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Stringent test of the standard model
Has been tested by many experiments since its formulation

Participation in Belle II | Carsten Niebuhr Page

Direct production of new particles

Energy frontier

Looking Beyond the Standard Model
Complementary Pathways to New Physics

!2

Intensity frontier

Indirect sensitivity through loops

Current experimental situation 

• No clear evidence for Beyond Standard Model (BSM) physics at the high energy frontier 
• Intensity frontier offers indirect sensitivity to very high scales

2 Introduction

new form of matter that interacts through gravity and possibly through very weak couplings to the SM
fields; hence the term “dark.” In addition, the observed asymmetry of matter and antimatter in the universe
remains unexplained by the SM.

These considerations point to the existence of new physics, defined as laws and symmetries of Nature that
lie beyond the SM. Currently, numerous imaginative theories for new physics have been proposed, but
experiments have yet to provide guidance pointing to the correct fundamental theory. Much of the worldwide
e↵ort in particle and nuclear physics is driven by searches for evidence of new particles and interactions.

The three-frontier model of particle physics was defined by the Particle Physics Project Prioritization Panel
in its 2008 report [1] and is often represented by the Venn diagram in Fig. 1-1. It has proven beneficial
for various levels of communication and is now widely used and recognized. Each frontier employs di↵erent
tools and techniques, but all frontiers work together to address the same fundamental questions.

At the cosmic frontier, physicists use the universe as an experimental laboratory and observatory, taking
advantage of naturally occurring events to observe indications of new interactions. Research focuses on
understanding dark energy and dark matter, employing a variety of instruments to measure particles on or
close to Earth. This program is pursued worldwide with a leading component in the United States.

At the energy frontier, experiments explore the highest possible energies reachable with accelerators, directly
looking for new physics via the production and identification of new states of matter. This has the advantage
of direct observation in a laboratory setting, but is limited by the kinematical reach of high energy colliders.
This work is now being carried out at the LHC at CERN, which collides protons at a center of mass energy
of 7-8 TeV, increasing to 14 TeV in the next few years.

At the intensity frontier, experiments use intense sources of particles from accelerators, reactors, the sun and
the atmosphere to explore new interactions. This involves ultra-precise measurements to search for quantum
e↵ects of new particles in rare processes or e↵ects that give rise to tiny deviations from SM predictions. This
technique has the asset of exploring very high energy scales, although pinpointing the correct underlying
theory is more complex. This program is currently pursued worldwide.

Figure 1-1. Illustration of the three frontiers of particle physics from [1].

Fundamental Physics at the Intensity Frontier

Significant deviations from the SM predictions can indicate the presence of physics beyond the SM.

The energy frontier 

• Particle beams colliding at high 
energies 

• Direct production of new 
particles 

• E.g. is the Higgs boson at 
125 GeV the SM Higgs?

The intensity frontier 

• High-flux beams colliding at 
low energies 

• Uncover new particles 
indirectly 

• E.g. could alter the lepton 
flavour universality

Perform measurements across a broad range of observables and compare them to SM predictions.
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ATLAS, CMS and Belle II
Main players at DESY

Rich harvest of data: 

• LHC delivered  at Run2, and already  in Run3 

• Belle II collected same amount of data as the first generation 
B-factories 

Key contributions to operations and calibration.  

Examples: 

• Alignment of CMS and Belle II detectors with Millipede II 
(program developed by UHH and DESY scientists) 

• Unprecedented  precision of luminosity measurement  
(ATLAS 0.83% full Run 2, CMS 1.2% in 2016) 

• Neutral and charged particle reconstructions at Belle II       
(DESY scientists holding leading positions)

140 fb−1 196 fb−1
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Higgs boson couplings to bosons and fermions
Only interaction that distinguishes the generations of fermions

Detailed portrait of the Higgs boson from ATLAS and 
CMS 10 years after its discovery 

• Statistical combination of a large range of 
measurements of different Higgs boson production and 
decay channels using LHC Run 2 data 

• The measurements are interpreted in the 𝜅-framework  

•  is multiplicative modifier of SM Higgs coupling 

• Precision of 6-8% on couplings to bosons and 7-12% 
on couplings to third-generation fermions

κ

ATLAS: Nature 607 52 (2022) 
CMS:   Nature 607 60 (2022)
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Figure 5: Reduced Higgs boson coupling strength modifiers and their uncertainties. They are defined as
𝐿𝐿𝑀𝐿/vev for fermions (𝑁 = 𝑂, 𝑃, 𝑄, 𝑅) and →

𝐿𝑀𝑀𝑀/vev for vector bosons as a function of their masses 𝑀𝐿 and 𝑀𝑀 .
Two fit scenarios with 𝐿𝑁 = 𝐿𝑂 (coloured circle markers), or 𝐿𝑁 left free-floating in the fit (grey cross markers) are
shown. Loop-induced processes are assumed to have the 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 𝑆-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.

not substantially a!ect the kinematic properties of the Higgs boson decay products. The fit results for the
scenario in which invisible or undetected non-SM Higgs boson decays are assumed not to contribute to
the total Higgs decay width, i.e. 𝑇inv. = 𝑇u. = 0, are shown in Figure 6 together with the results for the
scenario allowing such decays. To avoid degenerate solutions, the latter constrains 𝑇u. ↑ 0 and imposes the
additional constraint 𝐿𝑀 ↓ 1 that naturally arises in a variety of scenarios of physics beyond the SM [54,
55]. All measured coupling strength modifiers are compatible with their SM predictions. When allowing
invisible or undetected non-SM Higgs boson decays to contribute to the total Higgs boson decay width,
the previously measured coupling strength modifiers do not change significantly, while upper limits of
𝑇u. < 0.12 (expected 0.21) and 𝑇inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of 𝑇inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the 𝐿 parameter measurements. The exceptions are the 𝐿𝑃, 𝐿𝑄𝑅 , 𝐿𝑁 and 𝑇u.
measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 56–58]. The framework partitions the phase space

10

Couplings to the Higgs boson scale with the particle mass

Kunlin Ran, 
Tina Ojeda, 
Birgit Stapf, 
Petar Bokan
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Characterising the Higgs boson production
Studying the kinematics for individual production processes

ATLAS: :  

• Most precise single-channel inclusive and differential 
cross section

tt̄H( → bb̄)

Figure 3: The 𝐿𝐿𝑀 cross-sections measured in bins of truth Higgs boson 𝑁T for a Higgs boson rapidity |𝑂 | → 2.5,
and measured inclusively in the full phase space, normalised to their SM predictions, as obtained from a combined
profile-likelihood fit to data in all signal and control regions. The uncertainties are shown separately for the
measurement and the prediction.

Figure 4: Post-fit correlations between the measured values of the 𝐿𝐿𝑀 cross-section, 𝑃
𝐿𝐿𝑀

, in bins of truth 𝑁
𝑀

T .

