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11.2.4.3 SM Higgs boson branching ratios and total width
For the understanding and interpretation of the experimental

results, the computation of all relevant Higgs boson decay widths
is essential, including an estimate of their uncertainties and, when
appropriate, the e�ects of Higgs boson decays into o�-shell parti-
cles with successive decays into lighter SM ones. A Higgs boson
mass of about 125 GeV allows to explore the Higgs boson couplings
to many SM particles. In particular the dominant decay modes
are H æ bb̄ and H æ W W

ú, followed by H æ gg, H æ ·
+

·
≠,

H æ cc̄ and H æ ZZ
ú. With much smaller rates follow the

Higgs boson decays into H æ ““, H æ “Z and H æ µ
+

µ
≠.

Since the decays into gluons, diphotons and Z“ are loop induced,
they provide indirect information on the Higgs boson couplings to
W W , ZZ and tt̄ in di�erent combinations. The uncertainties in
the branching ratios include the missing higher-order corrections
in the theoretical calculations as well as the errors in the SM in-
put parameters, in particular fermion masses and the QCD gauge
coupling, involved in the decay. In the following the state-of-the-
art of the theoretical calculations will be discussed and the reader
is referred to Refs. [41–44,110] for detail.

The evaluation of the radiative corrections to the fermionic de-
cays of the SM Higgs boson are implemented in HDECAY [111]
at di�erent levels of accuracy. The computations of the H æ bb̄

and H æ cc̄ decays include the complete massless QCD correc-
tions up to N4LO, with a corresponding scale dependence of about
0.1% [112]. Both the electroweak corrections to H æ bb̄, cc̄ as
well as H æ ·

+
·

≠ are known at NLO [113] providing predictions
with an overall accuracy of about 1–2% for mH ƒ 125 GeV.

The loop induced decays of the SM Higgs boson are known fully
at NLO and partially beyond that approximation. For H æ gg,
the QCD corrections are known up to N3LO in the limit of heavy
top quarks [49,114] and the uncertainty from the scale dependence
is about 3%. For the H æ ““, the full NLO QCD corrections
are available [49, 115] and the three-loop QCD corrections have
also been evaluated [116]. The NLO electroweak corrections to
H æ gg and H æ ““ have been computed in Ref. [117]. All
these corrections are implemented in HDECAY [111]. For mH ƒ

125 GeV, the overall impact of known QCD and EW radiative
e�ects turns out to be well below 1%. In addition, the contribution
of the H æ “e

+
e

≠ decay via virtual photon conversion has been
computed in Ref. [118]. The partial decay width H æ Z“ is only
implemented at LO in HDECAY, including the virtual W , top-
, bottom-, and · -loop contributions. The QCD corrections have
been calculated and are at the percent level [119]. The theoretical
uncertainty due to unknown electroweak corrections is estimated
to be less than 5%, an accuracy that will be hard to achieve in
the measurement of this process at the LHC.

Table 11.3: The branching ratios and the rel-
ative uncertainty [43, 44] for a SM Higgs boson
with mH = 125 GeV.

Decay channel Branching ratio Rel. uncertainty

H æ ““ 2.27 ◊ 10≠3 2.1%

H æ ZZ 2.62 ◊ 10≠2
±1.5%

H æ W
+

W
≠ 2.14 ◊ 10≠1

±1.5%

H æ ·
+

·
≠ 6.27 ◊10≠2

±1.6%

H æ bb̄ 5.82 ◊ 10≠1 +1.2%
≠1.3%

H æ cc̄ 2.89 ◊ 10≠2 +5.5%
≠2.0%

H æ Z“ 1.53 ◊ 10≠3
±5.8%

H æ µ
+

µ
≠ 2.18 ◊ 10≠4

±1.7%

The decays H æ W W/ZZ æ 4f can be simulated with the

Prophecy4f Monte-Carlo generator [120] that includes complete
NLO QCD and EW corrections for Higgs decays into any pos-
sible four-fermion final state. All calculations are consistently
performed with o�-shell gauge bosons, without any on-shell ap-
proximation. For the SM Higgs boson, the missing higher-order
corrections are estimated to be roughly 0.5%. Such uncertain-
ties will have to be combined with the parametric uncertainties,
in particular those associated to the bottom-quark mass and the
strong gauge coupling, to arrive at the full theory uncertainty. A
detailed treatment of the di�erential distributions for a Higgs bo-
son decay into four charged leptons in the final state is discussed
in Refs. [43, 121].

The total width of a 125 GeV SM Higgs boson is ≈H = 4.07 ◊

10≠3 GeV, with a relative uncertainty of +4.0%
≠3.9%. The branching

ratios for the most relevant decay modes of the SM Higgs boson as
a function of mH , including the most recent theoretical uncertain-
ties, are shown in Fig. 11.2 (right) and listed for mH = 125 GeV
in Table 11.3. Further details of these calculations can be found
in the reviews [41–44] and references therein.

11.3 The experimental profile of the Higgs boson

The observation [1,2] at the LHC of a narrow resonance with a
mass of about 125 GeV was an important landmark in the decades-
long direct search [46, 122] for the SM Higgs boson. This was
followed by a detailed exploration of properties of the Higgs boson
at the di�erent runs of the LHC at

Ô
s = 7, 8 and 13 TeV.

The dataset at
Ô

s =13 TeV in the Run 2 phase of the LHC op-
eration corresponds to an integrated luminosity of about 156 fb≠1

see Table 11.4. The datasets e�ectively useful for analysis need to
take into account the data-taking e�ciency with fully operational
detectors and the data quality e�ciency. The typical total inef-
ficiency for both ATLAS and CMS is approximately 10%, where
approximately half is due to the data taking ine�ciency and half
from data quality.

In this section, most of the references for the Run 1 measure-
ments that have been updated at the Run 2 are given in the
previous version of this review [123] and are not repeated herein.

Table 11.4: The LHC pp collision centre-of-mass
energies and delivered data samples.

Year
Ô

s (TeV)
s

L.dt (fb≠1) Period
2010 7 0.04 Run 1
2011 7 6.1 Run 1
2012 8 23.3 Run 1
2015 13 4.2 Run 2
2016 13 40.8 Run 2
2017 13 50.2 Run 2
2018 13 60.6 Run 2

11.3.1 The principal decay channels to vector bosons
For a given mH , the sensitivity of a channel depends on the

production cross section of the Higgs boson, its decay branching
fraction, the reconstructed mass resolution, the selection e�ciency
and the level of background in the final state. For a low-mass
Higgs boson (110 GeV < mH < 150 GeV) for which the SM width
would be only a few MeV, five decay channels play an important
role at the LHC. In the H æ ““ and H æ ZZ

ú
æ 4¸ channels, all

final state particles can be very precisely measured and the recon-
structed mH resolution is excellent (typically 1-2%). While the
H æ W

+
W

≠
æ ¸

+
‹¸¸

Õ≠
‹̄¸Õ channel has relatively large branch-

ing fraction, however, due to the presence of neutrinos which are
not reconstructed in the final state, the mH resolution, obtained
through observables sensitive to the Higgs boson mass such as
the transverse mass, is poor (approximately 20%). The H æ bb̄

and the H æ ·
+

·
≠ channels su�er from large backgrounds and

lead to an intermediate mass resolution of about 10% and 15%
respectively.

With the increase in the size of datasets, measurements in the
most sensitive channels are now carried out di�erentially or in
exclusive modes depending on specific production characteristics.
These measurements are discussed in Section 11.6.2.4.
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Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with each event weighted by the ratio of signal-to-background
in each event category, observed by ATLAS [125] at Run 2. The residuals of the data with respect to the fitted background are displayed
in the lower panel. (Right) The m4¸ distribution from CMS [126] Run 2 data.

independent and not constrained to the expected rate (µ = 1) for
the SM Higgs boson.
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Figure 11.4: Summary of the CMS and ATLAS mass measure-
ments in the ““ and ZZ channels in Run 1 and Run 2.

Figure 11.4 summarizes all measurements of the Higgs bo-
son mass, including the individual and combined Run 1 measure-
ments [127] and the Run 2 measurement by ATLAS [132] and
CMS [130,133] for both the diphoton and the 4¸ channels.

In the diphoton channel, as discussed in Section 11.5.3.2, a mass
shift is expected to be induced by the deformation of the mass
line-shape of the signal in presence of background, from the inter-
ference between the Higgs boson production and the continuum
irreducible background. It is a small but non negligible e�ect of
approximately 35 MeV [134] for a Higgs boson width close to that
of the SM. This e�ect could be larger if the width of the Higgs
boson were to be substantially larger. This e�ect estimated by
ATLAS with a full simulation is still relatively small with respect
to the total uncertainty on the mass and is therefore neglected.

