordinate systemwith its origin at
the nominal interaction point (IP) in the center of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the
center of the LHC ring, and the y-axis points upwards. Polar
coordinates ðr;ϕÞ are used in the transverse plane, withϕ being the
azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle θ as η ¼ − ln tanðθ=2Þ and is equal to the
rapidity y ¼ 1

2 lnð
Eþpz
E−pz

Þ in the relativistic limit. Angular distance is

measured in units of ΔR≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
.

G. AAD et al. PHYS. REV. D 111, 032006 (2025)
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通过HHH→6b过程（19.8%），⾸次测量四线Higgs⾃耦合强度: 
๏ 观测(期望)HHH截⾯上限值 : 760（750）× SM  
๏ 希格斯⾃耦合强度kλ观测(期望)束缚区间[-11, 17]([-11, 17]) 
๏ 希格斯⾃耦合强度k4观测(期望)束缚区间[-230, 240]([-230, 240]) 
๏ 发表⼀篇⽂章 [PRD 111 (2025) 032006]，项⽬成员担任分析的负责⼈，主导贡献
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1. Studies of new Higgs boson interactions through nonresonant HH production in the bbgg final state in pp collisions at sqrt(s) = 13 TeV with the 
ATLAS detector, JHEP 01 (2024)066 

2. Search for the nonresonant production of Higgs boson pairs via gluon fusion and vector-boson fusion in the bb tautau final state in proton-proton 
collisions at sqrt(s) =13 TeV with the ATLAS detector, Phys. Rev. D 110 (2024) 032012 

3. Search for pair production of boosted Higgs bosons via vector-boson fusion in the bb¯bb¯ final state using pp collisions at s√=13 TeV with the 
ATLAS detector, Phys. Lett. B 858 (2024) 139007 

4.  Search for non-resonant Higgs boson pair production in the 2b+2l+ETmiss final state in pp collisions at sqrt(s)= 13 TeV with the ATLAS detector, 
JHEP 02 (2024) 037 

5. Search for non-resonant Higgs boson pair production in final states with leptons, taus, and photons in pp collisions at s = 13 TeV with the ATLAS 
detector, JHEP 08 (2024) 164 

6.  Combination of Searches for Higgs Boson Pair Production in pp Collisions at sqrt(s) = 13 TeV with the ATLAS Detector, PRL133(2024) 101801 

7. Search for triple Higgs boson production in the 6b final state using pp collisions sqrt(s) = 13 TeV with the ATLAS detector, PRD 111(2025) 032006 

8.  Study of Higgs boson pair production in the HH→bbγγ final state with 308 fb−1 of data collected at s√=13 TeV and 13.6 TeV by the ATLAS 
experiment, PLB 876 (2026) 140280  

9.  Combination of ATLAS and CMS searches for Higgs boson pair production at √s=13 TeV, arXiv:2602.23991 (PRL)

已发表9+2篇期刊⽂章



下⼀步⼯作安排
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已完成课题2终期考核指标，将进⼀步提⾼HH和希格斯⾃耦合强度测量精度 

围绕课题⽬标，结合分析的复杂度，基于Partial Run3的⾼统计量数据完善课题研究内容： 

๏ 多底夸克末态HH截⾯测量： HH→bbττ(Partial Run3), HH→bbbb(Partial Run3) 

๏ 多轻⼦末态HH截⾯测量：HH→bbll+ ET,miss （Partial Run3），HH→Multi-lepton（Partial 
Run3） 

๏ HH联合测量：HH+H(Run2), 每个⼦衰变模式的Run2+Partial Run3联合研究



 组织管理和经费使⽤情况
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科⽬名称 执⾏数(万)

业务费 109.7

劳务费 70.3

间接费 43.2

总费⽤ 223.2

按项⽬计划，组织和参加课题相关学术交流讨论 

经费完成度为106% 

๏ 中期计划执⾏数：210万 

๏ 已执⾏数：223.2万 

劳务费严重超额 

๏ 劳务费已全部⽤完



总结
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围绕课题2的研究⽬标和内容，按计划组织研究任务： 

๏ 研究⽅向⼀（多底夸克末态）：基于Partial Run3数据和bbγγ末态，完成⾸个Run3 HH测量 

๏ 研究⽅向⼆（多轻⼦末态）：完成⾸次多轻⼦末态混合测量 

๏ 研究⽅向三（HH联合测量）：完成⾸个ATLAS-only HH联合测量，⾸次实现ATLAS-CMS HH联
合测量 

๏ 发表11篇期刊⽂章（2篇PRL，最近投送2篇） 

๏ 圆满提前达到课题预设考核指标 

课题组织/管理、⼈才培养等各⽅⾯情况良好 

经费使⽤情况良好，执⾏率为106%
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