19

ATLAS:  arXiv:2407.10904 
CMS:     EPJ C83 (2023) 562 
 STXS:   arXiv:1906.02754

Best sensitivity to the high  region, 
particularly sensitive to BSM physics

pT

CMS :  

• Exploit NN event selection, enhancing the precision of differential results 

ggH, qqH, VH(H → τ+τ−)

The measured differential cross sections span 
several orders of magnitude, probing the BSM 
physics in a wide range. 
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Figure 14: Cross section measurements in the (upper left) stage-0 bins, and in the stage-1.2
bins related to the (lower left) VH, (upper right) qqH, and (lower right) ggH processes. The
combination of the CB- and VH-analyses is labeled by CB, the combination of the NN- and VH-
analyses is labeled by NN. Central values and combined statistical and systematic uncertainties
are given for each measurement.
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The differential cross-section affected by the modifications of the 
coupling strength to b- and c-quarks 

• Constraint on charm Yukawa coupling from  pT

6

Higgs total and differential cross sections
Excellent resolution channels H→γγ and H→ZZ*→4l

First N3LL' +N3LO theory calculation for total and differential cross 
section in gluon fusion, including also fiducial region for H→γγ 

• Highest order prediction achieved at a hadron collider

First ATLAS physics 
paper with Run 3 data

ATLAS: JHEP 05 (2023) 028 
             EPJ. C 84 (2024) 78 
Theory: PRL 127 (2021) 7

Unprecedented precision of 7%, comparable to that of the SM (5%). 
                     σpp→H = 55.5+4.0

−3.8 pb σSM
pp→H = 55.6 ± 2.5 pb

 ⊂ [-2.27,2.27] at 95% CL using DESY gluon fusion theory predictions                        κc

the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either 𝐿 or 𝑀 bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (𝑁 = 𝑀 , 𝐿) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (𝑂𝑂𝑃) or 𝑄-quarks (𝑄�̄�𝑃) each account
for about 1% of the total rate. The contribution of other 𝑅𝑅𝑃 processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(𝑂𝑃). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(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 (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. 𝑀 bosons with a probability, or branching fraction, of 22%, 𝐿 bosons 3%, photons (𝑆) 0.2%, 𝐿
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 𝑄-quarks 58%, 𝑇-quarks 3%, 𝑈-leptons
6%, and muons (𝑉) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
𝑄-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 𝐿 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, processes involving couplings to 𝑀 or 𝐿 bosons in
green, to quarks in orange, and to leptons in red. Two di!erent shades of green (orange) are used to separate the VBF
and 𝑁𝑃 (𝑂𝑂𝑃 and 𝑂𝑃) production processes.

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, di!erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM 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 SM that are not observable
through measurements of the coupling strengths.
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between aHtt and fCP may be inferred from the decay of a H via t leptons to two outgoing
charged particles [39] as

dG
dfCP

(H ! t+t�) ⇠ 1 � b(E+)b(E�)
p2

16
cos(fCP � 2aHtt). (3)

In this equation, the outgoing charged particles have an energy E± in their respective t rest
frames. The functions b are spectral functions [40] that encapsulate the correlation between the
t spin and the momentum of the outgoing charged particle. We note that the spectral functions
for the leptonic and various hadronic decays are different.

Figure 1: The decay planes of two t leptons decaying to a single charged pion. The angle fCP
is the angle between the decay planes. The illustration is in the H rest frame.

Figure 2 shows the normalised distribution of fCP at the generator level, calculated in the rest
frame of the H, for the scalar, pseudoscalar, and maximally mixed values of aHtt, as well as
the fCP distribution from Drell–Yan processes. The simulated event samples that are used to
generate these distributions are discussed in Section 4. These distributions are for the scenario
where both t leptons decay to a charged pion and a neutrino.

There is a phase shift between different mixing scenarios such that the difference in fCP equals
two times the difference in aHtt, as given by Eq. (3). It is important to note that the distribu-
tion of fCP for the Drell–Yan background is constant; we will exploit this symmetry to reduce
statistical fluctuations in the background estimates, as explained in Section 9.

The observable fCP was originally introduced in the context of e+e� collisions [41, 42] where
the t lepton momenta can be reconstructed and thus fCP can be calculated in the H rest frame.
In hadronic collisions the momenta of the neutrinos cannot be well constrained, except for
the configuration in which both t leptons decay via the a3pr

1 mode to three charged pions—
where the momenta of the t leptons can be further constrained from the reconstruction of the
t lepton production and decay vertices. Therefore, the methods for estimating fCP have been
extended and optimised for hadronic collisions [37], as discussed in Section 6. Throughout
this document, we will denote the angle between the t decay planes as fCP, irrespective of the
frame in which it is calculated.
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The CP properties of Higgs boson
First measurement of the CP structure of the Higgs coupling to τ leptons

Exploit the angular correlations between decay planes 
of the τ leptons 

• a phase shift between different mixing scenarios 

• Constraints on the ratio of the CP-odd and the CP-even 
components

34

Figure 13: The 2-D scan of the (reduced) CP-even (kt) and CP-odd (ekt) t Yukawa couplings.
The 68.3, 95.5, and 99.7% confidence regions are overlaid.

0 60 120 180 240 300 360
 (degrees)

CP
φ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

/(S
+B

) w
ei

gh
te

d 
ev

en
ts

 / 
bi

n
S

A

CMS  (13 TeV)-1137 fb

 Bkg.−Obs. 
Bkg. unc.

° = 0ττHα
° = 90ττHα

ρ + eρµ + ρπ + ρρ

Figure 14: The fCP distributions for the rr, pr, µr, and er channels weighed by A S/(S +
B) are combined. Events are included from all MVA score bins in the four signal categories.
The background is subtracted from the data. The scalar distribution is depicted in red, while
the pseudoscalar is displayed in blue. In the predictions, the rate parameters are taken from
their best fit values. The grey uncertainty band indicates the uncertainty in the subtracted
background component. In combining the channels, a phase-shift of 180� was applied to the
channels involving a lepton since this channel has a phase difference of 180� with respect to the
two hadronic channels due to a sign-flip in the spectral function of the light lepton.
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Fig. 9 1-flavor models (τ, t, b):
constraints on the CP-even and
CP-odd modifiers of a the
tau-Yukawa, b the
bottom-Yukawa, as well as c the
top-Yukawa interactions based
on LHC measurements (black),
eEDM limits (red), and the ratio
YVIA
B /Y obs

B (blue contours and
vertical scale on the right). The
green colored areas indicate the
parameter regions satisfying the
LHC and eEDM constraints for
which YVIA

B /Y obs
B ≥ 1

(a) (b)

(c)

Fig. 10 1-flavor models (c, µ):
Constraints on the CP-even and
CP-odd modifiers of (a) the
charm-Yukawa as well as (b) the
muon-Yukawa interactions. The
legend corresponds to the one in
Fig. 9

(a) (b)

that is allowed by the eEDM constraint, only YVIA
B /Y obs

B !
0.01 can be reached.