11.3.1.4 H æ W
+

W
≠

æ ¸
+

‹¸
≠

‹

In this intricate channel, experiments search for an excess of
events with two leptons of opposite charge accompanied by miss-
ing energy and/or jets. A typical event selection is described
below in order to give an idea of the main challenges. Specific se-

lections vary between experiments and between Run 1 and Run 2
analyses. Events are divided into several categories depending on
the lepton flavour combination (e+

e
≠

, µ
+

µ
≠and e

±
µ

û) and the
number of accompanying jets (Njet = 0, 1, Ø 2). In the ATLAS
analysis, the Njet Ø 2 category is optimised for the VBF pro-
duction process by selecting two leading jets with a large pseudo-
rapidity di�erence and with a large mass (mjj > 500 GeV).

Backgrounds contributing to this channel are numerous and
depend on the category of selected events. Reducing them and
accurately estimating the remainder is a major challenge in this
analysis. For events with opposite-flavour leptons and no ac-
companying high pT jets, the dominant background stems from
non-resonant W W production. Events with same-flavour leptons
su�er from large Drell–Yan contamination (note that also the
opposite-flavour leptons analysis has Drell–Yan · ·̄ background in
0-jet category). The tt̄ , tW and W + jets (with the jet misidenti-
fied as a lepton) events contaminate all categories. Non-resonant
W Z, ZZ and W “ processes also contribute to the background at
a sub-leading level.

A requirement of large missing transverse energy (E
miss
T

) is used
to reduce the Drell–Yan and multijet backgrounds. In the e

+
e

≠

and µ
+

µ
≠ categories, events with m¸¸ consistent with the Z mass

are vetoed. The tt̄ background is suppressed by a veto against
identified b-jets or low pT muons assumed to be coming from
semi-leptonic b-hadron decays within jets (this soft muon veto
was not applied anymore in Run 2 analysis) and tight isolation
requirements diminish the W +jets background. The scalar na-
ture of the Higgs boson and the V ≠ A nature of the W boson
decay implies that the two charged leptons in the final state are
preferentially emitted at small angles with respect to each other.
Therefore the dilepton invariant mass (m¸¸) and the azimuthal
angle di�erence between the leptons (∆„¸¸) are used to discrimi-
nate between the signal and non-resonant W W events [135]. The
transverse mass, constructed from the dilepton pT (p¸¸

T
), E

miss
T

and the azimuthal angle between E
miss
T

and p
¸¸

T
, is defined as

mT =
Ò

2p
¸¸

T
E

miss
T

(1 ≠ cos ∆„
E

miss
T

¸¸
) and serves as an e�ective

discriminant against backgrounds. The transverse mass variable
also tracks the Higgs boson mass but with a poor mass resolution.
Background rates except for the small contributions typically from
non-resonant W Z, ZZ and W “ are evaluated from data control
samples with floating normalisation.

ATLAS fitted the mT distributions and observed an excess at
mH = 125.36 GeV with a local significance of 6.1‡ similar to that
expected from a 125 GeV SM Higgs boson. The measured inclusive

CMS HIG-19-006

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html


beyond the SM
There is no doubt that SM is not the final word

it has too many parameters 
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and go, expected given the plethora of SRs (multibin 
analyses)
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lepton flavor 
universality



LFU
e±, µ± and τ± have the same interaction strengths in SM, 
but effects arising from their masses me < mµ < mτ 


no charged-lepton-flavor-violating decays have been 
observed (except of Higgs decays that have interaction 
strength ~mass of the final state particle)


or have they ?
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by

3

Ȗ(�4)

= B (#+→Ȗ(�4)(→Ȋ

+
Ȋ

−),+)
B (#+→+�Ȗ(→Ȋ

+
Ȋ

−),+)
�

B (#+→Ȗ(�4)(→F

+
F

−),+)
B (#+→+�Ȗ(→F

+
F

−),+)



	�


provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be

3

,

(��� � R

�

� ���(F7

�

D

−�) = �����

+�����+�����

−�����−�����




where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

3

,

= �����

+ �����

− �����

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of EB (#+

→ ,

+
Ȋ

+
Ȋ

−)�ER� in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives

EB (#+→,

+
F

+
F

−)
ER

�

(��� � R

�

� ���(F7

�

D

−�)

= (���� + ���

− ���

± ���)× ��

−�

D

�

(F7

−�

�

The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(��%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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3.1σ 
R(K)  tests e-µ universality. 
Other LHCb analyses testing, 
τ-µ and τ-e universality also 
see 2-3σ tensions
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can be realized in new physics models with an additional heavy 
neutral boson or with leptoquarks. Other explanations of the data 
involve a variety of extensions to the SM, such as supersymmetry, 
extended Higgs–boson sectors and models with extra dimensions. 
References to the extensive literature describing these new physics 
models can be found in the Supplementary Information. Tension 
with the SM is also seen in the combination of several ratios that test 
lepton universality in C → D!

+
ȋ! transitions55–63.

In this paper, a measurement of the RK ratio is presented based 
on proton–proton collision data collected with the LHCb detector 
at the CERN’s Large Hadron Collider (Methods). The data were 
recorded during 2011, 2012 and 2015–2018 with centre-of-mass 
energy of the collisions of 7, 8 and 13 TeV and correspond to an 
integrated luminosity of 9 fb−1. Compared with the previous LHCb 
RK result11, the experimental method is essentially identical but the 
analysis uses an additional 4 fb−1 of data collected in 2017 and 2018. 
The results supersede those of the previous LHCb analysis.

The analysis strategy aims to reduce systematic uncertainties 
induced in modelling the markedly different reconstruction of 
decays with muons in the final state, compared with decays with 
electrons. These differences arise due to the significant bremsstrah-
lung radiation emitted by the electrons and the different detector 
subsystems that are used to identify electron and muon candidates 
(Methods). The major challenge of the measurement is then cor-
recting for the efficiency of the selection requirements used to iso-
late signal candidates and reduce background. To avoid unconscious 
bias, the analysis procedure was developed and the cross-checks 
described below performed before the result for RK was examined.

In addition to the process discussed above, the K+ℓ+ℓ− final state 
is produced via a #+

→ 9

RR

,

+ decay, where 9
RR

 is a bound state 
(meson) such as the J/ψ. The J/ψ meson consists of a charm quark 
and antiquark, DD , and is produced resonantly at q2 = 9.59 GeV2c−4. 
This ‘charmonium’ resonance subsequently decays into two leptons, 
J/ψ → ℓ+ℓ−. The B+ → J/ψ( → ℓ+ℓ−)K+ decays are not suppressed and 
hence have a branching fraction orders of magnitude larger than 
that of B+ → K+ℓ+ℓ− decays. These two processes are separated by 
applying a requirement on q2. The 1.1 < q2 < 6.0 GeV2 c−4 region used 
to select B+ → K+ℓ+ℓ− decays is chosen to reduce the pollution from 
the J/ψ resonance and the high-q2 region that contains contributions 
from further excited charmonium resonances, such as the ψ(2S) and 
ψ(3770) states, and from lighter TT  resonances, such as the ϕ(1020) 
meson. In the remainder of this paper, the notation B+ → K+ℓ+ℓ− is 
used to denote only decays with 1.1 < q2 < 6.0 GeV2 c−4, which are 
referred to as non-resonant, whereas B+ → J/ψ( → ℓ+ℓ−)K+ decays 
are denoted resonant.

To help overcome the challenge of modelling precisely the dif-
ferent electron and muon reconstruction efficiencies, the branching 
fractions of B+ → K+ℓ+ℓ− decays are measured relative to those of 

B+ → J/ψK+ decays64. Since the J/ψ → ℓ+ℓ− branching fractions are 
known to respect lepton universality to within 0.4% (refs. 2,65), the 
RK ratio is determined via the double ratio of branching fractions

3
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=
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+
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+
Ȋ

−)

B (#+ → +�Ȗ(→ Ȋ

+
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+
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In this equation, each branching fraction can be replaced by the 
corresponding event yield divided by the appropriate overall detec-
tion efficiency (Methods), as all other factors needed to determine 
each branching fraction individually cancel out. The efficiency of 
the non-resonant B+ → K+e+e− decay therefore needs to be known 
only relative to that of the resonant B+ → J/ψ( → e+e−)K+ decay, 
rather than relative to the B+ → K+μ+μ− decay. As the detector sig-
nature of each resonant decay is similar to that of its corresponding 
non-resonant decay, systematic uncertainties that would otherwise 
dominate the calculation of these efficiencies are suppressed. The 
yields observed in these four decay modes and the ratios of efficien-
cies determined from simulated events then enable an RK measure-
ment with statistically dominated uncertainties. As detailed below, 
percent-level control of the efficiencies is verified with a direct 
comparison of the B+ → J/ψ( → e+e−)K+ and B+ → J/ψ( → μ+μ−)K+ 
branching fractions in the ratio

S

+�Ȗ

= B (#+
→ +�Ȗ(→ Ȋ

+
Ȋ

−),+)�B (#+
→ +�Ȗ(→ F

+
F

−),+)


which does not benefit from the same cancellation of systematic 
effects.

Candidate B+ → K+ℓ+ℓ− decays are found by combining the 
reconstructed trajectory (track) of a particle identified as a charged 
kaon, together with the tracks from a pair of well-reconstructed 
oppositely charged particles identified as either electrons or muons. 
The particles are required to originate from a common vertex, 
displaced from the proton–proton interaction point, with good 
vertex-fit quality. The techniques used to identify the different par-
ticles and to form B+ candidates are described in Methods.

The invariant mass of the final state particles, m(K+ℓ+ℓ−), is used 
to discriminate between signal and background contributions, with 
the signal expected to accumulate around the known mass of the 
B+ meson. Background originates from particles selected from mul-
tiple hadron decays, referred to as combinatorial background, and 
from specific decays of B hadrons. The latter also tend to accumulate 
around specific values of m(K+ℓ+ℓ−). For the muon modes, the resid-
ual background is combinatorial and, for the resonant mode, there 
is an additional contribution from B+ → J/ψπ+ decays with a pion 
misidentified as a kaon. For the electron modes, in addition to com-
binatorial background, other specific background decays contribute 
significantly in the signal region. The dominant such background 
for the non-resonant and resonant modes comes from partially 
reconstructed B(0,+) → K+π(−,0)e+e− and B(0,+) → J/ψ( → e+e−)K+π(−,0) 
decays, respectively, where the pion is not included in the B+ can-
didate. Decays of the form #+

→ %
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(→ ,

+
F

−
ȋ

F

)F+ȋ

F

 also contri-
bute at the level of O(�%) of the B+ → K+e+e− signal; and there is also 
a contribution from B+ → J/ψ( → e+e−)K+ decays, where a photon is 
emitted but not reconstructed. The kinematic correlation between 
m(K+e+e−) and q2 means that, irrespective of misreconstruction 
effects, the latter background can only populate the m(K+e+e−) 
region well below the signal peak.

After the application of the selection requirements, the reso-
nant and non-resonant decays are clearly visible in the mass dis-
tributions (Fig. 2). The yields in the two B+ → K+ℓ+ℓ− and two 
B+ → J/ψ( → ℓ+ℓ−)K+ decay modes are determined by performing 
unbinned extended maximum-likelihood fits to these distributions 
(Methods). For the non-resonant candidates, the m(K+e+e−) and 
m(K+μ+μ−) distributions are fitted with a likelihood function that 
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Fig. 1 | Contributions to B+!→!K+ℓ+ℓ− decays in the SM and possible new 
physics models. A B+ meson, consisting of C  and u!quarks, decays into 
a K+, containing T  and u!quarks, and two charged leptons, ℓ+ℓ−. Left: the 
SM contribution involves the electroweak bosons γ,!W+ and Z0, and the 
up-type quarks ū, D̄  and Ū . Right: a possible new physics contribution to the 
decay with a hypothetical leptoquark (LQ) which, unlike the electroweak 
bosons, could have different interaction strengths with the different types 
of leptons.
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can be realized in new physics models with an additional heavy 
neutral boson or with leptoquarks. Other explanations of the data 
involve a variety of extensions to the SM, such as supersymmetry, 
extended Higgs–boson sectors and models with extra dimensions. 
References to the extensive literature describing these new physics 
models can be found in the Supplementary Information. Tension 
with the SM is also seen in the combination of several ratios that test 
lepton universality in C → D!

+
ȋ! transitions55–63.

In this paper, a measurement of the RK ratio is presented based 
on proton–proton collision data collected with the LHCb detector 
at the CERN’s Large Hadron Collider (Methods). The data were 
recorded during 2011, 2012 and 2015–2018 with centre-of-mass 
energy of the collisions of 7, 8 and 13 TeV and correspond to an 
integrated luminosity of 9 fb−1. Compared with the previous LHCb 
RK result11, the experimental method is essentially identical but the 
analysis uses an additional 4 fb−1 of data collected in 2017 and 2018. 
The results supersede those of the previous LHCb analysis.

The analysis strategy aims to reduce systematic uncertainties 
induced in modelling the markedly different reconstruction of 
decays with muons in the final state, compared with decays with 
electrons. These differences arise due to the significant bremsstrah-
lung radiation emitted by the electrons and the different detector 
subsystems that are used to identify electron and muon candidates 
(Methods). The major challenge of the measurement is then cor-
recting for the efficiency of the selection requirements used to iso-
late signal candidates and reduce background. To avoid unconscious 
bias, the analysis procedure was developed and the cross-checks 
described below performed before the result for RK was examined.

In addition to the process discussed above, the K+ℓ+ℓ− final state 
is produced via a #+

→ 9

RR

,

+ decay, where 9
RR

 is a bound state 
(meson) such as the J/ψ. The J/ψ meson consists of a charm quark 
and antiquark, DD , and is produced resonantly at q2 = 9.59 GeV2c−4. 
This ‘charmonium’ resonance subsequently decays into two leptons, 
J/ψ → ℓ+ℓ−. The B+ → J/ψ( → ℓ+ℓ−)K+ decays are not suppressed and 
hence have a branching fraction orders of magnitude larger than 
that of B+ → K+ℓ+ℓ− decays. These two processes are separated by 
applying a requirement on q2. The 1.1 < q2 < 6.0 GeV2 c−4 region used 
to select B+ → K+ℓ+ℓ− decays is chosen to reduce the pollution from 
the J/ψ resonance and the high-q2 region that contains contributions 
from further excited charmonium resonances, such as the ψ(2S) and 
ψ(3770) states, and from lighter TT  resonances, such as the ϕ(1020) 
meson. In the remainder of this paper, the notation B+ → K+ℓ+ℓ− is 
used to denote only decays with 1.1 < q2 < 6.0 GeV2 c−4, which are 
referred to as non-resonant, whereas B+ → J/ψ( → ℓ+ℓ−)K+ decays 
are denoted resonant.

To help overcome the challenge of modelling precisely the dif-
ferent electron and muon reconstruction efficiencies, the branching 
fractions of B+ → K+ℓ+ℓ− decays are measured relative to those of 

B+ → J/ψK+ decays64. Since the J/ψ → ℓ+ℓ− branching fractions are 
known to respect lepton universality to within 0.4% (refs. 2,65), the 
RK ratio is determined via the double ratio of branching fractions
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In this equation, each branching fraction can be replaced by the 
corresponding event yield divided by the appropriate overall detec-
tion efficiency (Methods), as all other factors needed to determine 
each branching fraction individually cancel out. The efficiency of 
the non-resonant B+ → K+e+e− decay therefore needs to be known 
only relative to that of the resonant B+ → J/ψ( → e+e−)K+ decay, 
rather than relative to the B+ → K+μ+μ− decay. As the detector sig-
nature of each resonant decay is similar to that of its corresponding 
non-resonant decay, systematic uncertainties that would otherwise 
dominate the calculation of these efficiencies are suppressed. The 
yields observed in these four decay modes and the ratios of efficien-
cies determined from simulated events then enable an RK measure-
ment with statistically dominated uncertainties. As detailed below, 
percent-level control of the efficiencies is verified with a direct 
comparison of the B+ → J/ψ( → e+e−)K+ and B+ → J/ψ( → μ+μ−)K+ 
branching fractions in the ratio

S

+�Ȗ

= B (#+
→ +�Ȗ(→ Ȋ

+
Ȋ

−),+)�B (#+
→ +�Ȗ(→ F

+
F

−),+)


which does not benefit from the same cancellation of systematic 
effects.

Candidate B+ → K+ℓ+ℓ− decays are found by combining the 
reconstructed trajectory (track) of a particle identified as a charged 
kaon, together with the tracks from a pair of well-reconstructed 
oppositely charged particles identified as either electrons or muons. 
The particles are required to originate from a common vertex, 
displaced from the proton–proton interaction point, with good 
vertex-fit quality. The techniques used to identify the different par-
ticles and to form B+ candidates are described in Methods.