µ Yukawa coupling For the case where the Yukawa cou-
pling of the muon is allowed to float, see Fig. 10b, we find
qualitatively different results. Due to the small muon Yukawa
coupling, the eEDM constraint on c̃µ is weak, allowing for
c̃µ < 31 which corresponds to YVIA

B /Y obs
B ! 3.1. However,

the measurement of the H → µ+µ− decay at the LHC out-
performs the eEDM by constraining the imaginary part of the

muon Yukawa coupling to maximally c̃µ < 1.6 (for cµ = 0),
corresponding to YVIA

B /Y obs
B ! 0.16. Hence, the sensitivity

to this rare decay already provides the dominant informa-
tion on the CP-odd part of the muon Yukawa coupling, in
agreement with the findings of Ref. [66].

4.2.2 2-flavor models

In Figs. 11 and 12 we consider modifications of the Higgs
interactions with two different flavors.
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CMS:    JHEP 06 (2022) 012 
Theory: EPJ C82 (2022) 604

Current limits of CP violation in  is sufficient to explain the 
baryon asymmetry in the universe

H → ττ

The pure CP-odd state is disfavoured at 3 s. d.

Global analysis of the CP structure -  joint activity theory/experiment: 

• Combine  coupling and CP measurements, with constraints from 
electron dipole moment measurements

Hττ
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[21], by exploiting the angular correlations between the decay planes of the tau leptons produced in 
the decay. The result disfavors the hypothesis of a pure CP-odd state at the level of 3 standard 
deviations, and it puts constraints on the ratio of the CP-odd and the CP-even components for the 
case where the observed Higgs boson is a CP-mixed state. Global analyses of the LHC constraints on 
the CP structure of the Higgs couplings to fermions have been carried out in references [22,23] 
(milestone FPF-2). Considering also the constraints from electric dipole moments, it has been shown 
that the allowed amount of CP violation in the Higgs coupling to ( leptons may be able to account for 
the observed baryon asymmetry [23]. A general classification of CP violation in the Standard Model 
Effective Field Theory (SMEFT) has been worked out [24,25].  

Experimental information on the Higgs self-couplings provides access to the Higgs field potential, 
which is of fundamental importance for the understanding of the evolution of the Universe. Constraints 
on the Higgs self-coupling can be obtained by searching for di-Higgs production, a very rare process 
with a SM cross section that is about one thousand times smaller than the one for single Higgs boson 
production. An ATLAS combination of several final states, including 334($(% as the most sensitive 
channel [26], has allowed to constrain the Higgs self-coupling modifier to −1.2	 < /* < 7.2 (−1.6	 <
/* < 7.2 expected) [27]. The combination also constrains the 00"" coupling modifier to 0.57	 < /'+ <
1.48 (0.41	 < /'+ < 1.65 expected), with the strongest contribution from the 43 final state [28]. Although 
the experimental limits on the trilinear Higgs self-coupling set by ATLAS and CMS are still relatively 
weak, they have been shown to already probe parameter regions of extensions of the SM that so far 
were unconstrained by all existing experimental and theoretical bounds [29]. This is illustrated on the 
left side of fig. 2.1.5. An exploratory study for constraining the quartic Higgs self-coupling via the 
process of triple-Higgs production at the LHC was also carried out [30]. 

Run 3 of the LHC has started successfully in 2022 at a new center-of-mass energy of √? = 13.6	TeV. 
The DESY CMS group performed the analysis for the first Run 3 paper, on a measurement of the EE̅ 
production cross section at √? = 13.6	TeV based on about the first fb-1 of collected data [31], as shown 
in fig. 2.1.5 (right). Another highlight in top-quark physics, to which the DESY CMS group made 
leading contributions, has been the evidence for the production of four top quarks (milestone FPF-3) 
based on the full Run-2 data [32]. The production of four top quarks is a very rare process and 
sensitivity so some models of physics beyond the SM. By combining all-hadronic and leptonic 
channels, CMS achieved a significance of 4.0 (3.2) observed (expected) standard deviations, with a 
cross section value of 17 ± 4(stat.)±3(syst.)	fb, consistent with the SM expectation.   

 
Figure 2.1.5: Left: Experimental upper bound (dotted red line) on the trilinear Higgs self-coupling, κλ, in 
comparison to the prediction in an extended Higgs sector comprising two Higgs doublets (2HDM) at the 
one-loop and the two-loop level [29]. The theoretical constraint from perturbative unitarity is shown in 
grey. The part of the two-loop curve indicated in red is excluded by the experimental limit on κλ, while it 
would be allowed by all other experimental and theoretical constraints. Right: CMS measurements of the 
&&̅ production cross section as a function of √s [31], including the first Run 3 measurement at √s = 13.6 
TeV. The experimental results are compared to the SM prediction at NNLO+NNLL precision. 
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Higgs self coupling
Important for the understanding of the evolution of the universe

• Direct probe of trilinear self-coupling and quartic coupling between two Higgs 
bosons and two vector bosons  

Probe the extensions of the SM 

• Example: the two Higgs doublets model in so far unconstrained parameter regions 

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 LHC during its second phase (Run 2, 2015–2018). The
95% confidence level (CL) observed (expected) upper limit
on the HH production signal strength μHH ¼ ðσggF þ
σVBFÞ=ðσSMggF þ σSMVBFÞ from the combination is 2.4 (2.9)
with respect to the case μHH ¼ 0, which is later referred to
as the background-only hypothesis. Using the values of the
combination test statistic as a function of either κλ or κ2V,
when all other coupling modifiers are set to unity, the
observed (expected with respect to the SM prediction)
95% confidence intervals (CIs) are κλ ∈ ½−0.6; 6.6&
(½−2.1; 7.8&) and κ2V ∈ ½0.1; 2.0& ([0.0, 2.1]). The CMS
Collaboration also performed a combination of HH analy-
ses in multiple final states, based on their full Run 2 dataset
[12]. The observed (expected) 95% CL upper limit on μHH
is 2.5 (3.4). The observed allowed ranges of κλ and κ2V are
restricted to κλ ∈ ½−1.24; 6.49& and κ2V ∈ ½0.67; 1.38&. No
significant excess over the background-only hypothesis is
observed by any of these analyses.
The bb̄τþτ− final state captures 7.3% of all HH final

states and provides a compromise between expected signal
event yield and background contamination. This leads to a
sensitivity similar to that of the bb̄bb̄ and bb̄γγ decay
modes. The latest ATLAS results for HH → bb̄τþτ− with
the full LHC Run 2 dataset are documented in Ref. [37].
They result in an observed (expected) 95% CL upper limit
on the total HH production cross section of 4.7 (3.9) times
the SM prediction with respect to the background-
only hypothesis. Moreover, observed (expected) 95% CIs

on κλ and κ2V are κλ ∈ ½−2.7; 9.5& (½−3.1; 10.2&) and
κ2V ∈ ½−0.6; 2.7& (½−0.5; 2.7&), respectively [35]. Recent
results from the CMS Collaboration [39] set an observed
(expected) upper limit of 3.3 (5.2) times the SM production
cross section at 95% CL over the background-only hypoth-
esis. Additionally, constraints are set on κλ and κ2V with
respect to the background-only hypothesis, leading to the
observed (expected) 95% CL constraints κλ ∈ ½−1.7; 8.7&
(½−2.9; 9.8&) and κ2V ∈ ½−0.4; 2.6& (½−0.6; 2.8&).
In this paper, an updated search for nonresonant Higgs

boson pair production in the bb̄τþτ− final state with the full
Run 2 ATLAS dataset is presented, superseding and
expanding upon the nonresonant results of Ref. [37].
Compared with the previous publication, the overall object
identification, trigger strategy and event selection in the
signal-enriched regions is unchanged, but an optimized
classification of the selected events is implemented to
enhance the sensitivity to κλ and to the VBF production
mode. Improved multivariate classifiers are used to exploit
the kinematic features of SMVBFHH production to define
a dedicated VBF category, which improves the sensitivity
to anomalous values of the coupling modifiers κλ and κ2V .
Updated Monte Carlo (MC) predictions are used for
describing the main backgrounds of top-quark pair pro-
duction (tt̄) and Z boson production in association with
heavy-flavor quarks, leading to a more accurate modelling
of these processes and enhancing the statistical power of the
simulation. The event selection for the auxiliary measure-
ment of the background from Z boson production in

(a) (b) (c)

FIG. 2. Leading-order Feynman diagrams of the VBF HH production process. The gHHVV coupling modifier is shown as κ2V , the
Higgs self-coupling modifier as κλ, and the modifier for the coupling of the Higgs boson to the SM vector bosons V as κV .

(a) (b)

FIG. 1. Leading-order Feynman diagrams of the ggF HH production process: (a) box and (b) triangle diagrams. The Higgs self-
coupling modifier is shown as κλ, while the modifier for the coupling of the Higgs boson to the top quark is shown as κt.
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the LHC during its second phase (Run 2, 2015–2018). The
95% confidence level (CL) observed (expected) upper limit
on the HH production signal strength μHH ¼ ðσggF þ
σVBFÞ=ðσSMggF þ σSMVBFÞ from the combination is 2.4 (2.9)
with respect to the case μHH ¼ 0, which is later referred to
as the background-only hypothesis. Using the values of the
combination test statistic as a function of either κλ or κ2V,
when all other coupling modifiers are set to unity, the
observed (expected with respect to the SM prediction)
95% confidence intervals (CIs) are κλ ∈ ½−0.6; 6.6&
(½−2.1; 7.8&) and κ2V ∈ ½0.1; 2.0& ([0.0, 2.1]). The CMS
Collaboration also performed a combination of HH analy-
ses in multiple final states, based on their full Run 2 dataset
[12]. The observed (expected) 95% CL upper limit on μHH
is 2.5 (3.4). The observed allowed ranges of κλ and κ2V are
restricted to κλ ∈ ½−1.24; 6.49& and κ2V ∈ ½0.67; 1.38&. No
significant excess over the background-only hypothesis is
observed by any of these analyses.
The bb̄τþτ− final state captures 7.3% of all HH final

states and provides a compromise between expected signal
event yield and background contamination. This leads to a
sensitivity similar to that of the bb̄bb̄ and bb̄γγ decay
modes. The latest ATLAS results for HH → bb̄τþτ− with
the full LHC Run 2 dataset are documented in Ref. [37].
They result in an observed (expected) 95% CL upper limit
on the total HH production cross section of 4.7 (3.9) times
the SM prediction with respect to the background-
only hypothesis. Moreover, observed (expected) 95% CIs

on κλ and κ2V are κλ ∈ ½−2.7; 9.5& (½−3.1; 10.2&) and
κ2V ∈ ½−0.6; 2.7& (½−0.5; 2.7&), respectively [35]. Recent
results from the CMS Collaboration [39] set an observed
(expected) upper limit of 3.3 (5.2) times the SM production
cross section at 95% CL over the background-only hypoth-
esis. Additionally, constraints are set on κλ and κ2V with
respect to the background-only hypothesis, leading to the
observed (expected) 95% CL constraints κλ ∈ ½−1.7; 8.7&
(½−2.9; 9.8&) and κ2V ∈ ½−0.4; 2.6& (½−0.6; 2.8&).
In this paper, an updated search for nonresonant Higgs

boson pair production in the bb̄τþτ− final state with the full
Run 2 ATLAS dataset is presented, superseding and
expanding upon the nonresonant results of Ref. [37].
Compared with the previous publication, the overall object
identification, trigger strategy and event selection in the
signal-enriched regions is unchanged, but an optimized
classification of the selected events is implemented to
enhance the sensitivity to κλ and to the VBF production
mode. Improved multivariate classifiers are used to exploit
the kinematic features of SMVBFHH production to define
a dedicated VBF category, which improves the sensitivity
to anomalous values of the coupling modifiers κλ and κ2V .
Updated Monte Carlo (MC) predictions are used for
describing the main backgrounds of top-quark pair pro-
duction (tt̄) and Z boson production in association with
heavy-flavor quarks, leading to a more accurate modelling
of these processes and enhancing the statistical power of the
simulation. The event selection for the auxiliary measure-
ment of the background from Z boson production in

(a) (b) (c)

FIG. 2. Leading-order Feynman diagrams of the VBF HH production process. The gHHVV coupling modifier is shown as κ2V , the
Higgs self-coupling modifier as κλ, and the modifier for the coupling of the Higgs boson to the SM vector bosons V as κV .

(a) (b)

FIG. 1. Leading-order Feynman diagrams of the ggF HH production process: (a) box and (b) triangle diagrams. The Higgs self-
coupling modifier is shown as κλ, while the modifier for the coupling of the Higgs boson to the top quark is shown as κt.

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

032012-2

ATLAS:   PRL 133, 101801 (2024) 
Theory:   PRL 129, 231802 (2022)

The most sensitive test of Higgs boson self-interaction from di-Higgs production 

Data constrains: 
   and   −1.2 < κλ < 7.2 0.57 < κ2V < 1.48

95% CL upper limit on  signal strength  HH μHH
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Figure 11: Comparison of the sin2 θωeff values measured in this analysis with previous measure-
ments [1, 9–12, 14] and the result of a SM global fit [2].
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closer to each other, as illustrated in Fig. 12.

The value of sin2 θωeff is determined in a profiling analysis, by minimising the χ2 function

χ2(εexp, εth) =
Ndata

∑
i=1

(ϱexp
i

+ ∑j Γexp
ij

ε j,exp → ϱth
i
→ ∑k Γth

ik
εk,th)

2

∆2
i

+ ∑
j

ε2
j,exp + ∑

k

ε2
k,th.

The correlated experimental (theoretical) uncertainties are included in the nuisance vector εexp
(εth) and their impact on the measured distributions (theory predictions) is described by the
matrix Γexp (Γth). The index i runs over all Ndata = 63 data points of the (|Y|-M) double-
differential A4 measurement, combining the four detection channels and using the four data-
taking periods, whereas the j and k indices correspond to the experimental and theoretical
uncertainty nuisance parameters, respectively. The measurements and the uncorrelated ex-
perimental uncertainties are represented by ϱ

exp
i

and ∆i, respectively, whereas the theoretical
predictions are denoted by ϱth

i
. The information in the experimental covariance matrix of the

A 4

9

Effective electroweak mixing angle sin2 θeff

 is measured from the forward-backward asymmetry of 
 or  ( ) with respect to the direction of  

boson  motion 

 

• Unfolded as an angular coefficient  

• Result in perfect agreement with SM prediction

sin2 θeff
μ+ e+ qq̄ → Z /γ → ℓ+ℓ− Z

AFB = (NF − NB)/(NF + NB)

A4

CMS: arXiv:2408.07622

full phase space before FSR  
AFB = 3/8 A4

Drives the strength of the neutral component of the weak interaction.