The invariant mass of the final state particles, m(K+ℓ+ℓ−), is used 
to discriminate between signal and background contributions, with 
the signal expected to accumulate around the known mass of the 
B+ meson. Background originates from particles selected from mul-
tiple hadron decays, referred to as combinatorial background, and 
from specific decays of B hadrons. The latter also tend to accumulate 
around specific values of m(K+ℓ+ℓ−). For the muon modes, the resid-
ual background is combinatorial and, for the resonant mode, there 
is an additional contribution from B+ → J/ψπ+ decays with a pion 
misidentified as a kaon. For the electron modes, in addition to com-
binatorial background, other specific background decays contribute 
significantly in the signal region. The dominant such background 
for the non-resonant and resonant modes comes from partially 
reconstructed B(0,+) → K+π(−,0)e+e− and B(0,+) → J/ψ( → e+e−)K+π(−,0) 
decays, respectively, where the pion is not included in the B+ can-
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bute at the level of O(�%) of the B+ → K+e+e− signal; and there is also 
a contribution from B+ → J/ψ( → e+e−)K+ decays, where a photon is 
emitted but not reconstructed. The kinematic correlation between 
m(K+e+e−) and q2 means that, irrespective of misreconstruction 
effects, the latter background can only populate the m(K+e+e−) 
region well below the signal peak.

After the application of the selection requirements, the reso-
nant and non-resonant decays are clearly visible in the mass dis-
tributions (Fig. 2). The yields in the two B+ → K+ℓ+ℓ− and two 
B+ → J/ψ( → ℓ+ℓ−)K+ decay modes are determined by performing 
unbinned extended maximum-likelihood fits to these distributions 
(Methods). For the non-resonant candidates, the m(K+e+e−) and 
m(K+μ+μ−) distributions are fitted with a likelihood function that 
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Fig. 1 | Contributions to B+!→!K+ℓ+ℓ− decays in the SM and possible new 
physics models. A B+ meson, consisting of C  and u!quarks, decays into 
a K+, containing T  and u!quarks, and two charged leptons, ℓ+ℓ−. Left: the 
SM contribution involves the electroweak bosons γ,!W+ and Z0, and the 
up-type quarks ū, D̄  and Ū . Right: a possible new physics contribution to the 
decay with a hypothetical leptoquark (LQ) which, unlike the electroweak 
bosons, could have different interaction strengths with the different types 
of leptons.
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decay modes, a total shift on RK is computed for each of the vari-
ables examined. The resulting variations are typically at the permille 
level and hence well within the estimated systematic uncertainty on 
RK. Similarly, computations of the rJ/ψ ratio in bins of two kinematic 
variables also do not show any trend and are consistent with the 
systematic uncertainties assigned on the RK measurement.

In addition to B+ → J/ψK+ decays, clear signals are observed from 
B+ → ψ(2S)K+ decays. The double ratio of branching fractions, Rψ(2S), 
defined by
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provides an independent validation of the double-ratio analysis 
procedure and further tests the control of the efficiencies. This 
double ratio is expected to be close to unity2 and is determined to 
be 0.997 ± 0.011, where the uncertainty includes both statistical 
and systematic effects, the former of which dominates. This can be 
interpreted as a world-leading test of lepton flavour universality in 
ψ(2S) → ℓ+ℓ− decays.

The fit projections for the m(K+ℓ+ℓ−) and mJ/Ψ(K+ℓ+ℓ−) distribu-
tions are shown in Fig. 2. The fit is of good quality, and the value of 
RK is measured to be
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where the first uncertainty is statistical and the second systematic. 
Combining the uncertainties gives 

3

,
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− �����

. This is the 
most precise measurement to date and is consistent with the SM 
expectation, 1.00 ± 0.01 (refs. 3–7), at the level of 0.10% (3.1 standard 
deviations), giving evidence for the violation of lepton universality 
in these decays. The value of RK is found to be consistent in sub-
sets of the data divided on the basis of data-taking period, differ-
ent selection categories and magnet polarity (Methods). The profile 
likelihood is given in Methods. A comparison with previous mea-
surements is shown in Fig. 4.

The 3,850 ± 70 B+ → K+μ+μ− decay candidates that are observed 
are used to compute the B+ → K+μ+μ− branching fraction as a 
function of q2. The results are consistent between the different 
data-taking periods and with previous LHCb measurements37. 
The B+ → K+e+e− branching fraction is determined by combining 
the value of RK with the value of EB (#+

→ ,

+
Ȋ

+
Ȋ

−)�ER� in the 
region 1.1 < q2 < 6.0 GeV2 c−4 (ref. 37), taking into account correlated 
systematic uncertainties. This gives
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The 1.9% uncertainty on the B+ → J/ψK+ branching fraction2  
gives rise to the dominant systematic uncertainty. This is the most 
precise measurement of this quantity to date and, given the large 
(O(��%)) theoretical uncertainty on the predictions7,66, is consis-
tent with the SM.

A breaking of lepton universality would require an extension of 
the gauge structure of the SM that gives rise to the known funda-
mental forces. It would therefore constitute a significant evolution 
in our understanding and would challenge an inference based on 
a wealth of experimental data in other processes. Confirmation of 
any effect beyond the SM will clearly require independent evidence 
from a wide range of sources.

Measurements of other RH observables with the full LHCb data-
set will provide further information on the quark-level processes 
measured. In addition to affecting the decay rates, new physics can 
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Figure 3: Postfit plots for 2017 (two leftmost columns) and 2018 (two rightmost columns) show-
ing the distributions of the main observables in the signal region for the different th multi-
plicity channels (from top to bottom: 0-th, 1-th, 2-th). The first and third column show the
background-only fits and the second and fourth columns show the fit including the signal
model.
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Figure 6: Data and background expectation in the signal region after the simultaneous background-only fit to data
for (a) a training with vLQYM

mix ! bµ/t⌫ and B = 0.5, (b) a training with LQd
mix ! te/b⌫ with B = 0.5, and (c) a

training with LQu
mix ! t⌫, i.e. B = 0.0. Minor background contributions from tt̄ + H and Z+jets are combined into

others. Expected pre-fit signal distributions with B corresponding to the respective training are added on top of the
background expectation, using a mass of 1700 GeV for vector LQs and 1300 GeV for scalar LQs. The hatched band
indicates the total post-fit uncertainty. The ratios between data and background expectation are shown in the bottom
panels of the plots.

largest discrepancies at high values of NNout are observed for the LQu
mix model for B = 0.0, i.e. for the

decay into top-quarks and neutrinos.

No significant deviations between the data and the expected SM background are observed. Upper 95 % CL
limits on the cross-sections of pair-produced LQs can be calculated in simultaneous fits to the CRs and the
SR, in which the background normalisations and possible signal contributions are determined. For a fixed
B = 0.5, Figure 7 shows the resulting limits on the cross-section as a function of the LQ mass for the four
scalar LQ models, derived by carrying out the simultaneous fit for each of the generated signal samples
at the various masses described above. Corresponding limits for the four vector LQ models are shown
in Figure 8.

These cross-section limits are compared to the theoretical cross-section predictions also shown in blue,
resulting in lower limits on the signal mass for B = 0.5. The uncertainty band on the theory prediction
includes PDF, ↵S as well as renormalization and factorization scale uncertainties. The expected and
observed limits for B = 0.5 are summarised in Table 5 for the eight LQ models considered in this analysis.
The total impact of systematic uncertainties on the cross-section limits is up to 15% for LQ masses above
1 TeV, corresponding to 20 GeV in the expected mass limit.

Limits on the LQ pair-production are also evaluated across a wide range of values for the branching ratio of
LQs into charged leptons. For that, the statistical interpretation is performed in steps of 0.05 in B between
0.0 and 0.95 for up-type scalar and vector LQs and between 0.05 and 0.95 for down-type scalar LQs. At
each step, the NN resulting in the best expected cross-section limit is chosen. The analysis is not sensitive
to final states with zero or two leptons, therefore B = 1.0 is omitted for all LQs as well as B = 0.0 for
down-type LQs. The upper cross-section limits and the mass exclusion curves across the B plane are
shown in Figure 9 for scalar LQs and in Figure 10 for vector LQs.