Most precise measurement at hadron colliders: 
sin2 θℓ

eff = 0.23157 ± 0.00010(stat) ± 0.00015(exp) ± 0.00009(theo) ± 0.00027(PDF)
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 boson massW
Drives the strength of the charged component of the weak interaction

:  

•  is directly sensitive to  distribution of the muon but 
strongly dependent on the theoretical modelling 

• State-of-the-art theory predictions at N3LL+NNLO with novel 
“theory nuisance parameters” approach developed by DESY 
theory group 

• Agreement with the expectation from the SM 

• Precision approaching the one of the Z boson mass

W → μν

mW pT

CMS:    Submitted to Nature 
ATLAS:  Submitted to EPJC

Most precise measurement at the LHC:  
 mW = 80360.2 ± 9.9 MeV
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τ-lepton mass measurement

The tau lepton mass is known with the least 
precision compared to other leptons. 

• Exploit the sharp threshold behaviour in the region 
close to the nominal value of the τ mass 

• Slightly higher world average value including Belle II 
recent measurement 

Important input to lepton-flavour-universality tests 

• The relation between  and the lifetime 
 very sensitive to the value of the  mass 

• Slight tension decreased further

B′ (τ → eνν̄)
ττ τ

1776 1776.5 1777
]2c [MeV/τm

BES (1996)
-0.17
+0.25  -0.21

+0.181776.96  

BELLE (2007)
 0.35± 0.13 ±1776.61 

KEDR (2007)
 0.15± -0.23

+0.251776.81  

BaBar (2009)
 0.41± 0.12 ±1776.68 

BES III (2014)
-0.13
+0.10 0.12  ±1776.91 

Belle II (2023)
 0.11± 0.08 ±1777.09 

PDG Average (2022)
 0.12±1776.86 

Status and plans of tau fits for HFLAV/PDG

Canonical tau universality plot

HFLAV
2023 prelim

0.1780

0.1785

0.1790

289.5 290.0 290.5 291.0 291.5

ττ [fs]

B
′(

τ
→

e
ν

ν
)

mτ PDG 2023 (w/o Belle II 2023)
mτ HFLAV 2023 (with Belle II 2023)

I B0
e is the average of Be and Be

predicted by the B— value (using HFLAV

fit results complete of correlations)

I plot width and heigth proportional to B0
e

and fifi central values to have respective

plotted uncertainties of the same size

when the relative uncertainties are the

same

Alberto Lusiani (orcid.org/0000-0002-6876-3288) – TAU2023, 4-8 December 2023, Louisville, USA 12 / 16

  represents the average of  
and the value predicted from  assuming 
lepton universality

B′ (τ → eν ν̄) ℬ(τ → eν ν̄)
ℬ(τ → μνν̄)

B′ ∝ Bμe
ττ

τμ

m5
τ

m5
μ

Fundamental parameter of SM

has a sharp edge. The momentum resolution of the detector
and the energy loss through radiation smear the end-point
position and introduce a tail toward larger Mmin values.
However, as seen in Fig. 1, an edge remains in the observed
Mmin distribution and is used to measure the τ mass. One
challenge is to precisely measure the inputs to Eq. (2),
namely the eþe− center-of-mass energy

ffiffiffi
s

p
and the

momenta of the τ-decay products. Another challenge is
to develop an empirical model to describe the Mmin
distribution. Any inaccuracy in either directly impacts
the τ-mass determination.

II. THE BELLE II DETECTOR AND SIMULATION

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the eþe− inter-
action point [11]. Charged-particle trajectories (tracks) are
reconstructed by a two-layer silicon-pixel detector, sur-
rounded by a four-layer double-sided silicon-strip detector
and a central drift chamber (CDC). Only 15% of the second
pixel layer was installed when the data were collected.
Outside the CDC, a time-of-propagation detector and an
aerogel ring-imaging Cherenkov detector cover the barrel
and forward end-cap regions, respectively. The electro-
magnetic calorimeter (ECL), divided into the forward end
cap, barrel, and backward end cap, fills the remaining
volume inside a 1.5 T superconducting solenoid and is used
to reconstruct photons and electrons. A K0

L and muon
detection system is installed in the iron flux return of the
solenoid. The z axis of the laboratory frame is defined as
the detector solenoid axis, with the positive direction along
the electron beam. The polar angle θ and the transverse
plane are defined relative to this axis.

Several processes contribute to the eþe− → τþτ− sample
as backgrounds, including eþe− → qq̄ events, where q
indicates a u, d, c, or s quark; eþe− → eþe−ðγÞ and
μþμ−ðγÞ events; eþe− → lþl−lþl− events, where l is
a charged lepton; eþe− → eþe−hþh− events, where h
indicates a pion, kaon, or proton; and eþe− → eþe−nh
events with n > 2. We use simulated events to identify
discriminating features effective to suppress these back-
grounds. The eþe− → τþτ− process is generated using the
KKMC generator [13,14]. The τ decays are simulated by
TAUOLA [15] and their FSR by PHOTOS [16]. We use KKMC

to simulate μþμ−ðγÞ and qq̄ production; PYTHIA [17] for the
fragmentation of the qq̄ pair; BABAYAGA@NLO [18–22] for
eþe− → eþe−ðγÞ events; and AAFH [23–25] and TREPS [26]
for the production of nonradiative final states lþl−lþl−

and eþe−hþh−. There is no generator to simulate the
eþe− → eþe−nh process. The Belle II analysis software
[27,28] uses the GEANT4 [29] package to simulate the
response of the detector to the passage of the particles.

III. EVENT SELECTION

In the eþe− center-of-mass frame, the τ leptons are
produced in opposite directions. Thus, the decay products
of one τ are isolated from those of the other τ, and they are
contained in opposite hemispheres. The boundary between
those hemispheres is the plane perpendicular to the τ flight
direction, which is experimentally approximated by the
thrust axis. The thrust axis is the unit vector t̂ that
maximizes the thrust value

P
jt̂ · p⃗$

i j=
P

jp⃗$
i j, where p⃗$

i
is the momentum of ith final-state particle in the eþe−

center-of-mass frame [30,31].
We define the signal hemisphere as that containing three

charged particles, which are assumed to originate from the
τ− → π−πþπ−ντ decay, and require that the other hemi-
sphere, named tag, contains only one charged particle and
up to one neutral pion. Thus, the tag side contains leptonic
(τþ → eþνeν̄τ and τþ → μþνμν̄τ) and hadronic (predomi-
nantly τþ → hþν̄τ and τþ → hþπ0ν̄τ) τ decays.
We select τ-pair candidates by requiring the event to

contain exactly four charged particles with zero total
charge, each having a trajectory displaced from the average
interaction point by less than 3 cm along the z axis and
less than 1 cm in the transverse plane to reduce the
contamination of tracks originated from beam-background
interactions. No particle-identification requirements are
imposed on any of the charged particles. The momenta
of charged particles are scaled with factors that range from
0.99660 to 1.00077 depending on the charge and cos θ to
correct for imperfections in the magnetic-field description
used in the event reconstruction, misalignment of the
detector, and material mismodeling. The correction factors
are evaluated by measuring the mass-peak position of high-
yield samples of D0 → K−πþ decays reconstructed in data
and comparing them to the known value [32].
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FIG. 1. Spectrum of Mmin in experimental data (dots), along
with simulated background contributions from eþe− → τþτ−

events with decays other than τ− → π−πþπ−ντ (orange area with
solid line), eþe− → qq̄ events (blue area with dashed line), and
other background sources (gray area with dotted line).