16

500 1000 1500 2000 2500
[GeV]LQm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

)�' 3q
⇥

(L
Q

 
B

l) 
= 

1 
- 

3q
⇥

(L
Q

 
B

µ/b�t⇥YM
mixvLQ

/be�t⇥YM
mixvLQ

µ/b�t⇥min
mixvLQ

/be�t⇥min
mixvLQ

µ/b�t⇥u
mixLQ

/be�t⇥u
mixLQ

�/bµt⇥d
mixLQ

�te/b⇥d
mixLQ

Observed Limit
Expected Limit

ATLAS Preliminary
-1= 13 TeV, 139 fbs

see Patrick’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/


Z→eµ

BR(Z→eµ) ~ 10-60 [in SM]


BR(Z→eµ) < 1.7 × 10-6      [LEP]


BR(Z→eµ) < 2.62 x 10-7    [LHC ATLAS]
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We present the first results of the Fermilab National Accelerator Laboratory (FNAL) Muon g − 2

Experiment for the positive muon magnetic anomaly aμ ≡ ðgμ − 2Þ=2. The anomaly is determined from the
precision measurements of two angular frequencies. Intensity variation of high-energy positrons from
muon decays directly encodes the difference frequency ωa between the spin-precession and cyclotron
frequencies for polarized muons in a magnetic storage ring. The storage ring magnetic field is measured
using nuclear magnetic resonance probes calibrated in terms of the equivalent proton spin precession
frequency ω̃0

p in a spherical water sample at 34.7 °C. The ratio ωa=ω̃0
p, together with known fundamental

constants, determines aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 (0.46 ppm). The result is 3.3 standard
deviations greater than the standard model prediction and is in excellent agreement with the previous
Brookhaven National Laboratory (BNL) E821 measurement. After combination with previous measure-
ments of both μþ and μ−, the new experimental average of aμðExpÞ ¼ 116 592 061ð41Þ × 10−11

(0.35 ppm) increases the tension between experiment and theory to 4.2 standard deviations.

DOI: 10.1103/PhysRevLett.126.141801

I. INTRODUCTION

The magnetic moments of the electron and muon

μ⃗l ¼ gl

!
q

2ml

"
s⃗ where gl ¼ 2ð1þ alÞ

(l ¼ e, μ) have played an important role in the develop-
ment of the standard model (SM). One of the triumphs of
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the Dirac equation [1] was its prediction for the electron
that ge ¼ 2. Motivated in part by anomalies in the hyperfine
structure of hydrogen [2,3], Schwinger [4] proposed an
additional contribution to the electron magnetic moment
from a radiative correction, predicting the anomaly [5]
ae ¼ α=2π ≃ 0.001 16 in agreement with experiment [6].
The first muon spin rotation experiment that observed

parity violation in muon decay [7] determined that, to
within 10%, gμ ¼ 2, which was subsequently measured
with higher precision [8]. A more precise experiment [9]
confirmed Schwinger’s prediction for the muon anomaly
and thereby established for the first time the notion that a
muon behaved like a heavy electron in a magnetic field.
This evidence, combined with the discovery of the muon
neutrino [10], pointed to the generational structure of
the SM.
The SM contributions to the muon anomaly, as illustrated

in Fig. 1, include electromagnetic, strong, and weak inter-
actions that arise from virtual effects involving photons,
leptons, hadrons, and the W, Z, and Higgs bosons [11].
Recently, the international theory community published
a comprehensive [12–24] SM prediction [13] for the
muon anomaly, finding aμðSMÞ¼116591810ð43Þ×10−11
(0.37 ppm). It is based on state-of-the-art evaluations of the
contributions from quantum electrodynamics (QED) to
tenth order [25,26], hadronic vacuum polarization [27–
33], hadronic light-by-light [11,34–47], and electroweak
processes [48–52].
The measurement of aμ has become increasingly precise

through a series of innovations employed by three exper-
imental campaigns at CERN [53–55] and more recently at
Brookhaven (BNL E821) [56]. The BNL net result, with its
0.54 ppm precision, is larger than aμðSMÞ by 3.7 standard
deviations (σ). While the electron magnetic anomaly has
been measured to fractions of a part per billion [57], the
relative contribution of virtual heavy particles in many
cases scales as ðmμ=meÞ2 ≃ 43 000. This is the case e.g. for
the W and Z bosons of the SM and many hypothetical new
particles, and it gives the muon anomaly a significant
advantage when searching for effects of new heavy physics.
Because the BNL result hints at physics not included in the
SM, Experiment E989 [58] at Fermilab was constructed to
independently confirm or refute that finding. In this paper,
we report our first result with a precision of 0.46 ppm.

Separate papers provide analysis details on the muon
precession [59], the beam dynamics corrections [60],
and the magnetic field [61] determination.

II. EXPERIMENTAL METHOD

The experiment follows the BNL concept [56] and uses
the same 1.45 T superconducting storage ring (SR) magnet
[62], but it benefits from substantial improvements. These
include a 2.5 times improved magnetic field intrinsic
uniformity, detailed beam storage simulations, and state-
of-the-art tracking, calorimetry, and field metrology for the
measurement of the beam properties, precession frequency,
and magnetic field [58].
The Fermilab Muon Campus delivers 16 highly polar-

ized, 3.1 GeV=c, ∼120 ns long positive muon beam
bunches every 1.4 s into the SR. A fast pulsed-kicker
magnet deflects the muon bunch into a 9-cm-diameter
storage aperture, resulting in ≈5000 stored muons per fill.
The central orbit has a radius of R0 ¼ 7.112 m and the
cyclotron period is 149.2 ns. Four sections of electrostatic
quadrupole (ESQ) plates provide weak focusing for vertical
confinement.
The muon spins precess in the magnetic field at a rate

greater than the cyclotron frequency. The anomalous
precession frequency [63] in the presence of the electric
E⃗ and magnetic B⃗ fields of the SR is

ω⃗a ≡ ω⃗s − ω⃗c ¼ −
q
mμ

!
aμB⃗ − aμ

"
γ

γ þ 1

#
ðβ⃗ · B⃗Þβ⃗

−
"
aμ −

1

γ2 − 1

#
β⃗ × E⃗
c

$
: ð1Þ

For horizontally circulating muons in a vertical magnetic
field, β⃗ · B⃗ ¼ 0; this condition is approximately met in our
SR. At the muon central momentum p0, set such that
γμ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ 1=aμÞ

p
≈ 29.3, the third term vanishes.

In-vacuum straw tracker stations located at azimuthal
angle ϕ ¼ 180° and 270° with respect to the injection point
provide nondestructive, time-in-fill dependent beam pro-
files Mðx; y;ϕ; tÞ by extrapolation of decay positron
trajectories to their upstream radial tangency points within
the storage aperture [64]. These profiles determine the
betatron oscillation parameters necessary for beam dynam-
ics corrections and the precession data fits discussed below.
Twenty-four calorimeters [65–67], each containing

a 9 × 6 array of PbF2 crystals, detect the inward-spiraling
decay positrons. When a signal in a silicon photomultiplier
(SiPM) viewing any crystal exceeds ∼50 MeV, the data-
acquisition system stores the 54 waveforms from that
calorimeter in a set time window around the event.
Decay positron hit times and energies are derived from
reconstruction of the waveforms.

FIG. 1. Feynman diagrams of representative SM contributions
to the muon anomaly. From left to right: first-order QED and
weak processes, leading-order hadronic (H) vacuum polarization,
and hadronic light-by-light contributions.
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Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.
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measurement with a precision of 
0.46 parts per million, in 4.2σ 
tension wrt the SM
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1 Introduction

Weak scale Supersymmetry (SUSY) [1–6] is a theoretical extension of the Standard Model (SM), which
can solve the fine-tuning problem through the addition of a new fermion/boson supersymmetric partner to
each boson/fermion in the SM. In SUSY models with R-parity conservation [7], SUSY particles must be
produced in pairs and the lightest supersymmetric particle (LSP) is stable and weakly interacting, thus a
candidate for dark matter [8, 9].

The SUSY particle production cross-sections at Large Hadron Collider (LHC) are highly dependent on their
masses. Squarks and gluinos are strongly produced and have significantly larger production cross-sections
than non-coloured SUSY particles of equal masses, such as the sleptons (superpartners of the SM leptons)
and the electroweakinos (superpartners of the SM Higgs and the electroweak gauge bosons, known as
higgsinos, winos and binos, and collectively known as electroweakinos). The electroweakinos mix to form
chargino (j̃±

8 , 8 = 1, 2) and neutralino (j̃0
9 , 9 = 1, 2, 3, 4) mass eigenstates (states are ordered by increasing

values of their mass).

Electroweak scale SUSY with light smuons (superpartners of the SM muons) and a light LSP can explain
the (6 � 2)` anomaly [10, 11] through additional loop corrections. In particular, for small tan V

1values, the
“compressed" and “moderately compressed" mass regions in <( ˜̀) � <( j̃0

1) plane are favoured to explain
the anomaly [12].