MEASUREMENT OF THE τ-LEPTON MASS WITH THE … PHYS. REV. D 108, 032006 (2023)

032006-3

Belle II: PRD 108 (2023) 032006

World’s most precise measurement to date 
mτ = 1777.09 ± 0.14 MeV/c2
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Test of lepton flavour universality in τ decays

Test of  universality by measuring  

• BSM physics could enter in a variety of ways 

• Measured from the leptonic branching fraction ratio   

          

• Consistent with SM expectation at the level of 1.4σ  

μ − e gμ/ge

Rμ =
B(τ− → μ−ν̄μντ)
B(τ− → e−ν̄eντ)

SM= 0.9726 (
gμ

ge )2
τ ∝ Rμ ×

f (m2
e /m2

τ )
f (m2

μ /m2
τ )

SM= 1

The coupling of leptons to W bosons is flavour-independent

⌫⌧⌫µ

W�
e�

⌫e

ge
W�

gµ
W�

g⌧
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Figure 6. Observed momentum distribution for muon (left) and electron (right) candidates with
fit results overlaid. The lower panel shows the ratio between data and fit results. The hatched area
indicates the possible variation of the fitted yields due to systematic e!ects, with the constraints of
the nuisance parameters reduced to their fit uncertainties and correlations taken into account.
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Figure 7. Determinations of Rµ (left) and |gµ/ge|ω (right) from previous individual measure-
ments [11, 12] and the fit from the Heavy Flavor Averaging Group [15], compared with the result of
this work. The shaded areas represent the statistical uncertainties, while the error bars indicate the
total uncertainties. The vertical dashed line indicates the SM prediction, including mass e!ects.

7 Summary

We report a test of light-lepton universality in leptonic ω decays using a 362±2 fb→1 sample of

data collected by the Belle II detector at the SuperKEKB e+e→ collider at a centre-of-mass

energy of 10.58GeV. Our result is currently the world’s most precise test of light-lepton

universality in ω decays performed by a single experiment and is consistent with the SM.
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7 Summary

We report a test of light-lepton universality in leptonic ω decays using a 362±2 fb→1 sample of

data collected by the Belle II detector at the SuperKEKB e+e→ collider at a centre-of-mass

energy of 10.58GeV. Our result is currently the world’s most precise test of light-lepton

universality in ω decays performed by a single experiment and is consistent with the SM.
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Belle II: JHEP 08 (2024) 205

Most precise test of  universality in  
decays from a single measurement

μ − e τ

Search for LFUV in  μ 𝞽 τν̄ν
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• Global fit to   and    ratios (latter well constrained by EW data) μ 𝞽 τν̄ν ℓ 𝞽 eν̄ν
⇒  2σ tension with SM 

4LFU Tests in Tau Decays at Belle IIP. Rados  

• Will this tension become more significant with better precision on Rµ ?  
Belle II can provide answers!

• NP could enter in a variety of ways 
- LFV violating Z’ 
- Singly charged scalar 
- W’ 
- L

µ
-Lτ Z‘ (box diagrams) 

- Modified Wlν couplings, and more…

arXiv:1607.06832v1

arXiv:2105.06734
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Long-standing “ -puzzle”Vub
Important probe of the CKM matrix elements

Constraint on unitarity triangle from  measurements 

• Discrepancy between exclusive  and inclusive determinations with 
3.7 standard deviations from unity  

• Exclusive:  etc 

• Inclusive: 

Vub

B → πℓν, B → ρℓν,

B → Xuℓν
BðB̄0 → πþl−ν̄lÞ¼ ð1.45%0.19%0.14Þ×10−4; ð4Þ

ΔBðB→Xulν̄lÞ ¼ ð1.39% 0.14% 0.22Þ× 10−3; ð5Þ

with the errors denoting statistical and systematic uncer-
tainties, and we used the isospin relation between B− →
π0l−ν̄l and B̄0 → πþl−ν̄l to link both branching fractions.
The recovered branching fraction for B̄0 → πþl−ν̄l is
compatible with the world average of BðB̄0 → πþl−ν̄lÞ ¼
ð1.50% 0.06Þ × 10−4 [1]. The correlation between the
exclusive and inclusive branching fractions is ρ ¼ 0.11.
Using calculations for the inclusive partial rate and the
fitted form factor parameters, we can determine values for
jVubj. As our baseline, we use the GGOU [47] calculation
for the inclusive partial rate with EB

l > 1.0 GeV
(ΔΓ=jVubj2 ¼ 58.5% 2.7 ps−1), but other calculations
result in similar values for inclusive jVubj. We find

jVexcl
ub j ¼ ð4.05% 0.30% 0.16% 0.16Þ × 10−3; ð6Þ

jV incl
ub j ¼ ð3.87% 0.20% 0.31% 0.09Þ × 10−3; ð7Þ

for exclusive and inclusive jVubj with the uncertainties
denoting the statistical error, systematic error, and error
from theory (either from LQCD or the inclusive calcula-
tion). The correlation between the exclusive and inclusive
jVubj is ρ ¼ 0.07. The determined value for inclusive jVubj
is compatible with the determination of Ref. [9]. For the
ratio of inclusive and exclusive Vub values, we find

jVexcl
ub j=jV incl

ub j ¼ 1.05% 0.14; ð8Þ

which is compatible with the standard model (SM) expect-
ation of unity. The value is higher and compatible with the
current world average of jVexcl

ub j=jV incl
ub j ¼ 0.84% 0.04 [1]

within 1.5 standard deviations. Figure 2 (top) compares the
measured individual values with the SM expectation and
the current world average. We also test what happens if we
relax the isospin relation between B− → π0l−ν̄l (red
ellipse) and B̄0 → πþl−ν̄l (blue) branching fractions and
find compatible results for exclusive and inclusive jVubj, as
well as for the exclusive jVubj values.
In the nominal result, we utilize the full theoretical and

experimental knowledge of the B → πlν̄l form factor,
combining shape information from the measured q2 spec-
trum with LQCD predictions, as provided by Ref. [37]. The
determined (partial) branching fractions in this scenario are

BðB̄0 → πþl−ν̄lÞ ¼ ð1.53% 0.18% 0.12Þ × 10−4; ð9Þ

ΔBðB → Xulν̄lÞ ¼ ð1.39% 0.14% 0.22Þ × 10−3; ð10Þ

FIG. 1. The q2∶ Nπ% spectrum after the 2D fit is shown for the
scenario that only uses LQCD information. The uncertainties
incorporate all postfit uncertainties discussed in the text.

FIG. 2. The jVubj values obtained with the fits using (top)
LQCD or (bottom) LQCD and experimental constraints for the
B̄0 → πþl−ν̄l form factor are shown. The inclusive jVubj value is
based on the decay rate from the Gambino-Giordano-Ossola-
Uraltsev (GGOU) calculation. The values obtained from the
previous Belle measurement [9] (gray band) and the world
averages from the Heavy Flavor Averaging Group (HFLAV) [1]
(black marker) are also shown. The shown ellipses correspond to
39.3% confidence levels (Δχ2 ¼ 1).

PHYSICAL REVIEW LETTERS 131, 211801 (2023)
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with a correlation of ρ ¼ 0.12 between inclusive and
exclusive branching fractions and assuming isospin rela-
tion. This fit leads to a more precise value of jVubj from
B → πlν̄l and we find with the same inclusive calculation

jVexcl
ub j ¼ ð3.78# 0.23# 0.16# 0.14Þ × 10−3; ð11Þ

jV incl
ub j ¼ ð3.88# 0.20# 0.31# 0.09Þ × 10−3; ð12Þ

with a correlation ρ ¼ 0.11 and a ratio of

jVexcl
ub j=jV incl

ub j ¼ 0.97# 0.12; ð13Þ

compatible with the world average within 1.2 standard
deviations. Figure 2 (bottom) compares the obtained
values, and we also find good agreement between the
isospin conjugate exclusive values of jVubj. Figure 3
compares the fitted q2 spectra of the differential rate of
B̄0 → πþl−ν̄l for both fit scenarios as well as for the
LQCD input [37]. The inclusion of the full experimental
and theoretical knowledge leads to a higher rate at low q2.
In summary, we presented the first simultaneous deter-

mination of inclusive and exclusive jVubj within a single
analysis. In the ratio of both jVubj values, many systematic
uncertainties, such as the tagging calibration or the lepton
identification uncertainties, cancel, and one can directly test
the SM expectation of unity. We recover ratios that are
compatible with this expectation, but 1.5 standard devia-
tions higher than the ratio of the current world averages of
inclusive and exclusive jVubj. This tension is reduced to 1.2
standard deviations when including the constraint based on

the full theoretical and experimental knowledge of the B →
πlν̄l form factor shape. We average our inclusive and
exclusive values from both approaches using LQCD or
LQCD and additional experimental information and find,

jVubj¼ð3.96#0.27Þ×10−3; ðLQCDÞ ð14Þ

jVubj¼ð3.84#0.26Þ×10−3; ðLQCDþ expÞ; ð15Þ

respectively. These values can be compared with the
expectation from CKM unitarity of Ref. [48] of jVCKM

ub j ¼
ð3.64# 0.07Þ × 10−3 and are compatible within 1.2 and 0.8
standard deviations, respectively. The applied approach of
simultaneously fitting q2 and the number of charged pions
in the Xu system will benefit from the large anticipated data
set of Belle II. Additional fit scenarios and inclusive jVubj
values from other theory calculations of the partial rate are
provided in the Supplemental Material [36].
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FIG. 3. The q2 spectra of B̄0 → πþl−ν̄l obtained from
the fit of the combined LQCD and experimental information
(orange, solid curve) and from the fit to LQCD only (green,
dashed curve) are shown. The data points are the background
subtracted postfit distributions, corrected for resolution and effi-
ciency effects and averaged over both isospin modes. In addition,
the LQCD prefit prediction of [37] for the B̄0 → πþl−ν̄l form
factor is shown (gray).
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Belle:    PRL 131, 211801 (2023)

First simultaneous determination of inclusive & exclusive  
 compatible with SM

|Vub |
Vexcl

ub /V incl
ub = 0.97 ± 0.12

25

Motivation for Semileptonic B Studies
● Important probe to measure CKM matrix elements & test SM

○ Determinations via inclusive or exclusive semileptonic B 
decays 

○ Long-standing “Vxb-puzzle”: discrepancy btw.  inclusive and 
exclusive determinations

● Inclusvie charmless decays provides information of weak annihilation 
(crudely, the b quark annihhilates within the B meson)
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Top physics
Selected highlights of a huge program

Cross section of top-quark pair production 

• Provide important checks of perturbative QCD 

Production of four top quarks 

• Constrain the top quark Yukawa coupling, CP-related parameters, and 
effective field theory operators
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Figure 5: The tt cross section as a function of
→

s, as obtained in this analysis (red filled circle)
and in previous measurements by the CMS experiment [1, 3–5, 9, 10, 13, 14] (blue markers),
with vertical bars on the markers indicating the total uncertainty in the measurements. Points
corresponding to measurements at the same

→
s are horizontally shifted for better visibility. The

SM prediction at NNLO+NNLL precision [23] using the PDF4LHC21 PDF set [26] and values
of mt = 172.5 GeV and αS(mZ) = 0.118 is shown with a black line and green uncertainty bands.
An enlarged inset is included to highlight the difference between 13 and 13.6 TeV predictions
and results.

likelihood fit is performed on categories defined by the number and flavors of the leptons, the
total number of jets, and the number of jets identified as originating from b quarks. The fit is
used to constrain the uncertainties in the b tagging efficiencies and lepton selection efficiencies.
Novel cross-checks are performed on the selected tt data sample to verify the lepton selection
efficiencies, as well as the jet energy scale, while the cross section result itself is verified by
an independent event counting approach in the e±µ↑ channel. An inclusive tt production
cross section of 881± 23 (stat+syst)± 20 (lumi) pb is measured, in agreement with the standard
model prediction of 924+32

↓40 pb.
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Figure 7: Expected and observed significance (in standard deviations) for tttt production from
each final state and the combination with previous CMS results [21, 22]. The same-sign dilepton
and multilepton (SSDL&ML) final state results are from Ref. [21].

CMS: JHEP 08 (2023) 204 
          PLB 844 (2023) 138076

Very first measurement of Run 3

The inclusive  production cross section scale with the centre-of-
mass energy as expected

tt̄

Achieved a significance of  standard deviations4.0
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The strong coupling constant α_s
The least precisely determined coupling among the fundamental couplings in nature
New experimental methodology to extract DY cross section 

• First  cross section measured in full-lepton phase space 

• ‰ level precision in the central region, sub-% uncertainties up to 
|y| < 3.6  

• exceptional possibilities for phenomenological interpretations
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Figure 5: Comparison of the determination of 𝐿s (𝑀𝐿 ) from the 𝑁-boson transverse-momentum distribution (ATLAS
𝑁 𝑂T 8 TeV) with other determinations at hadron colliders [17–23, 35], with the PDG category averages [3], with the
lattice QCD determination [10], and with the PDG world average [3].
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Figure 1: Leading-order Feynman diagram for the production of a massive electron or muon pair through the
Drell–Yan process, including soft gluon radiation from the initial-state quarks.