The searches presented in this paper target the direct production of sleptons pairs decaying into the LSP
via the emission of a charged lepton, and the direct production of j̃+

1 j̃
�
1 , where each chargino decays to

the LSP via the emission of a W boson, which decays leptonically. A signature with two charged leptons
(electrons and/or muons), ⇢miss

T (defined as the magnitude of the missing transverse momentum p
miss
T ) and

low hadronic activity is considered, and a moderately compressed mass spectrum is targeted.

A previous search [13] considering the same models and signature was performed. The search exploited
the full ATLAS Run 2 data set, but it was optimized to target the phase space with a large mass di�erence
between chargino or slepton and the LSP. An event selection based on the two lepton invariant mass, ⇢miss

T ,
⇢

miss
T significance [14], veto against 1-tagged (i.e. originating from 1-quarks) jets and the number of light

jets (required to be < 2) was performed. Finally, a shape fit technique was applied, exploiting several bins
of the <T2

2 distribution.

The results of these new searches complement the previous ones in the mass regions (<(✓̃) � <( j̃0
1)) and

(<( j̃±
1 ) � <( j̃0

1)) near the , boson mass (“moderately compressed" regions). The areas in the parameter
space excluded by these results extend beyond those excluded by previous searches by ATLAS [13, 15, 16]
and CMS [17–22] in the same channels. The gain in sensitivity is reached thanks to a dedicated analysis
strategy used for each of the two signal scenarios considered. Since the slepton signal presents only a
same-flavour leptons signature, a data-driven technique is performed to estimate the background for this
search, looking at di�erent-flavour lepton pairs in opposite-sign lepton events. In the chargino search the
signal results in both same-flavour and di�erent-flavour lepton pairs and the topology of the signal is close
to the SM ,, process. In this case a machine learning technique is used, based on a Boosted Decision
Tree specifically trained on signal samples with (<( j̃±

1 ) � <( j̃0
1)) of the order of the , boson mass.

1 In the Minimal Supersymmetric Standard Model (MSSM) tan V is defined as the ratio of the vacuum expectation values of the
two complex Higgs doublets.

2 The <T2 variable is defined in Section 6.2

2

compressed                          ~ mW

with light mLSP mass could explain g-2
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1. Introduction 1

1 Introduction
The potential to discover new physics beyond the standard model (BSM) is the motivation of
searches for dijet resonances. These searches look for a pair of jets, originating from a pair of
partons, coming from the decay of a new particle, X. Since the energy scale of new physics
beyond the standard model is most likely large, it is natural for the new particle to be massive.

The simplest and first searches, which have been conducted many times at LHC [1–18] using
strategies reviewed in Ref. [19], are for s-channel single production of dijet resonances where
there is one dijet in the final state: pp ! X ! jj. Because of this simple topology, where X is
produced directly from the partons in the proton and must decay to the same partons, searches
for single production place tight constraints on many models of BSM physics.

The next search usually considered is s-channel pair production, where new identical mass
particles are produced in pairs, either XX or XX, and there are two dijet resonances giving four
jets in the final state. For these processes there is a mediator Y, either virtual or real, of the in-
teraction between the annihilating partons in the protons and the produced pair of X particles.
This mediator is not present in the single production process, so the pair production searches
explore this additional possibility for new physics. Furthermore, two modes of production of
the pair of new particles are possible, resonant and non-resonant, and each mode presents a
unique opportunity for discovery. We present a generic search for pairs of dijet resonances in
each production mode with data corresponding to an integrated luminosity of 138 fb�1 col-
lected in 2016–2018 with the CMS detector at the LHC, and use each search to constrain a
benchmark model, as discussed below.

This search considers pairs of resolved dijet resonances, X, where both jets within each dijet
resonance are individually reconstructed. This allows our resonant and non-resonant searches
to be sensitive to the largest possible resonance masses: X masses greater than 0.5 TeV and Y
masses greater than 2 TeV. Searches for pairs of boosted dijet resonances, which use jet sub-
structure techniques to identify boosted resonances inside of jets, have been used to search for
lower mass resonances in both resonant [20] and non-resonant [21] modes of production.

First, we consider resonant production of pairs of dijet resonances,

pp ! Y ! XX ! (jj)(jj) (1)

where the intermediate state is a massive new particle, Y, decaying to identical dijet resonances,
X. As a benchmark, we consider the diquark model [22], where the intermediate state is a
diquark, Suu, and the dijet resonance is a vector-like quark, c, that decays to an up (u) quark
and a gluon (g) only.

uu ! Suu ! cc ! (ug)(ug) (2)

This scalar diquark is a good benchmark because it is produced with a large cross section, due
to the high probability of finding up quarks at high fractional momentum within the proton.

This is the first time resonant production of pairs of dijet resonances at arbitrary masses has
been searched for at CMS. We are further motivated to conduct this search by an event, a clear
candidate for resonant production of pairs of dijet resonances, that was seen and presented by
a CMS search in the dijet final state [1]. As discussed in Ref. [22], that search was not optimized
for this signal and could not quantify its significance, motivating a dedicated search in the four-
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2 searches targeting EW SUSY, one using 
recursive jigsaw reconstruction technique to 
follow up on excesses seen at 36 fb-1

1 search targeting 
QCD SUSY (mll 
endpoints, mZ)

see Yi-Lin’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-05/
https://arxiv.org/abs/1705.10733
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2017-03/
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signal regions and 
uncertainties on the 
background estimation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-05/
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SR2`-Low-RJR SR2`-ISR-RJR

Observed events 39 30

Total expected background events 42± 9 31± 9

Diboson events 10.6± 3.4 8.9± 2.5
Top events 3.5± 1.7 8.2± 2.3
Z/�⇤ + jets events 27± 8 12± 9

Other events 0.3+0.5
�0.3 0.11± 0.04

Signal region SR2` Low SR2` ISR

ee 9 (4.5±3.9) 3 (1.2±1.2)
µµ 10 (3.9±2.6) 8 (1.5±1.5)

Signal region SR3` Low SR3` ISR

eee 6 (3.5±0.7) 3 (1.1±0.3)
eeµ 6 (2.0±0.4) 3 (0.9±0.3)
µµµ 7 (2.7±0.6) 4 (1.5±0.4)
µµe 1 (1.9±0.4) 2 (0.4±0.1)

140 fb-1

excess gone with more data

1.4σ 2.0σ

36 fb-1 SUSY-2017-03

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2017-03/
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SUS-21-007
SUSY-2018-10

ATLAS CMS
NLeptons  =1  =1

pTLepton >6-7 GeV >25 GeV

Njets ≥2 ≥5

MET >300 GeV >250 GeV
compressed 

sc
√ no

top/W/Z-tag 
tagging

no √

NSRs 26 44 + 50

preselections

see Andrea-Trapote’s talk 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-10/
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SUS-21-007
SUSY-2018-10
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The two analyses use different CRs to estimate the background and define also very 
different SRs, as a result (also) of assuming different simplified models as signal

Δφ(W, l)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-10/
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SUS-21-007
SUSY-2018-10

q̃

q̃

�̃±
1

�̃±
1

p

p

q0

�̃0
1

W±

q0

�̃0
1

W±

p

p g̃

g̃

t̄

t

χ̃
0
1

χ̃
0
1

t̄

t

up to
1.4 TeV

up to

0.6 TeV

up to
2.1 TeV

 up to

1.2 TeV

different models 
can’t be compared1

1All other sparticles, which do not explicitly appear in the decay chains, are set to be kinematically inaccessible and decoupled 

g̃

g̃

�̃±
1

�̃±
1

p

p

q q̄0

�̃0
1

W±

q̄0q

�̃0
1

W±

mass ATLAS CMS

gluino 2.2 TeV 2.3 TeV

LSP 1.2 TeV 1.2 TeV

similar results → confidence

ATLAS + CMS (common)

ATLAS only CMS only

maximum exclusion reach

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-10/
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Figure 2: Distributions of pT(`) (left), p
miss
T (middle), and Njets (right), for the data of 2017 (top)

and 2018 (bottom) at the preselection level in data and simulation. The background distribu-
tions are obtained directly from simulation, and are normalized to an integrated luminosity of
41.5 fb�1 and 59.8 fb�1 for 2017 and 2018, respectively. The distributions of two signal points
are represented, while not being added to the background: (m(et1), m(ec0

1)) = (500,490) and
(500,420) GeV. The last bin in each plot includes the overflow events. The lower panels show
the ratio of data to the sum of the SM backgrounds where the dark shaded bands indicate the
statistical uncertainties of simulated data.