This article presents a precise determination of 𝐿s(𝑀𝐿 ) from a semi-inclusive observable,1 namely the
low-momentum Sudakov region2 of the transverse-momentum distribution of 𝑁 bosons produced via the
Drell–Yan process [34], which refers to the production of a massive lepton-pair in hadron–hadron collisions
at high energies. The strong force is responsible for the radiation from the initial-state partons, and for
the subsequent recoil of the 𝑁 bosons which acquire non-zero transverse momentum with respect to the
incoming proton beam axis. The hardness of the transverse-momentum distribution is a measure of the
strength of the recoil of the 𝑁 bosons, which in turn is proportional to the strong coupling. In contrast
to most other determinations of 𝐿s(𝑀𝐿 ) at hadron colliders, which analyse observables based on QCD
final-state radiative objects, this analysis uses QCD initial-state radiative processes to determine the strong
coupling. In the Drell–Yan process, the final-state particles are not subject to the strong interaction, which
reduces theoretical complications and uncertainties. The energy scale at which the strong-coupling constant
is perturbatively expanded is unambiguously fixed to the 𝑁-boson mass. This methodology was tested in
Ref. [35] using proton–antiproton collision data at the Tevatron, and is applied here for the first time at the
LHC.

Figure 1 depicts the leading-order Feynman diagram of the Drell–Yan process, with a schematic representa-
tion of soft gluon radiation from the initial-state quarks. Figure 2 shows the 𝑁-boson transverse-momentum
distribution for three di!erent values of 𝐿s(𝑀𝐿 ).

Compared to other determinations of 𝐿s(𝑀𝐿 ) at hadron colliders, based on either exclusive or inclusive
observables, this determination gathers the desirable features for high precision: large observable sensitivity
to 𝐿s(𝑀𝐿 ) relative to the experimental precision, and high perturbative accuracy of the theoretical
predictions [38–40], enabled by the computation of some perturbative corrections in QCD at four- or
five-loop level [41–45].

1 Semi-inclusive observables are those with more than one kinematic momentum scale in the perturbative regime, where the
semi-inclusive region is close to the boundary of the phase space allowed by the kinematics. In such a limit, the associated
parton radiation is strongly inhibited and large logarithmic corrections appear in the perturbative computation [31, 32].

2 The low-energy region of the transverse-momentum distribution of 𝑁 bosons is characterised by very high probabilities of
gluon emissions with vanishingly small momenta. Rather than calculate each of these, it is theoretically simpler to model them
as a single factor quantifying the probability of no emission, known as the Sudakov form factor [33].

3

ATLAS:  EPJ C 84 (2024) 315  
               arXiv:2309.12986 
CMS:      JHEP 02 (2022) 142

 measurement with % level accuracy !αs(mZ)

315 Page 20 of 41 Eur. Phys. J. C (2024) 84 :315

Fig. 16 Comparison between the measured normalised differential
1
σ

dσ
dpT

cross-sections, integrated over |y| < 1.6, with their total uncer-
tainties and the predictions from the various resummation calculations.
The top left panel shows the data, while the next panels show one

by one the ratios between each prediction with its uncertainties as
obtained from renormalisation/factorisation/resummation scale varia-
tions and the data. Except for Artemide, the predictions are matched to
the fixed-order O(α3

s ) contributions from MCFM [48,55]

Also shown is the pull on the integrated luminosity of the
experiment for each PDF set. Only the aN3LO MSHT,
NNLO CT18A and NNLO MSHT PDF sets show reason-
able agreement with the data, with a positive pull close to
one standard deviation on the luminosity, corresponding to
predictions approximately 1.6% lower than the data. The
NNPDF4.0 PDF set with its much smaller uncertainties dis-
plays poor agreement with the data. This is due to the shape

of the predicted distribution since the pull on the integrated
luminosity is small. The ABMP16 PDF set is the one that
most strongly pulls the integrated luminosity but its poor
agreement with the data is also due to its significant differ-
ence in shape with respect to the data. The HERAPDF2.0
set and, to a lesser extent, the ATLASpdf21 set also display
poor agreement because of a large discrepancy with the data
in the highest |y| bin due to the limited set of data used in
these fits.
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Participation in Belle II | Carsten Niebuhr Page

Direct production of new particles

Energy frontier

Looking Beyond the Standard Model
Complementary Pathways to New Physics

!2

Intensity frontier

Indirect sensitivity through loops

Current experimental situation 

• No clear evidence for Beyond Standard Model (BSM) physics at the high energy frontier 
• Intensity frontier offers indirect sensitivity to very high scales

2 Introduction

new form of matter that interacts through gravity and possibly through very weak couplings to the SM
fields; hence the term “dark.” In addition, the observed asymmetry of matter and antimatter in the universe
remains unexplained by the SM.

These considerations point to the existence of new physics, defined as laws and symmetries of Nature that
lie beyond the SM. Currently, numerous imaginative theories for new physics have been proposed, but
experiments have yet to provide guidance pointing to the correct fundamental theory. Much of the worldwide
e↵ort in particle and nuclear physics is driven by searches for evidence of new particles and interactions.

The three-frontier model of particle physics was defined by the Particle Physics Project Prioritization Panel
in its 2008 report [1] and is often represented by the Venn diagram in Fig. 1-1. It has proven beneficial
for various levels of communication and is now widely used and recognized. Each frontier employs di↵erent
tools and techniques, but all frontiers work together to address the same fundamental questions.

At the cosmic frontier, physicists use the universe as an experimental laboratory and observatory, taking
advantage of naturally occurring events to observe indications of new interactions. Research focuses on
understanding dark energy and dark matter, employing a variety of instruments to measure particles on or
close to Earth. This program is pursued worldwide with a leading component in the United States.

At the energy frontier, experiments explore the highest possible energies reachable with accelerators, directly
looking for new physics via the production and identification of new states of matter. This has the advantage
of direct observation in a laboratory setting, but is limited by the kinematical reach of high energy colliders.
This work is now being carried out at the LHC at CERN, which collides protons at a center of mass energy
of 7-8 TeV, increasing to 14 TeV in the next few years.

At the intensity frontier, experiments use intense sources of particles from accelerators, reactors, the sun and
the atmosphere to explore new interactions. This involves ultra-precise measurements to search for quantum
e↵ects of new particles in rare processes or e↵ects that give rise to tiny deviations from SM predictions. This
technique has the asset of exploring very high energy scales, although pinpointing the correct underlying
theory is more complex. This program is currently pursued worldwide.

Figure 1-1. Illustration of the three frontiers of particle physics from [1].
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Outlook
Very interesting times ahead!

• Close collaboration with theory groups ensures 
accurate comparisons with standard model 
predictions and provides guidance for interpreting 
results

• DESY groups of ATLAS, CMS and Belle II lead a variety 
of analysis from very high precision measurements to first 
observations of rare standard model processes

• The standard model holds up to tests, but theoretical and 
experimental uncertainties still leave room for potential 
physics beyond the standard model

Goal for the next decade: enhance the precision further!
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