more 1l + jets + MET
4body decay of stop

soft particles

PT (µ)> 3.5 GeV 


PT (e) > 5 GeV 


simulated signal grid

250 ≤ m(~t1) ≤ 800


10 ≤ Δm < 80

in steps of 25 or 10, units in GeV

26

Signal Model, Motivation and Strategy
xxx: Possible lightest squark

xxx: LSP, weakly interacting and neutral 
→ Good candidate for Cold Dark Matter

2 & 3-body decays of stop are suppressed

Using MVA for the difficult kinematic region:

5

→ Δm < 80 GeV: Compressed scenario
→ Neutralino in the GeV-TeV scale
→ favors soft decay products

Boehm et al, 2000 PRD 62 035012

Cosmological Argument: ΩCDMh2 = 0.1153 ± 0.0019
C. L. Bennett et al 2013 ApJS 208 20

C
ontours of constant Ω

N
eut h

2

Search for: 4-body decay of stop in the compressed scenario with a MVA approach

Signature: 
1 lepton + 

jets + 
MET

SUS-21-003

compressed scenario 


cosmologically favored

stop pairs

released for SUSY2022

multiple BDTs trained for different 
signal points and data taking 
years to maximize sensitivity 

see Diego’s talk 

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=SUS-21-003
https://arxiv.org/abs/hep-ph/9911496
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Figure 3: Simulated distribution of pT(`), p
miss
T , and Njets at the preselection level. The area

of each signal distribution and the total background are normalized to unit area. Top: Each
distribution is shown for signal samples with Dm = 10, 30, 50, and 80 GeV, as well as the W+jets
and tt background processes. Bottom: Each distribution is shown for various signal points with
the same Dm = 30 GeV.
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Δm = 30 GeVΔm = 30 GeV Δm = 30 GeV

same Δm, similar kinematics → BDT training per Δm per year

12 inputs: pT(l), MET, pT(j1), HT, MT …

for Δm=10, BDT suppresses B by 1/5000 while S by 1/20

in order to make this possible, 
similar SP have to be aggregated
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8. Results 17
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Figure 6: 2017 analysis: Prediction of the total background and its composition in the eight
SRs as defined in the table 2. The prediction of W+jets, tt , and nonprompt lepton processes
is based on data, while that of rare backgrounds is based on simulation. The predictions and
their associated uncertainties are pre-fit, as in table 2. The yield of two signal points, with Dm

= 10 and Dm = 80 GeV, is also represented. The bins corresponding to different Dm trainings
are not statistically independent. The lower panel shows the ratio of the number of observed
events over the predicted total background per SR.
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Figure 7: 2018 analysis: Prediction of the total background and its composition in the eight
SRs as defined in the table 3. The prediction of W+jets, tt , and nonprompt lepton processes
is based on data, while that of rare backgrounds is based on simulation. The predictions and
their associated uncertainties are pre-fit, as in table 3. The yield of two signal points, with Dm

= 10 and Dm = 80 GeV, is also represented. The bins corresponding to different Dm trainings
are not statistically independent. The lower panel shows the ratio of the number of observed
events over the predicted total background per SR.
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φ→ττ
In the MSSM, we expect multiresonance structure with 
contributions from h, H and A. Here, h is hobs@125 GeV
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Figure 4: Overview of the high-mass categories used for the extraction of the signal for the
model-independent f search for mf � 250 GeV, and the vector leptoquark search and for the
interpretation of the data in MSSM benchmark scenarios.

In summary, this leads to 25 event categories per data-taking year entering the statistical anal-
ysis. An overview of the low-mass categories is given in Fig. 5.

Use of categories in the analyses: The model-independent f search uses both the high-
and low-mass categories for signal extraction; the discriminating variable depends on the cat-
egory set, as will be discussed in the following. The search for vector leptoquarks and the in-
terpretation of the data in MSSM benchmark scenarios, which both target signals at high mass
scales, only make use of the high-mass categories. The interpretation of the data in MSSM
benchmark scenarios has the feature that one of the predicted f bosons has to coincide with
hobs, with consequences for the signal extraction as discussed in the following.

5.3 Signal extraction

In the low-mass categories the signal is extracted from a likelihood-based estimate of the invari-
ant mass of the tt system before the decay of the t leptons [102]. This estimate combines the
measurement of ~pmiss

T and its covariance matrix with the measurements of the visible tt decay
products, utilizing the matrix elements for unpolarized t decays [103] for the decay into lep-
tons and the two-body phase space [104] for the decay into hadrons. On average the resolution
of mtt amounts to about 15–25% depending on the kinematic properties of the tt system and
the tt final states, where the latter is related to the number of neutrinos that escape detection.

In the high-mass categories the signal is extracted from distributions of the total transverse
mass [26] defined as

mtot
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q
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T ,~p t2
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T(~p

t1
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T ) + m2
T(~p
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T ), (8)

where t1(2) refers to the first (second) t final state indicated in the eµ, eth, µth and thth final
state labels, and mT between two objects with transverse momenta ~p t1

T and ~p t2
T is defined in

Eq. (6).
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Figure 4: Overview of the high-mass categories used for the extraction of the signal for the
model-independent f search for mf � 250 GeV, and the vector leptoquark search and for the
interpretation of the data in MSSM benchmark scenarios.

In summary, this leads to 25 event categories per data-taking year entering the statistical anal-
ysis. An overview of the low-mass categories is given in Fig. 5.

Use of categories in the analyses: The model-independent f search uses both the high-
and low-mass categories for signal extraction; the discriminating variable depends on the cat-
egory set, as will be discussed in the following. The search for vector leptoquarks and the in-
terpretation of the data in MSSM benchmark scenarios, which both target signals at high mass
scales, only make use of the high-mass categories. The interpretation of the data in MSSM
benchmark scenarios has the feature that one of the predicted f bosons has to coincide with
hobs, with consequences for the signal extraction as discussed in the following.

5.3 Signal extraction

In the low-mass categories the signal is extracted from a likelihood-based estimate of the invari-
ant mass of the tt system before the decay of the t leptons [102]. This estimate combines the
measurement of ~pmiss

T and its covariance matrix with the measurements of the visible tt decay
products, utilizing the matrix elements for unpolarized t decays [103] for the decay into lep-
tons and the two-body phase space [104] for the decay into hadrons. On average the resolution
of mtt amounts to about 15–25% depending on the kinematic properties of the tt system and
the tt final states, where the latter is related to the number of neutrinos that escape detection.

In the high-mass categories the signal is extracted from distributions of the total transverse
mass [26] defined as
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where t1(2) refers to the first (second) t final state indicated in the eµ, eth, µth and thth final
state labels, and mT between two objects with transverse momenta ~p t1

T and ~p t2
T is defined in

Eq. (6).
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7. Systematic Uncertainties 11

Figure 4: From top to bottom and left to right: diagonal terms of the tt spin correlation matrix
along the r and n axis; cos j and cos jlab; Df and Dh between the leptons. Lower pad shows
a ratio of SUSY signal plus SM backgrounds over SM backgrounds, allowing to compare the
shape of SUSY prediction versus the SM one.
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ATL-PHYS-PUB-2022-018

The production of pairs of Higgs bosons is dominated by the gluon-gluon fusion (ggF) process followed by
the vector-boson fusion (VBF) one. The small SM cross-sections of these processes implies that the main
experimental signatures will be those where at least one of the two Higgs bosons decays into a final state
with a large branching ratio, i.e. � ! 11̄. Among all the possible channels, the most sensitive signatures
are �� ! 11̄11̄, �� ! 11̄g

+
g
� and �� ! 11̄WW, with branching ratios of 33.9%, 7.3% and 0.26%

respectively. Other channels, such as 11̄// , 11̄,+
,

�, ,+
,

�
WW, g+g�WW are also explored. Due to the

di�erent experimental advantages of each decay channel, these analyses are complementary to target BSM
physics e�ects in ��. Even though at the end of the LHC Run 2 some of the systematic e�ects of these
searches are starting to play a role, statistical uncertainties are the dominant source of uncertainty limiting
the sensitivity to the search of the SM �� process. At the HL-LHC, the impact of systematic uncertainties
will become more important due to the significant reduction of statistical uncertainties.
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Figure 11: Negative-log-likelihood scan as a function of ^

_
, calculated by performing a conditional signal+background

fit to the background and SM signal. The colored dashed lines correspond to the combined ATLAS and CMS results
by channel, and the black line their combination. [3]

In the YR, combined projections of the ATLAS and CMS Collaborations [69, 70] showed that a discovery
significance of 4.0f can be achieved with 3000 fb�1. When systematic uncertainties were neglected,
statistical significance was shown to increase to 4.5f. In addition to the significance, the combined ATLAS
and CMS sensitivity to ^

_
was also assessed through likelihood scans, as shown in Figure 11. These

curves illustrate the analysis likelihoods when the shapes and normalizations of the �� signal distributions,
as well as the normalizations of the single Higgs boson background distributions, are modified with ^

_
.

Through estimation of 68% CL (1f) ^
_

intervals, these curves express the separation power of the single
and combined �� searches between the hypotheses ^

_
= 1 and ^

_
< 1. After combination, the total 68%

CL intervals are expected to be

0.52  ^
_
< 1.5 with systematic uncertainties, (1)

0.57  ^
_
< 1.5 without systematic uncertainties, (2)

The second minimum at ^
_
⇡ 6.0, caused by the limited signal acceptance of some analyses, was shown to

be excluded at 99.4% CL after combination of all the di�erent analyses. The hypothesis corresponding to
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HH with 4σ

discussed in Section 2 are able to exclude the parameter space of tan(V) < 8 and the heavy Higgs boson
mass smaller than approximately 1 TeV [3].
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Figure 17: The expected exclusion limit in the tan(V) and "
�

parameter space from the direct search for �/� ! gg

is shown in black-dashed line and compared to the limit obtained using 36 fb�1 of LHC Run 2 data in red and
green-dashed lines for the ATLAS and CMS experiments, respectively. The indirect constraint from single Higgs
boson precision coupling measurements is shown as a black shaded area. [3]

3.1.4 Searches for new massive resonances decaying into Higgs boson pairs

Several BSM scenarios predict new resonances decaying to a pair of Higgs bosons. The HL-LHC dataset
provides an excellent opportunity to extend the parameter space probed by the di-Higgs decay channel. The
projected sensitivity of the searches for the gluon fusion and VBF production modes of the new spin-0 and
spin-2 particles by the ATLAS and CMS Collaborations at the HL-LHC was derived using the �� ! 41
channel, where both Higgs bosons decaying to a pair of b-quarks are highly Lorentz-boosted and the
hadronisation products of the two bottom quarks are reconstructed as a single large-radius jet [3, 108].
This gives access to the postulated new particles of masses up to a few TeV as shown in Figure 18. The
ATLAS Collaboration projected the search for gluon fusion production of the spin-2 graviton ⌧

  
in

the warped extra dimensional (WED) model with parameter :/"
%;

= 0.5 and 1.0 where : is the warp
factor and "

%;
is the reduced Planck scale. In this scenario, ⌧

  
masses of up to about 3 TeV can be

excluded by 95% CL, increasing the mass reach by more than a factor of 2 with respect to the analysis
of 36 fb�1 of Run 2 data [3]. A corresponding search by the CMS Collaboration focuses on the VBF
production mode using Monte Carlo samples fully simulated under the HL-LHC conditions. Assuming a
signal production cross-section of 1 fb at HL-LHC, the discovery potential reaches 2.6f signal significance
for a bulk graviton with a mass of 2 TeV [108]. The experimental reach at the HL-LHC is expected to
be expanded with improved boosted � ! 11̄ tagging capability due to future detector upgrades and
improvements of the reconstruction methods [59, 109, 110].
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are compared to the Run 2 results, where gains in sensitivity of around 500 GeV are expected, pushing
higgsino (wino) sensitivty as high as 1390 (1590) GeV.
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Figure 48: Projected 95% CL exclusion for 3000 fb�1 (red) for (a) mass-degenerate higgsino-like e�±1 e�0
2 , e�±1 e�0

3 ,
e�±1 e�⌥1 , and e�0

2e�0
3 production, and wino-like e�±1 e�⌥1 and e�±1 e�0

2 production assuming (b) B(e�0
2 ! Ze�0

1 ) = 1 or (c)
B(e�0

2 ! He�0
1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from the LHC

Run 2 with 137 fb�1(black). Projected 5f and 3f expected significance curves (blue) are also included. [221]

10.2.2 Search for top squarks in final states with two top quarks and several light-flavor jets with

CMS at the HL-LHC [245]

This section presents the projection of a CMS Run 2 search for top squark pair production under '-parity
violating (RPV) and stealth models of supersymmetry [245]. In the RPV model considered here, j̃0

1 is the
LSP, and it decays into three light-flavor quarks via an o�-shell squark as a result of a trilinear Yukawa
coupling between quarks and squarks. The benchmark stealth model for this search (SYY) assumes a

75

are compared to the Run 2 results, where gains in sensitivity of around 500 GeV are expected, pushing
higgsino (wino) sensitivty as high as 1390 (1590) GeV.
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Figure 48: Projected 95% CL exclusion for 3000 fb�1 (red) for (a) mass-degenerate higgsino-like e�±1 e�0
2 , e�±1 e�0

3 ,
e�±1 e�⌥1 , and e�0

2e�0
3 production, and wino-like e�±1 e�⌥1 and e�±1 e�0

2 production assuming (b) B(e�0
2 ! Ze�0

1 ) = 1 or (c)
B(e�0

2 ! He�0
1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from the LHC

Run 2 with 137 fb�1(black). Projected 5f and 3f expected significance curves (blue) are also included. [221]

10.2.2 Search for top squarks in final states with two top quarks and several light-flavor jets with

CMS at the HL-LHC [245]

This section presents the projection of a CMS Run 2 search for top squark pair production under '-parity
violating (RPV) and stealth models of supersymmetry [245]. In the RPV model considered here, j̃0

1 is the
LSP, and it decays into three light-flavor quarks via an o�-shell squark as a result of a trilinear Yukawa
coupling between quarks and squarks. The benchmark stealth model for this search (SYY) assumes a

75

all-hadronic EW SUSY

Nj = 2 with W,Z, h tagging (AK08) pT(j2) > 200 GeV &&  MET > 200 GeV

(for Run2, see Zipper’s talk)

FTR-22-001 

FTR-18-034

1. Introduction 1

1 Introduction

The top quark is the heaviest known fundamental particle with a very short life time. Its decay
width (G), slightly above 1 GeV, is larger than the QCD hadronization scale (lQCD . 1 GeV) and
much larger than the spin decorrelation scale (l2

QCD
/mt ⇠ 0.1 MeV). Thus the top quark decays

before hadronization and its spin information can be measured via angular distribution of its
decay products. In order to cancel loop-order effects on the Higgs boson mass, presence of new
physics (NP) effects can be expected in top quark production. In this case the spin information
can be used to differentiate between standard model (SM) and NP production, that have very
similar kinematics and final states.

Such a situation occurs in the case of top squark production, where a top squark (t̃1) decays
to a top quark and a neutralino (c̃0

1) (see Figure 1), with the mass difference between the top
squark and the neutralino approximately equal to the mass of the top quark. Searches for such
top squarks are difficult to perform due to the rapidly changing detector efficiencies, leaving
typically a weak discovery potential in the top squark and neutralino plane at low masses.

Since top squarks are scalar particles, the resulting spins of the daughter top quarks are ba-
sically uncorrelated, and therefore notably different from the spin correlation predicted in tt
pairs produced in the SM. Since the low mass top squark process has significant cross section
it should provide an excess of tt like events.

p

p t̃1

t̃1

t

χ̃
0
1

χ̃
0
1

t

Figure 1: Feynmann diagram for the production of (anti-)top squark pairs decaying into
(anti-)top quarks and neutralinos.

In this paper, we present a projection of how precise angular distributions of leptons stemming
from the decay of top quarks can be measured at the HL-LHC for integrated luminosity of 3000
fb�1 at

p
s = 14 TeV and utilize that to extract the fraction of the strength of top quark spin

correlation relative to the SM prediction. Second, as an application of utilizing such angular
distributions, and to study a specific model that predicts zero spin correlation, a future search
for supersymmetric (SUSY) top squark pair production in the dilepton final state is outlined.
Projections of uncertainties that future analyses will face are made using Yellow Report recom-
mendations [1].

2 Formalism and observables

The square of the matrix element for tt production and decay to two leptons (with appropriate
color and spin summation implied) [2] can be written as

|M(qq/gg ! tt ! `+nb `�nb)|2 µ rRr. (1)

Here, ` refers to an electron or muon, R is the spin density matrix related to on-shell tt pro-
duction, and r and r are the decay spin density matrices for the top quark and antiquark,

exploring top corridor via spin correlations 

https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
https://cds.cern.ch/record/2806962
https://cds.cern.ch/record/2813262?ln=en


Summary

33

Τension in the lepton flavors ? 
need to wait a bit more to have 
ATLAS & CMS results


SM stands all experimental 
tests, despite ATLAS + CMS 
have many 3σ channels 
~routine for large experiments 


Exciting days ahead, Run 3 and 
LHC & detector upgrades


SUSY possibly still waits for 
us, we should not over-interpret 
the present exclusion limits


